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Preface

MXene: Fundamental Aspects and its Perspectives presents the state-of-the-art
research on MXenes—a class of two-dimensional (2D) metal carbides and nitrides
discovered in the past decade. This book describes the development in funda-
mentals, innovations, emerging discoveries, and applications of 2D MXenes. Due
to their unique physicochemical characteristics and abundant surface chemistries,
MXenes continue to outperform other novel materials and dominate every sector
of life, ranging from energy harvesting, storage, and conversion to portable and
flexible electronics; from environmental remediation to electromagnetic interfer-
ence shielding; and from space to medical and biomedical applications. Their
most recent cutting-edge applications include the development of artificial heart
and kidneys, high-capacity and long-life batteries, printable microstrip antennas,
portable sensors, and thin membranes for air and water purification. This book
provides up-to-date research anddevelopment inMXene’s distinct electronic, optical,
mechanical, thermal, electrochemical, topological, and other related properties.
Furthermore, various emerging applications of MXenes in a diverse field, including
batteries, supercapacitors sensors, catalysts, electromagnetic interference shielding,
hydrogen storage, biological and environmental remediation, have been thoroughly
discussed in different chapters of this book. In addition, for commercial viability,
a significant emphasis has been placed on theoretical conceptualization, safety
measures, and scale-up ofMXene during synthesis and processing. This book will be
essential reading for young and future generations of researchers,materials scientists,
biochemists, electrochemists, solid-state physicists, engineers, and industry experts
working in the subject of 2Dmaterials, as it bridges academic research and industrial
development.
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MXene: Pioneering 2D Materials

Arunachalam Arulraj, R. V. Mangalaraja, and Mohammad Khalid

Abstract Two-dimensional (2D) nanomaterials such as graphene and chalcogenides
have been appealing candidates for their desired applications owing to their demon-
strated intriguing properties. Besides these 2D materials, discovering new types of
2D materials such as MXene aids in broadening the flatland research. MXenes
with general formula Mn+1XnTx are a relatively new class of emerging materials
discovered a decade back (since 2011) and are 2D transitional carbides, nitrides, and
carbonitrides based materials. From its discovery, MXene becomes popular owing to
its unique physicochemical properties and diverse chemistries. Several different types
of MXenes and their combinations with other materials have been discovered using
computational and experimental methods. Due to their compositional versatility, 2D
gallery spaces, ordered structures, controlled surface chemistry, etc. these materials
(MXene and its composition) are found to be suitable materials for various applica-
tions, including but not limited to energy storage, catalysis, optoelectronics, smart
textiles, antennas, and electromagnetic interference shielding. In this chapter, a brief
introduction to the evolution of MXene and a glimpse into its field of applications
have been emphasized.

Keywords MXene · Evolution · Properties · Applications · Safety measures ·
Perspectives
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1 Introduction

Emerging confined structures and the unusual properties of the two-dimensional (2D)
materials have drawn huge attention to their family. Among the different family
members, MXenes have been pioneering in the past decade (since 2011) due to
their fascinating properties, which include but are not limited to their metallic elec-
trical conductivity. This significant property lacks largely in the other palette of the
2D family. MXenes comprise 2D transitional metal carbides/nitrides/carbonitrides,
which can be achieved by selective etching of bonded (strong) layers in solid mate-
rials such as MAX phases. MAX phases are layered ternary carbides, and nitrides
with layers of ‘A’ element (Group 13–16) bonded between them [1, 2]. Recent reports
also evidence that transition metals from groups 8–12 (Fe, Cu, Zn, Cd, Ir, and Au)
can also form the A layer of MAX phases, either as solid solutions or as pure A
elements, in Fig. 1, all the investigated A elements in MAX phases are highlighted
in rose color [3]. Mn+1Xn layers are held together by metallic bonding between the
M-A layers, which is usually weaker than the M-X bonds, allowing selective etching
of the A layers. Mn+1XnTx is the general formula for MXene materials, where M
represents early transition metal (Mo, W, Ti, V, Sc, Y, Zr, Hf, Nb, Ta, or Cr), X
denotes carbon or nitrogen, and n is between 1 and 3 [4–6]. The transition metals
(M) used as a precursor for MXenes are represented in olive green color (Fig. 1) in
the periodic table. T denotes the surface termination groups, which are mostly O, F,
and OH, some rare cases Cl termination will also exist, and x in Tx represents the
number of surface functionalities [7, 8], the blue color in the periodic table denotes
the variously reported surface terminations of MXenes (Fig. 1).

Aforementioned,MXenes are layered sheet-like structures with thickness ranging
from 1 nm, which can be fine-tuned by changing the proposition of n in MXenes.
Upon a change in the “n” (Mn+1XnTx), a wide variety of compositions ranging from
M2XTx, M3X2Tx, M4X3Tx, etc., has been developed employing both computational

Fig. 1 Reported materials on MXene, surface terminations, and intercalant cations in the periodic
table [1]
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and experimental approaches [9, 10]. Unlike most 2D materials, which rely on van
der Waals bonding to hold the layered structures (sheets) together, however, 3D
layered MXenes (carbides and nitrides), including MAX phases, rely on primary
bonding (supported by A element) between the layers. As a result, the production
of MXenes can be achieved only with the chemical exfoliation approach [11–13].
The chemical exfoliation route includes fluoride-containing acidic solutions, such as
hydrofluoric acid (HF) or a mixture of lithium fluoride and hydrochloric acid (HCl).
On the other hand, electrochemical selective etching, for instance, etching Ti2AlC
in chloride-containing solutions, allows fluoride-free etching routes [14–16]. The
different synthesis and processing strategies of the MXene fromMAX are discussed
briefly in chapter “Synthesis and Processing Strategies”.

MXenes offer unique properties that make them intriguing materials with a wide
range of uses. MXenes (exfoliation of MAX product) are hydrophilic in form, which
aids in the possible dispersion of materials (MXenes) in water and other organic
solvents such as ethanol, dimethyl sulfoxide, N, N-dimethylformamide, and propy-
lene carbonate [17]. As a function of pH and variety of compositions during the
synthesis process, the zeta potential values of MXenes are obtained to be negative
in the range of 30–80 mV [4]. MXene colloidal solutions are stable due to their
high negative zeta potential, which allows for the fabrication of MXene films and
patterns using nearly any ink-based process. Filtration, spray coating, spin coating,
dip coating, printing, etc., have been used to fabricate MXene films [17–19]. MXene
characteristics are a unique combination of features, and while we’ve learned a lot
about them over the past decade, there’s still a lot more work to be done to compre-
hend them completely. Like their MAX precursors, all bare MXenes are metallic;
however, they can be anticipated as metals or semiconductors due to their surface
terminations during the synthesis process [4, 20]. Most of the experimental reports
on MXenes are pointed to it as metallic, and few reports anticipate MXenes as topo-
logical insulators [7]. The electronic properties of MXenes are largely influenced
by their surface chemistry (M, X, and T), structure (M2XTx, M3X2Tx, M4X3Tx),
and surface termination position [21]. Ti3C2Tx film has one of the highest electrical
conductivities among solution-processed nanomaterials that can afford up to 20,000
S/cm, making it the optimum material for emerging applications such as shielding
and antenna applications [22]. Next to graphene and hexagonal boron nitride (h-BN),
the elastic moduli (2D) of the MXene (specifically single-layered) measured from
indentation are found to be 326–329 N/m, which makes them the next strongest
material (after G and h-BN) through exploring Young’s modulus of 330 ± 30 GPa.
Surprisingly, the explored Young’s modulus of MXene (Ti3C2Tx) surpasses other
materials in the 2D family, which includes graphene oxide, metal chalcogenides
[23]. Likewise, MXene exhibits excellent mechanical properties; however, most of
its mechanical properties are yet to explore. These distinct features are not only
limited to their mechanical properties; it also includes optical properties; by means
of changing their surface chemistry, the absorption range of the MXene can be fine-
tuned. For instance, single-layered MXene with a one nm thickness absorbs ~3%
visible light at the wavelength of ~550 nm. The optical properties of the MXenes
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have been explored since 2016, which paved the path for developing advanced appli-
cations such as mode-locked lasers, photothermal therapy, and surface-enhanced
Raman spectroscopy (SERS) [24, 25].MXenes’ electrochemical characteristics have
been researched extensively, and almost 50% of the reports on MXenes are based on
their electrochemical energy storage applications [26]. The electrochemical energy
storage applications of the MXenes are detailed later in this chapter. Likewise, the
fascinating properties of MXenes in correspondence with their surface chemistry are
provided in-depth in chapter “Properties of MXenes” (Fig. 2).

The quick progress ofMXene chemistry has enthralled theMAX community, and
the desire to synthesize additional (novel) MXenes led to the identification of new
subfamilies of MAX phases like ordered double transition metal carbides. Ordered
MAX phases can be achieved by combining two metals (a preferably heavy metal
with a light one) in the out-plane ordered structure; sandwiching of two layers from
similar or different kinds of carbide-based metals (M) can be done. For instance,
Mo2TiAlC2 andMo2Ti2AlC3, by selective etchingof the element “Al” double ordered
MXenes are obtained (marked in red in Fig. 3) [27, 28]. By considering the reports
of the in-plane ordering of structures, the basal planes comprised of two types of
“M” elements in a separate row, for instance, (Mo2/3Sc1/3)2AlC, (Mo2/3Y1/3)2AlC,

Fig. 2 a Different MAX precursors (M2AX, M3AX2, M4AX3) with selective etching (A) for
producing, b MXenes (M2XTx, M3X2Tx, M4X3Tx), and c possible elements for M, A, X, and T
[27]
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Fig. 3 Schematics representation for applications of MXenes

etc. These in-plane ordering of the MAX phase materials can be selectively etched,
resulting in the formation of two different kinds ofMXenes such as (Mo2/3Y1/3)2CTx

or Mo1.33CTx, by etching lighter transition metal in MAX phases (i.e., Sc or Y) with
ordered divacancies [6, 27]. However, theMXene with selective etching of light tran-
sitionmetalwill not fall under the formula ofMn+1XnTx, since the atomic vacancies of
the transition metals are about 33%, thereby representing it to be M1.33XTx. Besides
these layered ordered structures, MXene can be composited with different materials
such as semiconducting nanoparticles, conducting polymers, etc. [6]. The surface
terminations (Tx) in the MXenes support functionalizing the materials and can form
composites with carbonaceous materials such as graphene or carbon nanotubes [29].
These kinds of different interactions/composites of MXenes with other materials are
detailed in chapter “MXene-Based Composites and Their Applications”.

All the 2D materials do not require van der Waal forces that can be appreciated
to discover new classes of materials, including MXenes. It was well known that the
MXene can be achieved by selectively etching out the A element from the MAX
phases. This kind of selective etching also contributes to ease of access in producing
large-scale fabrication. Till now, most of the MXenes (except Mo2N) have been
synthesized through these selective etching processes [30–32]. Although various
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MXenes have been discovered in the recent decade, stoichiometry and delamination
can be modified using various cationic intercalants. For instance, in the case of in-
situ etching (LiF + HCl), the MXene can be delaminated by raising its pH, or it
can say that no additional intercalants are required [33–36]. However, the in-situ
route of chemical etching may leave traces of more surface terminations than the
direct fluoride (HF) etching route. Furthermore, using more harsh solvents (etchants)
increases the defects in MXenes [37, 38].

Hence, etching and the etchant need to be significantly considered in achieving
high-quality MXenes flakes. During the etching process, intercalation of ions takes
place that intends to separate and/or delaminate the MXene flakes. The different
ions including Li+, Al3+, Ca2+, and Na+ are reported to be widely used intercalant in
MXene delamination [1, 13, 38, 39]. Sometimes,MXenes also absorb heavymetallic
ions from these intercalated ions during the delamination asM-Xbonding is short and
strong, ions cannot penetrate through their flakes [1, 40]. Following the delamination
process (intercalation), the storage of colloidal suspension, also referred to as post-
synthesis of MXenes, needs to be considered in achieving high-quality MXenes.
Generally, the colloidal suspension will be stored in either water or organic solvents
(as inks). The temperature and ambient condition of the stored colloidal solution
significantly impact the oxidation rate of the delaminatedMXenes. Recently a report
suggested that the hydrolysis of MXene and water contributes a vital role in their
degradation. For instance, the storage of MXene (Ti3C2Tx) in an aqueous (water)
mediumwith dissolved oxygen exhibits stability for amonth (~30 days). Even though
the stability of MXene colloidal was reasonably good, the oxidation rate of MXene
may change due to the dissolved oxygen in colloidal suspension. It can overcome the
oxidation issue by purging inert gases such as argon to lower the dissolved oxygen
content. In addition to theMXene suspension, the films fabricated using spray coating
or filtration exhibits similar stability over a month [32, 33, 35]. Likewise, different
aspects of delamination and the storage process are available in chapter “Stability
and Degradation of MXene”.

Because of their intriguing features, different types of MXenes can be produced
by expanding the available combinations of M and A with carbon or nitrogen in
MAX phases. As discussed earlier, single and double ordered transition metals were
achieved with MAX phase materials to produce the ordered MXenes. However, the
possibility of combining different elements and metals cannot be executed directly
by an experimental approach due to their cost and time constraints. At this junc-
ture, the possible combination for the formation of MXene and MAX phases can
predict with the computational approach, including MD simulation, DFT, etc. These
computational approaches can subsequently guide the experimentalist to synthe-
size the novel MXenes. Specifically, the quantum calculations (theoretical) and
other property evaluations carried out for the different combinations of materials
are feasible in exploring novel materials. Recently, Khaledialidusti et al. conducted
a series of fundamental computational analyses of different combinations of MAX
phases (around 1122 materials). Based on their elemental information and high-
throughput density functional theory (DFT) results, 466MAX phase compounds out
of 1122 are experimentally possible to synthesize.
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Further, the theoretical calculation has been extended to determine the formation
of MXene from MAX and found that only 26 MXenes compounds can be experi-
mentally synthesized among 136 MAX phases. From these computational results, it
can be clear that the computational results are equally important in determining the
formation of the compounds, specifically when a novel composition of elements or
compounds has been proposed [41]. Such computational approaches and the deter-
mination of their properties are described in a detailed way in chapter “Simula-
tive Molecular Modelling of MXene”. Furthermore, it was known that the distinct
composition of the MXenes relies upon their surface terminations that can keep
increasing/decreasing with the magnitude of order in its composition. The tendency
with change in order can transform the MXenes into carbonitrides; thereby, infinite
compositions (of MXene) can predict with computation, which opens a new era in
atomistic 2D materials design through a computational approach.

MXene possesses unique properties, including its hydrophilic nature, interlayer
spacing, ease of access structure, controllable thickness, metallic conductivity, tune-
able Fermi energy levels, etc., rendering them valuable applications. Moreover, the
stacking/restacking of the MXene sheets (interlayers or interlayer spacing) can be
controlled by adding various spacers between their layers [42–44]. For instance, the
surface terminations (specifically –O) make MXenes more active redox materials,
higher electrical conducting nature of MXenes aids rapid electronic transportation
to the electrochemical sites. Further, by fine-tuning its properties using different
fabrication/processing strategies, one can develop electronic circuits for sensors,
batteries, supercapacitors, biomedical devices, etc. Besides these applications, the
higher electronic conductivity of the MXene paves the path in a new stream of appli-
cations, including but not limited to MXetronics (combination of MXene and opto-
electronics), allowing them to be employed as interconnectors and current collectors
in the electronic devices. The strong electromagnetic interaction of MXenes with
different frequencies ranging from tera- to giga-hertz renders them in interference
shielding and higher-end communications. The gas separation, hydrolysis, and/or
dialysis (water purification) are achieved by controlling the interlayer stacking space
of the MXene layers. The liquid crystal formation can be done in association with
the processing of surface functionalization of MXenes [45]. With all these aspects,
the new class of MXene materials has been highly under research in recent decades
with a comprehensive list of applications.

The most explored application of MXenes has remained dedicated to electro-
chemical energy storage devices. The ease of ionic intercalation (cations) in MXene
supports faster ionic transportation during the electrochemical reaction in the energy
storage devices. Thus, the combined properties of redox ability, conductivity, and
ionic intercalation of MXenes endorses them as a potentially viable candidate for
energy storage applications. The modification of surface and suitable intercalant
(for intercalation of cations) enhances the capacitance value of MXene by 200%
compared with the normal approach of the same [46]. For instance, the MXene
(Ti3C2Tx) fabrication from the MAX phase (Ti3AlC2) will have the surface termi-
nations of F and/or OH functional groups, which then be treated with different kinds
of bases with varied cationic radii like KOH. By treating with such bases results in
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the replacement of surface termination elements with the cationic element (i.e., F
with K+) using weakening the bond is existing between the surface termination (F)
and the transition metal (Ti). The presence of K+, in the case of MXene treated with
KOH, enhances the capacitive performance of the energy storage devices due to the
intercalation of K+ ions in the interlayer spacing between the MXene stacks, which
emphasize drastic change over in the internal structure of the host by bringing larger
cations. Hence, one of the best ways to boost the energy storage device’s performance
can achieve by combining themechanism of surfacemodification and intercalation of
cations [47–49]. Besides these modifications, the charge storage performance in the
electrochemical devices varies concerning the electrolytes used in the electrochem-
ical reactions. The same theme was applicable for MXenes in the acidic medium
exhibiting pseudocapacitive behavior.

In contrast, double-layered capacitance (EDLC) will be displayed while carrying
out the reaction in alkaline or aqueous neutral-based electrolytes, respectively. As
mentioned above, the surface modification of MXene can be done with various
metallic cations such as Li, Mg, Al, Na, and K, which explore the material in
several types of energy storage devices, including ionic batteries. Furthermore,
the dynamics of ions existing between the MXenes layers paves the way for a
possible replacement for electrolytic capacitors too, which induces the increase in
voltage window and thereby extends their cyclic stability and performance [50]. The
detailed exploration of the materials in the various kind of energy storage devices
are discussed in chapter “Energy Storage Applications of MXene”.

Likewise, the effective intercalation of metallic cation suits MXenes for diversi-
fied environmental applications such as pollutant removal, heavymetal ions removal,
etc. The major concern with the growth of the industrial sector is their wastewater
discharge in water bodies, which contains several heavy metallic ions, including
lead, copper, arsenic, zinc, chromium, lead, mercury, etc. Several remedies have
been explored, and some are still under research to resolve such issues. In general,
the atomic weight of such heavy metals in the water bodies lies between ~63
and ~200 with 5 g/cm3 density [51, 52]. Therefore, the release of such heavy
metals is non-biodegradable and is a major concern to the environment. Devel-
oping novel materials, including MXene with its thin interlayer spacing, presented
effective trapping of heavy metallic ions adsorption such as barium, cadmium, lead,
chromium, etc., from the discharged wastewater [53]. Additionally, the MXene
surface-functionalized properties also played a vital role in enhancing the adsorption
efficiency. For instance, the most explored material, MXene (Ti3C2Tx), is used as
an adsorbent to remove barium (Ba) ions from the aqueous solution. The adsorbent
(Ti3C2Tx) records removal or adsorption efficiency of 90% (55 mg/L initial concen-
tration) within 10 min of the initial reaction, which are observed to be superior to
the other reported carbonaceous materials. Such superior activity of MXene can
be attributed to their combined characteristics such as hydrophilicity, active sites,
negative surface area, chemical stability, and ease of ionic intercalation. The report
also suggests that the adsorption of Ba ions is not affected by other associated exis-
tence of heavy metallic ions, including chromium, calcium, lead, etc. Further, the
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experimentation model (i.e., Dubinin-Radushkevich) evidence that in addition to the
adsorption (physisorption), chemisorption also happened during the reaction owing
to the chemical bonding that takes place between the surface termination of MXene
with Ba ions [53].

MXenes, adsorption kinetics relies largely on the charge of the organic contam-
inants; very recently, Kim et al. reported the adsorption property of Ti3C2Tx under
different pH towards numerous pharmaceutical compounds. Among the different
elements present in the pharmaceutical compound, the MXene adsorbed the AMT
heavilywith the capacity of 58.7mg/g at a pH of 7.0. Such high adsorption occurs due
to their electrostatic attraction between the positively charged AMT and negatively
charged MXene. Besides the electrostatic force of attraction, the adsorption capacity
of the MXene can be enhanced by fine-tuning their interlayer spacing. Several
processing strategies can enhance the interlayer spacing; here, in the same report,
Kim et al. investigated the adsorption performance ofMXene under different sonica-
tion frequencies (128, and 580 kHz). It was observed that the 214 mg/g recorded to
be high in the frequency range over 28 kHz as compared to other frequencies 1 kHz
(138mg/g) and 580 kHz (172mg/g), respectively. The significant enhancement in the
adsorption performance of the MXenes was credited to the well-dispersed MXene
with more surface functional groups through cavitation creation (sonication) [54].

The superior activity of MXenes in environmental applications is not only limited
to the adsorption of heavy metals; it also shows excellent kinetics adsorption against
different dyes. For instance, the adsorption activity of Ti3C2Tx against methylene
blue (MB) dye under different alkaline conditions is carried out and found that NaOH
treatedMXene shows a higher rate of adsorption (189 mg/g). The faster kinetic reac-
tion attributed to the charge interaction and intercalation of ions is the main cause
for the higher adsorption rate [55, 56]. Further enhancement in kinetic adsorption of
MXene is achieved by compositingMXenewith other nanomaterials. Recently,Kang
et al. experimentedwith the adsorption activity of Ti3C2Tx-GO compositemembrane
towards the removal of different dyes such as MB, Rose Bengal (RB), methylene
red (MR), coomassie brilliant blue (CBB). Ti3C2Tx-GO composites exhibit a 100%
removal rate with CBB, 99% with MB, 94% with RB, and 68% with MR, respec-
tively. Likewise, the removal efficiencies of MXenes for different ionic salts such
as Na2SO4, MgCl2, NaCl, and MgSO4 were also reported with different adsorp-
tion rates. The adsorption kinetics of the MXenes in correlation with different dyes
varies concerning the ionic size, interlayer spacing, electrostatic interaction [57]. The
complete aspect of the environmental remedial application of MXenes is discussed
in chapter “Environmental Applications of MXenes”.

Besides energy and environmental-related applications ofMXenes, another domi-
nant application ofMXenes is electromagnetic interference shielding (EMI). The first
study on MXene for EMI was published soon after discovering the first MXene (i.e.,
Ti3C2). Since then, the Ti3C2Tx was claimed to be one of the superior materials for
EMI [58, 59]. The higher electrical conducting (~20,000 S/cm) property was one of
the state-of-art to forefront MXene as EMI shielding materials, comparable to those
of other conventional and synthetic metals. The superior shielding performance of
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MXenes is determined by its intrinsic activity and the extrinsic modification of mate-
rials such as pores, structures, and dielectric inclusions [60, 61]. We are all much
aware of the rapid pace of industrial technologies, specifically in the area of elec-
tronic and communication, where fifth-generation (5G) technologies are emerging
in commercialization with big technological data and the internet of things (IoT) [62,
63]. As the 5G technology receives huge interest in the telecommunication indus-
tries, the electromagnetic waves generate and/or receive/transmit in a wide range of
frequencies; the interference associated with the electromagnetic waves (referred to
as electromagnetic interference) is a serious threat and prone to escalate by deteri-
orating the device performance and system security [59, 60, 64]. Thus, the unper-
turbed operation of 5G technologies can be ensured by addressing the major chal-
lenge posed by EMI using the advancement of materials like MXenes [59, 65–67].
Aforementioned, the fascinating properties of MXenes, which include high metallic
conductivity, flexibility, higher electronic density, ease of processability, electrical
conductivity, etc., outweigh their benefits in the field of EMI shielding [59, 68, 69].
Further, the laminated (stacked) architecture ofMXene sheets supports incident elec-
tromagnetic waves absorption within the layers (shield), which differentiates them
from other conventional materials. The energy attenuation of electromagnetic waves
in the multi-layered MXene stacks plays a constructive role in demonstrating effec-
tive shielding performance. The excellent interference shielding was achieved by
properly fabricating materials with low thickness and maximum thickness absorp-
tion [70]. Apart from these properties, the surface chemistry of MXenes also plays
a significant contribution in the enhancement of electromagnetic waves absorption
through polarization losses. For instance, dipolar or oriental polarizations domi-
nate at the frequency range of over GHz. The individual layers in the multi-layered
MXene stacks create dipoles under applied electromagnetic waves associated with
the negatively charged surface terminations (Tx), resulting in the energy reduction
of electromagnetic waves with capacitive loss. Additionally, the large surface area
of 2D MXenes benefits the facile processability and higher flexibility, specifically
for the next-generation foldable electronics [59, 71, 72] (see chapter “MXenes for
Electromagnetic Interference (EMI) Shielding”). Such unique properties make them
an ideal candidate for EMI shielding.

Apart from the dominant applications (energy, environment, andEMI) ofMXenes,
the large number of its compositions with various surface terminations suits them
in other fields of applications, including medicine. For each material, its end-users
application is one of the important factors to step over the next stage in terms of
commercialization or scaling-up with an advancement. Many experimental, compu-
tational, and review reports exist in briefing the growing library of 2D MXenes and
their composition. Along with the experimental results, the computational approach
such asmolecular dynamics simulations is necessary to identify or develop the classic
potential or phase field to identify their exfoliation route with different etchants
for performing large-scale. The computational results support designing the exper-
imental passage by understanding its fundamental mechanism between the inter-
layer spacing [73]. Unlike most other 2D materials, MXene can be scaled up, which
holds as an additional benefit for achieving immediate nearby commercialization.
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However, the preparation routes for achieving large-scale production are crucial
to its advancement. In order to design the appropriate equipment for reaction, the
reaction field’s stress gradient and temperature are needed to consider for yielding
large proportions of MXenes. The most commonly used and very first etchant used
in the synthesis of MXene (i.e., HF) was the only possible route so far to scale
up their production. Despite the environmental concern on the usage of HF, it was
the only etchant that could yield ~50 g of MXene without comprising their purity.
However, the delamination and intercalation of large-scale MXene synthesis are
still awaiting in-depth investigation. Also, the scaling up of other possible routes of
etching, including LiF/HCl molten salts, is necessary to use their facile delamina-
tion process, safety, cost, and environmental protection. Once the etching routes are
achieved, an adequate quantity of sheets can be produced from ultrasonic treatment.
Recent and future generations are looking for a smart and flexible device, particularly
in the energy and electronic sectors. In this regard, the derivatives of MXenes such
as fibers and flexible membranes are mostly preferred, unlike their powder (sheets)
[74]. MXenes will be widely used in future additive manufacturing technologies; if
large-scale, environmentally acceptable synthesis processes can be developed. Theo-
retically anticipated intrinsically semiconducting, ferromagnetic, and topologically
insulating, as well as other discoveries in MXene physics and chemistry, should be
possible with precise control of the structure and surface chemistry, including defects
and strain engineering. MXenes, which are mechanically strong, environmentally
stable, and electrically conductive, could have a big impact on self-powered devices
that are flexible, printable, and wearable. However, using MXenes in conjunction
with other 2D materials to self-assemble heterostructures and electronics is a viable
option [73].

Although the MXenes are emerging in recent decades with advancements in
commercialization, the safety measures in their synthesis are highly question-
able. The base precursor used for MXene is MAX phase powders, which are
pyrophoric forms of fine metal powders, especially when the size of the metal
powders is at the nanoscale. Such pyrophoric metal powders involve safety risks
in handling and storing. Numerous metal powders (nanopowders) with this type of
nature (pyrophoric) require special handling and have their own safety data sheet
(SDS). Because of the large surface area to volume ratio, nanoparticles exhibit
distinct phenomena that are not seen in coarse powders. As a result of these differ-
ences in chemical structure, nanopowders have significantly lower ignition tempera-
tures/energies, implying an increased risk of self-ignition and thermal explosions in
the air. Chemical passivation is one of the common routes to reduce pyrophoricity
by reforming their oxide shell. Moreover, different preparation routes are used to
synthesize MXenes, and each route necessitates the critical examination of all risks
involved.Also, the biotoxicity ofMXenes is still underway; even though some studies
exist on their toxicity and biosafety, they are not exhaustive, so the further in-depth
investigation is necessary [75]. The detailed caution on handling and safety measures
with the advancement ofMXenes are discussed in chapter “Biomedical Applications
of MXenes”.
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While progressive research has beenmade onMXene from the past decades, most
of the reported materials onMXenes are based on carbides, and there is a trail behind
nitrides synthesis. In addition, most of their dominant applications reported so far are
limited to two fields: (i) energy storage and (ii) EMI. The effect of interfacial physics
and associated van der Waals interactions on stability is a frequently encountered
challenge. The accumulation of electrons and/or holes of the surface of MXenes and
their interfaces are needed tobe examined formakingnext-generationflexible devices
[73]. The most encountered bottlenecked issue in the commercialization and large-
scale synthesis of MXenes is its stability. As the oxidation rate (MXene) relies upon
the temperature and humidity, it can oxidize easily in humid conditions. Compared to
their monolayer counterparts, multilayer MXenes have a lower tendency to oxidize.
Because the evidence suggests that MXenes surface oxidation begins near edges,
shielding these edges is a viable choice. The antioxidation ability and storage life of
the producedMXene dispersionmight be improved by controlled edge-adsorption of
different cations. For instance, coating carbonon theMXene surface in energy storage
applications supports resisting oxidation and boosts their performance (capacitive).
Thus, the inclusion of foreign species via the engineering of MXenes can pave a new
path to stop oxidation. Besides shielding, removing water molecules, lowering the
temperature, or deoxygenation are additional choices to prevent surface oxidation.
Although effective, anionic salt edge adsorption could harm its performance due to
salt anions interference. As a result, eliminating excess salt ions without jeopardizing
MXenes’ optimal application performance is a topic that needs more research. In
general, laboratory-scale etching of MAX precursors is still limited, with only a few
promising approaches with preparative scaled capabilities. The rapid advancement in
etching engineering and the expanding application domains of delaminatedMXenes,
on the other hand, point to a near-future advanced technology that could offer durable
MXenes materials for industrial applications [74]. It is gratifying to see that several
issues on MXenes raised for a decade are resolved almost with continuous research
made. However, these efforts are notwithstanding as the mitigation strategies on
oxidation are unknown, especially long-term effectiveness [61]. Likewise, many
factors associated with MXenes remain challenging and need to be addressed. A
detailed note on the same is provided in chapters “Advancements in MXenes and
Novel MXenes—Advanced Synthesis and Tailored Material-Property Design.

2 Prospects

The ability to manipulate the surface terminations of MXenes’ led to exhibit highly
conductive, large strength with good absorption and reflectivity trends. Therefore,
it is one of the promising candidates for diversified applications. The results of
the possible applications of MXenes are reported in numerous scientific reports.
However, the current knowledge in MXenes is yet to be explored. For instance,
MXene is regarded as one of the best materials for energy storage devices, although
its underlying process has yet to be completely investigated. Moreover, stability is
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one of the major concerns associated with them. It can degrade upon exposure to
the air (oxygen) and/or water medium, making them difficult to apply in various
fields. The other major challenge was there are no precursor materials (MAX phase)
for most of the reported materials (MXenes) since most of them are explored only
through a computational approach. Hence, most attention needs to be paid to synthe-
sizing (experimental) new-layered materials. Similarly, many MXenes and MXene
based composites are proposed for environmental applications likewater purification,
desalination, etc. But removing pollutants from the environment remains a challenge
yet, which can be resolved by exploring more studies on MXenes. Besides all these
facts, the safety measures of MXenes need to be considered. Perhaps, the biggest
challenge yet, though, is the experimental validation of all the theoretical studies and
the verification of the predicted properties of MXenes.
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Synthesis and Processing Strategies

Sandhya Venkateshalu and Andrews Nirmala Grace

Abstract With the discovery ofMXenes in 2011, they have beenwidely explored for
a myriad of applications due to their hydrophilic nature, excellent electrical conduc-
tivity, and ease of large-scale synthesis in water. The properties of the MXenes are
influenced by the synthesis route adopted. The etching agents used in the synthesis
of MXenes will affect the surface terminations, morphology, and structural defects.
The first MXene Ti3C2 was discovered using the method of hydrofluoric acid (HF)
etching. However, in the urge to discover new MXenes and avoid the use of toxic
HF, new etching procedures and synthesis pathways were introduced. The synthe-
sized MXenes can be deposited through various coating techniques and fabricated
into different devices. The synthesis method also determines the yield and quality of
MXenes. With the various synthesis and processing techniques reported in the liter-
ature, it is evident that MXenes are evolving rapidly. This chapter summarizes the
important breakthroughs in the synthesis and processing of MXenes, which includes
the latest trends in etching and delamination procedures. The effects of the etching
methods on the charge storage capabilities in MXenes are further discussed.

Keywords MXene · 2D materials · Etching · MXene synthesis · Processing of
MXenes

1 Introduction

It is well known that 2D materials were obtained from layered bulk materials
(graphite, hexagonal boron nitride, Mo2S) by separating the atomic layers, utilizing
the weak bonds between the layers compared to the bonds that are present within
the layers [1]. The layers in these solid materials are held together by either van der
Waals forces or hydrogen bonds. However, the new class of two-dimensional (2D)
materials known as MXenes is obtained by selective removing certain layers from
a precursor material known as MAX phases that belong to a large family of layered
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ternary carbides and nitrides. MAX phase has a general formula: Mn+1AXn where
n = 1, 2, or 3, M is the early transition metal, A is group 13 or 14 elements, and
X is either or both carbon and nitrogen. These MAX phases have relatively strong
interlayer bonds compared to other layered bulk materials [2, 3].

The parent MAX phases are formed by ball milling particular ratios of M, A,
and X elemental powders for a certain period of time and then heating them to high
temperatures. The milled samples are pressed (hot or cold) to increase the material
density and eliminate structural defects. The pressure applied during pressing helps in
influencing the gain growth in a preferred orientation. Themilled powders can also be
sintered without applying pressure, known as pressure-less sintering [4]. The formed
MAX phases are treated with a suitable etchant for a specific concentration and time
to remove the A element from it. The treated solution will be further centrifuged (till
the suspension has a pH 6) and filtered to obtain multi-layered (ML) MXene, which
has an accordion-like structure similar to exfoliated graphite. The layered structures
will be further subjected to delamination to obtain few-layered (FL) MXenes (<5
layers) [5].

This chapter discusses the various etchants explored in producing new MXenes.
The type of etchant used determines the surface terminations, yield, and purity of
the MXene obtained. The use of HF and HF in-situ etching methods needs careful
handling due to the toxic nature of HF. Hydrothermal and electrochemical etching
methods are environmentally friendly alternatives. The water-free etching method
is highly beneficial in applications whose performance is hindered by the pres-
ence of water. Synthesis and processing of MXenes is a crucial step in imparting
various properties to the MXenes, thereby enabling them to be used in a myriad of
applications.

2 Etching

Unlike the weak van der Waals force of attraction acting between the layers in
transition metal dichalcogenides (TMDs) and graphite, the layers in MAX phases
are strongly held; thus, mechanical exfoliation is not suitable to produce 2D layers
[6]. The bond existing between M-X is strong ionic/covalent/metallic, while the
bond existing between M-A is metallic. The M-A bonds are chemically active, and
utilizing the relative strengths of the bonds, ‘A’ layers can be selectively etched
to form MXene (Mn+1XnTx). During the etching process, the surface of the metal
atoms (M) gets attached with functional groups (Tx) such as –O, –OH, or –F [7].
A schematic representing the general synthesis of Ti3C2Tx MXene using a fluorine-
based etching method is shown in Fig. 1. The schematic here shows the existence of
surface terminating functional groups after the etching process [8].

Various etching methods such as acid with fluorine, molten salts, hydrothermal,
electrochemical, water-free, and Lewis acid have been used to date to synthesize
MXenes [9, 10]. The type of etchant used will significantly influence the surface
chemistry and the material’s behaviour.
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Fig. 1 General synthesis of Ti3C2Tx MXene using a fluorine-based etchingmethod. Ti3AlC2 MAX
phase (left), etched (middle) and delaminated MXene (right) [8]

a. Acid with fluorine

Though many reagents have been identified for etching, fluoride-based materials
remain the widely used reagents in the synthesis of MXenes. For the synthesis of
carbide-basedMXenes, HF and in-situ HF are themajorly used etchants. The etching
in carbide-based MAX phases is obtained by treating them with aqueous solutions
of HF or in-situ HF taken in a specific concentration and for a particular duration.
The majority of carbide-based MXenes described to date have all been effectively
synthesized with HF [11–14]. The reaction of HF with the MAX phase forming
MXenes with surface terminations can be described by the following equations [3]:

Mn+1AXn + 3HF → AF3 + 3/
2H2 + Mn+1Xn (1)

Mn+1Xn + 2H2O → Mn+1Xn(OH)2 + H2 (2)

Mn+1Xn + 2HF → Mn+1XnF2 + H2 (3)

Equation (1) represents the formation of MXene from its MAX phase, while
Eqs. (2) and (3) describe the surface terminations such as –OH and –F onto the
surface of the material. The etching conditions will vary for each parent MAX
phase depending on its chemistry and structure. For example, Naguib et al. reported
nanocrystalline ternary titanium aluminum fluoride (Ti2AlF9) was formed when
Ti2AlC was treated with 100% HF and the MAX phase Ti2AlC dissolved when
it was treated with 50% HF solution. However, a decrease in the concentration of
HF to 10% leads to the successful formation of Ti2C [15]. In the detailed report
given by Alhabeb et al. on the effect of concentration and reaction time of HF on
Ti3C2TX, it was shown that though 5% HF could help in the removal of Al from
Ti3AlC2; however, a perfect accordion-like structure was obtained only for ≥ 10%
HF solutions [16]. When the MAX phases are reduced in size through ball milling,
the reaction time and concentrations of HF can be reduced [17]. Also, the bond
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energies of M-A play a crucial role in determining the reaction time and concen-
tration of the etchant HF [18]. Table 1 summarizes the etching conditions required
for the successful synthesis of MXenes from their MAX phases and their c-lattice
parameters, respectively.

Vahid Mohammadi et al. reported the formation of V2CTx MXene from its MAX
phase V2AlC by treating it with 50% HF for 92 h at RT, as shown in Fig. 2. A typical
accordion-like morphology can be observed here for V2CTx MXene, indicating its
successful synthesis (Fig. 2c). Furthermore, the XRD pattern of the MXene (Fig. 2d)

Table 1 Summary of HF etching conditions to obtain MXenes from their MAX phases

MAX MXene HF conc.(%) Reaction time
(h)

c- lattice
parameter
(Å) (MAX)

c-lattice
parameter
(Å) (MXene)

References

Ti2AlC Ti2CTx 10 10 13.6 15.04 [15]

Ti3AlC2 Ti3C2Tx 40 20 18.62 20.89 [17]

Ti3AlCN Ti3CNTx 30 18 18.41 22.28 [15]

V2AlC V2CTx 50 90 13.13 23.96 [13]

Nb2AlC Nb2CTx 50 90 13.88 22.34 [19]

Nb4AlC3 Nb4C3Tx 50 90 24.19 30.47 [13]

Ta4AlC3 Ta4C3Tx 50 72 24.08 30.34 [15]

Fig. 2 Schematic indicating the formation of 2D V2CTx MXene from V2AlC MAX phase (a),
SEM images of V2AlC and V2CTx respectively (b, c) and their XRD patterns (d). Reproduced with
permission from [20] copyright 2017, American Chemical Society
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shows the presence of (0002) peak, and the intensity of the peaks corresponding to
theMAX phase is diminished but not completely eliminated, indicating the presence
of small amounts of unreacted MAX phase [20].

Hydrofluoric acid is highly corrosive in nature and can penetrate through skin,
bones, and muscles [21]. Therefore, HF needs careful handling and disposal. Thus,
various other methods were designed to minimize or avoid the use of HF. A mixture
consisting of an acid (HCl, H2SO4) and a fluoride salt (NaF, KF, LiF, NH4F) is
one such method wherein the formation of in-situ HF occurs. This method of acid–
fluoride salt etching was introduced for the first time by Ghidiu et al., using LiF and
HCl to etch Al from Ti3AlC2. The MXene obtained through this method was in the
form of wet clay that could be molded into different shapes [22].

The effect of different fluoride salts such as LiF, NaF, KF, and NH4F with HCl
in etching Al from Ti3AlC2 and Ti2AlC was reported extensively by Liu et al. [23].
Halim et al. reported NH4HF2 as an alternative to HF in etching Al from Ti3AlC2.
It was noticed that the etching duration was longer when compared to HF. As a
result, the NH4

+ ions intercalate into the layers of MXene, thereby delaminating
them without using a separate delaminating agent [24]. Intercalating cations such as
Na+, NH4

+, Mg2+, K+ and Al3+ into the MXene layers further helps in increasing the
volumetric capacitance in supercapacitors [25]. The increase in the d spacing with
the intercalation of cations into the layers of Ti3C2 MXene is schematically shown
in Fig. 3 [4].

Carbide and carbonitride-based MXenes can be easily produced with aqueous
acidic solutions, but the same is not possible for nitride-based MXenes. It is reported
that the formation energies of nitride MXene from its MAX phase are higher
compared to the carbide-based one. This means that the ‘A’ atoms in the nitride
MAX phases are strongly bonded, requiring more energy for their removal. In addi-
tion, the cohesive energy of nitride MAX phases is less when compared to carbide-
based ones. This implies that the nitride MAX phases are less stable, and thus they
can dissolve easily in the widely used etchant HF [26]. To overcome these issues,

Fig. 3 Schematic illustrating the effect on the d spacing with the intercalation of cations.
Reproduced with permission from [4] copyright 2020, Elsevier Ltd.
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etchants other than HF are generally used to synthesize nitride-based MXenes. In
this regard, Ti2NMXenewas successfully synthesized usingKF–HClmixture,which
was later used as a substrate for Surface-Enhanced Raman Scattering. The FESEM
images of the synthesized Ti2N MXene through this method showed the typical
layered morphology (Fig. 4) [27].

In the work reported by Urbankowski et al., nitride MXenes were synthesized
from carbide MXenes, which were obtained through HF etching method. In this
method, carbide MXenes Mo2CTx and V2CTx were subjected to ammonization by
treating themwith NH3 gas at 550 °C to obtain nitrideMXenes,Mo2NTx andV2NTx,

respectively [28]. Kim et al. reported the etching mechanisms in polycrystalline
Ti3AlC2 using LiF/HCl and HF etchants (Fig. 5). It was observed that there was
spontaneous delaminationwith LiF/HCl etchant, but themild etchant could not break
the grain boundaries resulting in incomplete etching of MAX phases (Fig. 5b). In

Fig. 4 FESEM images of MAX phase Ti2AlN (a), KF-HCl etched MXene Ti2N (b), delami-
nated MXene using dimethyl sulfoxide (c). Reproduced with permission from [27] copyright 2017,
American Chemical Society

Fig. 5 Schematic representing the etching mechanism of pristine Ti3AlC2 MAX phase (a) in
LiF/HCl (b) and HF (c) etching solutions. Reproduced with permission from [29] copyright 2021,
American Chemical Society
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the case of HF etching, it was observed that the polycrystals were broken into single
crystals resulting in high etching yield (Fig. 5c). However, with the use of HF etchant,
the Ti3C2Tx sheets were not delaminated due to the absence of intercalant. This
difference in the etching behavior between both the etchants could be attributed to
the ability of the HF to etch grain boundaries in Ti3AlC2 crystals. Also, the HF is
highly concentrated compared to the HF, which is gradually formed by the reaction
between LiF and HCl [29].

b. Molten salts

Though the HF in-situ etching method is less hazardous, traces of HF will remain
in the etching solution. Therefore, to overcome this issue, Urbankowski et al. intro-
duced the molten salt etching method in which Ti4N3 MXene was synthesized using
a eutectic molten salt mixture consisting of 59 wt% of KF, 29 wt% of LiF and 12
wt% of NaF. The MAX phase Ti4AlN3 was treated with this mixture at 550 °C
for 30 min under Ar. After this treatment, different Al containing fluoride phases
were observed; however, Ti containing fluorides were absent, confirming selective
etching. The treated mixture was washed with H2SO4 to remove impurities, resulting
in multi-layered Ti4N3, which was further delaminated to few layers using tetrabuty-
lammonium hydroxide (TBAOH). The MXene obtained through this molten salt
etching method has increased atomic defects compared to the HF etching method
[30]. Additionally, Djire et al. have reported the successful synthesis of Ti2N and
Ti4N3 MXenes through molten salt etching procedure. It was seen that Ti4N3 synthe-
sized through this technique exhibited both metallic and semiconducting behavior
[31, 32]. The molten salt etching method has been mostly used to synthesize nitride-
based MXenes, and the yields are relatively low. However, a few reports exist on
synthesizing carbide-based MXenes using this method [33, 34].

c. Hydrothermal

The hydrothermal method used in the synthesis of MXenes is less harmful and envi-
ronmentally friendly when compared to the HF etching method [35]. Thus, they are
of prime importance in practical applications of MXenes. Wang et al. reported the
synthesis of Ti3C2Tx MXene from their MAX phase Ti3AlC2 using NH4F through a
hydrothermal method (150 °C for 24 h). The structure andmorphology of the synthe-
sized MXene can be modified by optimizing the amount of NH4F, hydrothermal
temperature, and time. With the increasing NH4F amount and hydrothermal reaction
time, the thickness of the layers decreases while the interlayer spacing increases. For
low reaction temperatures such as 90 °C, etching was not observed, and for higher
temperatures such as 180 °C, Ti3C2Tx MXene was oxidized [36].

Peng et al. reported using NaBF4 and HCl to synthesize Ti3C2 and Nb2CMXenes
through a hydrothermal route. The Ti3C2 MXene synthesized through this route had
a large interlayer distance and BET surface area, which was attributed to the slow
releasemechanismduring the hydrothermal reaction. Figure 6 shows theSEMimages
of theNb2CMXenes obtained for different reaction times from itsMAXphase [37].A
fluorine-free, alkali-assisted hydrothermal synthesis method was used to synthesize
Ti3C2Tx MXene, inspired by the Bayer process used widely in refining bauxite.
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Fig. 6 SEM images of aMAX phase Nb2AlC and b–f Nb2C prepared from hydrothermal method,
180 °C for various reaction times (15–35 h). Reproduced with permission from [37] copyright 2018,
Elsevier Ltd.

Typically, Ti3AlC2 was addedwith 27.5MNaOHsolution andheated hydrothermally
(270 °C) to obtain Ti3C2Tx MXene, which had a purity of 92 wt%. During this
process, the hydroxide anions (OH−) oxidizes the Al atoms in the Al layer producing
Al(OH)4−, which gets dissolved in the alkali. As a result, the surface terminations of
Ti in the MXene were only –OH and –O without –F. MXenes obtained through such
a synthesis technique will contain more–OH and –O terminations when compared to
those obtained through the HF etching method and thus provide better performance
as supercapacitor electrodes [38].

d. Electrochemical

Chemical etching processes used to produce MXenes are electrochemical processes
wherein electrons transfer from ‘A’ to other elements of the MAX phase [39]. Thus,
another possible alternative approach is electrochemical etching. Sun et al. [40]
reported the synthesis of Ti2CTx MXene for the first time using electrochemical
etching in dilute HCl. The MXenes synthesized through this method had –Cl surface
terminations along with –O and –OH. In this electrochemical etching method, there
is a possibility that both M and A layers can be removed, producing carbide-derived
carbons (CDC) due to over-etching. Thus, a careful balance of etching parameters
is necessary. When the MAX phase Ti2AlC was taken as a working electrode in a
3-electrode system, HCl electrolyte facilitates the removal of Al forming Ti2CTx

MXene. Continuous etching leads to conversion of the outer layer of MXene to
CDC and the inner MAX core to MXene. Thus, a three-layered, unique core–shell
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structure consisting of an inner unetched MAX core, intermediate MXene layer, and
outer CDC is obtained (Fig. 7). The MXene layers can be separated from the 3-
layered structure through sonication. The report claimed that the formation of CDC
is difficult to be avoided during etching. It was also suggested that the CDC formed
onto the MXene could help protect it against oxidation [40].

In another report, Ti3C2Tx (Tx = O, OH) MXene was synthesized based on the
anodic corrosion of its MAX phase in a binary aqueous electrolyte, 1 M NH4Cl
and 0.2 M tetramethylammonium hydroxide (TMAOH, pH > 9). A binary aqueous
electrolyte was used to allow the electrolyte ions to penetrate deep into the layers
so that etching does not take place only onto the surface. In this typical fluorine-
free electrochemical process, the MAX phase Ti3AlC2 was taken as both anode
and cathode in a 2-electrode system with a binary aqueous electrolyte. The anode
alone was involved in the etching reactions in which the chlorine ions from the
electrolyte enable the etching of Al by breaking the Ti–Al bonds. As a result, NH4OH
intercalates into the layers and facilitates further etching by widening the edges of
the etched anode. There is no reaction on the cathode side, and it is used as a counter
electrode. MXenes synthesized through the electrochemical etching method pose
superior electrical conductivity compared to acid with fluorine etching method. This
method can obtain a high yield of >90%, making it a promising etching procedure
[41]. MXenes prepared through the electrochemical etching method are widely used
in energy storage applications [42, 43].

e. Water free and Lewis acid

In most of the etching methods reported for MXenes, water is the main solvent
used, hindering their use in water-sensitive applications. However, the presence of
water makes it harder for some polymerization reactions and synthesis of certain
quantum dots onto MXenes [44, 45]. Moreover, the presence of trace amounts of
water in Na and Li-ion batteries using organic electrolytes will significantly impede
their performance [46]. Natu et al. reported the first water-free synthesis of Ti3C2Tx

Fig. 7 Schematic
representing the formation of
a core–shell structure.
Reproduced with permission
from [40] copyright 2017,
The royal society of
chemistry
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using various organic polar solvents and NH4HF2. The Al salts formed during the
etching of MXenes are less soluble in organic solvents, and thus they needed acidic
propanol to be washed away thoroughly. With the exchange of ammonium cations
with the protons present in the acidic propanol, the d spacing reduced significantly
after washing [47].

Recently, the Lewis acid molten salt method of producing MXenes with only
Cl terminations has gained importance. This provides a green route in preparing
MXenes without using HF [48, 49]. In the work reported by Li et al., novel MAX
phases and MXenes were synthesized by exchanging the elements in the ‘A’ layer of
the MAX phase. This is done with the help of late transition metal halides such as
ZnCl2, which are known as Lewis acids in their molten state. The Zn element replaces
the Al element in theMAX phase Ti3AlC2 (as shown in Fig. 8) to form a novel MAX
phase Ti3ZnC2. Further, in the presence of excess ZnCl2, MXenes terminated with
Cl, Ti3C2Cl2 were obtained [50].

Amodified general method to produce a large variety ofMXenes from theirMAX
phases using the redox coupling between the cation in the Lewis acid molten salt and
the ‘A’ element was proposed by Li et al. In this method, CuCl2 molten salt was used
in the preparation of Ti3C2 from Ti3SiC2. With the immersion of the MAX phase
in CuCl2 at 750 °C, Ti3C2Tx MXene was obtained after washing out impurities like
Cu particles using ammonium persulfate solution. The use of ammonium persulfate
results in the addition of O groups onto the surface of Ti along with Cl groups [51]. A
summary of different etching methods used to synthesize MXenes from their MAX
phases since its discovery is tabulated in Table 2.

Fig. 8 Schematic representation of the formation of novel MAX phase andMXenes through Lewis
acid molten salts. Reproduced with permission from [50] copyright 2019, American Chemical
Society
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Table 2 Different etching
methods used in the synthesis
of MXenes

Method Etchant References

Acid with Fluorine HF [11–17]

LiF + HCl [22]

KF + HCl [27]

Na, LiF, K or NH4F + HCl [23]

NH4HF2 [24]

Molten salts LiF + NaF + KF [30–32]

Hydrothermal NH4F [36]

NaBF4 and HCl [37]

NaOH [38]

Electrochemical HCl [40]

NH4Cl and TMAOH [41]

Water free Organic polar solvents and
NH4HF2

[47]

Lewis acid ZnCl2 [50]

CuCl2 [51]

3 Delamination/Intercalation

The multi-layered MXenes obtained after the etching can be delaminated/exfoliated
into a few or single layers through intercalating or delaminating agents. During this
process, various parameters such as surface functional groups, crystallinity, defects,
and the number of layers present in the material undergo changes. As seen in the case
of graphene, mechanical exfoliation can also be used to obtain few-layered MXenes
however, the yield is very low. There have been only two reports that claim the use of
the scotch tape method for the exfoliation of multilayer MXene into few layers [52,
53]. The exfoliation methods used to produce few-layered MXenes typically depend
on the (a) etching method used and (b) composition of the MXene. Based on these,
the exfoliation of MXenes is achieved through intercalation of cations, handshaking
or sonication and intercalation through organic molecules.

When the acid fluoride salt (KF,NaForLiFwithHCl/H2SO4) is used as an etchant,
the cations in the fluoride salts will intercalate into theMXene layers, simultaneously
delaminating them without the use of a separate delaminating agent. Sonication can
help delaminate samples in some cases; however, prolonged sonication can damage
the MXenes’ edges, causing the sheets to break [25]. This mild sonication or simple
handshaking leading to in-situ delamination is achieved when the pH of the etched
MXene is neutral. In addition, MXenes have negative zeta potential due to which the
aqueous colloidal MXene suspensions do not aggregate [54].

When MXenes are obtained through the HF etching method, their exfoliation
is possible with the intercalation of organic molecules or ions into the layers,
which helps in increasing the interlayer spaces thereby, weakening the interlayer
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Fig. 9 Schematic representing the delamination of MXenes with organic solvents. Reproduced
with permission from [57] copyright 2015, The Royal Society of Chemistry

interactions leading to exfoliation [9]. The common polar organic solvents used
are dimethyl sulfoxide, tetrabutylammonium hydroxide, n-butylamine, hydrazine,
choline hydroxide, isopropylamine and urea [55–57].

Mashtalir et al. reported hydrazine monohydrate and hydrazine monohydrate
dissolved in dimethylformamide (DMF) used as the intercalating agent in Ti3C2

increased the c-lattice parameter from 19.5 to 25.48 and 26.8 Å, respectively. An
increase in the c-lattice parameter means that the interlayer spacing increases in
MXenes, leading to the weakening of bonds and producing single-layered MXenes
[55]. Mechanical milling of MXene powders with organic solvents also produces
few-layeredMXenes. The produced delaminatedMXenes helps in preventing oxida-
tion and enable fast ion transport useful for sodium-ion batteries [58]. In the study
reported by Naguib et al., various organic solvents were used as delaminating agents,
and slight agitation aided in the delamination of MXene sheets. A schematic of this
process is shown in Fig. 9 [57].

Thedelaminated colloidal suspensionofMXenes inwater canbe further processed
using vacuum filtration, spin coating, or spraying onto different substrates based on
the type of application.

4 Processing of MXenes

DelaminatingMXenes after synthesis, as described in the previous section, is a crucial
processing step and to reduce the size of the flakes, sonication is a standard processing
method [59]. Therefore, various parameters such as power output of the sonicator,
sonication time, temperature of sonication, etc., will affect the concentration, quality
and size distribution of the flakes [16]. It is seen that centrifugation can also help
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control the size of the MXenes flakes. For example, when Ti3C2Tx MXene was
centrifuged at different RPMs like 2500, 5000, and 10,000, different sized flakes
such as 2, ∼1 µm and ∼200 nm were obtained, respectively.

Different deposition methods such as vacuum filtration, spin coating, spray
coating, rolling, and painting [60–63] can be used for solution-processed MXenes,
as shown in Fig. 10. Each of these processing methods is used for a particular type of
application [64]. When the spin coating is used, thin uniform coatings are produced,
which are used in electronics [63]. In contrast, the rolling method produces thick
films useful in making flexible electrodes for electrochemical applications [65].
MXene inks can be used to obtain particular patterns through printing or stamping
methods where the thickness can be varied by increasing the number of layers [66].
A vacuum-assisted filtration setup consists of a Buchner Funnel with a filtration
membranewhose pore size is small enough to prevent theMXene flakes from passing
through them. The vacuum filtration method produces free-standing flexible films,
which could be used as electrodes for supercapacitors or batteries [55, 67]. The
spin coating technique can be used to produce uniform films which are suitable for
optical applications [63]. In addition, the spray coating technique can make films
with large areas useful in electromagnetic interference shielding. Although the spray

Fig. 10 FabricationofTi3C2TxMXenefilmsproduced throughvacuumfiltration, spray coating and
painting techniques. Reproduced with permission from [16] copyright 2017, American Chemical
Society
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coating method is a convenient technique that can be used on any surface, the draw-
back is it produces non-uniform coatings and rougher films [68]. Compared to the
vacuum filtration process, thinner coatings can be produced through the spray and
spin-coating techniques.

5 Storage Mechanism

Intercalation and delamination are important steps that impart the energy storage
properties in MXenes. During the etching procedure, the functional groups (such as
–O, –OH, and –F) attached to the MXene surface serve as energy storage sites at the
surface and between the layers [69].

MXenes have been shown to store energy via the adsorption–desorption mecha-
nism. Tang et al. demonstrated that in Ti3C2 MXene, lithium occupies the top of the
carbon atoms, which is their preferred location, and provides a theoretical capacity of
320 mA/g [70]. Therefore, it was predicted that the theoretical gravimetric capacity
depends on the formula weights of MXenes. MXenes such as M2Xwith low formula
weight is predicted to pose higher capacity than M3X2 and M4X3 MXenes, because
of the strong bonds between M and X [6].

MXeneswith –O terminations exhibits higher theoretical capacitywhen compared
to those with –OH terminations [71]. Further, Xie et al. reported that MXenes with
–O terminations might react with the Na+ or K+ ions to form bare MXenes and metal
oxides through conversion reactions. Thus all the existing storage mechanisms such
as conversion reactions, stripping, and insertion may be present in MXenes [72].

With the introduction of cations (Li+, Na+, K+) into the layers of MXene during
etching, the interlayer spacing increases, thereby providing a wide access path for the
electrolyte, which in turn helps in improving the storage capabilities of the MXene
[25, 73]. Furthermore, this intercalation of ions into the MXene layers makes them
suitable for non-lithium-ion batteries with limited electrode materials [72]. It is also
known that delamination can also be done using organic solvents like hydrazine,
DMF and urea. In these cases, there is the introduction of N-containing groups into
the MXenes, which further enhances the electrochemical behavior of MXenes [55].
A similar phenomenon can also be observed in S-containing MXenes [74].

The processing step also plays a crucial role in improving the charge storage
capabilities in MXenes. The electrodes made from single-layered flakes pose higher
storage capabilities due to the increased exposure to the electrolyte solution. In this
regard, free-standing films obtained through the vacuum filtration method contains
densely packed layers, which exhibit poor performance when used as electrodes
[54]. The main mechanisms of charge storage in supercapacitors are pseudoca-
pacitance and double-layer capacitance. MXene poses the pseudocapacitive charge
storagemechanism due to the surface terminated functional groups involved in redox
reactions and exhibits improved capacitance than RuO2 [9].
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6 Safety Measures for MXene

With the continuous efforts to scale up the production ofMXenes, guidelines for safe
MXene synthesis have become very important. Identifying the hazard before scaling
up will help develop safe designs before its implementation. The synthesis ofMXene
is amultistep process that includes the usage of combustible powders like aluminium,
graphite, titanium carbide and so on to produce the parent MAX phase. Further,
exothermic reactions are involved in obtaining MXene from the MAX phase. HF is
the widely used etchant in the synthesis ofMXenes. HF and in situ-HF etching proce-
duresmust be carried out carefully, considering the risks involved. Calciumgluconate
and emergency wash stations must be available in the laboratory. Protective personal
equipment must be worn while synthesizing MXenes to minimize accidents [75].

Safety Triad: Prevention, Mitigation and Response

The synthesis of MXene involves multiple steps. Thus, safety guidelines for each
process step should be evaluated, including preventive and mitigating measures,
emergency responses, and procedures [21]. In order to implement the preventive
measures, the hazards in the synthesis process have to be first identified. The major
hazards are exposure to toxic chemicals, toxic gas formation, combustible dust and
runaway reactions. The hazard preventive measures include (i) safe designs, (ii)
engineering and administrative controls and (iii) personal protective gear [75]. Upon
the failure of preventive measures, mitigating measures should be implemented to
reduce the outcome of the incident. The main aim of the mitigating measures is to
reduce the effects of the undesirable event that occurs when the preventive measures
fail. The mitigating measures are proper training, usage of the hood, sensors, alarms,
automation of the hazardous steps, and emergency evacuation plans. With the failure
of both preventive and mitigating measures, emergency response mechanisms have
to be panned to reduce the impact of the undesirable incident. The emergency
plans include educating the individuals working with the facility about the risks
and hazards involved in the process, repair, recovery and access to the emergency
response personnel.

7 Summary and Outlook

New MXenes are being formed from their MAX phases on a regular basis with
the discovery of new etchants. In this chapter, we have discussed various synthesis
and processing techniques of MXenes. The most effective and widely reported
etchant is HF, but with their high levels of toxicity and the –F terminations onto
the MXene surface (which are not suitable in biomedical applications), research
on alternate etchants are required. In this regard, various etching methods such as
molten salt, hydrothermal, electrochemical, water-free, Lewis acid etc., have been
briefly discussed. Each of these methods has its advantages and disadvantages over
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the other in terms of toxicity, yield and purity. While the molten salt synthesis
technique is mostly used to synthesize nitride-based MXenes, the other synthesis
methods discussed in this chapter are used to synthesize carbide-basedMXenes. The
various processing methods involved in obtaining MXenes desired for a particular
type of application is detailed. Synthesis and processing steps play a crucial role in
imparting and improvising the charge storage capabilities of MXenes. Though many
MAX phases are said to exist, only a few MXenes are derived from them. Overall,
discovering new MXenes for various applications via new synthesis techniques is a
daunting yet exciting process.
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Properties of MXenes

Guoyin Zhu and Yizhou Zhang

Abstract MXene, a 2D transition metal carbides/nitrides, have attracted heated
attention in various fields, such as supercapacitors, batteries, catalysis, solar cell,
and senor, because of their outstanding properties. The coexistence of metallic and
covalent bonds contributes to the intrinsic properties of MXenes, such as unique
structural, surface-chemical, thermo-physical, and optoelectronic properties. These
new physics and chemistry properties of MXene will open up new possibilities for
applications.

Keywords MXene · Structural and surface-chemistry · Thermo-physical ·
Optoelectronic properties

1 Introduction

2Dnanomaterials are drawing attention fromdiverse researchfields in the past decade
due to their interesting physical and chemical properties different from their bulk
counterparts [1]. Up to date, a series of 2D nanomaterials have been successfully
developed, including graphene [2], transition metal dichalcogenides (TMDs) [3],
black phosphorus (BP) [4], and MXenes [5].

MXenes, also known as 2D transition metal carbides and nitrides, has drawn
heated attention as a fast-growing family of 2D materials since their invention in
2011 [6]. They have shown great potential in many applications, such as energy
conversion (such as photocatalysis, solar cell, and water splitting), energy storage
(such as supercapacitor and battery), electromagnetic interference shielding, sensors,
andphotothermal therapy, becauseof their intriguingmechanical, electronic, thermal,
and optical properties with various structure and surface chemistries. This chapter
discusses the structural and surface-chemistry, thermo-physical, and optoelectronic
properties of MXenes.

G. Zhu · Y. Zhang (B)
School of Chemistry and Materials Science, Institute of Advanced Materials and Flexible
Electronics (IAMFE), Nanjing University of Information Science and Technology, Nanjing
210044, China
e-mail: yizhou.zhang@nuist.edu.cn

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
M. Khalid et al. (eds.), Fundamental Aspects and Perspectives of MXenes,
Engineering Materials, https://doi.org/10.1007/978-3-031-05006-0_3

37

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-05006-0_3&domain=pdf
mailto:yizhou.zhang@nuist.edu.cn
https://doi.org/10.1007/978-3-031-05006-0_3


38 G. Zhu and Y. Zhang

2 Structural and Surface-Chemistry

The structure of MAX precursors and resulting MXenes have been systematically
explored. Generally, MAX phases, a kind of densely layer-stacked materials, display
hexagonal lattice structures. The general formula of MAX is Mn+1AXn (n can be 1,
2, and 3), in which M represents groups VI-transition metal (such as Ti, Mo, V, Zr,
Nb, Ta, W, and Hf), A is an element belongs to groups III-VI (such as Al, Si, In, Ga
and Ge), X stands for carbon and nitrogen [7–9]. In theory, the crystalline structures
of MAX precursors can keep stable [10–13].

As schematically shown in Fig. 1a, MXenes were initially etched from MAX
phases, which inherits hexagonal symmetry with P63/mmc space group. The M-X
bonds are still complete, whereas the M-A bonds are broken using acid treatment
[14]. After A atomic layers are etched fromMAX precursors by strong acid solution,
the resulting layer structure materials are MXene nanosheets (Fig. 1b).

Some groups (such as F-, O- and OH-) would be formed on the surface of
MXene after HF or fluoride-based salt etching [15, 16]. Based on this, Khazaei
et al. investigated the geometrical structures, magnetic and electronic properties of
three types ofMXene systems (includingM2XF2,M2X(OH)2, andM2XO2) by using
first-principles calculations [17].

As shown in Fig. 2a-i,ii two kinds of hollow sites may exist on the surface of
M2X MXene: one is hollow sites A, where “X” atom is not available under the
transition metals. The other is hollow site B, where an “X” atom is available. Then,
four different configurations would be concluded in terms of the relative positions of
the termination groups (“T”) to the transition metal atoms (“M”). (1) two functional
groups were located on the top of two metal atoms (“M”); (2) two functional groups
were on top of the hollow sites A; (3)one functional group was on the top of hollow

Fig. 1 Schematic structures of MAX and MXenes. a Three types of MAX precursors (M2AX,
M3AX2 and M4AX3) and the resulting MXenes (M2X, M3X2 and M4X3) after selectively etching.
b Top and side views of the atomic structure of M2X MXene. The A and B stand for two types of
hollow sites at the surface [14]
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Fig. 2 a Structure of M2X and M2XTx, i, ii top view and side view of M2X layer, respectively;
iii–v top and side views of 3models of the functionalizedMXene systems, respectively. Green, gray,
and red spheres represent transitional metals, the carbon or nitrogen element, and the functionalized
terminations, respectively [17]. b Atomic structure of Ti3C2Tx with different surface terminations
(labeled as “T”) [16]

sites A and another one was on the top of hollow sites B; (4) two functional groups
were located on the top of hollow sites B (Fig. 2a-iii–v) [17]. Due to the influence of
functional groups with the electronic structure of MXene, some MXenes, including
Hf2CO2, Zr2CO2, Sc2CF2, and Ti2CO2, were predicted to be 2D semiconductors,
whereas most of the other MXenes were metallic. Ti3C2Tx, the first experimentally
synthesized MXene, has been the most representative among tens of MXenes. The
crystal structure decoratedwith functional groups is shown in Fig. 2b [16]. In addition
to F, O, and OH groups, Yamada et al. found that Ti2CTx and Ti3C2Tx surface can
also be terminated with Cl atoms when using Cl-containing acid treatment (such as
LiF/HCl) [18]. Analogous reports on the structure of V2C and V2CX2 monolayers
were studied with similar results as Ti3C2 [19].

As the existence of the large negative formation energy that keeps the transition
metals and the surface terminations strongly connected, MXenes are predicted to
be fully terminated. Generally, there are three possible sites for these groups on
the surface of MXene (such as Ti3C2Tx). As shown in Figs. 3a, b. the three different
adsorption sites canbedirectly above transitionmetal atoms, the hollow site I between
three neighboring X atoms following metal atoms, and hollow site II above X atoms,
respectively [20]. According to the density functional theory (DFT) calculations, the
most stable structure may be the condition that the surface groups adsorbed at the
hollow site I on each side of MXenes because of low steric hindrance [17, 21, 22].
However, when X atoms and surface groups cannot obtain sufficient electrons from
the transition metals, site II could be more favorable for MXenes. Compared with
OH- and F-group, which just need one electron, O-group requires two electrons from
the transition metal to stabilize its adsorption position. Therefore, site II or the mix
of site I and II configuration is more suitable for O-group in MXenes.
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Fig. 3 Side view a and top views b of the atomic structure of Ti3C2Tx MXene. Yellow, white,
black, green, and red balls represent titanium, hydrogen, carbon, fluorine, and oxygen elements,
respectively [20]

In the experiments, MXenes surfaces are quite complex and can be influenced by
the nature of the transitionmetal on the surface and preparation conditions; it is essen-
tial for identification and quantification of the surface groups to use different char-
acterization methods including, X-ray diffraction (XRD) [23–25], X-ray photoelec-
tron spectroscopy (XPS) [26, 27], nuclear magnetic resonance spectroscopy (NMR)
[28, 29], scanning electron microscope (SEM) and scanning transmission electron
microscopy (STEM) with Energy-dispersive X-ray spectroscopy (EDX) [30, 31],
X-ray atomic pair distribution function (X-ray PDF) [32, 33], Raman spectroscopy
[34, 35], and energy loss spectroscopy (EELS) [36, 37].

As a structural characterization technique, XRD was used to study and identify
the crystallinities and surface compositions of materials or composites. Thus, it is
a useful tool to determine the successful MXene formation from the MAX phase.
For example, all crystallographic peaks of MAX can be observed from the XRD
pattern, which is consistent with the p63/mmc structure. When converting the MAX
to MXene, broadened (00 l) peaks and many other broad peaks from lattice reflec-
tions will be shown. Huang prepared Ti3C2 MXenes from Ti3SiC2 by the Lewis acid
etching route [25], in contrast to the more conventional HF or HCl + LiF etching
method. They measured the XRD peaks of the pristine Ti3SiC2 as well as the resul-
tant material and reported the successful reduction of Ti3SiC2 into layered Ti3C2.
Moreover, because of the 2D feature and hydrophilicity of MXenes, the interlayer
spacing can be used as accommodated intercalants. To absorb K ion on the surface of
MXenes (V2C), Ye et al. treated V2CTx MXenes by KOH. From the XRD patterns
before the alkalization [24], the (002) plane of V2CTxMXenes was located at 8.25°.



Properties of MXenes 41

After KOH treatment, the (002) peak will shift to 6.98°, suggesting the expanded
interlayer space induced by the K+ intercalation. As a result, while XRD is an impor-
tant tool for displaying MXene surface bonding, in situ techniques can be used to
examine the surface chemistry of MXenes in the future.

XPS is also an important tool to detect the surface chemical compositions of the
materials and observe the chemical states of the various elements. Thus, the informa-
tion of MXenes’ surface terminations can be identified and separated from the O1s
and F1s regions from high-resolution XPS results. These elements may be assigned
to different surface species or impurities such as TiO2 particles from the aqueous
etching process. However, when the difference in binding energy is less than 1 eV,
such as O- and OH-groups, it would be difficult to distinguish these species [26, 38].

A recent in-situ temperature-programmed XPS investigation of Ti3C2Tx MXene
etched with 10% HF was reported by Persson et al. [27]. The XPS results measured
between room temperature and 750 °C suggested that the F atom was just adsorbed
on-site during the heating process, whereas O was adsorbed on two different sites.
Moreover, they reported that the binding energy of 529.9 eV corresponds to the
O atom bridging two titanium atoms (TiO2). The peaks assigned to O-groups in the
absence andpresence of F atoms (C–Ti–Ox andC–Ti–OHx) set at the binding energies
of 531.2, and 532.0 eV, respectively. Hence, Halim et al. concluded that the general
formula for Ti3C2Tx MXene prepared by 50% HF solution should be determined to
be Ti3C2O0.3(OH)0.32F1.2 [26]. To study the surface chemistry of MXenes in-depth
still need more well-designed XPS measures.

With the high sensitivity of 1H, 19F, and 13C nuclei, NMR spectroscopy is a
complementary technique for analyzing the chemical structure of the surface groups.
It can also be applied to detect the surface chemistry of MXene, such as Ti3C2Tx

and V2CTx [28, 29]. For example, Hope et al. have employed the 1H and 19F NMR
spectra of Ti3C2Tx to identify –OH and –F terminations andH2O present between the
MXene nanosheets [28]. Another NMR study conducted on V2CTx MXene confirms
that water can be hydrogen bonded to the surface hydroxide layer and that the F-
group was bonded to the MXene surface [29]. However, O- terminations cannot be
detected by NMR, but it can be calculated when the total amount of surface groups
is assumed to be 2 (nOH + nF + 2nO = 2).

As O and F elements on the MXenes’ surface can be observed in EDX measures,
EDX in SEM can be a complementary technique [33, 39]. However, it is difficult
for EDX to identify O- and OH- groups. Light elements can also not be detected.
Moverover, the signal is strongly dependent on the experimental conditions for
accurate EDX quantification.

Complementary to SEM with EDX, STEM combined with EELS can directly
detect the surface terminations of MXenes [37, 40]. It can be used in both quantifica-
tion and site identification of the functionalizing species. Based on a detailed study
of the role of surface groups, Bilyk et al. showed that the C-K edge is a clear marker
for surface-induced electronic structure modifications in the Ti3C2 conducting core
of MXenes [41]. However, STEM with EELS can be used to identify the atomic
structure of the MXene sheets and intrinsic defects, surface, and edge terminations.
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It shows partial coverage of surface groups and not the overall surface termination.
Moreover, it is unable for STEM to detect light atoms like carbon, oxygen, and
fluorine.

Neutron/X-ray PDF analysis can be used to explore the structural modeling
of MXenes that includes the local arrangement of atoms terminations [32, 33].
Compared with XPS, EDX analysis, neutron/X-ray PDF analysis is more favor-
able to observe hydrogen atoms on the surface of MXenes. Wang et al. studied the
“third-generation” structure model of Ti3C2Tx by using neutron PDF analysis, which
takes the 2D periodicity of the bareMXene and the random distribution of functional
groups on the MXene surfaces [32]. From the neutron PDF results, it can find that
the number of F-groups is larger than O-terminations on the surface of the HF-etched
Ti3C2Tx MXene, which agrees with the XPS and NMR results mentioned above [26,
28]. However, different from the XPS and NMR results, many OH-terminations can
also be observed in the Ti3C2Tx MXenes from the neutron PDF report. The difference
might be attributed to the etching environment and sample preparation conditions.
The XPS test needs a high vacuum, but PDF analyses are measured in the ambient
environment. In addition, the limitations of different characterization techniques can
also influence the result. The neutron/X-ray PDF analysis provides a new territory of
designing novel MXene materials with controlled surface chemistry and properties.

Nowadays, The research of Raman spectroscopy of MXene’s surface chemistry
is still in its early stages, and the reports are only a few [34, 35, 42–44]. Hu et al.
predicted the Raman (Eg and A1g) vibrational modes, and they concluded that the
surface terminations would influence the vibrational frequencies [34]. However, as
termination species onMXenes’ surfaces aremixed and random, it is still challenging
to precisely assign the Raman modes of MXenes.

As mentioned above, MXene surface termination groups occupy an important
place in the stability of the MXene structure and evaluation of many exciting proper-
ties. However, it is one of the most challenging problems to understand and control
MXenes’ surface termination groups in experiment, and research about the dynamics
of the terminations is still lacking. Currently, due to the surface termination groups
may be affected by the etching techniques and sample preparation, it is preferable to
design the etching protocols and post-synthesis processing carefully.

3 Thermo-Physical Properties

Due to the intrinsic ceramic nature, MXenes derived from MAX Phases may be
employed as thermoelectric materials in energy conversion fields. The thermo-
physical property of MXenes, especially the thermoelectric performance, can be
evaluated through the figure of merit (ZT, ZT= S2σT/K), which is dimensionless. In
this expression, S stands for the electrical conductivity, σ is the Seebeck coefficient,
T represents temperature, and K (K = kl + ke) corresponds to thermal conduc-
tivity. Thus, ZT can be increased with the increase of the power factor (S2σ), and the
thermal conductivity (K)would simultaneously decrease [45]. Generally, the thermal
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conductivity of MXenes is anisotropic along the zigzag and armchair edges. Nowa-
days, the thermal conductivity of variousMXenes has been theoretically investigated
by considering both phonon and electron contributions, such as Ti2CO2, Hf2CO2,
Zr2CO2 [46, 47], Sc2CF2, Sc2CO2, Sc2C(OH)2 [48], and Mo2C [49].

AmongM2CO2 (M= Ti, Zr, Hf), Schwingenschlögl et al. reported that the lattice
thermal conductivity of Ti2CO2 and Hf2CO2 is the lowest and highest, respectively,
between the temperature of 300 and 700K [47].Moreover, the semiconducting states
for different function groups were studied through DFT calculation and the projector
augmentedwave approach.AmongSc2CT2 (T=F,O,OH), Sc2C(OH)2 displayed the
lowest lattice thermal conductivity due to the existence of OH functionalization [48].
The room-temperature thermal conductivity of Sc2CF2 along the armchair direction
was about 472 W m−1 K−1, which is even higher than that of silver. The thermal
conductivity of Sc2C(OH)2 along this direction was estimated as 173 W m−1 K−1,
which is lower than that of Sc2CF2 and higher compared to most metals [50].

The pristine Mo2C, which is metallic, shows a small molar volume, outstanding
electrical conductivity, and attractive thermal conductivity. To explore the thermal
conductivity of Mo2C, Du et al. studied the electron and phonon contributions with
first-principles density functional theory. The calculated electrical conductivity of
Mo2C MXene is about 106 �−1 m−1, which could be remarkably influenced by
doping. The room-temperature thermal conductivity of Mo2C is estimated to be
48.4 Wm−1 K−1, and it can reach 64.7 Wm−1 K−1 with the introduction of n-type
dopants [49].

The thermal conductivity of several MXene materials mentioned in the above
literature is predicted in theory, and there are few experimental reports. Liu et al.
synthesize Ti3C2Tx film and Ti3C2Tx/poly(vinyl alcohol) (PVA) film using the laser
flash technique.Due to the introduction of strongTi−Obonds, PVAcan significantly
improve the thermal stability of MXene. Meanwhile, With the laser thermal conduc-
tivity test instrument, the thermal conductivities of Ti3C2Tx and Ti3C2Tx/PVA films
weremeasured to be 55.8 and 47.6Wm−1 K−1, respectively [51]. Chen et al. prepared
Ti3C2Tx films from delaminated Ti3C2Tx nanosheets by vacuum-assisted filtration.
The thickness of the prepared filmwas about tensμm, lower than that of the commer-
cial laser flash instruments (larger than 100 μm). Thus, the thermal conductivity of
the prepared film was measured through the advanced T-type method. Figure 4a
displays the schematic of the T-type method. One platinum (Pt) wire was put at the
ends to copper electrodes. The test sample was supported at the center of the Pt wire.
The following formula calculated the thermal conductivity of the sample ((s)).

λs = Ls Lhh Ah
(
L3
hqv − 12Lhh�TV

)

Lh1Lh2As
[
12Lhh�TV − qv

(
L3
h1 + L3

h2

)]

where Ls, Lh, Ah, and As correspond to the length of the test sample (MXenes), the
length of the Pt wire (Lh = Lh1 + Lh2), the cross-sectional areas of the Pt wire and the
test sample (MXenes), respectively, as shown in Fig. 4b. λh represents the thermal
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Fig. 4 ASchematic and Physical model of the advanced T-type method that the test sample located
at the center of hot wire

conductivity of hot wire (Pt), qV = UI/LhAh the volumetric heating power of the Pt
wire, and �TV the volumetric average temperature change of the Pt wire.

The thermal conductivity of the films was 1.26 and 2.84Wm−1 K−1 at the temper-
ature of 80 and 290 K, respectively, as measured by the T-type method mentioned
above [52].

Due to the high thermal conductivity, MXenes can be used in heat transfer appli-
cations. Jin et al. designed PVA/MXene composite films to improve thermo-physical
properties with the multilayered casting. Due to the existence of the continuous
MXene layer, the resulted films showed a high in-plane thermal conductivity of 4.57
Wm−1 K−1, almost 23 times that of the neat PVA films [53]. Moreover, multilayer
and single layer Ti3C2Tx MXene solution with ethylene glycol (EG) were prepared
successfully as nanofluids by Yu et al., and they both displayed excellent thermal
conductivity. As shown in Fig. 5a, the thermal conductivity of MXene nanofluids
is almost stable between the temperature of 10 and 60 °C because of the viscosity
of EG. At room temperature, the thermal conductivity would increase linearly when

Fig. 5 a Thermal conductivity of MXene-based nanofluids at the temperature range from 10 to
60 °C; b Enhancement in thermal conductivity with the increase of the volume fraction [54]
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the volume fraction of the nanofluids increased from 1 to 5% (Fig. 5b). The corre-
sponding values of nanofluids with 5 vol% of multilayer and single layer Ti3C2Tx

MXene would increase by 53.1 and 64.9% compared to EG, respectively [54].
MXene also shows specific surface area and rich surface termination with

a hydrophilic feature. These properties provide a strong adsorption effect and
hydrogen bonding interactions between the polyethylene glycol (PEG) molec-
ular chains and MXene. To obtain excellent form-stable phase change material
(FSPCM), Qu et al. designed PEG/MXene composites through the simple vacuum
impregnation approach, in which MXene was used as the thermally conductive
supporting skeleton. The thermal conductivity of the prepared PEG/MXene would
reach 2.052 Wm−1 K−1, which is higher compared to pure PEG [55]. Rafieerad
et al. comprehensively studied the thermophysical properties of Ti3C2Tx MXene
with few-layered non-covalent graphene nanoplatelets (GNPs) and covalently func-
tionalized COOH- and NH2- GNP nanofluids. The thermal conductivities of the
water-based MXene with 0.1 and 0.2 mass% Ti3C2Tx were both higher (0.732 and
0.828 Wm−1 K−1, respectively) compared to non-covalent GNPs (0.679 and 0.702
Wm−1 K−1, respectively) [56].

The abovementioned results indicate that MXene-based materials with high
thermal conductivity would have a great potential application in thermal conver-
sion and storage fields, such as thermoelectric devices, fluorescent nanofluid, and
seawater desalinization.

4 Optoelectronics Properties

As mentioned above, MXene with certain molecular structures could be theoreti-
cally calculated to be semiconducting. These MXenes have been revealed to possess
greatly enhanced optical and electrical characteristics for optoelectronic applica-
tions [57–59]. A series of experimental research about the optoelectronics properties
of MXenes has been reported. Among them, Ti3C2Tx and Ti2CTx are outstanding
representatives. After being deposited on substrates with controlled thicknesses, the
resulting Ti3C2Tx and Ti2CTx Mxenes can be used as transparent conductive thin
films [59–64].

Gogotsi et al. first prepared transparent Ti3C2Tx MXene film prepared by epitax-
ially growth and subsequently etching [61]. Ti3AlC2 precursor was magnetron-
sputtered on the sapphire substrate and then etched by HF or NH4HF2. The thick-
ness of the resulting Ti3C2Tx film was about 19 nm, and the transmittance would
reach∼90% in the visible-to-infrared range. Interestingly, the MAX film with the
same thickness is also transparent in the visible light, and the transmittance would
be only 30%. Moreover, the resulting films displayed metallic conductivity at 100 K.
When the temperature drops below 100 K, the resistivity will increase with the
temperature decrease, as shown in Fig. 6.

Many solution-processing methods, including spray-coating, spin-casting, and
dip-coating, were also used to turn aqueous solutions of MXenes into thin films for
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Fig. 6 a Resistivity of threeMXene films (Ti3AlC2, Ti3C2Tx, and Ti3C2Tx−IC, IC represent NH3
or NH4

+) from 0 to 300 K. b Resistivity versus temperature for Ti3C2Tx. Inset shows the fitting of
resistivity between the temperature of 2 and 74 K to the weak localization model (ρ ∼ ln T) [61]

optoelectronic devices [16, 58–60, 62, 63, 65]. Fafarman et al. synthesized flexible
MXene films with high conductivity and optical quality through a low-cost spin
casting approach (Fig. 7). The electrical conductivity of nanometer-thin films with
>97% transparency,measured by the four-probe technique, could reach 6500 S cm−1.
The result surpassed thevalues of other solution-processed2Dmaterials under similar
conditions. Additionally, the sheet resistance of filmswith 2 nm thickness could reach
1000 � sq−1, suggesting that the percolative transport path would be formed and the
film is in the bulk-conductivity regime [16].

In 2016, Ti3C2Tx films, synthesized by Mariano et al., displayed a relatively
low resistivity of 437 � sq−1 at about 77% of transmittance over a wide wavelength
range fromvisible to near-infrared light. Remarkably, the figure ofmerit (FOM)of the
resultingMXene films was twice that of graphene, implying excellent optoelectronic

Fig. 7 Schematic illustration of Ti3C2Tx MXene film fabrication. a Ti3C2Tx atomic structure. “T”
represents F, O, and OH surface terminations. b The spin-casting process that aqueous dispersions
of Ti3C2Tx would be deposited onto various substrates. c a Photo of Ti3C2Tx film on glass [16]
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properties. In addition, vacuumannealingwould improve the conductivity of thefilms
without decreasing their transparency. Hence, a drying process (typically vacuum
annealing) can be employed to achieve films with better performance [62]. Zhang
et al. prepared a d-Ti3C2Tx (hand-shaken, nonsonicated) film with high conductivity
of 9880 S cm−1 by spin-casting and following vacuum annealing at 200 °C. When
the flexible substrate was bent to a small radius, the conductivity would be slightly
lower compared to the glass substrate. However, the conductivity would keep stable
during the bending cycles [63].

Although the spin-casting approach can achieve better-performing films in the
reports mentioned above, it needs a high-concentration delaminated MXene (d-
MXene) solution (usually >5 mg ml−1) for considerably thick films [66, 67]. In
addition, the substrate should be flat for the excellent conductivity of films, whereas
the spin chamber limits the substrate size. Consequently, these restrictions of the
spin-casting method could restrict the application of MXene thin films for large-
scale production. The spray-coating technique is a simpler and more controllable
alternative for large-scale film deposition compared with spin casting. This method
allows relatively low concentrations (0.5–3 mg ml−1) of Ti3C2Tx MXene solution to
be deposited on a large area substrate [68]. Moreover, Through the control of spray
times, the thickness of the films can be varied from a few nanometers to several
micrometers. The disadvantage of this method is that the surface of prepared films
is rough with grain boundaries, which may limit industrial production [65]. The dip-
coating technique can also be used to synthesize MXene thin films with high quality.
With the simple sip-coating method, Lee et al. prepared thin (∼5 nm) Ti2CTx films
on the wafer-scale Al2O3 substrate (Fig. 8). The resistance of the resulting thin film
could be about 70� sq−1 when the transmittance reaches 86% [64]. Furthermore, the
thickness of the films in this work can be controlled by the plasma treatment process.

Fig. 8 a Schematic of the synthesis of Ti2CTx film with plasma treatment. b Optical microscope
(OM) image of MXene thin film. The scale bar of the main image 100, and 5 μm for the inserted
image. c SEM image. The scale bar is 10μm. dAtomic Force Microscope (AFM) image of Ti2CTx
thin film on the Al2O3 substrate [64]
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In the plasma treatment process, Ti2CTx film can be etched layer by layer, and the
surface oxidized layer could be removed without sacrificing the bottom layer.

The electronic conductivity of Ti3CNTx (T is a mixture of carbon and nitrogen
elements) is lower than that of Ti3C2Tx. In the UV–visible spectrum, the result
of Ti3CNTx displays a blue shift. Hantanasirisakul et al. prepared Ti3CNTx film
with a high-concentration of d-Ti3CNTx solution (5–20 mg mL−1) by a spin-casting
technique [69]. When the concentration of the solution decreases to 5 mg mL−1, the
transmittance of the prepared thin films can reach 94% with a thickness of 2.5 nm.
The room-temperature resistivity of Ti3CNTx film dispersed in tetrabutylammonium
hydroxide (TBAOH) would reach 2.0 × 10−2 � cm after being treated at 400 °C for
three hours.

Recently, Ying et al. preparedV2CTx MXene films through spin-casting technique
with the same dispersant (TBAOH) [70].When the thicknesses of the films increased
from 11 to 116 nm, the transmittance at the wavelength of 550 nm would decrease
from89 to 27%.The sheet resistance of the preparedfilms in thisworkwas about 104–
106 � sq−1. A decrease of two orders of magnitude can be observed after annealing
at 150 °C, which may be attributed to TBAOH decomposition. So far, among the
reports on optical-electronic properties of MXenes, Ti-based MXenes (Ti3C2Tx and
Ti2CTx) aqueous solution has attached the most attention. The relationship between
the surface terminations, interlayer spacing, and solvents for film formation with
optical-electronic properties of MXenes also needs to be explored.

Due to the high transmittance and electrical conductivity, the MXene films could
bewidely used in optoelectronics and photonic devices, such as photodetectors, light-
emitting diodes, fiber laser, and solar cells. However, the applications of MXenes
in the above fields are still in the initial stage, and there is still a long way to go to
investigate the photoelectric properties of MXenes.

5 Conclusions and Perspectives

Since the discovery of MXene in 2011, the new two-dimensional transition metal
carbides have built a wide range of applications due to their unique properties. When
designing the novelMXenematerials for potential applications, including transparent
conductors, supercapacitors, Li-ion batteries, electromagnetic shielding, catalysis,
and photocatalytic water splitting, thermoelectric device, fluorescent nanofluid, it
is necessary to consider the properties carefully, especially structural and surface-
chemistry, thermo-physical properties, and optoelectronic properties. In this chapter,
we reviewed the three properties of MXenes. These properties are discussed in terms
of thermal conductivity, surface terminations, transmittance, and electronic conduc-
tivity combined with various characterization methods, test methods, and theoretical
calculations. Currently, there are still some challenges in the study of the MXenes’
properties. Firstly, one of themost challenging tasks is understanding and controlling
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MXenes’ surface chemistry in experiments. Secondly, designing advanced MXene-
based materials with controllable and tunable thermo-physical properties is neces-
sary. Lastly, theoretical research about the optoelectronics properties of MXenes
has been very few. Future investigations of the three properties may include in situ
experimental characterizations with accurate theoretical predictions.
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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 byGogotsi andBarsoum [6].MXenes belong to the transitionmetal carbides,
nitrides and carbonitrides and are synthesized by the selective etching of ‘A’ layers
from their MAX phases that have a general formula Mn+1AXn, 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 ofMn+1Xn 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 Mn+1XnTx, where
Tx 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 andMXene 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 Al2O3, V2O5, TiO2, Fe2O3, CeO2 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 μm 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 2Dmaterials based onMXenes, and their composite withmetal oxides,
polymers, carbonaceous material, chalcogenides and hybrid materials. Furthermore,
every section contains tabular information onMxenes 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
(V2O5·nH2O/Ti3C2Tx) 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 (V2O5), mainly
due to the smart 3D structure of MXene that facilitates the high charge transport and
effectively accommodates the zinc ion insertion/desertionwith outstanding structural
modifications.

Song et al. [47] proposed incorporatingMXene composites withmanganese oxide
(MnOx) for lithium-sulfur batteries. Figure 1 shows the synthesis of MnOx/MXene
composites and mechanism of their alteration of polysulfides on MnOx/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 MnOx materials. The stronger support interaction of oxide between MXene
and MnOx 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 NiCo2S4
composites decorated with ultrathin MXene sheets for advanced electrode material
in supercapacitors. They found that the surface-functionalized MXene composites
(N-Ti3C2/NiCo2S4) showed exceptional electrochemical properties with a specific
capacitance of 1879 F.g−1, 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-
Ti3C2/NiCo2S4 composites with significant specific surface areas, accessible hierar-
chical 2D structure, and good contact with the electrolyte, allowingmore charge/ions
transport networks. Huang et al. [50] proposed nanobelt like metal oxide intoMXene
to prepare sandwich and layered structured composites composed of growing belt-
like structure of amorphous Na0.23TiO2 on the surface of MXene sheets. The as-
prepared Na0.23TiO2/MXene composite was utilized as a LIB anode electrode mate-
rial. They reported that the compositematerial 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 electrodematerial, metal-oxide dopedMXene 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 Cu2O/TiO2/Ti3C2 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 Cu2O/TiO2/Ti3C2 composites, no catalytic activity was found in the pres-
ence of TiO2/Ti3C2, which clearly shows that the Ti3C2 and TiO2/Ti3C2 were
failed to perform catalytic degradation of nitro compounds. This occurs due to
the poor electrical conductivity of TiO2, limiting its catalytic activity. However,
Cu2O/TiO2/Ti3C2 with the optimized quantity of Cu2O showed excellent catalytic
properties. Cu2O enables the easy transport of electrons from an electron donor
such as NaBH4 to TiO2 through the surface of Ti3C2 (MXene). They also found
that the ternary composites (Cu2O/TiO2/Ti3C2) show excellent dimensional stability
by more than 92% efficiency after 8 cycles. The main reason for the exceptional
stabilitywas due to the larger specific surface area ofMXene composite (TiO2/Ti3C2),

Fig. 2 Synthesis of MXene composites (Cu2O/TiO2/Ti3C2) and their mechanism of catalytic
degradation of nitro compounds [51] (reproduced with permission)
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enabling Cu2O to adhere to the surface. Hou et al. [52] synthesized Co9S8 deco-
rated MXene hybrid composites using a simple hydrothermal and high-temperature
carbonization technique. The as-prepared MXene metal oxide hybrid composites
(Co9S8/C/Ti3C2Tx) exhibited excellent electromagnetic (EM)wave absorption prop-
erties. MXene composites showed good storage capacity of EMwaves 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 (In2O3) nanocubes into MXene composites to examine the methanol gas
sensing application at ambient temperature. The In2O3 nanocubes decorated MXene
composite showed outstanding gas sensing characteristics compared to other pristine
metal oxides or pristine MXene. The In2O3/Ti3C2Tx 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, In2O3/Ti3C2Tx 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 In2O3/Ti3C2Tx as proposed by the authors
is shown in Fig. 4.

Fig. 3 Schematic representation of the possible mechanism of electromagnetic absorption of
MXene composites (Co9S8/C/Ti3C2Tx) [52] (reproduced with permission)



MXene-Based Composites and Their Applications 59

Fig. 4 Possible mechanism of gas sensitivity (a) and energy band diagram (b) of In2O3/Ti3C2Tx
composites in air and methanol [53] (reproduced with permission)

Similarly, Zhang et al. reported the CoOx-NiO incorporated with MXene
nanosheets prepared via atomic layer deposition route for the potential energy
storage supercapacitor applications [54]. The synthesized device based on CoOx-
NiO/Ti3C2Tx 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 rGO 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 pristinematerials as mentioned in Table 1.

Lin et al. [66] proposed a simple method to synthesise a novel 2D photocat-
alytic composite membrane of Bi2O2CO3@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 Bi2O2CO3

nanoparticles. TheMXene compositemembrane 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.
no

MXenes Oxides Measuring parameters Applications References

1 Ti3C2Tx LiMn2O4 243 F g−1 capacitance
88% life span

Supercapacitors [56]

2 Ti3C2Tx TiO2 2650 μmolh−1g−1
cat Photocatalysis [57]

3 Ti3C2 SnO2 126 F g−1

capacitance 82%
capacity retention

Supercapacitors [58]

4 Ti3C2 TiO2 43 μmolh−1g−1
cat Photocatalytic

activity
[59]

5 Ti3C2Tx MnO2 212 F g−1 capacitance
88% cyclic life

Supercapacitors [60]

6 N-Ti3C2 Fe2O3 1065 mAh g−1

Specific capacity
Li-Ion batteries [61]

7 N-
Ti3C2Tx

RGO 1180 mAh g−1

specific capacity
82.5% capacity
retention

Li-Sul batteries [62]

8 Ti3C2Tx RGO hybrid aerogel 23.3 Sm−1 electrical
conductivity 27.3 dB
EMI shielding effect

EMI shielding [63]

9 Ti3C2Tx Metal/ZnO/MXene
and Metal/ZnO:
Pd/MXene

19,400 nm RIU−1 and
8350 nm RIU−1

sensitivities

SPR biosensors [64]

10 Ti3C2Tx FTO/TiO2/MAPbI3 13.83% efficiency Perovskite solar
cell

[65]

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 Gd3+ 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 Gd3+ and MXene nanosheets in the nanocomposites.
Gd3+ 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 formanufacturing
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
andMXene 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 (C6H10O5)n 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
(−O) 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) chargedpolymers, like polyethyleneimine andpoly-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 compositematerials 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 Ti3C2Tx (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 blendingmethod. This alternative arrangement ofMXene and PVAmulti-
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 ofMXene/Chitosan films and well-alignedMXene 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 T3C2Tx 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).
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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 Ti3C2Tx 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 PPDAandMXenefilledPLAcompos-
ites showed good flame retardant and excellent mechanical properties. This is mainly
because of the homogeneous dispersion of PPDA and MXene nanofillers across the
PLAmatrix, offering effective load transfer and enabling fracture energy dissipation
when the external load is applied to the matrix. Themajor advantage of usingMXene
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-Ti3C2 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-
lulose 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 Ti3C2

MXene/cellulose nanofiber, when tested, it yields amechanical strength of more than
250MPa, excellent desirable toughness of 20Mj/cm3 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%
Mxene 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. Themajor advantage of this
technique is that good dispersion of functionalized nanoparticles could be achieved
within the polymermatrices [90]. Carey et al. synthesizedMXene/Nylon-6 nanocom-
posites by in situ ring-opening polymerization of ε-caprolactam and achieved well-
exfoliated nanocomposites with significantly improved water transporting properties
of the resultant nanocomposites. Due to the rapid growth of technology, adopting
conventionalmanufacturingmethods 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 ofMXene 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−1 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 modifiedMXene 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 offlammable volatiles and toxic gas, including
carbonyl compounds, aliphatic ethers, CO and CO2, are markedly reduced due to
the nanobarrier effect of 2D MXene and catalytic carbonization effect of PA. The
Mxene nanocomposite coatings also shows good electrical conductivity and improve
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chemical stability due to presence of 2D Ti3C2Tx nanosheets which contribute to the
dissipation of electromagnetic microwaves.

For more clarification regardingMXene 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−1) capacitance, 3162
mF cm−3 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
Ti3C2Tx-CNT composites and utilized this for ECs. As-prepared composites having
Ti3C2Tx 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 Ti3C2Tx-CNT elec-
trode increased from 340 F cm−3 to 370 F cm−3 after the 10,000 charge discharge
cycles, and exhibits 55% rate which is much higher than as compared to Ti3C2Tx

electrode. A key reason for the outstanding electrochemical performance exhibited
by the Ti3C2Tx-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 V2C and Mo2C 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 (�GH∗) 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/Ti3C2Tx MXene for high perfor-
mance Li-ion storage [110]. The synthesized prepared material having the compo-
sition of (Fe2.5Ti0.5)1.04O4/C/Ti3C2Tx 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 fromGO andMXene 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 sp2 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 sp2 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 ofGO leads to poor flame resistance ability.
However, the addition of MXene nanosheets into nanosized TiO2 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.

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 Ti3C2Tx 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 cm3/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 μm 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 pathwayswithin 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 (MoS2), 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

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 SiO2 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 3DMxene-CNT elec-
trode shows a good reversible capacity of 590 mA h g−1 at 0.1 A g−1 and outstanding
rate performance with a capacity of 191 mA h g−1 at 5.0 A g−1. The LIB device with
3D Mxene-CNT electrode demonstrates a high energy density of 201 Wh kg−1 at a
power density of 210 W kg−1, and an excellent energy density of 92 Wh kg−1 even
at a high-power density of 21 000 W kg−1, as well as good capacity retention of
84.7% after 3500 cycles at 2.0 A g−1. 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), MoS2, WS2, and MoSe2 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−1. However, after 100 cycles, the specific capacity reduced drastically to 42.8
mAh g−1. MXene composites with CTAB and Selenium (Ti3C2@CTAB-Se) showed
significant improvement of specific capacity even after 100 cycles. They reported
that MXene composites (Ti3C2@CTAB-Se) showed a 583.7 mAh g−1 specific
capacity of 100 mA g−1. Its capacity was still retained to 132.6 mAh g−1 even
after 400 cycles, showing excellent electrochemical performance ofMXene compos-
ites (Ti3C2@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 (Ti3C2@NiCo2Se4) 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 Ti3C2 MXene
nanosheets. In addition, to further stop the self-restacking of MXene nanosheets,
they uniformly decorated the zero-dimensional bimetallic selenide NiCo2Se4, 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-
Ti3C2@NiCo2Se4 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 ofMXene sheets, it enhances the quick charge transfer kinetics and increased
interfacial contact between electrolyte–electrode within the battery system. Besides,

Fig. 10 Schematic representation of expansion and shrinkage abilities and excellent cycling/rate
performance mechanism of Ti3C2@NiCo2Se4 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 NiCo2Se4 nanoparticles during cycling and restrain pulverization. These
excellent properties of MXene nanosheets are responsible for the excellent stability
and outstanding electrochemical performance of f-Ti3C2@NiCo2Se4 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 (Ti3C2@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

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−1 even after 200 cycles at 0.2 A g−1, 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 synthesizingMXene 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 SnS2/Sn3S4 dichalcogenides hybrid nanoparticles restricted restacking issues in
MXene nanosheets and significantly improved composite’s performance. The multi-
layered Ti3C2 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 basedMXene
composites showed the best cycling performance (462.3 mAh g−1 at 100 mA g−1

after 100 cycles) and good rate performance (216.5 mAh g−1 at 5000 mA g−1).
Recently, Geun Oh and co-workers reported N-doped C-coated CoSe2 incorporated
with Ti3C2 MXene for electrochemical sodium (Na) and potassium (K) ion stor-
ages [137]. CoSe2@NC/MXene attained the reversible capacities of 358 mAh g−1

and 317 mAh g−1 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/TiO2/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/TiO2/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/TiO2/Na-
MXene nanocomposites. It is evident that the ZnCdS/TiO2/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

S.
no

MXenes Chalcogenides Measuring parameters Applications References

1 Ti3C2Tx MoS2 290.7 mAh g−1 capacity K-Ion batteries [139]

2 Ti3C2Tx Co-NiS 911 mAh g−1 capacity for
Li-Storage 542 mAh g−1

capacity for Na-Storage

Li and Na
storage batteries

[140]

3 Ti3C2Tx@C MoSe2 355 mAh g−1 capacity K-Ion batteries [141]

4 3D Ti3C2Tx N-CoSe2 1084 Wh kg−1 energy
density

Zn-air batteries [142]

5 Mo2CTx 2H-MoS2 −450 mA cm−2
geom Hydrogen

evolution
reaction (HER)
And water
splitting
application

[143]

6 Ti3C2Tx MoS2 0.39 pg mL−1 limit of
detection (LOD)

Electrochemical
aptasensor

[144]

7 Ti3C2Tx MoS2 −65.51 dB reflection loss Microwave
absorption

[145]

8 Ti3C2Tx CdS-MoS2 9679 μmol.g−1 h−1 2.63 ns
photoluminescence life time

Photocatalytic
H2 generation

[146]

9 Ti3C2 1 T-MoS2 386.7 F g−1 specific
capacitance 91.1% retention

Supercapacitors [147]

10 Ti3C2Tx BlueP/MoS2 203°/RIU sensitivity Biosensors [148]

6 Organic Hybrid-MXene Composites

Hybrid composites of two ormorematerials 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 simplemethod involving
TiO@nitrogen doped carbon/Fe7S8 with in situ polymerization of polypyrrole
monomer on alkalized MXene for lithium-ion batteries anode material. This MXene
hybrid composite (TiO2@NC/Fe7S8) has exceptional architecture where 3D urchin-
like TiO2 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 Fe7S8. Fe7S8 provides high
specific capacity during the charge and discharge process. The MXene composites
(TiO2@NC/Fe7S8) showed excellent electrochemical activity such as the reversible
capacity of 516 mAh g−1 after continuous 100 charge/discharge cycles at 0.1 A g−1,
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terrific rate capability of 337 mAh g−1 at 1 A g−1 current density and also a robust
long-life span of 282 mAh g−1 after the 1000 charge and discharge cycles at 4 A g−1.

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 theMXene 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–1 at 2 A g–1 after 650 cycles
for SIBs, 1145.9 mAh g–1 at 1 A g–1 after 800 cycles and 574.1 mAh g–1 at 5 A g–1

after 1000 cycles for LIBs, and 210 mAh g–1 at 2 A g–1 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

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/V2C-CuO) demonstrated enhanced electrical properties compared to
polymer/Cuocomposites. The authors claimed that the hybrid compositewith 10wt%
CuO@MXene (V3C) nanosheets displays a low dielectric loss of 0.23, high dielec-
tric constant of 89, high breakdown strength of 204 MV m−1 and low conductivity
of 6.8 × 10−7 S m−1 at 100 Hz.

Flexible andwearable 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
hybridmaterials (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

S.
no

MXenes Organic hybrid Measuring
parameters

Applications References

1 Nb2CTx Bi2WO6 99.8%, 92.7% and
83.1%
Photodegradation
efficiency for Rhb,
MB and TC-HCl

Photocatalytic
activity

[154]

2 Ti3C2Tx Quinone-coupled
viologen and
pyridiniumium
derivatives

−2.77 eV binding
energy

Pseudocapacitive
interaction

[155]

3 Ti3C2Tx NiCoOOH-NiCoS 58.2 mV dec−1 tafel
slope 7.9 nm dpore

Electrocatalytic
oxygen evolution
Zinc-air batteries

[156]

4 Ti3C2Tx Ni chain/ZnO −35.1 dB reflection
loss

Microwave
absorption

[157]

5 Ti3C2Tx Phenothiazine@RGO 77% Retention 17.4
Wh/Kg energy
density

Supercapacitors [158]

6 Ti3C2 Bi2WO6 72.8 charge density
85.3 μmol.g−1 h−1

Photodegradation [159]

7 Ti3C2Tx Polytetrafluoroethylene
and CuO

Vg/Va = 24.8 @
100 ppm 810 V
open-circuit voltage
34 μA short-circuit
current

Sensors [160]

8 Ti3C2 Ni-Co@NiCo-MOF/NF 2137.5 F g−1

specific capacitance
75.3% retention

Hybrid
supercapacitors

[161]

9 Ti3C2 NH2-MIL-125(Ti)(TiO2) 0.9494 ns
fluorescence life
time 0.034 min−1

rate constant

Photocatalytic
activity

[162]

10 Ti3C2 /CNHs/β-CD-MOFs 3.0 nM to 10.0 μM
linear range 1.0 nM
(S/N = 3) limit of
detection (LOD)

Electrochemical
sensing

[163]

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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Abstract Novel materials with intriguing qualities, which emerge from time to
time as a result of the research community’s tireless efforts, are cornerstones for the
advancement of science and technology. MXenes, a class of two-dimensional (2D)
materials reported for the first time in 2011, tremendously upgraded the devices
used for electromagnetic shielding, optoelectronics, light-emitting diodes, trans-
parent electrodes, electrochemical storage, etc. While MXenes continue to make
progress in a wide range of application fields, their tendency to oxidize easily to
corresponding metal oxides when exposed to air, water, and light remain a focal
point to skepticism on the long-term stability of devices prepared with MXenes.
MXene’s 2Dmorphology, metallic electrical conductivity, and several other intrinsic
properties deteriorate vehemently with respect to their oxidation degree. Hence, a
comprehensive understanding of MXene’s stability and procedures to effectively
mitigate their oxidation in environmental conditions are critical to exploiting the
full potential of MXenes in practical applications. It has been established that each
stage in the MXene synthesis, from the parent MAX phase through the storage of
the as-synthesized MXenes, has a major impact on their oxidation stability. Further,
by determining the potential sources of MXenes oxidation, several strategies that
are effective in mitigating the spontaneous oxidation of MXenes in the colloidal
dispersion and thin-film state have been developed over the years. Here, we provide
a brief review of the root causes of MXenes oxidation and factors that accelerate the
oxidation phenomena, the advantages and disadvantages of MXenes oxidation, and
effective synthesis/storage procedures to improve oxidation stability.
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1 Stability of MXene

MXenes, a family of two-dimensional (2D) transition metal carbides and nitrides,
attracted considerable research interests in various application fields owing to their
2Dmorphology and fascinating properties such as highmetallic conductivity, surface
hydrophilicity, and excellent thermoelectric, electrochemical, and optoelectronic
properties [1–6]. However, one of the major issues for device application is the
undesired oxidation of MXenes when exposed to humid air, water, and light. The
progressive oxidation transforms the 2D MXene nanosheets into corresponding
metal oxide nanoparticles, rendering their outstanding properties useless. In general,
several parameters including the precursor MAX phase, etchant solution, composi-
tion of theMXene,morphology (size and single- ormultilayered structure) and defect
structure of MXene flakes, and storing state (solution, powder, and thin-film) and
conditions (temperature and environment) crucially influence the oxidation stability
of MXenes [7]. The degree of MXenes oxidation can be identified through various
indicators. For example, in the case of widely studied Ti3C2Tx MXene, the following
factors were closely monitored to determine the oxidation: (1) Color of the MXene
solution: black or dark green MXene solution turns into white titanium dioxide
(TiO2) solution, (2) UV–vis absorption spectra: with the progress of oxidation,
the MXene flake size and concentration in the solution declines and eventually the
prominent optical absorption peak located in the UV region becomes narrower while
the intensity of absorption peak located in the NIR region decreases, (3) Conduc-
tivity of the MXene film: conductivity decreases with the increased oxidation of
MXene flakes [8], (4) Morphology: 2D MXene flakes turn into TiO2 nanoparticle
morphology [9], (5) XPS analysis: the relative TiO2 composition detectable in the
Ti2p region of XPS increases with the increase ofMXene oxidation [10], (6) Raman
Spectroscopy: rise in the intensity of vibrational bands of anatase and/or rutile TiO2

(for example, anatase ~149 cm−1) and a gradual decline in the MXene related peak
intensity (~205 cm−1) [10, 11], and (7) XRD: structural transformation fromTi3C2Tx

to anatase and /or rutile TiO2 [12].
The oxidation starts at the defects or edges of the MXene flake and then spreads

to other parts of the flake [13]. As the flake size defines the perimeter to surface
area, MXenes having smaller flake size are susceptible to quick oxidation [10]. The
defect formation in MXene nanosheets is unavoidable due to the standard acid-
assisted chemical etching and mechanical washing procedures involved in synthe-
sizing MXenes from their parent MAX phase precursors. The presence of metal
cation vacancies and adatoms can be directly confirmed using atomic-resolution
scanning transmission electron microscopy (STEM) (Fig. 1a and b) [14]. Further,
the theoretical simulations predict that atomic defects of anions, which are diffi-
cult to identify in STEM images owing to their negligible contrast, also possible to
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Fig. 1 STEM images showing a Ti vacancy (dark contrast), b Ti adatom (bright contrast), and c
Ti–rich (marked by red arrows) and Ti-vacancy (marked by yellow arrows) areas in Ti3C2Tx MXene
nanosheet. d TEM image showing the formation of TiO2 nanoparticles on basal plane and edges
of Ti3C2Tx MXene nanosheets (marked by yellow arrows). e Growth mechanism of TiO2 cluster
in MXene nanosheets having Ti vacancies and f an illustration showing TiO2-(101) plane perpen-
dicular to the MXene basal plane (0001). g Visual appearance of Ti2CTx and Ti3C2Tx colloidal
solutions stored in different environments over time. a and b are reproduced with permissions from
Ref. [14]. c–f are reproduced with permissions from Ref. [7]. g is reproduced with permissions
from Ref. [18]

exist in MXene nanosheets [15–17]. Xia et al. [13], in their STEM-assisted study
on Ti3C2 MXene flakes oxidation at ambient conditions, suggested that structural
defects are the nucleation centers for the oxidation of MXenes (Fig. 1c–f). They
proposed that carbon atoms at positively charged Ti vacancies undergo oxidation
(from C4− to C0) by losing electrons to form the aggregations of amorphous carbon,
resulting in the accumulation of positively charged holes at this area (positively
charged area). In the meantime, excess electrons are quickly transported in Ti3C2

prior to their accumulation as a net negative charge at immediate convex locations
created by the atomic steps/crumpled surface. In thisway, an internal electric field of a
few nanometers is developed in theMXene nanosheet between accumulated positive
and negative charge regions (Fig. 1e). The available O2 enters into the MXene lattice
as O2− by withdrawing two electrons from the location of accumulated electrons. At
the same time, the internal electric field pushes Ti cations towards this region, which
allows the formation of anatase TiO2 and oxidation of more carbon atoms (Fig. 1e).
Hence, with the increased growth of TiO2, the number of holes and their size also
increases, which eventually disintegrates the 2Dmorphology. Further, TiO2 preferen-
tially grows along the (101) plane perpendicular to the (0001) basal plane of MXene
(Fig. 1f). However, a study on oxidation of two types of titanium carbide MXenes
(Ti2CTx and Ti3C2Tx) in water/O2, water/Ar, iso-proponal/O2, and iso-proponal/Ar
environments demonstrated that water is a primary reagent that oxidizes the MXene,
and oxidation of MXene is composition-dependent, thin MXene (Ti2CTx) is more
vulnerable to oxidation than the thicker one (Ti3C2Tx) (Fig. 1g) [18]. The hydrolysis
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reaction that converts Ti3C2Tx MXene into TiO2 is speculated to be accompanied by
several gaseous species, including CO, CO2, CH4, and H2 as shown in the following
reactions.

2Ti3C2O2 + 11H2O → 6TiO2 + CO ↑ +CO2 ↑ + 2CH4 ↑ + 7H2 ↑ (1)

Or

2Ti3C2(OH)2 + 11H2O → 6TiO2 + CO ↑ +CO2 ↑ + 2CH4 ↑ + 9H2 ↑ (2)

However, later in a different report, the authors confirmed that the reactions of
carbideMXenes (Ti3C2Tx)withwater yield onlyCH4,while the oxidation of carboni-
tride MXene (Ti3CNTx) facilitates the formation of both CH4 and NH3 gases [19].

Overall, it is reasonable to believe that intrinsic defects, water, and oxygen are
causing the oxidation of MXene. The degradation phenomena are very quick in
aqueous solution compared to powder form because the hydrophilic surface func-
tional groups assist good aqueous dispersing ability and accelerate the interaction
withwater or dissolved oxygen in thewater. Therefore, transforming aqueousMXene
solutions into dried powders is one of the helpful approaches to enhance the shelf-life
of MXenes by avoiding oxidation. The MXene oxidation is slower if the solution is
converted into a thin film of well-aligned flakes because the compact morphology
avoids inner flakes’ interaction with the air [10]. Theoretically, multilayered MXene
powders formed immediately after etching and before the delamination process are
expected to exhibit stability identical to MXene films [20]. However, transforming
MXene solution into powder or films through the drying process leads to the re-
stacking of MXene flakes. As a result, the re-dispersion of dried powders/thin films
into solvent media to form the delaminated MXene solutions is hindered when the
application demands a solution-based processing. Although sonication enhances the
re-dispersion of powders in the solution, it reduces the flakes size and eventually
speeding up the oxidation. Therefore, the possible approach to prevent the oxidation
of MXenes while retaining the monolayer and large size flakes in a good solution
dispersion state is removing factors that are initiating the oxidation i.e., defects,
dissolved oxygen, and water.

1.1 Stability of MXene in Aqueous Solution

De-aerating theMXene solution with inert gases such as argon to remove the oxygen
from the solution and storing it at low temperatures are the widely applied strategies
to enhance the shelf-life of aqueous MXene dispersion [9, 10]. As shown in Fig. 2a,
b, d, and e, the aging of aqueous MXene in the air at room temperature (Air@RT)
for 7 days led to the formation of 2–3 nm size particles on the basal plane along with
some branches on edge sites. After prolonging the aging time in Air@RT to 30 days,
MXene nanosheets completely decomposed to amorphous carbon and anatase TiO2
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Fig. 2 TEM images of a, d MXene flakes from fresh d-Ti3C2Tx solution and aged solutions
in Air@RT for b, e 7 days and c, f 30 days. Inset in panel d is the corresponding SAED pattern,
and those in panels e and f are the corresponding FFT patterns. g Low- and h high-magnification
TEM images of aged d-Ti3C2Tx flakes in Ar@LT for 30 days. Inset in panel h is the corresponding
FFT pattern. i Stability of colloidal d-Ti3C2Tx in different environments. The dotted lines are
the fitting results according to the empirical equation A = Aunre + Aree–t/τ. j Time constants of
colloidal d-Ti3C2Tx in different environments. k Crystalline structural properties of Ti3AlC2 and
Ti3C2Tx characterized using X-ray diffraction. Digital images of dispersions at day 0 and day 21
in l sodium L-ascorbate (NaAsc) and m deionized water. Scanning electron microscopy (SEM)
images of Ti3C2Tx nanosheets after being stored in n NaAsc solution and o deionized water for
21 days. p Long term stability (after 40 days) of Ti3C2Tx MXene in organic solvents and water. a–j
are reproduced with permissions from Ref. [10]. k–o are reproduced with permissions from Ref.
[21]. p is reproduced with permissions from Ref. [22]

(Fig. 2c and f). However, aqueous MXene nanosheets stored in Ar-filled bottles at
low temperatures (5 °C) (Ar@LT) retained their well-defined nanosheet morphology
even after 30 days (Fig. 2g and h). In addition, decay constant measured from the
empirical functionA=Aunre +Aree−t/τ (Aunre andAre represent the stable/unreactive
and reactive/unstable MXene nanosheets, respectively; τ is the time constant) using
the UV–visible absorption peak’s intensity of aqueous MXene stored in Air@RT, air
at low temperature (Air@LT), argon at room temperature (Ar@RT), and Ar@LT for
over 24 days, further ascertained that the synergetic effect of inert atmosphere and
low temperature (Ar@LT storage condition) can maximize the shelf-life of stored
MXene (Fig. 2i and j). Further, the time constant of aqueous MXene stored at four
different conditions followed the order Ar@LT > Ar@RT > Air@LT > Air@RT,
indicating the dissolved oxygen supremacy in oxidizing MXene.

Maintaining the acidic pH and increasing the colloidal concentration are also
proficient at hindering aqueous MXene oxidation. Zhao et al. [23] investigated the
oxidation stability of both Ti3C2Tx and Ti2CTx aqueous dispersions by tuning their
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pH from 2 to 10 with the addition of either 0.1 M HCl or 0.1 M KOH. The higher
pH of colloidal dispersion due to the addition of KOH drastically decreased in 48 h
and then gradually declined with increased storage time. The abrupt decrease in pH
was due to the MXene reaction with hydroxyl anions released from the added KOH
as shown below

Ti3C2OH + OH− → Ti3C2O
− + H2O (3)

Especially, the positively charged edges of MXene nanosheets allow excessive
interaction with the negatively charged hydroxyl anions and encourage the edge-
driven oxidation ofMXenes. On the other hand, in the acidic environmentmaintained
with the HCl addition, owing to the positive charge of MXene edges and H3O+

intermediate species produced due to protons (released from HCl) interaction with
water molecules, very minimal oxidation (similar to pristine MXene) is noticed.
However, excessive addition of strong acid may cause surface defect formation by
reacting with the MXene surface, which is detrimental to the oxidation stability of
MXenes. Further, diluted MXene solutions are prone to oxidize quickly compared
to highly concentrated aqueous solutions. The capping and steric shielding effects
among nanosheets in highly concentrated solutions retarded the water reaction with
the MXene nanosheet edges and reasoned to slow oxidation kinetics. Further, as the
agitation disturbs the steric shielding effect, static or undisturbed solutions exhibit
higher oxidation stability compared to agitated solutions [23].

Antioxidants such as L-ascorbate and citric acid were employed to extend the
shelf-life of aqueous MXene dispersions [21]. In the absence of antioxidant, the
Ti3C2Tx MXene flakes were quickly oxidized into TiO2 and formed large-scale
aggregations, and films formed from these samples showed loss of electrical conduc-
tivity. But, the presence of antioxidant assists Ti3C2Tx flakes to preserve their
colloidal stability, chemical composition, morphology, crystal structure, and elec-
trical conductivity even after their three weeks’ storage in water (Fig. 2k–o). The
enhanced oxidation stabilitywas assigned to the suppressed oxidation reaction owing
to the association of L-ascorbate anions to the edges of Ti3C2Tx nanosheets.

1.2 Organic Media to Increase the Oxidation Stability
of Colloidal MXene

Replacing the water medium with an organic solvent (that minimizes the water and
dissolved oxygen interaction with MXene) is considered as an efficient approach
to tackle the uncontrollable oxidation of MXenes. Yury and co-workers [22]
confirmed that pristine Ti3C2Tx MXenes have excellent dispersibility in specific
organic solvents such as ethanol, N-methyl-2-pyrrolidone (NMP), dimethylfor-
mamide (DMF), dimethyl sulfoxide (DMSO), andpropylene carbonate (PC). Further,
aftermonitoring the oxidation stability of both aqueous and organic solvent dispersed
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MXene for 40 days, they ascertain that organic solvents retarding the oxidation of
MXene and preserving the intrinsic dark black/green color ofMXene, while aqueous
MXene completely converted into cloudy white color TiO2 solution (Fig. 2p). Carey
et al. [24] exchanged intercalated lithium ions in interlayers of pristine MXene with
di(hydrogenated tallow)benzyl methyl ammonium chloride (DHT) to form colloidal
suspensions in nonpolar solvents such as chloroform, decalin, hexane, cyclohexane,
toluene, and p-xylene. These Ti3C2Tx dispersions are stable for at least 10 days.
Especially, DHT-Ti3C2Tx dispersed in decalin is stable over DI water for more than
30 days. However, the organic dispersions are often limited to very less concentra-
tions of MXene (below 0.5 mg mL−1), which encourage the chances for a higher
amount of dissolved oxygen that may speed up the oxidation phenomena. There-
fore, attaining MXene organic solvent dispersions with high concentration is also
a challenging task to store the MXene for a long duration. Recently, Zhang et al.
[25] reported a tuned microenvironment method (TMM) by employing tetrabuty-
lammonium hydroxide (TBAOH) as an intercalant and surface modifier to the multi-
layered Ti3C2Tx produced using HF (40%) to enable concentrated Ti3C2Tx organic
dispersions in various organic solvents. It was noticed that solvents such as N,N-
dimethylacetamide, DMF, and PC enabled MXene dispersions with concentrations
higher than 5 mg mL−1. Furthermore, PC was demonstrated to be the best suitable
organic solvent to mitigate the oxidation of MXene, as the MXene-PC dispersions
stored at room temperature for 30 days didn’t show any degradation.

1.3 Surface Modification of MXenes

Physical or chemical surface modification of MXenes that enable the dispersion in
organic solvents and encapsulation of edges and defects has also been utilized to
improve the oxidation stability of MXenes. Krecker et al. [26] demonstrated the
enhanced shelf-life of MXenes through bioencapsulation with uniform coatings of
silk, while Wu et al. [27] employed a carbon nanoplating strategy for the effec-
tive stabilization of MXene surface against oxygen-induced structural degradation.
Kim et al. [28] chemically grafted alkylphosphonic acid ligands on the surface of
the Ti3C2Tx flakes that assisted good dispersion in nonpolar organic solvents such as
hexanol and chloroform. They observed the complete degradation of water dispersed
pristine MXene in 1 month, while alkylphosphonic acid functionalized MXenes
dispersed in chloroform exhibited resistance to oxidation up to 3months owing to the
absence of dissolved oxygen and water in the water-immiscible organic solvent [28].
Further, Lee et al. [29] demonstrated binding of polydopamine to the MXene flake
surfaces through spontaneous interfacial charge transfer to yieldMXene films having
highly aligned flakes with greatly improved ambient stability (Fig. 3a–e). Interest-
ingly, theMXene/polydopamine hybrid film (denoted as PDTMx (x= 2.5, 5, 10, and
15), where x denotes the mass ratio of dopamine hydrochloride precursor) prepared
with optimum concentration of polydopamine hydrochloride exhibited higher elec-
trical conductivity compared to pristine MXene film (Fig. 3d). The hydrophobic
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Fig. 3 Mussel-inspired MXene assembled film. a Schematic illustration of fabrication proce-
dure and the morphological difference between pure MXene (MX) film and polydopamine-treated
MXene (PDTM) film. Cross-sectional SEM images of b MXene and c PDTM5 (scale bar: 20 μm).
d Electrical conductivity for each film. e Electrical resistance change upon heating (170 °C) in
air. f Water contact angle measurements for Ti3C2Tx-F films after exposure to NH4OH (pH 11.3),
DI water (pH 6.8), and HCl (pH 1.1) for 2, 5, 10, and 20 s. g Ti3C2Tx-F film’s water contact
angle variations for 2 month storage at ambient conditions. h, i Change in electrical conductivity
of Ti3C2Tx and Ti3C2Tx-F stored in 5 and 100% RH over a period 2 weeks. Digital images of
TC and TCCH j before and k after oxidation for 7 days. SEM images of l TC and m TCCH after
oxidation for 7 days. a–e are reproduced with permissions from Ref. [29]. f–i are reproduced with
permissions from Ref. [33]. j–m are reproduced with permissions from Ref. [34]

coating is also capable to protect MXenes from moisture induced oxidation [30]. In
contrast to pristine MXene, the PDTMx films exhibited resistance to oxidation at a
high temperature of 170 °C under ambient conditions, showingmuch lower electrical
resistance change (Fig. 3e). Recently, the hybridization of MXenes with the transi-
tion metal dichalcogenide in which the chalcogenide material occupies the surface
and edges of MXene is reported as an effective strategy to restrict the oxidation of
MXene by hindering the interaction of water with the edges of MXene [31]. Chem-
ical treatment with the L-ascorbic acid increased the oxidation stability of Ti3C2Tx

MXene nanosheets [11]. Further, inorganic polyanionic salts were also utilized to
cap the edges of MXenes in order to improve the colloidal oxidation stability [32].

Chen and co-workers [33] reported the facile functionalization of 1H,1H,2H,2H-
perfluorooctyltriethoxysilane (FOTS) on MXene surface as an effective protective
layer. The hydrophobic FOTS functionalized MXene (denoted as Ti3C2Tx-F) films
displayed an excellent stability against humidity, strong acidic solution (HCl, pH ~
1.1), basic solution (NH4OH, pH ~11.3), and deionized water (pH ~6.8) (Fig. 3f–i).
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Figure 3h and i showvariation in the electrical conductivity of both pristine and FOTS
functionalized MXene films stored over two weeks in 5 and 100% relative humidity
(RH) environments. At 5% RH, the change in electrical conductivity is very small
for both films, indicating excellent stability in dry conditions. However, after being
stored at 100% RH for 15 days, the pristine MXene film preserved only 2.7% of its
initial conductivity, while FOTS functionalized MXene film preserved 86.2% of its
initial conductivity. When films were stored back at 5%RH, the retained electrical
conductivity of FOTS functionalizedMXene film improved from 86.2 to 92.5% of its
initial conductivity. These results confirmed the efficiency of FOTS in retarding the
degradation of MXenes at extremely high humid conditions. Further, the surface of
MXene was also modified through the covalent functionalization of diazonium salts
[34, 35]. To establish the proficiency of diazonium salt functionalization in inhibiting
the oxidation kinetics ofMXene, pristineMXene (denoted as TC) and diazonium salt
functionalized MXene (denoted as TCCH) nanosheets were subjected to intentional
oxidation by stirring in ambient air for 7 days (Fig. 3j and k). The TC solution was
completely converted into a cloudy white solution with its nanosheet morphology
reduced to a cluster of nanoparticles,whereas theTCCHsolution retained the intrinsic
black/dark green color and nanosheet morphology (Fig. 3j–m) [34].

1.4 Advantages of MXenes Oxidation

On a positive note, the partial degradation of MXenes to corresponding oxides is
favorable for forming the hybrid structure of MXene supported metal oxides or
other derivatives of MXene in a facile manner without requiring multi-step synthesis
protocols. The better physical and chemical properties of these MXene derived
hybrid structures than the pristine MXene have led to immense research interests on
controlled oxidation of MXenes intended for various applications [36–41]. Several
approaches, including aging in air, high energy ball milling, thermal oxidation in
air and CO2 atmosphere, and chemical reactions, have been utilized to oxidize
the MXenes [36, 42, 43]. Furthermore, the structure of MXene degradation is not
restricted tometal oxides, carbons, and their composites; depending on the degrading
techniques used, a wide range of MXene derivatives can be generated [36].

2 Degradation with Respect to Temperature

Several research investigations concluded that the temperature and light exposures
could accelerate the interaction between oxygen or water with the MXenes [44].
Low storage temperature can minimize the influence of water or oxygen and does
not require either degassing or purging inert gases [45]. Chae et al. [46] investigated
the oxidation stability of MXenes at controlled temperatures by storing the MXene
in anhydrous ethanol at 5 °C, and the air-filled aqueous MXene solution bottles
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at 5 °C (cold storage temperature), −18 °C (freezing temperature), and −80 °C
(cryogenic temperature). Raman spectroscopy, sheet resistance, and XPS analyses
were utilized to assess the oxidation of the storedMXene solutions. It was evident that
the air-filled aqueous MXene solution stored at −80 °C exhibited superior stability
up to 39 weeks, similar to MXene dispersed in anhydrous ethanol stored at 5 °C.
While both the aqueous solutions stored at 5 and −18 °C degraded eventually, the
degradation was quicker in the case of 5 °C storage temperature due to the more
frequent interaction of the dissolved oxygen and water with theMXene flakes. Habib
et al. [8] studied the oxidation of MXene in ice (formed through freezing aqueous
Ti3C2Tx MXene solution to below 0 °C) using the conductivity ofMXene films as an
indicator to measure the degree of MXene oxidation; here, thin films were obtained
by liquefying the ice and subsequent vacuum filtration. They have noticed only 23%
drop in electrical conductivity after 21 days of storage, whichwas superior to the 65%
drop after 14 days and 93% drop after 27 days observed in the case of MXene stored
at room temperature in the form of aqueous dispersion and thin film, respectively.
This concludes that the interaction of MXene with the oxygen and water depends on
the storage temperature.

However, the stability of MXenes at high-temperature depends on the composi-
tion of MXenes and the environment [47, 48]. The thermal stability of Ti3C2Tx is
superior compared to fewer-atomic-layered Mo2CTx or Nb2CTx [49]. When Ti2CTx

MXene powders are annealed in air at 225 °C, they transform to graphitic carbon
and TiO2 nanoparticles, whereas annealing at the same temperature in N2 or Ar
or N2/H2 atmosphere produces no visible changes in the MXene morphology [50].
Furthermore, annealing under an H2 atmosphere effectively retarded the oxidation
of Ti3C2Tx in extremely humid conditions (100% relative humidity, 70 °C) [51].
However, the formation of TiO2 was observed when Ti3C2Tx was annealed in an
argon atmosphere at 500 °C, which was attributed to the possible reaction of MXene
with the –O and –OH functional groups attached on the surface [52]. In a different
report, it was shown that surface terminal groups could also influence the oxidation
stability of MXenes [53]. MXenes terminated with –O functional groups are prone
to exhibit superior thermodynamic stability than the –OH or –F terminated coun-
terparts [53]. Further, annealing at 1200 °C resulted in the defect elimination in the
preserved Ti3C2 structure, while the XRD studies demonstrated a transformation of
Ti3C2 into TiC structure [52]. Naguib et al. [12] reported the oxidation of MXene
through heating of MXene free-standing film or powders in the air at 1150 °C for
30 s and using CO2 at temperatures of 150, 300, and 500 °C for 1 h, while the
aqueous dispersions were oxidized using hydrothermal treatment at 150, 200, and
250 °C for 48 h, 8–20 h, and 2 h, respectively. The thermal stability also depends on
the etching method utilized during the synthesis process. The Ti3C2 prepared using
NH4HF2 etchant required a higher annealing temperature of 500 °C in the air than
the HF-etched counterpart (350 °C) to exhibit complete transformation from Ti3C2

to anatase TiO2 [54].



Stability and Degradation of MXene 97

3 Synthesis Parameters

The control over the reagents and reaction parameters, including the type of etchant,
reaction time, and temperature used in the MXene synthesis reaction, undeniably
influences the stability of MXenes [2, 6].

3.1 Influence of MAX Phase Precursor

The MXene flake size, purity, and defect structure, which are decisive for oxidation
stability, depends on the precursor MAX phase because MXene synthesis is mainly
a top-down approach of eliminating the IIIA or IVA group element layers from the
parent MAX phase. It has been found that the Ti3AlC2 MAX phase is prone to easy
formation of mono- and di-vacancies of Al and divacancies comprising Al and C
atoms [55]. The presence of C vacancies may lead to the loss of associated Ti atoms
present in their vicinity during the acid etching process, resulting in MXenes with a
high concentration of structural defects. However, Mathis et al. [56] speculated that
the formation of C vacancies in the Ti3AlC2 MAX phase could be avoided by using
an excess amount of Al for the Ti3AlC2 MAX phase synthesis. They concluded that
the excess Al causes the formation of molten metal at an early stage of sintering
reaction that allows the better diffusion of reactants and enables the formation of
Ti3AlC2 grains with enhanced structural ordering and morphology. However, the
as-obtained product from sintering should be washed with HCl to remove the TiAl3
impurity formedalongwith the dominantTi3AlC2MAXphase.The aqueousMXenes
synthesized from the resultantMAXphase (denoted as Al-Ti3C2) exhibited excellent
oxidation stability up to 10months in ambient conditions, whileMXene derived from
the conventional MAX phase precursor lasted no longer than a few weeks (Fig. 4a–
d) [18]. After being stored for 10 months, Al-Ti3C2 flakes exhibited sharp edges
but with a small number of pinholes on the surface (Fig. 4a and b). However, the
electrical conductivity of theseMXene flakes varied in the range of 10,000–20,000 S
cm−1 depending on the volume of water employed in the delamination step of their
synthesis, which confirms that every step of MXene synthesis needs to be controlled
carefully to obtain high-quality MXene.

The carbon precursor used for theMAXphase synthesis also significantly impacts
the phase purity and particle size of the MAX phase. Shuck et al. [57] synthe-
sized three kinds of Ti3AlC2 MAX phases at an identical reaction conditions using
three different carbon sources such as titanium carbide (TiC), carbon lampblack,
and graphite (Fig. 4e–g). The carbon precursor influenced the particle size and
purity of the MAX phase formed, with graphite-MXene (4.2 μm) > TiC-MXene
(2.6 μm) > carbon lampblack-MXene (0.5 μm) as the order of particle size, and
Ti3AlC2 MAX phase purity of 95, 93, and 72 at.% for graphite, carbon lampblack,
and TiC produced samples, respectively. Three different MAX phases resulted in
MXenes with dissimilar flake sizes (Fig. 4h–j). As a result, the properties and
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Fig. 4 TEM images of a a fresh Al–Ti3C2 flake and b Al–Ti3C2 flake from a 10-month-old
solution (The red circles mark pinholes in the flake). c Raman spectra of films made from solutions
stored for different periods of time. d Electronic conductivity of free-standing Al–Ti3C2 films made
from solutions stored for different periods of time. SEM images of Ti3AlC2 synthesized by using
e graphite, f TiC, and g carbon lampblack as carbon source. SEM images of Ti3C2Tx MXene
produced by a MILD-like process (40 h etching in 12 M HCl and 9 M LiF) using h graphite, i TiC,
and j carbon lampblack-derived MAX phases. k Solution stability of the 0.15 mg mL−1 MXene
colloidal solutions dispersed in deionized water calculated by the change in solution absorbance (�
Absorbance) over 12 days. The lines represent fitting results calculated from the exponential decay
function (f(x) = y0 + Ae−x/τ, where y0 is the offset value, A is the amplitude, and τ is the time
constant) for aqueous solutions stored in air. All samples were stored at ambient temperature in a
lab drawer away from sunlight. The digital image (inset) displays the differences in concentration
of lampblack-, graphite-, and TiC-produced Ti3C2Tx samples (left to right) after 12 days. a–d are
reproduced with permissions from Ref. [56]. e–k are reproduced with permissions from Ref. [57]

oxidation stability of MXenes derived from these MAX phases varied significantly,
with the oxidation stability order of Graphite-MXene > lampblack-MXene > TiC-
MXene (Fig. 4k). Therefore, selecting MAX phase precursor of high-quality and
large particle size is significant to achieve better oxidation stability. Further, the raw
materials and their composition and sintering conditions of the MAX phase are very
significant as they can result in the formation of unwanted Al2O3, TiC, and Ti2AlC
impurities along with the formation of intended Ti3AlC2 MAX phase, which ulti-
mately affects the quality of MXene [58]. The interaction of precursor materials (of
MAX phase) with the atmospheric air is enough to generate the impurities such as
α-Al2O3 in the MAX phase that remain in MXenes even after the etching processes
[59].
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3.2 Etchant and Delamination Process Effects

The choice of etchants and the delamination procedures used to obtain the multilay-
ered, few-layered, or mono-layered MXene structure directly influences the oxida-
tion stability of MXene by causing the formation of defect structures or resulting in
fragmentation of nanosheets. Because of their direct contact with the strong acids
during etching, the top and bottom metallic sublayers of MXene are more likely to
have vacancies, but defects in the middle atomic layer cannot be entirely ruled out
because such vacancies can be inherited from the parent MAX phase. In general,
concentrated HF or in-situ formed HF were utilized in a top-down synthesis strategy
to remove A-layers from the MAX phase to form MXene flakes. The concentrated
HF etchant is observed to increase the density of defects that are prone to cause
MXene oxidation [60]; the higher the HF concentration, the greater the formation of
defects on the surface of MXenes (Fig. 5a–d). For example, the HF etching protocol
resulted in Nb2C MXene decorated with Nb adatoms from the Nb2AlC precursor.
These Nb adatoms react with the atmospheric oxygen and destabilize the MXene
structure, leading to Nb2C MXene degradation [61]. Further, the concentrated HF
etchant-assisted synthesis requires an additional synthesis step of intercalation with
organic molecules such as DMSO, TBAOH, and tetramethylammonium hydroxide
(TMAOH), and subsequent sonication to delaminate the multilayered MXene to
monolayer nanosheets [2, 6]. This causes fragmentation of MXene nanosheets or
results in the formation of holes in the nanosheet morphology, which increases the
defect concentration that declines the oxidation stability [62]. On the other hand, the
in-situ formedHF fromLiF andHCl demonstrated less defective structure ofMXene,
especially, the synthetic approach which employs LiF:Ti3AlC2 molar ratio≥ 7.5 and
does not require any further delamination process, such as organic molecule interca-
lation or sonication, yields high-quality MXene flakes exhibiting excellent stability
against oxidation [63–65]. Further, the intercalant ions introduced by the etchants
also influence the oxidation process of MXenes. For example, the Fe3+ ions intro-
duced by the FeF3/HCl etchant solution accelerated the oxidation of MXenes and
favoured the formation of anatase phase TiO2, while the Li+ ions introduced by the
LiF/HCl etchant solution are causing less oxidation and favoured the formation of
rutile phase TiO2 [66].

The functional groups terminated on the MXene surface to ensure the surface
charge neutrality after the chemical etching and washing processes alter the defect
formation energy in MXenes. Density functional theory calculations predicted the
easyTi vacancy formation inTi3C2Tx MXene terminatedwith –OHand –F functional
groups (similar to bare MXene), while the Ti vacancy formation energy of –O termi-
nated MXene is much higher owing to the stronger interaction between –O and –Ti
(Fig. 5e) [60]. However, functional groups are sensitive to the synthesis method, LiF-
HCl synthesis method generates much higher –O terminations in Ti3C2Tx MXene in
comparison to HF synthesis method (Fig. 5f) [67]. As a result, MXenes synthesized
using the LiF-HCl technique are expected to have substantially improved oxidation
stability. However, He and co-workers [68] observed a higher oxidation degree in
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–O rich ultrathin Ti3C2Tx MXene (U-Ti3C2Tx) synthesized using LiF-HCl etchant
compared to –F rich multilayered Ti3C2Tx MXene (M-Ti3C2Tx) synthesized using
HF as an etchant. The higher accessible area of ultrathin MXene for water and air
interaction accelerates its oxidation rate compared to multilayered MXene, where
water interaction with stacked flakes is restricted (Fig. 5).

3.3 Etching Temperature and Etching Time

In MXene synthesis reaction parameters such as etching temperature and etching
time are also significant for getting high-quality MXene nanosheets [2, 6]. Although
etching at high temperature for an extended period in LiF-HCl etchant medium

Fig. 5 HAADF-STEM images of single-layer Ti3C2Tx MXene flakes prepared using different
concentrations of HF etchant: a 2.7 wt.%HF, b 5.3 wt.%HF, and c 7wt.%HF (Single VTi vacancies
are indicated by red circles, while vacancy clusters VTi

C are shown by blue circles). d Scatter
plot of defect concentration from images acquired from samples produced using different HF
concentrations. The red line shows the error plotwith the average and standard deviation for different
HF concentrations. e VTi formation energy on bare Ti3C2 and terminated single-layer Ti3C2Tx .
f Composition of the Ti3C2Tx surface functional groups produced by etching of the Ti3AlC2 in
HF and LiF-HCl solutions, per Ti3C2 formula unit, i.e. Ti3C2(OH)xFyOz . g Synthetic illustration
of M-Ti3C2Tx and U-Ti3C2Tx MXenes. a–e are reproduced with permissions from Ref. [60]. f is
reproduced with permissions from Ref. [67]. g is reproduced with permissions from Ref. [7]
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assists the complete conversion of MAX phase to MXene, the quality of flakes was
observed to be very poor owing to higher defect concentration [65]. Further, the
tendency to form metal oxides together with MXenes increases with increasing the
etching temperature [69]. Hence, shorter etching durations, low etching temperature,
and maintaining the inert atmosphere during the etching process may prevent the
oxidation and formation of over-etching induced defects and pinholes in the as-
formed MXenes.

3.4 Water-Free MXene Synthesis

Aswater is one of themain oxidizing agents ofMXene in a colloidal dispersion state,
an entirely water-free MXene synthesis may help minimize water interaction with
the MXene. Natu et al. [70] demonstrated that it is possible to etch and delaminate
MXenes in the absence of water by using organic polar solvents (PC, acetonitrile
(ACN), dioxane (DXN), DMF, DMSO, and NMP) in the presence of NH4HF2. The
manipulation of surface functional groups from generally observed (–OH, –F, –O,
–Cl, etc.) functional groups to other kinds of terminations may offer more opportuni-
ties to overcome challenges in grafting methods of MXenes. Recently, Jawaid et al.
[71] reported the synthesis of Ti3C2Xn (X = Br or I) MXene by treating the parent
Ti3AlC2 precursorwith halogens (Br2, I2, ICl, and IBr) in an anhydrousmedia (cyclo-
hexane) at room temperature. The halogenated Ti3C2Xn (X = Br or I) MXenes are
readily dispersible in organic solventswith lowdielectric constants, including chloro-
form, tetrahydrofuran (THF), andACN. The dispersibility in anhydrous solvents will
enable the post-synthetic modification ofMXene surfaces via a molecular hybridiza-
tion with organic moieties such as reversible addition-fragmentation chaintransfer
(RAFT) polymerization or direct SN2-type reactions on the labile Ti−X bond.

4 Synthesis Conditions

It is predicted that strong etchants and longer etching durations are needed to produce
Mn+1XnTx MXenes having larger “n” values and M is of higher atomic number
element [2]. Because higher atomic number elements usually havemore valence elec-
trons, they create a stronger M-A bonding in the parent MAX phase. Hence, defect
concentrationmay vary depending on the synthesis conditions employed to etch each
particularMAX phase. However, most of theMXene’s research, which is now exten-
sively focused on the Ti3C2Tx MXene, has used an HF etching method and revealed
that increased HF concentration and etching duration leads to more defects. Further,
employing ultrasonication during the etching process is recognized to produce high-
quality MXenes at short reaction times. However, excessive ultrasonication could
drastically decrease the flake size, which is not favorable tomaintain higher oxidation
stability [72, 73]. In a fluorine-free hydrothermal synthesis of Ti3C2Tx MXene using
alkali treatment, the concentration of NaOH and reaction temperature are crucial to



102 G. Murali et al.

inhibit the oxidation of Ti from forming Na2Ti3O7 and Na2Ti5O11 phases [74, 75].
On the other hand, a chemical vapor deposition (CVD)method, which is a bottom-up
synthesis strategy, could yield MXenes with larger lateral size and less or no defects
[76, 77]. For example, Xu et al. [77] fabricated high-quality few nanometers thick
and defect-free 2D ultrathin α-Mo2C crystals with a size in the range of 100 μm by
a CVD method.

5 Challenges and Perspectives

It is highly challenging to completely avoid the oxidation of MXenes in ambient
conditions. But, the control over all pre-and post-synthesis procedures/conditions
can mitigate the oxidation vulnerability of MXenes to the maximum extent. The
inevitable formation of atomic defects in MXene nanosheets during their synthesis
via wet chemical etching is the primary oxidation reaction source that converts
2D MXenes to their corresponding metal oxide nanoparticles. Exposure to water,
oxygen, and light fuels the oxidation phenomena in MXenes. Further, larger-sized
flakes are more oxidation resistant than smaller-sized flakes. As theMXene synthesis
is mainly a top-down approach, many factors, including MXene sheet size, purity,
and defect structure, directly depend on the precursor MAX phase. Therefore, phase
purity of the MAX phase alone should not be considered as an exclusive qualifi-
cation for its selection as a precursor for the MXene synthesis, additional parame-
ters including the stoichiometric composition, grain size, and crystallinity of MAX
phase are significant to yield high-quality MXenes. The conversion of MAX phase
into MXene using MILD or TMM synthesis methods guarantees the formation
of larger-size flakes with fewer defects, which are prone to exhibit higher oxida-
tion stability, owing to the easy delamination procedures that do not require harsh
ultrasonication step. As water is one of the oxidizing reagents of MXene, water-
free MXene synthesis methods can help produce MXenes with higher oxidation
stability. Further, the change in etching solvent from water to organic solvent tunes
the surface functional groups type and composition, which in turn tune the defect
formation in resultant MXene flakes. Therefore, new water-free synthesis strategies
should be investigated to improve the oxidation stability of MXenes. Additionally,
chemical and physical surface grafting of MXenes with organic molecules or semi-
conductors retards oxidation kinetics by allowing dispersion in organic solvents
and preventing the interaction of MXenes’ edges and surface defects with water or
dissolved oxygen. However, so far developed surface grafting techniques are sacri-
ficing intrinsic properties of MXenes such as electrical conductivity that is crucial
in their applications. Hence, finding new chemistry and the corresponding organic
ligands assisting MXenes in exhibiting high oxidation resistance while maintaining
their excellent electrical conductivity and other intrinsic properties is still an urgent
need. For prolonged storage of as-synthesized MXenes, the synergetic effect of
organic dispersing media, high colloidal MXene concentration, inert atmosphere,
and low temperature should be utilized.
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6 Conclusions

Herein, we have reviewed the so far achieved progress in understanding the oxidation
stability of MXenes as well as various techniques adopted to prevent or slow down
oxidation kinetics of MXenes. Being a critical concern for MXenes applications,
stability enhancement of MXenes against ambient atmosphere exposure deserves
more attention. Still, there are numerous opportunities for breakthroughs in this area
of MXene research. Starting from raw materials and synthesis conditions utilized
for MAX phase preparation, etchant solution type and its concentration as well
as etching duration employed to remove the ‘A’ layers of MAX phase in order to
synthesize MXene, and storage conditions including temperature and atmosphere,
dispersing media, and concentration of the colloidal solution significantly impacted
the oxidation stability ofMXenes. Effective strategies to completely avoid the oxida-
tion of MXene flakes remain elusive, especially for those dispersed in water media.
We expect this book chapter is informative to the reader intended to understand
the stability of MXenes and investigate new approaches to enhance the shelf-life of
MXene based on the outcomes of previous contributions.
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Simulative Molecular Modelling
of MXene

Nasim Hassani and Mehdi Neek-Amal

Abstract Mxenes, among two-dimensional materials, exhibits amazing physical
and chemical properties in addition to their applications. The MXenes are promising
materials with great value in the engineering and industrial context. MXenes are
shown by “Mn+1XnTx” formula, where “M” is a transition metal, “X” is carbon
and/or nitrogen, “n” varies between 1 and 3, and different functional groups attached
to the MXenes surface are indicated by “Tx”. In addition to the experimental efforts,
enormous theoretical studies are done for determining the different properties of
MXenes. The vast majority of theoretical works were conducted using various levels
of modeling and simulations. Molecular dynamics (MD) simulations based on reac-
tive bond order potentials and ab-initio methods, including density functional theory
(DFT), are the common theoreticalmethods for studying physical and chemical prop-
erties of these novel materials. After a brief introduction of the relevant modeling and
simulation methods, this chapter reviews the most recent theoretical studies about
MXenes and their applications.

Keywords MXene · Molecular dynamics simulations · Mxene’s application · MD
analysis

1 Introduction

The wonderful optical, thermodynamic, plasmonic, and electronic properties of
two-dimensional (2D) materials, such as graphene, hexagonal boron nitrides, metal
oxides, meta hydroxide, and transition metal dichalcogenides (TMDs), have drawn
tremendous attention using 2D layered materials in various devices can significantly
improve their performance inmany applications, such as fuel production, solar steam
production, photodetectors, and alkaline batteries.

In particular, MXenes, a family of 2D layered materials, with the general formula
of Mn+1XnTx (T = O, OH, F, Cl; n = 1 − 3) are a-few-atoms-thick materials made
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from the carbides, nitrides, and carbonitrides of the ternary transition metal that
was discovered and developed in 2011 [1, 2]. These 2D materials are produced
by removing the “A” layer from the corresponding MAX phase (Mn+1AXn). For
example, the first MXene, Ti3C2, was synthesized by removing the Al layer from the
Ti3AlC2 phase selectivelywhen this powderwas soaked in the hydrofluoric acid solu-
tion at room temperature [1]. For a decade, researchers have predicted/synthesized
various MXenes that are a combination of different transition metals (Ti, V, Cr, Y,
Zr, Nb, Mo, Hf, Ta, W) and their alloys, as well as C and N. The MXenes nanosheets
contain functional groups (O, OH, F, Cl) on their surface where the functionalized
MXenes (Mn+1XnTx) are semiconductor whereas the pristine MXenes (Mn+1Xn)
exhibit metallic characteristics.

Because of the layered structure of MXenes, they exhibit unique and unusual
physical properties, including inherently good conductivity, flexibility, and excel-
lent volumetric capacitance. As a result, numerous experimental investigations are
examining the applicability of MXenes. Also, various computational techniques are
used to study MXenes, such as molecular dynamics (MD) simulations and density
functional theory (DFT) calculations for determining their different properties.

In this chapter, we first briefly introduceMD andDFT simulation techniques, then
review some of the MD and DFT simulations based studies to find their applications,
including energy storage [3], gas sensors [4], hybrid nanocomposite fabrication [5],
and supercapacitors for water purification and catalytic applications [6, 7], mainly
literature that was published in the last five years. It should be noted that the present
chapter is focused on the reviewof the literature thatwas used computationalmethods
for exploring the application of MXene.

2 Molecular Dynamics Simulation Technique

Molecular Dynamics (MD) simulations enable us to investigate the physical motion
of interacting particles over a period of time at themolecular level. The basic principle
of MD simulations is to specify the trajectories of atoms. The latter is determined by
solvingNewton’s equation ofmotion numerically. InMDsimulation, at each iteration
of the simulation, the forces between atoms/molecules, their positions, potential
energies, and velocities are determined by employing suitable interatomic potential,
or in general, relevantmolecularmechanics force fields. Themain concepts of typical
MD simulation are the following:

(i) Force field (FF) is a potential energy function that describes the interaction
between atoms/molecules. It contains a set of parameters and usually is a
function of coordinates and bond angles of atoms/molecules. The parame-
ters of FFs are often determined by fitting to experimental data and/or by
semi-empirical or ab initio quantum mechanical calculations. Nowadays,
many force fields are developed such as CHARMM [8], universal ((UFF) [9],
COMPASS [10], OPLS [11], ReaxFF [12]. These FFs have different degrees
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of complexity and can be applied to a variety of systems. A simple expression
for a typical non-bonded FF is given by Eq. (1).
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∑
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where the first four terms comprise the local contributions to the total energy,
namely bond stretching, angle bending, dihedral, and improper torsions, while
the repulsive, coulombic, and van der Waals interactions are described in the
final two terms using a 12-6 Lennard-Jones potential.

Because of the presence of transition metal elements in the structure of
MXene, simulating MXene structures has vastly been done by using reac-
tive force fields (ReaxFF), which provide us bond breaking and bond forma-
tion during simulation. Unfortunately, the reactive bond order (REBO) force
fields depending on the size of the simulated system, can be computationally
very expensive. Therefore, a critical task in studying large systems long time
is parameterization of the traditional non-REBO force fields.

(ii) The force between atoms by finding the gradient of the chosen FF func-
tion. This is not usually easy in REBO FF because of the presence of many
body terms. The obtained forces are used to determine the dynamics of
atoms/molecules using Newton’s second law.

(iii) The time step is a crucial parameter in an MD simulation which is to be ten
times less than the frequency of the highest vibration of the chemical bond
but on the same scale as it is on the femtosecond scale. The time step restricts
the simulation length and the number of trajectories.

(iv) Updating the positions, velocities of atoms/molecules using the appropriate
time step of the simulation. This is usually done by adopting a fast enough
algorithm.

(v) Various thermostats and barostats for controlling the temperature and pressure
of the system, which is the tricky step of a typical MD.

In fact, various thermodynamic conditions can be simulated using different so
called ensembles: a collection of probable systems with the same macroscopic state
while containing different microscopic states. There are different ensembles with
various characteristics [13].

• Microcanonical Ensemble (NVE): The simulation system can be isolated from
the rest of the world by fixing the number of particles (N), volume (V), and total
energy (E).
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• Isobaric-Isothermal Ensemble (NPT): A collection of systems whose ther-
modynamic states are determined by constant N, P (pressure), temperature
(T).

• Grand canonical Ensemble (μVT): This ensemble can be used for a system
considering a fixed V and T, as well as a fixed chemical potential (μ).

• Canonical Ensemble (NVT): The thermodynamic states of the system can be
characterized by constant N, V, and T.

After finishing an MD simulation, one has trajectories of atoms, i.e., sequential
snapshots of the system that contain the coordination of all atoms in a specific period
of time. An average corresponding to these characteristics is taken over the trajec-
tories to characterize the simulated system, known as the ensemble average. Also,
the observable parameters such as temperature (pressure) can be modeled by scaling
the velocities of the atoms/molecules (changing the simulation box volume) in the
simplest way.

When a more accurate molecular dynamic simulation is desired (for example, for
the study of chemical reactions or excited states), electronic behavior of the system
can be achieved from the first-principles calculations, then the system’s dynamic is
characterized classically throughMD.This definition refers to the ab-initioMolecular
Dynamics (AIMD) [14], where the electrons are treated in a quantum mechanical
way (within the DFT approach), and the ions are treated classically (within the MD
approach). However, the computational cost of a typical AIMD is higher than that
of classical MD. Therefore, the corresponding applicability is restricted.

2.1 The Analysis of MD Results

For a system containing atoms ranging from thousands to millions, the MD data
becomes huge due to the saving coordinates and velocities of each atom extracted
at each time step of the simulation. In the following, we discuss analyzing MD data
using cartesian coordinates of each atom.

RMSD and RMSF

The average distance of a group of atoms in a system can be quantified by calculating
the root-mean-square deviation of the atomic positions (RMSD), shown in Eq. (2).
Using the RMSD, one can evaluate the deviation of the system from the initial
positions (or reference structure):

RMSD =
√√√√ 1

N

N∑

i=1

δ2i (2)

where δi represents the distance between atom i and a reference structure. TheRMDS
has a unit of length. Moreover, by involving time, one canmeasure root-mean-square
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fluctuation (RMSF), where the average deviation of a reference position is calculated
over time. The RMSF can be used for studying melting phenomena and diffusion
coefficient.

By aide of mean square displacement (MSD) technique and carrying out an
average over time and all atoms of the system, the diffusion coefficient (D) can
be calculated using Eq. (3)

D = lim
r→∞

〈
[r(t) − r(t0)]

2
〉

6t
(3)

where r is the position of an atom, t and t0 are time of the system and the time origin,
respectively.

RDF

To describe the thermodynamics phase, one can analyze the system by calculating
radial distribution functions (RDF) (g(r), which sometimes is called pair distribution
functions or pair correlation function). If the reference atom (atom a) is located at
the origin O and the average number of atom b (neighbour of atom a at distance
r) is given by Nab(r), then, the local time-averaged density of atom b is g(r). The
normalized RDF between atoms a and b can be calculated using Eq. (4)

gab(r) = (NaNb)
−1

Na∑

i=1

Nb∑

j=1

〈δ(∣∣−→r i − −→r j

∣∣ − −→r )〉 (4)

For a homogenous system, gab(r) approaches 1 when
∣∣−→r ∣∣ → ∞. Also, the radial

cumulative distribution functionGab(r) and, consequently, Nab(r) for the appropriate
density ( ρ) are given by Eqs. (5) and (6), respectively.

Gab(r) =
∫

r0dr
′
4πr

′2
g
ab

(r) (5)

Nab(r) = ρGab(r) (6)

In fact, gab(r) can be plotted as a function of r, which provides valuable informa-
tion about the system’s structure. For instance, if the first minimum in RDF plot is
located at r1. Then, by using Eq. 5, the coordination number (N(r1)) can be calculated
for a solvent the first solvation shell.

In the case of solids, the structure is specific even on a long range. The particles
in a solid vibrate around their lattice site. Accordingly, the peaks of solid’s RDF are
located at a specific position based on the lattice constant. In contrast, gases do not
have a regular structure that significantly impresses their RDF peaks.
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H-bond analyses

A hydrogen bond (H-bond) is formed between a donor (D) and an acceptor (A)
atoms at distance A-D and angle D-H-A less than cut off values. The cut-off values
for distance and angle are usually considered 3 Å and 20 degrees, respectively. By
considering these two hypotheses and defining atoms A and D, a new script can be
written, or the scripts that have been written can be used to count the number of H
(NH-B) bonds along a path. Then NH-B can be plotted as a function of time.

Gas flow measurements

One of the important applications of porous 2Dmaterials is separating a gas mixture,
where different gases penetrate through the pores with a translocation energy barrier
leading to different gas flow rates. The latter depends on the diffusivity, size, and
solubility of the gases.

In microscopic scale (100 to 1μm) [15], if the mean free path of the molecules (λ)
is greater than the characteristic length scale of system (l) continuum hydrodynamic
is valid. In a channel with short length scales, the interaction of the molecules with
the channel wall is stronger than the interaction of the molecules with one another.

With the aid of the ideal gas law and the use of Knudsen number (Kn = λ
l , l the

length of the channel) at the microscopic level, the mean free path (λ) of molecules
can be defined using Eq. (7).

λ = kBT√
2πd2P

(7)

where kB , d, T , and P are Boltzmann constant, the diameter of the gas molecule,
the temperature and the pressure, respectively. In 2017, Schaff [16], based on the
Kn value, categorized different flow models, i.e. Kn<10–3, 10–3 < Kn<10–1, 10–1 <
Kn<10, Kn>10 refers to a continuous flow stage, a slip flow, a transition zone, and
an area of molecule diffusion, respectively.

In a common MD simulation relevant to nanofluidics for a cylindrical channel
and continuity assumptions, the volume flow rate (Q) can be expressed by Eq. (8)

Q = 1

6

√
2π	P

l3

l
√

ρ
(8)

where 	P is the pressure difference between the feed and flowed sides, and ρ is the
ratio of density and pressure. Also, for the slip flow [17], the flow velocity (V ∗) can
be calculated by using Eq. (9)

V ∗ = 1

(tN−tM + 1)N

tN∑

t=tM

N∑

i=1

vxi.t (9)
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where vxi−t is the velocity of the ith particle at time t in the x-direction, tN , tM are
respectively the initial and the final time step, and N is the number of particles.
Then, the flow velocity profile can be plotted as a function of temperature and other
parameters.

Mechanical properties

The Young’s modulus is calculated in MD to give insight into the compressive stiff-
ness of solid systems. In a common MD simulation, the mechanical properties can
be determined by applying a displacement to a group of atoms at a specific point and
then allowing all the atoms to be relaxed. The Young’s modulus can be calculated
using Eq. (10).

E = 1

V

∂2U

∂2ε
(10)

where V, U, and ε are the volume of the simulated system, the obtained energy as a
result of applied displacement (strain), and tensile strain, respectively. By plottingU
versus strain and fitting a curve with the appropriate relation, the second derivation
of the strain energy gives us Young’s modulus.

The shear modulus (G) can also be calculated using Eq. (11).

G = 1

V

∂2U

∂2γ
(11)

where γ refer to the shear strain. The unit of both Young’s and shear modulus is
pascal (Pa), gigapascals (GPa), or pound per square inch (ksi). For instance, Young’s
modulus of Ti3C2 was found to be 80–100 GPa [18].

Thermal properties

In an ideal system, according to the second law of thermodynamics, the total work
(W ) performed on a system from initial point A to the final point B is independent of
the path. In such a system, the work applied to the system is the difference between
theHelmholtz free energy of states A andB (	F = FB−FA = W ). In commonMD,
where a finite rate evolves through the system, the second law of thermodynamics
is no longer valid, i.e., 	F 
= W . Because in the latter, the system parameters
change along a path and depend on the system’s microscopic conditions. Jarzynski
[19] derived an expression between the total work and Helmholtz free energy of two
different thermodynamic states, shown in Eq. (12).

	F = −β−1ln〈exp(−βW )〉 (12)

where β = 1/kBT . Equation 12 is valid for a system independent of both path and
evolution rate.
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The linear coefficient of thermal expansion (αL) and its volumetric counterparts
(αV ) can be obtained using Eqs. (13) and (14)

αL = 1

L0

∂L

∂T
(13)

αV = 1

V0

∂V

∂T
(14)

where L0 and V0 denote length and volume of the system at zero temperature.
To calculate the specific heat (CV ) capacity, Eq. (15) can be applied.

CV = 1

m
(
∂Q

∂T
)
V

(15)

wherem and Q are the mass and the amount of heat of the simulated system, respec-
tively and CV is the heat required to increase the temperature by one degree for a
unit mass of the system.

3 Density Functional Theory Approach

The quantum mechanical wave function contains all of the necessary information
about a system’s electrical structure. The Schrödinger equation can be quantita-
tively solved to give the wave function and the allowable energy. However, even
with reasonable approximations, the Schrödinger equation for an N-electron system
cannot be solved exactly. One of such approximations useful for many-electron
systems is made based on the Density Functional Theory (DFT) approach. In fact, for
a given many-electron system using various functionals, especially Perdew-Burke-
Ernzerhof (PBE) [20, 21] and Heyd–Scuseria–Ernzerhof (HSE) [22–28], one can
study the MXenes. These functionals are functions of the electron density, which are
potentials that act on the electrons of the system.

The DFT potentials consist of two external and effective potentials that can be
determined by the coordination of elements and interelectronic interactions, respec-
tively. Accordingly, an N-electron can be treated as n one-electron equations, i.e.,
Kohn–Sham equations [29–31].

Thewavefunctions are a linear combination of basis functions that are finite due to
their size limit, allowing us to solve the problem in a linear algebra scheme. There are
various basis functions (basis sets), such as atomic basis sets (linear combination of
the atomic orbitals) and plane-wave basis sets. Moreover, the many-electron system
can be solved by considering pseudo-potentials that divide the system’s electrons into
two groups, i.e., core and valence electrons. The valance electrons are responsible
for the chemical binding, while core electrons do not play an important role in such



Simulative Molecular Modelling of MXene 117

bonding. In other words, if the number of electrons is large, the core electrons can
be neglected.

The long-range interactions are not taken into account in the DFT computations.
Therefore, certain long-range corrections for total molecule energy, energy gradient,
and frequencies are available, such as the Grimme (DFT-D3) [32, 33] or Tkatcheno–
Scheffler (DFT-TS) [34] schemes, which are added to the results obtained using
DFT. The latter has incorporated these interactions in DFT calculations to connect
the main results. In the following sections, we review researches that used both MD
and DFT approaches to explore different properties and applications of MXenes.

4 MXenes Applications

4.1 Energy storage

MXenes have a multilayer structure, where a large interlayer spacing leads to disper-
sion in water and intercalation of ions into their structure. The latter leads to forming
composites of MXene with silicon, graphene, transition metal dichalcogenides,
and other 2D materials. The intercalated MXenes exhibit good pseudocapacitance
features that allow these structures and their composite counterparts to be applied as
electrodes to deliver specific capacities during a cyclic process.

The advantages of employing lithium-ion (Li-ion) batteries are well known
in many applications, including portable devices and electric vehicles. However,
producing an anode material with longer working life and durability remains one of
the most challenging issues for future Li-ion battery development. Carbon-supported
TiO2 (titania–carbon) hybrids with high volumetric capacity displayed outstanding
Li-ion battery performance as well as photocatalyst capabilities. The oxidation
of two-dimensional Ti3C2 MXene structures is advantageous for creating hybrid
carbon-supported nano titania structures.

For example, Lotfi et al. [35] evaluated the influence of an oxidizing agent on
the oxidation of Ti3C2 MXene. They used ReaxFF to perform MD simulations at
temperatures ranging from 1000 to 3000K for 100 picoseconds (ps) in three different
environments: wet air (oxygen and water molecules), dry air (oxygen molecules),
and H2O2 (hydrogen peroxide molecules). The necessary ReaxFF parameters can
be found in Reference [36]. According to their results, by diffusing Ti atoms to the
surface of MXene structures, carbon-supported titania can be formed if the temper-
ature is controlled during oxidation. Moreover, it was found that the MXene oxida-
tion rate increases with increasing temperature in the following order of environ-
ments: hydrogen peroxide > wet air > dry air. The comparison between these three
environments is demonstrated in Fig. 1.

It is clear that the presence of oxidation agents at higher temperatures leads to the
migration of someTi atoms to theMXene surface and the functionalization ofMXene
with functional groups -O and -OH. The MD results were further confirmed by heat
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Fig. 1 The Ti3C2 MXene oxidation rates were compared in three different environments, including
dry air, wet air, and hydrogen peroxide. It is clear that controlling the temperature would make the
oxidation rate and formation of titania–carbon hybrid structure (carbon-Ti3O2) feasible. Color-
coding: Ti (tan), O (red), H (white), and C (green)

treatment ofMXene in dry andwet air in the presence of inert gas. Consequently, their
simulations provide significant insights into the chemical stability of MXenes and
introduce titania–carbon hybrids as a promising material in electrochemical storage,
catalysis, and sensing.

It was found that MXenes can be applied as an efficient material for electrodes
where their energy storage capacity is strongly correlated with the surface functional
groups. Meng et al. [37] designed S-functionalized Ti3C2 MXenes employing DFT
calculations and compared the electronic, geometric, dynamic stability, and sodium
storage capacity of Ti3C2S2 MXene. Based on their results, Ti3C2S2, as the anode
of Na-ion batteries, exhibits superior properties such as low open-circuit voltage
(OCV), metallic behavior, low diffusion barrier, high storage capability, fast charge–
discharge rates, and stable structure (both dynamically and thermally).

Zhang et al. [38] also employed a combination of DFT computations (with PBE
functional) and experimented with tailoring adequate surface functionalization in
MXene. Their study aimed to tailor the intrinsic electrical properties of Ti3C2Tx

MXene (T stands for F, OH, and O) and increase its lithium storage potential. They
controlled the annealing process to achieve flexible Ti3C2Tx films with few –F and
–OH functional groups, few impurities, and high conductivity. DFT calculations indi-
cated that the ion-diffusion barrier and Li adsorption energy of the Ti3C2Tx MXene
with low –F and –OH functional groups significantly decreased and increased,
respectively, compared to Ti3C2Tx MXene with high–F and OH–containing. Hence,
Ti3C2Tx MXenes with low–F and OH content have more potential for application in
Li-ion storage and transfer devices.
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For comparison purposes, in Table 1, we listed the capacities of various MXenes
that have been used as the anode/cathode of metal-ion batteries (i.e., Li-ion, Na-ion
and K-ion).

In order to tailor the surface of the electrodes, the charge extraction and optoelec-
tronic properties of these electrodes, one can be engineered in perovskite solar cells.
Agresti et al. [70] tuned the work function of (WF) MXene (Ti3C2Tx) perovskite.
This can be controlled with the surface functional group of MXene, to improve
the properties of perovskite electrodes and TiO2 electron transport layer (ETL).
Using the induced dipole of Ti3C2Tx, they optimized the band alignments between
perovskite/ETL interfaces to increase the charge transfer. The results of DFT further
confirmed that the density of states and WF of Ti3C2Tx significantly depends on the
type of surface functional groups, and the WF for –OH and –O functional groups
varies between 1.6 to 6.25 eV [71, 72].

Ti3C2Tx (Tx = −F, −O, and –OH) MXenes are one of the pseudocapacitive elec-
trodematerials that have some unique properties such as high volumetric capacitance
[73] (800 F cm−3), high ionic conductivity, high intrinsic electronic, the presence of
redox-active sites, and highly accessible surface area. Several groups have attempted
to explain the charge storage mechanism of MXenes in various electrolytes using
these features.

Shao et al. [74] investigated the charge storage mechanism of this MXene in
an acidic electrolyte (H2SO4), both theoretically and experimentally. Their results
demonstrated that Ti atoms undergo a redox reaction in the presence of confinedwater
in the MXene layers. In addition, water molecules make fast charge compensation
possible through a high proton diffusion rate. They also suggested that optimizing
the MXene surface termination groups (−F, −O, and –OH) can improve the rate
performance of MXenes electrodes. Consequently, the hydroxyl functional group (–
OH) plays an important role in promoting the intercalation between water molecules
and the MXene layers. As the number of −OH groups increases, proton transfer
decreases due to the disruption of the water molecules organization. Moreover, the
performance of the Ti3C2Tx electrode decreases in the presence of a large number
of −OH groups. MD simulations were used to obtain more insight into the charge
storage mechanism in Ti3C2O0.9F0.8(OH)0.3 and Ti3C2O1.185F0.8(OH)0.015 MXenes,
named P-MXene and 500-MXene, respectively.

Accordingly, water molecules can’t be present within the MXene layers, and the
electrochemical cycle leads to water intercalation into MXene layers. They perform
MDsimulations on theP-MXene and 500-MXene sampleswith a large initial value of
c lattice parameter (c-LP) and a small amount of pre-intercalated water molecules.
After reaching the equilibrium state of MD simulations, a single layer of water
molecules was presented between the layers of both MXene samples. For 500-
MXene, hydronium ions (H3O+) and water molecules form a well-organized layer
with a network of waters linked by hydrogen-bond (H-bond). As shown in Fig. 2,
during the electrochemical process, the formedH-bond networks cause a rapid proton
transfer and increase the efficiency of the 500-MXene electrode.

In the case of P-MXene, the large number of −OH groups on the outermost
surface of the sample disturb the H-bond networks and lower the proton transfer
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Table 1 Various MXenes as active electrode material in metal-ion batteries

MXene References Capacity
(mAhg−1)

Rate Notes

Li-ion Ti2CTX [39] 110 1 Ca Retained after 80
cycles

H2O2 treated Ti2C [40] 389 100
mAg−1

Retained after 50
cycles

Ti3C2 paper [41] 410 1 C Maintained 110
mAhg−1 at 36 C
after 700 cycle

Nb4C3TX [42] 310 0.1
Ag−1

380 mAhg−1

after 100 cycles

Nb2AlC [43] 170 1 C Measured after
150 cycles

V2AlC [43] 260 1 C Measured after
150 cycles

V2CTX [43] 260 1 C Measured after
150 cycles

Hf3C2Tz [44] 1567 200
mAg−1

Measured after
200 cycles

Ti3CNTX [45] 300 0.4
Ag−1

Measured after
1000 cycles

MoS2/Ti3C2-MXene@C [46] 580 20 Ag−1 95% retained
after 1000 cycles

MoS2/Ti3C2TX [47] 656 50
mAg−1

70% retained
after 50 cycles

MoS2/Mo2TiC2TX [48] 90 5 Ag−1 92% retained
after 100 cycles

TiO2/Ti3C2TX [49] 124 50
mAg−1

Retained after
400 cycles

TiO2/Ti2CTX [50] 389 0.1
Ag−1

Retained after 70
cycles

Ti3C2TX /Co3O4 [51] 50 20 C Retained after
100 cycles

Fe3O4@Ti3C2TX [52] 278 5 C Measured after
800 cycles

CNTs@Ti3C2 [53] 430 1 Ag−1 Measured after
300 cycles

Mo2C/CNT [54] 560 0.4
Ag−1

Measured after
70 cycles

Ti3C2/CNF [55] 320 1 C Retained after
2900 cycles at
100 C

Ti3C2TX /CNTs “paper” [56] 100 0.1 C 80 mAhg−1 after
500 cycles at 1 C

(continued)
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Table 1 (continued)

MXene References Capacity
(mAhg−1)

Rate Notes

TiXTa(4−X)C3 [57] 459 0.5 C 97% Retained
after 200 cycles

Si@Ti3C2TX [58] 1672 1.0
Ag−1

Measured after
200 cycles

Na-ion Ti3C2TX [59] 79 0.2
Ag−1

Retained after
500 cycles

Ti3C2TX spheres [60] 330 50
mAg−1

Increased 40%
after 1000 cycles
at 0.5 Ag−1

TiO2/Ti3C2TX [56] 101 0.2
Ag−1

Retained after
2000 cycles

Hf3C2TX [61] 68 50
mAg−1

Retained after
200 cycles

TiO2@Ti3C2TX [62] 220 30
mAg−1

Retained after
5000 cycles

CoNiO2/Ti3C2TX [63] 188 0.3
Ag−1

80% Retained
after 140 cycles

SnS/Ti3C2TX [64] 256 0.1
Ag−1

Retained after 50
cycles

Sb2O3/Ti3C2TX [65] 295 2 Ag−1 97% Retained
after 100 cycles

Alkalized Ti3C2TX
nanoribbons

[66] 85 0.3
Ag−1

25% lost between
25 and 500th
cycles

Mo2CTX spheres [60] 370 50
mAg−1

Increased 38%
after 1000 cycles
at 0.5 Ag−1

V2CTX spheres [60] 340 50
mAg−1

Increased 20%
after 1000 cycles
at 0.5 Ag−1

V2C [68] 50 0.5
mVs−1

K-ion V2C [69] 98 50
mAg−1

At 6th cycle

K–V2C [69] 195 50
mAg−1

At 6th cycle

Ti3CNTX [70] 154 20
mAg−1

75 mAg−1 after
100 cycles

K2Ti4O9 nanoribbons [71] 88 0.3
Ag−1

51% Retained
after 900 cycles

Alkalized Ti3C2TX
nanoribbons

[66] 60 0.3
Ag−1

60% Retained
after 500 cycles

a1 C = 100 mAg−1
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Fig. 2 a and b side views of the P-MXene and 500-MXene layers with surrounding electrolytes,
respectively. c and d top views of the distribution confinrd water molecules between the layers of P-
MXene and 500-MXenes, respectively. e and g the zoomed top and side views of water molecules
confined between the P-MXene and 500-MXene layers. f The probability profiles of the dipole
orientation of water molecules within the P-MXene and 500-MXene layers. The θ is the angle
between the water molecule dipole moment of water and the normal surface of the electrode [74]

rate. Figure 2f displays the probability profiles, P(θ), for P-MXene and 500-MXene
samples for the dipole orientation of the water molecules between layers. Accord-
ingly, the water molecules were oriented almost parallel to the 500-MXene surface,
where the orientation of the dipolewasmainly concentrated around 90°, which favors
proton transport.

4.2 Gas Sensing Properties

2D-Mxene are potentially useful for designing gas sensors at ambient temperature
due to their high surface-aria-to-volume ratio. In fact, the transfer of charge between
MXene and gas molecules causes gas adsorption. The latter leads to modulation of
the MXenes conductivity [75]. Despite these attractive characteristics, constructing
functional MXenes with interesting gas sensing potential at room temperature is a
great challenge. For example, the interaction between gases and the MXenes surface
is quantum in nature. Thus, the sensing behavior of MXene should be studied using
DFT calculations which is computationally expensive. However, MD can be applied
to investigate the gas flow rate (see Sect. 2.1) in the simulation system at different
temperatures to analyze the sensing behavior of MXenes.
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Zhao et al. [76] utilized an integration of DFT (with PBE functional) and
bulk electrosensitive measurements to investigate the high electrocatalytic sensi-
tivity of flexible gas sensor-based polyaniline/MXene nanocomposites (was named
PANI/Ti3C2Tx). TheTi3C2TxMXene surfacewas decoratedwithPANInanoparticles
through in situ polymerization at low temperature to persuade significant mechanical
stability, detection sensitivity, and rapid response rate. They attributed these excellent
sensing activities to the presence of numerous high catalytic/absorption of functional
groups (–OH, –O–, and –F) at the edge of Ti3C2 MXene and the synergetic effect of
the composites.

Khakbaz et al. [77], using AIMD, found that the functionalized Ti3C2Tx is ther-
modynamically stable. They investigated the sensing behavior of this MXene upon
different gas molecules (CO, NO, CO2, NO2, N2O, H2S, and CH4). Ti3C2Tx MXene
was found to be more sensitive to NH3 compared to the other gases when the number
of fluorine was lower than that of the other functional groups on the surface.

It is known that Mxenes have low stability in humid environments due to their
hydration and oxidation in the presence of water molecules. Through surface treat-
ment, Chen et al. [78] synthesized a Ti3C2Tx –F superhydrophobic surface. Their
DFT study suggested that ethanol can strongly interact with Ti3C2Tx –F, which can
be used as an ethanol sensor even in presence of water.

4.3 Mechanical Property

Beyond the high volumetric capacity of MXenes, they are predicted to possess
high mechanical properties in two bulk and single-atom thick two-dimensional (2D)
forms. Although MXenes are one of the hardest materials, the mechanical char-
acteristics of MXenes, such as bending rigidity, have not been completely studied
compared to the other ultrathin materials. Borysiuk et al. [79] simulated the bending
deformation of the three differentMXene nanoribbons (Ti2C, Ti3C2, and Ti4C3) with
a length and width of 12.0 and 1.1 nm, respectively, in which the atoms at both edges
were fixed during the simulation.

As shown in Fig. 3, the Ti atoms in the central area of the top Ti2C layer were
subjected to the external bending force. First, the simulation was performed at 1 K
using parametrized reactive bond-order FF. Then, the bending rigidity and central
deflection of the 2D titanium carbides were calculated as a function of external force.
For the Ti2C nanoribbon at small deflections, the calculated bending rigidity (D) was
5.21 eV and increased nonlinearly to a maximum of 12.79 eV for larger deflections
and before disintegration. With minimal deflection, D values were reported to be
49.55 and 47.43 for Ti3C2 and Ti4C3 nanoribbons, respectively, larger than D of
MoS2 (9.61, [80]). The obtainedDand the effective spring constant (keff) for graphene
with similar size andmethod were reported ~ 2.3 eV and 0.36 N/m, respectively [81].
The keff for Ti2C MXene was ~ 0.82 N/m because Ti2C MXene is more resistant to
bending than graphene.
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Fig. 3 The configuration of the simulation setup of the external force field applied on Ti2C
nanoribbon. Fixed atoms at the edges are represented in green. The red color refers to the external
force applied to the central Ti atoms [79]

4.4 Colloidal and Photochemical Stability

In addition to the above-mentioned characteristics of MXenes, the colloidal and
photochemical stability of 2D MXene flakes in the environment are important
features and should be considered before practical use. Shen et al. [82] experimentally
and theoretically. studied these two features for delaminated Ti3C2Tx MXene flakes
modified ith hydrazine (HMH), KOH, and water labelled as HMH-Ti3C2, KOH-
Ti3C2, and H2O-Ti3C2, respectively. It was concluded that the modification could
adequately increase the dispersibility of the MXene flakes. They demonstrated that
HMH-Ti3C2 andKOH-Ti3C2 have greater photochemical and colloidal stability with
greater resistance to oxidation in the presence of UV and visible light irradiation and
their surface electronegativity increased. DFT calculations andMD simulations were
used to describe the mechanisms behind the differences in photochemical stability
of the Ti3C2Tx MXene flakes. It was revealed that K+ ions protect the flakes by
inhibiting the coupling between Ti3+ and ROS, while HMH through photoelectrons
absorbing and direct reacting with ROS leads to stronger protection. This study
shows that MXenes structures are stable under colloidal and photochemical aquatic
environments and can be used in such environmental conditions.

4.5 Hybrid of MXenes Structures with Other Materials

In addition, one can apply the unique feature of MXene structure in conjunction
with other materials to improve their characteristics. For example, reduced graphene
oxide sheets (rGO) are used in many applications, including flexible energy storage
systems and portable electrical devices. However, some factors, such as low electrical
conductivities andmechanical properties, limit the development of this typeof device.

Various solutions have been offered to improve the efficiency of rGO sheets
devices. Zhou et al. [83] used Ti–O-C covalent bonds to join functionalized graphene
oxide platelets with exfoliated MXene (M) nanosheets, resulting in MrGO sheets.
In addition, a conjugated molecule AD was cross-linked with MrGO sheets. The
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incorporation of M and AD molecules into the rGO sheets reduces the porosity of
the graphene sheets and increases the alignment of the rGO sheets.

Therefore, MrGOAD sheets have high compactness, electrical conductivity, and
toughness. To investigate the fracture process of the MrGOAD sheet, molecular
dynamics (MD) simulations were performed at 300 K, and 1 bar using all-atom
optimized potentials suitable for liquid simulations (AA-OPLS). In addition, to
consider the long-range coulombic and the non-bonded van der Waals interactions,
the particle–particle-particle mesh method (PPPM) and the 12–6 Lennard–Jones
potential were used. The width and length of a single rGO (MXene) were 2.74 nm
and 22.30 (~3.51 nm), respectively.

The epoxy (-O-) and hydroxyl (OH) functional groups were assumed to have
a ratio of 0.03 to the carbon atoms in the rGO sheet, which was in good accord
with the experimental sample. Also, First-principles calculations based on DFT
calculations and plane-wave basis set were used to explore the interfacial energy
of MXene/MXene, MXene/rGO, and rGO/rGO. The MD simulation demonstrated
that these superior properties resulted from the synergistic interfacial interaction
effect in Ti–O-C covalent bond, sliding of MXene nanosheets, and π-π bridge. The
obtained MrGOAD sheets can be considered as flexible supercapacitors containing
high volumetric power generation and energy storage.

Furthermore, the interplay between confinement, electrolyte ions, solvent, and
electrolyte has a major influence on 2D-layered materials to increase energy storage,
power delivery, andwater desalination efficiency.Gao et al. [84] reported amultiscale
theory/modelling and experiments to study the interaction, capacitive energy storage,
and mechanical properties of Ti3C2 MXene in aqueous ions (Li+, Na+, K+, Cs+, and
Mg2+). Their study highlighted not only the importance of the position and dynamics
of cations located between MXene sheets in energy storage but also revealed that
by understanding the rational hydration coordination number of protons and cations,
one can explain its energetic behavior under confinement.

Ab initio MD and operando calorimetry measurements revealed that H+ rehy-
dration and cation dehydration play a critical role in heat variations between exper-
iments and theory. They show a 1/d relationship between the average distance of
cation and the surface of MXene. Moreover, they modified the Helmholtz model to
clearly explain the EDLmechanism for different layeredmaterials in various aqueous
electrolytes.

In another work, Jalali et al. [3] investigated the effects of titanium carbideMXene
to confine water molecules. Their study is a theoretical confirmation of the measured
capacitance of nano-confined water inMXenes [85]. Using extensiveMD simulation
obtained an abnormal polarization of the confined water molecules near the MXene
walls when cations (Li+, Na+, K+, Rb+) were present between MXene layers. Then,
they built a capacitance-based model for the electric double-layer capacitor to illus-
trate the dielectric properties of nano-confined water inMXene. Consequently, it was
shown that the ionic radius and the hydration shell of the cations could notably alter
the dielectric response of nano-confinedwater in the studied system. The capacitance
increases nonlinearly with increasing the hydration shell in the order of Li+ > Na+ >
K+ > Rb+.
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Designing a new membrane based on MXene and other 2D materials that can
be applied as a sieving membrane for molecules and ions is also important in clean
water production. Layer spacing and its role in water flow primarily impact such
sieving materials. Zeng et al. [86] studied the role of interlayer spacing in the case
of dopamine-functionalized graphene oxide (DGO) intercalated nanosheets into the
Ti3C2Tx MXene. They investigated this composite (DGO/MXene) for sieving dyes
from wastewater. The interlayer spacing (d) of MXene/DGO bilayer was simulated
by considering the composite material as a parallel surface in the xy direction using
UFF. In DGO/MXene composite, DGO nanosheets can increase mechanical stability
and reduce interlayer spacing.

The MD simulation revealed that the permeation rate of water molecules into the
MXene layers was controlled directly by d of nanosheets. The water was permeated
through the nanochannels present in the interlayer of DGO and MXene nanosheets.
They explained that electrostatic interaction and physical sieving could influence the
removal of dyes in composite membranes.

4.6 Intrinsic Characteristics of MXene

One of the excellent characteristics of MXenes is their layered structure that can
be intercalated and de-intercalated with organic and inorganic molecules (formalde-
hyde, urea, cations, water, etc.). There are many studies on Ti3C2Tx MXene (Tx =
–OH, –O–, and –F) in aqueous solution and its interaction with urea (application
in discarded spent dialysate). For instance, Meng et al. [87] found that Ti3C2Tx can
adsorb urea and remove it from aqueous solution dialysate at an initial urea concen-
tration of 30 mg/dL by the efficiency of urea removal of 99% and 94%, respectively,
without any cytotoxicity. Furthermore, they studied the ureamolecules’ spatial orien-
tation and adsorption energy on Ti3C2Tx MXene using DFT. According to their
calculations, urea adsorption on Ti3C2Tx MXene is stable along with parallel and
vertical directions, where the parallel orientation is the most stable.

Overexposure to formaldehyde (HCHO) can cause a destructive impact on human
health and the environment, which must be removed from indoor air. Zhang et al.
[88] represented that Ti3C2O2 MXene can efficiently capture the HCHO molecule.
The adsorption energy was estimated to be 0.45 eV, using DFT calculations with
the PAW method and PBE exchange–correlation functional. The HCHO adsorption
capacity was approximately 6 mmol/g, calculated via AIMD and a simulation time
of 7 ps. The MD simulation revealed that the HCHO remains stable on Ti3C2O2

MXene surface up to 450 K, and its desorption was observed when the temperature
exceeds 500 K.

MXenes with various chemical composition ranges and functionalization gained
tremendous attention from many experimental and theoretical groups because of
their tunable thermal and electronic features. Hence, MXenes can be used to design
new energy storage and conversion devices. For example, Sarikurt et al. [89] used
DFT, density-functional perturbation theory (DFPT), and the Boltzmann Transport
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Theory, to calculate the values of lattice thermal conductivity(κl), thermoelectric
figure-of-merit (zT), and Seebeck coefficients for two different functionalization
configurations of oxygen terminated MXene monolayer (M2CO2, M = Ti, Zr, Hf,
Sc). They carried out the calculation employing the generalized gradient approxi-
mation (GGA) within the PBE functional. These values vary by 40%, depending on
the structural model. In addition, they discovered the adsorption site of the oxygen
atom on the M2CO2 surface could remarkably change the thermoelectric and elec-
tronic features of M2CO2 MXene that can be designed to change the thermoelectric
properties.

Zhang et al. [90] systematically studied the electronic, elastic, and structural prop-
erties of pure and functionalized 2D carbide/nitride MXenes (Tin+1Cn/Tin+1Nn and
Tin+1CnT2/Tin+1NnT2, n = 1, 2, 3, T: –F, –O and –OH) using DFT calculations.
Tin+1Cn MXenes exhibited large monolayer thicknesses, small electrical conduc-
tivity, large lattice constant, large stability, and small in-plane Young’s moduli
compared to Tin+1Nn MXenes. Structural stability was improved for thicker MXenes
monolayer. According to the Ead results, MXenes nitrides have a stronger preference
to be functionalized with F, –O, and –OH terminal groups, especially –O, due to the
more active surface of nitride-based MXenes. The existence of free electron states
in Tin+1Cn and Tin+1Nn functionalized MXenes with hydroxyl functional groups
provides excellent transmission channels.

Also, the design of MXenes that have unique features compared to their own
structures can be artificially accessible.

The elastic strain limits of 2D materials are more significant than their bulk
counterparts, which can be adjusted by strain engineering. One more application
of MXenes is found in spintronic devices due to the high electron mobility and
conductivity of MXenes. Hf2MnC2O2 MXene was observed to have a high magnetic
moment per formula unit (3 μB) and a high Curie temperature (TC > 800 K). By
applying uniaxial strain on Hf2MnC2O2 monolayer, Siriwardane et al. [91] modified
its electronic, magnetic, and structural properties. They carried out their DFT calcu-
lations using PBE functional. In the absence of strain, Hf2MnC2O2 is a ferromagnetic
semiconductor hiving indirect band-gap. Whit a 1–3% tensile strain in the armchair
direction, the band-gap transition from indirect to direct was observed.

A transition from semiconductor to metal was predicted under 4% strain in both
zigzag and armchair directions. This MXene became a half-metal and favorable
material for spintronic applications when strains of 7% and 9% were applied in the
zigzag and armchair directions, respectively. Therefore, by applying tensile strain,
the TC of materials can be improved. The Curie temperature of Hf2MnC2O2 MXene
at 4% strain in both directionswas about 706K, increasing to 1200Kunder 8% strain.
Based on effective mass calculations, they reported that the desirable direction for
electron transport is armchair (� − X direction) due to the small effective masses.

There are several limits to the practical use of MXene and other 2Dmaterials. For
instance, preventing from swelling in water is one of the challenging problems in
using 2D-material as a membrane for seawater desalination due to the tendency of
these materials to swell in water and their instability in water and other aqueous solu-
tions. Ding et al. [92] theoretically/experimentally reported a non-swelling behavior
of Ti3C2Tx MXene membranes in the presence of intercalated Al3+ cations.
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DFT calculations were performed to predict the Al3+adsorption position between
Ti3C2TxMXene layers. They considered fourmodels ofTi3C2, Ti3C2O2, Ti3C2(OH)2
and Ti3C2F2 that the binding energies of Al3+ on them was +0.17 eV, −0.89 eV, +
1.92 eV and +1.82 eV, respectively. Therefore, they concluded a strong interaction
between oxygen functional groups of the Ti3C2Tx and Al3+ cations that can inhibit
MXene swelling. Furthermore, molecular orbital analysis and charge transfer results
indicated that the formation of the Al–O ionic bond could stabilize the d-spacing of
the Ti3C2Tx MXene nanosheets.

Chemical modification of 2D materials can improve their electronic harmony
along with other materials. Gao et al. [93] studied the substitution and adsorption of
a large number of single transition metal atoms (M= Fe, Co, Ni, Cu, Zn, Ru, Rh, Pd,
Ag, Cd, Os, Ir, Pt, Au, Hg) on Ti3C2 MXene using DFT and PBE functional. Accord-
ingly, single metal atoms were adsorbed on Ti3C2 MXene stronger than graphene
and graphyne with adsorption energy (Ead) in the range of −1.05 to −7.98 eV.

They found the Ead and the substitution energy (Esub) correlate almost linear with
chemical properties, including Bader charge and bond length of Ti3C2 MXenes due
to the electronic and geometric impact of doping metals on the electronic harmonic.
In the case of an atom substitution on Ti3C2, the volcano curve between the Esub

and Bader charges was observed, and there was a discrepancy in the charge transfers
process. Suggest that the Esub cannot explain solely through charge transfer, and
other chemical properties should be considered further.

4.7 Heterostructures of MXene

Asmentioned in the previous section, the heterostructures of 2D-materials, generally
joined through van der Waals (vdW) interactions, can exhibit new electronic proper-
ties different from the individual electronic properties of the dissimilar 2Dmaterials.
Thus, these 2D materials may have the potential for use in various applications, such
as catalysis, electric energy storage, and electronics.MXenes, in conjunctionwith the
other 2D materials, is a great conducting reinforcement. The charge transfer and the
interfacial coupling of 2D materials become stronger and faster when they are fused
with Mxenes, which improves the electrochemical properties of 2D materials [94].

Li et al. [95] studied different prototypical heterostructures of MXene Ti3C2T2

(T = O, OH, F; terminal groups) and graphene using DFT and PBE functional.
To account for vdW interactions, they used Grimme’s (DFT-D3) scheme in their
calculations. Their results demonstrated that the stacking order and the functional
groups on the surface of these heterostructures could alter band structure, adhesion
energy, and charge transfer.

Based on the significant difference in the work function of the graphene with the
MXenes, the interaction between heterostructures of MXene and graphene follows
the order: Ti3C2(OH)2 > Ti3C2O2 > Ti3C2F2. The Dirac point of the graphene
shifted as a result of charge transfer between the graphene monolayer and the
Ti3C2T2 MXenemonolayer. The interface in the bilayer graphene/monolayerMXene
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heterostructures broke the symmetry of AB-stacking bilayer graphene, and a gapwas
opened up at the K point of the graphene band structures.

In another work, Li et al. [96] simulated the interfacial built-in electric field
of the MXene/monolayer transition metal dichalcogenide asymmetric heterostruc-
tures (aMXene/mTMDC). The MXene structure that the bottom or top electroneg-
ative atom plane was removed was named aMXene. In their work, spin-polarized
DFT calculations were performed with PAW potential and two PBE and HSE func-
tionals. By designing the asymmetric structure of MXene, a high dipole moment
was observed that was perpendicular to the 2D-MXene plane. It was clear that in
the aMXene structure, the unpassivated metal atoms were unstable and electroposi-
tive. However, in the aMXene/mTMDC bilayer, the aMXene was coupled with the
electronegative chalcogenide atoms, breaking this instability and making tunable
band structures possible. The engineered aMXene/mTMDC bilayers can possibly
be used in several applications such as catalysis/photocatalysis, spintronics, and
optoelectronics.

Also, Obodo et al. [97] investigated a DFT study of the application of Ti3C2

MXene monolayer as platinum support (Ti3C2-nPt, n = the number of the plat-
inum layer) towards the catalytic dehydrogenation of methylcyclohexane (MCH).
Their calculations were performed through PBE functional and Tkatcheno–Schef-
fler method to account for the vdW interaction. They found that this reaction would
be possible on both pristine and supported platinum surfaces. Their results demon-
strated that the application of Ti3C2 MXenemonolayer as support leads to an increase
in the catalytic activity of the surface toward dehydrogenation of MCH. The total
dehydrogenation energies per H2 molecule for the studied surfaces were –20.7, 19.8,
15.10, 11.80, and 12.40 kcal/mol for the Ti3C2, Ti3C2-1Pt, Ti3C2-2Pt, Ti3C2-3Pt,
and Pt (111) structures, respectively.

Ganeshan et al. [98] used MD simulation with ReaxFF and DFT calculations to
study the various physical properties of confined electrolyte between the interlayer
space of the 2D-TiO2/Ti3C2T2 (T = O, OH) heterostructures. Their results show
that the mobility of water molecules confined between 2D-TiO2 improved where
their localized jump rate was faster on the 2D-TiO2 surface. In addition, they inves-
tigated that the oxygen ridges on the surface limit the self-diffusion of water in
2D-TiO2. For the aqueous electrolytes containing Li+, Na+, and K+ ions, the 2D-
TiO2 heterostructures had more favorable sites for the adsorption of these cations
as well as protons. The latter demonstrated that the 2D-TiO2 has the potential to
accommodate the protons in contrast to the MXene homostructures. They found that
in the aqueous electrolytes with Na+, a planar layer can be formed between water
molecules. Hence, the water dynamics decrease significantly in these electrolytes.
Also, Li+ mainly adsorbed on the surface of 2D-TiO2 as compared to the Ti3C2T2

MXene. Moreover, it was revealed that the 2D-TiO2/Ti3C2(OH)2 heterostructure has
excellent proton storage capacity, where protons were transferred from Ti3C2(OH)2
to the 2D-TiO2.
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4.8 Catalytic Purposes

Many MXene and its functionalized, structure engineered, and metal-doped coun-
terparts have been used for catalytic purposes and to tailor their intrinsic properties.
The design of a photo-induced catalyst for hydrogen production fromwater-splitting
attracted a great deal of attention from researchers. Li et al. [99], aiming at the
in-situ construction strategy together with one-step calcination, synthesized 2D/3D
g-C3N4/Ti3C2 heterojunction in which lamellar g-C3N4 was uniformly distributed
on the surface of Ti3C2.

Under visible light irradiation, the photocatalytic hydrogen production rate of g-
C3N4/Ti3C2 composites was estimated to be significantly larger than that of pure g-
C3N4. The DFT calculations andKelvin probemeasurements indicated that Schottky
junction occurs between g-C3N4 and Ti3C2, controlling the photo-induced carriers’
electron–hole recombination. In addition, the collaboration of the high conductivity
of Ti3C2 and the intimate interface of g-C3N4/Ti3C2 heterojunction can simplify the
electron transfer.

Metal-support interactions (MSIs) can improve the catalytic properties of
supported nanoparticles. This cooperation provides an opportunity to design a wide
range of heterogeneous catalysis for electrochemical and gas-phase reactions. Li et al.
[100] used carbide-based MXene to support platinum and studied its application in
the catalytic dehydration of light alkane.Atomic resolutionHAADF-STEMwas used
to demonstrate the intermetallic surface, and DFT calculations were performed to
explain the high catalytic activity of the intermetallic surface. They concluded that
MXene support could vary the nature of active sites and enhance their selectivity
toward activating the C–H bond.

Luo et al. [101] studied the electrocatalytic reaction of nitrogen (N2) to produce
ammonia (NH3) through Ti3C2O2 MXene under ambient conditions. Their experi-
mental and theoretical evidence revealed that the basal plane of MXene was almost
inert, and the exposed edge sites were the active sites of Ti3C2O2 MXene. Based on
their results, the adjustment of the active sites is an efficient strategy to improve the
electrosynthesis of NH3. From their experimental point of view, tailoring theMXene
nanosheet to a smaller size can increase faradic efficiency. An indication that small
MXenes have many active edge sites that can be a metal host active site in ammonia
electrosynthesis.

As demonstrated in Fig. 4a, they proposed five possible mechanisms for the elec-
trocatalytic reaction of N2 to NH3 using DFT calculations with PBE functional.
Based on these DFT results, the low-energy path of the edge plane compared to the
basal plane feasible the electrocatalytic reaction occurs at the edge active sites (see
Fig. 4). According to the reaction energies demonstrated in pathways in Fig. 4, the
most active site on the edge plane was the middle titanium atom.

The hydrogen evolution reaction (HER) studies have attracted tremendous attrac-
tion as a source of green energy production. Bai et al. [102] investigated a theoretical
study based on the DFT calculations (with PBE functional) and a Fermi-abundance
model. This discloses the origin of electrocatalysts for hydrogen HER on Mxenes
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(a)

(b)

Fig. 4 The reaction profile is displaced on the basal plane and at the edge plane (a and b) of
Ti3C2O2 MXene. The structures and energies (in eV) of the intermediates and transition states
(TSs) presented in various pathways of N2 reduction reaction catalyzed on the basal plane (a) and
the edge plane (b) are also demonstrated. (solid and dotted arrows refer to the low-energy and
unfavorable routes, respectively). Color-coding: Ti (sky blue), O (red), H (green), N(blue), and C
(gray) [101]

(M2NO2 and M2CO2, M = Sc, Ti, V, Cr, Zr, Nb, Mo, Hf, Ta, and W). According to
the Fermi-abundance model, it was found that the O atoms at the Mxenes surface,
especially their occupied p electronic states, play a crucial role in HER. Moreover,
the free energy of hydrogen adsorption for Nb2NO2 and Ti2NO2 Mxenes was nearly
zero, suggesting that they can be promising HER electrocatalysts.

Zhang et al. [103] synthesizedMo2TiC2Tx MXene containingMo vacancies in its
outer layer by an electrochemical exfoliation process. Their experimental/theoretical
(DFT with PBE functional) results revealed the abundant Mo vacancies in the basal
plane of the synthesized MXene play as an active site to trap a single Pt atom.
Furthermore, they demonstrated that the Mo2TiC2Tx–Pt structure has more catalytic
efficiency than the pristine Mo2TiC2Tx MXene. The strong covalent bond between
the single platinum cations and the other atoms in the synthesized MXene makes the
structure of Mo2TiC2Tx–Pt stable against HER.
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Le et al. [104] improved the catalytic activity of Ti3C2Tx MXenes for HER using
ammonia heat treatment and doping with nitrogen atoms. They found that N-doping
alters the electronic configuration of MXene electrocatalysts that have improved
catalytic reactivity, structure stability, and electrical conductivity. They also opti-
mized the annealing temperature of the N-doped Ti3C2Tx MXenes to achieve several
properties, including low overpotential, long-term durability, and the ideal value
(0 eV) for the Gibbs free energy of the hydrogen adsorption, which the annealing
temperature was estimated to be 600 °C. This temperature was also confirmed by
DFT calculations using PBE functional.

Also, renewable fuels and chemical feedstock can be produced by the electro-
catalytic carbon dioxide reduction reaction (CO2RR). Handoko et al. [105] experi-
mentally/theoretically studied the electrocatalytic CO2RR through the mediation of
Ti2CTx andMo2CTxMXenes as a catalyst. Itwas found that themainCO2RRproduct
on the studied MXenes was formic acid. In addition, their DFT results demonstrated
that a lower overpotential was achieved when the amounts of –F was low (more –O).

5 Challenges and Prospects

Although extensive studies have been conducted to explore MXene’s properties and
find novel applications of MXenes, research is still in the incipient stage. The latter
causes that the actual practical applications face several challenges. Some of the
challenges in both synthesizing and simulation of MXenes are listed below:

(i) Lack of direct 3D precursor of MXenes production.
(ii) Delamination of MAX phases by intercalation agents such as HF, LiF, HCl,

and DMSO leads to the formation of few-layer MXene. These agents are
hazardous to the environment. The eco-friendly intercalation agents rather
than the conventional fluoride containing etchants are highly demanded.

(iii) It was demonstrated that the energy storage capacity and the electrochem-
ical properties of MXenes depend mainly on their surface functional groups,
porosity, and curved geometry. Therefore, much effort must be devoted to
simulating/fabricating the thermodynamically stable porousMXenewith, e.g.
new functional groups and MXene’s curved counterparts is required. In fact,
a stable structure of MXenes that contains novel functional groups (beyond
O, OH, F and different metals) are necessary.

(iv) On the one hand, the structure of MXenes contains several transition metals,
which limit their investigation by the DFT method due to computational
complexity. On the other hand, the introduced force fields, such as ReaxFF,
do not adequately predict the electrical, optic, sensing, and thermodynamic
properties ofMXenes. Consequently, the development of a new force field and
quantum computers are required to study the various feature of the MXenes.
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Furthermore, simulation of newMXene nanocomposite and heterostructures with
various 0D/2D, 1D/2D, 2D/2D, and 3D/2D layered structures might shed insight on
future MXenes synthesizing techniques and applications.

6 Conclusion

This chapter showed that a wide range of MXenes properties could be character-
ized by using both DFT and MD simulations and their application in the simula-
tion of MXene structures. We demonstrated that both methods are useful to simu-
late different physical and chemical properties of these 2D materials. Based on
the intrinsic feature of the studied systems, MD and/or DFT technics have been
employed by several groups to model the MXene structures. They were used to
model MXene structures for various applications, including intercalation, exfoli-
ation, energy storage, photocatalytic water splitting, and water catalysis. In some
instances, MD and DFT were used to verify the experiment results. It is necessary to
develop more precise large-scale systems that are more equivalent to experimental
circumstances.
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Energy Storage Applications of MXene

Jensheer Shamsudeen Seenath

Abstract The excellent electronic conductivity, mechanical properties, superior
chemistries, and unique morphologies enable MXene to be a potential candidate for
a plethora of applications ranging from sensors and electronic devices to biomedical
and electrochemical energy storage. The surfaces functional groups in MXenes lead
to high hydrophilicity and are able to react with various species to generate stable
colloidal solutions inwater.MXenes arewidely employed for energy storage applica-
tions, includingmetal ion batteries and electrochemical capacitors (supercapacitors).
In this chapter, the application of MXenes in metal-ion batteries and supercapacitors
is provided with detailed examples.

1 MXenes for Supercapacitors

Supercapacitors (SCs) are also called electrochemical capacitors, are potential energy
storage devices that possess high power density, quick charge/discharge ability, and
ultra-long lifetime [1]. According to their charge storage mechanism, SCs can be
divided into electric double-layer capacitors (EDLCs) or pseudocapacitors. The
EDLCs store charge via the electrical double layer formed at the interface between
electrode and the electrolyte. As charge storage is mainly through adsorption and
desorption of ions without any charge transfer, EDLCs render high-power density
performance. On the other hand, pseudocapacitors rely on the redox reaction to store
energy, hence exhibiting a high energy density but short cycling performance [2]. A
hybrid supercapacitor combines the key characteristics of an EDLC and the pseu-
docapacitor with energy density between EDLCs and pseudocapacitors and power
density comparable to EDLCs. Because supercapacitors have a low energy density,
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there is a lot of interest in developing cost-effective and high-performance elec-
trode materials. The supercapacitor electrodes derived from 2D materials have been
enticing due to atomic-scale thickness, numerous active surface sites, and excellent
mechanical properties. MXene is a rising star among all 2D materials with good
conductivity, hydrophilic surface functional groups and tunable surface chemistry,
along with key characteristics of fast charge–discharge and long cycling stability.
MXene electrode has shown excellent supercapacitor performance, including high
volumetric capacitance and energy density values, by eliminating the need for any
metallic current collectors. However, like any other 2D material, MXene is prone to
stacking and losing the electrochemically active surface, affecting the performance
[3]. MXene needs to be engineered through strategies such as intercalation, doping,
or composites or hybrids with other materials to overcome this challenge. Impor-
tantly, for practical application of SCs, volumetric capacitance, energy, and power
density are very important, and for most SCs achieving high volumetric performance
is a major challenge. The high bulk density of MXene reduces the volume of SCs
and widens the application range. The energy density of a capacitor can be expressed
as E = 1/2 CV2, where C denotes the capacitance and V means the working voltage
window. Therefore, it is understood that a high energy density can be achieved either
by enlarging the working voltage window or by increasing the capacitance.

(a) As SC electrodes

There have been several reports on MXene-based SCs with excellent performance
characteristics. In the traditional electrode preparation route using 2D nanomaterials,
the electrochemical performance greatly relies on the electrode thickness. Hence, it’s
challenging to realize both high energy and power density concomitantly. Although
increasing the electrode film thickness could be an option, but is often followed by
sluggish ion transport kinetics with long and tortuous channels [3]. Several strate-
gies have been put forward to resolve the ion transport issue in thicker films, such
as enlarging the inert layer spacing through intercalation and introducing defects to
improve electronic properties, etc. Even though these approaches improve perfor-
mance, the key challenges are not fully addressed. Recently, Xia et al. reported
the assembly of 2D MXene electrodes from parallel to a vertical mode of arrange-
ment (Fig. 1a) [4]. They adopted a process towards constructing vertically aligned
nanofilms by utilizing the liquid crystal characteristics of 2Dmaterials by controlling
their orientation and arrangement in the dispersion. The electrochemical behavior of
both the vertical and parallelly assembled films of MXene were then compared. It
was observed that the pseudocapacitance remained almost the same when the thick-
ness of MXene lamellar liquid crystal (MXLLC) films increased from 40 to 200µm.
In contrast, the capacitance decreases drastically by increasing the thickness from 6
to 35µm for suction filtrated films (Fig. 1c). CVs show the superior rate performance
of MXLLC film at different scan rates using a film thickness of 200 µm (Fig. 1b).
Furthermore, excellent cycling performance is demonstrated at a current density of
20 A g−1, with nearly 100% capacitance retention after 20,000 cycles (Fig. 1d).
Moreover, for a film of 200 µm thickness, at a scan rate below 2000 mV s−1the
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Fig. 1 a Ion transport mechanism of horizontally and vertically stacked Ti3C2Tx MXene films
with a depiction of shear plates arrangement process of surfactant (C12E6) enhanced MXLLC
(MXene layered liquid crystal). b–f Electrochemical performance of MXLLC electrode. b CV
curves at different scan rates (electrode thickness:200 µm). c Comparison of the rate performance
of MXLLC film and vacuum filtered MXene at scan rate between 10 and 100 000 mV s−1, the
specific capacitance of microporous MXene film ((thickness: 180 µm)) is shown for comparison. d
Cycling stability study of 200 µm thick MXLLC film at 20 A g−1 with inset showing the charge–
discharge curves at various current densities. e Areal capacitance as a function of the mass loading
with marked yellow region showing the mass-dependent capacitance [4]

areal capacitance value has surpassed the standard of supercapacitor electrode (0.6
F cm−2) (Fig. 1e) [4].

Lukatskaya et al. proposed a strategy to enhance the capacitance of Ti3C2 MXene
through the intercalation method. The intercalation of various cations yielded a
“Ti3C2 paper” (p-Ti3C2) and then investigated their electrochemical performance
in detail (Fig. 2a–c) [5]. An increase in the interlayer space is observed as a result
of the pre-intercalation of different ions between MXene layers, which resulted in
high electrochemical performance (Fig. 2d–g). For example, a free-standing paper
electrodewith a thickness under 20µminKOHelectrolyte showed volumetric capac-
itance of 450 F cm−3 at 2 mV s−1, and when the scan rate increased to 100 mV s−1,
the performance still retained at 280 F cm−3. The intercalation of ions between
MXene layers is researched using various acid and alkali salts, and changes in lattice
space are studied using the X-ray diffraction method. The interlayer spacing varies
significantly with the concentrated solution. In contrast, the change in the lattice is
very minimal with neutral solution, and with acetic acid or sulfuric acid, there is no
change at all. A performance comparison betweenmultilayer Ti3C2Tx and p-Ti3C2Tx

is presented in Fig. 2f, g.
MXene-derived organic material hybrids are promising electrodes for energy

storage. In a recent report, Seenath et al. developed an MXene-coupled nitrogen-
doped porous carbon (MX-MC-N) hybrid electrode with the help of conjugated
microporous polymer (Fig. 3a) [6]. The strong coupling and interfacial interaction
between nitrogen-doped porous carbon andMXene layers inMX-MC-N boosted the
electrochemical charge storage by delivering a high capacitance up to 245 F g−1 at
0.6 A g−1 and an excellent cycling stability performance in 1 M H2SO4 (Fig. 3b,c).
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Fig. 2 a Schematic representation of different sized cation intercalation between MXene layers. b
FESEM image of Ti3C2Tx, the inset shows schematic of layered MXene. c FESEM image of the
paper electrode with inset is a photograph showing the flexibility. d CV curve of Ti3C2Tx paper
electrode in KOH electrolyte. e Cycling performance of the paper electrode, the inset shows the
charge–discharge curves at 1 A g−1. f Rate performance of Ti3C2Tx and paper electrode. g) EIS of
Ti3C2Tx and paper Ti3C2Tx electrodes in KOH electrolyte [5]

Fig. 3 a Schematic of theMXene-coupled nitrogen-doped porous carbon (MX-MC-N) electrode.b
Specific capacitance comparison of MX-MC-N and MC-N electrodes at different current densities.
c Cycling performance of MX-MC-N with CV curves before and after long cycling [6]

Moreover, symmetric supercapacitors based on MXene are extensively studied.
MXene-based electrodes are first tested in a three-electrode set-up to understand the
electrochemical stability window and then fabricate symmetric supercapacitors in
a sandwiched configuration using solid-state electrolytes. In most of the reports, a
flexible substrate is employed to load the active material to develop all-solid-state
flexible supercapacitors [7–13].
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(b) Asymmetric SCs

Alongwith achieving high capacitance, the potential window of expansion is impera-
tive to enhance the energy density performance in SCs.UsingMXene electrodemate-
rial in aqueous electrolytes, the symmetric supercapacitors show a narrow potential
window, hence lower energy density. Therefore, it is convenient to fabricate asym-
metric supercapacitors using MXene as negative electrode material to overcome this
issue.Most of the EDLCmaterials are of the ideal choice for positive electrodes (e.g.,
reduced graphene oxide) [14–16] in combination with Ti3C2Tx for the construction
of asymmetric supercapacitors. However, the performance is limited mainly by the
lower capacitance of the EDLC electrode. Hence, alternatematerials exhibiting pseu-
docapacitive and battery-type charge storage were investigated. For example, Jiang
et al. reported an asymmetric MXene SC with a voltage window of 1.5 V, the highest
among other MXene-based aqueous SCs [17]. To fabricate the SC, they employed
Ti3C2Tx ink on carbon fibers (CF) andRuO2 grown onCF as the negative and positive
electrodes, respectively and tested the performance in 1 M H2SO4 electrolyte and
PVA/H2SO4 gel electrolyte (Fig. 4). Interestingly, the Ti3C2Tx/CF in 1 M H2SO4

displayed a high capacitance of 350 F g−1 at 100 mV s−1 along with excellent
capacitance retention, owing to high conductivity, stability window, and proton-
coupled pseudocapacitive charge storage. The asymmetric SC (RuO2//Ti3C2Tx full
device) showed a capacitance of 78 F g−1 with high energy density and power density
values (45 mW h cm−2 at 6 mW cm−2). Moreover, the asymmetric device displayed
excellent cycling stability after 20,000 cycles. This report suggests using MXene as
the negative electrode material for constructing asymmetric supercapacitors. There

Fig. 4 a Schematic depiction of the assembling of an asymmetric supercapacitor based on MXene
as negative electrode. b SEM images (at low and high magnification) revealing uniform coverage of
Ti3C2Tx on carbon fibers. c Comparison of CV curves of Ti3C2Tx/CF, RuO2/CF, and asymmetric
device at 50 mV s−1. d CV curves of the asymmetric device (Ti3C2Tx/CF//RuO2/CF) at different
scan rates. e Cycling stability study and coulombic efficiency of the asymmetric device at 20 A g−1

[17]
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are already few studies based on positive electrodes ofredox-active rGO– polymer
(PPy, PEDOT, PANI, 2,5-dihydroxy-1,4-benzoquinone (DBQ) in combination with
MXene in acidic electrolyte [18, 19].

In another report, an asymmetric SC was developed from a redox-active molecule
(hydroquinone) reaction on a CNT as a positive electrode and a negative electrode
based on Ti3C2Tx in combination with proton-conducting Nafion film separator in
H2SO4 electrolyte (Fig. 5) [20]. The active potential windows based on the comple-
mentary proton-coupled redox reactions at both electrodes showed a voltage window
of up to 1.6 V. The hybrid supercapacitor delivered a high specific capacitance (176
F g−1 at 2 mV s−1) and an energy density of 62W h kg−1, outperforming other state-
of-the-art aqueous asymmetric supercapacitors. In addition, there are other several
reports on MXene-based asymmetric supercapacitors (e.g., Ti3C2Tx//CoAl-layered
double hydroxides (LDHs) [21], activated carbon (AC)//Ti3C2Tx/NiCoAl-LDHs,
[22] and Ti3C2Tx/CuS//Ti3C2Tx).

The applicability ofMXenes as negative electrodes for asymmetric SCs, including
hybrid metal-ion capacitors, employing non-aqueous electrolytes is a potential
strategy to expand the stability window of the device. However, keeping the high
capacitywithout losing the rate performance remains challenging. In addition, the key
characteristic of an SC is its excellent cyclability, and the poor cycling stability issue
must be addressed in these systems through further understanding of the underlying
charge storage mechanism [23].

(c) Metal-ion hybrid SCs

It is known that batteries’ high energy density comes with a lower power density
(low charge/discharge rates) challenge. On the contrary, the high-power SCs mani-
fest lower energy density performance. Tomitigate this issue, new types of potentially
emerging energy storage devices, known as hybrid SCs have shown great promise as
they fill the gap between metal-ion (lithium or sodium) batteries and SCs [23–25].

Fig. 5 a Graphical representation of the hydrogen-ion-rocking-chair MXene//CNT-HQ asym-
metric supercapacitors. b Comparison of the CV curves of CNT-HQ, MXene, and the asym-
metric device at 20 mV s−1. c CV curves of the asymmetric device at different scan rates. d
Rate performance of the device (specific capacitance and capacity at scan rates up to 100 mV s−1).
e Ragone plot (specific energy vs. specific power) comparison of MXene//CNT-HQ with other
reported state-of-the-art asymmetric supercapacitors [20]
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A hybrid SC can be of a composite hybrid or comprised of a battery-type elec-
trode (metal-ion intercalation/de-intercalation) and a capacitor-type electrode (ion
adsorption/desorption) or even in an asymmetric hybrid configuration [23, 26, 27].
Owing to high capacitance values ofMXenes in aqueous electrolytes, severalMXene
compositions, including Ti3C2Tx, Ti2C, Nb2CTx, and V2C, have been studied and
explored as electrode materials for Li-ion and Na-ion capacitors [28–33]. In compar-
ison to aqueous electrolytes, supercapacitors using organic electrolytes containing
metal ions (Li+, Na+, K+) manifest a wider stability window with reversible inter-
calation de-intercalation between the MXene layers. For example, an asymmetric
lithium-ion SC employingTi2CTx andAC in combinationwith LiPF6/EC/DMCelec-
trolyte showed a voltage of 3.5 V with cyclability up to 10C for 1000 galvanostatic
charge/discharge cycles [34].

In a typical example of a hybrid SC, CTAB-Sn(IV)@Ti3C2 was constructed
using a simple liquid-phase cetyltrimethylammonium bromide (CTAB) prepillaring
and Sn4+ pillaring method (Fig. 6a) [29]. The elemental mapping data confirmed
the intercalation of Sn ion in the interlayer of the CTAB@Ti3C2 (Fig. 6b–e). The
pillaring effect helped in the intercalation of more Li+ ions into the interlayer space
of Ti3C2Tx, resulting in the good rate performance and cycling stability of CTAB-
Sn(IV)@Ti3C2 anode. In addition, the LIC using CTAB-Sn(IV)@Ti3C2 as anode

Fig. 6 MXene-based Li-ion hybrid SC. a Schematic showing the preparation of CTAB-
Sn(IV)@Ti3C2. b SEM image of CTAB-Sn(IV)@Ti3C2. c–e STEM image and corresponding
elemental mapping of Ti and Sn in CTAB-Sn(IV)@Ti3C2. f CV curves at different scan rates and
g Charge/discharge curves at different current densities of CTAB-Sn(IV)@Ti3C2//AC LIC [29]
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rendered a superior energy density and higher power density performance (45.31
Wh kg−1 and 10.8 kW kg−1). Moreover, a deviation from the ideal rectangular
shape in the CV of CTAB-Sn(IV)@Ti3C2//AC LIC is due to the difference in the
charge storage mechanisms at the positive and negative electrodes (Fig. 6f). The
GCD curves showed nearly symmetrical lines, showing the reversibility of the ion-
storage mechanism (Fig. 6g). Other reported lithium-ion SC electrodes, including
Nb2CTx–CNT/LiFePO4, lithiated Nb2CTx–CNT/Nb2CTx–CNT, were all displayed
windows up to 3 V with capacities of 24 and 36 mA h g−1, respectively [35].

Moreover, MXenes were also employed in the fabrication of sodium-ion capac-
itors. For instance, a sodium ion SC using alluaudite Na2Fe2(SO4)3 positive elec-
trode coupled with MXene negative electrode showed a cell voltage of 2.4 V and
delivered capacities of 90 and 40 mA h g−1 at 1.0 and 5.0 A g−1, respectively
[30]. Sodium-ion SCs were assembled from a composite Ti3C2Tx/CNTs anode and
Na0.44MnO2 cathode [36]. MXene having vanadium as M layer, V2CTx, demon-
strated potential for Na+ intercalation combined with hard carbon as the cathode
[32]. Besides, acid/alkali-treated V2CTx showed remarkable K+ ion storage capacity
for a potassium-ion capacitor with (KxMnFe(CN)6) cathode, a Prussian blue analog.
The as assembled full cell showed a superior voltage of 3.3Vwithin 0.01–4.6V range,
delivering a high energy density of 145W h kg−1 at a power density of 112.6W kg−1

[37]. In another example, an asymmetric K+-ion SC consisting Ti3C2Tx coupled with
MnO2 electrode in a water-in-salt electrolyte rendered a high voltage of 2.2 V [38].

The unique properties of the Ti3C2Tx electrode were investigated in aqueous Li-
ion and Na-ion SCs. The devices displayed excellent charge storage characteristics
compared to aqueous full cell batteries. This reveals that Ti3C2Tx is an excellent
capacitor-type electrode for developing future hybrid SCs [28].

(2) Micro-supercapacitors

The development and implementation of the Internet of Things (IoT) put heavy
thrust on portable, flexible, wearable self-powered electronic systems, which foster
the development of micro-electrochemical energy storage devices (MEESDs), such
as micro-supercapacitors (MSCs) and micro-batteries (MBs) [39]. Although MSC
can be integrated and power microelectronic components and distributed sensor
networks, achieving high-volumetric and areal capacitance is still a bottleneck. The
micro-supercapacitors (MSCs) designed in either symmetric or asymmetric config-
urations can power various key components such as microsensors or wearable elec-
tronic devices. The operations of these systems require less power consumption, and
the use of solution processing of MXenes is desirable owing to higher pseudocapac-
itance contribution. Until now, several approaches have been reported to fabricate
MXene-based MSCs [40].

Recently, Nicolosi’s group reported a low-cost expanded flexible MSCs using
conductive hydrophilic 2D MXene ink with efficient rapid printing production
method without the need of any extra additives or polymers [40] (Fig. 7). The flexible
MXene MSCs with a tailored structure are appealing to use as an efficient power
system for the next generation of microelectronics. With rapid growth production,
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Fig. 7 a Schematic illustration of inkjet printing and extrusion printing process to generate various
patterns, such as MSCs, MXene letters, ohmic resistors, etc. b Photograph of viscous MXene
aqueous ink. c Optical images of printed patterns of MXene MSCs and other configurations on
paper. d SEM image of printed MXene MSC (scale bar = 200 µm). e High-resolution SEM image
showing a continuous film of stacked, interconnected MXene nanosheets (scale bar = 500 nm). f
Comparison of areal volumetric capacitance with other reported MSC devices. h Areal energy vs.
power density performance of MXene MSC with other reported MSCs [40]

minimal material waste, and scalability, the inkjetMSC displayed a remarkable volu-
metric capacitance of 512 F cm−3, superior to other 2D material (e.g., graphene)-
based MSCs (≤100). Moreover, at a power density of 11.4 µW cm−2, the extrusion
printing-based MSC delivered an energy density of 0.32 µW h cm−2. Apparently,
both MSCs (extrusion and inkjet printed) showed excellent capacitance retention
after long cycling).

The same year, Zhang et al. [41] reported low-cost and efficient expandable flex-
ible MSCs using a rapid 3D printing stamping production route with the help of a
novel viscous hydrophilic conductive MXenes ink (Fig. 8). The width and the finger
gap of the interdigitated Ti3C2Tx MSC (I-Ti3C2Tx) on the paper electrode were
examined using SEM (ca. 415 µm and ca. 550 µm for width and gap, respectively)
(Fig. 8e). However, it requires further improvement on the uniformity of finger elec-
trodes (Fig. 8f). It is also possible to generate other intricate geometries for MSCs,
including spiral Ti3C2Tx MSCs, by following a similar approach (Fig. 8d). Interest-
ingly, these flexibleMSCs on paper substrates exhibit a conductive network with low
charge resistance (<15%) even under repetitive cycles of bending and release cycles
and remained stable over long exposure periods. The interdigitated Ti3C2Tx MSC
showed a high areal capacitance value of 61 mF cm−2 at 25 µA cm−2, and it still
shows 50 mF cm−2 when the current density increases 32 times with characteristics
of capacitive charge storage, excellent cycle life, high energy and power densities
(Fig. 8h). The production of Ti3C2Tx MSCs can be further enlarged by designing
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Fig. 8 a Construction of MXene MSCs using the stamping method. b Photograph showing thick
and viscous MXene ink. c, d Various stamps with specific patterns and corresponding stamped
MXene MSCs having various architectures. e, f Low and high-resolution SEM image of the inter-
digitated Ti3C2Tx MSC (I-Ti3C2Tx) on a paper substrate showing the width and gap between the
finger electrodes. g CV curves at different scan rates & h cycling study of I-Ti3C2Tx MSC (the
inset shows GCD curves at 200 µA cm−2). i Rate performance of I-Ti3C2Tx MSCs with other
state-of-the-art MSCs. j Printed and handwritten MXene ink on different substrates [41]

pads or cylindrical seals along with a cold rolling process, and in a few seconds,
a dozen of such MSCs with high areal capacitance (as high as 56.8 mV cm−2 at
10 mV s−1) can be manufactured.

Compared to previously reported MSCs, the stamping technique enabled MSCs
to display superior areal capacitance and rate performance (Fig. 8i). Through further
optimization (synthesis process, MXene surface chemistry, and stamping design),
high areal and volumetric performance can be accomplished to enable efficient
powering for the next generation of microelectronic systems.

Another interesting report of MXene-based MSCs, where Chen et al. demon-
strated a flexible interdigitated MSC by printing thixotropic ink composed of
RuO2.xH2O@Ti3C2Tx MXene nanosheets and silver nanowires. The MSC showed
the highest volumetric capacitance of 864.2 F cm−3 at 1 mV s−1 with excellent
long-term cyclability [42]. A screen-printed asymmetricMSC using Ti3C2Tx//CoAl-
LDHs showed the highest energy density of 8.84 mW h cm−2 along with excellent
flexibility performance [21].Anon-chipMXeneMSCassembled throughphotolitho-
graphic lift-off process on a SiO2/Si substrate and spray-coating delivered a volu-
metric performance of 30 F cm−3 with excellent rate handling up to 300 V s−1

along with ultra-low relaxation time constant [43]. In another approach using laser
scribing, Peng et al. demonstrated a CO2 laser scribed current collector-free flexible
all-solid-state MXene MSC showing excellent charge storage performance [44]. In
an interesting report using freestanding and lightweight MXene/bacterial cellulose
composite paper, an all-solid-state stretchable MSCs is fabricated through a direct
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laser-cutting Kirigami patterning method [45]. In addition, a 3D MSC is developed
using the laser cutting method by employing MXene–graphene composite aerogel
rendering self-healing ability [46]. Other than the aforementioned fabrication tech-
niques, several other alternative techniques have been investigated forMXeneMSCs,
including direct writing, [47], mask-assisted deposition, [48] and automated scalpel
patterning, [49–51].

In summary, various strategies can realizeMSCs usingMXenes due to their facile
processing and excellent robustness of MXene nanosheets. The assembled MSC
devices show excellent performance due to the high conductivity and volumetric
capacitance of MXenes. Nonetheless, the development of MXene MSCs is still in
its infancy, and further material development, use of novel electrolytes, and device
optimization need to be carefully examined [40].

(3) MXene-engineered electrodes for batteries

Developing advanced battery materials (cathode and anode) is imperative to boost
the ion storage capacity or voltage window to accomplish a higher energy density of
EVs with longevity and longer driving distance. However, poor conductivity of elec-
trodes, large volume expansion, and unstable solid electrolyte interphase (SEI) films
are among the key challenges preventing their practical application. The discovery
of MXenes in the recent past has helped mitigate a few of the issues by acting
as both electrochemical active material and conductive 2D substrates towards the
developing advanced functional electrodes. The reversible insertion/extraction of
alkali metal ions, including Li+, Na+, K+, and Mg2+, are undoubtedly the key to
understanding rechargeable batteries [52, 53]. The unique characteristics, including
excellent electrical conductivity, high hydrophilicity, and the ability to host various
cations, make 2D Ti3C2Tx a potential candidate as a high-performance electrode in
rechargeable batteries. Interestingly, a larger interlayer space in 2Dmaterial confers a
lower intercalation barrier for ions with minimal volume changes during the charge–
discharge cycles [30, 54, 55]. Since it’s possible to tune MXene’s interlayer spacing
and make surface functional group modification, several studies have been reported
using Ti3C2Tx and Ti3C2Tx-based composites for Li-ion batteries (LIBs), Na-ion
batteries (SIBs), Li–S batteries (LSBs), among others [56–59]. The common strate-
gies employed to achieve good performance were structural engineering of Ti3C2Tx,
modification of chemical composition, and making composites with other materials.
The following sections summarize some of the key advances of Ti3C2Tx-based
electrodes reported in LIBs, SIBs, and LSBs.

(a) Lithium-ion Batteries

LIBs are considered as a potential candidate for future energy storage owing to their
high specific energy, superior cyclability, no memory effect, etc. LIBs are currently
a key player in portable electronics with huge application potential with successful
implementation in electric vehicles [60, 61]. Since electrode materials play a vital
role in LIB performance, substantial research has been carried out to engineer the
electrode materials manifesting superior charge storage with excellent electron
and ion conductivity toward more powerful LIBs [62, 63]. 2D materials (e.g.,
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graphene, [64] transition metal dichalcogenides, [52] and transition metal carbides
[65]) in comparison with other electrode materials is shown to have key merits
(high surface-to-volume, channels for fast ion-migration, and excellent interfacial
interaction) to act as promising candidates for LIBs.

The DFT calculation studies on 2D Ti3C2Tx predicted its ability to host Li-ions
through the formation of Ti3C2Li2, and the intercalated Li+ occupied the space
previously filled with Al atoms [66]. In this case, the theoretical Li-ion capacity is
320mAhg−1 that is on parwith the Li-ion capacity of graphite (LiC6, 372mAhg−1).
Following DFT studies to understand the Li storage ability and electronic proper-
ties of Ti3C2, Ti3C2F2, and Ti3C2(OH)2 indicate that Ti3C2, devoid of the surface
functional group, has immense potential to be LIB anode owing to metallic conduc-
tivity, low ion diffusion barrier, and high theoretical capacity [56]. In Ti3C2F2 and
Ti3C2(OH)2, the surface functional groups likely affect the ion diffusion, lowering
the Li storage capacity. In later studies, the delaminated Ti3C2 paper obtained from
f-Ti3C2 flakes showed excellent Li storage performance with a superior specific
capacity value of 410 mA h g−1 after 100 cycles, which is fourfold higher as
compared to f-Ti3C2 (Fig. 9a) [67]. In the case of f-Ti3C2, the capacity reported

Fig. 9 a LIB performance of exfoliated and delaminated f-Ti3C2-based anode (the inset shows
SEM image of the delaminated f-Ti3C2 film) [67] b TEM image of Ti3C2Tx flakes & c TEM image
and SAED pattern of p-Ti3C2Tx flakes after chemical etching. dGCPL curves of a p-Ti3C2Tx/CNT
film during cycling [71]
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at 1 C surpassed the predicted theoretical capacity value [56]. To address the key
challenges of MXenes such as decreased ion accessibility due to stacking/restacking
of Ti3C2Tx flakes, poor diffusion of charge carriers along the perpendicular-to layer
direction, and the inefficient active site utilization, interlayer spacers such as carbon
nanotubes and conducting polymers have been incorporated between the Ti3C2Tx

layers. The Ti3C2Tx/CNTfilms constructed usingCNTs spacersmanifested an excel-
lent capacity of 1250 mA h g−1. Apparently, the GCPL charge–discharge curves
showed no lithiation/de-lithiation plateaus, indicating capacitive charge storage of p-
Ti3C2Tx/CNT electrode (Fig. 9d). In another example, conductive carbon nanofibers
(CNFs) bridges were introduced inside and outside the gaps of Ti3C2Tx particles
[68]. The as-synthesized Ti3C2Tx/CNF particles manifested an enhanced reversible
capacity and excellent rate characteristics compared to pure Ti3C2Tx particles. A
few-layered Ti3C2Tx obtained by the DMSO intercalation between multi-layered
Ti3C2Tx exhibited a capacity of 123.6 mA h g−1 at 1 C superior to the Ti3C2Tx

without intercalation [69]. Another report produced a freestanding disc of Ti3C2Tx

by simple room temperature cold pressing of multi-layered Ti3C2Tx powders. It is
then employed as LIB anode, which displayed an areal capacity of 15 mA h cm−2

[70]. Engineering porous architectures of MXene is another explored strategy to
enhance ion diffusion and kinetics, and there have been several reports on MXene-
based porous nanoarchitecture. In a typical example,mesoporousMXene flakeswere
synthesized from partially oxidizedMXene through a chemical acid etching process.
The TEM image comparing the morphology of Ti3C2Tx flakes and porous Ti3C2Tx

flakes with selected area electron diffraction (SAED) pattern revealed a hexagonal
crystal symmetry with no change in MXene phase (Fig. 9b,c). The mesoporous
MXene electrode showed better performance owing to the enhanced electrolyte ion
accessibility [71]. In addition, a MXene-based freestanding macroporous foam was
produced using filtration technique and with the help of sulfur templates. An excel-
lent capacity value of 455.5 mAh g−1 at 50 mA g−1 with high rate capability (101
mAh g−1 at 18 A g−1) is assigned to the creation of more active sites and facilitated
ionic movement [72]. Importantly, MXene-based LIB electrodes produced via pore
engineering explicitly eliminate the need for metal current collectors, conductive
additives, and any polymer binder, thus enhancing the energy density of LIBs.

Compared to heavier members of the MXene family (e.g., M3X2 and M4X3),
lighter formula weight compositions (e.g., M2X) manifest higher gravimetric capac-
ities [73]. For instance, Ti2C has a theoretical charge storage capacity of 320 mAh
g−1, which is two times higher in comparison to the value of Ti3C2 [66]. The exper-
imental results suggest a capacity of 160 mAh g−1 for Ti2C versus 110 mAh g−1 for
Ti3C2 and the difference stem from the inactive TiC layer inTi3C2 [67]. Moreover,
the metal element in MXene plays a crucial role in determining the actual capacity.
For example, compared to Ti2C, the Nb2C has a higher molecular weight, but the
gravimetric capacity is 180 mAh g−1, while V2C showed a higher capacity of 280
mAh g−1 under similar electrochemical characterization conditions (Fig. 10a) [74].
Such discrepancy in the capacities could be attributed to the variations in material
processing and electrode preparation routes or due to the difference in the funda-
mental electronic structure, which demand further in-depth study. Besides, surface
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Fig. 10 a Specific capacity and cycling stability studies for Nb2C, V2C, and Ti2C (at 1 C and 10
C rates) [74] b Valence electron localization function of Ti3C2O2Li2 with or without an extra Li
layer [76] c Schematic of the preparation of M′

2 M′′C2/M′
2 M′′

2C3 MXenes. d Cycling study of
Mo2TiC2 obtained at 0.1 C and 1 C rates [77]

functional groups in MXene also influence ion storage and kinetics. According to
some theoretical and experimental results, the -F and -OHgroups hinder theLi+ trans-
port and storage in both Ti3C2 and V2C [56, 75]. But the lithiated O-functionalized
MXene may be the reason behind the additional Li+ storage (Fig. 10b) [76], where
extra Li layers are adsorbed above already lithiated O-terminated MXene, which
could explain the high capacity of d-Ti3C2. This suggests that performance enhance-
ment is possible by introducing suitable functional groups and rational MXene
composition.

Another importantmethod to adjust the bandgap and surface chemistry ofMXenes
is by introducing heteroatoms or doping. In a typical example, Mo doped Ti2CTx

(Mo2TiC2Tx) delivered a capacity of 269 mAh g−1 at 0.1 C (Fig. 10c,d) [77]. In
another report, Co2+ ions were intercalated into multi-layered V2C MXene, which
expanded the interlayer spacing through stronger V–O-Co bonding and delivered a
capacity of 1117.3mAhg−1 at 0.1Ag−1 with excellent cyclability [78]. Though there
are many reports based on heteroatom doping of MXene, the heteroatoms content is
remarkably lower. Hence, novel controlled doping strategies have to be developed
to enhance the charge storage performance of MXenes further.

In an intriguing approach ofmPVP-assisted liquid-phase immersion, Sn4+-
modified Ti3C2 (polyvinylpyrrolidone(PVP)–Sn(IV)@Ti3C2), were synthesized.
The 2D alk-Ti3C2Tx network helped to boost the electronic conductivity with facili-
tated ionmigration and alleviate the volume expansion/contraction issue of Sn during
cycling [79]. Moreover, a superior reversible specific capacity of 635 mA h g−1 at
100 mA g−1 is obtained due to the synergistic interaction between the alk-Ti3C2Tx
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matrix and Sn by forming a pillar between alk-Ti3C2Tx layers. Anothermajor route to
maximize the performance ofMXenes for LIBs is their composites with other poten-
tial anodematerials. Transitionmetal oxides (TMOs) are promising in this regard due
to their low cost, nontoxicity, and high theoretical capacity. There’s a report based on
SnO2 and Ti3C2 hybrid (SnO2–Ti3C2) employed as an anode for LIBs exhibiting a
discharge capacity of 1030 mA h g−1 at 100 mA g−1 [80]. Importantly, hydrothermal
strategy is the most common route for metal oxide synthesis, which may often lead
to oxidation and structural degradation of MXenes. Therefore, this issue should be
carefully addressedwhile preparingMXene-based composites [81]. As an alternative
to this, atomic layer deposition (ALD)was adopted to generate a SnO2/MXene anode
for LIBs [82]. As a bottom-up technique of nanomaterial fabrication, ALD yielded
conformal coating of SnO2 films on the MXene surface, exhibiting a high specific
capacity where the MXene sheets act as a conductive network able to afford large
volume changes during cycling (Fig. 11a,b). The alloying/dealloying of SnO2 was
a significant contribution to the observed capacity, as evident from the distinct CVs
of SnO2/Ti3C2Tx electrodes having different SnO2 loading (Fig. 12a). The perfor-
mance of SnO2/MXene is further enhanced through the deposition of a thin HfO2

passivation layer over SnO2 using ALD, which then exhibited capacity retention of
843mA h g−1 after 50 cycles (Fig. 12b). However, maintaining a high energy density
at high rates is still a challenge in most composites. This is because of the use of
Ti3C2Tx particles with limited interface utilization, which can be overcome by using
delaminated Ti3C2Tx for fabricating MXene-based composites. In another report, a

Fig. 11 Ti3C2Tx-based composite electrodes for LIBs. a Schematic of different techniquesutilized
for the deposition ofSnO2 on Ti3C2Tx. b TEM image of SnO2-coated Ti3C2Tx. [82] c Schematic
of the method used to generate Ti3C2Tx/TMO hybrid film. d SEM image of Ti3C2Tx/NiCo2O4
hybrid (cross-sectional view of the film) [84].
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Fig. 12 Ti3C2Tx-based composite electrodes for LIBs. a CVs of Ti3C2Tx electrodes at 0.2 mV/s
with different cycles and temperatures. b Cycling study of Ti3C2Tx electrode, SnO2/Ti3C2Tx elec-
trodes, and HfO2-coated SnO2/Ti3C2Tx electrode over 50 cycles at 500 mA/g [82]. c CVs of spray-
coated Ti3C2Tx/NiCo2O4 films at 0.1 mV s−1. d) Cycling performance of the Ti3C2Tx/NiCo2O4
hybrid film at 1 C [84]

two-stage oxidation of Ti3C2Tx was carried out to generate a new core–shell layered
structure, where TiO2 acts as a shell formed by the oxidation of the Ti3C2Tx with-
residual Ti3C2Tx at the core [83]. Compared to pristine Ti3C2Tx, the partial oxidation
strategy normally leads to an better energy-storage performance owing to the high
capacities of TiO2 with conductive carbide core layer structure.

Moreover, MXene-TMO hybrid films exhibiting high conductivity, good flexi-
bility, and superior electrochemical performance were prepared using alternating
filtration, spray coating, and in situ growth strategy. Some of the examples include
hybrid films of Ti3C2Tx with Co3O4 or NiCo2O4 [84]. For instance, a layer-by-
layer spray coating technique produced a Ti3C2Tx/NiCo2O4 hybrid film electrode
(Fig. 11c,d). The CVs of the Ti3C2Tx/NiCo2O4 displayed multiple redox peaks
corresponding to the redox transition of NiCo2O4 with a high ability for Li storage
(Fig. 12c). The Ti3C2Tx/NiCo2O4 retained a high capacity of ca. 1200 mA h g−1 for
more than 100 cycles at a 1 C rate with excellent coulombic efficiency (Fig. 12d).
All of the reported MXene-based flexible freestanding hybrid films manifested an
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excellent performance for LIBs as Ti3C2Tx primarily acts as conductive matrix along
with the high charge storage capacity contribution of TMOs.

To further expand the potential of MXene and generate MXene-based
micro/nanomaterials, post-synthetic treatment of MXene is necessary. The common
approaches followed, including hydrothermal or solvothermal synthesis, refluxing,
and calcination may often lead to the surface oxidation of theMXene and can impact
the electrical conductivity and passivate MXene’s reactive surface. Therefore, to
overcome the thermodynamic metastability issue and keep MXene against struc-
tural degradation, a simple carbon nano plating strategy was successfully executed
[85]. As a result, 2D hierarchical nanocomposites were successfully prepared by
assembling carbon-coated few-layered MoS2 nanoplates on carbon-stabilized Ti3C2

MXene. The as-produced MoS2/Ti3C2-MXene@C nanohybrids showed an excel-
lent Li storage capacity with 95% retention after 3000 cycles. Other than Ti3C2Tx,
various other compositions of MXene (Nb2C, [31, 86] V2C, [87] Ti3CNTx, [88]
Nb4C3, [89] Hf3C2 Tz, [90] and Mn2C, [91]) have been explored for LIBs. These
results may open room for developing various other types of MXene and their appli-
cations as electrode materials for LIBs with superior capacity and cycling stability
performance.

In addition, the excellent electrical conductivity (8000 S cm−1), high flexibility,
and robustness of MXene nanosheets present opportunities as current collectors for
LIBs as an alternative to traditionalmetal-based current collectors. For example, a full
LIB battery was assembled using multi-layered Ti3C2Tx loaded on a 5 µm Ti3C2Tx

thin film current collector as anode with LiFePO4 cathode, which has characteristics
of low device weight, thickness, and electrochemical performance comparable to
LIBs assembled using conventional Cu and Al current collectors [92]. This strategy
will undoubtedly be beneficial for developing flexible and high-energy–density LIBs
with a vast choice of active materials.

Other Metal-ion Batteries

Due to the continuous consumption of lithium resources for LIBs and the depletion
of lithium, there is constant pressure to develop batteries using naturally abundant
metal resources. Alternative alkali metals such as Na, K, Mg, and Al are particularly
appealing for use in rechargeable batteries and will be the developing low-cost solu-
tions for renewable energy-storage applications due to their environmental friendli-
ness and natural availability [93]. The alkalimetal ions, including sodium, potassium,
magnesium, etc., have already demonstrated the ability to intercalate between the 2D
MXene layers and will be the potential host for other types of emerging novel metal-
ion batteries [94, 95]. The first principle simulation studies were performed to unveil
the Na, K, Mg, Ca, and Al storage mechanisms in MXenes [96]. The studies have
shown that both O-terminated and pristine MXenes are promising to be used as
electrode materials, with the latter showing superior charge storage behavior. More-
over, DFT calculations were carried out to understand the intercalation behavior of
various ions withMXenes. The study showed a high capacity forM2C-typeMXenes,
potentially used in rechargeable batteries [73]. In addition, the first-principles density
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functional calculations corroborated a linear dependency between the storage capac-
ities and effective ion radius and maximum adatom content with calculated capacity
values of 447.8, 351.8, 191.8, and 319.8 mA h g−1 for Li, Na, K, and Ca, respectively
with Ti3C2 host material [97].

(b) Sodium-ion Batteries

The rich source, cost-effectiveness, and low redoxpotential of sodiummake recharge-
able sodium-ion batteries (SIBs) an attractive alternative to LIBs [98, 99]. Because
Li and Na have common alkali metal properties, the approach used to generate LIBs
might also be used to develop SIBs. However, the larger ion radius of Na+ (1.06 Å) vs
Li+ (0.76 Å) imposes a mass transport challenge during the electrochemical charge
storage, as it is in the case of graphite, which is a commercial LIB anode material.
Because of the insufficient sodium-ion storage performance, graphite is inappropriate
to be used in SIB [54]. Therefore, researchers meticulously put effort into developing
high performance anode materials for SIBs.

It is evident that layered 2D nanomaterials with open morphologies including
graphene and TMDs have the potential to act as Na host materials rendering high
capacities [100]. The ab initio DFT was carried out to understand the effect of
Ti3C2Tx interlayer space on Na-ion storage and ion diffusion [101]. The studies
demonstrated that the interlayer-expanded Ti3C2Tx significantly reduces the diffu-
sion barrier for Na+ and makes Na ions move swiftly over MXenes, hence boosting
the sodium storage capacity. Although the facilitated ionic movement is favored with
the increased interlayer distance, it might lower the redox potential of Ti3C2Tx to a
small extent. MXene materials, on the other hand, are promising for SIBs, especially
for high-rate SIB applications, because of their high electronic conductivity and rapid
ionic diffusion.

The discharge capacity first reported for Ti3C2Tx nanosheets is 370 mA h g−1,
corresponding to 2.79 Na per formula unit. This indicates the potential of MXene for
accommodating ions of a larger radius [96]. The Na-ion intercalation mechanism in
Ti3C2Tx nanosheets was probed using solid-state Na magic angle spinning nuclear
magnetic resonance spectroscopy and DFT calculation data [102]. The study using a
non-aqueous Na+ electrolyte showed a reversible Na+ intercalation/de-intercalation
into the interlayer space. During the initial sodiation process, desolvation of Na+ with
intercalation happens, alongwith the solventmolecule insertion leading to the expan-
sion of interlayer space. Also, sodiation/desodiation processes doesn’t cause any
major change in the Ti3C2Tx electrode strucure, resulting in a high cycling stability
with faster kinetics (Figs. 13a,b). The experimental study showed an initial discharge
capacity of 270 mA h g−1, correlating to ≈2.0 Na+ intercalation/per Ti3C2Tx unit
(Fig. 13c). Besides, the first observed irreversible capacity is ascribed to the stable
solid electrolyte interphase due to the electrolyte decomposition. After about 100
cycles, Ti3C2Tx showed good cycling stability along with a specific capacity value
of ca. 100 mA h g−1.

The restacking and aggregation issues of MXenes layers due to week van der
Waals interactions and hydrogen bonds are one of the major challenges preventing
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Fig. 13 a Investigation of theNa insertionmechanism intoTi3C2Tx MXene using 23NaMASNMR
spectra. The NMR signals during the first two cycles can be deconvoluted into three peaks (black,
blue, and red lines), originating from different Na+ species. b Estimated amount of intercalated Na
in the layer based on the NMR peak ratio, C/B. c The sodiation/desodiation potential curves for
Ti3C2Tx [102]. dDigital i and a cross-sectional SEM image of the flexible 3 macroporous Ti3C2Tx
film. e GCPL charge/discharge curves of 3D Ti3C2Tx at different C rates. f Cycling stability of the
3D macroporous MXene electrodes [105]

their application in liquid media [3, 103, 104]. Recent studies have focused on over-
coming the stacking tendency of the exfoliated MXenes, and in one of the reports,
2D Ti3C2Tx were engineered to 3D hollow architectures (Figs. 13d) [105]. The
3D macroporous MXene networks showed superior stability, high conductivity, and
excellent performance. As Na-ion battery anodes, the flexible Ti3C2Tx macroporous
film showed remarkable storage capacity, rate performance, and cycling stability
compared to multilayer films (Fig. 13e,f). Similarly, 3D films of V2CTx andMo2CTx

were constructed, which showed capacities of 295, 310, and 290 mA h g−1 for 3D
Ti3C2Tx, V2CTx, and Mo2CTx respectively at 2.5 C for up to 1000 cycles (Fig. 13f).
Among them, 3D films of V2CTx displayed the best cycling performance owing
to its large interlayer spacing. The development of macroporous 3D MXene films
open new avenues for constructing other MXene-based materials for applications
including energy storage, environmental, and biomedical fields, catalysis etc.

Constructing composites with electrochemically active materials is a major
strategy to boost charge storage performance. The interlayer spacer materials can
mostly enhance the Na storage capacity by preventing the restacking between
MXene sheets. A freestanding Ti3C2Tx/CNT porous filmwas constructed using self-
assembly between negatively charged Ti3C2Tx and positively charged CNTs spacers
[36]. The Ti3C2Tx/CNT electrode exhibited a high volumetric Na storage capacity
of 421 mA h cm−3 at 20 mA g−1. In another report, MoS2/Ti3C2Tx composite was
assembled using a simple hydrothermal route with in situ intercalations of MoS2
nanosheets between Ti3C2Tx layers (Fig. 14a) [106]. Compared to pristine Ti3C2Tx,
The MoS2/Ti3C2Tx electrode rendered a reversible capacity of 250.9 mA h g−1 at
100 mA g−1 after 100 cycles and 88% retention of capacity, revealing the effective-
ness of synergistic interaction. (Fig. 14b) It’s noteworthy that multilayer Ti3C2Tx is
used to fabricate MoS2/Ti3C2Tx composite, leading to low utilization of MXene’s
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Fig. 14 MXene-based nano composites for SIBs. a SEM image of MoS2/Ti3C2Tx. b Cycling
and coulombic efficiency study of pure Ti3C2Tx and MoS2/Ti3C2Tx (inset shows a depiction
of the hydrothermal synthesis of the MoS2/Ti3C2Tx) [106]. c A schematic showing the route
towardsSb2O3/Ti3C2Tx. d SEM image of Sb2O3/Ti3C2Tx composite. e Cycling study of the
Sb2O3/Ti3C2Tx and Sb2O3 electrodes [107].

active sites. To mitigate this issue, a solution-phase method that doesn’t require any
thermal processing was adopted to construct Sb2O3/Ti3C2Tx composites using pre-
exfoliated Ti3C2Tx [107]. The hydrolysis treatment led to the homogeneous deposi-
tion of Sb2O3 on the Ti3C2Tx sheets, and the missing heating step protected Ti3C2Tx

from getting oxidized (Fig. 14c). The SEM image of Sb2O3/Ti3C2Tx displayed a
hierarchical architecture with uniform coverage of Sb2O3 nanoparticles on Ti3C2Tx

networks (Fig. 14d). After about 100 cycles, the Sb2O3/Ti3C2Tx composite electrode
manifested an excellent capacity of 472 mA h g−1 at 100 mA g−1, much higher than
bare Sb2O3 nanoparticles (Fig. 14e).

Besides, other types of MXenes, including V2CTx, Y2N, and Mo2C, have also
found interest as anodes for SIBs along with Ti3C2Tx-based electrodes [108–110].

(c) Potassium-ion Batteries

A few of the MXenes compositions recently explored for potassium-ion batteries
(PIBs) are Ti3CNTz, Ti3C2Tz, and Nb2CTz. They are employed primarily as anode
materials for PIBs, alongwith a detailed investigation on the intercalationmechanism
[94]. It is well-known that rational architecting of MXene-based nanostructures is
imperative to enhance capacity performance. For instance, a 3D porous framework of
Ti3C2Tx nanoribbons (a-Ti3C2 MNRs) was assembled by shaking pristine Ti3C2Tx

in an alkaline solution of KOH (Fig. 15a) [57]. Owing to the interconnected porous
frameworks, the narrowwidth of nanoribbons alongwith the larger interlayer spacing
attributed to the excellent ion reaction kinetics and enhanced structural stability of a-
Ti3C2.As anodematerials, a-Ti3C2 presented an excellentK-ion storage performance
with a superior capacity of 42 mA h g−1 at 200 mA g−1 after 500 cycles (Fig. 15c).
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Fig. 15 PIBs and hybrid batteries based on Ti3C2Tx MXene. a Scheme of the synthesis of a-Ti3C2
MNRs. b Depiction of a hybrid Mg2+/Li+ battery employing Ti3C2Tx as the cathode material. c
Cycling and coulombic efficiency performance of a-Ti3C2 MNRs.dCycling stability and coulombic
efficiency of ML-Ti3C2Tx and pre-cycled d-Ti3C2Tx/CNT cathodes at 100 mA g−1 [57, 113]

In addition, by performing a concurrent oxidation and alkalization treatment under
hydrothermal conditions, Ti3C2Tx can be converted to ultrathin potassium titanate
(M-KTO, K2Ti4O9) nanoribbons [111]. The M-KTO electrode showed excellent
capacity, rate capability, and outstanding cyclability performance for PIBs. This
clearly shows the potential of rationally designed MXene-based anodes for PIBs to
achieve superior electrochemical performance.

Furthermore, it’s important to note that multivalent ions (e.g., Mg, Ca, and Al)
compared to monovalent ions may grant a higher energy density output due to multi-
electron redox chemistry [112]. However, finding the right host materials and suit-
able electrolyte combinations is a significant challenge for realizing nonconven-
tional metal-ion batteries [97]. Recently, Ti3C2Tx has been employed as a cathode
in a hybrid Mg2+/Li+ battery, highlighting the practicability of using MXenes for
unconventional metal-ion batteries (Fig. 15b,d) [113].

(d) Lithium-Sulfur Batteries

LSBs are emerging solutions to future energy-storage devices due to the natural
abundance of sulfur and the potential redox reaction between elemental sulfur and
Li, leading to a high theoretical capacity and energy density performance [114, 115].
LSBs suffer from capacity drop and cyclability issues despite having these merits.
This can be ascribed to the low electrical conductivity of sulfur and its discharge
products (Li2S2/Li2S). Moreover, the large volume change during cycling and the
shuttling effect of soluble long-chain lithium-sulfur compounds (Li2S4-8) between the
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cathode and anode hinder the practical application of LSBs. Therefore, to overcome
this shortcoming, various strategies have been recently demonstrated [116, 117]. The
most common method for lithium polysulfides (LiPSs) confinement in the cathode is
carefully selecting materials with high conductivity and surface area as hosts [115,
118]. To date, materials such as porous carbons, hollow carbon spheres, graphene,
and TiO2 hollow spheres were reported as cathode hosts [119–121].

MXene-derived materials can operate as S hosts because of their strong electrical
conductivity and distinctive 2D layered structure. A reported S/Ti2CTx composite
with 70% S displayed a specific capacity of ca. 1200 mA h g−1 at 0.2 C along with
stable long-term cycling performance [122]. Stronger interactions of the polysulfide
compounds with Ti and hydroxy surface groups led to the chemisorption of LiPSs,
which was elucidated using X-ray photoelectron spectroscopy (XPS) studies. Simi-
larly, the S/layered Ti3C2Tx composite was employed as an LSB cathode (Fig. 16a)
[123]. The SEM images revealed that the diffusion process helped fill sulfur between
Ti3C2Tx interlayer space (Fig. 16b,c). The S/L-Ti3C2Tx electrode showed an excel-
lent rate performance with good capacity retention (970 mA h g−1 after 100 cycles)
(Fig. 16d,e). Recent findings with the help of XPS and DFT calculations provide

Fig. 16 a Ti3C2Tx MXene as a cathode in LSB. b Schematic of the preparation of S/Ti3C2Tx.
b, c SEM images of the bare Ti3C2Tx and S/Ti3C2Tx composite. d Cycling stability study of the
S/Ti3C2Tx electrode. e GCPL curves of the S/Ti3C2Tx at different current densities [123]
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insights into improved cycling performance, primarily because the Ti-S bond inter-
action followed by thiosulfate/polythionate conversion bestow a distinct pathway to
entrap polysulfides [58]. It’s imperative to further research Ti3C2Tx-based materials
to understand the interactions of LiPSs on bare and surface-functionalized Ti3C2Tx

with -F, -O, and -OH groups before employing in LSBs as either S host or as additive
materials.s.

Another key strategy to block the free movement of LiPSs between the elec-
trodes is through the polymeric separator modification [124]. 2D materials such as
graphene and graphene oxide (GO) are widely employed as functional interlayers
as they can be efficiently packed on the separator with excellent interfacial affinity
with the S cathode [125, 126]. In an interesting report, a commercially available
celgard separator is modified using Ti3C2Tx nanosheets, which showcased enhanced
performance for LSBs due to the high electrical conductivity and trapping of poly-
sulfides effectively (Fig. 17a-c) [127]. In another report, Ti3C2Tx nanosheet-covered
glass fiber was assembled to fabricate LSB (Fig. 17d) [128]. Notably, using Ti3C2Tx

nanosheets, it is possible to significantly tackle the dissolution of LiPSs and improve
the utilization of S. Later, with the support of ab initio calculations, it was shown
that Ti3C2 allow the adsorption of S8 and LiPSs (Li2S, Li2S4, Li2S6, and Li2S8) via
stronger ionic interaction between Ti and S cations (Fig. 17e). The removal of OH-
and F- functional groups of Ti3C2Tx can further boost the Li–S battery performance
through the weakening of the S–Ti interaction (Fig. 17f).

Fig. 17 Ti3C2Tx MXene-based separator for LSBs. a Schematic illustration of the Li−S cells
employing PP and MPP separators. b Long-term cycling study of Li−S batteries with MPP sepa-
rators at rates of 0.5 C and 1 C. c Cycling data of the cells utilizing PP separators and MPP
separators with different sulfur loadings [127]. d Schematic depiction of the electrodes with the
separator(Ti3C2Tx-modified GF membrane). e Ab initio calculated structures of S8, Li2S, Li2S4,
Li2S6, and Li2S8 adsorbed on Ti3C2. f Comparison of ab initio calculated binding energies of Li2S,
Li2S4, Li2S6, and Li2S8 with Ti3C2, Ti3C2(OH)2, and graphene [128]
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Conclusion and Future Perspectives

2DMXenes have aroused greater interest due to their excellent metallic conductivity,
hydrophilicity, structural versatility as well as for their potential applications. This
chapter focuses on the research developments of MXenes and their composites their
structural and functional synergies for energy-storage applications such as SCs and
rechargeable batteries. The intercalation of cations between MXene layers leads to
electric double-layer capacitance, while pseudocapacitance arises from the change
in the transition metal oxidation state. The intercalated materials or incorporation
of electrochemically active materials (e.g., CNT, conducting polymers, TMDs) into
MXene can act as an interlayer spacer, effectively inhibiting the restacking issue
can improve electrochemical behavior by contributing to the energy storage perfor-
mance. MXenes are potential host materials for hybrid SCs and rechargeable metal-
ion batteries, which has also been confirmed theoretically. In addition to highmetallic
conductivity,MXenes show low ion intercalation/diffusion barrier, tunable interlayer
spacing, and the presence of numerous active sites, which are characteristics highly
sought for battery electrodes. Importantly, MXenes can afford large volume expan-
sions during electrochemical cycling while maintaining conductivity and structural
integrity. In addition, MXene can act as a potential electrode material for the next
generation of batteries such as Al-ion and hybrid batteries as it is possible to interca-
late multivalent ions between the MXene layers. MXenes can be used as prospective
host materials or functional separators for high-performance LSBs due to their 2D
morphology and excellent adsorption of polysulfides. A summary of MXene-based
materials in terms of morphology, synthesis route, and electrochemical performance
is presented in Table 1.

AlthoughMXenes have showngreat potential for energy storage,many challenges
prevent their commercial applications. First and foremost, developing cost-efficient,
safe, and high yield synthesis routes while preserving the inherent properties of
MXenes is paramount to realizing their practical application. Another issue with
MXene is its chemical stability and ease of oxidizing under harsh environments,
affecting the structural integrity and loss of metallic conductivity. Therefore, it is
imperative to develop effective strategies to safeguardMXenes from oxidation while
processing. Besides, it’s necessary to have a comprehensive knowledge of MXenes’
structural architectures such as surface chemistry, interlayer spacing, and layer by
layer stacking and their influence on the charge storage properties. Efforts towards
tuning the interlayer spacing of MXenes should be further researched to promote
facilitated ion diffusion/intercalation kinetics. This may also be beneficial for incor-
porating electrochemically active guest species such as S and transitionmetal oxides,
contributing to higher charge storage.

Another important point is the rational understanding of the ion dynamics and
charge storage mechanism between MXene sheets and the development of effective
strategies to realizeMXene-based hybrid structures. It’s noteworthy that delaminated
MXenes offer a higher surface area than undelaminated stacked MXene for better
active site utilization by the electrolyte. The introduction of defects via heteroatom
doping and their influence on electrochemical performance is an enticing approach.
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However, further research should be focused along this direction to enhance the
charge storage performance of MXene for SCs and batteries. Besides, to achieve
long-term cycling stability, constituting strong interfacial interactions between the
components in MXene hybrid consisting of various bonding such as covalent bonds,
hydrogen bonds, and electrostatic interactions as well as controlling the morphology
has of great importance. Lastly, the surface functionalities onMXene play a vital role
in determining the battery performance as it may affect ion transport behavior. Since
there are no reports on MXenes without surface functional groups, it will be inter-
esting to develop synthesis methods to realize and evaluate the performances of non-
functionalized vs functionalizedMXene as electrodematerials. The constant research
interest in MXenes and future advancements are expected to mitigate the challenges
to cater to the application of MXene-based materials for efficient electrochemical
energy storage systems.
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Environmental Applications of MXenes
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Abstract MXenes have emerged as a strong candidate to address several environ-
mental concerns owing to their excellent hydrophilicity, tunable surface chemistry,
good surface area and catalytic activity. MXenes possess significant sorption selec-
tivity and excellent reduction capability for different pollutants present in water. This
chapter summarizes the recent development for environmental applications using
MXenes and/or their composites. The role of inherent surface functional groups,
interlayer spacing, synthesis methods, and surface functionalization of MXene for
the adsorptive removal of different pollutants is discussed. The sequestration of
target pollutants, including heavy metal ions, radionuclides, anions, organic and
inorganic compounds, dyes, have been discussed in detail, along with their removal
mechanisms and regeneration ability. The MXene adsorbents for removing gaseous
pollutants are also discussed along with associated mechanisms. The disposal of
radionuclide waste using MXene and its composites is also presented. Lastly, the
strategies to enhance the environmental applications of MXenes and an insight into
the future research has been documented.
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1 Introduction

As a result of rapid industrialization and urbanization in recent decades, untreated
waste discharges have been causing significant environmental contamination and
damage to human health. Heavymetals, industrial effluents, particulatematter, herbi-
cides, pesticides, fertilizers, and volatile organic compounds (VOCs) are only a few
of the many pollutants contributing to environmental pollution [1, 2]. It is undoubt-
edly one of the most serious issues confronted by society today. The remediation
of toxins in the air, water, and soil, demands the development of new technologies
and materials. Researchers have employed a variety of biological and physiochem-
ical approaches to eliminate various environmental contaminants, including aerobic
digestion [3], biochar therapy [4],membranefiltration [5] and adsorption [6].Adsorp-
tion is the simplest, cheapest and most efficient method widely adapted. Adsorption
can be employed to remove organic, inorganic (soluble or insoluble), and biolog-
ical pollutants [7]. Since it is a surface phenomenon directly related to the number
of available active sites on the surface, materials with a large specific surface area
and abundant active sites are preferred for effective and high capacity contaminant
adsorption [8]. Graphene [9], graphene oxide [10], two-dimensional metal organic
framework (2D-MOF) [11], nano zerovalent iron (nZVI) [12], clays [13] and other
2D nanomaterials [14] have been widely researched for their impressive remediation
properties owing to their large specific surface area, environmental flexibility and
outstanding biocompatibility.

With the synthesis of T3C2 in 2011, Gogotsi and Barsum unveiled a novel class
of 2D nanomaterials by selectively etching the Al atoms in the stacked hexagonal
ternary carbide, Ti3AlC2, with aqueous HF at room temperature. The typical formula
for MXenes is Mn+1XnTx (n = 1–3), where M is an early transition metal group, X
is carbon and/or nitrogen, and Tx is surface terminal groups (–OH, –O–, and/or
–F). MXenes have outstanding mechanical, electrical, optical, chemical and phys-
ical properties [15], making them a potential choice for a wide range of applica-
tions such as energy storage[16], catalysis [17], optoelectronics [18], EMI shielding
[19], batteries [20–22], plasmonic [23, 24], sensing [25] and other applications [26].
Because of their excellent hydrophilicity [27–29], tunable surface chemistry [30–
32], large surface area [33], and catalytic activity [34], MXenes have emerged as a
strong candidate for addressing a variety of environmental concerns. These mate-
rials have high adsorption capacity [35] and excellent reduction capability for various
pollutants found in water [36–40].

The recent developments inMXene environmental applications and their compos-
ites are summarized in this chapter. The role of MXene’s inherent surface functional
groups, interlayer spacing, synthesis methods, and surface functionalization in the
adsorptive removal of various pollutants is discussed. The removal of a variety of
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hazardous contaminants such as heavymetal ions, radionuclides, anions, organic and
inorganic compounds, and dyes, as well as their removal mechanisms and regener-
ation ability, has been thoroughly discussed. MXenes adsorbents for the removal
of gaseous pollutants are also discussed with their associated removal mechanisms.
The use of MXenes and their composites for radionuclide waste disposal has also
been summarized. Finally, we have also provided suitable strategies for improving
the environmental applications of MXenes and an insight into future guidelines for
research.

2 Adsorptive Environmental Applications of MXenes
for Wastewater Treatment

After their discovery in 2011 [41], researchers have attempted to investigate the
mechanism of interaction of different pollutants with the surface ofMXenes [29, 42].
Researchers have therefore studied variousMXenes and their hybrids for the removal
of heavymetal ions [14], radionuclides [43], organic dyes [44] and gaseousmolecules
[45]. The presence of functional groups have been shown to improve their removal
efficiencies, and the remediation mechanisms involved electrostatic interaction, ion
exchange, coordination, inner sphere complex formation, intermolecular attractions,
photocatalytic degradation and reductive adsorption [46, 47].

MXenes has a charged surface because of their different polar functionalities.
According to several studies, the point zero charge (PZC) of pristine MXene is
around 2 and 3 [39, 46]. MXene has a negative zeta potential for pH above PZC and
positive zeta potential at pH below PZC. As a result, the MXene surface is negative
above PZC (at higher pH values) and positive below PZC (at lower pH values).
At pH values greater than 3, researchers have attempted to remove metal cations
and cationic dyes (via electrostatic interaction), whereas anions have been removed
at pH values less than 2. There is a broad pH working range for cation removal,
but highly acidic conditions are needed to remove anions from water. To achieve a
positive surface charge over a wide pH range, researchers have synthesized various
MXene-based composites [48] or functionalized the MXene surface [49].

Treatment of MXene with alkali hydroxides (KOH, NaOH, and LiOH) improved
adsorption efficiency [50]. This is believed to be due to an increased interlayer spacing
and an ion-exchange mechanism. The functionality responsible for metal cation
adsorption is [M–O]-H+, which is converted to [M–O]-A+ (where A= alkali metal)
by treating MXene with alkali. The effect of interlayer spacing on ion-adsorption
on the surface has also been studied, and the results show that increased interlayer
spacing increases ion-adsorptionwith the surface [32, 51]. Thepillaringof theMXene
nanosheets has also verified this via reduced-graphene oxide (rGO) [32] and tereph-
thalic acid [51]. MXenes performance has also been compared with other adsorbents
like activated carbon [52] and MOFs [46], which have far larger surface area than
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MXenes. MXenes have emerged as a promising candidate for removing different
environmental pollutants due to their rich surface chemistry.

2.1 Removal of Metal Ions

Water contamination has become a global problem as a result of the discharge of
untreated industrial and domesticwastewater directly intowater bodies. According to
the United States Environmental Protection Agency (US EPA), 300–400million tons
of heavymetals, solvents, and other waste are released into theworld’s water supplies
each year as a harmful byproduct of industrial production [53]. One of the most
dangerous and predominant contaminants are heavymetals. They are non-degradable
and tend to accumulate in the food chain.

2.1.1 Lead Removal

The toxic effects of lead (Pb) on plants, animals, and humans have stimulated the
interest of environmental scientists. The usage of Pb-containing chemicals such as
anti-knocking agents, oil, agrochemicals, paint etc., are the primary source of Pb
pollution in the environment [54]. It is one of the most harmful heavy metals, and its
ingestion through the food chain has been shown to pose a health risk to both plants
and humans. In industrialized economies, the proper disposal of lead is still a problem
toprotect humanhealth.However,manydeveloped countries donot properly dispose-
off the industrial waste. Furthermore, waste solutions are dumped directly into water
sources, posing a health risk to humans. Pb enters the food chain due to agricultural
practices and creates significant problems by interferingwith a variety of functions in
human systems and other living organisms. TheWorld Health Organization (WHO),
the European Union, the (US EPA) and the Guidelines for Canadian Drinking Water
Quality defined the acceptable levels of Pb in drinking water at 0.01, 0.01, 0.015 and
0.01 mg L−1, respectively [55].

Several researchers have investigated lead removal using MXenes. For example,
Peng et al. reported the synthesis of alk-MXene via chemical exfoliation followed
by alkalization intercalation [29]. The successful intercalation of Na ions is verified
by a 002 peak shift towards a lower angle in XRD (Fig. 1a). It was discovered that
surface hydroxyl groups are important sites for Pb (II) ions that have been activated
by alkali treatment. The ion exchange mechanism was used to describe the increased
adsorption capacities of Pb (II). Furthermore, pH impacted Pb (II) uptake, with an
optimum pH range of 5 to 7 and minimal removal at pH 1 (Fig. 1b). As a result, the
adsorbentwas regenerated by lowering the pH, i.e., acid treatment.Density functional
theory (DFT) findings demonstrated that the vertical hydroxyl group to titanium atom
was essential for heavy metal ion removal. In contrast, fluoride functionality reduced
the adsorption performance of 2D layered MXene (Ti3C2(OH)xF2−x) [42]. Another
DFT study revealed that variations in adsorption capabilities and binding energies are
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Fig. 1 a Comparison of XRD spectra of alkali treated MXene with MAX phase and pristine
MXene, b Adsorption behavior of alk-MXene at various pH values for Pb (II) removal (Reprinted
with permission from Ref. [29]) c Formation energies of various M2X type MXenes covered with
Pb (II) (1/9 ml) (Reprinted with permission fromRef. [56]) d Schematic illustration of amino-silane
functionalized MXene (Reprinted with permission from Ref. [49]) e Scheme for the synthesis of
biosurfactant-functionalized Ti2CTX and mechanism of interaction of adsorbent with Pb (II) ions
(Reprinted with permission from ref [57])

mainly influenced by functional groups [56], where high Pb (II) adsorption capacity
ofTi2C, i.e. 2560mgg−1, compared toCu (II)was observed.Thefindings ofGuo et al.
have shown that high Pb (II) affinity, excellent thermal stability, potential capacity
control, and preferential adsorption ability make MXenes, in particular V2C, a good
candidate for cleaning or ion-separating materials in heavy metal contamination
situations. According to systematic first principle studies, bond formation of lead
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with metal nitrides has low formation energies as compared to metal carbides [56].
Furthermore, Ti2C(OH)2 was found to be a promising candidate for Pb removal in
terms of uptake kinetics and adsorption capability per unit mass. Zr2C (OH)2 and
Sc2C (OH)2 are the onlyM2C (OH)2 typeMXenes that cannot adsorb Pb due to their
positive formation energies, as shown in (Fig. 1c).

In another work, Gu et al. reported the synthesis of 2DMAX@titanate nanocom-
posites by simple oxidation and alkali treatment method [58]. Using KOH (T-KTO)
andNaOH (T-NTO) treatment of theMAXphase, he produced a variety ofmorpholo-
gies with outstanding adsorption performance. The new procedure boosted their
specific surface areas while improving the availability of active surface functional-
ities. Among T-NTO and T-KTO, T-KTO showed a maximum adsorption capacity
of 328.9 mg g−1 at pH 5. Furthermore, investigations indicated that the pH of the
solution had a significant impact on the Pb (II) adsorption process. Zhang et al.
reported the synthesis of the amino-functionalized Ti3C2Tx MXene (alk-MXene-
NH2) nanosheets by alkalization-grafting modification using a silane coupling agent
(Fig. 1 d) [49]. Alk-MXene-NH2 has the highest BET-specific surface area (up
to 129.21 m2 g−1) among other MXene-based adsorbents. It also showed a high
removal capacity of 384.63 mg g−1 for Pb (II) compared to other 2D-adsorbents.
Wang et al. used three bio-surfactants, lignosulfonate (anionic surfactant), chitosan
(cationic surfactant), and enzymatic hydrolysis lignin (EHL, non-ionic surfactant)
for the functionalization of MXene nanosheets to improve the adsorption activity
of MXene for Pb (II) (Fig. 1e) [57]. EHL-functionalized Ti2CTX demonstrated a
maximum adsorption potential of 232.9 mg g−1 for Pb (II). It was thought that EHL
has increased the availability of active sites and facilitated the exchange and chela-
tion of Pb (II) ions with surface functional groups of MXene. Jun et al. compared the
adsorption behavior of MXene with activated carbon powder. They stated that the
activated carbon powder had a large surface area relative to MXene, but later had a
high adsorption efficiency due to its more negative surface area [52]. Four separate
heavy metals Cu (II), Zn (II), Pb (II), and Cd (II) was efficiently absorbed from a
single electrolyte solution usingMXene as an adsorbent. FTIR and XPS studies have
shown that the main mechanisms of Pb (II) ion adsorption are due to electrostatic
interaction, ion exchange and inner-sphere complex formation.

2.1.2 Mercury Removal

Mercury (Hg) is one of the most critical toxins in the world. It exists in the ecosystem
as a result of natural and anthropogenic causes, and both animals and humans are
exposed to the adverse effects of this toxic heavy metal and its compounds. The key
contributors to rising Hg levels worldwide are anthropogenic Hg emissions from a
variety of processes, including coal combustion, metal mining and manufacturing,
cement processing, and waste incineration [59]. In addition, mercury is globally
dispersed through the atmosphere, with atmospheric deposition being the largest
source of Hg in the oceans [60].
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Shahzad et al. employed a hydrothermal method to synthesize MXene magnetic
nanocomposite (MGMX nanocomposite), which demonstrated high stability and
outstanding Hg (II) removal capability [61]. Figure 2a shows the excellent Hg (II)
removal in a wider pH range with maximal Hg (II) adsorption of 1128.41 mg−1 g−1.
The MGMX nanocomposite showed great potential to be reused via regeneration.
The hydrophilicity, stability, large number of surface functional groups, and facile
separation after the reaction make theMGMX nanocomposite an effective adsorbent
for removing toxic Hg (II). In another work, MXene core (Ti3C2Tx) shell aerogel
spheres with an exceptional adsorption potential of 932.84 mg g−1 for mercuric ions

Fig. 2 a Schematic illustration of Synthesis of Magnetic MXene and Hg (II) sequestration and
graph showing Hg (II) adsorption efficiency of Ti3C2Tx and theMGMX nanocomposite (Reprinted
with permission from Ref. [61]) b Cu adsorption capability by regenerated DL-Ti3C2Tx for three
cycles. (Reprinted with permission from Ref. [39]) c Scheme for the synthesis of Ti3C2TX-PDOPA
throughmussel-inspired chemistry and the Cu2+ adsorption comparison (Reprintedwith permission
from Ref. [63]) d Schematic diagram showing the mechanisms involved in Cd2+ removal via
Alk-Ti2Csheet (Reprinted with permission from Ref. [64])
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were prepared [62]. The aerogel sphere demonstrated 100% removal efficiency for
mercuric ions and >90% for the five heavy metals (Cd2+, Cr3+, Pb2+, Cu2+ besides
Hg2+). The composite aerogel was effective at extreme pH levels, and its micro size
spherical shapes enable it to be used in packed columns.

2.1.3 Copper and Cadmium Removal

Copper and cadmium are widely used metals in various industrial applications, such
as electroplating, metal finishing, and etching [12]. Like other toxic heavymetals, Cd
(II) and Cu (II) do not degrade in the environment and accumulate over time. Because
of their high solubility in water, they can be easily transferred to bio-systems raising
several health concerns. As a result, contaminated effluent must be treated prior to
its discharge into the environment [65–67].

Shahzad et al. investigated the effectiveness of 2D Ti3C2Tx MXene for aqueous
medium adsorption. Delaminated (DL)–Ti3C2Tx nanosheets showed good Cu2+

removal efficiency owing to the hydrophilic nature of surface functionalities and large
specific surface area. Cu2+ reductive adsorption was facilitated by oxygenated
moieties in MXene’s layered structure, resulting in Cu2O and CuO species [39].
Compared to multilayer (ML)-Ti3C2Tx, DL–Ti3C2Tx showed rapid uptake kinetics.
Delaminated nanosheets removed 80% of the contaminant within 1 min and demon-
strated a removal capacity of 78.45 mg g−1, 2.7 times higher than activated carbon.
Despite its high adsorption capacity, Fig. 2b revealed that the adsorbent deteriorates
as the number of cycles is increased, showing its poor capability for regeneration.
This behaviormight be explained by inadequate desorption of chemically boundCu2+

and the production of TiO2 nanoparticles due to MXene’s partial oxidation. Since
Cu2+ tends to reduce to Cu1+ and oxidize the nanosheets irreversibly, regeneration
of Ti3C2Tx adsorbent appears difficult. In another report, the fabrication of MXene-
based polymeric composites (Ti3C2TX-PDOPA) was documented by Gan et al. using
amino acid (Levo-DOPA) functionalization of MXene [63]. The composite showed
pH-dependent, efficient Cu2+ adsorption. The kinetics plot of Cu2+ (Fig. 2c) adsorp-
tion shows a rapid increase in the adsorption capacities with the increasing contact
time (0–12 min). After that, the increment rate slowed down, and the adsorption
curves remained stable for the next 60min before equilibriumwas reached. Ti3C2Tx-
PDOPA, on the other hand, has a far higher Cu2+ adsorption potential than Ti3C2Tx,
which may be attributed to the dopamine functional groups. Therefore, the approach
makes Ti3C2Tx-PDOPA a favorable candidate for Cu2+ removal from wastewater
via electrostatic attraction. It may provide a facile route to prepare various derivatives
by exploiting the functional groups present on dopamine and MXenes.

Elumalai et al. reported the formation of the TiO2-rutile phase on DL-MXene by
aqueous phase reaction of amino acids (AAs) with MXene [68]. Ti3C2Tx’s surface
functionalities facilitated the spontaneous intercalation of AAs, allowing the inter-
layer spacing to widen and accommodate the AA molecules. Furthermore, only
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aromatic AAs produced the rutile phase, while aliphatic AAs had no oxidative reac-
tion. Cu2+ ions were adsorbed from an aqueous solution using histidine function-
alized rutile TiO2@d-Ti3C2Tx hybrid with a maximum uptake of 95 mg g−1. In
another approach, Shahzad et al. reported the successful green synthesis of Alk-Ti2C
nanofibers and Alk-Ti2C sheets to remove Cd2+. Exfoliated nanostructures (Alk-
Ti2C sheet and Alk-Ti2C fiber) exhibited high thermal, chemical and mechanical
stability as well as have abundant oxygenated functionalities that serve as active sites
[64]. Themaximumadsorption capacity ofCd2+ ion sequestration nanostructureswas
determined to be 325.89 mg g−1, one of the highest reported values for comparable
materials such as graphene oxide. In a comprehensive quantitative study, adsorption-
coupled oxidation, electrostatic interactions, and complex formation confirmed the
interaction of hydroxyl groups with Cd2+ ions (Fig. 2d).

2.2 Radionuclide Removal

Nuclear energy has received a great deal of attention because of its advantages over
rapidly depleting conventional fuel supplies, i.e., its fuel has a high energy density
and emits no greenhouse gases. However, despite these benefits, the nuclear industry
generates radioactive pollutants having a half-life from months to millions of years
and a high potential to disperse into the environment. These radionuclides are a
serious threat to terrestrial and subterranean ecosystems and pose substantial health
implications such as developmental anomalies, birthmalformations,miscarriage, and
tumors in different organs. As a result, their complete elimination and disposal are
critical in nuclear waste management. This section discussed various radionuclide
removal by using MXenes or their variants.

2.2.1 Uranium Removal

Wang et al. published the first study that used multilayer V2CTx MXene to extract
U (VI) from wastewater [69]. DFT and EXAFS studies revealed that the U (VI)
is adsorbed on V2CTx via bidentate coordination bond formation by hydroxyl
functionalities connected to V atoms. The deprotonation of the hydroxyl group
following the attachment of U (VI) demonstrates that the adsorption mechanism is
ion exchange-based. Zhang et al. performed DFT calculations to investigate uranyl
ion adsorption on hydroxylated titanium carbide nanosheets [70]. The development
of both inner- and outer-sphere adsorption configurations, as well as the binding
energies associated with them, were investigated. The interaction of uranyl ions with
the H2O, other anionic ligands (Cl, OH, and NO3), and Ti3C2(OH)2 nanosheets were
strong enough to develop strong chemical linkages. In a similar approach, Zhang
et al. used DFT-based electronic structure methods to investigate the adsorption
behaviors of uranyl ions on hydroxylated V2C nanosheets [71]. Uranyl adsorbates
with various ligands CO3

2−, H2O, and OH have been explored and concluded that
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aquouranyl binds strongly to the hydroxylated V2C nanosheets among all the uranyl
species tested. The strong association between uranyl ions and OH or CO3

2− ligands
causes the U–O linkage at the adsorption site to weaken. Furthermore, they discov-
ered that U-F bonds are weaker on the adsorption platform as compared to U–O
bonds, implying that F terminations are less favorable. Wang et al. demonstrated
an unprecedented increase in the adsorption potential of Ti3C2Tx for radionuclide
sequestration via a hydrated intercalationmethod [72]. The possibility of imprisoning
the representative actinide U (VI) within multilayered Ti3C2Tx was also verified by
logical control of the interlayer space.

On the other hand, Wang et al. demonstrated that a two-dimensional transition
metal carbide, Ti2CTx, can effectively extract uranium using a sorption-reduction
technique (Fig. 3a) [37]. Batch experiments showed effective U (VI) sequestra-
tion over a wide pH range, with a maximum removal capacity of 470 mg g–1

at pH 3.0. Wang et al. designed a unique composite of n-ZVI mounted on alka-
lized Ti3C2Tx nanosheets (nZVI/Alk- Ti3C2Tx). Using an in-situ growth process
for reductive capture/removal of U (VI) from aqueous solution in anaerobic condi-
tions (Fig. 3b) [73]. Because of the uniform dispersion of nZVI onMXene substrates,
nZVI/Alk- Ti3C2Tx demonstrated rapid uptake kinetics with good selectivity (qmax

= 1315 mg g−1). The composite showed removal efficiency of 69.5% in 10 ppm
humic acid solution, 88.9% in 1.0 mM NaHCO3 and 95.1% removal efficiency in
simulated groundwater. The sequestration mechanism may include reductive immo-
bilization, hydrolysis precipitation, and inner-sphere complexation, which depends
on nZVI consumption and solution’s pH. In another report, Zhang et al. success-
fully functionalized MXene with carboxyl terminated aryl diazonium salt (Fig. 3c)
and increased its radionuclide chelating ability as well as its water stability [74].
The carboxyl terminated Ti3C2Tx MXene (TCCH) exhibited significant adsorption
capacities (97.1 mg g−1 for Eu and 344.8 mg g−1 for U) as well as a remarkable
radionuclide removal efficiency (>90%) from simulated water. The findings indi-
cate that U (VI) adsorption on TCCH is inner-sphere coordination, whereas EU (III)
adsorption is affected by electrostatic interaction and inner-sphere complexation. In
another approach, Zhang et al. used diazonium salt grafting to successfully posi-
tion amidoxime chelating groups on Ti3C2Tx MXene surfaces [35]. The addition
of amidoxime functional groups to Ti3C2Tx nanosheets increased their selectivity
for uranyl species and also enhanced their chemical stability in water. To exploit
the outstanding electrical conductivity of MXene, the functionalized adsorbent was
coated on carbon cloth to fabricate a self-standing electrode. When an electrical field
was applied, the removal capacity of U (VI) increased from 294 to 626 mg g−1,
surpassing all the previously reported electro-sorptive adsorbents (Fig. 3d).

2.2.2 Barium Removal

Barium, an alkaline earth metal, is found in the Earth’s crust as oxide, sulfide, and
halide. Its water solubility allows it to travel massive distances in aquatic systems.
Therefore, it is also utilized in "produced water" in the oil and gas sector [75].
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Fig. 3 aHydrated intercalation of Ti3C2Tx MXene for efficientU (VI) removal and immobilization
(Reprinted with permission from Ref. [72]) b Schematic diagram showing that the elimination of
U (VI) can be accomplished through a variety of routes (Reprinted with permission from Ref.
[73]) c Figure depicting the adsorption of Eu (III) and U (VI) on carboxyl-functionalized Ti3C2Tx
(Reprinted with permission from ref[74]) d Schematic diagram of electrosorption process at pulse
potential (Reprinted with permission from Ref. [35])

Unfortunately, barium in the water is not only hazardous to the living creatures that
consume it, but it may also cause pipe blockage and the collapse of the whole produc-
tion process if used untreated in the industry [76]. That is why barium removal from
water is critical, and researchers have explored MXenes for barium removal to solve
this issue.
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Fard et al. reported the synthesis of Ti3C2Tx nanosheets and conducted experi-
ments to investigate Barium adsorption [76]. Ti3C2Tx nanosheets showed high pref-
erential adsorption in the presence of other competitive metal ions with a maximum
removal capacity of 9.3 mg g−1 under optimized conditions. It was reported that the
surface of MXene is largely terminated by electronegative functionalities that act as
adsorption sites for Ba (II) ions. The D-R model showed that the adsorption process
is chemisorption and has physisorption character as well (Fig. 4a). Mu et al. conclu-
sively demonstrated that alkalization of MXene nanosheets for Ba2+ sequestration
with an adsorption capacity of 46.46 mg g−1, which is approximately three times that
of pristine Ti3C2Tx [77]. Jun et al. studied Ti3C2Tx for Sr2+ and Ba2+ removal from
simulated wastewater, and the results showed high adsorption capacities of 225 and
180 mg g−1, respectively [78]. Negatively charged MXene adsorbed Sr2+ and Ba2+

through electrostatic attraction, as verified by the pH effect and ionic strength study.
FTIR and XPS analysis revealed that MXene adsorbed Sr2+ and Ba2+, respectively,
via inner-sphere coordination and ion exchangemechanism (Fig. 4b).MXene showed
excellent reusability for at least four cycles.

Fig. 4 a Interaction mechanism of Ba2+ ions with MXene Surface (Reprinted with permission
from Ref. [76]) b Removal mechanism of Ba2+/Sr2+ by MXene. (Reprinted with permission from
Ref. [78]) cMXene nanosheets for Cs ion adsorption (Reprinted with permission from Ref. [79]) d
Removal mechanism of radionuclides by MXene-derived HTNs. (Reprinted with permission from
Ref. [80])
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2.2.3 Thorium Removal

Alongside uranium, thorium is acknowledged as one of the alternative energy
sources for power plant operation in the nuclear energy sector. Thorium is much
less hazardous than uranium when used in a fuel cycle. Mining, industrial boilers,
rare-earth extraction, phosphate fertilizer production, and coal-fired utilities all led
to a significant increase in thorium levels in the atmosphere as a result of wastewater
generated by those processes. Internal thorium poisoning may not cause immediate
radiation harm, but long-term harmful effects may develop after prolonged exposure
due to its weak but long-lived radioactivity [81].

Li et al. examine the efficiency of a Ti2CTx MXene for removing thorium, Th (IV)
[47]. Ti2CTx-hydrated has a substantially larger adsorption potential than Ti2CTx-
dried due to the increased separation of nanosheets and facile intercalation of Th
(IV) ions. The maximum removal capacity of Ti2CTx-hydrated was 213.2 mg g−1.
The SEM results showed that the Ti2CTx hydrated layer structures are well preserved
after adsorption. The increase in Ti2CTx-hydrate interlayer space elucidated by XRD
indicated that a considerable quantity of Th (IV) has been intercalated between
MXene nanosheets. According to XPS results, the binding energies of the Th (IV)-
loaded Ti2CTx sample were lower than those of Th (NO3)4, suggesting that the
sorption mechanism involves Th (IV) complexation. In addition, the solution pHwas
also monitored before and after adsorption. A higher concentration of protons was
observed after adsorption, which supports a proton exchange mechanism. Therefore,
a Ti–O–Th linkage is expected to develop during adsorption process.

2.2.4 Palladium Removal

Palladium, which possesses versatile physicochemical properties, has been widely
employed in a wide range of applications, including electronic and electrical devices,
medicine, catalysis, and jewelry. It ismostly produced frommineral ores and scrapped
electrical items. Some palladium isotopes, such as 107Pd and 105Pd, are found in spent
nuclear effluent generated from uranium fission and are typically non-radioactive or
only weakly radioactive. As a result, it is important to recover more palladium from
polluted wastewater in order to protect the environment and conserve resources [82].

Mu et al. produced a series of MXene samples at varied etching temperatures
(25, 35, and 45 °C) to demonstrate its effect on MXene’s Pd-removal performance
[82]. Adsorption experiments indicated that the adsorption statistics MXene-45,
MXene-35, and MXene-25 were more compatible with the Langmuir model, with
maximum Pd (II) adsorption capacities 184.56, 163.82, and 118.86 mg g−1, respec-
tively. The high adsorption capacities were ascribed to the large surface area and
high interlayer d-spacing. Alkalization of MXene does not affect Pd (II) adsorption,
according to ICP-AES reports; therefore, no ion exchange process is involved in Pd
(II) adsorption. XRD analysis after the adsorption experiment showed the shift of
(002) peak towards a lower angle, i.e., increasing the interlayer spacing. XPS studies
confirmed that Pd (II) adsorption was expected to be chemisorption.
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2.2.5 Cesium Removal

The Fukushima incident was one of the worst nuclear disasters in nuclear history
after the Chernobyl accident, resulting in the release of many nuclides, especially
cesium (137Cs, 134Cs), into the atmosphere. Cesium can easily enter human organs
through food channels, competing with potassium, which is the root cause of many
diseases. Aside from that, the long half-life of radioactive cesium (2 years for 137Cs
and 30 years for 134Cs) and high solubility in water are the main reasons why cesium
nuclides are the most problematic [83].

Khan et al. reported that MXene has a Cs+ removal capacity of 25.4 mg g−1 and
an equilibrium time of 1 min at room temperature (Fig. 4c) [79]. The high adsorption
capacity was attributed to abundant negative surface functionalities and increased
surface area. The pseudo-second-order model best fits the kinetics of Cs+ adsorption,
whereas the Freundlich model best fits the adsorption equilibrium data. According to
the thermodynamic parameters, the adsorption process is endothermic. The adsorbent
demonstrated good Cs+ removal capability in neutral to slightly alkaline conditions.
Furthermore, Cs+ may be preferentially adsorbed even in the presence of significant
levels of competitive cations (Li+, Na+, K+, Mg+2, and Sr2+). After 5 adsorption–
desorption cycles, the adsorbent retained 91% of its adsorption performance when
regenerated with 0.2 M HCl. Jun et al. presented outstanding adsorption capacity
of Ti3C2Tx (i.e., 148 mg g−1) for radioactive Cs+ [84]. The effect of four different
ions (NaCl, KCl, CaCl2, and MgCl2) as well as three different organic acids (sodium
oleate, oxalic acid, and citric acid) on Cs+ adsorption by MXene was investigated.
The effects of various inorganic ions on distribution coefficient (Kd) reduction were
as follows: K+ > Ca2+ > Mg2+ > Na+. The effects of organic acids were in the order
citric acid > oxalic acid > sodium oleate, which corresponded to the order of acid
surface charge. As a result, Cs+ binds strongly to highly negatively charged organic
acids (such as citric acid) rather than MXene, lowering the Kd. Furthermore, XPS
and FTIR studies supported the ion exchange mechanism in the removal of Cs+ from
wastewater.

2.2.6 Europium Removal

Europium, one of the 15 lanthanides, is the costliest and essential rare earth element,
with applications in various fields. For example, Europium salts are used to produce
newer phosphorescent paints and powders. In addition, Eu (III) is a critical rawmate-
rial in the audio, film, and computer industries. Nonetheless, Eu (III) is known to be
moderately toxic by ingestion, which can contaminate body fluids and cause various
diseases, resulting in unnecessary damage to the human body [85]. Furthermore,
Eu (III) is present in spent nuclear fuel. Nuclear disasters such as Fukushima and
Chernobyl poisoned the atmosphere with long-lived isotopes [86], and therefore it
is essential to remove these contaminants from the atmosphere.

Zhang et al. developed hierarchical titanate nanostructures derived fromMXenes
(HTNs) that can efficiently extract EU (III) in the aqueous phase using an in-situ
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oxidation conversion method [80]. The confined region across the layers of HTNs
was intercalated with a significant quantity of water and numerous surface hydroxyl
functionalities, allowing Na+/K+/H+ to be readily mixed or introduced, resulting in
more effective ion-exchange sites (Fig. 4d). The active sites are exchanged with Eu
(III) hydrated ions due to stronger electrostatic attraction and hydrogen bonding,
resulting in substantial sorption (Table 1).

2.3 Anion Removal

Bromate (BrO3
−) ions are found in drinkingwater as a disinfectant by-product.WHO

has recommended up to 10 μg L−1 as an acceptable limit of BrO3
−. BrO3

− may
cause severe diarrhea, abdominal pain, lung edema and nervous breakdown. Pandey
et al. reported that using lamellar 2D titanium carbide, it is possible to remove toxic
bromate anions in a reductive manner (Fig. 5a) [36]. At pH 7, an excellent reduction
potential of toxic bromate (321.8mg g−1) was obtained in just 50min. Since titanium
carbide was oxidized, the regeneration was poor. However, its products (TiO2/C) can
be used in other catalytic applications.

Technetium-99 is a β-emitter and by-product of nuclear fission of 235U and
is widely used in radiopharmacy as a tumor locating agent. Its discharge into
water bodies is hazardous. Wang et al. demonstrated the synthesis of a novel 3D-
crosslinkedMXene-polyelectrolyte nanocompositewith superior perrhenate removal
capacity (simulant of pertechnetate) [40]. The incorporation of poly (diallyldimethy-
lammonium chloride) (PDDA) to the Ti2CTx nanosheets controls the surface charge
and improves the stability, resulting in a Re removal capacity of 363mg g−1 and rapid
adsorption kinetics. Modulation of surface charge resulted in widening the working
range up to pH 10. (Fig. 5b) Surprisingly, even at 1800 times higher concentra-
tions of competing ions (such as SO4

2– and Cl−), the Ti2CTx/PDDA nanocomposite
displayed excellent selectivity for ReO4

– ions. Batch sorption experiments and XPS
verified the immobilization mechanism as a sorption-reduction method.

Chromium solutions are commonly used in many manufacturing processes such
as chromium plating, textile dyeing, wood preservation, pulp and paper industries,
pigmentation, and tanning. Cr (VI) is a potent oxidizing agent, and as a result, Cr (VI)
bioaccumulation can lead to acute, sub-acute or chronic poisoning, mutagenesis, and
carcinogenesis. Cr (VI) is typically very mobile and soluble in aqueous solutions,
but Cr (III) lacks these features. Because Cr (III) is more stable and less toxic as
compared to Cr (VI), the remediation strategies are generally intended to reduce Cr
(VI) to Cr (III).

Ying et al. developed Ti3C2Tx nanosheets with a capacity of 250 mg g−1 for
reductive removal of Cr (VI) from water. The adsorbent not only reduced the
Cr (VI) to Cr (III) but also adsorbed the Cr (III) (Fig. 6a) [93]. The reductive
behavior of Ti3C2Tx was further investigated with other oxidizing agents, such
as K3[Fe(CN)6], KMnO4, and NaAuCl4. Zou et al. reported the synthesis of self-
assembled urchin-like rutile TiO2–C (u-RTC), having a high percentage of (001)
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Fig. 5 a (left to right) Mechanism of Reductive removal of bromate ions, dependence on the
concentration of adsorbent, selectivity among various competitive anions (Reprinted with permis-
sion from Ref. [36]) b Removal of Rhenate ions using positively charged Ti2CTx/PDDA aerogel
and effect of competitive anions on removal efficiency (Reprinted with permission from Ref. [40])

facets, by in-situ phase transformation of MXene [90]. Previously, pristine MXene
had a 62 mg g−1 adsorption capacity, and layered anatase TiO2–C (l-ATC) had an
11 mg g−1 adsorption capacity, whereas u-RTC exhibited a 225 mg g−1 Cr (VI)
adsorption capacity. Tang et al. synthesized an accordion-like layered Ti3C2 MXene
that had a high Cr (VI) removal efficiency of 80 mg g−1 in the form of chromate at
extremely acidic conditions [92]. The synthesis of a novel nZVI@MXene composite
using a simple two-step wet chemical process was reported by He et al. [94]. The
OH functionalities facilitated the incorporation of nZVI onto the MXene surface,
resulting in a large interlayer distance between MXene nanosheets (Fig. 6b). Both
(MXene and nZVI) function together to reductively adsorb Cr (VI) from water,
with 194.87 mg g−1 adsorption capacity at pH = 2. The findings indicated that this
composite could be useful for potential water purification needs. Since Ti3C2Tx has a
negative surface charge, it cannot be used to remove anionic contaminants due to elec-
trostatic repulsion. To address this issue, Jin et al. functionalized MXene nanosheets
with poly(m-phenylenediamine) and achieved a positive surface charge under acidic
conditions (Fig. 6c) [48] and increased the specific surface area (55.93 m2 g−1).
In comparison to PmPD (384.73 mg g−1) and Ti3C2Tx MXene (137.45 mg g−1),
the composite had a high Cr (VI) removal capacity of 540.47 mg g−1. In another
finding, Wang et al. reported a facile and simple synthesis of 2D/0D heterojunction
MXene/TiO2, which had a Cr (VI) removal efficiency of 99.35%, three times higher
than that pristine Ti3C2 [95]. The high conductivity Ti3C2 MXene with its distinct
lamellar nanostructure significantly boosts the photo-electrocatalytic potential of the
composite as a cocatalyst. Zhang et al. used one-step hydrothermal synthesis to
develop magnetic α-Fe2O3/ZnFe2O4 heterojunctions, and they used an ultrasonic
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Fig. 6 a Schematic diagram for reductive removal of Chromate ions and Zeta Potential of prepared
MXene (Reprinted with permission from Ref. [93]) b Schematic diagram for reductive removal of
Chromate ions and Zeta Potential of prepared MXene (Reprinted with permission from Ref. [94])
c Schematic diagram for reductive removal of Chromate ions and Removal efficiency after five
consecutive cycles (Reprinted with permission from Ref. [48])

assisted self-assembly approach to synthesize α-Fe2O3/ZnFe2O4@Ti3C2 MXene
photocatalyst for dispersing magnetic α-Fe2O3/ZnFe2O4 heterojunctions on Ti3C2

[96]. The α-Fe2O3/ZnFe2O4@Ti3C2 MXene was found to have a higher photocat-
alytic capacity than the α-Fe2O3/ZnFe2O4 heterojunctions in removing Rhodamine
B (RhB) pollutant and Cr (VI) in water due to the improving photoelectron ability.

It is well established that amino groups are readily protonated below neutral
pH. When these amino groups are present on a material surface, high positive zeta
potential values can be achieved. Kong et al. optimized the quantity of amino-silane
coupling agent for chemical functionalization of MXene nanosheets and tested for
Cr (VI) removal at acidic pH [97]. The findings were compelling, as the adsor-
bent beat pristine MXene with a removal capacity of 107.5 mg g−1. Regeneration
investigations up to six adsorption–desorption cycles revealed that the functional-
ized MXene was more stable than pristine MXene. Yang et al. recently published
a paper on the chemical functionalization of MXene nanosheets with chitosan and
imidazole rings [98]. The authors performed amino silane functionalization followed
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by the Radziszewski process to synthesize polyimidazole rings functionalized with
chitosan. The synthesized material was evaluated as adsorbent for Cr (VI) ions.
The functionalized material exhibited a better elimination capacity of 119.5 mg g−1

within 80 min as compared to pristine MXene, which was 39 mg g−1. The data
analysis revealed that electrostatic interaction and physisorption are the mechanisms
of metal elimination. Due to the oxidation during reductive removal of Cr (VI), the
composite cannot be regenerated to its full capacity. In another report, Rehman et al.
reported the synthesis of in-situ hybrid δ-MnO2/MXene nanocomposite for Cr (VI)
removal [99]. The ion removal efficiency and adsorption capacity were compared
among pristine MXene, pristine MnO2 and the in-situ hybrid δ-MnO2/MXene. The
in-situ hybrid δ-MnO2/MXene outperformed others with an adsorption capacity of
353 mg g−1. Further studies and optimizations revealed that electrostatic attractions
are the principal interactions governing the adsorption process.

2.4 Organic Dye Removal

Organic dyes are the most frequently used chemicals in textile, printing, tanning,
and paper industries, with some applications in the pharmaceutical, cosmetics, and
food processing industries. In addition, some synthetic organic dyes are applied in
both human and veterinary medicine as pharmacologically active substances (PASs).
However, the discharge of organic dyes poses an environmental problem due to their
toxic effects on aquatic ecosystems and life on land [100].

Mashtalir et al. investigated the adsorptive and photocatalytic properties of multi-
layered Ti3C2Tx [101]. It was shown to be a very effective adsorbent for the cationic
dye MB whereas the anionic dye AB was not removed, following the electrostatic
interaction mechanism.When Ti3C2Tx was mixed with dyes in their respective solu-
tions and irradiated with UV light, both the dyes were degraded (Fig. 7a). Wei et al.
reported a simplemethod for widening the nanosheets spacing of Ti3C2Tx and tuning
its surface functionalities via alkaline treatment at elevated temperatures to adjust the
adsorption efficiency of Ti3C2Tx [50]. LiOH increased the interlayer separation of
Ti3C2Tx up to 29% and changed -F functionalities to -OH ones. NaOH- Ti3C2Tx and
LiOH- Ti3C2Tx exhibited fast MB adsorption compared to other MXene adsorbents.
Moreover, NaOH- Ti3C2Tx had a maximum removal capacity of 189 mg g−1 for
MB (Fig. 7b), which was attributed to surface adsorption and intercalation adsorp-
tion. According to the experimental results, the Langmuir isotherm best reflected the
improved removal efficiency for cationic dyes.

Zhu et al. fabricated a magnetic 2D-MXene (2D-MX@Fe3O4) nanocomposite
and studied its adsorption properties against MB at different temperatures [104]. In
neutral solution, the nanocomposite exhibited a negatively charged surface, which
aided electrostatic interaction between cationic MB and 2D-MX@Fe3O4. Further-
more, the removal mechanism revealed that at 55 °C, hydrogen bonding in combina-
tion with electrostatic attractions dictated the MB adsorption process, but at 25 °C,
surface adsorption through electrostatic attractions was the primary mechanism.
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Fig. 7 a Relative dye concentration under UV in the absence of Ti3C2Tx (left), Relative dye
concentration of Methylene Blue in the dark and under UV exposure in the presence of Ti3C2Tx
(center), Relative dye concentration of Acid Blue in the dark and under UV exposure in the pres-
ence of Ti3C2Tx (right) (Reprinted with permission from Ref. [101]) b Schematic diagram for the
synthesis of alk-MXene and application for MB adsorption (left), Adsorption capacity (mg g−1) of
Ti3C2Tx, KOH- Ti3C2Tx, NaOH- Ti3C2Tx and LiOH- Ti3C2Tx (Reprinted with permission from
Ref. [50])

Zhang et al. also fabricated a magnetic MXene (MXene@Fe3O4) nanocomposite
using a simple two-step exfoliation method followed by in situ growth of magnetic
nanoparticles, demonstrating high MB removal efficiency from aqueous solution
(Fig. 8a) [102]. The Langmuir isotherm is followed by the MB removal mecha-
nism, with a maximum adsorbed quantity of 11.68 mg g−1. The impact of pH on
adsorption was also investigated, and it was shown that adsorption is pH sensitive,
with optimum adsorption occurring at pH = 3 or 11. When the pH is greater than
5.12, electrostatic interaction becomes more significant (zeta potential of 5.12). The
adsorbent possesses a negative surface charge above point zero charge (PZC, 5.12)
which can electrostatically interact with cationic dye. Lei et al. synthesized the green
and efficient adsorbent Ti3C2Tx –SO3H by coupling-diazotization of Ti3C2Tx with
sulfanilic acid to remove cationic dye MB [103]. Empirical evidence has shown that
the adsorption potential of Ti3C2Tx–SO3H is 111.11 mg g−1 while that of raw mate-
rial is only 21.10 mg g−1 (Fig. 8b). The electrostatic interaction between cationic dye
and adsorbent in the alkaline environment is responsible for the removal efficiency
of MB.

In another study, Peng et al. observed that MXenes synthesized through
hydrothermal etching (h-Ti3C2) had a larger BET specific surface area than those
synthesized via standard HF etching, leading to improved cationic dye adsorp-
tion,MB [105]. TheHF etchingmethodwas compared to the hydrothermal synthesis.
The peaks at 9.8° and 39.1° that originated from the Ti3AlC2 (002) and (104) planes
disappeared after 24 h of HF etching, whereas a series of bigger peaks emerged after
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Fig. 8 a Schematic diagram showing effect of pH on Methylene Blue adsorption (Reprinted with
permission from Ref. [102]) b Schematic illustration of the synthesis of adsorbent and application
for MB removal (Reprinted with permission from Ref. [103])

4 h of etching that is attributed to the Ti3C2 (002), (004), and (006) planes (Fig. 9a).
In contrast, the (002) reflection of h- Ti3C2 is at 7°, which is much lower than the (9°)
reflection of t- Ti3C2. This research shows that h-Ti3C2 has an increased interlayer
separation than t-Ti3C2, implying that the hydrothermal technique is more efficient
for MXene synthesis. An increase in interlayer spacing has increased the available
surface area, which enhanced the adsorption capacity (Fig. 9b) of the adsorbent by
exposing a large number of active sites. Vakili et al. developed Ti3C2Tx MXene
pillared with terephthalate via a green and simple mechanochemical approach to
sequestration of organic contaminants in wastewater [51]. Adsorbent demonstrated
a high specific surface area of 135.7 m2 g−1 and a maximum removal capacity of
209 mg g−1 for MB due to the increased interlayer separation between the MXene
nanosheets. Amechanochemical method was used to recycle the spent adsorbent and
generate theMAXphase,which involves the addition of aluminumand the carboniza-
tion of terephthalate and pollutants into carbide. Tran et al. revealed that Ti3C2Tx

MXene, largely F-terminated, is a viable option forMB removal in wastewater [107].
The MXene was discovered to be largely terminated with flouride functionalities
synthesized via standard etching procedure. Within 5 min, the F-terminated MXene
adsorbed 92% of the MB in a 20μMMB solution. Surface terminations were shown
to be transformed by increasing adsorption–desorption cycles. In this example, the -F
groups were substituted with -OH groups, which reduced the removal effectiveness
for dyes but suggested its application for metal cation removal. For the other organic
dyes, the MXene adsorption capacity was found to be lower.
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Fig. 9 a XRD spectra of t-Ti3C2 prepared at different etching times (4–36 h) and hydrothermally
synthesized MXene h-Ti3C2 (from a to e) b Dye removal efficiency of t-Ti3C2 and h- Ti3C2
(Reprinted with permission from Ref. [105]) c Plausible mechanism of dye removal (Reprinted
with permission from Ref. [46]) d Schematic illustration of synthesis of MXene-CNT membranes
via Pressure assisted filtration and thermal treatment (left) and Thermal crosslinking process (right)
(Reprinted with permission from Ref. [106])
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Jun et al. used MXene, and Al based metal organic frame (MOF) to eliminate
synthetic dyes (MB, AB) from the wastewater model (Fig. 9c) [46]. The zeta poten-
tial and BET findings indicated that MXene PZC was at pH 3. It had a surface area
of 9 m2 g−1, with a removal capacity of 140 mg g−1 for MB attributed to electro-
static interactions. On the other hand, MOF had PZC at pH 9 and a surface area
of 630 m2 g−1 when tested for AB (anionic dye), indicating a removal capacity of
200 mg g−1. When the two adsorbents were compared, it was obvious that MXene
had higher selectivity and a faster absorption rate, whereas MOF had high MB and
AB removal capabilities but low selectivity.

Pressurized membrane-based separation technology has sparked great interest in
green energy and water purification due to its decreased CO2 footprints, improved
scalability and energy&cost-effectiveness.Although2Dmembranes have highwater
permeability, the majority of previously developed 2D membranes are constrained
by the highly stacked nanosheets, i.e., low interlayer spacing. Sun et al. used a
novel thermal crosslinking technique to develop a multidimensional MXene@CNT
membrane with higher efficiency and anti-swelling features (Fig. 9d) [106]. Nega-
tive surface charge on CNTs was responsible for their uniform dispersion in MXene
ink due to electrostatic repulsion. Following that, pressure-assisted filtration was
performed, followed by thermal treatment to create a 3D cross-linked structure of
MXene@CNTwith highwater separation efficiency. The process of crosslinking can
be attributed to the loss of water by condensation of MXene’s -OH functionalities
and -COOH or/and -OH functionalities, resulting in new chemical bonds. Chemical
connections hampered the material’s swelling property, as proven by 50-h opera-
tional experiments. The adsorption behavior of the membranes was investigated for
inorganic content and dye removal (Rhodamine B, Congo red, and methyl orange).
In a similar approach, Yao et al. reported a facile method for producing porous
MXene/single-walled carbon nanotubes films (p-MX/SWCNTs) that were utilized
as a freestanding electrode for electrosorption of organic contaminants [108]. When
the applied voltage was 1.2 V, the as-prepared film (p-MX/SWCNTs) had a phenom-
enal adsorption potential for MB of 1068.8 mg g−1, which is far higher than the open
circuit value of 55.8 mg g−1. The as-prepared electrode has a maximum adsorption
potential of 28,403.7 mg g−1 and excellent reusability without secondary contami-
nation. Furthermore, to investigate the selectivity of the electrode for cationic dyes
over anionic dyes experiments were carried out at various pH values. Results demon-
strated that there was superior adsorption ofMO at pH 3 and 6while at pH 9,MBwas
preferentially removed from the solution. This trend can be explained by electrostatic
interactions of contaminant dyes with the adsorbent electrode having a pH-sensitive
charged surface. Therefore, by changing the pH values, selective adsorption of dyes
can be achieved.

Karthikeyan et al. explored MXenes as an adsorbent for removing methyl orange
(MO), from wastewater [91]. MXenes demonstrated a better MO uptake rate and a
high removal capacity of 94.8mgg−1. Calculations demonstrated that pseudo-second
order kinetics and the Langmuir isotherm best match the data, revealing that MOwas
chemisorbed on the MXene surface. Zhang et al. found that in order to enhance the
removal efficiency of Ti3C2Tx for MB and allow its reuse, sodium alginate (SA) was



Environmental Applications of MXenes 197

used to immobilize Ti3C2Tx to shape Ti3C2Tx /SA beads [109]. Ionic crosslinking
was used tomake the beads out of Ti3C2Tx powder and SA.According to the findings,
Ti3C2Tx /SA-30% was selected as the optimal mass ratio, with a maximum removal
capacity of 92.17mg g−1 at neutral pH. By coating themembrane surface with tannic
acid (TA)-metal complex film, Tong et al. improved the selectivity of the 2DMXene
membrane [110].Membraneswith reducedmean pore size and surface zeta potential,
as well as increased surface hydrophilicity, resulted from the surface alteration. High
water permeability, low salt ion rejection, and improved contaminant removal are all
features of the modified membrane. The water permeability and MgSO4 rejection of
theMXene-Femembrane are 261.6LMH-bar and13.1%, respectively. The resistance
of themembrane to 4-hydroxybenzoic acid, cinnamic acid and RhB increased by 35-,
64- and 108-fold after surface modification, respectively. The modified membranes
could be used for drinking water treatment as well as water reuse.

Quyen et al. developed and applied advanced synthesis of nanoflower structures
consisting of TiO2@Ti3C2 nanoflowers with three-dimensional (3D) porous frame-
works from 2D Ti3C2 MXene for organic pollutant degradation (Fig. 10a) [111]. In
terms of application, the heterojunction of TiO2@Ti3C2 showed extraordinary photo-
catalytic efficiency towards Rhodamine B (RhB) compared to the performance of
pristine Ti3C2 and commercial TiO2. Furthermore, even after 5 degradation cycles,
the TiO2@Ti3C2 composite demonstrates good recyclability. Luo et al. success-
fully prepared a cube-like Co3O4 particle-modified self-assembled MXene (Ti3C2)
nanocomposite using a simple solvothermal process [113]. In batch model experi-
ments, the performance of the obtained samples was evaluated as a new nanocata-
lyst for degrading methylene blue and Rhodamine B. The prepared Mxene-Co3O4

nanocomposites can be regenerated and reused for eight consecutive cycles. Yin
et al. prepared sandwich-like composite catalyst Cu2O/TiO2/Ti3C2 for highly effi-
cient catalytic conversion of nitro compounds using a readily available solvent reduc-
tion method [113]. The catalyst exhibited promising catalytic rates for 4-nitrophenol
(4-NP) and 2-nitroaniline (2-NA), with pseudo-first-order reaction rate constants
(k) of 0.114 and 0.163 min−1, respectively. Surprisingly, even after eight catalytic
cycles, catalytic conversion remains 92 and 95% respectively, showing that catalytic
converters have a high re-use capacity. Ti3C2 offers numerous sites for Cu2O produc-
tion and minimizes MXene nanosheets aggregation during in-situ Cu2O synthesis,
which is responsible for excellent catalytic performance.Vigneshwaran et al. reported
the synthesis of sulphide richMXene based photocatalyst intercalated with LDH, via
hydrothermal method, for degradation of RhB (RhB) (Fig. 9b) [112]. Under visible
light radiation, the designed photocatalyst NiCo2S4 onMXene (NCS@MX) demon-
strated increased catalytic efficiency and decomposed RhB to almost 100% within
20 min. By boosting the optical responsiveness and recombination rate, NCS@MX
enhanced the separation efficiency of photoinduced e−1 and h+, therefore improving
the photocatalytic decomposition of RhB. Furthermore, in five repeated RhB degra-
dation tests, NCS@MX demonstrated excellent photo-stability with only a minor
decline in catalytic performance. NCS@MX is likely to be used in wastewater treat-
ment because to its low cost, environmental friendliness, and generation of non-toxic
side products. Zheng et al. used an in situ solvothermal approach with F−1 (NaBF4)
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Fig. 10 a Photocatalytic degradation of RhB in the presence of TiO2@Ti3C2 catalyst (Reprinted
with permission from Ref. [111]) b A sketch of possible charge transfer and separation of e−-
h+ pairs in the Vis/NCS@MX system for the catalytic RhB degradation (Reprinted with permission
from Ref. [112])

as a co-surfactant to regulate the oxidation of Ti3C2Tx, where the concentration of
F−1 will change the percentages of (101) and (001) TiO2 embedded in the layers of
Ti3C2Tx. This leads to adsorb and photo-catalytically degrade organic dyes when
the co-surfactant is 1.5 mmol F−1 [114]. The TT-15 heterojunction has a particular
surface area of 108.37 m2 g−1, which helped to increase the interfacial area between
the organic dyes and the photocatalyst. Under 500 W mercury light, the photocat-
alytic degradation efficiencies of MB andMO of TT-15 were greater than 97.5% and
79.5%, respectively, and the kinetic constants of MB and MO degradation were
0.10711 min−1 and 0.04537 min−1, respectively.

In another work, Kim et al. fabricated Ti3C2Tx MXenes ultrafiltration (UF)
membrane (MXene-UF) to eliminate MB and MO from polluted water [115].



Environmental Applications of MXenes 199

MXene-UF (0.92 forMOand 0.90 forMB) had a higher normalized flux as compared
to UF (0.90 for MO and 0.86 for MB) and PAC-UF (0.75 for MO and 0.72 for MB).
The addition of MXene and PAC to the UF membrane improved its bio-fouling
resistance. The analysis showed that PAC-UF has a good adsorption efficiency while
MXene-UF has high selectivity. At high ionic strength and in the presence of other
competitive cations, lower normalized flux and retention were observed for MB
(Table 2).

3 Adsorptive Environmental Applications of MXenes
for Gaseous Contaminants Removal

Increased urbanization and industrialization have increased energy demand, which
is mostly met by burning fossil fuels, resulting in the release of large amounts of
toxic greenhouse gases such as CO2, CO, CH4, SOx, NOx, and others [118]. Their
increased concentration in the environment is causing anthropogenic globalwarming.
Researchers have investigated and implemented a wide range of materials for the
adsorptive elimination of these gases [9, 119, 120]. The intriguing properties of a
novel family of 2D MXenes have prompted researchers to investigate their gaseous
adsorption capability. On this topic, Sun et al. has summarized the reduction of N2

and CO2 in a review article [44].

3.1 CO2 Gas Removal

Adsorptive removal of Carbon dioxide (CO2) and conversion into value-added prod-
ucts or fuels is a critical pathway for mitigating the greenhouse effect. Therefore, the
research and development of new materials with high CO2 capture and conversion
rates have drawn much attention. Chen et al. reviewed the MXene-based materials
for effective CO2 capture and conversion to value-added products [45]. Persson
et al. demonstrated a novel method for terminating MXene nanosheets with non-
inherent groups and then explored MXene for carbon capture applications [121].
Following the termination of surface functionalities, the Ti3C2Tx was then evaluated
for CO2 adsorption. Even at lowpressures, 12mol kg−1 CO2 was adsorbed onMXene
nanosheets. It has been suggested that even higher loadings can be achieved after H2

and CO2 exposure at higher pressures. The depleted MXene exhibited a little affinity
for N2, indicating that the sheets were extremely selective for CO2. Furthermore, the
MXene demonstrated great stability during the trials, indicating that it might be a
viable commercial choice for carbon capture.

Garcia et al. explored CO2 capture and storage on MXene (M2C) surfaces (M
14 Ti, V, Hf, Zr, Nb, W, Ta, M) using DFT PBE simulations with D3 Grimme
correction dispersion [122]. The results reveal adsorption energy of 3.69 eV with
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strong activation of CO2 (i.e., the creation of anionic CO2
−δ species converted into

elongated δ (CO) bonds with bent structures, and a charge transfer fromM2C to CO2

higher than 2e for Hf2C). Theoretically, CO2 could be adsorbed even at elevated
temperatures and low partial pressures. MXenes were also found to adsorb up to
8.25 mol CO2 kg−1 of substrates.

Guo et al. investigated theM2C-typeMXenes for their potential use asCO2 capture
and converter usingDFT [123]. The study included 9metal carbides, Ti, Zr,Hf,V,Nb,
Ta, Cr, Mo, and W. Calculations suggested that all the M2C MXenes spontaneously
demonstrated capture and activation of carbon dioxide (with Mo and W showing
superior performance), that can be attributed to the lone pair electrons of the surface
and can easily be explained by specific M atom charges in M2C M type. Wang et al.
studied the effect of specific surface area on the CO2 adsorption capacity of Ti3C2Tx

[124]. The adsorption capacity of Ti3C2Tx with a surface area of 21 m2 g−1 was
5.79 mmol g−1 whereas, it could reach 44.2 mmol g−1 at a higher specific area when
calculated theoretically. Studies by Morales-Garcia et al. suggested that MXenes
atomic layers have a little but noticeable effect on CO2 adsorption [125]. Results
showed that MXene compounds containing transition metals with d2 configuration
have the highest CO2 adsorption energy, followed by those containing transition
metals with d3 and d4 configurations. CO2 adsorption energies and geometries of
selected MXenes were compared to the surfaces of parent transition metal carbides
(TMC, 111). TMC’s (111) surface is unstable and difficult to grow experimentally.
The results show that the thickest structure of M2C (0001) surfaces offer a route
to the limiting TMC (111) surface. In another study, According to Khaledialidusti
et al., the inherent defects of Mo2TiC2Tx MXene promote CO2 capture due to the
distinctive electronegative surface functionalities [126]. CO2 made strong bonding
at defective sites as compared to perfect sites on MXene. Therefore, increasing the
defect content in MXene nanosheets may increase the adsorption capacity.

CO2 is the primary cause of global warming. Therefore, to remove CO2 from the
atmosphere, researchers have developed several materials; however, most of them
had selectivity concerns. Park et al. developed a 3D porous MXene aerogel with a
uniform pore size of 11.4 nm and 2.5 nm [130]. Despite a relatively low specific
surface area, the aerogel exhibited substantial selectivity for CO2 over N2. Soroush
et al. reported the fabrication of Pebax@MXene composite for CO2 removal [127].
The Ti3C2Tx/Pebax combination reduces crystallinity while promoting polymer
phase separation, which enhances CO2 diffusion. The mechanism depicted schemat-
ically in (Fig. 11a) is most likely responsible for regulating the diffusion of N2

and CO2 gas molecules through the membrane. CO2 may be more easily adsorbed
on the Ti3C2Tx surface because it has a greater quadrupole moment as compared
to N2. The diameter of the interlayer channels between Ti3C2Tx nanosheets is about
0.35 nm, which is wider than the kinetic diameter of CO2 but lower than that of
N2. Ti3C2Tx nanosheets’ ultra-microporous framework serves as a molecular sieve,
which improves CO2 diffusion selectivity. Moreover, the designedmaterial showed a
highly reduced cost for per ton CO2 production, i.e., $29 compared to $40 of pristine
Pebaxmembrane. Lin et al. reported the exploitation ofMXene to trap a deep eutectic
solvent in its nanoslits [131].With CO2 permeance of 26.35GPU, the combination of
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Fig. 11 a Plausible mechanism for diffusion of N2 and CO2 molecules through Ti3C2Tx − Pebax
membranes (Reprinted with permission from Ref. [127]) b Adsorption energies of H2, CO2, O2,
CO, NH3, N2, and NO2 molecules on Ti2CO2 surface (Reprinted with permission from Ref. [128])
c Plot of current vs voltage along the zigzag orientation of pristine Sc2CO2 and SO2-adsorbed
monolayers (Reprinted with permission from Ref. [129])

MXene and new ionic liquid equivalent exhibited a higher affinity for CO2 over other
light gases. The impact of hydrogen bonding and nanoconfinement was confirmed
by molecular dynamic simulations. Furthermore, the unique hybrid was thermally
and chemically stable.

3.2 Other Gases (NOx, SOx, H2S, NH3, and CO) Removal

Aside from CO2, industrial gaseous discharge contains a significant number of SOx,
NOx, NH3, H2S, CH4, and volatile organic compounds (VOC). When these gases
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are inhaled, they cause extreme respiratory infections. Furthermore, their release
into the atmosphere causes acid rain, which drastically impacts land and aquatic
environments; thus, their removal is important. Therefore, some studies have been
conducted to investigate the properties of MXenes for the elimination of these toxic
pollutants.

Yu et al. performed the first-principles simulations to explore the potential of
MXene towards removing different gases. They investigated the adsorption of NH3,
H2, CH4, CO, CO2, N2, NO2, andO2 onmonolayer Ti2CO2 for its use as an adsorbent
or gas sensor (Fig. 11b) [128]. Only NH3 was found to be chemisorbed with a charge
transfer of 0.174 e. Furthermore, even at high applied strain, the monolayer adsor-
bent demonstrated high selectivity and sensitivity for NH3. Lee et al. reported using a
scalable wet-spinning process to create metal binder-free Ti3C2Tx MXene/graphene
hybrid fibers [132]. The hybrid fibers demonstrated excellent mechanical and elec-
trical properties, making them ideal for flexible wearable gas sensors. Because of the
synergistic effects ofMXene/graphene electronic properties andgas-adsorption capa-
bilities, the created fibers have a high NH3 gas sensitivity at room temperature. The
hybrid fibers also demonstrated excellent mechanical flexibility with a± 0.2% fluc-
tuation in resistance and low noise resistance even after 2000 cycles of bending,
allowing gas sensing during deformation. MXenes have also been extensively used
and studied for N2 reduction into NH3 [133–137]. To use as effective electrocat-
alytic nitrogen fixation catalysts with high selectivity, Xu et al. developed 1 T-MoS2
nanospots assembled on conductive Ti3C2 MXene (1 T-MoS2@Ti3C2) [138]. The
composite 1 T-MoS2@Ti3C2 demonstrated good NRR activity with 10.94% faradic
efficiency (FE) and 30.33 μg h–1 mg–1. NH3 yield rate with− 0.3 V vs. RHE (Refer-
ence Hydrogen Electrode). The effect of varied loading concentrations of 1 T-MoS2
nanospot on catalytic efficiency was evaluated. When loading was increased, the
NH3 yield rate and related FEs were increased initially, then progressively dropped.
When the load is 10%, both hit their limit simultaneously. Ti3C2 MXene’s NH3

yield rates and FEs are 3.25 g h−1 mg−1 and 2.65%, respectively, which are lower
than yield rates of 30.33 g h−1 mg−1 and FEs of 10.94% with 10 wt% loading of
1 T-MoS2. The significant difference in catalytic performance among two samples
indicates that 1 T-MoS2 nanospots play a substantial role in boosting Ti3C2 MXene’s
nitrogen fixation efficiency.

VOC detection at the parts per billion (ppb) stage is important for early disease
diagnosis.High sensitivity necessitates a high signal-to-noise ratio.Kimet al. demon-
strated that MXenes have high metallic conductivity, resulting in low noise and
a completely functionalized surface, resulting in a strong signal [139]. At room
temperature, Ti3C2Tx MXene gas sensors had a very low limit of detection of 50–
100 ppb for VOC gases. Furthermore, the signal-to-noise ratio was two orders of
magnitude higher than that of other 2D materials because of the exceptionally low
noise. These findings provide insight into the use of highly functionalized metallic
sensing channels to develop highly sensitive sensors.

Liu et al. investigated the influence of various flouride salts on the etching of
MAX on the surface structure of MXene. According to computational models and
XPS results, the cations of flouride salts (NH4

+, K+, Na+, and Li+) impact the surface
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morphology of synthesised MXene, which affects their methane adsorption effi-
ciency. The maximum methane adsorption potential was 8.5 cm3 g−1, whereas the
lowest was 11.6 cm3 g−1 for Ti3C2. MXenes derived from NH4F and LiF can adsorb
methane at high pressures and retain it at low pressures, indicating that they might be
used in hazardous gas trapping and methane storage. MXenes prepared from KF and
NaF, on the other hand, can adsorbmethane at highpressures butwere unable to hold it
at lowpressures.Ma et al. investigated the adsorption of SO2 onO-terminatedM2CO2

(M = Sc, Hf, Zr, and Ti) monolayers using first-principles calculations [129]. The
results predicted that Sc2CO2 would have superior sensing properties against toxic
SO2 gas, such as high selectivity and sensitivity, controllable capture, or reversible
release when external tensile strains or E-fields were applied. Furthermore, SO2

adsorption on Sc2CO2 resulted in significant changes in electronic band structures as
well as significant charge transfer (Fig. 11c). Hu et al. recently published a study on
synthesising a ternary composite of g-C3N4, TiO2, and Ti3C2Tx [140].Melaminewas
used to make g-C3N4, which was subsequently coated on partially oxidized metal
carbide sheets. The ternary composite was used as a Z-scheme photocatalyst for NOx
sequestration. Superior light absorption and increased interaction between adsorbate
gas and adsorbent have been demonstrated in a highly interconnected heterogeneous
composite. The composite exhibited a removal efficiency of 66.3% for NO with no
formation ofNO2.Apart fromCO2 andN2 fixation,MXene basedmaterials have also
been used as sensors [25, 141–143], catalysts for production of valuable products
[144], and syngas separation [145].

4 Waste Disposal Using MXene and Their Composites

The fission radionuclides products such as uranium (235,238U), strontium (90Sr),
cesium (137Cs), barium (133, 140Ba), and thorium (232Th) pose a severe threat to the
environment due to their prolonged half-lives and mobility [146]. Therefore, nuclear
waste storage and management are significant problems that must be resolved imme-
diately to avoid environmental and health risks. These radionuclides pose a severe
threat to the terranean and subterranean ecosystems, as well as negative health conse-
quences such as developmental abnormalities, birth malformations, miscarriage, and
different malignancies in various organs [147, 148]. The use of adsorbents that selec-
tively absorb undesirable ions will purify water polluted by radionuclides of the
fission products.

Due to the high specific surface, hydrophobic nature, and a large number of
active sites, the 2D layered MXenes have emerged as ideal adsorbents for radionu-
clides produced during the fission reactions. Khan et al. investigated the uptake
capacity of 137Cs by Ti3C2Tx MXene from radioactive wastewater, where the adsor-
bent showed the maximum removal capacity of 25.4 mg g−1 [79]. The adsorptive
removal of other environmental contaminants such asPb2+,Hg2+,U6+,Cu2+, andBa2+

has also been investigated, and the effectiveness of MXene has been established [29,
61, 69, 76, 89, 149]. Zhang et al. reviewed the adsorptive environmental applications
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of MXenes and identified the main properties of MXenes, which are responsible for
the outstanding adsorption behavior ofMXenes [150]. Rasool et al. found that encap-
sulating the radionuclides in suitable intercalants can change the interlayer spacing
of MXene nanosheets, potentially increasing the availability of active surface func-
tionalities to develop inner-sphere coordination complexes. Similarly, Wang et al.
used a hydrated intercalation technique to achieve an unprecedented high adsorption
capability enhancement of Ti3C2Tx for U6+ radionuclide elimination [72].

However, spent adsorbents pose a substantial challenge due to storage and
handling issues. Traditionally, exhausted adsorbents are contained in mortar and
concrete, which may hold the material for many years. These structures, however,
subsequently leached out in harsh environmental conditions [151]. Ultimate immo-
bilization of the radionuclide containing adsorbents through high-temperature
processes, such as in a glass, is also considered one of the safe ways [152–154].
In one such effort, Hassan et al. investigated the MXene post-decontamination treat-
ment with improved thermal stability after adsorbing Cs from radioactive wastew-
ater to produce a stable matrix for ultimate disposal [155]. The authors used the
cold sintering technique to solidify the MXene matrix, as shown in Fig. 12a. Due to
the cold sintering technique, a fully dense matrix was achieved below 200 °C, and
the highly-dense sintered matrix showed very low leaching rates of 10−4 gm−2d−1.
In this study, the introduction of hydroxyapatite (HAp) ceramic as a host matrix
provides the green strategy for the immobilisation of cesium-adsorbed MXene
nanosheets. Results showed that MXene-HAp (MX-HAp) composite has slightly
greater thermal stability than pure Cs-adsorbedMXene. Both HAp andMXene were
integrated through a cold sintering process to remove any chances of later leaching
of the radionuclide (Fig. 12b, c). It was reported that the leaching rates by using
MXene-HAp cold sintered matrix were order of magnitude lower as compared to
conventional immobilization techniques. Lower leaching rates were reported in the
cold-sintered MX-HAp composite due to effective encapsulation of the exhausted
adsorbent (MXene) by HAp and enhanced stability of MXene towards oxidation in
the HApmatrix. Figure 12d, e, f shows the EDSmapping with backscattered electron
(BSE) image of the cold-sintered Cs-adsorbing composite indicating a homogeneous
distribution of MXene (Ti atoms) and adsorbed Cs within the matrix.

The MXenes and their composites show very high potential for nuclear [43]
and environmental waste disposal [44]. There is a strong need to investigate further
different possibilities, including large-scale contaminated water treatment and safe
ultimate disposal through immobilization.

5 Challenges and Future Prospects

MXenes, a nearly decade-old family, have presented a wide array of potential appli-
cations such as electrochemistry [156, 157], environmental remediation [158], and
EMI shielding [159].However, technological limitationsmust be removed to broaden
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Fig. 12 a Process for green immobilization of Cs adsorbed MXene b The SEM image of fractured
surface (obtained by cold sintering) indicates that the exhausted adsorbent has been effectively
cemented. c The presence of incoherent grain boundaries in the HRTEM image indicates that the
matrix components have been well integrated d, e, f BSE image and EDS mapping confirm the
presence of Ti in the MXene phase as well as the successful loading of Cs (F) into the MX-HAp
composite. Reproduced with permission from Ref. [155] Copyright 2021, Elsevier

its application spectrum and exploit its potential in daily life [160]. In this part, we
shall look at the challengesMXenes faces in environmental remediation applications.

The MXene synthesis procedure/route involves using highly toxic HF acid [161].
Therefore, it is important to develop ecologically benign methods for the produc-
tion of MXene, involving green chemicals instead of HF. In this direction, molten
salt etching methods have been developed with tunable MXene surface chemistry.
Although many other approaches have been studied, there is still a pressing need for
an efficient and green synthetic method that not only involves the use of environmen-
tally benign reagents but can also be employed for mass production of MXene. Until
now, the bottom-up route to MXene production has received little attention [160].
A focus on this area of study might lead to major advancements in the production
of MXenes with the finest attributes. Like other nanomaterials, MXenes are in the
form of finely divided powder which could easily clog the filter pores resulting in the
reduced flow rate during the continuous water treatment. In order to overcome this
issue, attention should be given on MXene based composites in which MXene could
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be loaded and/or coated on the economical porous substrate, including Polyurethane
foams or sand, etc.

MXene nanosheets are thermally unstable in aerobic conditions at temperatures
over 200 °C and can be degraded to TiO2, CO2, and carbon at elevated temperatures
[162]. Engineering of surface functionalities of MXenes may have a substantial
impact on MXene’s long-term stability, which must be extensively explored further
to get deep insights. MXenes oxidize readily in aqueous and oxygenated condi-
tions, thus restricting their use in various environmental applications and long-term
storage [71]. Several efforts have been made to improve MXene stability in diverse
environments. However, there is still a dire need for a comprehensive methodology
to limit MXenes’ structural deterioration due to oxidation. Surface functionaliza-
tion via silane coupling agents or diazonium salts could be a viable approach. The
studies to tailor the properties of MXenes have to be studied further, and integrative
efforts from experimental trials and theoretical modellings are required to increase
our insight intoMXenes’ capabilities. Nevertheless, the inherent features ofMXenes
may be tuned by modulating the surface terminations and interlayer spacing, which
are intimately linked to MXenes’ environmental endurance [160].

MXenes have excellent removal capacities for a wide range of species, but their
limited selectivity for targeted species restricts their use in real-world applications.
Highly selective functionalities, such as crown ethers, when grafted onto the MXene
surface may potentially resolve the problem. MXenes have the highest electrical
conductivity than any other nanomaterial; however, their surface functional groups
and multilayered structure reduce their conductivity [163]. To address this issue,
one has to extensively investigate certain functional groups that do not compromise
conductivity and offer large-scale delaminated structures.

Similarly, the majority of documented studies measured the maximum adsorption
capacity of MXene towards various pollutants. However, adsorption capacity alone
is not a judgement criterion for the performance of the MXene adsorbent because
the maximum adsorption capacity is sensitively affected by the initial concentra-
tion of the target contaminant. Therefore, proper evaluation should be made by
the partition coefficient (PC) concept, which is the ratio of adsorption capacity
to its corresponding final contaminant concentration. So far, the reported adsorp-
tion experiments have been done on laboratory-scale systems that do not properly
represent real-world contaminated sites. Furthermore, these investigations include
higher pollutants concentrations that are not environmentally realistic. The majority
of the documented investigations studied the adsorption behavior of the adsorbents
while employing batch adsorptionmode; however, for future research, column-based
dynamic operation is required for commercial applications.

Another significant difficulty is analyzing the life cycle of MXenes in the envi-
ronment and assessing their potentially harmful consequences [160]. MXenes and
their derivatives have the potential to harm humans and other living creatures. The
principal exposure routes for nanomaterials, like other nanomaterials, might be
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through the gastrointestinal system, skin, and respiratory system. Although research
on the possible hazardous implications ofMXenes is insufficient, recent studies have
highlighted concerns about MXenes’ potential detrimental effects on the aquatic
ecosystem and human beings.

6 Summary

In summary, MXenes have revealed remarkable environmental clean-up applica-
tions, especially for the adsorptive sequestration of heavy metal ions, radionuclides
metalloids, anions, organic dyes, pharmaceuticals, and gaseous contaminants. More
than 30 members of the MXene family have been synthesized to date, with Ti3C2Tx

being the most intensively studied for water remediation applications. However, over
a dozen MXenes are still unexplored for environmental applications and therefore
must be explored to understand the adsorptive removal process in different MXenes.
The stability of MXene in the presence of water is a critical factor that limits its long-
term use of water treatment. Therefore, proper surface modifications are essential to
enhance its stability and efficacy for an extended period of application. Similarly,
the toxicity and reusability of MXene need to address in detail for viable, practical
applications. The adsorption efficiency of MXenes is proven to be highly depen-
dent on their surface functionalities and etching conditions. It can easily bind with
numerous pollutants due to the abundance of hydrophilic groups, and hence it is
not target selective in its pristine form. However, adequate surface functionalization
is necessary for the selective uptake of the contaminant in environmental samples.
Furthermore,multifunctional composites ofMXeneswith variousmatrices are shown
to possess good adsorptive removal of contaminants.
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MXenes for Electromagnetic
Interference (EMI) Shielding

Chang Ma, Qi Yuan, and Ming-Guo Ma

Abstract With the rapid advancement of science and technology, mobile devices
are becoming increasingly popular among people, accompanied by an increase in
the severity of electromagnetic (EM) radiation pollution. Recently, MXene, as a
new-born family of two-dimensional nanomaterials, has been applied in energy
conversion, energy storage, sensors, catalysis, medical therapy, and electromagnetic
interference (EMI) shielding and other fields due to its outstanding conductivity,
hydrophilicity, tunable surface chemistry, large specific area, and high photothermal
effect. Since the first report on EMI shielding of Ti3C2Tx in 2016, numerous works
have been devoted to designingMXene-based EMI shielding materials. This chapter
aims at highlighting the recent trends and advancements in this area. In the chapter,
we introduce the EMI, discuss the mechanism of EMI shielding, present the charac-
teristics of MXene-based EMI shielding materials, review the role of carbides and
nitrides in EMI shielding and finally provide an insight into future works. In addi-
tion, this chapter provides an overview of different advanced materials, devices, and
futuristic applications of MXenes for EMI shielding.

Keywords MXenes · Carbides · Nitrides · Electromagnetic interference · EMI
shielding

1 Introduction

In recent years, the development and innovation of technology and large-scale
implementations of electronic equipment enable electromagnetic (EM) pollution
to become a universal and severe problem [1, 2]. Researchers have even found that
excessive exposure to EM waves may lead to many serious sequences for the human
body, such as adverse effects on brain development and cancerization [3–5]. An EM
wave contains both electric and magnetic fields [1]. Based on Maxwell’s EM field
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theory, they are closely related. The electric field, magnetic field, and the propagation
direction of EM waves are perpendicular to each other [6]. EM waves can be clas-
sified according to their frequency as gamma rays, X-rays, visible light, microwave
(MW), radio waves, etc., [4]. EMI is a form of EM pollution that results either
from the natural environment (like cosmic noise, atmospheric noise, solar flare, and
thunder) or artificial devices (like radar, radio, navigation) [7, 8]. Another worri-
some electromagnetic interference (EMI) is from the nuclear device [9]. EMI is no
longer a new concept, which significantly influences almost all sorts of domains,
including military instrument operation, electrommunications, medical devices, and
so on [7]. Therefore, to avoid these serious problems, a phenomenon called EMI
shielding involves the process of reflection and/or absorption causing. The EMI
shielding materials with conductivity can play a role of a shield to protect the organ-
isms or devices from harmful EM radiations to a certain extent. Thus, EMI shielding
materials are significant to the environment, human body, and industry [8, 10]. The
shielding effectiveness (SE) depends on the conductivity, thickness, and structure
of materials [1, 4, 7]. In view of the outstanding conductivity, first-generation EMI
shielding materials are pure metals (like copper, aluminum or nickel, stainless steel,
etc.), possessing outstanding EMI SE. However, they are restricted by high cost,
large density, poor flexibility, and susceptibility to corrosion [4].

MXenes (denoted as Mn+1XnTx, where M is an early transition metal, X is C
and/or N, and Tx is terminating groups), as a newly blooming nanomaterial family,
have drawn much attention lately thanks to their 2D layered structure, outstanding
conductivity, and gifted hydrophily [11, 12]. SinceGogotsi and his co-workers devel-
oped the few-layered Ti3C2Tx in 2012 [13], MXenes have been applied to such fields
as supercapacitors [14–16], batteries [17–19], sensors [20–22], actuators [23, 24],
nanogenerators [25–27], heaters [28] and so on [29]. In 2016, Shahzad et al. [30]
published that MXene membrane was used for EMI shielding firstly with desirable
EMI SEof 92 dB,which is a huge breakthrough for EMI shielding ofMXenes. There-
fore, MXene-based EMI shielding materials have become a new research hotspot,
and the progress brings EMI shielding materials a new developing chance [31].

This chapter will introduce the EMI, discuss the EMI shielding mechanism,
present the performances of MXene-based EMI shielding materials, review the role
of carbides and nitrides in EMI shielding, and finally provide an insight into future
works.

2 Electromagnetic Interference

Nowadays, the EM pollution produced by different electronic devices has spread all
over the lives ofmodern people, as shown inFig. 1. The pollution caused byEMradia-
tion everywhere is difficult to detect and extremely hidden but far-reaching, so it must
be strictly controlled [1, 32, 33]. EMI generated by EMwaves can degrade or hinder
the effective operation of nearby electronic equipment (and/or components). Under
the current development trend, more complex electronic systems lead to a sharp
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Fig. 1 Diagram of the modern people surrounded by EM pollution. Adapted with permission [40].
Copyright 2019, Elsevier Ltd

increase in EMI pollution. For example, in order to achieve rapid response andminia-
turization, the packaging density of electronic devices is getting higher and higher.
As a result, electronic equipment with high power, fast operation, small size, and easy
to carry will emit diversified EMwaves to the surrounding environment, affecting the
electronic system in the precision electronic equipment, thereby reducing the effi-
ciency and utilization of the equipment, and even causing system crashes, equipment
damage, and failure [34]. The failure of electronic and electrical equipment caused
by EMI occurs every year globally and causes severe economic losses. In addition,
EM radiation pollution has a significant impact on the national defense industry, and
countermeasures based on EM radiation have played an important role in modern
warfare.

EM radiation pollution can also cause various diseases and threaten human health
by disrupting the normal function of the human life system [35]. For example, after
prolonged exposure to excessive EM radiation, the human body usually exhibits
the nervous system’s problems such as headaches, memory loss, difficulty sleeping,
serious brain tumors, and other brain disorders [36, 37]. Furthermore, long-term
exposure to high-dose microwave radiation can disrupt the body’s immune system.
EM wave pollution will also affect the normal physiological functions of higher
organisms, triggering genemutations and causing offspring deformation [38]. There-
fore, even if someone is exposed to low-power or low-frequency high-energy EM
waves for a long time, they should be aware of the potential danger.
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Since all kinds of information are mainly transmitted in the form of EM waves,
EM wave leakage is a significant problem for computers and their network systems.
Once the EM waves carrying important information are leaked out, they can be
captured and interpreted by highly sensitive instruments. Whether it is a country,
an enterprise, or an individual, all face the potential danger of information leakage.
Therefore, preventing EMI and ensuring the safe transmission of information is an
important issue that needs to be solved urgently today [39].

3 EMI Shielding

3.1 EMI Shielding Mechanism

When a beam of incoming EM wave strikes the EMI shielding material, it interacts
with the surface, mainly reflection, absorption, and multiple reflections (Fig. 2) [38].
The original interaction is the reflection of EM waves. The intrinsic impedance of
shielding material is significantly different from that of the medium in which EM
waves are propagated, and conductive materials with mobile charge carriers (elec-
trons and holes) are good reflectors of EM waves [7]. Therefore, the conductivity
(σ) of material is one of the significant indexes to evaluate its reflection perfor-
mance for shielding. As a result, the discontinuity at the interface is essential rather

Fig. 2 Diagram of various mechanisms of EMI shielding. Adapted with permission [2]. Copyright
2018, Elsevier Ltd
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than the thickness in reflection for shielding material [41, 42]. The remaining EM
waves enter the materials, undergoing another important interaction process, absorp-
tion. The absorption occurs if electric and/or magnetic dipoles are present in the
shielding materials. Furthermore, the absorption loss was found to be proportional
to the thickness. When the EM waves encounter another surface or interface within
the shielding material, some will undergo multiple internal reflections. Therefore,
shielding materials with larger surface or interface areas like foam and aerogel are
preferable for internal reflection. EM waves that travel through the EMI shielding
material and cannot be sufficiently attenuated from any of the above mechanisms
are called transmitted waves. According to the shielding mechanism mentioned
earlier, EMI shielding materials are generally grouped into reflection-predominant
and absorption-predominant.

The SE represents the ability to attenuate EM waves, which are expressed in
decibel (dB). It could also be understood as the intensity difference between the
original and residual EM waves. Therefore, SE can be calculated by the relative
parameters of the incident (subscript In) and transmitted (subscript Trans) EMwaves
as the following Eq. (1):

SE = 20 log10
ETrans

EIn
= 20 log10

HTrans

HIn
= 10 log10

PTrans
PIn

(1)

where, E, H, and P represent the strength of electric field, magnetic field, and plane
wave, respectively.

The shielding theory of Schelkunoffs states the relation of the total SE (SET ).
The reflection loss (SER), the absorption loss (SEA), and the multiple reflections loss
(SEM) satisfied the following Eq. (2) [43]:

SET = SER + SEA + SEM (2)

The SER, SEA, and SEM can be calculated respectively by Eqs. (3–5) [4]:

SER = −10 log10

(
σT

16 f εμr

)
(3)

SEA = −3.34t
√

f σTμr (4)

SEM = 20 log10
(
1 − 10

SEA
10

)
(5)

where σ T is the electrical conductivity of shielding material (S cm−1), f refers to
the frequency of EM waves, ε refers to electric permittivity, μr represents magnetic
permittivity of the medium, and t refers to the thickness. It could be observed the
SER decreases while SEA increases with the increase in f for fixed shieldingmaterial.
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FromEq. (5), it is clear that SEM is relevant to SEA. The role of SEM is necessary only
in the thin metals and under the circumstance of low EM band frequencies. Multiple
reflections can be ignored when the absorption loss is higher than 10 dB or in the
thick shields. If the SE is less than 10 dB for all shielding materials, this material
would be considered inefficient. When SE is greater than 20 dB, it can attenuate 99%
of the incoming waves. EMI shielding efficiency (%) could be calculated from SE
by Eq. (6):

Shielding efficiency(%) = 100 −
(

1

10
SE
10

)
× 100 (6)

Generally, SE≥20dB is theminimumstandard tomeet the industrial and commercial
protections requirements [30].

3.2 EMI Shielding Measurement

The three techniques are commonly conducted for measuring EMI SE, which are
introduced below [44, 45]:

(1) Waveguide method: As the name implies, different waveguides were used
in the waveguide method. Waveguide is the module wherein the shielding
material was introduced. The type of chosen waveguide was dependent on the
frequency range of the test. Generally, the higher the frequency, the smaller
the waveguide. Therefore, the waveguide method is suitable for analyses of
composite materials based on aligned nanostructures [4].

(2) Coaxial transmission line method: The material is made into the rectangular
toroid shape inserted between the inner and outer conductors [4, 7].

(3) Free space method: It is a non-contact method. The major shortcoming of the
free space method is that the required thickness for the tested sample is larger
than the aforementioned methods. However, the main advantage is that the
incidence angle of EM radiations can be adjusted [4].

3.3 Types of EMI Shielding Materials

3.3.1 Metal-Based Materials

Metallic materials are applied in EMI shielding because of their excellent electrical
and thermal conductivity. Because metallic materials have a large number of free
electrons and a very small skin depth, EM waves are mainly reflected off the surface
[4]. Metallic conductors can also be used to eliminate static charges accumulated
in electronic equipment or to dissipate heat generated by a high-speed machine.
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Conventional metal materials for EMI shielding include copper, iron, silver, nickel,
aluminum, etc.Moreover, alloyswith highmagnetic permeability are often employed
for EMI shielding [7]. However, metallic materials also have some limiting factors.
For example, the price of copper is relatively expensive, ironmaterials are easy to rust,
and the density of steel is too high [46].Moreover, EMI shieldingmaterials composed
of two different metals are susceptible to electrochemical corrosion, resulting in a
serious decline in EMI shielding performance [47].

Although there are somedeficiencies in lightweight and rapidpreparation,metallic
materials are still one of the conventional EMI shielding materials in many scenarios
because they have better conductivity and mechanical strength than many polymer
materials.

3.3.2 Conductive Polymer-Based Materials

There is no doubt that lightweight and high efficiencywill become the critical require-
ments of EMI shielding materials for electronic devices in the future. In the EMI
shielding application of traditional metal materials, negative factors such as high
specific gravity, susceptibility to corrosion, and complex processing have seriously
hindered its applications. The polymer material is a promising alternative mate-
rial because of its advantages of low density, low cost, anti-corrosion, and easy
processing. Therefore, it is widely used in electronics, transportation, aerospace,
energy, defense, and infrastructure [47–49].

Conductive polymers like polyaniline (PANI) [50] and polypyrrole (PPy) [51]
have drawn attention because of their unique electronic property. However, their
processing abilities have been limited by the extensive delocalization of π-electrons
and the inherent rigidity of the chains of these conductive polymers [1]. Moreover,
the conductive polymers will swell, contract, or soften, which will weaken their
mechanical strength and electrical characteristics. Therefore, researchers usually
solve the above problems by introducing other materials in order to make EMI
shielding composite materials.

3.3.3 Nanocomposite-Based Materials

Traditional composites are mainly filled with micron filler. With the development
of nanoscience and technology, the unique physical and chemical properties and
the relationship between filler size and nanomaterials’ performance have gradually
turned into a focus of attention. Generally, nanotechnology refers to manipulating
matter on the atomic or molecular scale and the use of nanoscale materials and
structures. Nanoparticles often have a larger surface area-to-volume ratio, higher
interfacial reactivity, and unique nano-enhancing effects based on the nano-size
effect. Therefore, nanocomposite-based EMI shielding materials have caught more
and more concern [52]. Metal nanowires [53], graphene [54–56], carbon nanotubes
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(CNTs) [57–59], carbon fibers [60–63], graphite [64, 65], carbon black [66], and
MXenes [67] have been widely used.

4 Role of Carbides in EMI Shielding

MXene is a class of two-dimensional materials and consists of transition metal
carbides or nitrides. Due to the excellent conductivity of MXene, they are seen
as a promising candidate for EMI shielding materials.

4.1 MXene Films

At first, vacuum filtered freestanding films assembled from MXene have exhib-
ited great potential in EMI shielding because of their unique layered structure and
outstanding conductivity. In 2016, pure MXene films prepared by vacuum-assisted
filtration were first applied to the EMI shielding field. Shahzad et al. [30] measured
the EMI shielding performances of three different types of laminar MXene films and
MXene-polymer hybrids with varying contents of MXene. The results demonstrated
that a pure Ti3C2Tx filmwith 45μm thickness displayed an exceptional conductivity
of 4665.1 S cm−1 and an excellent EMI shielding SE of 92 dB, which is the highest
level in the same thickness processing materials at that time. Moreover, a potential
mechanism of EMI shielding was suggested. When EM waves hit the surface of the
MXene nanosheets, some of them were immediately reflected. The remaining waves
travel through the MXene film and interact with the high electron density of MXene,
leading to an ohmic loss of EMwaves. The surviving EMwaves can be reflected and
forth between the layers (I, II, III, and so on) until they are fully absorbed (Fig. 3).

Although the pristine MXene film shows prominent EMI shielding performance,
it undergoes poormechanical performance (tensile strength of 22MPa), limiting their
practical applications. Fortunately, there are abundant functional groups (like -F and
-OH) on the surface of MXene sheets, which are beneficial to interact with poly-
mers by hydrogen bonding. Therefore, some researchers took advantage of this, and
numerousMXene-based composites filmswere fabricated for solving themechanical
strength problem.Cao et al. [68] designedMXene/CNFs compositeswith a nacre-like
lamellar structure via filtrating (Fig. 4a). 1D CNFs with abundant hydroxyl groups
(-OH) played a role in strengthening the composite materials, which both connect
the adjacent MXene sheets and improve the stress transfer (Fig. 4b). By adjusting the
proportion ofMXene toCNFs, the tensile strength and strain of compositemembrane
reached 135.4 MPa and 16.7%, respectively, which were better for pure MXene and
pureCNFsmembrane.With 20wt%ofCNFs, theMXene/CNFshybridfilmexhibited
~ 25.8 dB in X-band at a thickness of 74 μm.

In addition to CNFs, other materials such as aramid nanofibers (ANFs or
Kevlar) are utilized to reinforce MXene-based hybrid films. Wei et al. [69]
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Fig. 3 a EMI shielding performances ofMo2TiC2Tx,Mo2Ti2C3Tx, and Ti3C2Tx. bEMI shielding
performances of Ti3C2Tx. c EMI shielding performances of Ti3C2Tx-SA. d EMI shielding perfor-
mances versus thickness of different materials. e Representation of EMI shielding mechanism. a–e
Adapted with permission [30]. Copyright 2016, AAAS

reported an MXene/ANFs hybrid films with “bricks and cement” structure via
the filtration method. MXene layers acted as “bricks”, and ANFs were used for
“cement” between “MXene bricks” for connection and stabilization. The as-obtained
composite enhanced mechanical property (116.71 MPa) and EMI shielding perfor-
mance (34.71 dB at 12.4 GHz). Liu et al. [70] developed vacuum filtered ultrathin
MXene-GO hybrid films for EMI shielding. MXene nanosheets were bridged with
GO sheets with hydrogen bonds for reinforcing the pure films, forming a densely
packed layered structure. The obtained composites demonstrated outstanding frac-
ture strength (209 MPa) and toughness (1.09 MJ m−3) under the premise of main-
taining a satisfactory electrical conductivity (4.62 × 104 to 2.62 × 105 S m−1). A
composite film at only 7 μm thick had an outstanding EMI shielding performance
up to 50 dB.

It is a disadvantage to maintain the original conductivity and EMI shielding prop-
erty for the homogeneous hybrid films prepared by directly mixing MXene and non-
conducting reinforcements [71]. Therefore, it is desired to design a novel strategy that
can strengthen MXene-based composite films but not affect the electrical conduc-
tivity and the EMI SE. Alternating vacuum filtration (AVF) was chosen to mold a
gradient and sandwich structure to meet this target. Zhou et al. [72] prepared a kind
of multilayered films with alternating CNF layers and MXene layers with a tensile
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Fig. 4 a Schematic illustration of nacre-like lamellar structure and the vacuumfiltration preparation
process. b Schematic diagram of the fracture mechanism. Adapted with permission [68]. Copyright
2018, American Chemical Society. c AVF process to prepare alternating CNF@MXene films.
Adapted with permission [72]. Copyright 2020, American Chemical Society

strength of 112.5 MPa, which improved the electrical conductivity (621–82 S m−1)
and EMI SE (~40 dB), compared to the aforementioned homogeneous MXene/CNF
hybrid film (Fig. 4c). Furthermore, given the high conductivity, this alternatingmulti-
layered CNF@MXene film shows a significant electrothermal-conversion perfor-
mance under a low safe voltage, making the alternating multilayered CNF@MXene
possible to be applied in various real scenarios for wearable electronics and personal
heating systems.

Another method uses a conductive material as reinforcement, such as silver
nanowires (AgNWs) [73]. AgNWs were introduced into MXene layers to fabri-
cate a hybrid membrane with a “brick-and-mortar” structure. When the thickness
is 16.9 μm, the tensile strength and shielding performance of the thin membrane
prepared by low load nanocellulose as binder can reach 63.80 MPa and 42.7 dB.
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Moreover, conducting polymers were also employed to retain intrinsic electrical
conductivity [74]. Polymeric chains intercalated inMXenenanosheets create conduc-
tive paths that help the electrons flow. MXene and PEDOT:PSS nanocomposites
were investigated [75]. Conductive polymeric chains between theMXene nanosheets
improved the conductivity (340.5 S cm−1), and the EMI SE at 11.1 μm thickness
was 42 dB.

In addition to vacuum filtrated film, designing hybrid films with a layer-by-
layer (LBL) structure is another way to build MXene EMI shielding materials.
LBL stands for alternate layer structure. LBL structures could be assembled by
a variety of solution-processing methods such as spin-coating [76], spray-coating
[77], dip-coating [78], and so on [72].

Weng et al. [77] prepared an MXene-CNTs LBL film by spin-spraying method,
which integrated numerous advantages of thin, transparency, excellent conductivity,
good stability, and high flexibility in one. The pre-prepared semi-transparentMXene-
CNT LBL hybrid film exhibited good conductivity over 130 S cm−1 and exceptional
specificEMISEup to 58,187 dB cm2 g−1, due to the excellent conductivity ofMXene
and CNTs and the special LBL structure (Fig. 5a–c). As shown in Fig. 5d, Jin et al.
[79] developed a poly (vinyl alcohol) (PVA)/MXene membrane with alternating
multilayered structure by multilayered casting. The resultant PVA/MXene multilay-
ered film (19.5 wt% MXene) at 27 μm thickness showed a satisfied conductivity of
716 Sm−1, a predominant EMI SE of 44.4 dB, and specific shielding effectiveness of
9343 dB cm2 g−1. This superb EMI shielding property is because of the impedance
mismatch between conducting layers and non-conducting layers of the multilayered

Fig. 5 a–bMXene/CNT LBL hybrid films of multi-layers. c Comparison of the specific EMI SE.
Adapted with permission [77]. Copyright 2018, Wiley–VCH. d The fabrication pf MXene/PVA
multilayered hybrid films. Adapted with permission [79]. Copyright 2020, Elsevier Ltd
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LBL structure, which enhances the internal scattering and absorption of EM waves.
In addition, the plane thermal conductivity of the obtained film is 4.57 W/mK.

In addition, MXene hybrid films are also employed to further enhance the EMI
SE by introducing other conductive or magnetic materials. Wang et al. [80] designed
a flexible and ultrathin poly (vinylidene fluoride) (PVDF)/MXene/ Ni chain hybrid
films and discussed the synergistic effect of 2D MXene and quasi-1D Ni chains.
The conductivity of 892 S m-1 and the EMI SE of 34.4 dB was obtained for the
PVDF/MXene/Ni chain filmwith 0.36mm thick hybrid film. Furthermore, the tensile
strength, Young’s modulus, and toughness of composite film were 41.9 ± 1.6 MPa,
1.18 ± 0.007 GPa, and 2.9 ± 0.08 MJ m−3, all of which were better than when
MXene or Ni chains were used alone.

4.2 MXene-Coating Textiles and Fabrics

MXene-coating textiles and fabrics are considered promising candidates forwearable
EMI shielding materials owing to their breathability, durability, and washability. Ma
et al. [81] designed an MXene-decorated air-laid paper by dipping-drying. As a
flexible substrate, the air-laid paper consists of polyester and cellulose without any
binder or additive, making air-laid paper hydrophilic and durable. The as-prepared
paper exhibits a conductivity of 173.0 S m−1 and EMI SE of 16.36 dB. In addition, it
is worth noting that the composite demonstrated outstanding durability after folding
and sweat-treating.

Another recent work investigates a multifunctional and water-resistant MXene-
wrapped polyester textile [82]. Figure 6a demonstrates the fabrication and func-
tions of this textile. The MXene nanosheets are decorated with polymerized PPy
without any initiator like FeCl3. Still, because of van der Waals force and hydrogen
bonding, the polyester textile fibers are tightly wrapped PPy/MXene nanosheets.
Finally, the composite textiles were coated with a water-resistant layer of silicone,
which improved this multifunctional textile’s stability and working life (Fig. 6b).
The as-obtained PPy/MXene-textile revealed a superb conductivity of 1000 S m−1

and an EMI shielding SE of 42 dB. In addition, the composite textile shows a good
Joule heating performance with excellent stability, which broadens the application
field of this textile in wearable intelligent garments.

Liu et al. [83] demonstrated a leaf-like MXene/silver nanowire (AgNW) textile
for EMI shielding and moisture monitoring (Fig. 6c). A scalable vacuum-assisted
LBL assembly method was employed to fabricate this multifunctional textile. After
oxygen plasma and polyethyleneimine treatment, the textile was alternately coated
with MXene and AgNWs, which was like a leaf. Finally, after 5 months of aging,
the hydrophilic composite silk textile converted to hydrophobicity. In this unique
nanostructure, 2D MXene nanosheets and 1D AgNWs constructed a good conduc-
tive network, giving the obtained fabric interesting properties, including low sheet



MXenes for Electromagnetic Interference (EMI) Shielding 231

Fig. 6 Schematic diagram of a decoration of MXene with polymerized PPy, and b preparation and
functions of this composite textile. Adapted with permission [82]. Copyright 2019, Wiley–VCH.
c Fabrication of MXene/AgNWs-decorated silk textile. Adapted with permission [83]. Copyright
2019, Wiley–VCH

resistance and superb EMI SE over 90 dB. Besides, the obtained textile shows sensi-
tivity to moisture response and self-derived hydrophobicity. Therefore, this textile is
a promising candidate for wearable devices thanks to its stability and functions.

4.3 MXene-Based Foams and Aerogels

Porous MXene foams and aerogels are well suited to modern EMI shielding mate-
rials due to their exceptionally low density. Liu et al. [84] demonstrated lightweight
and flexible Ti3C2Tx MXene foams for EMI shielding. Figure 7 shows the prepa-
ration process. First, single-layered MXene nanosheets were obtained via etching
and sonication, and then vacuum-assisted filtration was developed to assemble these
MXene nanosheets into a freestanding film. Finally, the pre-prepared MXene film
was sandwiched between two ceramic wafers, treated with hydrazine, and heated
at 90 °C. In this foaming process, pores were introduced into the parallelly ordered
and layered structure of MXene freestanding film, which facilitated a higher EMI
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Fig. 7 Preparation of the hydrophobic MXene foam. Adapted with permission [84]. Copyright
2018, Wiley–VCH

wave attenuation to 70 dB. Furthermore, due to the removal of oxygen terminations
during the foaming process, the surface wettability of the MXene film was changed
to hydrophobic, increasing the stability and endurance of smart wearable electronics,
particularly in humid settings.

Freeze-drying is one of the common conventional methods to establish a porous
structure. However, Freezing-casting, as a specific kind of freezing-drying, is
employed to build robust, compressible, and lightweight aerogels, which suit wear-
able devices. Bidirectional freeze-casting was used by Han et al. [85] to create
anisotropic flexible MXene aerogels with long-range order of aligned lamellar struc-
tures, which differs from standard freezing-drying to make random aerogels. This
study uses three types of MXene family to build conductive MXene aerogels, and
their EMI SE (SET) reaches 70.5, 69.2, and 54.1 dB, respectively. In addition, the
Ti3C2Tx has a high absolute shielding efficacy (SSE/t) of 88,182 dB cm g−1 thanks
to its ultralow density (0.0055 g cm−3).

Wu et al. [86] designed a compressible and durable PDMS-coated MXene
composite foam for EMI shielding and detecting EM leakage. This MXene/sodium
alginate (SA) aerogel was prepared via a directional freezing-casting method,
followed by a coating of a thin PDMS layer to improve the stability. As a result,
the MXene/SA composite foam shows a high electric conductivity of 2211 S m−1 in
a density of ≈ 20 mg cm−3 and a satisfied average SE of 70.5 dB. In addition, the
hybrid aerogel with directional porous architecture reserves its high EMI shielding
SE after up to 500 compression cycles, making it a candidate for wearable sensors or
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Table 1 EMI shielding performances of carbides MXene and its hybrid materials

Materials Thickness (mm) SE (dB) SSE/t (dB cm2 g−1) Ref

Ti3C2Tx/CNF/CNT 0.038 38.4 8020 [71]

Ti3C2Tx/epoxy 2 41 / [87]

Ti3C2Tx/Ni 1.3 33.8 / [88]

Ti3C2Tx/wax 0.8 70 1776 [89]

Ti3C2Tx/polystyrene 2 62 / [90]

Ti3C2Tx/natural rubber 0.25 53.6 / [91]

Ti3C2Tx/carbon 2 46 / [92]

Ti3C2Tx/calcium
alginate

0.026 54.3 17,586 [93]

Ti3C2Tx/CNT textiles / 32.6 / [94]

Ti3C2Tx/Ni/wax / 74.14 / [95]

Ti3C2Tx/wood 8 29.3 / [96]

Silicone-coated
Ti3C2Tx/cellulose

0.54 39.4 / [97]

Ti3C2Tx/aramid
nanofibers

1.9 56.8 3558 [98]

other electronics. Table 1 shows the EMI shielding performances of representative
carbides composite materials.

5 Role of Nitrides in EMI Shielding

Few studies have looked into the role of nitrides MXene in EMI shielding compared
to carbides (Ti3C2Tx). For example, the EMI shielding capability of vacuum filtered
Ti3CNTx films was investigated by Han et al. [99]. The as-obtained Ti3CNTx film
with a thickness of ~ 5 μm had a conductivity of 2712 S cm−1 and an EMI SE
of around 50 dB. In 2020, a breakthrough of nitrides for EMI shielding materials
was reported by Iqbal and coworkers [100]. Compared to higher conductive Ti3C2Tx

or foils, Ti3CNTx-based materials at the same thickness have moderate electrical
conductivity and provide a higher SE (up to 116 dB). This exceptional shielding
property of Ti3CNTx was obtained by thermal annealing. As a result, slit pores
were developed in the annealed films with a broad size distribution ranging from
tens of nanometers to micrometers. Moreover, heat treatment of Ti3CNTx removed
the adsorbedmolecular species betweenMXene sheets. However, these factors alone
cannot fully explain the observed increase within the framework of existing shielding
theories. Therefore, further exploration is needed to explain the mechanisms.
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6 Challenges and Prespective

Although MXene-based EMI shielding materials have been widely investigated,
some outstanding challenges still need to be addressed.

(1) The mechanical properties of MXene-based EMI shielding materials need to
be further improved. There are some previous works that reported attempts for
mechanical enhancement. For example, cellulose nanofiber reinforcedMXene
films, ANFs strengthenedMXene films, etc. However, the increase of mechan-
ical strength ofmostmaterials is usually at the cost of loss of EMI SE at present.
Therefore, balancing the mechanical properties and EMI SE performances is
vital. Designing special structures or using conductive reinforcements may be
the way to solve this problem.

(2) The long-term durability and stability of EMI shielding material is significant
for practical wearable applications under different circumstances. Although
MXene-based EMI shielding materials have excellent conductivities and high
SE values, current studies have fewer tests of durability and stability during
use. Therefore, testing and improving durability and stability are critical for
wearableEMI shieldingmaterials. In particular, the properties ofwearableEMI
shielding materials should keep after folding or sweat and stains treatments.

(3) Furthermore, proper breathability is another critical factor that evaluates
whether the material is suitable for wearing. Although most fabric-based
MXene-based EMI shielding materials inherit the good breathability of fabric
substrates, more research has not focused on the breathability of flexible
materials.

(4) The MXene-based EMI shielding material with a single function is diffi-
cult to meet the trend. Therefore, it is imperative to develop versatile mate-
rials. Materials with thermal management, sensing, EMI shielding, and other
functions could broaden the range of possible scenarios, especially in harsh
environments.

7 Conclusion

As discussed above, MXene materials have shown great attractive features, making
them good candidates for EMI shielding. Various strategies have been used to
construct MXene-based EMI shielding materials, including dipping-drying, freeze-
casting, vacuum-assistant filtration, and so on. MXene-based composites give state-
of-the-art EMI shielding performances due to their excellent conductivities and
unique structures. However, the research ofMXene-based EMI shieldingmaterials is
in its infancy, and there are still vast prospects to explore. We hope that this chapter
could provide an insight into the progress and challenges of MXene-based EMI
shielding materials.
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MXene as Catalyst

Wai Yin Wong and Raja Rafidah Raja Sulaiman

Abstract Two-dimensional (2D) MXenes have been intensively studied as photo-
and electrocatalysts for environmental and energy applications, includingwater split-
ting, carbon dioxide reduction, nitrogen reduction, organic pollutant degradation
and oxygen reduction. This chapter discusses the photocatalytic and electrocatalytic
properties of various types of MXenes/MXene composite materials for the targeted
applications. Photocatalysts with MXene composites exhibited significant improve-
ment in photocatalytic activity owing to the role of MXene as an electron sink in
the heterostructure. The presence of the Schottky barrier with MXene composites
effectively delayed the electron–hole pair recombination and thus improved both
activity and stability. MXene exhibited some inherent activity towards photodegra-
dation of several types of organic pollutants. For electrocatalysis, some improvement
in catalytic activity with MXenes/MXene composites was revealed, with its role as
the catalyst support to enable uniform distribution of electrocatalyst nanoparticles
onto its surface. The synergistic effect in the metal–metal support interaction has
altered the electronic structure and properties, leading to a change in the energy
barrier for the electrocatalysis reactions. Nonetheless, challenges such as MXene
oxidation and the synthesis of MXenes/MXene composites must be overcome to
develop MXene applications on a commercial scale. This chapter also concluded
with the future perspectives on using MXene as catalysts.

1 Introduction

Since the introduction of 2D MXene over the past decade, tremendous works have
focused on awide range of its applications. Among all,MXene as catalysts presents a
widewindow formaterials exploration andperformance improvement. The discovery
ofMXene for catalysis began in 2016, focusing on photocatalysis in hydrogen evolu-
tion reaction, oxygen evolution reaction, carbon dioxide conversion and nitrogen
reduction reaction. With the rising concern on sustainable energy and water supply
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worldwide, various environmental benign technologies developments are on the
move.These include photocatalyticwater splitting for greenhydrogenproduction as a
next-generation energy carrier, photodegradation for water treatment and conversion
of greenhouse gas of carbon dioxide (CO2) to green fuels. The rapid development of
MXene-based composite materials as photocatalysts has generally received positive
outcomes, with tremendous improvement in the performance of the various photo-
catalytic processes mentioned. The unique features in MXene suiting its application
as photocatalyst include its high active surface area as 2D materials, outstanding
electrical conductivity, and the potential for band gap engineering via modification
on termination groups and composite with photocatalytic materials.

Meanwhile, the development of MXene as the electrocatalysts are still in infancy.
Several areas, not limited to these, which are receiving some attention, include elec-
trocatalytic water splitting for hydrogen generation, oxygen reduction reaction used
for energy generation through fuel cells and Li-ion batteries devices, and nitrogen
reduction reaction for environmental pollution mitigation. MXene-based electrocat-
alysts adopt high electron conductivity, large surface area and tunable surface func-
tional groups to provide more catalytic active sites, significantly enhancing electro-
catalytic activity. MXene and MXene-supported electrocatalysts have been widely
investigated for hydrogen (H2) evolution reactions, in which MXenes contribute to
lowering the energy barriers for the formation of hydrogen. Other electrocatalytic
reactions, including oxygen evolution and nitrogen reduction, have shown posi-
tive outcomes to catalytic performance while still requiring in-depth studies on the
reaction mechanism and their long-term durability under real operating conditions.

2 Photocatalytic Effect of MXenes/MXene Composites

Photocatalysis is regarded as the most sustainable method of converting solar energy
into chemical energy for various applications. More focus is paid on environmentally
related applications such as water splitting, carbon dioxide reduction, and photocat-
alytic degradation of water contaminants. Photocatalysis involves the absorption of
light on semiconductor photocatalyst and subsequently induce the excitation of elec-
trons (e−) from the valance band (VB) to the conduction band (CB), forming a hole
(h+) in the initial position for a nanosecond. This allows the electrons and holes to
migrate to the photocatalyst surface and serve as the active sites for the photocat-
alytic oxidation or reduction reaction with the adsorbed species [68]. Most often, 2D
nanostructured materials have been investigated as the photocatalysts owing to the
ability to construct a heterojunction structure which shortens the charge transfer path
with good contact area, thus accelerating the electron–hole (e−-h+) separation and
simultaneously reducing the tendency of e−-h+ recombination, beneficial for a stable
photocatalytic reaction [89].MXenes, which emerge as the next generation 2Dmate-
rials, have been studied extensively in the past decade, produced through the etching
of MAX phase with the general formula of Mn+1AXn (M = early d-group transition
metal, A = Aluminium (Al) or Silicone (Si), X = C or N). The successful etching of
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A layers led to the formation of MXene with the general formula of Mn+1XnTx (Tx

= surface termination groups of fluoride (-F), oxide (-O), or/and hydroxide (-OH))
[61]. Compared to other semiconductor photocatalysts, MXenes possess a lower
Fermi level due to the hybridization between the d orbitals of M and the p orbitals
of Tx [25, 35], favoring its role as co-catalysts to mediate the electron transfer. On
the most commonly studied Ti3C2 Mxene, the -F and -OH termination groups were
found to change the metallic character of pristine Ti3C2 MXene to semiconductor
with the band gap values of 0.1 eV and 0.05 eV, respectively [61]. By engineering the
band gap in MXenes, the desired photocatalytic performance can be realised when
suitably composite with semiconductor materials [66].

2.1 Photocatalytic Water Splitting

To date, there are twomain approaches to the use ofMXenes for photocatalytic water
splitting, (1) MXenes as the co-catalyst and (2) MXene derivatives as the photocata-
lysts or new derivate with other semiconductors [8]. The conventional water-splitting
photocatalysts such as titanium dioxide (TiO2) [37, 79, 113], molybdenum disulfide
(MoS2) [49, 101], Cadmium sulfide (CdS) [97], ZnS [84] and metal-free graphitic-
carbon nitride (g-C3N4) [18, 43], despite possessing suitable band gap for photon
absorption in the visible light region, the rapid photoinduced electron–hole (e−-h+)
recombination has limited the hydrogen production. To overcome the issue, co-
catalyst is commonly used to construct the Schottky junction on the photocatalyst to
delay the process. Graphene [60] and MoS2 [72] are often selected as co-catalysts
owing to their 2Dmorphology and high electrical conductivity. 2DMXeneswith high
specific surface area (SSA) and excellent electrical conductivity possess the advan-
tage of providing enormous adsorption sites for H3O+ as the intermediate species
in the H2 evolution reaction [5]. For example, the heterojunction of g-C3N4/ Ti3C2

demonstrated a wider photo-absorption window than g-C3N4, which favors more
photoinduced carriers [43]. Notably, pristine Ti3C2 MXene itself does not possess
any photocatalytic activity [78]. Upon visible light irradiation, photoinduced e−-h+
pairs are generated on g-C3N4. Ti3C2 acts as the receptor of electrons immigrate from
g-C3N4 through the Schottky junction, leading to effective charge separation [70].
Figure 1 illustrates the H2 evolution on the Ti3C2 MXene/photocatalyst composites
with visible light irradiation.

The co-catalytic effect of Ti3C2 takes place with the -O termination group surface
as the adsorption sites [70] and facilitate the H2 evolution on this surface. Different
heterojunction engineering leads to different H2 evolution mechanisms that take
place at different surfaces. When platinum (Pt) nanoclusters were photo-deposited
onto the g-C3N4/ Ti3C2 with -F termination, the lower work function of MXene [54]
compared to Pt facilitates the further electrons transfer from Ti3C2 to Pt [2]. The
two-step electron immigration has effectively delayed the charge recombination [9],
improving the H2 evolution reaction.
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Fig. 1 Mechanism for H2 evolution at Ti3C2 MXene/photocatalyst composites with visible light
irradiation. Redrawn and modified from [70]

Tremendous works have focused on density functional theory (DFT) calculation
and experiments to identify how the types ofMXenes, compositions [78], heterojunc-
tions [14, 71, 97, 101] and surface termination groups [25] affect the work function,
which can be tuned to align with the semiconductor’s band edge [25]. However, this
chapter will only focus on theMXenes that have been successfully synthesised exper-
imentally for the abovementioned photocatalytic applications. Su et al. [78] reported
2D/2D heterojunction of Ti3C2/g-C3N4 with varying amounts of Ti3C2 monolayers
(range from 1.0 to 5.0 wt%) composite with g-C3N4 3.0 wt% Ti3C2 was revealed
as the optimum amount in the composite, with the maximum H2 evolution rate at
72.3μmol h−1 g−1, exceeding 10 times than that the pristine g-C3N4. Photolumines-
cence (PL) spectroscopy analysis on theO-terminatedTi3C2/g-C3N4 sample revealed
the elimination of the peak at 550 nm, commonly assigned to the sub-gap defects
in the photocatalyst, which would lead to the undesired charge recombination. This
correlate to the ability of the 2D/2D O-terminated Ti3C2/g-C3N4 interfaces with
Schottky junction to delay the e− - h+ recombination, and results in the improvement
in the hydrogen yield as well as its photochemical stability. The effect of electron
trapping on theMXene surface towards the improvement on the H2 evolution perfor-
mance is displayed in Fig. 2. Further improvement was observed on properly engi-
neered 2D/2D/2D heterojunction of Ti3C2/MoS2/TiO2 nanosheets [49]. The in situ
growth of TiO2 on Ti3C2 with subsequent deposition of MoS2 layer onto TiO2 (001)
facet yielded an extremely high H2 evolution rate of 6425.297 μmol h−1 g−1

, on the
composition optimized sample. It is known that the (001) and (101) facets of TiO2
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Fig. 2 Illustration of
electron trapping at Mxene
surface serving as the active
sites for H2 evolution.
Redrawn from [5]

have a high electron affinity which is among the crucial factor for enhancing the
photocatalytic H2 evolution. Meanwhile, the improper facet pairs matching could
lead to rapid charge recombination, which impedes the water splitting efficiency
[67]. In this work, the close proximity between TiO2 and Ti3C2 nanolayers enhanced
the role of Ti3C2 as electrons sink during the photoexcitation on TiO2 facets. The
deposition of MoS2 onto the TiO2 has also assist in capturing the electrons generated
from TiO2 simultaneously, thereby providing two active sites on the co-catalysts for
further enhancement in photocatalytic H2 evolution rate and photochemical stability,
as shown in Fig. 3.

Aside from H2 evolution, O-terminate Ti3C2 MXene has also demonstrated a co-
catalytic effect for photoinduced oxygen evolution reaction (OER). An exemplary
study on 2D-Bi2MoO6@2D-MXene by Zuo et al. [122] revealed a similar Schottky
junction effect which enhances the e− - h+ separation efficiency through the electron
transfer to MXene, enabling the OER occurs on the Bi2MoO6 surface with h+ as
the active sites. Similar to Su et al. [78], the MXene composition plays a significant

Fig. 3 Mechanism for photocatalytic H2 evolution on 2D/2D/2D Ti3C2/TiO2/MoS2 heterojunc-
tions with abundant active sites. Redrawn and modified from [49]
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role in optimizing the oxygen evolution rate; In this work, the optimized composition
demonstrated the highest OER rate of 734.0μmol h−1 g−1, near to eightfold improve-
ment over pristine Bi2MoO6. X-ray photoelectron spectroscopy (XPS) revealed the
role of O atoms as the medium for electrons transfer from Bi2MoO6 to MXene.
The electrons transfer occurs when the Fermi level of Bi2MoO6 (−4.31 eV) > O-
terminated Ti3C2 (−5.04 eV), as well as the higher work function of O-terminated
Ti3C2 (6.13 eV) than Bi2MoO6 (4.59 eV).

Su et al. [44] have also demonstrated that the intimacy of the 2D-2D hetero-
junction plays a critical role in the performance enhancement compared to other
heterostructures such as 2D/0D and 0D/2D when similar photocatalysts are used.
Yet, it is worth noting that superior performance could be obtained on all types of
heterostructures such as 0D/2D [14, 71], 1D/2D [97, 118] and 2D/2DwithMXenes as
nanocomposites, with illustrations shown in Fig. 4. For instance, 0D/2DMoS2/Ti3C2

heterostructure prepared from the hydrothermal method has shown the successful
MoS2 nanospheres intercalation and deposition through the MXene layers [71].
Moreover, a wider light absorption band was observed on this composite mate-
rial with the optimized content of the MoS2/Ti3C2, achieving the H2 evolution rate
of 6144.7 μmol h−1 g−1, compared to only 2626 μmol h−1 g−1 obtained on pris-
tine MoS2. Other examples of 0D semiconductor materials include TiO2 [79] and
CdLa2S4 [14] nanoparticles, which have demonstrated the H2 evolution rate with the
order of 100 – 101 mmol h−1 g−1 when monolayer Ti3C2 is used as co-catalyst. This
is because Ti3C2 has enhanced the light absorption on the TiO2 in the visible light

Fig. 4 Mxene as co-catalyst with the a 0D/2D, b 1D/2D and c 2D/2D heterostructures of photo-
catalyst composite for d improved photocatalytic H2 evolution performance through Schottky
barrier
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region. More interestingly, cadmium lanthanum sulfide (CdLa2S4)/ Ti3C2 nanocom-
posite achieved more superior H2 evolution rate of 11.18 mmol h−1 g−1 than on the
noble Pt/CdLa2S4 (1.73 mmol h−1 g−1), implying the vital role of MXene as the
breakthrough co-catalyst for photocatalytic water splitting application.

Meanwhile, 1D/2D heterojunction structures such as TiO2 nanofibers/Ti3C2 [121]
and CdS nanorod/Ti3C2 [97] have both reported with significant enhancement in H2

evolution rates than the pristine counterparts. Notably, most of the 1D/2D or 2D/2D
are prepared via the electrostatic self-assemblymethod to achieve the desired orienta-
tion of the heterojunction. It was highlighted from the literature works on the impor-
tant use of MXene monolayer as the electron mediator. Studies on the compositions
variation [78, 49, 122] and use of monolayer/ multilayer [79]MXene for this applica-
tion have indicated that the larger SSA of the MXene available for interfacial contact
with the photocatalyst has enhanced the photocatalytic efficiency. Sufficiently large
SSA of MXene leads to an increase in the light absorption on the composites and
thus demonstrate lower photoluminescence (PL) effect, favoring the suppression of
e−-h+ recombination [71]. In contrast, multilayer MXene possesses lower SSA and
is bulkier in structure, which results in less homogenous particle distribution [79]. Su
et al. [79] reported a 5 wt. % multilayer Ti3C2 with TiO2 nanoparticles demonstrated
a lower H2 evolution rate than that with 2 wt. % monolayer Ti3C2.

Inspired by the graphene/TiO2 structure with excellent photocatalytic activity,
the accordion-like multilayer Ti3C2 MXene was first attempted to be used as the
precursor for one-pot synthesis of 2D carbon/TiO2 with high SSA [23]. The ease
of oxidation in delaminated MXene under an oxidative environment has sparked
the light in the structural transformation on MXene. Under controlled oxidation at
a suitable temperature, the layered MXene structure could be retained in the form
of carbon, with the oxidized species of TiO2 adhering/intercalating between the
layers [23]. Later, various oxidation techniques were introduced to tune the desired
morphology of the photocatalysts for enhancing the water splitting efficiencies. Li
et al. [47] employed a series of processes, including concurrent oxidation and alka-
lization of delaminated Ti3C2, ion exchange and calcination at temperatures varied
from 300–500 °C to produce a hybrid Ti3C2-TiO2 nanoflowers. High-resolution
transmission electron microscopy analysis (HRTEM) revealed the co-existence of
Ti3C2 and TiO2 in the nanoflowers with large SSA. This novel structure calcined at
500 °C displayed more superior H2 evolution rate (783.11 μmol h−1 g−1) than the
Pt/SiO2 calcined at the same temperature.More interestingly, this novel photocatalyst
also demonstrated a bifunctional catalytic reaction with an excellent O2 evolution
rate, accounting for 501.98 μmol h−1 g−1

, compared to only 22.07 μmol h−1 g−1on
the TiO2 nanobelt. However, the presence of the Schottky junction still accounted for
the high performance of water splitting. Another approach on Ti3C2 oxidation was
attempted via thermal treatment with carbon dioxide (CO2) at a temperature range
from 700 to 800 °C [106] to produce 2D carbon/TiO2. Heat treatment at 700 °C
with CO2 flux at 150 sccm led to distinctive thin carbon layers with TiO2 nanosheets
formed uniformly between the layers. These 2D carbon layers were claimed to be
the key driver for the e−-h+ separation, with H2 evolution rate of 24.0 μmol h−1 g−1
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obtained, comparable to graphene/C-TiO2 (21.67 μmol h−1 g−1) tested using the
same sacrificial reagent of triethanolamine (TEOA) [39].

The partially oxidised Ti3C2 MXene into TiO2 to composite with other photocata-
lysts such as MoS2 [48] and g-C3N4 [18] to form heterojunctions were reported with
very promising outcomes. For instance, the hydrothermally oxidized Ti3C2 was used
to synthesized vacancy defected MoxS@TiO2@Ti3C2 through further modification.
This work demonstrated the H2 evolution rate of the nanocomposite photocatalysts
of as much as 193 times of that on pristine TiO2 nanosheets. Meanwhile, C-TiO2/g-
C3N4, using oxidized Ti3C2 MXene as C-TiO2 precursor, also displayed more supe-
rior photocatalytic H2 evolution rate than the g-C3N4 counterpart. These works have
collectively demonstrated the feasibility of creating higher oxidative stabilityMXene
derivate to play a role as the photocatalyst or co-catalyst for photocatalytic water
splitting applications, with very promising H2 yield.

2.2 Photocatalytic Carbon Dioxide (CO2) Reduction

Photocatalytic CO2 reduction is one benign environmental approach to convert the
CO2 into renewable fuels such as carbonmonoxide (CO),methanol (CH3OH), formic
acid (HCOOH),methane (CH4) and formaldehyde (HCHO) [21]. Like photocatalytic
water splitting, photoinduced carbon dioxide reduction reaction (CO2RR) proceeds
via the sequential process of light absorption, e−-h+ separation, CO2 species adsorp-
tion on the active sites, reduction reaction and finally, product desorption from the
catalyst surface. The final products are determined by the different binding modes
of CO2δ− on the photocatalyst surfaces. Viewing the successful employment of
MXenes for photocatalytic water splitting, some works have been devoted to the
use of MXenes, for photocatalytic CO2RR. However, only Ti3C2 MXenes have been
employed as the new photocatalyst composite for this application. It is worth noting
that the material instability ofMXenes has led to limited works reported compared to
photocatalytic water splitting. Among the few reported works, the CO2RR products
generated reported with the use of the MXenes or MXene nanocomposites are CO
[12, 26, 45, 62, 76, 90, 96, 100], CH4 [6, 26, 28, 45, 62, 90, 96] and CH3OH [6].
Figure 5 illustrates the process of photocatalytic CO2RR to green fuels.

TiO2 and g-C3N4 nanosheets were attempted to construct the 2D/2D heterojunc-
tions with Ti3C2 MXene for photocatalytic CO2RR throughmechanical mixing [96].
A comparison of the CO and CH4 production, as well as selectivity, was made. The
superior photocatalytic CO2RR activities in the TiO2/Ti3C2 and g-C3N4/Ti3C2 than
TiO2 or g-C3N4 were convinced through the higher yield of the products. Much
higher CO selectivity was found compared to CH4, agreeing with many prior works.
More interestingly, TiO2/Ti3C2 demonstrated an exceptionally high CH4 yield of
6.34 ppm compared to the others, which recorded values below 2 ppm. Meanwhile,
the ternary heterojunction of Ti3C2Tx/TiO2/g-C3N4 has led to a lower yield of CH4
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Fig. 5 Illustration for the photocatalytic CO2RR on MXene composite to produce green fuels.
Redrawn and modified from [85]

despite improvement of CO yield being reported. Notably, this ternary heterojunc-
tion further enhanced the H2 evolution compared to the binary heterojunction, as
explained in the previous section.

In situ growth of TiO2 under various calcination temperatures on Ti3C2 to produce
TiO2/Ti3C2 photocatalyst was reported. TiO2/Ti3C2 calcined at 550 °C was found to
exhibit the highest photocurrent and CH4 production rate (0.22 μmol h−1), with no
loss in activity after 5 cycles andwas 3.7 times higher than the commercial TiO2. This
work claimed to achieve the highest CH4 production rate with only half of the amount
of photocatalyst used compared to other works [103, 120]. Partial oxidation of Ti3C2

into TiO2, which was directly grown on top of Ti3C2 sheets, created an intimate
pathway for electron transfer from TiO2 to Ti3C2, which has led to spatial separation
for e− - h+. Applicable to all photocatalytic applications, such a design provides a
heterojunction that increases the photocatalytic stability and enhances the CO2RR
herein. A similar approach of in situ growth of g-C3N4 nanosheets over Ti3C2 was
attempted with urea as a precursor through simple calcination (Yang et al. 2020). The
work demonstrated the optimized sample yield of CO (5.19 μmol h−1 g−1), which
was 8.1 times higher than the pristine g-C3N4, with lower selectivity of CH4. The
heterojunction was believed to have improved the CO2 adsorption and thus activation
for the CO2RR. Another ternary junction with different configurations of 2D/2D/0D
TiO2/C3N4/Ti3C2 MXene reported a novel S-scheme junction for accelerating spatial
charge separation with a suitable band gap for CO2 reduction to both CO and CH4.
This ternary junction had the highest CO2RR rate as well as the highest yields of
CO (4.39 μmolg−1 h−1) and CH4 (1.20 μmolg−1 h−1). These values were three- and
eight-fold higher than those on TiO2 nanosheets. Mechanistically, the higher Fermi
level in the sandwiched C3N4 layer is prone to transfer the electrons to the TiO2 and
Ti3C2. This charge redistribution leads to band bending and an internal electric field
(IEF) formation at the interfaces [71]. The electrons on both TiO2 and C3N4 layers
were excited to the conduction bands upon solar irradiation. Under the influence of
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band bending, IEF and Coulombic force, the photoinduced electrons in TiO2 tend
to recombine with h+ on the C3N4. Parallelly, the photoinduced electrons in C3N4

were transported to T3C2, creating the electron sink to facilitate the CO2 reduction
[21, 46].

Ti3C2 MXenes have also been used to form a heterojunction with other
well-known CO2RR photocatalysts, including nickel-aluminium layered double
hydroxide (NiAl-LDH) [76], single atom cobalt (Co) [12], formamidinium lead
bromide quantum dots [69], cesium lead bromide (CsPbBr3) perovskite nanocrystal
[62], Zinc indium sulfide (ZnIn2S4) [90], bismuth tungstate (Bi2WO6) [6, 120] etc.
The electrostatic assembly of Ti3C2 layer on TiO2@ZnIn2S4 has shown remarkable
improvement on CH4 selectivity (52.7%) with the production of 34.0 μmol g−1

over 3 h irradiation time. This value recorded 28 times higher than the meso-
TiO2 nanosphere. It also demonstrated 6.6-fold improvement for CO production
(30.5 μmol g−1). With most works reported on enhancement for CO and CH4

production using Ti3C2 MXene as co-catalyst, only one work reported with appre-
ciable amount of CH3OH, i.e. on using the ultrathin Ti3C2/Bi2WO6 photocatalyst [6]
synthesised through hydrothermal growth of Bi2WO6 nanosheets on the Ti3C2 layer.
Notably, the need for six electrons transfer for the synthesis of CH3OH fromCO2 and
water is themain challengewherebymost photocatalysts do not possess suitable band
energy to overcome the kinetic and thermodynamic criteria to proceed to CH3OH
production, leading to a higher yield of CO, CH4 and others [85]. One typical type
of photocatalyst which could achieve 0.45 μmolg−1 h−1 under UV irradiation was
Cu@TiO2 (anatase) coated with fibre optic for enhanced light concentration trans-
mission [95]. On Bi2WO6, the bulk photocatalyst did not possess the suitable band
gap (2.7 eV) for the photocatalytic CO2RR [42], while the quantum effect on the
ultrathin Bi2WO6 nanosheets has widened the band gap to 2.98 eV [6]. Interestingly,
based on a recent review paper [11], this is the first time that Bi2WO6 demonstrated
the successful conversion of CO2 into CH3OH (0.44 μmol g−1 h−1), along with the
main product of CH4 ((1.78 μmol g−1 h−1)). The total conversion was recorded 4.6
times higher than Bi2WO6 nanosheets. The author attributed this high photocatalytic
performance to the 2D/2D heterojunction with quantum effect whereby the presence
of Ti3C2 could activate the catalyst through the electrons sink effect, as well as the
large SSA of Ti3C2, which provides more active sites for effective CO2 adsorption.
Nonetheless, the mechanisms involved in the photocatalytic CO2RR to different fuel
types remained elusive.

2.3 Photocatalytic Degradation

Photocatalytic degradation of water contaminants such as dyes, pharmaceutically
active substances and others is one promising low-cost method for water treatment.
This process involves the non-selective oxidation of organic pollutants using the
hydroxyl radicals (•OH) and superoxide anions (•O2

−) generated in the aqueous solu-
tion through the redox reaction involving h+ (oxidation of OH−) and e− (reduction
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of O2) [12]. There are intensive focuses on employing Ti3C2 MXenes as composites
with TiO2 or other materials with good reports on removal efficiencies. Photocat-
alytic degradation of dyes such as Rhodamine B (RhB) [75, 109], Congo Red (CR)
[31, 32]; [83] and methyl orange (MO) [19] have been reported with the removal
efficiencies of 90 to 100%. Themechanism involved is distinctive from that for water
splitting and CO2RR despite the preliminary step of the same photoinduced e–h +
separation. The main intermediate species required during the photocatalytic degra-
dation process are h+, •O2

− and/or •OH [12]. Although many photocatalysts have
been identified with a narrow band gap suitable for its function under visible light
irradiation, the fast e−-h+ recombination on the catalyst has hindered their actual
application for photo-degradation of pollutants. A wide range of photocatalyst mate-
rials have thus been investigated to form a composite with Ti3C2 experimentally
and have successfully demonstrated significant improvement in photodegradation
efficiency owing to (1) increased electrical conductivity, and (2) prolong the e—h+

recombination. In most works, delaminatedmultilayers Ti3C2 was used to composite
with the photocatalysts for this application.

Ti3C2/In2S3/CdSpreparedvia hydrothermalmethoddemonstrated99.1%removal
of RhB in 10 min and 96% removal of MO in 30 min under visible light irradiation
[19]. The role ofMXene as co-catalyst to CdS, In2S3, and In2S3/CdS in this process is
evitable, with a significant improvement in the photodegradation rate. More interest-
ingly, theworkdemonstratedvia the radical trapping experimentswith the presenceof
radical scavengers that h+ and •O2

− are the reactive species in the photo-degradation
on this catalyst. TheOH- terminatedTi3C2 acts as the electron trap site prolonging the
e− lifetime for generation of •O2

− and allowing photodegradation of RhB andMO to
occur on the Ti3C2 surface. Meanwhile, more works demonstrated on compositing
doped or undoped bismuth-based photocatalyst with Ti3C2 with promising results
[50, 75, 82, 83]. BiFeO3 nanoparticles deposited on Ti3C2 demonstrated complete
removal of CR after visible light irradiation for 42 min with a dose of 200 mg L−1,
compared to only near to 30% removal using BiFeO3 nanoparticles [32]. The photo-
catalyst remained stable with no significant performance lost after four cycles of
photostability test and no change in the crystal phase structures. The slight reduction
in the band gap of the nanohybrid from 2.01 eV on pure BiFeO3 nanoparticles, to
1.96 eV, larger specific surface area (147 m2 g−1) owing to the presence of MXene,
reduced crystallite size, have collectively contributed to the excellent performance
of the nanohybrid with the delayed mechanism in the charge recombination. Mean-
while, La-Mn-co-doped BiFeO3/Ti3C2 in their other work [31] demonstrated a lower
dose of 100 mgL−1 and shorter photodegradation duration of 30 min required for the
total removal of CR, indicating the importance of narrowing the band gap through
doping of photocatalyst, towards the overall synergistic effect with MXene in the
photocatalytic reactions. Li et al. [50] also demonstrated that BiOBr/Ti3C2 could
completely photodegrade RhB in 75 min under the same irradiation environment.

Interestingly, Ti3C2 displayed inherent photodegradation activity under visible
light in a few reported works [50, 83, 109], although the mechanism was not
discussed. Notably, the black sheet of Ti3C2 was promising in harvesting visible
light over a wide wavelength region (400–700 nm) under UV–vis analysis. Tariq
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et al. [83] reported that the pure Ti3C2 MXene was capable of degrading 80% of CR
in 120 min [83]. It is possible that the MXene could partially be oxidized to form
Ti3C2O2 or TiO2, which are photoactive towards organic pollutants in wastewater.
This was reported in several works using MXene derived TiO2-based composites
such as In2S3/TiO2@Ti3C2 [86], TiO2/BiVO4 [75] derived from Ti3C2 [75], Ti3C2-
TiO2 nanodots [15] etc., as the photodegradation catalysts. The exceptional role of
MXene as derivative for TiO2 was demonstrated by Wang et al. [86], whereby the
photodegradation of MO on In2S3/TiO2@Ti3C2 was found higher than In2S3/TiO2

by 1.5 times. Moreover, this composite also displayed better MO removal efficiency
than In2S3/MoS2, In2S3/CNT, and In2S3/reduced graphene oxide. The lower work
function of Ti3C2 MXene and the excellent anisotropic carrier mobility and electrical
conductivity has significantly improved the charge separation at the heterojunction
with the photocatalysts. Unlike the functional group decoration on carbon nanos-
tructure surfaces that would impede the electron transfer, surface termination group
of MXene was found to act the bridge with the photocatalyst interface and facilitate
the electron transfer. Finally, similar to other photocatalysts, the performance of the
organic pollutant removal of the MXene based photocatalysts are also dependent on
the precursor ratio [86], active surface area [32], and crystal phase [15].

3 Electrocatalytic Effect of MXenes/MXene Composites

Electrocatalysis is a process that involves heterogeneous catalysis on an electrode–
electrolyte interface, where electrochemical reactions occur. The adsorbed species
on the electrode surface may undergo oxidation or reduction with the exchange of
electrons and ions and eventually form a final product. Electrocatalysis has been
widely used, especially at the laboratory scale, for applications such as water split-
ting, oxygen reduction reaction, fuel electrooxidation, nitrogen reduction reactions,
etc. Electrocatalysts facilitate the electrocatalytic reaction through several steps in
the reaction mechanisms with different thermodynamic potentials for different reac-
tions. The desired electrocatalyst should be able to catalyse a reaction with the
lowest possible overpotential at the greatest efficiency [41]. Typical electrocata-
lysts are based on noble or transition metals in the form of pure metals, alloys,
and oxides. Others include phosphides, nitrides, carbides, layered double hydrox-
ides (LDHs), metal organic framework (MOFs), and carbon-based materials such as
carbon nanotubes (CNTs) are also regarded as potential electrocatalysts [34, 52, 53,
102]. Among 2D nanomaterials, MXene has also been actively studied as an elec-
trocatalytic material in recent years. The metal-like, high electron conductivity of
MXene lowers the charge transfer resistance, which in turn accelerates the kinetics in
electrocatalytic reactions.Moreover, the electrocatalytic activity ofMXene is tunable
by varying the “M” (M = Ti, Mo, Cr) and surface termination groups (T = -O, -OH,
-F) [69, 92]. Owing to these characteristics, the MXene are generally being utilized
as supports to improve the properties and performance of electrocatalysts [69, 92,
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93]. This section will discuss the application of Mxenes for electrocatalytic water
splitting, oxygen reduction, and nitrogen reduction reactions.

3.1 Electrocatalytic Water Splitting

Electrocatalytic water splitting involves the cathodic hydrogen evolution reaction
HER and anodic OER process for green hydrogen generation [7, 73, 92]. HER
mechanism involves three steps, namely the Volmer, Heyrovsky, and Tafel steps.
This reaction can occur in either acid or alkaline electrolytes. Furthermore, HER is
also more catalytically active in acidic conditions. Conventional cathodic electrocat-
alyst for hydrogen production is based on the noble metal Pt/C, which has superior
catalytic activity towards HER owing to its near optimum Gibbs free energy for
hydrogen adsorption (�GH), where hydrogen adsorption is neither too weak nor too
strong [58]. However, the high cost of Pt/C limits its usage for large-scale fabrication
of electrocatalytic water splitting electrodes. Transition metal-based electrocatalysts
offer a lower cost advantage, where among these catalysts materials, nickel (Ni)-
based catalysts, including pure Ni and Ni alloys, are commonly used [59]. Alterna-
tively, cobalt (Co)-based catalysts have also been investigated, such as CoP and CoS
[102]. Despite their active kinetics, the overall catalytic activity of transition metal-
based HER electrocatalysts are still inferior to Pt/C to date [114, 116]. The intro-
duction of 2D nanomaterials, particularly graphene, can enhance the dispersibility
of catalyst nanoparticles (NPs) and electron conductivity [30, 91]. Among Mxenes,
Ti3C2Tx MXene is commonly selected in applications to HER [93]. However, pris-
tineMxenes have limited HER activity. Ti-basedMxenes such as Ti2CTx can display
an overpotential of 609 mV. Mo-based catalysts are more catalytically active with a
lower overpotential of 283 mV at 10 mA/cm2 under acid conditions [74]. Moreover,
-O terminated MXenes display are more favourable for HER than non-terminated
MXenes [24, 33]. Several MXenes, including the Ti3C2, displayed�GH closer to the
optimum value when terminated with oxygen, for instance, the Ti3C2O2, as shown in
the volcano plot in Fig. 6 [22]. This is due to the –O groups functioning as active sites
for H adsorption. In Fig. 6, Ti3C2 has a more negative value that indicates stronger
H bonding. The O groups on Ti3C2O2 weaken the bonding with H, increasing the
exchange current density and promoting hydrogen desorption; therefore, favouring
HER [22, 92].

Various studies have addressed that the different synthesis methods, precursor’s
concentration and MXene termination groups have affected the overall performance
and mechanism [92, 93, 112]. Given their active electrocatalytic activity towards
HER, high electron conductivity, large surface area and structural stability, MXenes
function as effective supports/substrates for water splitting electrocatalysts. Selective
etching of MXene can produce metal vacancy defects with the ability to adsorb and
reduce metal ions to form single metal atoms [111, 112]. This is one of the methods
to produce MXene-single atom catalysts (SACs) hybrids which demonstrates excel-
lent HER catalytic activity. Interaction between MXene and SACs altered the �GH
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Fig. 6 Volcano plot of the exchange current density (io) versus the average hydrogen adsorption
Gibbs free energy, �GH. Redrawn and modified from [22]

closer to the optimum value through alteration of electron configuration and accel-
erated charge transfer. MXene-SACs also exhibit abundant active sites for H adsorp-
tion [112]. Immobilizing noble metal SAC such as Pt provides the advantage of
reducing the Pt loading in the cathode. For example, Zhang et al. [111] immobi-
lized single Pt atoms in the lattice defects of MXene Mo2TiC2Tx for electrocatalytic
HER in acids. Overpotential for the Mo2TiC2Tx-PtSA with around 1.2 wt.% immo-
bilized Pt was revealed at 77 mV for the mass activity of 8.3 A/mg, which was about
39.5 times better than 40 wt.% of the state-of-the-art Pt/C. Mo2TiC2Tx-PtSA showed
optimum �GH because of lower charge density from replacing Mo atoms with Pt
single atoms. Furthermore, Mo2TiC2Tx-PtSA exhibited lower charge transfer resis-
tance, no aggregation of Pt single atoms, minimization of Pt loading, and excellent
catalytic stability for 100 h. Besides noble metals, introducing transition metal single
atoms in MXenes significantly enhances HER. Co single atoms present in Mo2CTx

resulted in the replacement of Mo by Co atoms that tune the surface adsorption
energy, making it more favourable to bind with hydrogen. Co provided more active
sites and increased the electrochemically active surface area, enhancing intrinsic
activity [40]. Besides SACs, interactions between HER catalyst nanoparticles and
MXene prevent aggregation and enhance hydrogen adsorption. Nickel cobalt (NiCo)
alloys are regarded as promisingHERcatalysts for alkaline conditions [99, 102].HER
is especially more sluggish in alkaline than in acids; thus, accelerating its kinetics
is crucial for developing low-cost electrocatalysts for alkaline water electrolysers.
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Du et al. [17] reported that a composite of NiCo with Ti3C2 MXene leads to a more
optimum �GH for favourable hydrogen adsorption and desorption. Further doping
with niobium (Nb) increases the electronic conductivity by shifting the Fermi energy
level closer to the conductive band, lowering the Nb-doped Ti3C2Tx/NiCo overpo-
tential to 43.4 mV at 10 mA/cm2 in alkaline, which was close to the value for Pt/C
with 34.4 mV overpotential.

Heterostructures consisting of MXene have been synthesised with materials such
as MoS2, where such heterostructures offer structural stability and high electron
conductivity [93]. Liang et al. [51] revealed that strong coupling between MoS2
with Mo2CTx help improve the electron conductivity, electrochemical active surface
area and durability. Doping with Co into MoS2/Mo2CTx further enhanced these
properties, leading to a lower overpotential of 112 mV at 10 mA/cm2 in alkaline
compared to 345 mV and 280 mV for pristine MoS2 and Mo2CTx, respectively. In
addition, carbon-coating of Ti3C2Tx can protect theMXene from spontaneous oxida-
tion under oxygen-containing catalytic environment. Interactions between carbon-
coatedTi3C2Tx withMoS2 further improved structural stability, electron conductivity
and lowered the overpotential in acid, where Ti3C2Tx contributes to the fast electron
transfer rate while MoS2 provide good catalytic activity towards HER [106].

Similar to HER,MXenes have been applied as supports and hybridized with OER
electrocatalysts for water splitting. Transition metal-based catalysts consisting of
Nickel (Ni) alloys such as NiFe and NiCo, as well Co-based catalysts, are promising
with excellent intrinsic activity towards OER [115, 88]. Generally, Ti3C2Tx MXene
is applied in OER among other MXenes; however, they are inefficient [92]. There-
fore, producing hybrids throughMXene-SACs andMXene-supported OER catalysts
exhibit enhanced properties and intrinsic activity. Furthermore, DFT calculations
have revealed that the presence of single atoms such as Cu [13] and Co [38] on
MXene could alter the adsorption energies for intermediates, facilitating adsorption
and desorption of OH* and facilitating OH* deprotonation to OOH*. For instance,
Chen et al. [13] anchored Cu atoms on Ti2NO2 MXene, where bonding energies of
the oxygen intermediates on Cu-Ti2NO2 are found to be moderate, leading to more
favourable OER.

Co and Ni-based layered double hydroxides (LDHs) are among the efficient
OER electrocatalysts for alkaline water splitting. MXene-supported LDHs display
enhanced OER primarily due to better electron transfer [92]. Benchakar et al. [4]
reported the synergistic effect betweenCo-LDHandTi3C2Tx, which prevents surface
oxidation on the MXene, maintaining its surface chemistry and the high electron
conductivity in the hybrid catalyst. OER electrode potential was improved to around
1.57 V vs RHE at 10 mA/cm2 for the Co-LDH/Ti3C2Tx, compared to 1.62 V vs
RHE and 1.64 V vs RHE for bare Co-LDH and IrO2, respectively. Additionally,
NiFe-LDHpairedwith Ti3C2 MXene exhibited improvement in stability and electron
conductivity, with 2D hierarchical structures giving large electrochemically active
surface area [105]. Further dopingwithPgroups also provides the nickel–iron (NiFe)-
LDH/Ti3C2 with additional active sites [10]. Aside from LDHs, MXene also effi-
ciently supports OER catalyst nanoparticles. Lu et al. [55] successfully synthesised
Ti3C2 MXene anchored with cobalt oxide (Co3O4) nanocubes, where the cubes are
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uniformly distributed on the MXene’s surface. The 0D/2D heterostructure and high
electron conductivity ofMXene help accelerate the charge transfer in the hybrid cata-
lyst, lowering the OER overpotential to 300 mV at 10 mA/cm2, while unsupported
Co3O4 had an overpotential of 390 mV.

In recent years, the application of MXenes in bifunctional electrocatalysts for
overall water splitting has been investigated with positive outcomes. These bifunc-
tional catalysts display the capability to catalyse both HER and OER under acid or
alkaline conditions with satisfactory performance despite the challenge of the slug-
gish HER kinetics in alkaline and OER kinetics in acids. MXene-SACs were found
to exhibit bifunctional characteristics. Peng et al. [65] showed that Ru single atoms
on ultrathin Ti3C2Tx improved HER/OER performance than bare Ti3C2Tx. Overpo-
tentials for RuSA-Ti3C2Tx were 70 and 290 mV at 10 mA/cm2 for HER and OER
in acid, respectively. Moreover, the RuSA-Ti3C2Tx also displayed enhanced catalytic
activity for ORR attributed to the lower adsorption energies for the intermediates. On
the other hand, Ni single atoms displayed strong binding to MXene such as Cr2CO2,
contributing to fast electron transfer and improved HER/OER activity [16].

Ni and Co-based electrocatalysts have been extensively studied for their bifunc-
tional properties, including several well-known materials such as alloys NiFe, NiCo,
andCoFe, aswell as their phosphide and sulphide derivatives [88].MXene-supported
bifunctional electrocatalysts show retention and enhanced kinetics for HER/OER.
Wang et al. [87] reported the lower overpotentials for HER and OER of Mo2TiC2Tx-
supported NiFe nanoparticles. NiFe provides the active sites for OER while Mo on
the MXene catalyses HER. Furthermore, interfacial interactions between NiFe and
Mo2TiC2Tx lead to electron transfer at the NiFe-MXene interface, facilitating inter-
mediate NiOOH formation and lowering the energy required for hydrogen adsorp-
tion and *OOH formation (in the OER limiting step). In other studies, the successful
growth of mesoporous NiCoP on Ti3C2 MXene results in a synergistic effect where
MXene facilitates electron transfer to promote the HER/OER catalytic activity of
nickel cobalt phosphide (NiCoP) while enlarging the active surface area [107]. Simi-
larly, the growth of Co2P on Ti3C2Tx MXene also promotes HER/OER activity
through its numerous active sites, moderate binding energies towards intermediate
species, smaller overpotentials and better catalytic durability [57].

3.2 Electrocatalytic Nitrogen Reduction Reaction (N2RR)

Electrocatalytic N2RR offers an efficient and clean production of ammonia through
the adsorption and protonation of N2. However, electrocatalytic N2RR faces chal-
lenges in (1) high energy required to break the N2 triple bond (~941 kJ/mol), (2)
strong interactions betweenNwith the active sites, competingHER, leading to a poor
ammonia (NH3) yield [104]. MXenes, based on Ti and Mo, have demonstrated the
properties to adsorb and induce N2 activation with high selectivity towards N2RR. N2

adsorption and catalytic reaction can occur on the basal and edge sites of the MXene
[92]. Ti3C2Tx are commonly selected MXene for N2RR, where those with -F and
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-OH terminations exhibit selectivity towards N2RR. Several different pathways are
possible on the electroreduction of N2 to NH3, as shown in Fig. 7a [3]. On Ti3C2O2,
the active sites can present on the O- terminal groups on basal planes or Ti atoms in
the edge planes, where theoretical calculations have shown that the MXene with the
O-terminals at the basal plane must overcome higher activation energies, as shown
in Fig. 7b [56]. This indicates that the presence of termination groups can also cause
difficulties in N2 adsorption and exhibit very limited Faradaic efficiency (FE) of less
than 10% [52, 56, 92, 119]. Several MXenes are modified in terms of their compo-
sition and termination groups to overcome this limitation. The utilization of MXene

Fig. 7 a Proposed pathways for the formation of NH3 from N2, redrawn and modified from [3]. b
Difference between the activation energies on the basal planes and edge planes of Ti3C2TxMXene,
redrawn and modified from [56]
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as supports for N2RR electrocatalysts was found to enhance the activity, structural
stability and yield of NH3 compared to bare MXenes and unsupported catalysts [52].

MXene-SAC hybrids have been investigated for electrocatalytic N2RR, with
single-atom catalysts such as Ru [29, 64], Mo [29], and Zr [44] confined on the
defected MXene surface. MXene plays a role in enhancing the electron transfer
between the single atoms and MXene, elongating and weakening the N≡N triple
bond and lowering the hydrogenation thermodynamic energy barrier to promote elec-
trocatalytic N2RR activity while improving selectivity towards N2RR. Huang et al.
[29] revealed the rapid N2 reduction on Mo@Mo2CO2MXene following a distal or
hybrid mechanism. Furthermore, the presence of Mo, or Ru on the Mo2CO2, was
able to suppress H adsorption, where Mo@Mo2CO2 showed better selectivity due
to stabilized adsorbed NNH on the catalyst with multi-dinitrogen. Furthermore, Ru
single atom supported on Mo2CTx have enhanced FE of 25.77%, with the ammonia
yield around 40.57 μg/h mgcat [64].

MXene-supported TiO2 catalysts are typically studied for photocatalytic N2RR;
however, TiO2 also exhibits potential for electrocatalytic N2RR. Synergistic effects
between TiO2 and Ti3C2Tx have good selectivity towards N2RR and produce stable
NH3 generation [20, 110]. Fang et al. [20] successfully grew TiO2 nanoparticles
on Ti3C2Tx through one-step ethanol-thermal treatment. Rich oxygen vacancies on
TiO2 function as active sites for catalyzing N2 into NH3, while the MXene increases
the electron conductivity and specific surface area as well as minimizing TiO2 aggre-
gation. Efficient electron transfer helped weaken the N≡N bond. FE was achieved
at 16.07% with a good NH3 yield of 32.17 μg/h mgcat in 0.1 M HCl at −045 and
−0.55 V vs RHE, respectively. Aside from TiO2, Ti3C2Tx MXene is also able to
prevent aggregation of MnO2 [36]. Surface manganese (Mn) atoms contribute as
active sites to activate the N2 molecules. MnO4/Ti3C2Tx hybrid displayed NH3 yield
around 34.12 μg/h mgcat and 11.39% FE at −0.55 V versus RHE in 0.1 M HCl, thus
N2 reduction capability of the MnO4/Ti3C2Tx can be regarded as active as the hybrid
with TiO2.

3.3 Electrocatalytic Oxygen Reduction Reaction (ORR)

Electrochemical ORR involves two different pathways in aqueous solution: (1) direct
four-electron pathway for the conversion of O2 to H2O, and (2) two-electron pathway
to convert O2 to H2O2. ORR is an important reaction in fuel cells and metal-air
battery systems. It is a cathodic reaction in proton exchange membrane fuel cell
(PEMFC) that is limited by its sluggish kinetics and the use expensive of Pt-based
catalysts [1, 77, 80, 81]. MXenes also function as excellent support for ORR cata-
lysts, given their high electron conductivity and surface area. Ti3C2Tx MXenes are
commonly utilized, and these MXene-based catalysts significantly improved their
electrocatalytic activity and durability [1]. MXene-SACs have been investigated for
their application to ORR, which shows enhanced electron transfer and promotes the
breaking of O2 bonds. Different SACs would show different selectivity, where Cu is
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found favourable for H2O, and noble metals such as Pt and gold (Au) favours H2O2

formation [112]. Peng et al. [63] determined the lower overpotential of Cu SAC
supported on Ti2CO2 (0.25 V) compared to Pt/C (0.4 V) for ORR in PEMFC. The
presence of Cu improved the electron transfer to the active sites in the MXene-SAC,
providing moderate activation energy for the rate-determining step, which was the
*OOH hydrogenation. The Cu-Ti2CO2 exhibited high selectivity for H2O forma-
tion and was found thermally stable at room temperature. Additionally, Ruthenium
single atom catalysts (Ru-SACs) also show the ability to enlarge the electrochem-
ically active surface area and lower the energy barriers for the formation of the
intermediates during ORR on the surface of Ti3C2Tx, as shown in Fig. 8. Ru, there-
fore, facilitates the ORR activity on the MXene, aside from also speeding up the
kinetics for HER and OER as previously mentioned in Sect. 2.1 [65].

MXene effectively supports other noble metal or transition metal-based nanopar-
ticles, which not only improved ORR but also durability. Zhang et al. [108] showed
that the Pt-supportedTi3C2Tx exhibit higherORRcurrent density than Pt/C as a result
of modified electronic structure and good electron conductivity, with selectivity to
the four-electron pathway. Furthermore, Pt-Ti3C2Tx also showed improvement in
carbon corrosion resistance than Pt/C and showed minimal agglomeration of Pt, thus
indicating its improved stability. Another noble metal, palladium (Pd), supported on
Ti3C2Tx, also exhibit lesser agglomeration. A combination of Ti3C2Tx with CNT,
alongside the supportedPd, facilitates the electron conductivity, bifunctional catalytic
activity of both ORR and HER in alkaline, and the stability of the catalyst [113].

Besides noble metals, MXene-supported transition metal ORR catalysts are also
promising for lower-cost catalysts with excellent electrocatalytic activity. These tran-
sition metals include Co [117], Iron-based such as Fe–N-C [94], and manganese
oxide (Mn3O4) [98]. Zhang et al. [117] successfully synthesised Co nanoparticles

Fig. 8 Free energy for intermediate adsorption and formation on Ti3C2Tx and Ru-SA/Ti3C2Tx,
redrawn and modified from [65]
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encapsulated in N-doped CNTs grown in-situ on Ti3C2Tx MXene. Strong interfa-
cial interactions between N-doped CNTs and Ti3C2Tx helped enhance the charge
transfer. Combination with Co further improved the bifunctional OER/ORR of the
Co/N-CNT@Ti3C2Tx. In terms of ORR, Co/N-CNTs@Ti3C2Tx had lower overpo-
tential than Pt/C in 0.1 M KOH, while the reaction favours a four-electron pathway
with hydrogen peroxide (H2O2) yield of less than 15%. Further, Xue et al. [98]
reported the improved stability of Mn3O4 with Ti3C2 MXene. The current reten-
tion of Mn3O4/Ti3C2 was 40% after 40 h, indicating some extent of ORR stability
with catalytic performance close to that of Pt/C, attributed to good distribution of
Mn3O4 on MXene and high electron transfer in the hybrid structure [98]. In another
study, the Fe–N-C/MXene hybrid structure exhibited stable ORR short-term dura-
bility with 2.6% degradation compared to 15.8% for Pt/C [94]. Besides, Ti3C2Tx

can be utilize to derive TiO2-encapsulated carbon nitride (CNx) when calcinated in
presence of melamine-cyanuric acid [27]. The TiO2C@CNx demonstrated excellent
ORR contributed by the good hydrophilicity, presence of oxygen-vacancies from the
carbon-coating layer, and minimized contact resistance. Moreover, the TiO2C@CNx

also exhibited the ability to catalyse HER and OER.

4 Challenges and Future Perspectives

MXene has inevitably led to significant improvement in both photocatalytic and elec-
trocatalytic activity of the catalysts. Nonetheless, several areas still require specific
attention for long-term and real-life applications. Although more than 100 types of
MXenes have been identified, Ti3C2Tx remains the focused type for various studies.
Notably, this type of MXene possesses superior electrical conductivity and high
stability under a reductive environment, yet, in most studies, no inherent catalytic
activity was found. Density function theory analysis has revealed the potential of
several otherMXene compoundswith catalytic activity, includingMo-,V-,Nb-based,
etc. These materials should be further explored experimentally to understand the
catalytic properties and materials stability, to suit the specific catalytic applications.

On the stability aspects, MXenes employed as photocatalysts demonstrated
promising photocatalytic stability. Nonetheless, long-term stability tests were still
limited. Meanwhile, when used as electrocatalysts, most studies conducted stability
tests under a limited duration of less than 1000 h. Long-term durability under varying
reaction conditions is crucial for large-scale, real-world applications. MXenes with
different compositions and termination groupsmay exhibit variations in their stability
under changing conditions. It is also known that MXene can easily degrade through
oxidation in an aqueous solution. Several measures can be considered in improving
the stability of the catalyst, including incorporating antioxidation agents and carbon,
as well as optimising the preparation conditions. Multilayer MXenes demonstrated
better stability than a few layersMXenes despite themore superior catalytic effects in
the latter due to larger surface area and thus better electronic conductivity. Therefore,
optimising the MXene layers and compositions remains crucial to balance catalytic



MXene as Catalyst 261

activity and stability. Hence, the long-term stability of the catalysts is vital to be
investigated for actual operations.

In-depth studies ofMXene-based catalysts, including the employment of different
termination groups, at the atomic scale, such as the change in the structure and
electronic state of theMXene during the photocatalytic and electrocatalytic reaction,
still requires in-depth investigation. Identification of the actual active sites involved in
the reactions steps is higher sought after. In-situ techniques and computational studies
should be adopted to explore the actual mechanisms in MXene and MXene hybrids
under various catalytic conditions. Moreover, large-scale production of MXene and
MXene-supported catalysts should be explored with different synthesis methods,
including systematic surface termination groups decoration on MXenes for different
applications, to ensure that the means of production are feasible and cost-effective.
Lastly, the life cycle and the environmental impact analysis should be studied prior
to the large-scale production.

5 Conclusion

This chapter discussed the employment of MXenes/ MXene composites as photo-
and electrocatalysts for various environmental and energy-related applications. In
addition, the properties andperformance improvement of the catalystswere discussed
for various applications, includingwater splitting, CO2RR, N2RR, andORR. Finally,
the challenges and future perspectives towards using MXene materials for catalytic
applications were concluded.
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Biomedical Applications of MXenes

Selvaganapathy Ganesan, K. R. Ethiraj, Mohan Kumar Kesarla,
and Arunkumar Palaniappan

Abstract This chapter deals with various biomedical applications of MXenes, from
biosensing, photothermal and photodynamic anticancer therapy, combination anti-
cancer therapy with other treatment modalities, theranostics, antimicrobial treatment
platforms to more recent tissue engineering applications. The chapter throws light
on the mechanistic understanding of the role of MXenes in various types of biosen-
sors fabrication, with an emphasis on wearable sensors. The chapter also gives a
detailed understanding of MXenes’ role as photothermal, photodynamic, and thera-
nostic agents. The chapter also explicates the importance ofMXenes in antimicrobial
treatment and their relevance in treating antimicrobial resistance. Finally, the chapter
also discusses the biocompatibility studies onMXene, which are an important aspect
for MXene to have continued usage in biomedical applications. Overall, this chapter
gives an overview of various biomedical applications and the relevance of MXenes
in each of these applications.

Keywords Biosensors · Theranostics · Tissue engineering · Antimicrobials ·
Wearable sensors

1 Introduction

Recent advancements in the biomedical sciences and nanotechnology significantly
impacted the diagnosis, treatment, and management of various diseases. As a result,
novel nanomaterials are being developed for awide range of biomedical applications.
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The main determinants for the success of these nanomaterials are their composition,
structure, morphology, physicochemical properties, and efficient interaction with
the biological systems. Moreover, the issues of biocompatibility, biodistribution,
excretion and cellular uptake of these bionanomaterials are significant. Therefore,
they must be taken into account to ensure the feasibility of the clinical translation of
these nanomaterials.

In recent times, several classes of nanomaterials with a wide range of morpholo-
gies such as nanotubes, nanosheets, nanospheres, nanowires, nanoribbons, nano
flowers, and nanocages have been successfully synthesized and engineered for appli-
cation in biosensing, drug delivery (especially targeted drug delivery), tissue engi-
neering, antimicrobial, immunomodulation, neuromodulation, and cancer treatment
platforms. These include nanomaterials from carbon allotropes (graphene; carbon
nanotubes; carbon quantum dots), graphitic carbon nitride, gold nanostructures,
copper sulfide nanoparticles (NPs), molybdenum NPs, and various other biopoly-
meric nanomaterials. On this line, a new class of 2D nanomaterials system called
MXenes has emerged as a potential biomaterial candidate to interface with biological
systems and to serve as building blocks in the fabrication of nano-biomaterial device
platforms.

MXenes are two-dimensional (2D) inorganic compounds with a thickness of a
few atomic layers and are composed of transitionmetal carbides, nitrides, or carboni-
trides such as titanium carbide (Ti3C2) and titanium carbonitride (Ti2CN). MXenes
have an exclusive combination of properties, like high electrical conductivity, good
biocompatibility, hydrophilic surface behavior, good mechanical stability, excel-
lent optical, plasmonic, and physiochemical properties. MXenes also possess good
biological properties, with high surface area for improved drug loading/delivery,
good hydrophilic surface for better biocompatibility, good conductivity, and elec-
tromagnetic field, especially near-infrared light absorption property for imaging
purposes like computed tomography (CT) scans and magnetic resonance imaging
(MRI). Because of these suitable properties, there is an uprising research interest in
MXenes for biomedical applications, which started around 2016. This chapter will
give an overview of the various biomedical applications of MXenes, starting from
biosensing, cancer therapy to the latest works on tissue engineering applications,
which is summarized in Fig. 1.

2 MXenes for Biosensing Applications

Biosensing involves the detection of biomolecules using an analytical device,
which converts a biological response into electrical, optical, or other quantifiable
signals/parameters. It has wide applications in medical diagnosis, environmental
monitoring, biology, agriculture, defence, and food safety. The first biosensor discov-
ered in 1962 by Clark and Lyons determined glucose in biological samples [2].
Following this, biosensors advanced rapidly, thanks to innovative research in electro-
chemistry and nanotechnology, which led to bioelectronics. In the past few decades,
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Fig. 1 Schematic overview of the MXene-based biomedical applications (figure reproduced with
permission from [1])

two-dimensional nanomaterials have been explored much in the area of biosensors
development because of their high surface area, unique geometries, biocompati-
bility, and, more importantly, their more relevant physicochemical properties. Since
the introduction of MXene in 2011, it has gained extensive attention for its excellent
physicochemical properties,mechanical characteristics, very high surface sensitivity,
and selectivity detection. Figure 2a gives an overview of the working principle of
biosensors, and Fig. 2b provides an overview of relevant properties of MXene for
biosensing applications. Moreover, MXene nanosheets have a large surface area,
rich in surface functional groups such as –O, –OH, and –F, making them easier to
be modulated to absorb a variety of biomolecules and alter the conductive proper-
ties [3–5]. Moreover, MXenes, with their semi-conductive metallic properties with a
proper bandgap, exhibit fewer current leakages in an off-state than graphene, which
favors a higher detection sensitivity [6].
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(a)

(b)

Fig. 2 a Schematic overview of the working principle of the biosensor (figure reproduced with
permission from [7]). b Beneficial properties of MXene as they relate to sensing mechanisms
(figure reproduced with permission from [8–13])

2.1 MXene in Electrochemical Biosensors

2.1.1 Enzyme-Based Electrochemical Sensors

The properties like excellent conductivity, optical and plasmonic properties, excep-
tional surface chemistry, and biocompatibility attractMXene as an interesting matrix
material for the fabrication of biosensors [14]. Based on the recognition element
type, biosensors can be categorized as enzymatic, non-enzymatic, whole-cell, and
immunosensors [15]. Among these, enzymatic biosensors are extremely sensitive,
selective, and reversible [16]. The study of direct electron transfer (DET) of redox
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enzymes or proteins helps understand proteins’ fundamental thermodynamics and
their kinetic properties,which allows a foundation for the fabrication ofmediator-free
biosensors [3, 17]. Furthermore, the enzymes can be easily trapped on the MXene
surface, and due to the excellent charge mobility ofMXene, better electrical commu-
nication can be accomplished between the enzyme and the electrode [18]. Therefore,
MXene is an ideal matrix candidate to enable DETwith improved electrode kinetics,
better sensitivity, high selectivity, and lower LOD with the potential to retain the
bioactivity of immobilized enzymes or proteins. Furthermore, incorporation of metal
or metal oxide nanoparticles on the protein/enzyme immobilized MXene interface
leads to improvement of the overall surface area of the working electrode and reduc-
tion in the overpotential during electroanalysis, which improves the efficiency of
MXene sensors [19].

This section discusses the electrochemical and biochemical sensors utilizing
MXene and its hybrids as direct or indirect redox transducers and catalysts. An
electrochemical phenol biosensor based on MXene and tyrosinase is designed to
detect phenol. The devised MXene-based tyrosinase biosensors displayed satisfac-
tory analytical performance over a wide range from 0.05 to 15.5 μmol L−1, with
a detection limit of 12 nmol L−1 and sensitivity of 414.4 mA M−1 [21]. An enzy-
matic biosensor is designed based on beta-hydroxybutyrate incorporated on MXene
nanosheets. The Ti3C2Tx MXene sheets are used as a matrix to immobilize beta-
hydroxybutyrate dehydrogenase (beta-HBD), a sensing probe.MXenewas combined
with beta-HBD by sonication, and bovine serum albumin (BSA) and glutaraldehyde
(GA) were added to enhance beta-HBD stability. The prepared MXene-beta-HBD
composite was immobilized on the ruthenium hexamine-modified gold (Au)-printed
circuit board electrode. The prepared biosensor detected beta-hydroxybutyrate with
high sensitivity and with a wide linear response range [22]. The Ti3C2 MXene
nanosheet functionalized with amino-silane is used to detect cancer biomarkers like
carcinoembryonic antigen (CEA).Here the detection ofCEAby the covalently bound
anti-CEA bio receptor, the sensing probe on the Ti3C2 MXene nanosheet, the redox
signals from the ([Ru (NH3)6]3+) decreased due to the formation of the immune
complex on the Ti3C2 MXene nanosheets. This was used to evaluate the detection
of the CEA in a highly sensitive way [23].

Hybridization of MXene with other nanomaterials can be used to design elec-
trochemical biosensors. A hybrid film of MXene with graphene (MG) is evaluated
for the electrochemical detection of glucose. A three-dimensional porous film was
prepared by combining MXene and graphene on the glassy carbon electrode, which
improved the enzyme loading and reduced the unwanted aggregation of the graphene.
The enzyme, Glucose oxidase (GOx) is the sensing probe for glucose detection,
which could react with glucose through a redox reaction. The biosensor fabrication
process is elucidated in Fig. 3. The prepared MG hybrid film has excellent loading
capacity due to its large, activated surface area, abundant pores, and enough surface
hydrophilicity. The fabricated biosensor exhibited an outstanding glucose sensing
performance better than the other types of 3D porous material based biosensors [24]
(Table 1).
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Fig. 3 Schematic representation of the preparation strategies of a Ti3C2Tx nanosheets; b Pure
Ti3C2Tx Film, Pure Graphene Film, and MG Hybrid Film for enzyme Immobilization (reproduced
with permission from [20])

2.1.2 Nucleic Acid-Based Electrochemical Biosensors

A label-free MXene based electrochemical gliotoxin biosensor was developed
by combining MXene nanosheet with tetrahedral DNA nanostructure (TDN) and
horseradish peroxidase (HRP). To determine the gliotoxin detection performance of
this biosensor, gliotoxin mixed with gliotoxin aptamer/signal probe was injected into
this biosensor. Upon addition, the gliotoxin is strongly bound to the gliotoxin aptamer
of the gliotoxin aptamer/signal probe. As a result, the signal probewas detached from
the gliotoxin aptamer and attached to the TDN’s capture probe in the TDN/MXene
complex. The gliotoxin detection ability of this biosensor is determined by the quan-
tification of the signal from the signal probe bound to the TDN/MXene complex. Due
to the MXene nanosheets’ high conductivity and flexibility, this fabricated biosensor
showed a highly sensitive limit of detection of 1.63 pg/mL and a detection range of
1.63 to 3260 pg/mL for gliotoxin [35].

In another study, gold (Au) nanoparticles and MXenes were used as multiple
micro RNAs (miRNAs) electrochemical biosensors. In this biosensor, the role of
MXene was an electrocatalyst for the effective electrochemical signal enhancement,
while gold nanoparticle was used to immobilize two different single-strand DNA
(ssDNA) molecules modified with redox molecules (methylene blue and ferrocene).
These were used as the sensing probes for multiple miRNA (miR-21 and miR-141)
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Table 1 Summary of MXene based materials for detection of various analytes and their detection
limits

No Electrode material Target
Analyte

Technique Detection
Limit

References

1 Ti3C2Tx Carbendazim Differential pulse
voltammetry

0.0103 [25]

2 Pd@Ti3C2Tx L-cysteine Amperometry 0.14 [26]

3 Hb/Ti3C2-GO H2O2 Differential pulse
voltammetry

1.95 [27]

4 Nafion/Hb/Ti3C2 H2O2 Amperometry 0.02 [5]

5 MB-Ti3C2Tx Urea
Uric acid
Creatinine

Square wave
voltammetry

0.02
5
1.2

[28]

6 MXene-MWCNT Catechol (CT)
Hydroquinone
(HQ)

Cyclic voltammetry 6.6 ×
10–3 for
CT
3.9 ×
10–3 for
HQ

[29]

7 Nafion stabilized Ti3C2Tx Dopamine Amperometry 0.003 [30]

8 MXene/DNA/Pd/Pt Dopamine Amperometry 0.003 [31]

9 AChE/Ag@Ti3C2Tx/GCE Malathion Amperometry 3.27 ×
10–15

[32]

10 MXene/Prussian blue
wearable sensor

Glucose
Lactase

Chronoamperometry 0.33 [33]

11 MXene/Au/GCE Glucose Amperometry 3.9 [34]

detection. The assay timewas reduced to 80minwith a four-fold higher electrochem-
ical signal than biosensors prepared without the MXene (detection sensitivity of 204
aM and 138 aM for miR-21 and miR-141 detection, respectively) [36]. In addition,
an electrochemical biosensor of a similar type was developed to detect miRNA-155
[37].

Kheyrabadi et al. developed an electrochemical aptasensor to detect thyroxine
using nanohybrid material composed of MoS2 and MXene (Ti3C2TX). For this
biosensor design, MoS2 and MXene nanosheets were hybridized on the screen-
printed carbon electrode on which gold nanostructures were electrochemically
synthesized. These gold nanostructures help in the amplification of the electrochem-
ical signal derived from the detection of thyroxine. The detection was made possible
by binding thyroxine-specific RNA aptamer modified with ferrocene onto the gold
surface through thiol bindings. In the absence of thyroxine, the RNA aptamer existed
as a folded structure, with the ferrocene located near the metallic surface. Upon
thyroxine addition, the structure of the RNA aptamer unfolds, which induced the
faraway position of the ferrocene from the metallic surface and reduced the redox
signal from the ferrocene. The biosensor thus developed showed an ultralow limit
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Fig. 4 Schematic representation of the biosensor fabrication based on PPy@Ti3C2Tx/PMO12 for
OPNdetection. The sequential steps include (I) the preparation of the PPy@Ti3C2Tx/ PMo12 hybrid,
(II) the aptamer immobilization, (III) the OPN detection, and (IV) the electrochemical signal out
(reproduced with permission from [40])

of detection (0.39 pg/mL) and a wide linear response range (7.8 × 10–1 to 7.8 ×
106 pg/mL) [38]. Another ultrasensitive miRNA-182 biosensor was also explored
with a similar combination of materials with MXene [39].

MXene-based nanohybrids are also evaluated as a biosensor for detecting Osteo-
pontin (OPN), an important protein that could be used to diagnose cancer progres-
sion. The nanohybrid comprises of polypyrrole embedded in Ti3C2Tx MXene and
phosphomolybdic acid (PMo12) surface (denoted as PPy@Ti3C2Tx/PMo12). The
biosensor fabrication process is elucidated in Fig. 4. The Osteopontin aptamers
are immobilized on the nanohybrid surface, which helps capture the analyte. This
aptasensor showed a very low detection limit of 0.98 fg mL−1, as well as high selec-
tivity and stability, good reproducibility, acceptable regenerability, and applicability
in human serum samples [40].

2.2 MXene Based Optical Biosensors

In addition to electrochemical biosensors, MXenes are widely being explored as
an optical biosensor due to their chemical stability, easy surface functionalization,
ability to synthesize fluorescent Mxene-based quantum dots (MQDs) with high
water solubility, dispersibility, and biocompatibility due to their high hydrophilicity.
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Fig. 5 Schematic representation of fluorescence resonance energy transfer (FRET)-based
biosensing systems for the detection of exosomes using Ti3C2 MXene nanosheets combined with
the Cy3-labeled CD63 (exosome transmembrane protein) aptamer (reproduced with permission
from [41])

Novel fabrication techniques and surface functionalization of MXenes and MQDs
to achieve high hydrophilicity and enable better fluorescent quantification efficiency
make MXenes an attractive candidate for optical biosensors.

In most cases, theMXene nanosheets play the role of quenching molecules which
blocks the emitted fluorescent signals from the fluorescent sensing probes before
detecting the target molecules for the operation of the fluorescent biosensors. Zhang
et al. developed a fluorescence resonance energy transfer (FRET)-based biosensing
system to detect exosomes using Ti3C2 MXene nanosheets combined with the Cy3-
labeled CD63 (exosome transmembrane protein) aptamer, which is shown in Fig. 5.
The sensing probe, Cy3 labeled-CD63 aptamer, was bound to MXene nanosheet. In
the absence of the exosome, the fluorescence signal of the Cy3 was quenched by the
MXene nanosheets due to the proximity between the Cy3 and theMXene nanosheet.
However, upon exosome addition, the Cy3-labeled CD63 aptamer detached from
the MXene nanosheets and then bound with the added exosomes. This resulted in
restoring the quenched signal of the Cy3, which allowed fluorescent detection of the
exosome. This biosensor system exhibited high sensitivity towards exosome sensing
in a wide range from 104 to 109 exosomes/mL, with a low detection limit of 1.4
× 103 exosomes/mL. This detection limit was 1000 times lower than that obtained
from typical enzyme-linked immunosorbent assay (ELISA) methods [41].

MXene can be an ideal material for ECL applications because of its surface
properties and negative functionalization. The high negative charge density paired
with a large surface area permits adequate immobilization of the ECL probing agent,
whileMxene’s high conductivity allows the charge transportation, enhancing theECL
signal [42]. Fang and coworkers designed an ECL sensor to detect single nucleotide
mismatching. A single nucleotide mismatching is very common, and the distinction
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of such single nucleotide mutation is beneficial in diagnosing certain diseases [43].
Ti3C2Tx can be used as a highly conductive substrate to immobilize (Ru(bpy)32+,
producing ECL signals upon interaction with adenine and guanine. This ECL sensor
displayed outstanding viability when tested for single-nucleotide mismatch using
a model of oligonucleotides containing p53 gene segment. This ECL sensor could
distinguish a single nucleotide mismatch at a low concentration of 1.0 nmol/L. The
Ti3C2Tx nanosheets are used to immobilize the aptamer to detect exosomes using
the ECLmethod. Upon interaction with exosomes, these aptamer molecules resulted
in an enhanced ECL signal of the probing agent, luminol. This technique enabled
to detection of the exosomes of MCF-7. The detection sensitivity of this ECL-based
sensor was 125 particles/μL, which was 100 times lesser than that of the commonly
used ELISA technique [44].

In another study, Ti3C2 MXene nanosheets and fluorescein-labeled ssDNA (FAM-
ssDNA) were used to develop a fluorescent DNA biosensor to diagnose the human
papillomavirus (HPV). Briefly, without the analyte, the fluorescence signal from
the FAM was quenched when the FAM-ssDNA was immobilized on the MXene.
However, upon exposure to an analyte (the target DNA, which was the partial
sequence of the HPV gene), FAM-ssDNA formed double-stranded DNA (dsDNA)
by hybridization with the analyte and was released from the MXene. Upon release
from the MXene, the fluorescence signal of the FAM was restored, and this fluores-
cent intensity was measured to analyze the concentration of the added target DNA
[45].

MXene, in the form of nanosheets, played the role of quenching agents in biosen-
sors, while MQDs are used in biosensing applications due to their fluorescent emis-
sion property. In one instance, researchers developed a fluorescent biosensor for
Fe3+ detection using MQDs with a size of 1.75 nm, having excitation and emis-
sion wavelength of 320 nm and 410 nm, respectively. Upon exposure to Fe3+, there
occurs quenching of MQDs’ fluorescence due to the synergistic effect of the internal
filtering effect (IFE) of the Fe3+ (which hinders MQDs from receiving the excitation
wavelength) and electrostatic interactions of the Fe2+ (obtained through the reduc-
tion of the by MQDs Fe3+ by MQDs). It was found that the Fe3+ detection method
using the fabricated Ti3C2 MQD-based biosensor had excellent reproducibility [46].
Another biosensor with a similar principle was developed using polylysine-coated
Ti3C2 MQDs (PL-MQDs) to detect cytochrome c (Cyt c) and trypsin. Further, PL-
MQDs had an excitation wavelength of 330 nm and an emission wavelength of
415 nm [47].

MXenes have also been used in a colorimetric optical biosensor because of their
rapid usage, low cost, and sensitive detection by naked eyes, making them a poten-
tial candidate for point-of-care testing. In one example, researchers developed a
heterostructure made of the Ti3C2Tx MXene nanosheet and the Ni, Fe layered double
hydroxide (NiFe-LDH) (MXene/NiFe-LDH) for the detection of glutathione (GSH).
Here, the combination MXene/NiFe-LDH showed a higher catalytic property than
the catalytic properties of the MXene nanosheets or NiFe-LDH alone. The colori-
metric change in the [MXene/NiFe-LDH, 3,3’,5,5’-tetramethylbenzidine (TMB),
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and H2O2] system upon addition of GSH was used in the biosensing application
[48].

2.3 MXene as Wearable Sensor

Flexible, wearable electronics for personalized health monitoring, human motion
detection, prosthetic devices, and robotics have attracted tremendous biomedical
technology in the past few decades. Wearable devices should possess good mechan-
ical compliance and unique sensitivity. Flexible, wearable electronics require highly
surface-mounted materials to fit the complex structure of different objects with good
electrical behavior in daily movements. This is very difficult with silicon (Si) based
electronics becauseSi is a rigidmaterial. Because ofMXene’s unique physiochemical
properties, electrical and biological characteristics, MXene-based wearable devices
for sensing are much explored in recent times. Variation in the intracellular pH is an
important factor in detecting diseases like cancer or Alzheimer’s disease. Chen et al.
reported pH-responsive Ti3C2 MXene quantum dots. They monitored the intercel-
lular pH by developing a ratio-metric photoluminescence probe. Because of good
biocompatibility, stability, high water dispersibility, and low toxicity, MXenes make
a good platform for developing wearable practical fluorescent nano-sensors. MXene
based wearable sensors are also developed for detecting other small molecules like
glucose and phenols [49]. Rakhi and colleagues developed Ti3C2/Au composites for
sensitive enzymatic glucose detection,which resulted in good electrocatalytic activity
by a wide linear range detection limit of 0 to 18 mM and a low detection limit of
5.9μM [34]. Cai et al. revealed Ti3C2/CNT composite with very high sensitivity and
tunable sensing range. Using a spray coating technique, they fabricated a sandwich
layer of Ti3C2 nanoflakes and single wall CNT. This wearable strain sensor reli-
ably detected and differentiated the small deformations in the throat during speaking
and the deformations in the knee associated with different movements like walking,
running, and jumping. The sensitivity of this flexible strain sensor has a gauge factor
(GF) of 64.6 and 772.60 in the range strain between 0–30%and 40–70%, respectively
[50]. Biomimetic strain sensors based on a hierarchical architecture nacre-inspired
design reported by Shi and coworkers for human motion detection. It is fabricated by
Ti3C2Tx-AgNW and polydopamine (PDA) /Ni2+, and it exhibits a large GF value of
8767.4 in the strain range of 77–83%, the lowest of 256.1 GF in 0–15% of strain [51].
MXene coated Airlaid paper (AP) fabric-based pressure sensors are fabricated using
a dip-coating method by Yao et al. It shows a unique hierarchal network structure
and reversible electrical contact of the MXene. MXene AP pressure sensor shows
excellent mechanical-sensing performance. The sensor results in high sensitivity of
(7.65 kPa1 at 0–3.3 kPa), a broad sensing range (0–300 kPa), and excellent repro-
ducibility over 1000 cycles, which satisfies the requirements for a high-performance
pressure sensor [52]. Luo et al. prepared superhydrophobic, breathable and multi-
functional MXene based textile through dip coating assembly. Here the MXene NSs
were coated on the polydopamine (PDA) fiber surface by van der Waals force and
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hydrogen bondingPDA/MXene Ns has a large working temperature range of (25–
100 °C), highest temperature coefficient resistance of−1.8% °C−1 and Contact angle
(CA) of ~151° gives satisfactory breathability with good recyclability and durability
[53].

CNT/MXene/ polydimethylsiloxane (PDMS) composite based strain sensor was
developed by Xiaowen Xu and his coworkers for real time human healthcare moni-
toring. It shows reliable responses at different frequencies and with long-term dura-
bility (over 1,000 cycles). The sensor provides the advantages of superior anti-
interference to temperature changes and water washing. This result demonstrates
a less than 10% resistance change as the temperature rises from −20 to 80 °C
or after sonication in the water for 120 min [54]. Zhang et al. reported polyvinyl
alcohol (PVA) based Ti3C2 MXene hydrogels, with high sensing capabilities, excel-
lent stretchability, and good self-heal ability. This sensor’s gauge factor (GF) was 25,
which is 10 times higher than a pristine hydrogel. The unique sensing performance of
these MXene hydrogels makes it a promising material for wearable electronics and
artificial skin to sense the 3Dmotions, including bio signaling and touch sensing [55].
Wang et al. reported a skin-inspired Ti3C2 MXene/natural microcapsule composite
filmwith an interlocked structure, which mimics the structure and function of human
skin. This sensor amplifies the weak pressure signal and shows excellent stability.

Figure 6 summarizes the concept of the interlocking structure of MXene
composite and the high mechanical deformability of interlocking composite material
[56].

3 MXene’s Role in Cancer Theranostics

3.1 Photothermal Therapy

Cancer is one of the leading causes of death globally in the current times. As of 2020,
therewere 19.3million cancer casesworldwide, and the death rates are about 47%.By
2040, the number of cancer cases is expected to rise to 29.5 million, and the number
of cancer-related deaths is projected to increase by more than 60% [57]. Researchers
across the globe are working towards developing new strategies in cancer research
for early diagnosis and treatments. One such approach is to use light waves to kill
cancer cells. The photothermal Conversion agent (PTA) are the ones that convert
light waves to heat because of their inherent photothermal effect. As a result, they
raise the local temperature of the tumor region, thereby killing the tumor cells. This
technique is called Photothermal therapy (PTT).

Photothermal therapy (PTT) is a promising alternative to conventional cancer
treatments due to its high site-specificity, minimal damage to normal tissue, and
high ablation efficiency. The Photothermal therapy (PTT) platforms promise the
passive/active targeting of photothermal conversion agents (PTAs) inside tumor cells
that can be activated via NIR irradiation at low intensity and power density. Two
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Fig. 6 a schematic illustration of the structure of the human skin and fabrication of material in
interlocking structure b schematic illustration of flexible sensor c Finite element method FEM
analysis d Cross-sectional view of FEM bio-composite films deformation and distribution in the
interlocking structure (reproduced with permission from [56])

biological transparency windows are located between 650 to 950 nm as (first NIR
window) and 1000 nm to 1350 nm as (second NIR window), where the optimal
tissue transmission has been obtainedwith low scattering and energy absorption. This
provides maximum radiation penetration through tissues and minimizes autofluores-
cence [1, 58]. In a very short period, several nanomaterials with different morpholo-
gies have been explored as PTAs, which are as follows: gold nanoparticles with
different morphologies because of their optical property as results of localized
surface plasma resonance (LSPR) [59, 60], nanoscale carbon allotropes especially
CNTs [61, 62], polypyrrole(PPY), poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate PEDOT:PSS [63, 64], CuS nanoparticles [65, 66], iron oxide nanoparticles
[67, 68] and some other 2D layered nanomaterials like MXenes, WS2 [69]and MoS2
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[70]. Among all these, MXenes are a recent addition because of their unique planar
structure, exceptional transformable 2D inlayer nanostructure, convenient chemical
composition, chemical diversity, and superior physiochemical features, strong optical
absorption in second NIR window of 1000 nm to 1350 nm [71].

MXene’s versatile properties make it a perfect material for biomedical appli-
cations in recent times. 2D multifunctional MXene and its composites have
been extended for theranostics applications comprising photothermal therapy
(PTT), photothermal/photodynamic/chemo synergistic therapy, diagnostic imaging,
biosensing, and antibacterial [1, 72, 73].

3.2 MXene in Photothermal Therapy (PTT)

Xuan et al. synthesized and studied the photothermal therapeutic efficiency of
aluminum oxoanion-functionalized titanium carbide sheets. These 2D materials
exhibited strong absorption in the NIR region with a high mass extinction coefficient
of 29.1 Lg−1 cm−1 at 808 nm. This material was superior to the recently identi-
fied photo absorption materials, including gold nanoparticles, carbon allotropes, and
transition-metal dichalcogenides. Strong and broad absorption in the NIR region
of these 2D functionalized titanium carbide sheets is mainly because they behave
as photothermal agents for anticancer therapy [74]. Dai and coworkers prepared
MnOx /Ti3C2 for photothermal and bioimaging applications. It shows a photothermal
conversion efficiency of 30.6% to 22.9%. The presence of the MnOx component on
MnOx/Ti3C2 helps identify the tumor site and thus eventually killing them. The
Mn–O bonds are easily broken up under the mild acidic conditions of tumor micro
environments, which releases Mn2+ ions. This maximizes the interaction between
paramagnetic Mn centers and water molecules, enhancing the T1-weighted MRI
performances. Here MnOx acts as a contrast agent for tumor diagnosis [75]. Yu and
colleagues identified a fluorine-free synthetic method to prepare Ti3C2 QDs for PTT
application.

The prepared MXene QDs displayed an extinction coefficient of 52.8 Lg−1 cm−1

at 808 nm. The photothermal conversion efficiency of the synthesized MXene QDs
was 52.2%which was significantly higher than the previously reportedMXene QDs.
The photostability of these QDs also was evaluated and found to be stable even
after five cycles [76]. A study by Szuplewska and colleagues [77] revealed the PTT
potential of superficially modified Ti2C MXene using PEG. These PEG-Ti2C flakes
exhibited better biocompatibility—the in vitro cell studies of these PEG-Ti2C exhib-
ited distinguished NIR-induced death of cancerous cells. The study also discussed
the cytocompatibility of MXenes towards normal healthy cells. In addition to the
titanium-containing MXenes, other MXene compounds were also effective in anti-
cancer therapy. For example, compounds like tantalum carbide (Ta4C3) have better
photothermal conversion efficiency than Ti3C2. This novel Ta4C3 MXene exhib-
ited good photothermal stability and good colloidal stability in physiological media.
Moreover, these Ta4C3 possess a longer half-life in blood circulation and increased
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accumulation in the tumor cell. This is due to the difference in the NP size and
enhanced permeability and retention (EPR) effect [78]. Generally, the PTT agents,
including MXenes, have an absorption peak in the first biological window (NIR-I).
Still, the maximum permissible exposure (MPE), which matches the maximum safe
laser power density for human skin exposure, is higher for NIR-II than for NIR-I.
The Niobium carbide (Nb2C) can be used as a PTT agent in the first and second
biological window regions. A surface modification of Nb2C sheets was performed
using PVP to improve the stability and biocompatibility in physiological condi-
tions [79]. Good photothermal conversion efficiencies at both 808 nm and 1064 nm
were observed with this Nb2C. Selective and enhanced accumulation of Nb2C-PVP
MXenes in cancerous cells were confirmed by inductively coupled plasma atomic
emission spectroscopy (ICPAES) and confocal microscopy.

3.3 MXene’s Role in Synergistic Treatments: Drug Delivery
and Photothermal Therapy

A combination of PTT with other anticancer treatment strategies like chemotherapy
and photodynamic therapy (PDT)was currently being explored by researchersworld-
wide. A beneficial synergistic effect was observed with this combination treatment
strategy [80]. This is helpful to reduce the dose of the chemotherapeutic agent,
lowering the amount of photothermal agents and photosensitizers. In addition to
this, this effect helps to reduce the laser powers for PTT and PDT, which leads
to fewer side effects and good treatment results [81, 82]. Like other photothermal
agents, MXenes also exhibited agreeable results when combined with other anti-
tumor agents. The rich surface chemistry of MXene provides promising anchoring
sites for therapeutic drug molecules and targeting moieties. The OH groups present
on the surface of the MXene can electrostatically adsorb cationic molecules such as
doxorubicin (Dox), a chemotherapeutic drug commonly used to treat cancer. A syner-
gistic PTT, PDT, and chemotherapy were evaluated for the Ti3C2 [83, 84]. A study by
Yun Xiu Liu and colleagues revealed the structure, drug loading, release, magnetic
controlling behavior, photothermal performance, and synergistic therapeutic effi-
ciency of MXene-cobalt-nanowires Ti3C2-CoNWs, the heterojunction nanocarrier.
This functionalization resulted in a drug loading ability of 225.05% and exhibited
drug-releasing behavior by inducing pH/ NIR stimulation. This also shows improved
control on carriers for synergistic anticancer treatment with higher photothermal
conversion efficiency (PCE) of 34.42%. The schematic illustration in Fig. 7a summa-
rizes the synthesis procedure of Ti3C2 CoNWs heterojunction, and Fig. 7b represents
the combination of nanocarriers and their dual stimuli-responsive drug release [83].A
studybyGongyuanLiu and coworkers revealed the chemotherapyusingdoxorubicin-
loaded MXene, and active tumor accumulation was achieved by coating the MXene
with Hyaluronic acid (HA), which has a high affinity to cancer cells that overexpress
CD44. A synergistic effect after in vivo PTT using Ti3C2-DOX was observed, as
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Fig. 7 a Schematic of the synthesis protocol of Ti3C2 nanosheet and b Schematic representation
of the synthesis of Ti3C2 CoNWs heterojunction and subsequent Doxorubicin loading, followed by
their dual stimuli-responsive drug release (reproduced with permission from [83])

DOX alone or Ti3C2-DOX without laser irradiation led to only partial tumor growth
inhibition [84].

3.4 MXene Based Theranostics Systems

Theranostics systems impart both diagnostic (imaging) and therapeutic (treatment)
modalities in one go. These systems may constitute a combination of diagnostic and
therapeutic modalities in a single platform using nanomaterials.

Typically, the images employed in cancer diagnostics are magnetic resonance
imaging (MRI), X-ray computed tomography (CT), and photoacoustic imaging (PA).
Among these, MRI is characterized by high sensitivity and soft-tissue contrast; CT
gives very high spatial resolution, while PA offers higher penetration depths than the
others by detecting the ultrasound waves generated by the laser-irradiated tissue. The
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synthesis of novel contrast agents with concurrent multimodal imaging and thera-
peutic capabilities allows the development of theranostics platforms for synergistic
imaging and treatment. Gadolinium (Gd2+), despite its recognition as contrast agents
for MRI and its long retention time in the body, suffers from potentially toxic side
effects [85, 86]. Liu and colleagues revealed superparamagnetic iron oxide nanoparti-
cles (INOP) functionalized MXene composite(Ta4C3-IONP-SPs) for efficient breast
cancer theranostics [87]. Here, the Ta component of the Ta4C3-IONP-SPs composite
exhibits CT contrast property because of its higher X-ray attenuation coefficient
and higher atomic number (Z = 73). The superparamagnetic INOP act as an MRI
imaging contrast agent. Ta4C3-IONP-SPs have a PCE of 32.5%. Zong and coworkers
revealed polyoxometalates functionalized Ti3C2 with the integration of Gadolinium
(Gd), Tungstan (W) GdW10 as a contrast agent [88]. Tantalum carbide MXene was
used to synthesizeMnOx/Ta4C3 composites using an in-situ reaction. These compos-
ites exhibited high photothermal conversion efficiency compared to MnOx/Ti3C2.

Figure 8 gives a schematic overview of the synthetic procedure of MnOx/Ta4C3

composite nanosheets and PTT mechanism [89] (Table 2).

Fig. 8 a Schematic illustration of the synthesis of MXene nanosheets. b scheme of the synthetic
procedure for MnOx/Ta4C3−SP MXene composite nanosheet. c Schematic illustration of ther-
anostic functions of MnOx/Ta4C3−SP composite nanosheets and MRI/CT/PA imaging-guided
efficient PTT ablation of cancer (Fig. 8 is reproduced with permission from [89])
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Table 2 List of various MXene and its composites with essential parameters used in PTT

No MXene Photothermal
conversion
efficiency (%)

Extinction
Coefficient
(l.g−1 cm−1)

In vivo
administered
dose (for PTT)
(mg.kg−1)

Half Life
(systemic) (h)

1 Ta4C3-SP 44.7 4.06 20 (iv) 1.59

2 Ti3C2-SP 30.6 25.2 20 0.76

3 MnOx/Ti3C2-SP 22.9 5.0 2.5 –

4 Ti3C2 QDs 52.2 52.8 0.5 –

5 MnOx/Ta4C3-SP 34.9 8.67 20 –

6 Ta4C3-IONP-SP 32.5 4 20 0.5

7 GdW10/Ti3C2 21.9 22.5 20 0.83

4 Versatile Biomedical Applications

4.1 Tissue Engineering

MXene is currently thriving as a novel inorganic nanomaterial for biologic and
biomedical applications. The metallic conductivity, hydrophilicity, and other unique
physiochemical performances makes it an attractive material in tissue engineering
[90], especially in bone tissue engineering [91, 92], neural tissue engineering [93],
and cardiac tissue engineering [94, 95].

4.1.1 Cardiac Tissue Engineering

According to World Health Organization (WHO), cardiovascular diseases (CVD)
are among the major causes of death worldwide. About 17.9 million people get
affected by CVD, which leads to death in most cases. The death rate of CVD
worldwide is 32% [96]. The regeneration capacity of cardiomyocytes is limited,
which results in clinicians giving only symptomatic reliefs to the patients. However,
with the advent of the cardiac tissue engineering arena, researchers are working
towards regenerating cardiac tissue using various innovative strategies. Some of
them include the development of biomaterials that assist in delivering various cells
for cellular therapy, biomaterials for the delivery of various drugs/ growth factors that
helps in the neo-vascularization, immune modulation, and finally, the development
of conducting engineered cardiac patches (ECP), which helps in the remission of
conduction through the damaged cardiac tissue, thus restoring the functionality of
the damaged heart.
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To develop conducting cardiac patches, various nanomaterials are being explored
as conductingmoietieswithin the patch. Some of them include gold-based nanostruc-
tures, graphene oxide-based nanostructures, and other conducting polymeric nanos-
tructures. The recent addition to this list isMXenes.MXenes, due to their exceptional
conducting property, is one of the best materials to be used in the conducting cardiac
patch.

MXene based bio-inks show promising potential in cardiac tissue engineering. Ye
and colleagues reported Ti2C-cryogel ECP for MI. Ti2C-cryogel exhibited suitable
elasticity and good electrical conductivity matching the natural heart. Furthermore,
upon implantation of Ti2C cryogel ECP on the infarcted myocardium of MI rats
for 4 weeks, they found a marked decrease in inflammatory reactions, improved
formation of dense microvessels, and finally, improvement in the heart function. The
authors concluded that the Ti2C-cryogel ECP provided a suitable 3D microenviron-
ment and thus showed a promising cardiac repair efficacy [94]. Figure 9 summarizes
the fabrication process of Ti2C-cryogel and its application in a rat MI model [94].
Basara and coworkers reported Ti3C2Tx MXene-PEG composite 3D printed cardiac
patch. It demonstrated the patterning capability of MXene/ PEG composite, where
the cells on the cardiac patch are made to align in the same orientation with the rest

Fig. 9 Schematic illustration of the fabrication of ECP made with Ti2C-cryogel and its application
in a rat MI model (figure reproduced with permission of [94])
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of the heart using the aerosol jet printing. This resulted in greater improvements in
the signal transduction from healthy heart tissue through the cardiac patch [95].

4.2 Biocompatibility of MXene

The biocompatibility of nanomaterials cannot be determined directly by viewing
the constituting elements’ size, shape, aqueous dispersion, surface charge, and
hydrophilicity behavior. The primary mechanisms of nanoscale material-inducing
toxicity are (1) oxidative damage to the cells, (2) slower clearance in the renal
pathway and accumulation in the organs, (3) damage to blood cells, (4) specific
toxicity to the reproductive, neural, or embryonic system and (5) genotoxicity. Thus,
a broad biosafety evaluation is required to investigate all the possible interactions
between the nanoscale material and the living system, taking into account various
mechanisms of toxicity, the effects of shape, size, and physicochemical properties.
Some preliminary data on the cytocompatibility and biocompatibility of MXenes are
already out there in the literature. Ti3C2 is the most commonly investigated MXene
in biomedical applications [83, 84, 93–95]. Ye and colleagues studied the biocom-
patibility properties of Ti3C2 cryogel using cell viability studies like live/dead cell
staining assay and CCK-8 assay on cardiomyocytes (CM). They found increased cell
survival (90%) on Ti3C2 based cryogel than Ti3C2 free cryogel (74%) [94]. Zong
and colleagues reported good in vivo biocompatibility properties of GdW10@Ti3C2

composite MXene NSs [88]. Gongyuan Liu et al. revealed that Ti3C2 nanosheets
passed in the bloodstream are excreted through urine via physiological renal clear-
ance pathway or are retained in the tumor tissue through enhanced permeability and
retention (EPR) effect without getting accumulated in the major organs. MXene’s
biodistribution and biosafety are confirmed by the absence of any significant body
weight loss and an absence of necrotic process in the major organ levels at acute
(1-day), subacute (7-day), and chronic (30-days) of different time intervals after
injection of high doses of MXenes [84]. Similar results have been reported for the
systemic biocompatibility and cytocompatibility of tantalum carbide MXene Ta4C3

[78, 89] and niobium carbide MXene Nb2C [28].

4.3 MXenes for Antimicrobial Treatment

Antibiotic resistance is a serious concern in the current scenario, and new antibi-
otics or antibiotic treatment strategies are required to combat antibiotic-resistant
or biofilm-forming bacteria. A rapid, effective, and broad-spectrum antibacterial
strategy is developed withMXene and light. This study revealed an effective strategy
against fifteen different bacterial strains, including methicillin-resistant Staphylo-
coccus aureus (MRSA) and vancomycin-resistant Enterococci (VRE). In this case,
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the combination of Ti3C2 MXene with light (808 nm) exhibited an antimicro-
bial effect within 20 min. These Ti3C2 MXenes, upon exposure to light, kill the
bacteria residing within biofilm by destructing the biofilm structures [97]. The
antibacterial effect of natural polymeric bandages can be enhanced by incorporating
2D nanomaterials. Encapsulation of delaminated Ti3C2Tz MXene (Tz-termination
species) flakes within chitosan nanofibers was prepared for passive antibacte-
rial wound dressing applications. The antibacterial potential of these crosslinked
Ti3C2Tz-chitosan composite fibers was evaluated against gram-positive and gram-
negative organisms [98]. The antibacterial properties of single and multi-layered
Ti3C2Tx MXene flakes in colloidal solution were evaluated against E. coli and
Bacillus subtilis. It was found to have a concentration dependent antibacterial effect,
and also more than 98% of the cells lost their viability at 200 μg/mL Ti3C2Tx.
This study also revealed that the antibacterial nature of Ti3C2Tx MXene flakes
was superior to the antibacterial nature of graphene oxide [99]. A heterojunction
structure of MXene is prepared by anchoring Cu2O on MXene nanosheets by
electrostatic effect. These Cu2O/MXene exhibited significant antibacterial activity
against S. aureus and P. aeruginosa [100]. A study by Zhou et al. utilized the
highly conducting Ti3C2Tx MXenes to develop multifunctional scaffolds for the
methicillin-resistant Staphylococcus aureus (MRSA)-infected wound healing. These
multifunctional scaffolds were prepared by reaction between poly( glycerol- ethylen-
imine), Ti3C2Tx MXene@polydopamine nanosheets, and oxidized hyaluronic acid.
These multifunctional scaffolds possess the properties like self-healing nature, high
electrical conductivity, tissue-adhesive feature, antibacterial activity, particularly to
MRSA [101]. A multifunctional hydrogen scaffold is designed by incorporating 2D
antibacterial conductive Ti3C2Tx MXenes and antioxidant CeO2 for the tissue recon-
struction associated withMDR infections. Zheng et al. fabricated themultifunctional
scaffold by integrating theMXene@CeO2 nanocomposites in Schiff-based chemical
crosslinked hydrogel of polyethylenimine embedded Pluronic F127 (F127-PEI) and
oxidized sodium alginate (OSA). These scaffolds possess multifunctional properties
like antiinflammatory, antibacterial, and antioxidative potentials, conductive bioac-
tivities, tissue-adhesive ability and fast hemostatic capacity [102]. The light conver-
sion capacity of the Ti3C2TX nano-sheets gained a momentum in the treatment of
infectious diseases and control of bacterial resistance. Rosenkranz et al. designed
a photothermal antibacterial system using multi-layer (MX) Ti3C2Tx nano-sheets
using the heat conversionproperty of theseMXenes. The study reveals,MX inhibiting
growth ofS. aureus andE. coli in a betterwaydue toMXenes’ reversible bacteria trap-
ping [103]. Zheng and coworkers reported synergistic MXene based membrane for
bacterial resistance by conjugating Ti3C2 MXene NSs with gold nanoclusters. This
antimicrobialmechanism suppressed both gram-positive and gram-negative bacteria,
with low IC50values of 11.7μgmL−1 of Ti3C2 and 0.04μmofAuNCs [104]. Rasool
and colleagues showed an efficient antifouling property of Ti3C2 MXene membrane,
facilitating a sustainable water treatment process. Polyvinylidene fluoride (PVDF)
membrane with Ti3C2 MXene coating showed excellent antibacterial activity on
different bacteria. Moreover, the aged MXene membrane showed higher growth
inhibition of 99%, while the fresh ones showed only 73% [105]. Figure 10a summa-
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Fig. 10 a Antibacterial studies (growth inhibitation and cell viability measurements) of E.coli, b
subtilis with fresh and aged MXene membrane(figure reproduced with permission from [105]. c
interaction of MXene NSs with the bacterial cell wall and depression of bacterial cells. d Schematic
representation of the mechanism of Ti3C2 sharp nanosheets cutting bacterial cell wall and getting
on to bacterial cytoplasmic region (reproduced with permission from [106])

rizes the growth inhibition of different bacteria by aged and fresh Ti3C2 MXene
membrane, andFig. 10b represents the cell viabilitymeasurements of bacteria against
the MXene membrane [105]. Shamsabadi et al. revealed the antimicrobial effect of
colloidal MXene NSs [106]. The study showed that the direct physical interactions
between the NSs sharp edges and bacteria membrane surfaces play a significant part
in the antibacterial activity of the NSs. Figure 10c represents the interactions of the
NSs with bacteria cells, the release of bacteria DNA, and depression of bacteria cells.
Figure 10d shows the mechanism of Ti3C2 sharp nanosheets cutting bacterial cells
and getting on to bacteria cytoplasmic region [106].

Challenges and future prospects

The rise of new nanomaterials in biomedical applications requires a thorough evalua-
tion of their biosafety and toxicity. These are of the utmost importance in determining
the accurate capability for clinical translation. The recent discoveries and the mass of
data regarding the biocompatibility of MXenes are still very limited. However, some
preliminary evaluation suggests that MXenes are compatible with cellular viability
and growth and do not cause any hemolytic damage to red blood cells in vitro.
Moreover, when engineered in ultrathin NSs, they can be excreted through the phys-
iological renal clearance pathway and do not appear to cause any toxic effects in
the major organs. These results are encouraging and assist the promising potential
of MXenes as novel biomaterials. Nevertheless, to establish the biocompatibility of
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MXene, future extensive exploration must be conducted to take into account all the
probablemechanismsof contact betweenMXenes and living systems at long standing
time scales. MXenes, with their exceptional optical properties, have been employed
for bioimaging and biosensing. The excellent light to heat transition competence
makes MXene an absolute biocompatible and proficient nanoscale material for PTT
appliances. But problems like stability in the physiological environment/controlled
release of drugs and biodegradability need to be explored. Even though MXene
loaded hydrogel can be NIR-responsive for drug release, they still have limita-
tions like low photothermal conversion, poor photothermal stability, and improper
temperature range in biomedical applications [107]. Material innovation and tech-
nological advancement can help develop high-performance and sensitive diagnostic
devices, efficient antimicrobial compounds/personal protection equipment such as
face masks and shields, and many other components for medical equipment. 2D
materials like MXenes are an emerging solution for biomedical applications due to
the outstanding functional properties and feasibility of integrating with any system.
In addition, MXene composites such as MXene–graphene display many remark-
able properties such as high electrical conductivity, surface functionalization feasi-
bility, excellent photocatalytic and photo-heat conversion properties, outstanding
antimicrobial behavior, and many other flexible properties [108]. In the condition
of biosensing, MXene shows magnificent performance as an electrode material for
enzymatic, mediator-free biosensing of Reactive nitrogen species (RNS) and Reac-
tive oxygen species (ROS), also for high-sensitivity glucose monitoring systems,
which can help to find relevant applications in diabetes diagnosis and monitoring. In
addition, MXene can be processed into field-effect transistors (FETs) for monitoring
the electrical and chemical activities of cultured neurons at high resolution. The tran-
sition of the optoelectronic properties of the MXene films provides the possibility
of performing simultaneous optical imaging, which could permit a wide range of
applications in neuroscience studies. Finally, MXene shows promising capability
for stretchable strain and pressure sensors, which opens new applications in human
healthcare monitoring. The rise of MXenes in biomedical applications is just started,
and a long way to go. The surprising physicochemical properties and species mass
are available now in the library of MXenes, which opens up unprecedented possibil-
ities to optimize the material properties matching distinct applications and cellular
targets, many of which yet to be explored.

5 Conclusion

This chapter discusses emerging biomedical applications of MXenes, from
biosensing, photothermal cancer therapy, antimicrobial therapy, and more recent
tissue engineering applications. MXenes, due to their hydrophilicity, excellent plas-
monic properties, electrical conductivity, and ease of their surfacemodifications, have
excelled in biosensing applications. This chapter covered various types of biosen-
sors like enzyme and non-enzyme based electrochemical biosensors, fluorescent
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biosensors, colorimetric biosensors, and a few others. In the case of cancer therapy,
MXene and their nanohybrids-based photodynamic and photothermal therapy were
discussed. This chapter also focuses on synergistic anticancer therapy of MXenes
with other forms of therapy and theranostic systems.MXene’s role as an antibacterial
agent is also discussed in this chapter. Overall, MXene is a potential bionanomate-
rial with excellent physicochemical properties and is currently being extensively
researched in the biomedical arena. However, its successful translation towards
clinics is still a long way to go. It depends immensely on further understanding of its
biocompatibility properties, for which more extensive and intense biocompatibility
studies both in vitro as well as in vivo are warranted.
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77. Szuplewska, A., Kulpińska, D., Dybko, A., et al.: 2D Ti 2 C (MXene) as a novel highly
efficient and selective agent for photothermal therapy. Mater Sci. Eng. C 98, 874–886 (2019).
https://doi.org/10.1016/j.msec.2019.01.021

78. Lin, H., Wang, Y., Gao, S., et al.: Theranostic 2D tantalum carbide (MXene). Adv. Mater 30,
1–11 (2018). https://doi.org/10.1002/adma.201703284

79. Lin, H., Gao, S., Dai, C., et al.: A Two-dimensional biodegradable niobium carbide (MXene)
for Photothermal tumor eradication in NIR-I and NIR-II Biowindows. J. Am. Chem. Soc.
139, 16235–16247 (2017). https://doi.org/10.1021/jacs.7b07818

80. Wan,G., Chen,B., Li, L., et al.: Nanoscaled red blood cells facilitate breast cancer treatment by
combining photothermal/photodynamic therapy and chemotherapy. Biomaterials 155, 25–40
(2018). https://doi.org/10.1016/j.biomaterials.2017.11.002

81. Sheng, D., Liu, T., Deng, L., et al.: Perfluorooctyl bromide & indocyanine green co-loaded
nanoliposomes for enhanced multimodal imaging-guided phototherapy. Biomaterials 165,
1–13 (2018). https://doi.org/10.1016/j.biomaterials.2018.02.041

82. Shu, Y., Song, R., Zheng, A., et al.: Thermo/pH dual-stimuli-responsive drug delivery for
chemo-/photothermal therapy monitored by cell imaging. Talanta 181, 278–285 (2018).
https://doi.org/10.1016/j.talanta.2018.01.018

83. Liu, Y., Han, Q., Yang, W., et al.: Two-dimensional MXene/cobalt nanowire heterojunction
for controlled drug delivery and chemo-photothermal therapy. Mater Sci. Eng. C 116, 111212
(2020). https://doi.org/10.1016/j.msec.2020.111212

84. Liu, G., Zou, J., Tang, Q., et al.: Surface Modified Ti3C2 MXene Nanosheets for tumor
targeting Photothermal/Photodynamic/Chemo synergistic therapy. ACS Appl. Mater Interf.
9, 40077–40086 (2017). https://doi.org/10.1021/acsami.7b13421

85. Fraum, T.J., Ludwig, D.R., Bashir, M.R., Fowler, K.J.: Gadolinium-based contrast agents: a
comprehensive risk assessment. J. Magn. Reson. Imaging 46, 338–353 (2017). https://doi.
org/10.1002/jmri.25625

https://doi.org/10.1038/s41598-020-78241-1
https://doi.org/10.1002/adma.201304497
https://doi.org/10.1039/d0tb01018a
https://doi.org/10.1002/adfm.202000712
https://doi.org/10.1016/j.tibtech.2019.09.001
https://doi.org/10.1515/nanoph-2019-0550
https://doi.org/10.1002/anie.201606643
https://doi.org/10.1021/acs.chemmater.7b02441
https://doi.org/10.1039/c7nr05997c
https://doi.org/10.1016/j.msec.2019.01.021
https://doi.org/10.1002/adma.201703284
https://doi.org/10.1021/jacs.7b07818
https://doi.org/10.1016/j.biomaterials.2017.11.002
https://doi.org/10.1016/j.biomaterials.2018.02.041
https://doi.org/10.1016/j.talanta.2018.01.018
https://doi.org/10.1016/j.msec.2020.111212
https://doi.org/10.1021/acsami.7b13421
https://doi.org/10.1002/jmri.25625


Biomedical Applications of MXenes 299

86. Lee, N., Choi, S.H., Hyeon, T.: Nano-sized CT contrast agents. Adv. Mater 25, 2641–2660
(2013). https://doi.org/10.1002/adma.201300081

87. Liu, Z., Lin, H., Zhao, M., et al.: 2D superparamagnetic tantalum carbide composite MXenes
for efficient breast-cancer theranostics. Theranostics 8, 1648–1664 (2018). https://doi.org/10.
7150/thno.23369

88. Zong, L., Wu, H., Lin, H., Chen, Y.: A polyoxometalate-functionalized two-dimensional
titaniumcarbide compositeMXene for effective cancer theranostics.NanoRes.11, 4149–4168
(2018). https://doi.org/10.1007/s12274-018-2002-3

89. Dai, C., Chen, Y., Jing, X., et al.: Two-Dimensional tantalum carbide (MXenes) composite
Nanosheets for multiple imaging-guided photothermal tumor ablation. ACSNano 11, 12696–
12712 (2017). https://doi.org/10.1021/acsnano.7b07241

90. Iravani, S., Varma, R.S.: MXenes and MXene-based materials for tissue engineering and
regenerative medicine: recent advances. Mater Adv. (2021). https://doi.org/10.1039/d1ma00
189b

91. Pan, S., Yin, J., Yu, L. et al.: 2D MXene-integrated 3D-printing scaffolds for augmented
osteosarcoma phototherapy and accelerated tissue reconstruction. Adv. Sci. 7 (2020).https://
doi.org/10.1002/advs.201901511

92. Huang, R., Chen, X., Dong, Y., et al.: MXene composite nanofibers for cell culture and tissue
engineering. ACS Appl. Bio. Mater 3, 2125–2131 (2020). https://doi.org/10.1021/acsabm.
0c00007

93. Rastin, H., Zhang, B., Mazinani, A., et al.: 3D bioprinting of cell-laden electroconductive
MXene nanocomposite bioinks. Nanoscale 12, 16069–16080 (2020). https://doi.org/10.1039/
d0nr02581j

94. Ye, G.,Wen, Z.,Wen, F., et al.: Mussel-inspired conductive Ti2C-cryogel promotes functional
maturation of cardiomyocytes and enhances repair of myocardial infarction. Theranostics 10,
2047–2066 (2020). https://doi.org/10.7150/thno.38876

95. Basara, G., Saeidi-Javash, M., Ren, X., et al.: Electrically conductive 3D printed Ti3C2Tx
MXene-PEG composite constructs for cardiac tissue engineering. Acta Biomater (2020).
https://doi.org/10.1016/j.actbio.2020.12.033

96. Cardiovascular, P.M.: Cardiovascular diseases ( CVDs), 1–5 (2021)
97. Wu, F., Zheng, H., Wang, W., et al.: Rapid eradication of antibiotic-resistant bacteria and

biofilms by MXene and near-infrared light through photothermal ablation. Sci. China Mater
64, 748–758 (2021). https://doi.org/10.1007/s40843-020-1451-7

98. Mayerberger, E.A., Street, R.M., McDaniel, R.M., et al.: Antibacterial properties of electro-
spun Ti3C2Tz (MXene)/chitosan nanofibers. RSC Adv. 8, 35386–35394 (2018). https://doi.
org/10.1039/c8ra06274a

99. Rasool, K., Helal, M., Ali, A., et al.: Antibacterial activity of Ti3C2Tx MXene. ACS Nano
10, 3674–3684 (2016). https://doi.org/10.1021/acsnano.6b00181

100. Wang, W., Feng, H., Liu, J., et al.: A photo catalyst of cuprous oxide anchored MXene
nanosheet for dramatic enhancement of synergistic antibacterial ability. Chem. Eng. J. 386,
124116 (2020). https://doi.org/10.1016/j.cej.2020.124116

101. Zhou, L., Zheng, H., Liu, Z., et al.: Conductive antibacterial hemostatic multifunctional
scaffolds based on Ti3C2TxMXene Nanosheets for promoting multidrug-resistant bacteria-
infected wound healing. ACS Nano 15, 2468–2480 (2021). https://doi.org/10.1021/acsnano.
0c06287

102. Zheng, H., Wang, S., Cheng, F., et al.: Bioactive antiinflammatory, antibacterial, conductive
multifunctional scaffold based onMXene@CeO2nanocomposites for infection-impaired skin
multimodal therapy. Chem. Eng. J. 424, 130148 (2021). https://doi.org/10.1016/j.cej.2021.
130148

103. Rosenkranz, A., Perini, G., Aguilar-Hurtado, J.Y., et al.: Laser-mediated antibacterial effects
of few- and multi-layer Ti3C2Tx MXenes. Appl. Surf. Sci. 567, 150795 (2021). https://doi.
org/10.1016/j.apsusc.2021.150795

104. Zheng, K., Li, S., Jing, L., et al.: Synergistic antimicrobial titanium carbide (MXene) conju-
gated with gold nanoclusters. Adv. Healthc Mater 9, 1–9 (2020). https://doi.org/10.1002/
adhm.202001007

https://doi.org/10.1002/adma.201300081
https://doi.org/10.7150/thno.23369
https://doi.org/10.1007/s12274-018-2002-3
https://doi.org/10.1021/acsnano.7b07241
https://doi.org/10.1039/d1ma00189b
https://doi.org/10.1002/advs.201901511
https://doi.org/10.1021/acsabm.0c00007
https://doi.org/10.1039/d0nr02581j
https://doi.org/10.7150/thno.38876
https://doi.org/10.1016/j.actbio.2020.12.033
https://doi.org/10.1007/s40843-020-1451-7
https://doi.org/10.1039/c8ra06274a
https://doi.org/10.1021/acsnano.6b00181
https://doi.org/10.1016/j.cej.2020.124116
https://doi.org/10.1021/acsnano.0c06287
https://doi.org/10.1016/j.cej.2021.130148
https://doi.org/10.1016/j.apsusc.2021.150795
https://doi.org/10.1002/adhm.202001007


300 S. Ganesan et al.

105. Rasool, K., Mahmoud, K.A., Johnson, D.J., et al.: Efficient antibacterial membrane based on
two-dimensional Ti3C2Tx (MXene) Nanosheets. Sci. Rep. 7, 1–11 (2017). https://doi.org/10.
1038/s41598-017-01714-3

106. Arabi Shamsabadi, A., Sharifian,M., Anasori, B., Soroush,M.: Antimicrobial mode-of-action
of colloidal Ti3C2Tx MXene nanosheets. ACS Sustain. Chem. Eng. 6, 16586–16596 (2018).
https://doi.org/10.1021/acssuschemeng.8b03823

107. Dong,Y., Li, S., Li, X.,Wang,X.: SmartMXene/agarose hydrogel with photothermal property
for controlled drug release. Int. J. Biol. Macromol. 190, 693–699 (2021). https://doi.org/10.
1016/j.ijbiomac.2021.09.037

108. Dwivedi, N., Dhand, C., Kumar, P., Srivastava, A.K.: Emergent 2D materials for combating
infectious diseases: the potential ofMXenes andMXene-graphene composites to fight against
pandemics. Mater Adv. 2, 2892–2905 (2021). https://doi.org/10.1039/d1ma00003a

https://doi.org/10.1038/s41598-017-01714-3
https://doi.org/10.1021/acssuschemeng.8b03823
https://doi.org/10.1016/j.ijbiomac.2021.09.037
https://doi.org/10.1039/d1ma00003a


Advancements in MXenes

Vishal Chaudhary, Akash Sharma, Pradeep Bhadola, and Ajeet Kaushik

Abstract MXenes have gained an excessive interest in architecting new-generation
wearable devices owing to their unique physicochemical characteristics andmachine
processability. Accordingly, different strategies for scalable manufacturing of
MXenes are explored for itsmass-level production.Using a large reactorwith optimal
control of reaction parameters, the chemical etching approach has emerged as a
feasible, scalable strategy to synthesize MXenes. Moreover, alternative precursors
like non-MAX phases and ‘i-MAX’ phases have advanced these synthesis strate-
gies with a new prospect of scalable production. These developments have projected
MXene as a promising candidate to design next-generation wearable electronics with
advanced features like intelligent operation, portable, compact, self-powered, flex-
ible, stretchable, bendable, and skin embedded nature. Due to these features,MXenes
and their hybrids with materials such as macromolecules, graphene-based materials,
and metals are the current choice of advanced nanomaterials to fabricate wearable
physical, chemical, and biosensors with excellent performances. These materials
have consistently excellent sensing performance in all wear and tear situations and
possess biomedical, agriculture, workplace safety, and environmental monitoring
applications. Besides excellent electric conductivity and the prospect of accommo-
dating skin depth factors,MXene basedmaterials are used to designwireless commu-
nication systems supporting Bluetooth,WiFi, and 5G requirements. It anticipates the
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enormous potential of MXene based materials to architect field-deployable compact
sensors for personalized healthcare monitoring with intelligent wireless operation.

Keywords Wearable electronics · MXene · Wireless communication · Scalable
production · Sensors

1 Advancement in Scalable Fabrication of MXenes

MXenes is a large class of 2-D metal carbides and nitrides showing tremendous
potential to address diversified global challenges, including water scarcity, energy
crisis, environmental redemption, and human health [1–3]. Unlike other 2-D mate-
rials, MXenes are generally hydrophilic with abundant surface functionalities with
tunable capacity [1]. The desired application area can be easily targeted by optimizing
these functionalities and tuning interlayer distance [4]. It has led to extensive dedi-
cated research to find efficient fabrication strategies for high yield MXenes with the
desired structural and chemical configuration. Many in-lab experimental strategies
to architect MXenes have already been reported, including selective etching, exfolia-
tion, chemical vapor deposition, atomic layer deposition, and green routes [1–3]. Due
to low yield, high cost, and sophisticated instrumental requirements, these strategies
are constrained for practical purposes [2, 3]. The main challenge associated with
MXene mass-production is maintaining its excellent conductivity with mechanical
strength simultaneously during machine processing. The bottom-up strategies, such
as CVD or ALD, are limited due to issues relating to the requirement of using
vacuum chambers and substrates for growth-limiting the final size of MXene [2, 5,
6]. However, these constraints are not present in top-down approaches.

Nevertheless, specific conditions required to be maintained in large reaction
volumes are challenging [5]. It restricts the transfer of MXene technology from
laboratories to industries, which indicates the need for scalable production. Never-
theless, MXenes do not possess any inherent limitation for synthesis batch size, and
the scaling of MXene possibly is theoretically possible without any upper limit [5,
7]. The immediate attention to scalable production of MXenes is dedicated to tuning
reaction parameters to optimize desired requirements.

1.1 Issues Related to Scalable Production

Controlling the size of reactor and uniform mixing simultaneously

The scaling of chemical reaction parameters is challenging due to critical factors such
as technological and safety issues. For instance, to scale a reactor, non-linear effects
like the surface-to-volume ratio of the reactor must be considered. In addition, the
transfer of two reactants creates a significant issue when adding the desired relative
quantities of precursors [5, 8, 9]. It indicates the importance of continuous uniform
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stirring or mixing of precursors during the course of a reaction. Hence, the prime
aspect of MXene machine processing is designing uniform mixing larger reactors.
However, optimizing mixing parameters during the reaction in such a larger reactor
is challenging and yet to be established.

Controlling heat transfer during reactions

There is a drastic change in heat transfer from the fluid to the reactor due to less
relative reactor surface area available for cooling [5, 10]. It raises the concern of
initiating runaway reactions and anticipates explosion. Hence, it results in an alter-
ation in the reactor’s internal temperature during production. It can affect the chem-
ical kinetics of reactions and properties of the resultant product. Moreover, it can
adversely affect the lattice arrangement, surface functionalities, interlayer distance,
electrical conductivity, composition, and mechanical strength of produced MXenes.

Hence, there are numerous minor issues related to the large-scale production
of MXenes, which depend upon various processing parameters. In other words, it
is very challenging to transfer lab-scale technology to scalable industrial machine
processing. However, few reports in the literature discuss the scalable production of
MXenes and their prospects for industrial-scale fabrication.

1.2 Scalable Fabrication of MXene Through Chemical Route

The large-scale reactors for manufacturing MXenes at a massive scale are advan-
tageous in tuning the properties, monitoring and optimizing the chemical reaction,
reducing human resources, processing, safety, and low contamination. Moreover, the
automated operation through a computer interface makes it easy to customize the
reaction and its course and turns it into an intelligent synthesis strategy. For instance,
Shuck et al. [5] reported the large-scale production of titanium carbide MXene using
a custom-designed chemical reactor, as shown in Fig. 1. They prepared a large batch
of MXene using an indigenous reactor and compared it with a small batch of MXene
prepared through conventional lab-based chemical exfoliation.

The main parts of an indigenously designed reactor are a cooling jacket, gas
inlet/outlet with screw feeder, mixer, thermocouple, and agitator. The cooling jacket
is coupled with a cooling tank that allows the reaction temperature throughout the
course of the reaction. The screw attached with the outlet/inlet allows the uniform
addition of MAX precursor by applying downward pressure to the system. The
internal reactor, including blades of mixer and thermocouple cascade, comprises
Teflon to protect it from damage during HF reactions. The thermocouple allows
monitoring the reaction temperature. Finally, the agitator is designed to achieve
homogenous mixing of precursors during the reaction.

However, the designed reactor can be upgraded by considering advancements like
replacing water with coolants in the cooling tank. In a typical synthesis, Shuck et al.
[5], HF-based selective etching route is followed, resulting in Ti3C2Tx multilayer
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Fig. 1 Pictorial illustration of 3D model of MXene reactor for large-scale production; Reprinted
with permission of [5]. Copyright 2020, Wiley

MXene and single-flake MXene for more extensive and smaller batches, respec-
tively. Further, the synthesized MXenes were intercalated with water and vacuum
dried subsequently. The yield of the larger batch was obtained be significant (52%)
compared to that of the smaller batch indicating the success of the technique for
mass production. XRD revealed similar structural characteristics of both the batches
of MXene with all characteristic prominent peaks, as shown in Fig. 2.

Moreover, in the concerned study, XPS, UV–Visible, SEM, DLS, and Raman
spectroscopies reveal that the products from both batches are identical in physico-
chemical characteristics [5]. Therefore, it indicates that this method can result in the
mass production of MXenes without compromising their desired properties. Hence,
the larger-reactor method has been proposed as a suitable technique for the scalable
production of MXenes. However, the strategy has only been experimentally vali-
dated for Ti3C2Tx -MXene and yet to be evaluated for other MXenes with similar
configurations.

Furthermore, Zhang et al. [11] has reported an ammonium ion route to prevent
aggregation and restacking of few-layered MXene nanosheets in large quantities. In
a typical synthesis, a solution-phase flocculation method (NH4+ method and modi-
fied NH4+ method) has been adopted for large-scale production of MXenes with
commercial requirements. The method is suitable for the large-scale production of
various MXenes, including Ti3C2Tx, Nb4C3Tx, V2CTx, Nb2CTx, etc.
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Fig. 2 Comparison of
structural characteristics of
the small and large batch
produced Ti3C2Tx;
Reproduced with permission
[5]. Copyright 2020, Wiley

1.3 Scalable Synthesis of MXene Self-standing Films

There are other reports on scalable production of MXenes, their films, or hybrids
with other materials aiming to meet industrial requirements both qualitatively and
quantitatively [12–14]. In literature, the freestanding films ofMXenes are reported to
fabricate using vacuum-assisted filtration techniques [12, 15, 16]. MXene flakes are
separated from their precursor solvent using a filtrationmembrane and vacuum pump
in a typical process. However, its commercial use is limited due to several bottle-
necks, including energy intensiveness, the dependence of area of film on filtration
membrane, time-consuming requirements of the dedicated pump to fabricate each
film, high cost, and low yield [12, 15, 16]. Other techniques used to fabricate free-
standingfilms include natural sedimentation, spray-coating, blade-coating, and layer-
by-layer assembly strategies [12, 16, 17]. However, these methods are constrained
for commercial productions due to non-conductive fillers, which dramatically reduce
their electrical conductivity andperformance. The drop-casting technique is an attrac-
tive alternate technique to obtain MXenes films (owing to their hydrophilic nature)
on the desired substrate [12, 18, 19]. However, the inverse methodology has been
used to obtain self-standing MXene films on a hydrophobic surface [12]. Due to
the hydrophobic nature of the substrate, the MXene interacts unfavorably with the
substrate, and dried films can be easily delaminated from the substrate due to the
prominent MXene-MXene interactions over MXene-substrate interactions.

Taylor et al. [12] reported the scalable fabrication of conductive freestanding
Ti3C2Tx film on a hydrophobic plastic substrate using the drop-casting technique.
First, Ti3C2Tx dispersion was prepared using the HF etching route in a typical
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Fig. 3 Strategies to fabricate freestanding MXene films; Reproduced with permission [12].
Copyright 2020, Cell Press

synthesis. Then, the films were deposited by piping out Ti3C2Tx dispersion over
polyethylene film pulled tightly over a flat surface and subsequent drying, as shown
in Fig. 3.

The physicochemical properties of obtained freestandingMXene filmwere signif-
icant with those prepared with the VAF route, which pints out the success of the
adopted technique for scalable production. It is a cost-effective, time-saving, econom-
ical, high-yielding, and straightforward technique with commercial prospects to
obtain freestanding films of MXene.

Moreover, an important fact related to MXene film scalable fabrication is preven-
tion from the creation of voids during the synthesis. Wan et al. [14] reported a novel
technique for scalable synthesis ofMXene films through bridging-induced densifica-
tion. TheMXene layered structurewas densified in a typical synthesis, and voidswere
removed using a sequential combination of covalent and hydrogen bonding agents.
The obtained MXene films were reported to be scalable with enhanced mechan-
ical strength and electrical conductivity with high performance in electromagnetic
shielding.

1.4 Scalable Synthesis of MXene Hybrids

The scalable production of MXenes is not limited to its pristine form but has also
been reported to the formation of its hybrids for diversified applications [20, 21]. For
example, Levitt et al. [22] reported the synthesis of Continuous and Scalable Multi-
functional MXene-Infiltrated Nanoyarns (nylon and polyurethane (PU) nanofiber



Advancements in MXenes 307

yarns) using one-step bath electrospinning technique. The fabricated MXene based
nano yarns showed high-performance stain sensing with optimal stretchability and
significant electrochemical properties.

For instance, Zhao et al. [23] reported the alternative stacking of MXene and
reduced graphene oxide nanosheets using spray-assisted layer-by-layer assembly.
Themethod is beneficial for fabricating significantly large, freestandingMXene/rGO
heterostructured films with excellent electrochemical performance. Further, Wang
et al. [24] reported the scalable synthesis of polyaniline nanodots intercalated into
MXene film interlayers in the form of viscous functional inks with ultrahigh volu-
metric capacitance for supercapacitor applications. Similarly, various reports have
reported the scalable synthesis of MXene and its nanocomposites for diversified
applications, as listed in Table 1.

Hence, it is evident that the scalable synthesis strategies for MXenes are currently
limited and only dedicated to Ti3C2Tx MXene.Moreover, the scalable route to obtain
pristine MXene is only achieved from the selective etching route [2, 3, 5]. However,
this route results in environmental contamination due to the reactants’ corrosive
nature. As well, the other routes are limited in terms of yield. Hence, it is essential
to design scalable routes to synthesize pristine MXene from MAX phases to meet
the gap between technology and industries.

Furthermore, the fabrication of MXene films and hybrids from pre-synthesized
MXene precursors has also been scaled for diversified applications. However, the
studies are limited and only dedicated to specific applications. As a result, it has

Table 1 Scalable Synthesis of MXene and its hybrids

Material Method Application References

Ti3C2Tx membrane Scalable
brush-coating

Desalination and organic
solvent recovery

[25]

Ti3C2Tx Large reactor Mass production [5]

MXene films Bridging induced
densification

EMI shielding [14]

Na0.23TiO2/Ti3C2 composites In-situ
transformation
reaction

Lithium/sodium-ion
batteries

[26]

Ti3C2Tx MXene nanoyarns Bath
electrospinning

Strain sensor [5]

Freestanding Ti3C2Tx MXene
films

Drop casting EMI shielding [12]

Ti3C2Tx MXene inks Extrusion printing
and inkjet printing

Micro-supercapacitors [13]

Ti3C2Tx MXene-based on-chip Cold laser-cutting
followed by
spin-coating

Energy storage [27]

N-MXene/rGO (SNMG-40)
hybrid film

Heteroatom doping
strategy

Flexible energy storage
device

[20]
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created a large void between MXenes and their commercial use. Hence, dedicated
research is essential to obtain scalable techniques for fabricatingMXenes and hybrids
for commercial applications.

2 Advanced Precursors for MXene Synthesis

2.1 Synthesis of MXene from Non-MAX Phases

The challenges in the scalable production of MXenes from MAX phases have led
researchers to find alternative precursors for its production [2, 3, 28]. It has been
reported in the literature that all the theoretically proposed MXene do not have
MAX phases, especially for ternary metal carbides [2, 3, 28]. Hence, a quest to find
new MAX phases and alternative precursors such as non-MAX phases has resulted
in extensive research. Several transition metals such as Sc, Zr, and Hf are found in
unique layered compound form (MC)n[Al(A)]mCm−1 (with ‘n’ as same meaning
discussed for MAX phases, ‘m’ id 3,4, and A is Si/Ge) instead of MAX phases [28].
Various Non-max precursors to synthesize MXenes have been listed in Table 2.

These Non-MAX phases are layered uniquely with Al (A)-C sublayers [28].
The non-MAX phase of Mn+1AlCn possesses Al layers intercalated by strong M-
bonding layers, as shown in Fig. 4. However, other forms of non-MAX phase, i.e.
(MC)n[Al(A)]mCm−1 possess carbon shared with transition materials with AL (A)
at their boundaries. It has been reported that the non-MAX phase Zr3Al3C5 can be
prepared by PES of Zr, Al, and graphite powders for the synthesis of the Zr3C2Tx
[28].

Table 2 List of reported Non-MAX phases based MXenes in literature

S. no. Non-MAX precursors Derived MXene

1 Zirconium-based [2,
28–30]

Al contained Zr2Al3C4
Zr3Al3C5
ZrAl8C7
ZrAl4C4
Zr2Al4C5
Zr3Al4C6

Zr2C4
Zr3C5
ZrC7
ZrC4
Zr2C5,
Zr3C6

Al (A) contained Zr2[Al (Si)]4C5
Zr3[Al (Si)]4C6
[ZrY)]2Al4C5
Zr2[Al (Ge)]4C5
Zr3[Al (Ge)]4C6 Zr[Al
(Si)]8C7

Zr2C5
Zr3C6
[ZrY)]2C5
Zr2C5
Zr3C6
ZrC7

2 Hafnium-based [28] Al contained Hf2Al4C5
Hf3Al4C6
HfAl4
Hf2Al3C4

Hf2C5
Hf3C6
HfC4
Hf2C4
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Fig. 4 Selective etching of a M3AX2 layered precursor to yield M3X2 MXene; Reproduced with
permission [28]. Copyright 2019, Springer

Furthermore, the etchingof ‘A-C’ from thenon-MAXphase ismore conducive and
convenient than the etching of ‘A’ element fromMAX phases. It has also been shown
the etching of ‘A-C’ to fabricate U2CTx MXene from U2Al3C4 non-MAX phase is
cost-effective and straightforward [28]. This etching strategy can be done through
chemical reactions amongst HCl and molten LiF salt, which successfully remove the
‘A’ group more safely with very few defects. It results in large flake MXenes and
develops large spacing amongst its layers due to intercalation with cations like Li+.
It has also been reported to modify and enhance its surface functionalities.

2.2 Fabrication from “i-MAX” Phases

Recently a new MAX phase termed “i-MAX” has been reported as a precursor for
synthesizing MXenes [3, 31–34]. These are in-plane chemically ordered forms of
MAX phases described by a general formula of “(M1

2/3M2
1/3)2AX” with M’s as

two different chemically ordered in-plane transition metals [32]. Since M2 elements
are present amongst the traditional ‘A’ elements and ‘M’ elements in the periodic
table. They can be etched together with the ‘A’ layer by regulating the etching condi-
tions during the formation of MXenes from ‘i-MXenes’. It offers a way to compre-
hend 2-D materials with in-plane chemical order/ordered vacancies. Rosen et al.
[32] reported the selective etching of Al and Sc atoms from in-plane chemically
ordered “i-MXene” phase, i.e. (Mo2/3Sc1/3)2AlC through 48 wt.% LiF/HCl or HF.
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However, the etching time is different for the etchants (24 at room temperature and
48 h at 35 °C). It has resulted in the formation of 2-D Mo1.33CTx nanosheets with
ordered in-plane metal vacancies. However, the etching of MXene from ‘i-MAX’
is limited. For instance, (V2/3Sc1/3)2AlC is soluble in numerous etchants such as
48 et% HF, HCl/NaF, and HCl/LiF at room temperature a MAX phase with less
Sc content can be etched into V2-xC under the same circumstances [32]. Other “i-
MAX” phases reported in the literature include (Cr2/3Sc1/3)2AlC, (Cr2/3Y1/3)2AlC,
(Mo2/3Sc1/3)2GaC, (Mo2/3Y1/3)2GaC, and (Cr2/3Zr1/3)2AlC [3, 32–34]. The structural
design of MXenes can be realized at an atomic scale by exploring the etching of ‘i-
MAX’ phases and bringing new prospects to develop scalable methods to develop
MXenes.

3 MXenes in Wearable Electronics

Wearable electronics owing to excellent mechanical compliance and exceptional
sensitivity, have attracted immense attention of the scientific community to design the
next-generation devices for healthcare, automobiles, robotics, and prosthetics [35–
38]. It requires flexible surface-mounted wearable devices with a compact design
with consistent electrical characteristics under cyclic strain situations during regular
movements [39, 40]. It has constrained the traditional use of silicon in manufac-
turing such surfaces and generated a quest to search for advanced nanomaterials
with reliable physicochemical characteristics. MXenes have recently emerged as the
material of interest to architect wearable devices like physical sensors, chemical
sensors, and biosensors due to their unique physicochemical properties [38, 41–43].
MXenes have been reported to indulge in diversified applications, including health,
environmental, andmotionmonitoring [38, 41, 43, 44]. The diversified range of appli-
cations of MXenes in wearable devices is due to their unique properties like layered
2-D morphology, tunable electrical and thermal conductivity, abundance of surface
chemistries, variable interlayer distance, mechanical stability, and hydrophilicity
[43, 45].

Furthermore, rich surface functionalities of MXenes allow appropriate
surface modifications/functionalization and performs multi-interactions with target
molecules [46]. It allows the tuning ofMXene physicochemical nature as per desired
targeted applicationwith enhanced performance.Moreover, the high effective surface
area and numerous functional groups on MXene surface catalysis their surface inter-
action with target signals resulting in superior surface phenomenon-based sensing
performances [43, 47, 48]. Hence, MXenes have been extensively used in wear-
able electronics, especially in diversified sensors, including physical, chemical and
biosensors.
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3.1 Flexible Physical Sensors

MXenes synthesized using chemical etching usually exhibit several physicochem-
ical properties superior or comparable to graphene, including hydrophilic nature,
electronic properties, bendable strength, oxidation resistance, and electron irradia-
tion resistance [39, 47]. As a result of its superior electrical properties, MXene is
utilised in strain sensors to detectminor formvariations.MXenes can also bemachine
processed swiftly due to their hydrophilic character. They can also be combined with
othermaterials like polymers to attain the desired flexibility [41, 49]. Hence,MXenes
have attracted the excessive interest of the scientific community towards physical
sensors.

3.1.1 Flexible Strain Sensor

A flexible strain sensor works on the principle of transforming the tensile strength
of the device into the resistance signal as output [50]. The applied external force
cracks the sensor’s internal conductive channel, resulting in a change in electrical
properties [51]. MXenes are layered structures stacked together due to interaction
forces like VanderWaal forces in a 2-D fashion [3]. The application of external stress
onMXenes in the vicinity of effective sliding results in the formation of large cracks.
It results in the breaking of conducting channels amongst MXene layers generating
an output signal in the form of resistance variation. Generally, the sensitivity of the
strain sensor is measured in terms of its gauge factor (G) given by [47]

G =
�r
ro
�l
lo

with �r/or representing variation in resistivity, where ‘�r’ is the difference in resis-
tivity after and before application of strain, ‘or is the resistivity of the sensor at rest
without applying strain, and ‘�l’ is the absolute variation in length with ‘lo’ as the
original length without application of strain.

However, the common problem with designing wearable MXene based devices is
the stacking of its layer and less flexibility [41]. It is often addressed by introducing
a second phase material of different dimensions into the MXene layers. Various
nanomaterials have been reported for use as intercalants to prevent stacking ofMXene
layers and provide flexibility. These nanomaterials include macromolecules, carbon
nanostructures like carbon nanotubes (CNT), graphene and its derivatives, metal
ions, and metal-based nanostructures [43, 46, 52, 53]. However, flexibility has been
attained by using polymer substrates or fabricating their hybrid nanocomposites. For
instance, Cai et al. [54] reported prevention of stacking of Ti3C2Tx MXene layers
by intercalating with hydrophilic single-walled carbon nanotubes (SWCNT) using
a layer-by-layer spray coating strategy. The obtained structure is with disorderly
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Fig. 5 Silver nanowire/Ti3C2Tx/Ni2+ based nacre-mimetic strain sensor; Reproducedwith permis-
sion [44]. Copyright 2019, American Chemical Society

distributed SWCNT amongst the layers forming a conductive network. It has been
evaluated as a strain sensor with sensitivity up to 64.6 in the range 0–30% of applied
strain and 772.60 in 40–70% applied strain.

On the other hand, An et al. [55] achieved flexibility for Ti3C2Tx nanosheets-
based strain sensor through including poly (diallyl dimethylammonium chloride)
(PDAC) using the LBL strategy. Further, the fabricated nanocomposites were
loaded on different substrates, including polydimethylsiloxane (PDMS), indium
tin oxide (ITO), silicon and polyethylene terephthalate (PET). As a result, the
Ti3C2Tx/PDAC/PDMS-based strain sensor showed superior stretching performance
up to 40%, whereas Ti3C2Tx/PDAC/PET sensor showed superior bending perfor-
mance up to 35%. Furthermore, Shi et al. [44] fabricated silver nanowire/Ti3C2Tx

and introduced dopamine and nickel ions (Ni2+) to architect a nacre-mimetic strain
sensor, as shown in Fig. 5.

The reported sensitivity range is more than 200 for a whole applied strain range,
which is superior to most of the reported flexible sensors in the literature. Hence, the
addition of different dimensional amongst MXene sheets forms conducting network
and prevents restacking, whereas polymer inclusion provides flexibility. Therefore,
it endows the strain sensing performance of MXenes with optimal flexibility for
wearable electronics.

Alternatively, Zhang et al. [56] reported using Ti3C2Tx and polyvinylalcohol
(PVA) hydrogel to achieve excellent stretchability, superior flexibility, and self-repair
ability in fabricated strain sensors. The tensile strength of Ti3C2Tx/PVAhydrogelwas
3400%, owing to cross-linking between surface end functionalities of Ti3C2Tx and
PVAhydrogel. Furthermore, theGF of the strain sensor in the range of 0–0.5 and 0.5–
3.0% were reported to be 60–80 and 21, respectively. Similarly, Liao et al. reported
evaluation of Ti3C2Tx/polyacrylamide/PVA hydrogel-based strain sensor with an
excellent sensitivity of 44.85 with self-healing capabilities. Hence, the MXenes
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possess the colossal potential to develop next-generation flexible strain sensors and
enhance their sensing performances by fabricating nanocomposites and hydrogels.

3.1.2 Flexible Pressure Sensor

Flexible pressure sensors are generally piezoresistive in nature [57]. The application
of external pressure on the sensor produces deformation in the material resulting in
an output resistance signal [42, 56]. The sensitivity of pressure sensors is calculated
similarly to the aforementioned for strain sensors [47]. Majorly the flexibility for
pressure sensors is achieved by either using flexible polymer substrates such as PE,
PET, PDMS or using aerogels [39]. For instance, Ma et al. [58] reported a flexible
pressure sensor synthesized frommultilayer Ti3C2Tx on the polyimide (PI) integrated
electrode substrate with the sensitivity of 180.1–94.8 and 94.8–45.9 in the range of
0.19–0.82 and 0.82–2.13%, respectively.

Furthermore, Yue et al. [59] reported piezoresistive pressure sensor based on
MXene-sponge-PVA nanowires with ultrahigh sensitivity of 147 and 142 in the
pressure range of 0–5.37 and 5.37–18.56 kPa, respectively. Guo et al. [60] fabricated
a degradable transient pressure sensor based on polylactic acid (PLA)/MXene sand-
wiched structure. Alternatively, MXene based aerogels possessing high porosity and
superelasticity are emerging for fabricating flexible pressure sensors. For instance,
Ma et al. [61] reported Ti3C2Tx/rGO aerogel-based flexible pressure sensor with
excellent sensing performance, as shown in Fig. 6. It is attributed to the syner-
gistic effects of rGO providing high mechanical strength for the aerosol skeleton and
Ti3C2Tx providing high conductivity for a strong resistance output signal.

Furthermore, there are reports on the in-situ growth of MXenes in aerogels to
fabricate pressure sensors. Wang et al. [62] reported skin-inspired Ti3C2Tx/natural
microcapsule composite film with superior mechanical deformability, which mimics
the structure and functionality of human skin. Hence, the main strategies to architect
flexible pressure sensors using MXenes and their derivatives include aerogels and
elastic substrates.

3.2 Wearable Biosensors

Wearable biosensors possess enormous potential in developing point-of-care
advanced diagnostics and sensing strategies for rapid and economical detection [38].
Lately, MXenes have emerged as a potential candidate for developing wearable
biosensors for various applications. For instance, Chen et al. [63] reported an intracel-
lular pH detecting sensor based on Ti3C2Tx quantum dots using a ratiometric photo-
luminescence probe. Lei et al. [64] reported an ultrasensitive enzymatic wearable
sensor based onMXene/Prussian blue hybrid for glucose and lactate detection. They
implemented a solid–liquid-air three-phase strategy to achieve a sufficient oxygen
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Fig. 6 Fabrication of Ti3C2Tx/rGO aerogel-based flexible pressure sensor; Reproduced with
permission [61]. Copyright 2018, American Chemical Society

supply, increasing the biosensor’s sensitivity. The achieved sensitivity using electro-
chemical techniques of 35.3 μAmm–1 cm–2 for glucose and 11.4 μAmm–1 cm–2 for
lactate signify the strong prospect in personalized healthcare monitoring using wear-
able technology biosensors. Recently, Yang et al. [65] reported a hospital-on-chip
system with multifunctional microneedle electrodes based onMXene nanosheets, as
shown in Fig. 7. The reported biosensor was integrated on a single chip for enhanced
diagnostics and therapies resembling a miniature hospital. The microneedles in this
miniature system are used as a transdermal and painless patch to puncture dead skin,
which acts as a barrier during drug delivery. In addition, it has been reported to sense
the slight potential difference created in the body due to human arm muscle contrac-
tion and human eyes movement. Hence, the biosensor served two primary purposes
required for medical treatment, including drug delivery and biosensing.

Furthermore, Zhang et al. [50] reported a hydrogel-based biosensor fabricated
from polyvinyl alcohol, cellulose nanofibril, MXene nanosheets, and glycerol with
significant electrical conductivity (2.58 mS cm−1) and flexibility even at −18 °C.
The biosensor exhibited high sensitivity (2.30), rapid response (0.165 s), inclusive
working strain range (559%), good linearity (0.999), lower strain detecting range
(1–5%), and varied operating temperature range (−18 to 60 °C). On the other hand,
Soomro et al. [66] reported a biosensor based on TiO2/MXene-BiVO4 hybrid for
robust detection of soluble CD44 proteins using photoelectrochemical strategy. The
interfacial assembly was the epitome for stimulating fast charge carrier transfer from
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Fig. 7 Concept of hospital-on-chip using MXene nanosheets; Reproduced with permission [65].
Copyright 2021, American Chemical Society

photo-excited BiVO4 and TiO2 to Ti3C2Tx Sheets, resulting in an energy level-
cascade that allows negligible charge-carrier recombination besides strong photo-
catalytic redox reactions. The sensor detected a vast concentration CD44 window of
2.2 × 10 − 4 ng mL−1 to 3.2 ng mL−1 with a low detection limit of 1.4 × 10 −
2 pgmL−1 signifying its reliable clinical applicability. Hence,MXene and its hybrids
possess tremendous potential in developing wearable biosensors for personalized
healthcare monitoring and compact diagnostic techniques. However, the research is
in its infancy, and it is required to be incorporated with advanced intelligent features
and required dedicated clinical trials.

3.3 Wearable Chemical Sensors

MXene and its hybrids have been extensively reported for designing flexible
gas/vapor/chemical species detecting sensors for diversified applications such as
healthcare, environmental, safety, and agricultural monitoring [42, 43, 47]. This
tremendous potential of MXene based materials for flexible chemical sensors has
already been massively reviewed in numerous literature reports [43, 46, 47, 67].
However, their applicability for wearable devices is yet to be done for practical appli-
cations and at its infancy. The attainment of flexibility and stretchability is similar to
that of physical and biosensors by using secondary materials like macromolecules or
flexible substrates [52, 68]. Furthermore, the application of MXenes is not limited to
gas/vapor sensing but also extended to water remediation application by removing
heavy metal ions and radionuclides [69, 70]. Since the reports are extensive, they
have been summarized in Table 3 for a broad outlook. Table 3 represents the compre-
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Table 3 Flexible sensors based on MXene and its hybrids to detect gases and VOCs

Sensing material VOC Sensitivity
(%)

Concentration Recovery/response
time

3TTP [71] Methanol 2.7% 5 ppm ~1.5/1.7 min

Ammonia 0.7 10 ppm NR

Nitrogen
Dioxide

0.9 10 ppm NR

Acetone 0.08% 5 ppm ~1.5/1.7 min

Ti3C2Tx- PANI Sensor [72] Ethanol 1.56% 1 ppm 0.4 s/0.5 s

Ammonia 20 200 ppm NR

PANI/Ti3C2Tx [73] Formaldehyde 0.2% 25 ppm NR

Hydrogen
Sulfide

1 25 ppm NR

PEDOT:PSS/Ti3C2Tx [74] Ammonia 0.05 25 ppb ~600 s/1400 s for
25 ppb

Sulfur
Dioxide

~0.02 25 ppm NR

Carbon
Monoxide

~0.05 25 ppm NR

Carbon
Dioxide

~0.01 10% NR

Cationic
polyacrylamide/Ti3C2Tx [75]

Methanol 15% 2000 ppm NR

Ethanol 10% 2000 ppm NR

Acetone 10% 2000 ppm NR

Ammonia 1.5 50 ppm ~12–14 s for
150 ppm

Ti3C2Tx/ZnO spheres [76] NO2 41.93% 100 ppm ~34 s

Ti3C2Tx MXene/graphene
hybrid fibers [20]

Ammonia ~600% 50 ppm ~20 min

Ti3C2Tx MXene@Pd [77] Hydrogen (23.0 ± 4.0)% 4% H2 (32 ± 7) s

MXene/rGO/CuO hybrid
aerogels [53]

Acetone 52.09% 100 ppm ∼7.5 s

hensive outlook of flexible gas/vapor sensors reported experimentally for gas/volatile
organic compound sensing using MXene based materials.

Although most of the reports mentioned in Table 3 have been anticipated for
designing high-performance wearable gas/vapor sensors, the wearability of the
device has not been explored. However, few reports address theMXene based sensors
with wearable features. For instance, Tang et al. [6] reported wearable and stretch-
ableVOC sensors based onMXene/polyurethane (PU) core-sheath fibers for efficient
detection of acetone using the conductometric mode, as shown in Fig. 8.

The sensor exhibited excellent sensitivity (5–325 fold higher than planer MXene
based sensor) towards a wide range of acetone (ppb level to saturated vapor) with
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Fig. 8 MXene/polyurethane (PU) core-sheath fibers based conductometric sensor for detecting
acetone; Reproduced with permission [6]. Copyright 2021, Elsevier

a high signal-to-noise ratio (SNR, 160% higher than planer MXene based sensor).
Moreover, they introduced microcracks on the conductive fiber sheath, which can
take deformation in human skin (30%) with a negligible sensing interference from
generated tensile strain. Zhang et al. [78] reported ZnO/MXene nanowire (NW)
arrays piezoelectric nanogenerator (PENG) driven formaldehyde sensor based on
MXene/Co3O4 composite. The sensor exhibited excellent sensitivity of 52% towards
0.01 ppm of formaldehyde with rapid recovery (~5 s). The potential of the sensor for
the self-driven and wearable feature was elaborately presented.

Furthermore, Zhang et al. [79] reported a latex/polytetrafluoroethylene-based
triboelectric nanogenerators driven Ti3C2Tx MXene/metal–organic framework-
derived copper oxide (CuO) ammonia sensor. The self-driven NH3 sensor through
TENG has an excellent response (Vg/Va = 24.8 @ 100 ppm) at room temper-
ature and shows an excessive potential in observing pork quality. On the other
hand, Li et al. [80] reported a termination-modified Ti3C2Tx VOC sensor for
wearable ethanol monitoring in human exhaled breath. These reports demonstrate
the potential of MXenes based sensing materials for architecting next-generation
wearable medical electronics and intelligent healthcare. However, mass production
and assessing performance with clinical data require extensive dedication for their
practical applications.
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4 MXenes in Wireless Communication

The developments of wearable devices are not limited to achieving flexibility and
stretchability. It is essential to include internet-of-things (IoT) to design intelligent
wearable devices, which use radio-frequency (RF) antennas [47, 81, 82]. Tradition-
ally, metals like copper, silver, aluminum are used to design RF antennas owing
to their excellent electrical conductivity. However, the intrinsic skin effect due to
the thickness of these materials limits their commercial applicability. Due to the
frequency dependence of skin depth, the thickness of metal-based antennas must
be at least ~5 μm for these applications ensuring adequate space for the flow of
charge carriers [81]. Recently, highly conducting 2-D nanomaterials such asMXenes
possess the potential to develop next-generation compact, lightweight, portable, and
flexible RF antennas [81–84]. It is attributed to their solution processability, excel-
lent electrical conductivity, and rich surface functionalities.MXenes based negatively
chargedflakes possessξpotential from−30 to−80mV,which canbe processed using
various techniques such as spray coating, spin coating, drop-casting, and printing for
RF applications [81, 83–85].

Sarychev et al. [81] reported the first dipole antenna based on MXenes of thick-
ness in the range 62 nm–8 μm, operating in the Bluetooth andWiFi frequency bands
at 2.4 GHz. They also fabricated a 1-μm-thick MXene RF identification device
tag reaching a reading distance of 8 m at 860 MHz. They described a one-step
spray approach for producing MXene-based antennas using MXene water-based
colloidal ink. The fabricated antenna performed even at a considerably lower thick-
ness (62 nm), reaching a gain of −7 dB, indicating that the MXene based antennas
work at a shallow thickness than that of other reported materials possessing tremen-
dous potential to develop next-generation ultrathin and transparent wireless devices.
Li et al. [84] reported a stretchable SWCNT/MXene based dipole antenna with the
uniaxial stretchability of 150% with unaffected reflected power <0.1%. Further-
more, they integrated this antenna with SWCNT/MXene electromagnetic shields
(with shielding performance of 30–52 dB) to fabricate a mechanically stable wire-
less transmission system while attenuating the human body’s EM absorption shown
in Fig. 9.

On the other hand, Han et al. [83] reported Ti3C2Tx MXene based microstrip
transmission lines with less energy attenuation and patch antennas with high-power
radiation in the frequency range of 5.6–16.4 GHz. The radiation efficiency of fabri-
cated 5.5 μm thick MXene based patch antenna was comparable with standard
35 μm thick copper patch antenna at 16.4 GHz. They further demonstrated signif-
icant performance of MXene patch antenna array with integrated feeding circuits
on a conformal surface at 28 GHz, which is required in practical 5G applica-
tions. Fu et al. [82] fabricated conductive fibers with MXene sheaths and alginate
cores for developing wearable heaters and wireless communication systems using
a cation-induced assembly strategy. Hence, MXenes, due to their excellent conduc-
tivity, tunable surface functionalities, and hydrophilic nature, possess the potential
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Fig. 9 Wearable Electronics using MXene based materials; Reproduced with permission [84].
Copyright 2020, Wiley

to be processed for architecting next-generation intelligent wireless communication
systems.

5 Conclusions and Prospects

MXenes owing to their unique and tunable physicochemical characteristics like
electrical conductivity, thermal stability, rich surface functionalities, good mechan-
ical strength, and high effective surface area, have been used for developing next-
generation wearable devices. Furthermore, their hydrophilic nature helps in machine
processability and device fabrication. However, the first requirement is the scal-
able synthesis of MXene based materials, which is achieved using chemical etching
strategies. These methods are limited by costing secondary contamination to the
environment through byproducts, which raises safety concerns for manufacturers
and users. It has raised a quest to explore alternative precursors like non-MAX
and ‘i-MAX’ phases and advanced fabrication strategies like green synthesis and
one-pot large reactor synthesis. Further, the requirement of flexibility and stretch-
ability is achieved by either fabricating MXene-macromolecule hybrids or using
flexible substrates. The optimum flexibility of these MXene-based materials is used
to manufacture wearable electronic devices like physical, chemical, and biosensors.
Owing to large effective surface area and rich surface chemistries, these materials
exhibit excellent surface activities resulting in excellent sensing performances for
strain, pressure, gas, volatile organic vapor, humidity, and biomolecule monitoring.
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The advancement of these sensors is further done by including internet-of-things and
designing wireless communication systems leading to developing intelligent wear-
able devices. Hence, MXene based materials with optimum flexibility open new
prospects for commercially architecting next-generation intelligent field-deployable
wearable devices with consistent performance in every harsh condition.
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Novel MXenes—Advanced Synthesis
and Tailored Material-Property Design

Agnieszka M. Jastrzębska, Philipp G. Grützmacher,
and Andreas Rosenkranz

Abstract SinceMXenes’ discovery in 2011 (patent priority [1]), they have received
tremendous attention in the scientific community [2, 3]. Numerous studies have
shown that MXenes hold great potential in various applications, including super-
capacitors, lithium-ion batteries, non-lithium-ion batteries, catalysis, photocatal-
ysis, hydrogen production, methane absorption, metal-, ceramic- and polymer-based
nanocomposites, field-effect transistors, transparent conductors, biomaterials, active
agents for cancer treatment, and many more. In many of these applications, they also
outperform other 2D layered materials. However, ongoing research and application
of MXenes in different fields bring many challenges, which need to be tackled in the
near future. This chapter aims to give an overview of challenges regarding MXenes’
application in various fields and emphasize some potential solution strategies.

1 Development of Novel Types of MXenes and Beyond

1.1 Development of Novel MAX Phase Precursors

Novel MXenes may consider single M metal or various M metal elements (mono-
M elements and solid solutions). Mono-M element MXenes correspond to simple
compositions such as Ti3C2Tx, while more complex systems include the solid
solution of two or more M elements such as (Ti, V)3C2.
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Faculty of Materials Science and Engineering, Warsaw University of Technology, Wołoska 141,
02-507 Warsaw, Poland

P. G. Grützmacher
Department of Engineering Design and Product Development, TU Vienna, 1060 Wien, Austria

A. Rosenkranz (B)
Department of Chemical Engineering, Biotechnology and Materials, University of Chile, Avenida
Beauchef 851, Santiago, Chile
e-mail: arosenkranz@ing.uchile.cl

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
M. Khalid et al. (eds.), Fundamental Aspects and Perspectives of MXenes,
Engineering Materials, https://doi.org/10.1007/978-3-031-05006-0_13

325

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-05006-0_13&domain=pdf
mailto:arosenkranz@ing.uchile.cl
https://doi.org/10.1007/978-3-031-05006-0_13


326 A. M. Jastrzębska et al.

The search for novel types of MXenes is mainly connected to developing new
starting materials since most of the synthesis approaches, irrespective of the used
etchants and protocols, start with their parental MAX phase. Thereby, the compo-
sition of the MAX-phase will determine the composition of the resulting MXene.
Consequently, selecting promising, novel MAX precursors for further processing
is essential for MXenes’ dynamic development. The increasing number of standard
MAX compositions is expected to facilitate the emergence of many newMAXmate-
rials beyond the usage of Al as A-element. This, in turn, will enable the continuing
exploration of more new types of MXenes beyond Ti3C2Tx. For instance, recent
progress in this field includes describing interesting new non-Al phases such as
Ti2GaC, Nb2GaC, Ti2GaN, Ti2CdC, Ti2InN or Zr2InN [4].

The history of MAX phases dates back to the 60 s when they were developed as
Nowotny phases [5], ternary (T) or Hagg (H) phases [6]. This can be considered an
important starting point for developingmore than 100 carbides, and nitrides described
today. Barsoum et al. accelerated the development of Nowotny’s phases in the mid-
90 s bydescribing thepureTi3SiC2 phasewith hexagonal symmetry (P63/mmc group)
and the general formulaMn+1AXn (coining the term ‘MAXphase’) [7]. Regarding the
Mn+1AXn formula, M stands for an early transition metal, A reflects a metal of group
13 or 14 (mostly Al), and X is carbon, nitrogen, or a mixture of both, while n takes
integer values between 1 and 4. Therefore, MAX phases can be classified as 211 (n=
1), 312 (n = 2), 413 (n = 3), and 514 (n = 4). The recent extension of n to 4 allowed
for the synthesis of 514 phases such as Mo4VAlC4 and the corresponding MXene
(Mo4VC4) [8]. To this end, the corresponding MXenes can be divided into M2X,
M3X2, M4X3, andM5X4 (Fig. 1). TheMXene formula also includes Tx (Mn+1XnTx),
corresponding to all possible surfaces terminations, including –OH,=O, –F, –S, –Cl,
–Se, –Br, –Te, and –I [9].

The rearrangement and ordering of the layered structure in MAX phases and
their forming elements are additional prospective approaches for future MXenes’
synthesis that may bring up new and interesting properties. Substituting the existing
M’ element atoms with other M” element atoms in quaternary MAX phases has
significant consequences for their resulting phase stability and material proper-
ties [10–12]. The additional transition metal elements stabilize the obtained MAX
solid solution by energetic (enthalpy-driven) forces. Next to a random distribu-
tion of the contained transition metal elements, alternating chains of M’ and M”
elements within the same M layer can be formed (in-plane ordering, i-MAX), or
the different transition metal elements are located in separated atomic planes (out-
of-plane ordering, o-MAX). Exploring the correct approaches to synthesize ordered
systems in a controlled fashion by alloying is prospective for further improvement
and future applications of MAX-based systems. For instance, changing the unstable
ternaryMAXphases such as Zr2AlC or Bi2AlC into quaternary Zr2(Al, Bi)C systems
makes it possible to obtain thermodynamically stable compounds [13]. At this point,
it becomes clear that the MXene family can be significantly enlarged by devel-
oping atomically ordered quaternaryMAXphaseswith out-of-plane (o-MAX) and/or
in-plane (i-MAX) ordering.
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Fig. 1 Most recent benchmarking ofMXene materials. The family of resultingMn+1Xn phases can
be categorized by M2X, M3X2, M4X3, and M5X4 formulas, where M stands for an early transition
metal from groups 3–7 of the periodic table; X is C and/or N; n = 1, 2, 3 or 4; Tx resembles all
possible surface terminations for a detailed formulaMn+1XnTx . It comprises –OH,=O, –F, –S, –Cl,
–Se, –Br, –Te, –I [2, 8]. Reprinted (adapted) with permission from [9]. Copyright 2021 American
Chemical Society

Successful etching of o-MAX will result in the formation of o-MXenes. For
instance, MXenes’ out-of-plane ordering is clearly visible for compositions such as
Mo2TiC2Tx (Fig. 2), where Mo atoms occupy the outer M layers, whereas Ti atoms
occupy central M layers. Additional variations of the possible compositions come
from the X-element. Carbonitrides are obtained when both carbon and nitrogen are
present in the interleavingX layers (Ti3CN).While there aremany theoretical consid-
erations of o-MAX phases [14], experimental approaches enabled the successful
synthesis of Cr2TiAlC2 [15] and Mo2TiAlC phases [16]. Recently, Meshkian et al.
synthesized quaternary Mo2ScAlC2, verifying its superior stability compared to its
ternaryMo3AlC2 andSc3AlC2 counterparts [17].Notably,HF etching ofMo2ScAlC2

delivered the first Sc-containing MXene—Mo2ScC2.
In addition to o-MAX phases, there is a possibility of in-plane ordering in quater-

nary MAX phases (i-MAX). The i-MAX phase structure can be written as (M′,
M′′)2AlC with various interplay between M′ and M′′ elements. For instance, the
M′:M′′ ratio for (Mo2/3Sc1/3)2AlC structure is 2:1 [18, 19]. Further HF etching can
remove the M′′ element, thus producing i-MXenes with in-plane ordered vacancies,
characterized by missing M′′ element [20, 21]. Such produced Mo1.33C i-MXenes
showed a remarkable volumetric capacitance of about 1200 F/cm3. A fundamental
understanding of these compounds and their formation principles will lead to new
types of o-/i-MAX and their corresponding MXene phases. Therefore, exploring
various M’ and M” arrangements, selecting the involved elements with the right
atomic sizes, and searching for the best molar combinations are essential for their
synthesis at a larger scale.
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Fig. 2 The family ofMXenes categorized by the number and ordering ofM elements. TheMn+1Xn
phases can form mono-M elements, solid solution of M elements as well as ordered double-M
elements. These can be subsequently grouped into M2X, M3X2, and M4X3 formulas (where M
= early transition metal; X=C and/or N). In addition, the solid solution of X combining C and N
results in carbonitrides (coined C, N). Reprinted (adapted) with permission from [22]. Copyright
2019 American Chemical Society

1.2 Development of Non-MAX Phase Precursors

Non-MAXprecursors are relatively uncharted territory, but a viable alternative.These
precursors also possess layered structures and are considered promising MXene-
related precursors due to their excellent stability, which holds especially true for
elevated temperatures (for instance, 1200 °C [23]) as well as an excellent volumetric
capacity in energy storage systems [24]. Most recent members of the non-MAX
family include UAl3C3, YbAl3C3 [25], Zr2Al3C4, Zr3Al3C5 [26], and YbAl3C3 [27,
28]. Further works revealed the possibility of obtaining ZrAl4C4 [29], ZrAl8C7 [30],
Zr2Al4C5, Zr3Al4C6 [31, 32], [Zr1.97Y0.03]Al4C5 [33], Hf3Al4C6, and Hf2Al4C5 [34]
carbides. A recent study of Mocute et al. demonstrated Cr2AlC and Cr2GaC phases
[35], whereas Ingason et al. further described a nano-laminated magnetic ternary
Mn2GaC phase [36].

Wang et al. also revealed the possibility of obtaining layered ternary non-MAX
carbides with M elements chosen from Sc, Ti, V, Cr, Zr, Nb, Mo, Hf, W, and Ta [37].
It was verified that phases based upon Zr, Sc, and Hf adopt the TnAl3Cn+2 formula,
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for which Al4C3-type layers separate TC slabs with a NaCl-type structure. Also,
the Tn+1AlCn structure can be formed by neighboring Ti, V, Cr, Nb, Mo, W, and
Ta elements. There are many possible combinations for these systems. The further
development of non-MAX phases opens up the door for almost unlimited new
MXenes.

Overall, the first principle studies were predominantly dedicated to exploring
the physical properties of these new phases. Experimental approaches trail behind,
together with the development of suitable etching routes. Nevertheless, some reports
have shown plausibility of non-MAX phases as starting materials for MXenes’
synthesis. Zhou et al. developed a method to selectively etch the Al3C3 slabs from
Zr3Al3C5 [23]. The obtained 2D Zr3C2Tx MXenes showed thermal stability up to
1200 °C. Zha et al. utilized Hf3(Al, Si)4C6 solid solutions to obtain Hf3C2Tx [24].
Notably, the Si-supported etching process was based on weakening the bonding of
Al in the starting phase. Meshikian et al. presented the synthesis of 2D Mo2CTx

MXene by etching gallium layers from its parent Mo2Ga2C ternary carbide [17]. A
similar approach has been pursued by Halim et al., who selectively etched gallium
from theMo2Ga2C ternary transitionmetal carbide (Mn+1An+1Xn), thus preparing 2D
Mo2CTx [38]. An etching process based on a mild organic base was also employed
to selectively etch out the ScAl3C3 layers to obtain 2D ScCxTx [39, 40].

Somemore complex solid solutions also hold great promise to obtain newMXene
types. They have a group formula of (MC)n[Al(A)]mCm−1, inwhich n is 2–4,m= 3 or
4, and A stands for Si and/or Ge [41]. For instance, 2D hafnium carbide Hf3C2Tx was
obtained by selective etching of Hf3(Al, Si)4C6 [42, 43]. In this case, the presence of
Si atoms significantly weakened the adhesion of corresponding layers and, therefore,
enabled the etching process.

1.3 MXenes Beyond Ti3C2 and Demonstration of Novel X
Elements

Wehypothesize that the X element ofMXenes will find novel supplements such as B.
Transitionmetal borides (MBenes)were first reported in 2015 byAde andHillebrecht
and recently gained attention as promising 2D materials [44]. They are composed of
X=B instead of C or N [44]. It is noted that MBenes possess different stoichiome-
tries and variable modes of 2D layer sandwiching compared to the corresponding
MXenes. MAB crystal structures can be divided into three major groups. The first
group of structures is characterized by Cmmm (212 phases), Immm (414 phase), and
Cmcm (222 phases) crystal symmetry. Other group members have Pmmm crystal
symmetry (314 phases) and Cmmm symmetry (416 phases) [45]. Using etching
approaches to remove themiddle A layersmakes it possible to obtainMBenes resem-
bling their corresponding MAB phase symmetries, for instance, Ta3B4/Cr3B4-type
MBenes with Immm symmetry or V2B3/Cr4B6-type MBenes with Cmcm symmetry
[45].
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Consequently, MBenes can be obtained from various starting phases, while
predominantly orthorhombic structures of MAB, M2AB2, M3AB4, and M4AB6

phases are the most promising for MBenes synthesis. For instance, the MoAlB
precursor powders with double Al layers [46], Mo2AlB2 [47] or Cr2AlB2 [48] can be
used as startingmaterials [49].MABphases were so far only partially etched viamild
inorganic acids or bases into 2D MoB or 2D CrB [48]. In other cases, the Ti2InB2

MAB phase was thermally dealloyed into 2D TiB [50]. While MAB precursors are
the primary choice here, it is also possible to use bulk powders with a layered struc-
ture. In such a case, the MgB2 [51], MnB [52], ZrB2 [53] and GdB6 [54] materials
were used as parental phases for decomposition into 2D flakes. The disassembling
process was based on an energetical input such as microwaves or ultrasounds as well
as organic acids in the presence of hydrogen peroxide.

1.4 Large-Scale, Large-Area Single-Crystal MXene Films

While parentalMAX andMXene phases are synthesized as bulk materials, obtaining
them in other physical forms is highly desirable for various applications. Large-area
thin films are highly prospective in electronics and high-tech applications. In this
regard, the demonstration of vacuum-assisted bottom-up synthesis of MXenes via
atomic layer deposition (ALD), physical vapor deposition (PVD), or metal organic
chemical vapor deposition (MOCVD) techniques is equally important as compared
to top-down assembly techniques. They offer unprecedented conditions for theMAX
phase synthesis, such as low temperature and vacuum assistance. While the bottom-
up optimization processes are more complex and time-consuming, this field is yet to
be explored.

In 2014, Halim et al. developed transparent thin films composed of magnetron
sputtered Ti3AlC2 with the size scale of 1× 1 cm2 [55]. The film was further reacted
into MAX phase and etched into about 19 nm thick Ti3C2Tx films using aqueous
NH4HF2 or HF. These films exhibited ~90% transmittance to VIS–NIR light and
a metallic conductivity down to 100 K. Upon crossing this temperature, they have
shown a negative magnetoresistance, which is characteristic for many 2D solids
with a weak localization phenomenon. Since the etching route was similar to top-
down techniques, the obtained Ti3C2Tx films were characterized with similar surface
chemistry (–OH, –F, and –O surface terminations). In addition, Mo2Ga2CMAXwas
acquired by a similar approach and further etched into Mo2CTx thin films [17]. In
this regard, crucial parameters for the successful synthesis by bottom-up methods
include thin films preparation conditions on the most compatible substrates, low-
temperature plasma optimization, further reaction into MAX phase, and thin-film
etching conditions.
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1.5 Controlling MXenes’ Surface Chemistry

Tailoring MXenes’ surface chemistry affects almost all physical properties of
MXenes and holds great potential to unlock many practical applications. Among
available terminations, oxygen is important for photocatalysis, hydrogen evolution
reaction, electrochemical energy storage, etc. [56–59].

Due to the detailed knowledge about the surface chemistry of Ti3C2Tx, the extent
to which standard functional groups (–OH, =O and –F) can saturate the surface
seems to be well described. They appear from the basic preparation route of MXenes
involving aqueous HF as an etchant and follow the order of Ti3C2O2 > Ti3C2F2
> Ti3C2(OH)2 [60]. In these systems, O- and F-containing surface terminations of
MXenes cannot be avoided.

While surface-grafting with other halogen terminations and their on-demand
responsive adjustment is especially interesting, innovative surface tailoring routes
are currently explored. The work of Chuang et al. allowed to obtain MXenes with
–Cl surface terminations only (Ti3C2Cl2 and Ti2CCl2) by using ZnCl2 molten salt
for etching the involved parental MAX phases [61]. Further etching approaches for
obtaining –Br and/or –I terminated Ti3C2Tx MXenes were based onwater-free Lewis
acids [62, 63]. Br-terminated MXenes were prepared by Kamysbayev et al. by using
CdBr2 melts for etching the MAX phase. Notably, the bromide groups were further
changed to oxygen, sulfur, selenium, tellurium, and NH by performing substitution
and elimination reactions with molten inorganic salts [64]. These MXenes showed
interesting structural and electronic properties such as a giant in-plane lattice expan-
sion (>18%) forTin+1Cn terminatedwith telluride (Te2−) ligands or superconductivity
for Nbn+1Cn. Since it is possible to prepare Lewis acidic melts with other chemicals,
it is reasonable to assume that novel etching routes are to be demonstrated soon.

The precise tailoring of MXenes’ surface terminations is still a challenge due to
the favored surface passivation and formation ofmetal oxides. Recently, Persson et al.
defluorinated theMXenes’ surface by vacuum-heating and subsequentially exposing
it to O2 at 450 °C, which led to oxygen supersaturation without breaking MXenes’
structure. However, the extended O2 exposure resulted in serve oxidation into TiO2,
with the reaction products H2O and CO2 desorbing from the surface [65].

The synthesis of bare MXenes without surface terminations is also a significant
problem. So far, only molten salts-routes and interactions with Mg, Ca, and Al
reduced the surface terminations [66]. However, it is known that any unterminated
surface possesses a high energetical state. Consequently, bareMXenes are reported to
be highly reactive in oxygen- orwater-based environments aswell aswhen exposed to
light. Their surface further passivates by forming a thinmetal oxide layer starting from
the edge and continuing through thewhole flake. To avoid irreversible transformation
of bare MXene into the terminated/oxidized one, bare MXenes should be stored in
the dark, oxygen-, and water-free conditions [67].
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1.6 Theoretical Approaches for Reliably Predicting
and Understanding the Properties of Novel MXenes

Theoretical calculations have been essential in understanding MXenes’ structure
[68]. Early predictions showed a hexagonal arrangement of the forming elements
as well as the presence of surface terminations that are more likely located between
three neighboring C atoms and above the hollow sites [69]. Subsequent studies veri-
fied the structure and revealed a more complicated arrangement of surface groups
[70]. The exact locations and orientations of surface groups depend on bothMXenes’
constituent elements and the species of surface terminations. In terms of MXenes’
properties, theoretical calculations so far shed light on (i) the structural and mechan-
ical properties of MXenes, (ii) their electronic structure, pointing out the existence
of topologically trivial or non-trivial metals and semiconductors, (iii) surface states,
(iv) optical properties, (v) magnetic properties, (vi) transport properties (in quantum
and semi-classical diffusive regimes) [71].

Based upon theoretical calculations [71], many possible applications have been
identified for MXenes, including functional devices for (a) electronics, (b) magne-
toelectronics, (c) optoelectronics, (d) sensorics, (e) thermoelectric power generators
and coolers, as well as (f) plasmonics. Theoretical studies also indicate the possi-
bility of employingMXenes as potentialmaterials for hydrogen storage, catalytic and
photocatalytic reactions due to nanoscale superconductivity, ultra-lowwork function,
or Schottky barrier junctions. MXenes have been also predicted to be large band gap
topological insulators that involve only d orbitals.

It is known that bare MXenes tend to be metallic. However, the metallic char-
acter diminishes with increasing n values, mostly owing to additional M–X bonds
[72]. In contrast, terminatedMXenes are narrow band-gap semiconductors or metals
depending on the orientation of surface groups as well as the MXene type. For
instance, surface terminated MXenes such as Ti2CO2, Zr2CO2, Hf2CO2, Sc2CO2,
Sc2CF2, and Sc2C(OH)2 have indirect band gaps (0.45–1.8 eV), while direct band
gaps appear in –OH terminated Sc2C(OH)2 [71]. This information allows for more
rational engineering of surface-related properties of MXenes, which is crucial for
optoelectronic or photocatalytic applications.

Theoretical predictions of many properties, particularly electronic properties, are
based on first-principles calculations using the density functional theory (DFT)
framework with various approximations for the exchange and correlation density
functionals. Unfortunately, the obtained results considerably depend on the chosen
approximation [73]. In this regard, better results are achieved by hybrid functionals,
which are exchange–correlation energy functionals [74]. This strongly suggests that
applying exact exchange and random phase approximation (RPA) for correlation
would be advantageous together with the consideration of corrected, dispersive van
der Waals forces. Relativistic effects need to be considered when performing theo-
retical calculations for MXenes since they constitute heavy transition metals with
significant spin–orbit coupling (SOC). Therefore, the SOC in many cases should be
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treated in a non-perturbativemanner. Notably,MXenes’ structure is frequently calcu-
lated with uniform surface termination—an idealistic view of the situation, which is
far away from reality. In nearest future, more realistic modeling of MXenes will be
necessary to consider the coexistence and random arrangement of various surface
terminations. This will allow for a more accurate reflection of their complicated
structure.

Although there are several experimental reports on the formation of heterostruc-
tures built from MXenes or a change in their shape into nanotubes and nanoribbons,
it is expected that these systems will be investigated in more detail. Therefore, more
theoretical studies of these systems are urgently needed. Ab-initio studies of bare and
functionalized Ti2CTx, Ti3C2Tx, and V2CTx MXenes demonstrated the possibility
of forming even zigzag, armchair nanoribbons [75] or nanotubes [76, 77]. It was
shown that the band gap of armchair Ti2CO2 nanoribbons is ~1 eV, which is four
times larger than the value of bare 2D MXene in flake form [76, 77]. Therefore, it
appears to be possible to tailor the electron and hole carrier mobility within these
nanoribbons via edge states engineering [78, 79].

Vertical or so-called van-der-Waals heterostructures of 2Dmaterials have become
a great opportunity for designing nanostructures with novel functionalities [80–82].
Stacking MXenes with transition metal dichalcogenides (TMDs), graphene, h-BN,
or other 2D systems can open new doors for novel nanomaterials with exciting prop-
erties. Theoretical predictions of vertical heterostructures involving MXenes have
been recently performed for MoS2/Ti2C and MoS2/Ti2CT2 (with T = –F or –OH)
[83], graphene/Hf2C(OH)2 [84], silicene/Sc2CF2 [85], Sc2CF2/Sc2CO2 [86] systems
as well as various heterostructures involving TMDs such as TMDs/M2CO2 (M =
Sc, Ti, Zr, and Hf) [87]. Results have shown interesting electronic properties of
these systems. The most promising configurations are based on efficient stacking to
achieve the most suitable band gap engineering. For instance, graphene/Hf2C(OH)2
heterostructures showed no chemical interactions between metallic Hf2C(OH)2 and
semi-metallic graphene. Thereby, graphene is n doped by Hf2C(OH)2, which is
mostly associated with electron transfer from the –OH surface terminations to
graphene π* states. Notably, the ~2.32 eV work function of Hf2C(OH)2 is ultralow
compared to that of graphene (~4.26 eV). Therefore, while graphene receives elec-
trons from MXenes, its energy dispersion is shifted to lower values of ~1.1 eV [84].
Moreover, studies on various transition metal dichalcogenides/Sc2CO2 heterostruc-
tures revealed the evolution of indirect band gaps ranging from ~0.13 to ~1.18 eV.
These electronic properties enable the development of electronic devices [87].
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2 New Synthesis Methods for MXenes

2.1 Development of Novel and Scalable Techniques
for MXenes’ Synthesis

In the pioneering work on the development of MXene [2], Ti3C2Tx (Tx = –OH, −F,
and =O) was obtained by extracting the Al layers from the parental Ti3AlC2 phase.
The involved reactions included (i) Ti3AlC2 + 3HF = AlF3 + 3/2H2 + Ti3C2, (ii)
Ti3C2 + 2H2O = Ti3C2(OH)2 + H2, (iii) Ti3C2 + 2HF = Ti3C2F2 + H2. Reactions
(ii) and (iii) led to the formation of –OH and –F terminations on a multilayered (ML)
surface. Further intercalation with large organic cations (in some cases enhanced by
an ultrasonication treatment) is proved to deliver few-layered (FL) or single-layered
(SL) MXenes [67, 88]. This strategy was applied to etch almost all Al-containing
MAX phases. Apart from HF concentration, crucial process parameters to control
are temperature and time, which greatly vary depending on the particle size of the
MAX phase.

Later, the use of ammonium bifluoride (NH4HF2) as an etchant was proposed to
avoid hazardous HF [55]. Its milder nature and complementary cations serving as
intercalants during etching made it a more suitable agent for MXenes’ delamina-
tion. While etching and intercalation occur simultaneously, it is reasonable to derive
the following reaction scheme: (i) Ti3AlC2 + 3NH4HF2 = (NH4)3AlF6 + 3/2H2 +
Ti3C2; (ii) Ti3C2 + NH4HF2 + H2O = (NH3)(NH4)Ti3C2(OH)xFy. However, the
intercalation of both NH3 and NH4 between the MXene layers appeared to be slower
and less vigorous. Consequently, the atomic layers in Ti3C2Tx were rather restacked
together than individually separated. Another possible etching route involves soaking
Ti3AlC2 power in a solution of LiF and HCl. Ti3C2Tx flakes produced this way
showed larger lateral dimensions with a reduced number of structural defects,
which characteristically occur frequently for HF-etched samples. The reduced defect
density reflects the milder nature of the LiF + HCl etchant as compared with HF.
Other combinations of fluoride salts such as NaF, KF, CsF, CaF2, or tetrabutylammo-
nium fluoride [(C4H9)4NF], with acids (e.g., HCl or H2SO4), showed similar etching
behaviors.

In experimental practice, there are twomethods suitable for obtainingmultilayered
Ti3C2Tx MXene and their delamination to single flakes. The first one is called the
‘clay method’ and is based on mixing 5 M LiF with 6 M HCl and further sonication
and/or heating, which reduces the resulting flake thickness [89]. Alternatively, a
mixture of 7.5MLiFand9MHCl canbeutilized,which is subsequently not sonicated
but only shaken vigorously [90, 91]. The secondmethod is calledminimally intensive
layer delamination (MILD) because it allows obtaining less-defective single flakes
[91]. The MILD method is flexible in terms of preparing the basic mixture, and
reagents’ concentrations can be adjusted from 7.5 M LiF/9 M HCl to 12 M LiF/9 M
HCl at room temperature [92, 93].

The high-yield (50 g batch) MXene preparation was further reported by Shuck
et al. [93]. In this method, Ti3C2Tx was prepared by soaking Ti3AlC2 powder in
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LiF and HCl solution (1 L reactor volume, 50 mL LiF, 150 mL H2O, 300 mL of
HCl with the 1:3:6 volume ratio), heating up to 35 °C for 24 h and washing the
sediment to increase the pH and extract the supernatant. As a resulting product of
this reaction, a clay-like paste was formed, which can be rolled to produce flexible,
free-standing films with high volumetric capacitance. Moreover, the final mixture
can be diluted prior to solution processing [94]. This proves that MXenes’ synthesis
can be up-scaled.

2.2 Innovations Towards Environmentally Friendly
Top-Down Approaches

The development of safer, greener, and scalable top-down options is currently
pursued. This includes rapid, high energy-supported fragmentation techniques, but
also greener approaches for the synthesis of the involved MAX phases. While
MXenes’ selective etching is mainly based on harsh chemical reactions with
dangerous or even explosive reagents and by-products, it is reasonable that scientists
search formore human- and environmentally-friendlyways to obtain these promising
compounds. In contrast to the MILD method, the latest approaches suggest using
ultrarapid energy-induced techniques based on high-energetic fluidic or microfluidic
devices supported with the energy of cavitation generated by ultrasound or acoustic
waves. The localized application ofmechanical energy forMXenes’ defragmentation
saves time and avoids the use of harsh chemicals.

Al-Antaki et al. reported a facile approach to synthesize Ti3C2Tx MXenes, in
which a vortex fluidic device (VFD) was used [95]. The equipment involved a
millimeter-scale borosilicate glass inclined at an angle from −45° to 90° relative
to the horizontal position that can rotate at speeds up to 9000 rpm. Two options for
MXenes’ defragmentation can be used: confined (with an exact amount of liquid
in the tube) or continuous flow. The VFD seems a promising approach for MXene
synthesis since the exfoliation of graphene from graphite, graphene oxide, or h-
BN [84] has already been realized using this approach. In recent work, multilay-
ered MXene sheets were obtained using VFD in dynamic and optimized conditions
(nitrogen atmosphere, 0.5mg/mlMXene, 1:1mixture of isopropanol andwater, VFD
rotational speed of 4000 rpm, 45° tilt angle, and 0.5 ml/min flow rate). The VFD
was further used by Al-Antaki et al. for the synthesis of nanocomposites made of
MXene and TiO2 anatase nanoparticles in aqueous H2O2 (30%) at a flow rate rate of
0.75 mL/min and a concentration of MXene of 0.5 mg/mL [95].

El Ghazaly et al. reported synthesizing Ti3C2Tx MXene via an ultrafast, one-step
technique based on surface acoustic waves (SAWs) [96]. By using LiF solution,
the MAX phase was rapidly converted to MXene and further delaminated. Proton
production through solution dissociation ofwater under acoustic excitation facilitated
the underlying mechanism of the etching with fluorine ions by decreasing the pH and
thus further enhancing the dissociation of LiF and providing more fluorine ions. The
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high localization of mechanical vibrations with acceleration on the substrate surface
of 108 m/s2 increased ionic diffusion through the 2D MXene structures, accelerated
the kinetics of the reaction, and assisted in further delaminating the sheets. Notably,
energy-induced techniques based on high-energetic fluidic or microfluidic devices
are sustainable due to low cost and safety aspects. These techniques tend to hold
great potential regarding up-scaling, thus widely opening the door for MXenes’
future applications.

At this point, it is worth mentioning that MAX phases and resulting MXenes
can be also synthesized from low-cost precursors. The high environmental benefit
of this approach, as well as lowering the production costs, are of unprecedented
importance. A recent study of Jolly et al. proved that Ti3C2Tx MXenes could be
synthesized from recycled, waste tire-based carbon, recycled aluminum scrap, and
titanium dioxide with molar ratios of 1.9C:6Al:3TiO2 [97]. The process comprised
heating the precursor mixtures up to 1350 °C for 1 h and MILD delamination under
N2 shielding. The final Ti3C2Tx films demonstrated properties similar to traditionally
obtained MXene, i.e., conductivity = 5857 ± 680 S/cm and capacitance = 285 F/g
(1,012 F/cm3) at 20 mV/s scan rates.

2.3 Understanding the Influence of MAX Structure
and Properties on MXenes’ Characteristics

MXenes can be model materials for testing the material-processing-properties-
performance paradigm. However, the basic paradigm can be developed into a
more complicated system that adapts to the unique properties of MXenes. The
schematic representation of an adapted circular relationship, which takes structure,
processing, chemistry, properties, performance, and transformation into considera-
tion, is presented in Fig. 3. To achieve the desired structure, it is important to analyze
the parental MAX phases, whose synthesis and properties have an impact on the
resulting MXene structure. The structural purity of the final product is influenced
by many processing factors. Every processing step, such as MAX phase synthesis,
grinding, etching, and delamination, can leave its own trace in relation to the chem-
ical and phase composition of the final product. In this context, the purity of the
MAX phase is the most significant factor affecting MXenes’ purity. The preparation
of the bulk MAX phases can be achieved by various techniques. Researchers can
choose between hot pressing (HP) [98, 99], hot isostatic pressing (HIP) [100], slip
casting (SC) [101], self-propagating high-temperature synthesis (SHS) [7, 102], or
pressure-assisted self-propagating high-temperature synthesis (PSHS) [103, 104]).
Given the variety of methods and their specific synthesis conditions, the repeatability
of MAX synthesis poses a challenge. Every single MAX batch may be composed
of different phases with variable mass content. Also, the purity of used powders is a
matter of concern since every additional element present is potentially transferrable
to the final MXene product.
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Fig. 3 Schematic representation of the circular relationship, adapted to MXenes as model mate-
rials for testing structure-processing-chemistry-properties-performance-transformation paradigm.
The visible dependency of material-related elements is integrated with theoretical and experimental
approaches to accelerate materials development through rational material design and further incor-
poration into final commercialized products that are processable and hold extraordinary and stable
performance

While the final composition of the MAX phase relates to many factors [7],
the abovementioned techniques have some similarities that can be used to control
different MAX parameters. Considering SHS as an example, Ti3AlC2 is prepared
by mixing elemental powders (Ti, Al, and graphite) or Ti3Al with graphite powder,
subsequent homogenization, and further pressing into a bulkmaterial to enable better
control over the SHS process evolution. The mixing step can therefore be optimized
in terms ofmolar ratios and further processing with a standardizedmethod. However,
after ignition, the highly exothermal process propagates in an uncontrollable manner.
The parameters of temperature and phase evolution (self-propagation) cannot be
controlled and are unrepeatable [7]. Therefore, after SHS, the MAX product is a
mixture of Ti3AlC2, Ti2AlC, and TiC phases due to respective phase equilibria.
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Zhou et al. revealed the reaction mechanism for which Ti3AlC2 is formed together
with the presence of Ti2AlC [105].

The energy for TiC formation is rather low. After the formation of octahedral
Ti6C, two different reaction pathways compete thermodynamically with each other.
The first one leads to Ti2AlC, which is thermodynamically more stable compared to
Ti3AlC2. After the formation of Ti2AlC, it can be further transformed into Ti3AlC2,
which is an additional step in the reaction pathway. The second path leads from
octahedral Ti6C to cubic TiC, which, in turn, transforms into Ti3AlC2. Consequently,
apart from Ti3AlC2, large amounts of Ti2AlC and cubic TiC are present in the final
MAX product.

Another reaction variant is based on themixture of elemental powders (Ti, Al, and
C). During the reaction to form the Ti–Al–C system, there is an exothermic reaction
between Ti and Al at the beginning, thus increasing the temperature. When the
conditions are favorable, another exothermic reaction in the Ti–C system is induced,
which further proceeds until obtaining Ti–Al in liquid form, in which TiC dissolves.
Ti3AlC2 is then formed between TiC and the molten Ti–Al. The final MAX product
consists of Ti3AlC2, Al3Ti, and TiC [11]. When unwanted reaction by-products are
present in the final MAX phase, they are potentially transferable to MXene. For
instance, minor amounts of cubic TiC can attach to flakes’ edges. Nevertheless, the
Al3Ti by-product can be fully dissolved if harsh HF etching conditions are applied.

After product cooling, the next step of the process comprises wet-phase assisted
grinding of the bulk product in a rotary-vibratory or planetary mill [106]. Grinding
into several micrometer-sized power particles is important for the efficiency of the
etching process. Since MAX phases are rather hard materials, WC balls are neces-
sary to reduce particle size efficiently. A major disadvantage of these MAX post-
processing steps is surface abrasion resulting in contamination originating from the
grinding balls, which can be further minimized through process optimization.

The abovementioned problems come from experimental observations. However,
they have true implications to the material-processing-property relationship. There-
fore, to accelerate materials development through rational design, experimental
approaches to obtain MXenes will be further backed up with theoretical approaches
to achieve extraordinary and stable performance in a well-controlled environment.

2.4 Challenges in MXenes’ Synthesis and Characterization

MXenes’ quality greatly relates to the synthesis process used. In well-established
processes, the MAX phase is the starting material, and its quality determines the
final MXene [107]. Therefore, choosing the MAX phase with high purity without
any side phases or unreacted substrates is crucial. In addition, the MAX phase needs
to be prepared carefullywithminimal impurities originating frommechanicalmilling
[108]. Nevertheless, all these additives can be removed as sediment during etching
anddelamination. Furthermore, if these are solubilized in the acid, they canbewashed
out during the rinsing stage.
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During the etching of Ti3C2Tx MXenes, harsh conditions are applied to the MAX
phase to solubilize and remove the interleaving aluminum layers. In early approaches,
toxic and dangerous HF was used, and the most significant challenge was related to
the safety of the researchers. Afterwards, the MILD process was developed based on
optimized conditions and less harsh etchants. However, the process was still based
on using in-situ formed HF from a mixture of HCl and LiF [92]. Further innovations
using molten salts or ionic liquids enabled a safer and less toxic MXene synthesis
[62].However, their upscaling is highly limited due to expensive chemicals in contrast
to primarily used water.

While MXenes’ oxidation is critical, it is essential to adjust processing times and
the properties of the initial MAX phase. In this sense, the most critical aspect is
the grain size of the MAX phase. Larger grain sizes will result in unetched MXene
grains, which will sediment from the colloidal solution. The collected sediment
will thus need a second round of etching to completely remove Al. In contrast,
smaller MAX grains tend to etch more easily. However, this requires longer milling
times, thus resulting in more impurities coming from the milling balls and container.
Additionally, smaller MAX grains result in smaller MXene flakes. Consequently,
MXenes’ quality (purity) can also be negatively affected when using smaller MAX
grains.

A similar consideration needs to be made for the delamination process. Larger
MXene grains will not fully delaminate, and longer delamination times may be
required. The delamination may not even be completely realized. The delaminated
flakes can also have larger dimensions if not reduced by sonication. From this
point, the standardization of the material parameters became challenging as every
single synthesis gives different results in terms of flake parameters [92]. In order to
fully characterize the resulting MXene batches, parameters to carefully consider are
conductivity, surface zeta potential, characteristic XRD pattern or Raman spectra.
Various MXene batches may give similar XRD patterns, and Raman spectra as these
techniques are specific to material composition and physical nature in bulk, but
MXene nano-sheets may still differ in their physical properties [92]. Therefore, the
challenge is to determine and track changes in flakes dimensions and chemistry
(detailed arrangement of surface functional groups) by advanced and complementary
material characterization.

The washing stage is also critical to fully remove all by-products of aluminum
etching. This step is unspecific and finisheswhile the pH of the solution reaches about
6 or 7 [92]. In case of highly concentrated flakes dispersion, a significant amount of
adsorbed Li+ or Cl– inorganic ions (for LiF/HCl etching and delamination) or TMA+

organic ions (for HF etching and TMAOH delamination route) may be difficult
to wash out. Consequently, multiple washing/centrifugation steps or filtration are
needed and may take hours to achieve desired pH value.

Other challenges are related to different types of MXenes and their stoichiome-
tries. For instance, Ti3C2Tx can be easily etched and delaminated in LiF/HCl. In
contrast, Nb2CTx or Nb4C3Tx MXenes first need HF etching to be further delam-
inated with TBAOH or TMAOH. For these MXenes, the LiF/HCl approach is far
less effective. Finally, the synthesis of Ti3C2Tx can be up-scaled. Some MXenes
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(V2CTx, Cr2CTx, or Ti2NTx) are difficult to etch or delaminate into single flakes at
all due to their low stability and increased oxidation tendency. For these phases, only
multi-layer MXenes may be synthesized.

The problem of preservingMXenes’ structure is related to their oxidation stability
[109]. This is another challenge related to decreased stability, an aspect that worsen
at every stage of synthesis. MAX phases are highly stable because of the presence of
interleaving A layers. Removing this layer via etching decreases the stability of the
resulting multi-layer structure. However, multi-layers are still fairly stable to with-
stand sample preparation for various analyses and industrial applications. However,
delamination to obtain few- and single-layers further destabilizes the structure.Under
ambient conditions, few- and single-layers tend to oxidize after several hours while
decomposing after several months. Consequently, the material needs to be kept in an
oxygen-free and dark environment at low temperatures.

The mentioned issues also relate to the challenge to characterize the material
[110]. Due to the rapid oxidation of the samples, proper characterization needs to
be done immediately after synthesis. Therefore, to be successful in characterization,
researchers need to act quickly to get the deserved results. Most characterization
techniques perform measurements under ambient conditions, in air, or partially in
the presence of water. Samples may oxidize during preparation in ambient conditions
and while using specific equipment. These changes may be tracked by changing
patterns/peak in XRD and Raman spectroscopy. The used laser intensity for the
Ramanmeasurements needs to be appropriately chosen to avoidMXenes’ oxidation.
Concerning surface chemistry, changes in surface chemistry can be detected by XPS
or zeta potential. When the sample is measured immediately after synthesis, the zeta
potential tends to be highly negative. XPS done after synthesis should detect metal
bonding with hydroxide groups and fluorine and no metal oxide. If the material is
oxidized, zeta potential will shift from a highly negative value closer to zero, and
XPS will verify metal oxides [110].

3 Physical and Chemical Approaches to Tailor MXenes

As outlined in Sect. 2, the scientific research community continuously works on new
synthesis approaches forMXenes with the overall goal of extending the field of avail-
able MXenes and reducing the use of toxic and hazardous HF synthesis strategies,
thus increasing lab safety [22, 111, 112]. In this context, particular emphasis is laid on
MXenes’ quality (defect situation, purity) and x–y dimensions of the obtained sheets
[111]. The surface terminations including –O2, –(OH)2, –F2, –Cl2, and their combi-
nations can be intentionally utilized as anchoring points to chemically functionalize
MXenes with the overall aim to change their physical and chemical properties [113].
The proper selection of the functional groups is considered to be the key to intention-
ally tune crucial properties of MXenes such as their thermal and oxidation stability,
degree of hydrophobicity/hydrophilicity, dispersion stability, interfacial strength, and
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surface chemistry, all of these being decisive for gas sensing or catalytic processes,
among others.

When aiming at functionalizing MXenes, their interlayer spacing is essential
since it can be used to tailor the access to active sites for functionalization [114].
MXenes’ interlayer spacing can be manipulated by mechanical or chemical means,
which can even lead to their delamination (few- or single-layer MXenes) [111, 112].
Ultrasonic treatments and shear mixing are well-explored mechanical delamination
methods, while chemical delamination is realized by intercalating agents (ions and
small molecules) or spacers (nanomaterials and polymers) [114, 115]. Intercalants
help to expand MXenes’ interlayer spacing and/or induce their delamination [114].
In the case of spacers, they are used to reduce the restacking tendency of MXene
nano-sheets [114]. Irrespective of the used intercalation agent, this can be done either
during or after etching. Cations (such as Li+, Na+, K+, NH4

+, Mg2+, Al3+) interca-
lated between the layers can increase the interlayer spacing [116]. The formation of
pillared Ti3C2Tx MXenes (spontaneous intercalation of cetyl trimethylammonium
bromide (CTAB)) resulted in a tunable interlayer spacing [114]. It is also possible
to simultaneously intercalate MXenes with several small molecules, and the addi-
tion of a co-intercalator can further expand MXenes’ interlayer spacing. Regarding
the use of nanomaterials as spacers, such as carbon nanotubes (CNTs), graphene,
reduced graphene oxide (rGO), or MoS2, their uniform distribution between the
layers is the key aspect in preventing restacking, thus allowing the availability ofmany
active sites [114]. Polymers can also be intercalated between layers, thus increasing
MXenes’ interlayer spacing [114, 117]. The usage of polymers to increase the inter-
layer spacing is beneficial due to enlarged distances compared to other intercalants,
but it suffers from the polymers’ long-term stability. To overcome this problem, in-
situ polymerization on the outer MXene surface seems to be a promising approach
[114].

Apart from using intercalating agents and spacers, MXenes can be cova-
lently functionalized by a variety of molecules. In this regard, the covalent
bonds typically act as connecting bridges between MXenes and an organic phase,
thus enhancing their compatibility. This, in turn, helps to adjust the degree of
hydrophilicity/hydrophobicity of the MXene nano-sheets as well as to improve the
stability of suspensions in polar or apolar solvents and their resistance against oxida-
tive degradation [118–120]. Moreover, incorporating pendant moieties with different
chemical natures becomes possible, which enables multi-functionalization.

For MXenes’ covalent functionalization, organosilanes, organophosphates, and
aryldiazonium salts have been used as coupling agents. Organoalkoxysilanes have a
general structure of (RO)3–Si–R′–X, for which X is an organic functional group such
as methyl, amine, epoxy, or vinyl, among others, R’ stand for an aliphatic chain, and
RO represents alkoxy group or silanol group that is removed by hydrolysis [121–
123]. A critical aspect of this process connects with the presence of water, which is
important for the first stage of the overall process (hydrolysis to form silanol groups
(–SiOH)). Subsequently, the formation of oligomers is induced by a condensation
process. Subsequently, they react with the available hydroxyl groups. Related to
organosilanes, 3-(Aminopropyl)triethoxysilane (APTES) is the most used surface
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modifying agent for MXenes’ functionalization [124, 125]. Moreover, MXenes’
functionalization with long alkylsilane chains is a strategy not only to improve their
stability against oxidative degradation but also to enhance their stability in apolar
solvents, since this approach helps to decrease the surface energy, thus increasing
hydrophobicity [126]. In this context, it is important to point out that using long
aliphatic chains (grafting onto MXenes) is tricky due to the different solubilities in
polar and apolar solvents [126].

Regarding organophosphates, phosphonic acid (PA) ligands contain a central
phosphorus atom, which is linked to two hydroxyl groups through single bonds,
an oxygen atom through a double bond and an aliphatic chain [127, 128]. These
ligands have been used as MXenes’ surface modifying agent. This approach is inter-
esting since the length and nature of functional groups in the aliphatic chain can
be tailored, thus adjusting the resulting physical properties [129, 130]. Aryldiazo-
nium salts being represented by RN2+X− (R stands for an aromatic group and N2+

resembles the azo groups), are considerably new agents for bonding polymers and
biomacromolecules (Fig. 4) [131]. These molecules start with a primary amine R–
NH2 that is capable of producing diazonium salts. Subsequently, the salt receives an
electron, which promotes the cleavage of the C(aryl)–N bond, releasing N2(g) and
forms an aromatic free radical. This free radical interacts with the surface, estab-
lishing a new bond between the surface and the aryl group (substrate–O–C(Aryl))
[132, 133]. MXenes have also been functionalized using click chemistry, polymer-
ization reactions, or catechol derivatives [134, 135]. In this regard, click chemistry
is a simple approach and beneficial due to high achievable yields and little formation
of by-products. An example is a reaction of isocyanates (R–N=C=O) with alcohols
or thiols (XH, X=O; S) [136]. Different groups such as –OH and –SH can attack the

Fig. 4 Fabrication of nanocomposites based upon functionalized MXenes and thiourethane. The
process begins by grafting dodecyl isocyanate onto the outer MXene surface, followed by in-
situ polymerizations of tetra-thiol and diisocyanate at room temperature in a suspension of the
functionalized MXenes [137]
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carbon atom of the isocyanate group (R–N=C=O), thus establishing a new RNCO-O
or RNCO-S bond. McDaniells et al. used dodecylisocyanate groups to functional
multi-layer MXenes, potentially enabling up-scaling [137].

Based upon this short summary, it becomes evident that MXenes’ functional
groups are perfectly suited to induce functionalization. However, surface functional-
ization reactions can also oxidize the surface of MXenes. Therefore, new synthesis
strategies for MXenes, which adjust the amount and nature of the respective surface
termination as well as suppress oxidation, are urgently needed. As derived in this
section, –OH surface terminations play a key role in MXenes’ functionalization.
If less –OH groups are available, less active sites are accessible for functionaliza-
tion. Therefore, we hypothesize that the success of covalent modification relates to
the degree of functionalization and concentration of –OH. We speculate that more
work needs to be dedicated to generating MXenes with a high concentration of reac-
tive groups (–OH or others) homogenously spread over the entire MXene surface.
Most of the published research work has been published for Ti3C2Tx since these
nano-sheets are the most explored ones and the easiest to synthesize. However,
MXenes based upon other early transition metals (M2CTx M=Sc, V, Cr, Zr, Nb,
Mo, Hf, Ta, and so on) also holds exciting physical properties. To summarize, the
combination of inherent metal center properties and chemical functionalization can
synergistically improve the properties of MXenes. Consequently, MXenes’ cova-
lent manipulation/functionalization offers the opportunity to exploit new application
areas.

New synthesis and functionalization approaches need to be connectedwith numer-
ical simulations. This can help to predict the ongoing interfacial processes between
MXene nano-sheets and the coupling agents. In this context, ab-initio DFT or MD
simulation can help to explore the underlying processes. However, in case of DFT,
it will be essential to consider van der Waals interactions. Regarding MD, the used
potentials have to be selected in a careful manner. We envision that combining new
synthesismethods and functionalization strategies togetherwith numericalmodelling
and advanced high-resolution materials characterization can open the door for the
development of MXenes with tailor-made properties.

The group of Anasori et al. has recently extended single- and double-early tran-
sition metal MXenes by high-entropy MXenes inspired by high-entropy alloys
(Fig. 5) [90]. The synthesized high-entropy MXenes, consisting of four early
transition metals, are based on high-entropy MAX-phases (TiVNbMoAlC3 and
TiVCrMoAlC3), which were fabricated by reactive sintering. The first examples
of experimentally realized high-entropy MXenes comprise TiVNbMoC3Tx and
TiVCrMoC3Tx, thus having the general formula of M4C3Tx.

HF-etchingwas used for the first successful synthesis of the high-entropyMXenes
(48%HF for 4 days at 55 °C). By chemical delamination, the possibility to synthesize
single-layer high-entropy MXenes was demonstrated [90]. During synthesis, the
following chemical pathways were followed:

TiVNbMoAlC3 to TiVNbMoC3

TiVNbMoAlC3 + 3HF = TiVNbMoC3 + AlF3 + 3/2H2
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Fig. 5 Summary of the development of MXenes from mono-M over double-M MXenes as solid
solution or ordered structure to high-entropy MXenes containing four different early transition
metals [90]

TiVNbMoC3 + 2H2O = TiVNbMoC3(OH)2 + H2

TiVNbMoC3 + 2HF = TiVNbMoC3F2 + H2

TiVCrMoAlC3 to TiVCrMoC3

TiVCrMoAlC3 + 3HF = TiVCrMoC3 + AlF3 + 3/2H2

TiVCrMoAlC3 + 2H2O = TiVCrMoC3(OH)2 + H2

TiVCrMoAlC3 + 2HF = TiVCrMoC3F2 + H2

This initial study combining high-entropy alloys with 2D MXenes will pave
the way for more numerical and experimental work on high-entropy alloys. Both
approaches need to be pursued jointly to understand the underlying formation
mechanisms and explore the respective property combination [90].

4 Material and Property Design

4.1 Assembly from 2D to 3D

Many applications such as energy storage and electromagnetic wave absorption
require a large specific surface area, which is one of themain reasons for applying 2D
materials in these fields. A prerequisite for the successful use of 2Dmaterials in these
applications is the existence of many individuals, high-quality flakes, resulting in a
high surface-to-volume ratio. Additionally, MXenes’ unique mechanical properties,
such as their high flexibility, only fully emerge if there are many individual flakes or
a specific sheet alignment/orientation [138]. However, similar to other 2D materials,
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MXenes tend to demonstrate an increased tendency for restacking induced by strong
van der Waals forces acting between the layers, thus greatly reducing the MXene
surfaces’ accessibility [114]. To boost MXenes’ use in practical applications and to
enhance their multifunctionality, approaches are investigated to prevent MXenes’
restacking, thus preserving their 2D nature.

Several methods (illustrated in Fig. 6) are available to reduceMXenes’ restacking
tendency, including introducing intercalants or spacers as external components
between the layers and their assembly into 3D materials [114]. The formation of
3D structures from 2D MXenes allows for the generation of materials with high
porosity, large specific surface area, high electrical conductivity, and stable chemical
and mechanical properties [139].

Ions, small molecules, other nanomaterials, or polymers are used as external
components to introduce MXene layers [114]. The introduction of another material
as intercalant or interlayer spacer leads to a change in the interlayer distance (i.e., c-
lattice parameter), which is typically around 2 nm for Ti3C2Tx MXenes. Mostly, the

Fig. 6 Assembly of MXene nanosheets from 2 to 3D to preserve their 2D nature with a large
specific surface area. Possibilities to achieve this comprise using a intercalants [140, 141] or b
spacers [142]. Additionally, more complex structures such as c small 3D architectures in the form
of particles [143] and d films [144] up to macro 3D architectures in the form of hydrogel or aerogels
can be formed [145]. a Adapted with permission from [140, 141]. Copyright 2017Wiley–VCH and
[140, 141]. Copyright 2018 Elsevier. b adapted with permission from [142]. Copyright 2014Wiley–
VCH. c adaptedwith permission from [143]. Copyright 2018AmericanChemical Society and [144].
Copyright 2017 Wiley–VCH. d adapted with permission from [145]. Copyright 2019 Wiley–VCH
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interlayer distance is increased, depending on the used external component, whereby
ions typically lead to the smallest change and polymers to the greatest, thus reaching
interlayer distances of up to 4.8 nm [114]. The introduction of ions or molecules,
such asLi+-,Na+-ions,water-, or urea-molecules helps to reduce interactions between
individual layers and delaminates multi-layer stacks into few- or single-layers if the
interlayer distance is sufficiently increased (Fig. 6a). Additionally, the stability of
ion-intercalatedMXenes is improved due to strong electrostatic interactions between
intercalated cations and MXene flakes [146]. When using other nanomaterials or
polymers, these are difficult to intercalate between stacked MXene layers but act
mainly as spacers, thus preventing restacking of delaminated MXenes (Fig. 6b).
Nanomaterials such as carbon nanotubes [147], graphene [148], or MoS2 [149] have
been used, and possible polymers comprise polyaniline [150] and polyvinyl alcohol
[151]. The main challenge for these external components is achieving a homogenous
distribution on MXenes’ surface, thus effectively preventing restacking.

Even more effective to prevent MXenes’ restacking and to increase interlayer
distances is to change the architecture of the 2D MXene stacks to form 3D intercon-
nected porous architectures (structures, films, or foams) as shown in Fig. 6c [114,
144, 152]. Small 3D architectures composed of 2D MXene sheets, which are inter-
connected, can be formed by filtration processes [152], template methods with sacri-
ficial templates, which are later removed to form pores [144], or foaming processes,
in which gaseous species are generated as reaction products [153]. Solution-based
3D assembly makes the formation of larger 3D network structures such as hydrogels
or aerogels possible, where the solvent molecules prevent restacking (Fig. 6d). The
assembly in 3D structures from solution requires a uniform nanosheets’ dispersion to
generate interconnected structureswith strong connections. SinceMXenes are highly
hydrophilic, they can be well dispersed in aquatic solutions [154]. After achieving
a good dispersion, adjacent MXene nanosheets have to be connected to form a 3D
network via van der Waals forces, hydrogen bonds, or covalent bonding. In this
regard, the high number of functional groups on the MXenes’ outer surface causing
their hydrophilicity has a negative impact due to the produced electrostatic repulsive
forces hindering the connection of the sheets. By balancing MXenes’ hydrophilicity
and hydrophobicity, the interplane attraction and the electrostatic repulsion of the
sheets can be controlled. In order to do so, crosslinkers are used, which can be
reduced graphene oxide (rGO), cellulose, or divalent metal ions [114]. Additionally,
the template method can be used to assemble 2D materials into 3D architectures,
offering the advantage of reasonable control over pore size and shape [155]. Often
emulsions such as oil and water are used as templates, and MXenes have to be
modified to self-assemble at the interface, thus building a 3D network [156, 157].
Without modification of MXenes, they would remain dispersed in the aquatic phase
owing to their high hydrophilicity. Bian et al. modified MXenes with cetyl trimethy-
lammonium bromide, where the positively charged head attached to the negatively
charged nanosheets and the hydrophobic carbon chain allowed for a modification
of MXenes’ hydrophilicity, resulting in a stable emulsion with MXenes distributed
along the interface [156]. Subsequent polymerization of the continuous phase, i.e.,
the thin film of assembled MXenes, using a monomer and an initiator, generated



Novel MXenes—Advanced Synthesis … 347

a 3D porous material. Additionally, solid materials such as polymer spheres from
polystyrene can be used as templates [158]. Again, the interaction between MXenes
and template have to be tuned. In a study presented by Sun et al., positively charged
polystyrene spheres are used resulting in a strong electrostatic interaction with nega-
tively chargedMXenes [158]. Finally, freeze-casting is a possible technique to obtain
3D porous MXene architectures as aerogels, where a MXene colloidal solution is
rapidly cooled down resulting in the formation of ice crystals. The boundary of the
growing ice crystals rejects the MXene nanosheets, which are entrapped at the inter-
face between the ice and the remaining liquid, thus forming a 3D network along the
ice crystals’ boundary. Removing the ice template generates the aerogel [159].

For all the aforementioned methods, it is still a matter of ongoing debate and
research to create 3D structures with bigger sizes, good mechanical properties such
as high flexibility, high oxidation resistance, high number of interconnections, and
stable functional groups [114]. Additionally, the microstructure of these 3D assem-
blies in terms of pore size, shape, and distribution has to be carefully tuned to obtain
favorable properties.

4.2 Tribological and Mechanical Properties

MXenes’ tribological and mechanical properties are still underexplored and often
overlooked, despite the fact that a fundamental understanding of these properties is
crucial for optimizing their usage in many applications [111]. In this context, high
mechanical strength is required to withstand volume changes during charging and
discharging cycles in energy storage and catalysis or withstand bending in wear-
able devices [111]. Moreover, knowledge and enhancement of MXenes’ tribological
properties are vital for usage in nanogenerators or wearable electronics [160].

In the tribological community, 2Dmaterials have found great interest as they often
show low friction owing to their easy-to-shear ability between individual layers [111],
as schematically depicted in Fig. 7. MXenes, with their great versatility in terms of
chemical composition and stoichiometry, are excellent candidates representingmodel
materials to study the effect of layer thickness, interlayer distance, and mechanical
properties of individual layers. Despite this, the number of publications in this field
of application is low, with about 15 papers published in 2020 [111]. These studies
mainly assessed the suitability of MXenes as solid lubricants [161–163], lubricant
additives [164], or reinforcement phase in composites [165, 166].

The interest of MXenes to be used as a lubricant can be traced back to their high
mechanical stiffness, which is with an effective Young’s modulus of 0.33 TPa among
the highest for solution-processes 2D materials [167], as well as their low sliding
energy barrier of 0.017 eV (Ti2CO2), being close to graphene’s energy barrier of
0.002 eV [168]. Up to now, the results on the tribological properties are promising.
When used as a lubricant additive, friction was reduced by up to 54% [169], and
the greatest reduction in wear volume was over 90% when compared with a base oil
[164]. Regarding solid lubrication, MXenes were able to reduce friction up to six
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Fig. 7 a A schematic representation of the lubrication mechanism thought to be responsible for the
outstanding lubrication properties of MXenes [163], as well as b a demonstration of superlubricity
achieved with Ti3C2 MXene against a diamond- like carbon-coated steel ball in dry nitrogen envi-
ronment [177]. c Additionally, the mechanical properties in terms of the effective Young’s modulus
of various 2Dmaterials as obtained by atomic force microscopy nanoindentation measurements are
presented and compared [167]. a Adapted with permission from [163]. Copyright 2021 American
Chemical Society. b adapted with permission from [177]. Copyright 2021 Elsevier. c adapted with
permission from [167]. Copyright 2020 Wiley–VCH

times with an ultralow wear rate of 4 × 10−9 mm3 N−1 m−1 [163]. Their beneficial
wear resistancewas traced back to the formation of highlywear-resistant tribo-layers,
which are transferred to the respective counterbody [161, 163, 170–172]. Finally, in
polymer composites, the addition of MXenes led to over 70% reduction in both
friction [173] and wear rate [174], whereas metallic composites even showed a 95%
reduction in wear rate [165] and a decrease in friction by 60% [175].

When considering the COF reached by the use of MXenes, most studies demon-
strate a slightly less beneficial behavior when compared with other 2D materials like
graphene or h-BN. However, when considering wear, MXenes have been shown to
significantly outperform other state-of-the-art 2D nanomaterials [163, 176]. Consid-
ering that the research of MXenes’ tribological properties is still in its early stages,
it can be expected that both friction and wear performance will be improved in the
near future, exploiting the variable and tunable properties of these 2D materials. In
this context, it is encouraging that superlubricious behaviors with COFs of 0.007
(solid lubricant) [177] and 0.002 (lubricant additive) [178] have been observed on
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the macroscale, see also Fig. 7. Almost all studies investigating MXenes’ tribolog-
ical properties have in common that they postulate the formation of a self-lubricating
tribofilm responsible for friction and wear reduction [161–163]. However, a more
in-depth characterization of this tribofilm by high-resolution techniques needs to
be done to understand the mechanisms responsible for the tribological behavior of
MXenes.

The interlayer characteristics ofMXenes are interesting formicro- ormacroscopic
applications [179]. However, AFM studies onMXenes show on the nanoscopic scale
that the interaction between a tip and a single MXene flake can also produce low
friction, which is not related to interlayer sliding but the friction at the interface
between AFM tip and the top surface of the MXene flake [179, 180]. Adhesion
tests with different MXenes demonstrated a smaller adhesion force between tip and
MXenes than between the tip and mica, thus also resulting in friction forces during
sliding [179]. Specifically, Nb2CTx could significantly reduce friction compared to
Ti3C2Tx MXenes, which was hypothesized to result from a greater surface charge for
Ti3C2Tx due to the higher surface dipole moment density [181]. When considering
the higher mechanical strength of other Nb-basedMXenes (Nb4C3Tx) in comparison
to Ti3C2Tx, these might be attractive candidates for further macroscale experiments.

Exploring MXenes’ mechanical properties is crucial since they are fundamental
for their successful application in almost all fields [170]. The mechanical properties
of MXenes are essentially governed by the combination of M and X elements and
their bonding strength. This bonding is a mixture of ionic, covalent, and metallic
bonding [182]. An approximation of the bond stiffness by Wyatt et al., which can
be related to the theoretical mechanical properties, demonstrated that bond stiffness
of M–C bonds tends to increase with a higher group number of M and d-block
order, while the trend in bond stiffness for M–N is not as clear [111]. Nevertheless,
bond stiffness is maximized in the 3d block of M–N, and the highest bond stiffness
was predicated for Mn–N (which has not been made yet) and Ti–N with 21.0 and
20.7 eV/Å2, respectively. The greater bond stiffness for M–N compared to M–C in
the 3d block was attributed to the additional electron available for bonding to the
d-orbitals of the transitionmetal atom. However, due to the 2D nature ofMXenes, the
outermost surfaces are not bonded to the X element, thus increasing M–M metallic
bonding, which decreases 2D stiffness, in particular, for small flake thickness. In
terms of surface termination, especially –O2 terminations tend to enhance 2D stiff-
ness, induced by reducing the contribution of M–M interactions and, thus stronger
M–X bond strength. To characterize the mechanical properties under loading condi-
tions, instead of the 2D stiffness, the 3D elastic modulus should be evaluated. There-
fore, the monolayer thickness has to be additionally taken into consideration. When
analyzing the 3D elastic modulus, it was demonstrated that the thinnestMXenes (i.e.,
Ti2X) have the highest values. In terms of experimental findings, there is only very
little data available. The 2D stiffness of Ti3C2Tx and Nb4C3Tx has been measured by
nanoindentation, and values of 326 and 486 N m−1 have been reached for Ti3C2Tx

and Nb4C3Tx, respectively (Fig. 7c) [167]. These values agree with the theoretical
predictions in terms of the influence of composition (Nb MXenes were predicted to
be higher than Ti-based ones) and flake thickness (M4C3 higher than M3C2). When
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considering the elastic modulus of the tested MXenes, they show the highest values
of solution-processable nanomaterials to date with an effective Young’s modulus of
386 GPa (compared to 270 GPa for WS2 and 210 GPa for graphene oxide).

5 Roadmap for the Next Decade

The outstanding properties of MXenes are promising for various technological fields
and have a great potential for innovation. However, their utilization in relevant indus-
tries strictly depends on critical areas divided into material synthesis, standardization
and quality, market introduction, and pricing. A high-quality material supply chain
available at a reasonable price is most important in developing a competitiveMXene-
enhanced product market. The assumed bottlenecks need to be overcome together
with crossing critical stages to ensure successful commercialization. Consequently,
fundamental research and scientific discoveries must be brought from the research
and development stage to the final commercialization and industrial-scale production
of MXene-enriched products. Herein, we present the relevant roadmap for the future
commercialization of MXenes (Fig. 8).

MXenes are considered as materials of the future due to excellent physical and
chemical properties that arewell-suited formany applications in almost all technolog-
ical fields. So far,MXenes have been only demonstrated as an additive to various bulk
matrices for different high-tech commercial applications. MXenes can be utilized as
feasible building blocks useful for space exploration, quantum computing, batteries,
energy storage devices, medicine, or personalized diagnostics and therapy. However,
MXene applications will remain in the research, development, and prototyping phase
for the following years due to several bottlenecks. Nevertheless, significant market
penetration is being envisioned for the next decade.

Their application in low-material-demanding high-tech applications will result
in a low global material demand level. The demand growth may pick up while
MXenes will prove their applicability in high-material-load bulk applications. Only
large-scale application opportunities may allow overcoming the pricing bottleneck.
The optimized synthesis routes in the MXene supply industry should appear and
support the first largescale production at reasonable material pricing for growing-
volume applications. While large companies may hold on with output until reaching
the desirable material demand, small-scale companies at a startup level will most
probablymake the critical step toMXenes commercialization. However, fundraising,
up-scaling, and material optimization problems will still make the process difficult
and time-consuming.

The ongoing standardization work will create a foundation for enforcement
of technical specifications and contribute to defining an ISO standard addressing
REACH legislation for MXene. However, a large variation of material parameters
and an extraordinary number of MXene-related structures will hamper any legal
actions for the following years. It is also noted that for a REACH registration, it is
mandatory for any EU-active supplier to produce more than one 1 t per year. Also,
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Fig. 8 A roadmap for future commercialization of MXene-enriched products presenting essential
areas and processing stages. Identified key areas comprise: MXenes synthesis, standardization and
quality, market introduction, and MXenes pricing. Also, crucial process stages that are plausible to
evolve through incoming years include: defining quality and standards, improving technology and
processing, clarifying environmental, health, and safety issues, legal issues, and approval for wide
use in many industrial branches. In the schematic, TRL stands for ‘technological readiness level’

the remaining toxicology concerns, both justified and perceived, constitute another
bottleneck for the market diffusion of MXenes. Once resolved, the practical appli-
cation of MXenes may turn into a major driver for a wide range of actual and future
markets.
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