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MXenes have garnered considerable attention as 2D functional materials. Their application in advanced
applications is linked to synthetic approaches, terminal groups (=0, —OH, and —F etc.) and multiple
characteristics. Functionality and control over MXene terminations are important factors. MXenes exhibit
a regular planar structure, conductivity, tuneable fabrication and structural modifications, as well as
superior optical, thermal, and chemical properties. These exceptional characteristics grant MXenes and
their derivatives distinction among 2D materials. MXenes have practical applications in energy
conversion/storage, catalysis, sensing, water purification, drug delivery, and cancer treatments. Recent
advances, with a primary focus on MXenes synthesis and terminations linked to their method of
preparation, are the focus of this review. We offer potential solutions to the challenges faced by
researchers during MXene synthesis. We describe the advantages, drawbacks, and mechanism associated
with MXene fabrications and developments. Despite significant progress on MXene-oriented research,
several challenges must be addressed before practical applications.

materials and led to diverse applications. Materials such as
MXenes, graphene, g-C;N,;, metal chalcogenides and boron

Over the past 20 years, two-dimensional (2D) materials have
garnered great interest due to their extraordinary characteris-
tics. This interest has sparked new developments in 2D
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nitrides have attained special interest due to their appealing
characteristics for practical applications.””> Among 2D mate-
rials, MXenes have attained special recognition not only to
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academic researchers but also for the industrial researchers.
MXenes (pronounced “maxenes”) comprise transition-metal
carbides and nitrides.> MXenes were reported for the first
time in 2011. After this discovery, synthetic protocols and
applications of MXenes have been consistently improved.
MXenes have been derived from etching of the MAX phase by
the removal of inherited A-layers. The typical formula for the
MAX phase is M,1AX,, where M represents early transition
metals from groups III to VI (i.e., Sc, Ti, Zr, V, Nb, Ta, Cr, Mo,
W). These elements can form MAX phases because they possess
specific electronic configurations and a layered hexagonal close-
packed (hcp) structure (in space group P6s/mmc) that allows
their exfoliation®. In contrast, late transition metals (i.e., Ag, Cu,
Ni, Pd, Pt, Au and Zn) do not form hcp-layered structures due to
their higher valence electrons (shielding). The involvement of d-
electrons is important for development of the MAX phase.’
These factors significantly hinder the bonding needed to ach-
ieve the compatibility for layered structures that are essential
for MAX-phase stability®. Late transition metals exhibit rela-
tively incompatible bonding and cannot facilitate formation of
stable M layers.” Moreover, the tendency of late transition
metals to form non-layered structures (strong covalent bonds)
often leads to stable phases that commonly remain distinct
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from MAX phases.® “A” stands for 13 or 14 element of the group.
X stands for C, N and O (for oxynitrides and oxycarbides).® In
most reports, the general formula of MXenes is represented as
M,,+1X,, Ty, where T, stands for terminal groups (i.e., =0, -OH, -
F, -Cl, or =S). MXene terminations are the chemical functional
groups over the surfaces of a MXene.' Fig. 1a represents the
chemical compositions of MAX and MXenes."

MXenes have been employed in various advanced applica-
tions: energy storage,’*’ electronics, environmental,**¢
sensors,”** catalysis**** and biomedicine.**** The advanced
features and flexibility of MXene structures are the main causes
of their diverse applications. The chemical and physical prop-
erties of MXenes can be modified by controlling the MXene
terminations to targeted applications. MXene terminations
have been altered to generate layers for “sensing” different
gases or chemicals. This sensing mechanism relies upon
changes in MXene electrical conductivity or capacitance due to
the presence of adsorbate molecules.”” In addition, MXene
terminations can affect surface properties, such as wettability,
that enhance the sensing performances. MXene-based sensors
have been effectively utilized for gas-, humidity-, and chemical-
sensing applications. Further research is ongoing to develop
more advanced MXene-based sensors with improved sensitivity
and selectivity.*

The world has been facing an energy crisis but MXene-based
materials have the potential to build a new hope to reduce this
issue.*’ There is great demand to replace conventional energy
sources by developing alternative, sustainable and clean energy

18-21

sources.** The energy crisis can be overcome by solar-energy
harvesting.*> For this purpose, researchers are interested in
hydrogen generation via water splitting on MXenes and their
substitutes.*® In this context, the characteristics of super charge-
conducting materials like MXenes are crucial because these
materials have potential to transfer photo-induced charges (e™/
h") to active centres. Moreover, the effectiveness of a sustainable
catalytic system depends on the ability to reduce back reac-
tions.””*® Semiconductors exhibit low visible absorption.
However, upon combination with a MXene, charge-carrier
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b M,AC, powder (precursor)
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Fig. 1 (a) Important elemental constituents of MAX and MXenes. The black highlight in O represents oxycarbides and oxynitrides, reproduced
from ref. 11 with permission from Royal Society of Chemistry, copyright 2022. (b and c) Atomic structure, SEM and HR-STEM results of precursors
of MAX (TizAlC,) and a multi-layered MXene (M,C,T,). (d) SEM image of a Mo, TiC, T, film of TizC,T, in water along with a digital view and TEM
image of TizC,T, flakes, reproduced from ref. 60 with permission from Nature Reviews Materials, copyright 2017.

transportation is significantly enhanced.*” The efficiency of
catalysts can be improved by loading MXene based co-catalysts
or any noble metal. Improvement of MXene-based co-catalysts
is needed to boost efficiency and scale-up photocatalytic
applications.*

The functional groups (-OH, =0 and -F) present on the
surface of MXenes as terminations are dependent upon the type

This journal is © The Royal Society of Chemistry 2024

of etchant used in the synthesis.** Direct hydrofluoric acid (HF)
etching of MXenes enables changes in the proportion of -OH,
=0, and -F groups on the surface of MXenes.*” In this context,
titanium carbide (Ti3C,) has drawn much interest to researchers
for energy conversion and energy-storage systems.** This article
provides insights on the synthetic methods for -Cl, -Br, and -I
terminated MXenes by utilization of molten salts (such as

J. Mater. Chem. A, 2024,12, 7351-7395 | 7353
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ZnCl,) to erode the aluminium or “A” layer,* which can be
further modified with other terminations, like -S, -Te and -
NH.>>** A commonly utilized MXene (TizC,T,) is usually termi-
nated by =0 and -OH through electrochemical corrosion.*”
MXenes can be produced by the intercalation and delamination
of MAX phases for algae extraction.*® Similarly, MXenes can be
developed by a microenvironment method by employing
organic solvents. The most effective solvents that have been
identified facilitate the dispersion of substantial TizC,T,
nanosheets.>

This article illustrates the improvements in various
syntheses and designs for MXenes and their terminations. We
focus on the novel designs and approaches, structural modifi-
cation, and state of the art applications of MXenes. Fig. 1b
demonstrates the atomic structures along with a digital image
of MAX (i.e., M3AC,), whereas Ti;AlC, is exhibited via SEM and
HR-STEM images. Consequently, HR-STEM results of Mo,-
TiAlC, provide structural details. Fig. 1c presents various
features of MXenes: atomic structures, digital images, and
multilayer morphologies. The HR-STEM image (Fig. 1c) shows
removal of the aluminium (A) layer to develop Mo,TiC,T,.
Similarly, Fig. 1d illustrates the atomic structures and TEM
result of Ti;C,T, flakes along with cross-sectional SEM results.
Additionally, a digital photograph depicts 400 mL of delami-
nated Ti;C,T, in water and Mo,TiC,T, produced via vacuum-
assisted filtration.®
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Recent developments in MXenes have also been summarized
and evaluated, focusing on their terminations and applications.
These factors significantly influence the chemical properties
exhibited by MXenes. Furthermore, challenges (along with their
potential solutions) associated with MXene design for specific
applications have been demonstrated and justified.

2. Different methods for MXene
designs

The synthesis of MXenes can be achieved through various
etching methods. These include in situ etching with hydro-
fluoric acid (i.e. HCI/LiF), direct HF etching, electrochemical
etching, molten salt substitution, algae extraction, photoli-
thography, hydrothermal methods, scalable synthesis, as well
as iodine-assisted and ion-induced gelation.>**-”° Each method
has particular advantages along with disadvantages. The
chemical structures and electronic properties of MXenes are
dependent upon multiple aspects. These aspects may include:
(i) purity of the MAX-Phase; (ii) choice of etching agent; (iii)
concentration; (iv) stoichiometry of precursors; (v) method
employed for preparation; (vi) reaction duration.”””* Details of
different methods used for MXene synthesis are depicted in
Fig. 2.

2.1. In situ HF etching

This method was proposed by Ghidiu et al.>® It involves the use
of different etchants (i.e., LiF/HCl, LiF/NaF, forming in situ
HF)>”* employed to eliminate the aluminium layers from
a MAX-Phase. This etching process ends with the development
of a layered MXene with terminations such as =0, -OH and -F
(Fig. 3a).” This method is also known as the “clay method”
because the MXene obtained looks like clay paste.*®* Ammonium
fluoride can also be used as an etching agent to reduce the
number of intercalation steps.”

2.1.1 Mechanism. The in situ generation of HF from HCI
and LiF facilitates etching of the A layer to form a MXene. The
byproducts (i.e., LiCl, AlF;) further react with MXenes, to

)
seeee e’
~

]
Cc

Fig. 3 Synthetic schemes of MXene. (a) TizC, MXene nanosheets by in situ HF etching, reproduced from ref. 75 with permission from Springer
Nature, copyright, 2021. (b) TizC, MXene nanosheets by HF etching, reproduced from ref. 82 with permission from ScienceDirect, copyright,
2023. (c) Development of a MXene by molten salt, reproduced from ref. 89 with permission from Nature, copyright, 2020.
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generate -F, —-Cl, -OH and =O terminations. The etching
process is depicted through eqn (1)-(5):

Ti3AIC, + 3HCI + 3LiF = TisC, + 3LiCl + AlIF; + 1.5H, (1)

TisC, + 2HF = TisCy(F), + H, @)
TisC, + 2HCI = Ti;Cx(Cl), + H, 3)
TisC, + 2H,0 = Ti;C»(OH), + H, (4)
TisCs + 2H,0 = TisC5(0), + 2H, (5)

2.1.2 Advantages. In situ HF etching enhances the quality
of the MXene. Researchers can produce MXene films of any
dimension that promise more conductive properties. Addi-
tionally, this method can be used to develop MXene ink to in
situ deposits on targeted substrates. Also, there is no need for
sonication for delamination.” The yield of a MXene obtained
from in situ etching method is 100%.*® Similarly, this method
consumes low energy during its operation. In this method,
metal cations can be embedded between MXene sheets to
enhance the layered spacing to enable easier separations. The
distinct advantage of this method is direct delamination of
MXene sheets through intercalating fluoride ions, which
provides reaction stability, higher surface area and more redox-
active sites.*

2.1.3 Drawbacks. The main drawback linked with this
approach is that, due to intercalation of water molecules, the
drying process can take longer time as compared with other
methods.”” Furthermore, interlayer spacing can be reduced and
broken during the drying process. It has been reported that, by
increasing -F contents, interlayer spacing in MXene sheets can
be diminished.*®

2.1.4 Precautions and suggestions. It has been suggested
that in situ HF etching needs more careful handling and stoi-
chiometry of precursors during etching and developments.
Intercalation of water contents can be reduced/eradicated by
using appropriate solvents.”””°

2.2. Direct HF etching

Direct HF etching is a fundamental and widely employed
method for producing MXenes and derivatives. In 2011, Naguib
et al. used this method to etch MAX phases.®® After HF etching,
dense MAX phases were converted into loosely stacked multi-
layered MXenes, which contains -OH, -F and =O terminations
on their surfaces (Fig. 3b).*** Although these terminations
affected the mechanical strength and other properties, they
could be controlled by the compatibility of the MXene with the
polymer matrix.** This method rendered them hydrophilic and
highly dispersible in the presence of various polar solvents.®

2.2.1 Mechanism. HF assists the etching of MAX to form
MXenes. The byproduct (AlF;) and H,O react with further
MXenes to generate -F, -OH and =O terminations. The etching
process is depicted through eqn (6)-(9):

This journal is © The Royal Society of Chemistry 2024
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2Ti;AIC, + 6HF = 3H, + 2TisC, + 2AlF; (6)
TisC, + 2HF = Ti;Cy(F), + H, )
TizC, + 2H,0 = Ti;Cy(OH), + 2H, (8)
Ti;C, + 2H,0 = Ti3C5(0), + 2H, 9)

2.2.2 Advantages. It is considered a special method if
a MXene can be prepared at low or even at room temperature.
This is widely recommended for its ease and simplicity of use.
Using this method, the -OH group (ie., termination) can
convert Tiz;C,OH, in situ to TiO,, which can extend the utility of
MXenes for photocatalytic applications.* It has been noted that
fully fluorine-terminated MXenes have high resistance against
oxidation, which enhances their stability. Albeit, fully iodine-
terminated MXenes are considered not stable to resist oxida-
tion.** In addition, HF aqueous etching offers numerous
benefits, such as complete elimination of the aluminium layer
from the MAX phase, and better morphology and yield.®® Due to
these advantages, researchers mostly use this approach to
design MXenes and its other derivatives.*

2.2.3 Drawbacks. HF is highly corrosive and toxic, so its
direct use is restricted. MXenes produced via this method have
high fluorine contents. The presence of fluorine is problematic
specifically for photocatalytic reactions.” Another major
disadvantage of F-terminating groups is non-valid electrode/
electrolyte interface reactions. Moreover, the interfacial resis-
tance between electrode/electrolyte systems is enhanced, which
may reduce the stability and charge-storage performance.***®

2.2.4 Precautions and suggestions. This method needs
extra precautions due the corrosive nature of HF (etching
agent)’”® as well as persons familiar with safety measures.
Materials must be treated appropriately after
experimentation.”*’

2.3. Molten salt substitution

To avoid the etching risks in other approaches, MXenes can also
be prepared using fluoride molten salts (i.e., KF, LiF, NaF, CuCl,
and bifluoride salts) (Fig. 3c). If the salt contains bromide rather
than fluoride, the resulting MXene has -Br as a terminating
group that can be easily substituted with other groups.*® Simi-
larly, iodine-terminating MXenes can also be synthesized using
iodine-containing molten salts. The adsorption strengths of -Br
and -I are overestimated when assessed under a gas phase
compared with the elemental state.** According to Li et al.,
MXenes synthesized using molten salt synthesis exhibit an
enhanced capacity for lithium-ion storage, which results in
higher electrochemical performances.*

2.3.1 Mechanism. The molten salt (ie., CuCl,, ZnCl,)
facilitates the etching of MAX phases by reacting with the A-
layer. This reaction generates the metal as a byproduct, while
the negative parts of the salt (Cl,) terminated to MXene. The
etching process is depicted through eqn (10) and (11):

T13A1C2 + 15C11C12 = TigCUCz + 0.5Cu + A1C13 (10)

J. Mater. Chem. A, 2024, 12, 7351-7395 | 7355
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Ti3CuC2 + CuC12 = T13C2(C1)2 + 2Cu (11)

2.3.2 Advantages. The distinct advantage is that the salt
precursors of chlorine, fluorine, and iodine exhibit satisfactory
binding, but the binding strength is dependent upon the
surface terminations. In the case of iodine, the disparity
between low and full surface terminations is comparatively
large, and can reach up to 2 eV for Nb,C;.** The other advantage
of this approach is that, due to the termination of Cl, stable
MXenes can be developed (which is uncommon using other
methods).”® Cl-terminating groups provide excellent durability
to MXenes. Additionally, molten salt etching has a broader
etching range comparatively.”® Lewis-acid etching does not
require the use of HF, so it is a practical and environment
friendly method for generating MXenes.*

2.3.3 Drawbacks. This approach requires a high tempera-
ture (>500 °C). The other drawback linked with this approach is
the production of unwanted byproducts. In this approach,
further purification may be the sole requirement. This method
enhances the complexity on MXene surfaces, which may alter or
affect chemical properties.*

2.3.4 Precautions and suggestions. Appropriate heating
equipment/instruments that can control and precisely measure

“ o= 0 Etching

Fig. 4 Synthesis of MXenes via electrochemical, algae-extraction and
UV-induced selective etching methods. (a) Synthesis of MXenes via
electrochemical etching, reproduced from ref. 79 with permission
from Springer Nature, Elsevier, copyright 2020. (b) Production of V,C
NSs via algae extraction (schematic), reproduced from ref. 58 with
permission from Wiley, copyright 2020. (c) Synthesis of MXene via
a UV-induced selective etching method, reproduced from ref. 96 with
permission from Elsevier, copyright 2020.
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the temperature are necessary.””® To obtain targeted and
desired properties, extra care and expertise are mandatory for
setting the required conditions (etching salt and temperature).”

2.4. Electrochemical etching

Electrochemical etching that usually performed in HCl may
cause combinations of =0, -OH and —Cl terminating groups.
Fig. 4a illustrates the synthesis of MXene via electrochemical
etching. Yang et al.>” demonstrated that Ti;C,T, MXenes can be
synthesized through electrochemical corrosion. However, in
some cases, electrochemical etching can lead to the generation
of carbon-derived carbides (CDC).”> However, by altering the
electrolyte composition, aluminium atoms can be substituted
with OH groups. As a result, double- or single-layer Ti;C,T,
nanosheets can be generated at >90% yield.>* Three types of
MXenes, namely Ti,CT,, V,CT,, and Cr,CT,, have been synthe-
sized and reported by this method.*®

2.4.1 Mechanism. In the electrochemical processes, MAX
reacts with chloride ions to form MXenes. Subsequently,
MXenes react with water and hydroxide ions to produce -OH-
terminated MXenes. The etching process is depicted through
eqn (12)-(14):

T13A1C2 + 3C17 — 367 = Ti3C2 + A1C13 (12)
TisC, + 20H ™ — 2¢ = Ti;Co(OH), (13)
TisC, + 2H,0 = Ti;C»(OH), + H, (14)

2.4.2 Advantages.  Thermal-assisted  electrochemical
etching provides a universal method but is also a straight
forward approach to MXene synthesis that was difficult previ-
ously. The major benefit is that the proportion of active sites
increases significantly by increasing the number of O-
terminating groups. O-terminating groups facilitate greater
adsorption of lithium ions in electrode materials.®*® This
approach offers a new pathway for the rapid, straightforward,
and safe synthesis of MXenes.” It is a “green” and inexpensive
synthetic method. The resulting MXene can have excellent
activities attributable to relatively greater lateral diameters
compared with MXenes obtained in other reported methods.*

2.4.3 Drawbacks. The significant problem associated with
this method is that when Ti,AlC (MAX) is subjected to a higher
cathodic potential, removal of Ti along with Al layer may occur,
which can result in CDC formation. Moreover, the structures of
developed MXenes can be damaged by the use of inappropriate
electrolytes. A safety risk is increased due to the toxicity of the
intercalation.*

2.4.4 Precautions and suggestions. The etching setup may
be altered so that wires provide electricity during experimen-
tation.”” It has been suggested that control of key parameters
(e.g, voltage, temperature, etching time, electrode preparation
and handling) may significantly affect the quality of the MXene
obtained.*”

This journal is © The Royal Society of Chemistry 2024
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2.5. Algae extraction etching

Zada et al.*® introduced a new approach that emphasizes the use
of vanadium carbide nanosheets (V,C NSs) to generate MXenes.
This methodology involves the intercalating and delaminating
of MAX with algal extraction (Fig. 4b). The V,C NSs exhibited
strong structural integrity and excellent NIR absorption.®* Also,
the V,C NSs exhibited effective photothermal-conversion effi-
ciencies compared with MXenes prepared by other methods.*®
However, this synthetic method has not been applied much.

2.5.1 Advantages. The special feature of the algae extrac-
tion etching method is that it is comparatively biocompatible as
compared with traditional chemical methods. Also, the raw
material (algae) are relatively inexpensive and can be cultivated
using sunlight.”® The quick, easy, low-cost, and high-yielding
delamination process creates a novel path for breaking down
MAX and creating MXenes with suitable characteristics for
various applications.” These multiple advantages make this
method superior to other approaches used for MXene
development.

2.5.2 Mechanism. The MAX, when exposed to algae,
transforms into a MXene. The proposed etching process is
depicted in eqn (15).

V,AIC + algae = V,C + Al — algae (15)

2.5.3 Drawbacks. The etching process is extremely slow
and time-consuming. Moreover, control over the purity during
etching and its reliability is challenging.

2.5.4 Precautions and suggestions. The composition and
properties of algae can vary and may affect the reaction for
MXene synthesis. It has been suggested that the species of algae
should be selected to avoid unwanted byproducts. Another
suggestion is that the species of algae should be characterized
before use in etching of the MAX phase.””

2.6. Photolithography

A novel and efficient UV-induced selective etching method was
proposed by Mei and co-workers.”® The specialty aspect of this
method is that it delivers rapid growth of MXenes in the pres-
ence of UV-light. This method propagates in 85% phosphoric
acid solution (Fig. 4c). By employing this approach, an excep-
tional rate potential and stability can be achieved for lithium-
ion batteries (LIBs) as well as sodium-ion batteries (SIBs).”” It
has been reported that MXenes obtained via this approach,
when used as anode material, exhibit promising results. Thus,
Mo,C MXene advanced materials hold great promise for various
energy-storage applications.*®*

2.6.1 Mechanism. UV irradiation on MAX with acid leads to
the formation of a MXene followed by reactions to produce -
OH- and -Cl-terminated MXenes. The proposed etching process
is depicted in eqn (16)—(18).

Mo,Ga,C + UV + 6HCl = Mo,C + 2GaCl; + 3H, (16)

M02C + 2H20 = MOzC(OH)Q + H2 (17)

This journal is © The Royal Society of Chemistry 2024
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M02C + 2HCI = MOzc(Cl)z + H2 (18)

2.6.2 Advantages. In this approach, use of hazardous and
highly corrosive acids is avoided. MXenes obtained by this
method can achieve fine structures with targeted morphologies
and properties. Moreover, the product can be reproduced easily
using this method. Use of MXene-based batteries can be effec-
tive, so MXenes developed by this approach can be widely
utilized in energy conversion and energy-storage devices.

2.6.3 Drawbacks. The drawbacks linked with this approach
are its high cost, multiple steps and complex reaction process.
The complexity of multiple processes increases the chance of
errors and can lead to impurities in the final product. The
chemicals used can be hazardous and more caution is needed
for handling and disposal.

2.6.4 Precautions and suggestions. The substrate must be
transparent to pass the UV-light it is exposed to. Similarly, UV-
protective glasses and adequate clothing should be used during
experimentation. Additionally, exposure time and UV intensity
must be optimized to achieve the desired results and target
morphologies.*”

2.7. Hydrothermal synthesis

HF is necessary in most MXene-etching processes.'” Despite
being successful, some procedures are hazardous to the envi-
ronment. The alkalis used for synthesis are considered to be
etching agents due to the powerful affinity for amphoteric
elements (ie., Al, Ga, Pb and Sn)."* High-purity multilayer
MXenes have not been prepared using traditional methods. The
main challenge to obtain MXenes via alkali attack is the in situ
formation of oxide or hydroxide layers.'®* Li et al. reported
a hydrothermal method that used NaOH for the etching of
TizAlC, (MAX phase) and synthesis of MXene Ti;C,T, (where T,
is -OH, =O0). The synthesis via a hydrothermal method is
illustrated in Fig. 5a. Results indicated that a temperature of
270 °C led to the aluminium layer being proficiently removed
with NaOH solution. Using this method, MXenes with ~-OH and
=0 terminations and 92% purity have been reported.'*® Peng
et al.*® synthesized Ti;C,T, and Nb,CT, MXene using hydro-
thermal etching-assisted by NaBF,/HCI media.

2.7.1 Mechanism. The hydrothermal reaction involves the
interaction of the MAX phase with hydroxide ions and water.
This results in the formation of -OH- and =O-terminated
MXene, along with byproducts and H, gas, as shown in eqn
(19) and (20):

TisAIC, + OH™ + 5H,0 = Ti;C5(OH), + Al(OH); + 2.5H,(19)

TlgAlCz + OH7 + SHQO = Ti3C202 + AI(OH)Z + 35H2 (20)

2.7.2 Advantages. By employing a hydrothermal approach,
MXenes can be produced quicker compared with HF-etching or
other methods. The main advantage is that MXenes developed
by the hydrothermal method exhibit more layers compared with
that using other traditional methods. Moreover, hydrothermal
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is a simple and eco-friendly approach that is preferable to other
approaches.' Also, this method is based on alkali-etching
precursors to produce high-purity multilayer MXenes, which
is a fluorine-free approach. This method can be utilize for
specific and targeted applications.'” For example, MXenes ob-
tained via a hydrothermal method exhibit capacitance 214%
greater than that of MXenes prepared by the HF-etching
method."*

2.7.3 Drawbacks. MXene synthesis via a hydrothermal
approach typically requires an autoclave reactor, which requires
stealth to avoid explosions. Additionally, the hydrothermal
reaction requires relatively high temperatures that may oxidize
the product. During the hydrothermal reaction, MXene sheets
may contain multiple defects on surfaces due to the high rate of
particle collision.**®

2.7.4 Precautions and suggestions. The hydrothermal
approach can be dangerous due to the use of high temperatures

7358 | J Mater. Chem. A, 2024, 12, 7351-7395

and pressures. The morphologies of targeted MXenes may alter
due to etching at high pressures and airtight environments. It
has been suggested that safety measures must be engaged prior
to the hydrothermal reaction. Also, a safe environment is
needed to avoid explosion of the reactor due to a collapse of
temperature or electricity.”

2.8. MXene synthesis via a scalable approach

Reports have suggested that the synthesis of MXenes can be
scaled up to an industrial level, but experimental proof is
lacking. In 2022, Shuck et al. reported a chemical reactor that
was designed for scalable production of MXenes.®” Then, they
compared the amounts of MXene produced using large (50 g)
and small (1 g) batches. They predicted no appreciable changes
between materials using large and small batches in terms of
structural morphology.'*” Sizes of MXene flakes (layers) between

This journal is © The Royal Society of Chemistry 2024
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these two batches were nearly comparable. Fig. 5b demon-
strates experimental setup of a 1 L MXene reactor along with
a 3D model of the apparatus. This system had a cooling tank
and interior jacket that ensured maintenance of temperature
during the entire reaction. In this protocol, MAX powder was
uniformly added using a screw feeder equipped with a gas input
accessory. To prevent reactor parts from HF (which can dissolve
metal or glass), the mixer and thermocouple jacket were made
from a stable polymer (i.e. Teflon™).*”'% Qverall, method has
been advised for large-scale synthesis of MXenes.

Chen et al. developed a supercritical etching method using
carbon dioxide as an etchant for the large-scale production of
various MXenes (Ti3C,Ty, Nb,CT,, Ti,CT,, M0,CT,, and Tis-
CNT,) (Fig. 5¢). Thermally powered supercritical carbon dioxide
accelerated the etching rate and gave a yield of ~1 kg (Fig. 5d).
The prepared MXenes possessed remarkable charge-storage
capacity and ~100% coulombic efficiency.'”®

2.8.1 Mechanism. The supercritical carbon dioxide-
assisted reaction involves the etching of MAX with NH,HF,,
which results in the formation of an ~-OH-terminated MXene.
The proposed etching process is depicted in eqn (21).

TisAlC, + CO, + 3NH,HF, = Ti;Co(OH), + (NH,);AIF +
1.5H, (1)

2.8.2 Advantages. This method can be used for the large-
scale synthesis of MXenes. Overall expenditures and per-unit
costs can be reduced because a higher yield of product is ach-
ieved using a single-step batch reaction using this method. Also,
energy consumption using this approach is less as compared
with that using other methods.

2.8.3 Drawbacks. Instrumental setup is complicated and is
not commercially available. Like other methods, this approach
can also be undertaken using HF and CO,, which are costly and
hazardous to handle. Moreover, material disposal or residues
after etching merit need extra care to ensure safety.”

2.8.4 Precautions and suggestions. The etching process
used in this method is highly exothermic, so safety measures
must be adopted before starting the reaction. The flow rate of
the MAX phase for HF-etching must be controlled carefully.
Moreover, special safety equipment (i.e., gloves, goggles, face
shield, fume hoods) is needed.

2.9. Iodine-assisted etching

Shi et al. reported this method in 2021. Fig. 6a demonstrates the
preparation of MXenes using this method."™® This method
involves the use of non-aqueous iodine (I,) during etching.
Initially, TizC,IL. is formed by subjecting Ti;AlC, to iodine
etching in anhydrous acetonitrile at 100 °C. Subsequently,
Ti;C,I, is transformed to Ti;C,T, layers, whose diameters
become relatively small (~1.8 nm). More than 71% of layers
exhibit a thickness <5 nm. The resulting Ti;C,T, flakes reveal
exceptional stability even under ambient conditions."*®

2.9.1 Mechanism. The mechanism involves the sequential
reactions of MAX with iodine, oxygen, H,O and HCI. These
reactions result in the formation of an iodine-substituted

This journal is © The Royal Society of Chemistry 2024
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MXene. Oxidation and subsequent hydrolysis gives an —-OH-
terminated MXene. The proposed etching process is depicted
in eqn (22)-(26).

x+3

THAIC; + 2= = TiC; — I, + All; (22)
2
. X . X
T13C2 — Ix -+ 27()2 = T13C2 — Ox + TIZ (23)
TisCy — L, + xH,0 = TisCs — (OH), + xHI (24)
All, + 3H,0 = AI(OH); + 3HI (25)
AI(OH); + 3HCI = AICI; + 3H,0 (26)

2.9.2 Advantages. This approach is relatively simple (in
terms of handling) and cost-effective as compared with the
other methods reported herein. MXenes produced by this
method have high stability, purity and durability. A gelatine
approach allows researchers to “fine tune” the morphology of
the MXene. Moreover, this approach is protective and relatively
environment friendly.

2.9.3 Drawbacks. This approach may require more time to
achieve targeted synthesis of MXene nanostructures. The
precursors needed in this approach are not widely available as
compared with others used in MXene syntheses. Due to its
simplicity, this approach requires more attention when setting
the reaction conditions.

2.9.4 Precautions and suggestions. Handling of iodine
merits attention and care because it is volatile and hazardous.
Maintenance of a precise temperature during synthesis is
crucial for higher output and accuracy.

2.10. Ion-induced gelation

111

In 2021, Wang and colleagues'"* reported a quick metal ion-
induced gelation approach. Using this method, Ti;C,T,
MXene could be modified with minimally intensive layer
delamination (MILD). This method involves sequential steps of
reactions, washing, and centrifugation to obtain a MXene with
a homogeneous monolayer. Additionally, MXene micro-gels
were prepared using a MXene in a KOH environment. The
resulting mixture delivered a MXene membrane filter (MMF) by
vacuum-assisted filtration.'™ Fig. 6b illustrates the scheme of
this approach. The effect of MXene delamination via dimethyl
sulfoxide is explained in ESI Section S1.}

2.10.1 Mechanism. Ion-induced gelation occurs as NaOH
ions interact with Ti;C,T,, which leads to the formation of
MXene layers. This approach is depicted in eqn (27).

TisC,T, + NaOH(,q) = MXene layers + byproducts (27)

2.10.2 Advantages. This approach is new and easy to
handle. This method is unique due to mild processing condi-
tions (i.e., no extra-heat, no excessive solvents, or hazardous
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Fig. 6 (a) lodine-assisted etching and delamination of TizAlC,, reproduced from ref. 110 with permission from Wiley, copyright 2021. (b)
Schematic illustration of synthesis, reproduced from ref. 111 with permission from Engineered Science, copyright 2021.

environmental toxins). Moreover, this method is tuneable so it
can be handled/computed with modern accessories.

2.10.3 Drawbacks. Scale-up of this method to an industrial
setup has been done. This method has not been commercial-
ised because it is a very recent approach (reported in 2021 by
Wang and colleagues).""* MXenes prepared by this method have
not been tested on modern analytical instruments.

7360 | J Mater. Chem. A, 2024, 12, 7351-7395

2.10.4 Precautions and suggestions. Selection of appro-
priate precursors must be compatible with an ion-induced
approach.®” Laboratory-based experiments should be under-
taken to optimize the synthesis parameters.”

2.11. Other synthetic methods

Various other synthetic methods, including gas-phase synthesis
and chemical vapour deposition (CVD), have also been

This journal is © The Royal Society of Chemistry 2024
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employed for the fabrication of MXenes. Each method offers
distinct advantages and characteristics suitable for specific
applications.

Xiang et al utilized a fluidized bed reactor (FBR) for the
synthesis of Ti,CCl, through gas-phase synthesis (Fig. 7a). Solid
TiCl; precursors were sublimated at 770 °C and reacted with
CH, in the FBR to produce Ti,CCl, (MXene). Approximately
100 g of MXene was generated per batch.*” The synthesis
mechanism is given in eqn (28) and (29):

6TiCl; + CH, = Ti,CCl, + 4TiCl, + 2H, (28)

Feng et al. used supercritical (SC) CO, to etch MAX in the
solid phase. They observed that SC CO, with FeF;-3H,0 could
synthesize and delaminate multilayer MXenes (Fig. 7b)."*> The
synthesis mechanism is given in eqn (30)-(33):

T13A1C2 + 3FCF33H20 + 3XCO2 = Ti3C2 + A1F3 + 9H20

+ [Fe(CO,),F2] (30)
Ti3C, + 3FeF3-3H,0 + 2xCO, = Ti3Cy(F), + 6H,0
+ 2[Fe(CO,).F2] (31)
Ti;C, + H,0 = Ti;Co(OH), + H, (32)
TizC, + H,O = TizC5(0), + H, (33)

Halim et al. reported the fabrication of Ti;C, films via tar-
geted removal of aluminium from sputter-deposited MAX film.
Aqueous HF and NH,HF, were used for selective etching
(Fig. 7¢).”® The synthesised MXene transmitted 90% of visible
light and infrared light, and exhibited metallic conductivity

This journal is © The Royal Society of Chemistry 2024

down to 100 K. The synthesis mechanism is given in eqn
(34)-(37):

T13A1C2 + 3HF = T13C2 + A1F3 + 15H2 (34)
TisC, + 2H,0 = Ti;Co(OH), + H, (35)
Ti3C2 + 2HF = Ti3C2F2 + H2 (36)

Ti;AIC, + 3NH,HF, = (NH,);AIF, + TisC, + 1.5H,  (37)
TiyC, + aNH,HF, + bH,0 = (NH;)(NH,),Ti;Co(OH),F, (38)

MXenes are typically produced by etching MAX phases.
Wang et al. introduced a novel method to synthesize MXenes by
utilizing CVD, even for MXenes that have not been derived from
MAX phases. They established a direct and scalable synthetic
pathway for MXenes by reacting CH, with TiCly, ZrCly, or ZrBr,.
This approach involves the reactions of metals and metal
halides with graphite, methane, or nitrogen. Direct synthesis
facilitates the growth of MXenes in various diverse morphol-
ogies rather than a conventional layered structure (Fig. 7d). The
synthesised MXenes from this method demonstrated impres-
sive energy-storage capacity™*®

2.11.1 Advantages. Gas-phase synthesis offers precise
control for MXene synthesis without forming thermodynami-
cally stable TiC. It allows continuous operation and scalable
production to industrial levels. CVD enables the synthesis of
MXenes that cannot be conventionally derived from MAX pha-
ses. CVD offers a direct route of synthesis without need for MAX
phase precursors. This method leads the synthesis of MXenes
with diverse morphologies beyond conventional layered
structures.

2.11.2 Drawbacks. The handling of multiple precursors can
add complexity to the synthesis. Additionally, achieving
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Table 1 Year-wise summary of different MXene materials developed via various synthetic strategies, terminations, and characterizations for

useful applications

Film
Surface thickness
Year MXene Synthetic strategy MAX precursor termination (nm) Characterizations Applications Ref.
2011 TizC, HF treatment TizAlC, -OH, -F 1.2 XRD, Raman, XPS, SEM, Synthesis of carbides 80
TEM & HRTEM and nitrides of Ti, V, Cr,
Nb, Ta, Hf and Zr
2012 Ti,C HF treatment Ti,AlC OH, -F N/A XRD & CV LIBs 114
2012 Ti,C HF treatment Ti,AlC =0, -F N/A SEM, BET & CV LIBs 115
2012 TisC, HF treatment  Ti;AlC, -OH, -F N/A DFT, NEB & PAW method LIBs 116
2013 Nb,C HF treatment  Nb,AIC =0,-F,-OH NJ/A XRD, XPS, SEM LIBs 117
2013 V,C HF treatment  V,AIC =0,-F,-OH NJ/A XRD, XPS, SEM LIBs 117
2014 TizC, HF treatment TizAlC, =0, -F, -OH <20 XRD, SEM, EDX, FT-IR & Electrochemical 118
UV-vis-DRS biosensors
2014 MXene-Cu,O HF treatment TizAlC, and =0, -F, -OH 30+ 10 XRD, FESEM & TG-DSC Thermal decomposition 119
Cu(CH;3COO0),-H,0 of ammonium
perchlorate (AP)
2014 TisC, CO,-assisted Ti;AlC, -Fe, =0, -F N/A SEM, TEM, AFM, XPS, & HER 112
solid phase IR
etching
2015 Ti,CTy HF treatment Ti,AlC -OH -F=0 0.028 XRD, Raman, XPS, BET, Super capacitors 120
SEM, TEM & HRTEM
2015 (Nbg gTig2)aCsT, LiF/HCI solution (Nby gTig.2)sAlC3 -OH -F=0 N/A XRD, SEM, TEM, & XPS Energy storage 121
2015 (Nbg gZro»).CsT, HF treatment (NDbo.gZr¢ 2)4AlC3 -OH -F=0 N/A XRD, SEM, TEM, & XPS Energy storage 121
2015 TizC,Ty Dilute HF TizAIC, -OH -F=0 0.9 £ 0.3 SEM, TEM, BET & XRD  High performance 122
super capacitor
2015 Mo,C HF treatment Mo,Ga,C -OH -F=0 N/A SEM, TEM-EDX & XRD N/A 123
2016 Mo,CT, HF/mixture of LiF Mo,Ga,C -OH, -F, =0 0.02 SEM, TEM, XRD & XPS  LIBs and super 124
and HCI capacitors
2016 TizC,T, Ultra-sonication TizAlC, -F and =0 0.002-90 SEM, TEM, EDX & XRD Water treatment & 125
biomedical applications
2016 Zr;C,T, HF treatment  Zr;Al,Cs -OH,-F,=0 N/A XRD, SEM, TEM, TGA- N/A 126
DSC & XPS
2017 Ti,N KF + HCl Ti,AIN -OH, -F,=0 N/A XRD, Raman, SEM, EDX, SERS substrate 127
XPS
2017 Hf;C,T, HF etching Hf,[Al(S1)]4Ce -OH, -F, =0 0.9 XRD, SEM, TEM, AFM  Electrochemical 128
2017 Ta,Cy HF etching Ta,AlC; OH, -F, =0 1.00 XRD, SEM, TEM, Raman, Anticancer 129
XPS, DFT
2018 V,C NaF + HCI V,AIC -OH, -F, =0 0.854 XRD, SEM, EDX, Raman& Reported thermal 130
TG-DTA stability of V,C
2018 W, 35CT, LiF + HCl (W1.5Y0.5),AlC -OH, -F, = — TEM, XRD, DFT HER 131
2019 =O terminated HF treatment + n- TizC, T, =0 N/A SEM, XPS, BET & XRD High performance 132
Ti3C,Ty butyllithium- pseudo capacitors
treated method
2020 Scalable HF treatment TizAIC, -OH, -F, =0 0.007 SEM, XRD, Raman, XPS & Scale-up synthesis 67
synthesis of UV-vis
Ti;C,Ty
2020 Sc,COx Sputtering — -OH, -F, =0 N/A XPS, PL, DRS Optical properties study 133
2020 Cr,CT, FeCl; + CcHgOg  Cr,AlC =0, -OH N/A SEM, EDS, XRD, Raman, Hydrazine detection 134
etching TEM, FTIR, XPS
2020 Y,CF, Solid-state Y2C + YC + YF, -OH, -F N/A XRD, DRS, SEM, XPS Photocatalytic activity 135
reactions
2021 Ti,C, Nb,C, V,C, Various chemical Ti,AlC, Nb,AIC, 0O, OH, N, NH, N/A DFT, final state New synthesis routes 84
Mo,C, Ti;C,, environments V,AIC, M0,AIC, NH,, S, SH, H, F, approximation, NEB &
and Nb,C; TizAlC, and Cl, Br, and I dimer method
Nb,AIC;
2021 ZrC Sputtering — — N/A SEM, Raman, AFM Lock fiber lasers 136
2021 TizC,Ty LiF + HCI TizAlC, N/A N/A SEM, AFM, TEM, EDX & Electrical wiring and 137
XPS signal transmission
2022 TMSe@MXene HF treatment  Ti;C,Ty & Nb,CT, =0 N/A SEM, TEM, HRTEM, ZIBs 138
STEM, XRD, XPS& BET
2022 MXene/CAC LiF + HCI TizCyTy -F, -OH N/A SEM, TEM, HRTEM, Super capacitors 139

films
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STEM, EDS, XRD, XPS,
TGA, FT-IR, BET & DFT
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Film
Surface thickness
Year MXene Synthetic strategy MAX precursor termination (nm) Characterizations Applications Ref.
2023 PDPZ@MXene Vacuum-assisted PDPZ and MXene -F, -OH — SEM, TEM, NMR, XRD, Super capacitors 140
filtration SAED, Raman & FT-IR
technology
2023 V,N HF treatment  V,AIN -OH,-F,=0 3.7 SEM, TEM, XRD, XPS  Anti-effective therapy ~ 141
2023 MXene@CooSg/ HF treatment and Ti,AlIC, -F, -OH, =S 1.37 XRD, FE-SEM, EDS, TEM SIBs 142
CoMo,S, sulfidation & XPS
2023 GN/MXene/FeS Hydrothermal rGO, MXene, FeS  -OH, -F, =0 N/A SEM, XRD & XPS Electromagnetic 143
foam absorption
2023 Ti,CCl, CVD CH, + TiCl, -Cl, -Br N/A FBI-SEM, AFM, TEM, Energy storage 113
Zr,CCl, CH, + ZrCl, XRD, Raman, STEM,
Zr,CBr, CH, + ZrBr, XRF, XPS
2024 PA@Ti;C, Ty HF etching + wet TizAlC, -OH, -F, =0 N/A XRD, SEM, XPS, UV-VIS/ Water splitting 144
impregnation DRS
2024 Ti,CCl, Gas phase TiCl, + CH, -cl N/A XRD, SEM, AFM, STEM, LSBs 82
HRTEM, EPR

©C OF OO0 ©H

Ti,C,T, (T=0/S)

@Ti «C L A
¢eCleT

TiC,Cl,

Recycled LiCI-KCI

F Surface absorption (Tihollow) ()

Surface absorption (ri-t midy

Fig. 8 (a) Removal of fluoride terminations by gas hydrolyzation, reproduced from ref. 147 with permission from American Chemical Society,
copyright 2022. (b) Simulation with nitrogen dopants in TizC,, reproduced from ref. 149 with permission from Wiley, copyright 2020. (c) MXene
synthesis by molten salt etching, reproduced from ref. 151 with permission from Wiley, copyright 2021.

uniform and controlled growth of MXenes with diverse
morphologies might create challenges in maintaining consis-
tent properties during large-scale production.

2.11.3 Precautions and suggestions. To maintain consis-
tent surface chemistry and excellent conductivity across batches,
continuous optimization of synthesis conditions and parameters
is needed. Safety protocols must be followed while operating the
FBR for MXene synthesis. Reaction parameters (e.g, temperature,

This journal is © The Royal Society of Chemistry 2024

pressure and precursor ratios) must be standardized to maintain
reproducibility and ensure consistent MXene properties. To
identify ideal conditions for uniform MXene growth, systematic
experimentation and testing are necessary.

Numerous methods that have been reported for the
synthesis of MXene via various synthetic strategies, termina-
tions, and characterizations for useful applications are shown
in Table 1.
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3. Insights into the doping and scope
of MXene terminations
3.1. MXene terminations

Diverse compositions and a complex nature of terminations are
involved in various etching methods. Despite inadequate scru-
tiny regarding the impact on MXene applications, researchers
are striving to enhance performance by modifying the termi-
nations linked to synthetic approaches.’*® Surface variations
and element doping on MXene terminations have been exten-
sively reported, particularly for battery and supercapacitor
applications. The choice of etching method is important
because it can affect surface terminations.'*® MXenes produced
through fluorine-based etching methods typically exhibit
terminations such as -OH, =0, and -F.* Alkali and electro-
chemically assisted etching methods yield non-F-terminated
MXenes but with lower efficiency.’ Methods involving molten
salt etching generally result in the production of a single
termination that can substituted via substitution reactions.”
Gas hydrolyzation has been found (Fig. 8a) to be very effective to
substantially reduce F terminations.'” By employing gas
hydrolyzation, oxygen (O) content remains relatively stable at
~0.3 per unit formula of V,CT,. Some studies claim that, by
doping MXenes with heteroatoms such as nitrogen (N) or sulfur
(S), the electrical properties of supercapacitors are significantly
enhanced."® For example, if nitrogen is introduced into TizC, T,
frameworks, its thermal stability changes, thus improving its
activities.”® A similar study was done for supercapacitors by
annealing MXene in an ammonia environment.”® Fig. 8b
illustrates that simulation of nitrogen dopants in Ti;C,. LiCl, or
KCl has been utilized to synthesize Cl-terminated MXenes using
electrolysis. Similarly, upon addition of Li,O/Li,S to the molten

View Article Online
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state, MXenes with -O or -S have been prepared* (see the
scheme in Fig. 8c).

In 2019, Schultz et al. reported photoelectron spectroscopy
(PES) and density functional theory (DFT) for computational
studies.” They investigated the electronic properties of TizC, T,
having different surface terminations. Fig. 9a demonstrates
different adsorption sites on Ti;C,T, that were computed via
DFT studies.”® Fig. 9b exhibits the XPS core-level spectra of
Ti;C,T,. For the three sets of spectra: one is for its loaded state
(lower row); second one is for annealed MXene at 470 °C
(middle row); third one is for a MXene annealed at 750 °C
(upper row).*** In Fig. 9b, solid lines exhibit curve-fitting,
whereas hollow circles indicate data points. The left side
displays confirmation of estimated terminations at various
temperatures. Fig. 9c demonstrates work functions that govern
due to surface terminations with justifications about actual
surface stoichiometric ratios. In Fig. 9c, the blue line represents
calculated work functions, whereas red lines exhibit the exper-
imentally determined stoichiometric values of Ti;C,0,, TizC,Fy,
Tiz;C,0OH,, and Ti;C,.***

3.1.1 Fluorine-terminated MXenes. The most suitable
method for fabricating MXenes with F-terminations is HF
etching.® These are mostly utilized as cathodes in aqueous
zinc-ion batteries. Halogenated MXenes exhibit exceptional
performances as cathodes because they offer a stable platform,
high energy density, and excellent rate performances.'>>'>*
Similarly, rich F-terminated MXenes have been found to be
effective electrocatalysts for the HER.** Some studies have
shown that F-terminations enhance the photocatalytic activities
of TizC, by increasing its hydrophilicity."* Additionally, F-
terminations aid the adsorption of various pollutants at the
surface of Ti;C,."*® For example, methylene blue (MB) in
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Fig. 9 (a) Adsorption sites on TisC,T, according to DFT calculations. The FCC adsorption site is located on top of a Ti atom in the third atomic
layer. HCP was exhibited on top of a C atom in the second atomic layer. (b) XPS core-level spectra of TisC,T,. (c) Work functions of different
surface terminations calculated by DFT, reproduced from ref. 152 with permission from American Chemical Society, copyright 2019.
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Fig. 10 (a) F-terminated TizC,T, MXene used for the removal of methylene blue, reproduced from ref. 358 with permission from Elsevier,
copyright 2021. (b) OH-terminated MXene used for photocatalytic reactions, reproduced from ref. 160 with permission from Elsevier, copyright
2022. (c) Energy differences between Ti, 3d orbitals in unterminated and terminated MXenes along with their stability order, reproduced from ref.
162 with permission from American Chemical Society, copyright 2017. (d) Charge exchange during photoreactions, reproduced from ref. 169

with permission from American Chemical Society, copyright 2020. (e)

from ref. 189 with permission from Elsevier copyright 2017. (f) Heat-

Comparative CV results obtained at a scan rate of 1 mV s™?, reproduced

treatment interaction with polysulfides, reproduced from ref. 188 with

permission from Wiley, copyright 2015. (g) Maximum carrying capacities of TizC,, TizC,0,, and TizC,S,, reproduced from ref. 173 with permission

from Royal Society of Chemistry, copyright 2018.

wastewater can be effectively adsorbed on F-terminated Ti;C,T,
MXene (Fig. 10a). The effect of Lewis-basic halides on MXenes is
explained in ESI Section S3.}

3.1.2 Hydroxyl-terminated MXenes. Hydroxyl terminations
can help to capture and activate CO, molecules.’® MXenes
synthesized via molten salt etching have been reported to be
effective because negative electrodes are much better for
applications based on electrochemical energy storage.* In order
to synthesize an -OH-terminated MXene (Ti;C,OH,), Al
Mayyahi et al'® reported a one-step hydrothermal process
involving alkali-assisted aluminium etching in NaOH along
with hydrazine as a delaminating agent. The special feature of
Ti;C,0H, is that it exhibits strong synergism with TiO, as a co-
catalyst during the oxidation of NO,,.'* Moreover, -OH-
terminations exhibit higher selectively for targets during pho-
tocatalytic reactions.'® See the -OH terminations in Fig. 10b.
Quantitatively, the stability order is TizC,0, > TizC,F, > TizC,-
OH,. > Ti;C,H, > Ti;C, *** (Fig. 10c).

This journal is © The Royal Society of Chemistry 2024

3.1.3 Oxygen-terminated MXenes. Oxygen termination is
preferred for energy-storage applications such as super-
capacitors and lithium-ion batteries.'®® The surface of =O-
terminated MXenes provides extra stability and electro-
chemical performances in energy-storage devices.'** Addition-
ally, =O termination facilitates better interactions with
electrolytes that extend charge-storage capabilities.'®® Although,
-OH functional groups cannot hold sufficient capacitance as
compared with =0 terminations. Thus, -OH functional groups
can be decreased to increase capacitance by an annealing
approach.'®® =0 terminations on the surface of Ti;C, can have
a significant effect on its photocatalytic performance because =
O terminations can act as electron-acceptors. Additionally, =0
terminations can increase the surface area of Tiz;C,, thereby
providing more active sites for photocatalytic reactions to occur.
H' can be reduced with =0 terminations specifically in acidic
electrolytes.’*>'” However, too many =O terminations can also
have negative effects on photocatalytic performance.'*®
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Excessive =O terminations can result in the formation of
oxygen vacancies that can act as recombination centres. These
recombination sites can affect the overall efficiencies of Ti;C,-
based catalysts.” For evaluation, see Fig. 10d. However,
a moderate number of =O terminations has been suggested for
optimal photocatalytic performances.'”® The optimal amount of
=0 terminations depend on the specific application and reac-
tion conditions."*

3.1.4 Sulfur-terminated MXenes. Metal-sulfur batteries
have high energy-storage density. Lithium-sulfur batteries have
been found to be more attractive for energy-storage applica-
tions.”* Recent studies have demonstrated that S-terminated
MXenes could be utilized as anode materials. Fig. 10f demon-
strates heat-treatment interactions between polysulfides and
Ti-OH on the surface of Ti;C,. According to Mehta et al.,”* S-
terminated Mo,C (MXene) significantly boosted Li adsorption
capacity that led to higher performances. Fig. 10g illustrates
a comparison of the maximum charge-carrying capacities of
Ti3C,, TizC,0,, and Tiz;C,S, (the maximum carrying capacity of
a material refers to its ability to host or store a certain substance
or molecule'*®). The presence of =S facilitates stronger
adsorption/chemical reactions, enabling it to host/store
a greater amount of substances, resulting in a higher
maximum carrying capacity compared with Ti;C, and
Ti;C,0,.'”? Extra detail of this section has been included ESI
Section S4.%

a Termination b
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3.1.5 MXenes with mixed/other terminations. Since the
discovery of TizC,T,, over 30 MXenes with diverse M and X
elements have been reported. MXene properties are signifi-
cantly influenced by surface terminations that offer various
opportunities to optimize them for targeted applications. Natu
et al. presented their perspectives on termination engineering
and their impact on MXene properties.””* They stated that
various terminations (e.g., =0, -OH, -F, —Cl, =S, =NH) could
be introduced to fabricate MXene surfaces (i.e., Ti;C,Cly, Tis-
C,Br,, TizC,S,) (Fig. 11a). Different methods have been reported
to fabricate MXene surfaces, but control over MXene termina-
tions is not possible by etching of the MAX phase through
fluorine-based acids. Acid etching covers MXene surfaces with —
F, -Cl, -Br, -1, =0 or -OH terminations (Fig. 11b). Halogen-
based surface terminations can be removed and replaced by
post-etching processes. As discussed in the “Synthesis” section,
molten salts such as ZnCl, and CuCl, can remove the A-layer by
a Lewis acid-base reaction (Fig. 11c). This method facilitates
obtaining homogeneous and single halogen-terminated
MXenes. In 2023, Ding et al. produced MXenes with =S, =Se,
=Te and Sb terminations (Fig. 11d)."”

Hope et al. quantified the surface terminations of Ti;C,T,
using 'H, *C and '°F NMR (Fig. 11e-g). A lower concentration
of -OH terminations in LiF and HF etched Ti;C, compared with
-F and =O terminations was noted. Specifically, -F termina-
tions are more prevalent in the HF method, whereas =O
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Fig.11 (a) Surface terminations of MXenes by (b) acid etching, (c) molten salt etching, and (d) post-synthesis modifications, reproduced from ref.
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(h) comparison of surface compositions of LiF- and HF-etched TizC,T,, reproduced from ref. 176 with permission from Royal Society of
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terminations dominate in the LiF (in situ HF etching) method.
These proportions exhibit high sensitivity to the synthetic
method utilized (Fig. 11h).*"*

Li et al. studied the role of =0, =S, =Se and =Te termina-
tions over Ti;C, for Li-ion batteries. Interestingly, these termina-
tions maintained the metallic band structure and exhibited low Li-
ion diffusion barriers of 0.25 and 0.15 eV for Ti;C,S, and Ti;C,Se,,
respectively. Furthermore, these terminations improved the
mechanical strength of Ti;C, anodes, which effectively addressed
the issue of electrode pulverization (Fig. 11i)."””

Peng et al. compared the tensile strength and fracture energy
of pristine MXenes with -NH, terminated MXenes. -NH,
terminations increased the tensile strength (Fig. 11j). The
enhanced mechanical properties were primarily attributed to
the hydrogen bonding between NH,-MXene and CMC.* The
mechanism of the enhanced strength of NH,-terminated
MXenes is explained in ESI Section S2.} Xin et al. functionalized
Nb,C with -OCH; terminations, and showed ultralow work
function (1.0 eV) potential (Fig. 11k) in field emitters.*”®

Bjork et al. theoretically explored 12 distinct terminations (=
0, -OH, =N, =NH, -NH,, =S, -SH, -H, -F, -Cl, -Br, and -I)
over six MXenes (Ti,C, Nb,C, V,C, Mo,C, TizC,, and Nb,Cs). The
adsorption free energies at low and full coverage (Fig. 12a and b)
revealed that all species energetically favoured adsorption on
MXenes, with Ti,C and Ti;C, displaying the strongest adsorp-
tion and Mo,C the weakest. In the case of terminations,
a consistent trend was observed regardless of chemical poten-
tial. Notably, -F and =O terminated MXenes exhibited the most
favourable adsorption free energies.'”®

3.2. Doped MXenes

To enhance the effectiveness of MXene for targeted applica-
tions, substituting elements (doping) at M or X sites is

This journal is © The Royal Society of Chemistry 2024

a promising strategy. For this purpose, various methods have
been reported, such as thermal annealing, thermal sintering,
solvothermal and hydrothermal approaches, coprecipitation
method, and strong electrostatic adsorption.'*

3.2.1 Doping in M sites. The exceptional properties of
MXenes are largely attributed to the accessible d-orbitals of
metal atoms. Khazaei et al. predicted that bandgap energies
decrease (e.g., Hf,CO, > Zr,CO, > Ti,CO,) as the size of the metal
atom decreases.' This indicates doping has the potential to
alter the intrinsic properties of MXenes. The incorporation of
two transition metals in MXene structures lead to exhibition of
the distinct characteristics of the two transition metals. In
Cr,CO, (MXene), introduction of electron-donor transition
metals can effectively reduce the ability of O* to accept extra
electrons from H* (Fig. 12c), thereby weakening their interac-
tion and eventually improving the HER activity."®

3.2.2 Doping in X sites. Balcl et al. investigated the elec-
tronic properties of X-doped Sc,CF, (MXene) by substituting C
atoms with F, S, Si, Ge, Sn, B, N, or B + N. They demonstrated
that doping caused variations in bandgap and transitions
between semiconductor and metal states.'®® For the co-doping
of N and S, the MXene was intercalated in the presence of
ammonium citrate and annealed with sulfur in an argon gas
stream for 2 h (Fig. 12d)'. Despite the significant impact on
MXene properties, elemental doping at X sites has garnered
more attention after the discovery of oxycarbides.'®

Notably, recent modifications in MXenes by partial substi-
tution of carbon or nitrogen with oxygen from the MXene lattice
are known as “oxycarbides” or “oxynitrides”. Oxycarbide
MXenes reported so far exhibit <50% oxygen in their lattice. The
incorporation of oxygen can control the structures and prop-
erties of MXenes. The research community has made significant
progress in addressing challenges and achieving uniform
surface terminations. However, further research is necessary to
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understand the arrangement of X-site atoms. 2D borides
(MBenes or boridenes) exist as a separate group due to their
distinct crystal structure.*®®

The development of sulfur-based electrodes in batteries
addresses several challenges. Generally, sulfur is loaded onto
conductive materials having a porous nature (e.g., carbon,
MXene). MXenes are now regarded as the best sulfur host
materials due to their success in suppressing the shuttle effect
of polysulfides." Ti,CT,/S was initially developed as a cathode
material for lithium-sulfur batteries (LSBs) by Liang et al. in
2015.'* This is the main reason why there has been increased
research on utilizing MXenes in metal-sulfur batteries. A
nitrogen-doped MXene, N-Ti;C,T,, can be produced by
ammonia post-etch annealing® and with plasma treatment.**®
Due to its large surface area and higher pore volume, it exhibits
exceptional electrochemical capabilities for LSB applications."*
Lu et al™ investigated the atomic positions and effects of
nitrogen dopants in MXenes. DFT calculations showed that
among the three sites in MXene, nitrogen (N) dopants replaced
-OH terminations. It has been found that electrical double-layer
and pseudo-capacitance are significantly enhanced as a result of
these aforementioned replacements. Additionally, they altered
the spacing and surface absorptions as an electric double-layer
capacitor (EDLC). By annealing in an ammonia environment, N-
doped Ti;C,T, electrodes were reported by Wen et al.'®® in 2017.
N-doped Ti;C,T, showed magnetic characteristics, and hence
had a greater ability to enhance MXene properties for better
performances.”® In order to enhance nitrogen dopants, a two-
step pre-intercalation annealing technique has been reported
along with addition of ammonium citrate (AC) as an intercalant
and antioxidant addition. Subsequently, a precursor material
has been subjected to annealing in an ammonia atmosphere.**
The heat treatment expands the interlayer space by incorpo-
rating nitrogen atoms into the lattice of the MXene, and addi-
tionally reduces the concentration of fluorine terminations.
This treatment enhanced electrochemical capacitances with
values of 192 F g 7' (1 M H,S0, electrolyte) and 82 F g~ ' (1 M
MgSO, electrolyte).’*® Fig. 10e demonstrates that the cyclic vol-
tammetry (CV) profiles obtained in the presence of 1 M H,SO,
did not exhibit the perfect rectangular geometry of pure EDLC
on carbon electrodes. Moreover, in the case of MXene as well as
N-doped MXenes using H,SO, electrolyte, capacitance “humps”
within a potential range of —0.2 V to —0.1 V relative to an Ag/
AgCl reference electrode were noted.'®> Surprisingly, at high
voltage, N-TizC,T, exhibited robust capacitance (128 F g™ ')
measured at a scan rate of 200 mV s~ "%

4. Properties of MXenes and
evaluation for various applications

MXenes are composed of transition-metals carbides and
nitrides with variable terminations that exhibit diverse proper-
ties depending on their composition. MXene stability is asso-
ciated with the number of transition-metal atoms in the unit
cell. DFT calculations indicate that MXenes exhibit good
stability under ambient conditions, maintaining their structure
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Fig. 13 MXene properties that have led to state-of-the-art
applications.

without alteration. Transition-metal carbides display superior
stability as compared with their nitrides because carbon-based
MXenes exhibit stronger binding energies than nitrogen-based
Mxenes. The thermal stability of MXenes depends on their
chemical composition and terminations. Exposed atoms on the
MXene surface are often thermodynamically unstable and
susceptible to oxidation in air. For example, the Ti,C (MXene)
surface interacts with O, to form TiO,, which makes it unstable
in the presence of oxygen. However, their thermal stability
varies based on composition, environment, and surface atoms.
MXenes inherently exhibit excellent electrical conductivity due
to the layered arrangement of metal atoms. Titanium-based
MXenes show electrical conductivity, whereas molybdenum-
based MXenes exhibit semiconducting properties. Surface
terminations, defects, and lamellar scale significantly affect
their conductivity. The exceptional thermal conductivity of
MXenes contributes to efficient heat dissipation in electronic
devices, enhancing their reliability. In terms of mechanical
strength, MXenes are better than graphene in terms of elasticity
and flexural strength along their plane. The nature of terminal
groups and metal atoms influences their mechanical robust-
ness. Oxygen-terminated MXenes generally exhibit higher
mechanical strength than other functionalization types.
MXenes, being hydrophilic, maintain a stable dispersion due to
charged surfaces in water. They possess some transparency
(97% at a thickness of 1 nm) and are suitable for photo-
electronic applications. MXenes without surface functional
groups exhibit magnetism, but the presence of functional
groups diminishes it, with certain exceptions (e.g., chromium-
based MXenes). These properties have led to extensive explo-
ration of MXenes in energy storage, catalysis, electromagnetic
shielding, sensing, biology, and flexible electronics. MXene
properties that have led to state-of-the-art applications are
illustrated in Fig. 13.

MXenes are commonly synthesized by etching the A-layer
from MAX with the help of an etching agent. The choice of
etching agent influences inherited terminations and
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subsequently impacts on the properties of MXenes for target
applications. Exfoliation of MXenes is achieved by employing
polar organic solvents such as dimethyl sulfoxide and iso-
propanol, along with multiple sonication."*** Ti;C, includes
terminations such as -OH, =O, and -F, and annealing of
MXenes in open air can lead to their oxidation.**®

Various researchers have reported advanced applications
after etching of Tiz;AlC, along with functional-group linkages in
the presence of HF. For example, they described the detailed
mechanistic insights to functional groups mostly involved in
photocatalysis. When comparing the traditional HF etching
method to a hydrothermal approach using NaBF,, both
methods were found to generate termination of -OH groups.
However, the elemental distribution of TizC, synthesized
through the hydrothermal method revealed much better
performances in energy-storage applications such as
supercapacitors.***”

Peng et al. explored the potential of -OH termination to
enhance quick charge transfer in photocatalytic degradations of
organic pollutants.”® Another investigation revealed a signifi-
cant impact specifically due to -OH terminations to achieve
a low work function (1.6 eV) of MXenes."”® Another study pre-
dicted that in the presence of —OH functional groups, Li-ion
storage could not hold enough capacitance (which is contrary
to =O terminations). It has been noted that annealing of
MXenes can favour conversion of ~-OH functional groups which
results in an increase in capacitance for various electronic
applications.’ In a similar manner, annealing of MXenes in
a hydrogen environment can be utilized to remove -F groups for
charge-storage applications. Annealing of MXenes has proven
beneficial for ion transport, so exposure of active sites is
increased to involve catalytic reactions.””® Some reports have
suggested that hydrophilic terminations (e.g., =0 and -OH)
enable BiPiO,/Ti;C,-type semiconductors to serve as additional
agents for remediation of pollutants from wastewater.”** In
another study, Ti;C, quantum dots were developed by

View Article Online
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employing TiO,/g-C3;N, for photocatalytic CO, reduction.>** The
heterojunction ability of MXenes to bond with terminations
provides well-tolerated dispersion onto g-C;N,, so these
quantum dots could serve as charge-transfer tracks.**

Similarly, due to inherently negative Fermi levels, Ti;C, can
deliver efficient photocatalytic H, generation in the form of g-
C3N,/TizC, hybrid catalysts.”****® Higher hydrogen activities are
due to separation of charges through electron transfer from g-
C3N, to TizC,, which is facilitated by more conducting sites for
charge transfer.’®® Consequently, if this TizC, material is
combined with Ag;PO,, it aids photodegradation reactions.>”
Zhang et al. demonstrated the significance of =0 and -OH on
MXenes that carry negative charges for catalytic reactions.”*®
Another study discovered that functional groups present in
Ti;C, may serve as “electron traps” owing to their metal-like
characteristics, which serve as co-catalysts.”” Functional
groups can control the morphology and surface of layers during
the synthesis of composite materials.**® The incorporation of
organic/MXene composites has been shown to enhance the
electrochemical performance of energy-storage devices.*'*
These composites offer two key advantages. First, the high
conductivity of the MXene promotes improved conductivity of
organic materials, thereby enhancing material utilization.”*
Second, the presence of surface multi-functional groups and
large layer spacing facilitates electrolyte adsorption for ion
transport.***

Ti;C, with terminal groups is extremely effective for many
applications, but few reports have focused on termina-
tions.”***'¢ Study on terminations requires more attention with
regard to the optimized ratio of different terminations that can
enhance the characteristics and stability of Ti;C,.*'® Table 2
summarizes the various etching methods reported for MXene
synthesis, terminations and specific applications linked to
synthetic methods. Additionally, Table 2 highlights the advan-
tages and disadvantages of reported methods for specific
applications.

Table 2 Summary of etching methods, related terminations, advantages, disadvantages and applications of MXene synthetic strategies

Etching methods Terminations Advantages Disadvantages Applications Ref.

HF etching -F, -OH Tunable bandgap, good Highly corrosive, toxic and eco- Polymer composite fillers, 80
conductivity and ductility unfriendly LIBs, pseudo capacitors

In situ HF etching —-Cl Single termination Requires high temperature LIBs 217

Alkali based etching -OH, =0 Non-toxic, corrosive resistance, Low efficiency, requires high  Catalyst support in 218
excellent electrical conductivity temperature electrochemical system

Molten salt etching =0, -ClI Exfoliated from multi- to few- Aforementioned LIBs 219

layer MXene

Molten salt etching followed by -F, -OH Safe, hydrophilicity Aforementioned Energy storage 220

KOH washing

Electrochemical assisted -OH, =0 Non-toxic, fluorine free Low efficiency Super capacitors 57

etching

Algae extraction etching N/A Cost effective, environment  Aforementioned Photothermal agents 58
friendly, high yielding

Hydrothermal method -OH More efficient than HF etching, Need expensive autoclave Improved adsorption 221
environmental benign properties

In situ etching -OH, =0 Improved rate performance  Aforementioned High performance asymmetric 222

super capacitors
Gas phase -Cl Aforementioned Aforementioned Energy storage 82

This journal is © The Royal Society of Chemistry 2024
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In recent years, MXenes has been found to be suitable
choices for a wide range of applications due to their distinct and
desired properties: excellent electronic conductivity, chemical
stability, ion intercalation, and morphology.””® MXenes have
been utilized in biomedicine, energy storage, sensors, catalysis,
electromagnetic-interference shielding, tribology, water treat-
ments, fire retardancy, and lock fibre laser technologies.

4.1. Biomedical applications of MXenes

Recent research has shown that MXenes and their composites
have enormous potential in the healthcare sector. MXenes are
used in sensors, bone regeneration, bioimaging, antibacterial
treatment, photothermal therapy, drug-delivery systems, and
tissue engineering.”**>*®* This is due to their unique 2D structure
and excellent properties, such as mechanical flexibility,
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hydrophilicity, light-to-heat conversion, and biocompati-
bility.>* Utilizing the significant surface area of SP-modified
TizC, nanosheets (TizC,-SP), the anticancer drug doxorubicin
(Dox) can be effectively loaded onto the surface of MXenes?**23*
(Fig. 14a). Upon endogenous or external triggering, loaded
anticancer medicines can be released from MXene nanosheets
for chemotherapy. The small planar nano-sizes of these Ti;C,-
SP nanosheets allow them to easily circulate within the blood
vessels that passively accumulate in tumour tissues,*** thereby
leveraging the permeability-and-retention effect>*® (Fig. 14b). A
schematic of a nanoplatform, chemotherapy, photodynamic
therapy, and photothermal therapy of tumours** on Ti;C, is
illustrated in Fig. 14c. In vivo computed tomography (CT) was
done by injecting 4T1 intravenously in tumour-bearing mice
with TaC;-SP (20 mg kg™ ").2%2 Surprisingly, after administering
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Fig. 14 (a) MXene modification for drug loading and control release. (b) Use of TizC, for drug delivery in vivo for photothermal and chemo-
therapy of cancer, reproduced from ref. 231 with permission from Wiley, copyright 2018. (c) Photothermal, photodynamic, and chemotherapy of
tumours, reproduced from ref. 234 with permission from American Chemical Society, copyright 2017. (d) Evaluation of CT results for controlled
tests on mice (receiving an intravenous drug at 10 mg mL™) for 24 h, reproduced from ref. 129 with permission from Wiley, copyright 2018. (e)
Images of agar plates displaying re-cultivated Escherichia coli and Bacillus subtilis after treatment with various doses of TisC,T, for 4 h,
reproduced from ref. 125 with permission from American Chemical Society, copyright 2016. (f) Iron chelation-based chemo-photothermal
treatments, reproduced from ref. 236 with permission from Elsevier, copyright 2022.

7370 | J Mater. Chem. A, 2024, 12, 7351-7395 This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d3ta06548k

Published on 20 Januari 2024. Downloaded on 19/07/2025 16:10:24.

Review

Ta,Cs-SP intravenously, CT taken 24 h later showed a clear
image that was only possible due to application of a MXene

(Fig. 14d)."

Ti;C,T, also exhibits antibacterial properties, as shown by re-

View Article Online
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4.1.2 Suggestions/precautions. Defects can be resolved by
altering the MXene and its surface terminations.”®” It is neces-
sary to design MXene-based compounds that are biocompatible
and biologically non-toxic for medical applications.”

cultivating Escherichia coli and Bacillus subtilis cells on agar
plates after 4 h of exposure to a MXene (Fig. 14e). These images
provide evidence of the antibacterial properties exhibited by
Ti;C,T, in aqueous suspensions.>** Fig. 14f displays DOXjade
loading onto 2D ultrathin MXene nanosheets, which enables
iron chelation through chemo-photothermal treatments.***
4.1.1 Drawbacks. From a medical viewpoint, the drawback
associated with MXene-based materials is their poor dis-
persibility in water. This can cause obstruction of cell transit
along with blood circulation.** In addition, MXene-based
materials may accumulate in the reticuloendothelial system
(RES) upon intravenous injection, which can lead to toxicity.

4.2. Energy-storage applications of MXenes

In recent decades, the world has been facing energy crises due
to rising energy use and continuous decline of fossil-fuel
resources.”®® Hence, there is a great demand to replace these
diminishing sources of energy by developing alternatives that
must be clean and sustainable.”®® The most common renewable
energy source would be solar energy, which could be harvested
by use of advances materials such as MXenes or their deriva-
tives. Such solar-based technology would need energy conver-
sion and appropriate storage, such as batteries and
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Fig. 15 (a) lon-transport channel of MXene films, reproduced from ref. 245 (b) Supercapacitor for electrolytes and MXenes (schematic). (c) CV
results, reproduced from ref. 245 with permission from Nature Energy, copyright 2019. (d) High-rate energy storage using bi-stacked titanium
carbide. (e) CVs of bi-stacked MXene and AC electrodes. (f) CVs of a hybrid Na-ion capacitor at various scan rates, reproduced from ref. 247 with
permission from American Chemical Society, copyright 2018. (g) Scheme employed for the synthesis of MXene/carbon nanofibers. (h) SEM
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Table 3 Comparative summary of reported supercapacitor applications of MXene-based materials along with specific capacitance [F 9*1],
energy density [W h kg1, power density [W kg~ and % capacitance retention

Specific Energy Power Capacitance Life
capacitance density density retention  cycle
Derived material Precursors [Fg™ Whkg™] [Wkg™] [%)] [cycles] Ref.
Ti,CT,/polyaniline MXene + PANI 635 42.3 950 94.25 10000 251
MXene/CAC film MXene films 344.9 8.3 36.1 93.5 30000 139
TCBOC//TCBOC SSC Ti;C,T,~MXene 247.8 15.2 567.4 85 5000 252
TizC,T/MnO, MnO,/Ti;C, 611.5 n.a n.a 96 1000 253
Polyaniline-graphene hybrid MXene + GO + Zn particles 137.5 30.3 1130 81 10000 254
hydrogel
NiCo,-LDHs@MXene/rGO//MXene/ MXene and NiCo-LDHs 240 65.3 700 92.8 10.000 255
rGO
VS,/MXene Vanadium disulfide + MXene 115.7 41.13 793.50 85 5000 256
Mo0S,-Ti;C, T, (NH,),Mo0S, + CH,N,S + 115.2 5.1 298 72.3 10000 257
MXene
NiCo,S,/MXene NiCo,S, & MXene 621 72.82 635 95.21 10000 258
Ti;C,T,/COS, CoS, & MXene 1320 28.8 800 78.4 3000 259

supercapacitors.”*® Supercapacitors can be built to provide high
power density, which is ideal for automobile and industrial
applications. MXene-based batteries offer high energy density,
which is advantageous for portable devices.*****! In this context,
MXene-based supercapacitors have attained significant atten-
tion as new and advanced systems. Compared with batteries,
supercapacitors exhibit higher power density, charge-discharge
rates, and cycle stability.>* Jiang et al.>** developed 2D MXene
(titanium carbide) nanosheets for processing to develop elec-
trochemical applications. MXene-based wafer-scale super-
capacitors (MSCs) can proficiently remove a pulsed DC voltage.
Besides MXenes, all-solid-state supercapacitors (SCs) utilizing
polyvinyl alcohol (PVA)/KOH gel electrolyte demonstrated
a density of 63 mW h cm ™ at a power density of 0.06 W cm ™,
and MXene-based supercapacitors underwent 10 000 charge/
discharge cycles at a current density of 5 A g~*. Their capaci-
tance remained unchanged, indicating the sustained and stable
performance of energy conversion and storage devices
(ECSDs).>** Moreover, MXenes with a large surface area make
good capacitors because they have double electrical layers.
Fig. 15a shows a schematic representation of an in-plane ion-
transport channel of MXene films. These measurements allow
monitoring of the changes in the interlayer space, as illustrated
in Fig. 15b for Ti;C, electrodes as they are involved in cycling. In
Fig. 15¢, a comparison is presented of CV results obtained at
a scan rate of 2 mV s~ ' for macroporous Ti;C, electrodes.>**
These electrodes were tested in three 1 M LiTFSI organic elec-
trolytes containing different solvents: DMSO, ACN, or PC. CV
results demonstrated that the PC-based electrolyte had a higher
coulombic efficiency (96%) with a wider negative voltage
window of 2.4 V.>** DMSO and ACN showed a negative voltage
window of 2.1 V and 2.2 V, respectively.”*®

Fig. 15d represents a schematic diagram of Bi-stacked
MXene supercapacitors and CVs of bi-stacked MXenes. AC
electrodes and hybrid Na-ion capacitors in the CV curves are
exhibited in Fig. 15e.>*® These curves exhibit sharp redox peaks.
Contrarily, CV curves for the AC electrode were rectangular.
Combination of a pseudo-capacitive MXene electrode

7372 | J. Mater. Chem. A, 2024, 12, 7351-7395

demonstrated a mixed behavior for battery and capacitor that
was perhaps due to multiple layers in the MXene.**” This device
could be categorized as a “hybrid” capacitor due to its unique
composition.>*®* As shown in Fig. 15f, the lower cutoff voltage
was set at 0.6 V, whereas the upper voltage limit was setat 4 V. A
schematic representation of the electrospinning process for
MXene/carbon nanofibers is illustrated in Fig. 15g.**°* Delami-
nated MXene flakes were dispersed in dimethylformamide
(DMF) before being combined with polyacrylonitrile (PAN) to
produce MXene/PAN solutions.*® SEM results of electrospun
MXene/PAN fibers are illustrated in Fig. 15h for pure PAN fibers
and Fig. 151 for a MXene (10 wt%). Fig. 15j shows a fiber mat
carbonized at 700 °C for 1 h using 10 wt% of Ti;C,T, (MXene)
and 8 wt% of PAN fibers.>*

4.2.1 Drawbacks. Some MXene-based electrode materials
lack mechanical stability, especially if used in bendable devices.
MXenes are sensitive to environmental factors such as moisture
and oxygen. MXenes can undergo structural modifications that
lead to reduced performance for energy-storage devices.

4.2.2 Suggestions and precautions. For applications of
MXenes in energy conversion or storage applications, MXenes
must be sufficiently stable and moisture-free.”” To achieve
optimal performance in MXene-based devices, collaborative
efforts between skilled engineers and experienced professionals
can be helpful.”

Table 3 summarizes the features of MXene-based materials
used in supercapacitor applications, including specific capaci-
tance [F g~ '], energy density [W h kg™ '], power density [W kg™ "],
and % capacitance retention.

4.3. Use of MXene as sensors and biosensors

In the context of sensing applications, certain characteristics
are required in sensing materials: sensitivity; optimized limit of
detection; excellent conductivity; ability to customize required
surface properties; selectivity towards specific analytes.>*****
These characteristics have been attained by MXenes and their
composites for use in electrochemical biosensors. MXene-based
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materials possess exceptional transducing properties that make
them highly suitable for a diverse range of sensors, such as bio-
electrochemical, electrochemical, gas, strain, chem-
iluminescence, pressure, and photochemical sensors. Addi-
tionally, they exhibit stable mechanical characteristics and
outstanding surface attributes.”** Fig. 16a shows a chip that was
specifically designed for complete blood analyses. The chip
consists of four layers. The uppermost layer contains a dedi-
cated blood-flow channel, whereas the second layer is a dialysis
membrane.”® This MXene-based chip enables the passage of
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molecules such as urea and uric acid (UA) that are smaller than
1000 Da.** The third layer holds a sensing chamber that
controls the flow channels for isotonic solutions. The channel
within this chip allows for the dialysis of blood analytes, which
then accumulate within the detection chamber. In the latter,
a sensing electrode (located on the bottom layer) detects ana-
Iytes and generates the corresponding signals.*** Fig. 16b
illustrates the electrocatalytic process of UA on the MXene-
modified sensor. To enhance the UA concentration at the
electrode/electrolyte interface for subsequent electrocatalysis,

N
Mxene/SPE PN
S
.
.
)

o
N
*w UA MXene b

h [ =3 18.56 kPa =o=16.90 kPa —o=15.26 kPa
1 0000 | =o==13.94 kPa =o=11.69 kPa —o— 8.68 kPa
8000 | == 5.99 kPa=—o=— 1.25 kPa

<6000
=< 4000
2000

0

0 3 6 9 12
Time (s)

Fig. 16 (a) Fabrication of a micro-fluidic chip with a MXene. (b) Scheme used for determination of uric acid on MXene/SPE. (c) Comparative
curves for uric acid, urea, and creatinine in blood, reproduced from ref. 263 with permission from Wiley, copyright 2018. (d) Fabrication of
a MXene-sponge. (e) SEM image of a MXene-sponge. (f) Elemental mapping of a MXene-sponge. (g) /- T curves of MXene-sponge sensors. (h) [-T
curves of an MSP device. Reproduced from ref. 266 with permission from Elsevier, copyright 2018.
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Fig. 17 (a) Encapsulation of haemoglobin in an organ-like MXene. (b)
CV results of a Nafion/Hb/TizC,/GC electrode, reproduced from ref.
267 with permission from IOP Science, copyright 2015. (c) Different
terminations on MXene nanosheets. (d) Average sensing response for
various gases, reproduced from ref. 269 with permission from Amer-
ican Chemical Society, copyright 2017.

UA molecules initially adsorb by forming hydrogen bonds with
the functional groups (OH, O, and F) of MXene. Fig. 16c¢ illus-
trates the concentration-time curves of UA, urea, and creatinine
in blood during haemodialysis. The terms Cy, t;/,, and k denote
the concentration before dialysis, half-life of elimination, and
the rate constant for elimination, respectively.”**
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Fig. 16d represents the MXene-sponge synthetic process
specifically designed for sensing applications. SEM results for
the MXene-sponge and pictures of the elemental mapping for
C, N, and Ti of the MXene-sponge are represented in Fig. 16e
and f. Fig. 16g depicts the current-time curve of the MXene-
sponge with different initial concentrations (0.5, 1, and 2 mg
mL ') under the same pressure conditions. Notably, when the
initial concentration of the MXene solution is 1 mg mL™", the
MXene-based sensor exhibits the highest on/off current
ratios.”*>**® The current variations of the MPI-based sensor
under different pressures can be seen in Fig. 16h. The current
increases steadily as the pressure rises. Fig. 17a and b illustrate
organ-like MXene-Ti;C, nanomaterials encapsulating haemo-
globin and cyclic voltammograms of the Nafion/Hb/Ti;C,/GC
electrode, respectively.*”>%*

Fig. 17c displays the average response of Ti;C,T, towards the
sensing of various gases, including ammonia, methanol,
ethanol, and acetone. The respective response values for these
gases are 0.210, 0.143, 0.115, and 0.075.”* The Ti;C,T, sensor
can be utilized for multiple sensing applications, such as
sensing VOC gases, toxic organic gases, greenhouse gases (i.e.
CO,, N,0), and dangerous exploratory gases (H,, CH,, C,H,,
NH;) with a high response. Moreover, MXene-based sensors are
widely utilized in chemical industries, food industries, elec-
tronic industries, pharmaceuticals, biomedical, and rocket or
space science. In Fig. 17d, a schematic representation of a 2D
TizC,T, structure is presented that illustrates its surface

Table4 Summary of solution-based electrochemical-sensing performance of MXene-derived materials, including the analyte detected, sensing

technique, linear range, and sensitivity

MXene derived sensing Analyte

materials detected Sensing technique Linear range LOD Sensitivity Ref.

GO,-Au-MXene-naf/GCE Glucose Amperometry 0.1-18 uM 5.9 uM 42 pAmM tem™? 273

Tyr-MXene-chi/GCE Phenol Amperometry 0.05-15.5 uM 12 nM 4144 mAM ! 30

Hb-naf-MXene/GCE NO, " Amperometry 0.5 pM-11.8 mM 0.12 pM n.a. 274

MXene-PtNP/GCE H,0, Amperometry 490 uM-53.6 mM 448 nM n.a. 275

MXene/GCE BrO;~ Differential pulse 50 nM-5 pM 41 nM n.a. 276
voltammetry

MXene-FET DA Field effect transistor 100 x 107°-50 x 10°® 100 x 10™° n.a. 277

M M

TizC,T/GCE H,S Cyclic voltammetry 100 nM-300 uM 16.0 nM 0.587 pApuM *cem ™2 278

Nafion/Hb/Ti;C,/GCE H,0, Cyclic voltammetry 0.1-260 uM 20 nM n.a 118

Ti;C,/GOD Glucose Amperometry 39.8 uM-1.319 mM 1.96 uM 98.1 pAmM L' ecm 2 279

Chit/ChO,/Ti;C,T,/GCE Cholesterol Differential pulse 0.3-4.5 nM 0.11 nM 132.66 pA mM ! 280
voltammetry cm 2

Table 5 Gas-sensing performances of various MXene-based materials

MXene derived sensing

materials Target species Conc. Optimal temperature (°C) Response Tres (sec) Trecov (S€C) Ref.

W;5040 TizC,Ty Acetone 0.17 ppm 300 11.6 5.6 6 281

MoO;/WO; Acetone 0.5 ppm 320 10 8 7 282

V,CT, Methane 10 000 ppm RT 142 38 47 283

V,CT, NH; 500 ppm RT 3.41 41 109 284

Mo0,CT, CO, 50 ppm 30 1.14 30 45 285
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functional groups or terminations. The structure comprises
three titanium layers “sandwiched” between two carbon
layers.>*®

4.3.1 Advantages and drawbacks. MXene-based sensors
possess high sensitivity and large surface area that allow for
effective detection of biomolecules. These sensors exhibit
a rapid response and can detect analytes even in trace
amounts.”®*”* However, drawbacks include limited stability in
aqueous solutions, susceptibility to oxidation, complexity, and
cost of synthesis. The limited stability in aqueous solutions
(especially at extreme pH) affects the long-term performance of
Sensors.

4.3.2 Percussions and suggestions. Careful surface modi-
fication is important for functionalization and surface
stability.””**”* Thus, ongoing research must focus on under-
standing MXene-bimolecular interactions for their further
sensing applications.*”>

Table 4 is a comparison of the solution-based
electrochemical-sensing performances of MXene-derived
materials, including analyte detected, sensing technique,
linear range, and sensitivity. Table 5 reveals the gas-sensing
performances of various recent MXene-based materials.

4.4. Applications of MXenes in catalysis

Attention in electrochemical and photocatalytic water splitting,
organic pollutants, and CO,/CO reduction has been sparked by
the need to develop effective and sustainable technolo-
gies.>?***%” High-performance catalysts play a vital part in the

View Article Online
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effective use of these technologies.*>***%2% pt, Pd, Au, Ag, Cu,
TiO,, CdS, RuO and IrO are the main components of conven-
tional catalysis. However, these materials have a number of
drawbacks, including high cost and limited supply.>* On the
other hand, MXene-based catalysts have been employed in
electrochemical and photochemical catalysis because of supe-
rior electronic conductivity and outstanding hydrophilicity.***
Moreover, MXene-derived catalysts demonstrate outstanding
performances as co-catalysts that have excessive potential to
replace expensive metals.>”® In order to prepare MXenes having
electron transport layers (ETLs) for targeted applications,
a spin-coating technique has been recommended with a Ti;C,T,
colloidal dispersion (1 mg mL™') onto ITO.>*® Subsequently,
such materials undergo different durations of UV-ozone treat-
ments (0, 10, 30, or 60 min) (Fig. 18a). Devices with an archi-
tecture of ITO/ETL/CH3;NH;Pbl;/spiro-OMeTAD/Ag  were
developed to compare the performance of Ti;C,T, as an ETL in
perovskite solar cells (involved in catalysis reactions) before and
after UV-ozone treatments (Fig. 18b).>*

A typical cross-sectional SEM image of a planar PSC device
fabricated using a TizC,T, thin layer as ETL is shown in Fig. 18c.
The SEM image demonstrates the six layers of the material
(glass, ITO, ETL, CH3NH3PbI;, spiro-OMeTAD and Ag), which is
extremely useful for photocatalytic reactions. Fig. 18d illustrates
the computed integrated currents and external quantum effi-
ciency (EQE) spectra for ETLs with varying UV-ozone treatment
durations that correlate with performances in catalytic reac-
tions. Finally, Fig. 18e is a schematic representation of a flexible
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Fig. 18 (a) UV-ozone treatments on a TizC,T, film via spin-coating. (b) Device architecture of ITO/ETL/CH3NHzPbls/spiro-O MeTAD/Ag on
MXene. (c) SEM image of a planar perovskite solar cell (PSC). (d) Percent EQE spectra (external quantum efficiency) along with integrated current
densities, reproduced from ref. 293 with permission from Wiley, copyright 2019. (e) Energy conversion and storage device (schematic),
reproduced from ref. 243 with permission from Royal Society of Chemistry, copyright 2017. (f) Mechanism for the HER on Mo, TiC,0,-PtSA. (g)
HAADF-STEM of Mo, TiC,T,-PtSA. (h) HER polarization curves of Mo, TiC, T, with a Pt foil as the counter electrode, reproduced from ref. 295 with

permission from Nature, copyright 2018.
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integrated ECSD employed in catalysis. Fig. 18f illustrates the
electrochemical process that facilitates hydrogen cations for
reductions on the MXene surface.”” In Fig. 18g, it can be
observed that Pt atoms are fixed at the Mo sites on Mo,TiC,T,.
This indicates that the Pt atoms are immobilized or anchored
specifically to the Mo positions within Mo,TiC,T, structures.
The catalytic performance of the hydrogen-evolution reaction
(HER) was evaluated using different cycles, with Pt serving as
the counter electrode.”® The results of these evaluations are
depicted in Fig. 18h, illustrating the HER catalytic performance.
Other than energy-conversion applications, there are many
other important applications of MXenes in catalysis, such as the
HER, oxygen-evolution reaction (OER), carbon dioxide reduc-
tion reactions (CRR), nitrogen reduction reactions (NRR),
organic pollutant degradation reactions (OPDR), biological
catalytic reactions, Li-ion batteries, supercapacitors, and
chemical/biosensing applications. Some reports have demon-
strated that the microsphere structure of MQDs/ZIS/Ti(wv)
resembles that of flowers, and that it can be synthesized by
utilizing MXene quantum dots as co-catalysts. Fig. 19a and
b demonstrate the SEM images of MQDs/ZIS/Ti(v) micro-
spheres. In Fig. 19¢, elemental mappings reveal the uniform
distribution of elements S, In, Zn, Ti, and C of MQDs/ZIS/Ti(1v)
microspheres. Fig. 19d illustrates the presence of Ti(iv) nano-
clusters at the edges of the MQDs/ZIS/Ti(wv). The lattice fringe
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interplanar spacing of 0.322 nm corresponds to the (102) plane
of hexagonal ZIS, whereas 0.26 nm corresponds to the (110)
plane of MQDs.>” Based on these findings, a potential mecha-
nism is proposed in Fig. 19e that explains the high photo-
catalytic H,-evolution activity of the novel flower-like ZIS
microsphere photocatalyst. It has been revealed that, under
sunlight irradiation, electrons are photoexcited from the
valence band (VB) of ZIS in MQDs/ZIS/Ti(wv) to its conduction
band (CB), leaving photogenerated holes in the VB of ZIS. MQDs
enhance the photocatalytic production due to the formation of
a Schottky barrier at the interface of ZIS and Ti(iv) that
progressively suppresses the charge recombination. Fig. 19f
represents photocatalytic H, evolution on ZIS, ZIS/Ti(iv), MQDs/
ZIS, and MQDs/ZIS/Ti(wv) catalysts using sunlight irradiation.>*’
The H,-evolution results confirm that utilization of a MXene as
a co-catalyst in the form of MQDs boosts photocatalytic activi-
ties. Abid et al. reported that Pd metal over the Ti;C,T, surface
improved the hydrogen-production activities of TiO, by effec-
tively quenching more electrons (Fig. 19g). The higher work
function and lower Fermi levels of co-catalysts promote and
facilitate higher hydrogen generation (Fig. 19h).*** These results
indicate that the presence of MXene QDs and Pd@TizC,T,
delivers higher H,-generation efficiencies compared with other
conventional catalysts in similar conditions.>**

This journal is © The Royal Society of Chemistry 2024
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Table 6 Comparative summary of H, evolution on reported MXene-based electrocatalysts
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Over potential

Tafel slope

Catalysts Precursors [M10 mV] [mV dec™"] Electrolyte Applications Stability Ref.
MoS,/Ti;C,-MXene@C C-coated MoS, & 112 82 1 M KOH H, evolution and Li-storage >18 h 305
nanohybrids C-stabilized MXene
O-terminated Ti;C,T,  TizAlIC, 190 60.7 0.5 M H,SO, H, evolution 24 h 306
Mo0S,@MOo,CT, Mo,AlC, 197 113 1 M KOH H, evolution >8 307
Pt, Ni NWs/Ti;C, Pt,Ni NWs and TisC, 18.55 13.37 0.5 M H,S0, H, evolution <2 h 308
Pt/Ti;C, T, TBA-Ti;C,T, & Pt(NH;),Cl, 55 70 0.5 M H,SO, H, evolution 20 h 309
Mo,CT,:Co B-Mo,C:Co 180 59 1 M H,SO, H, evolution 3h 310
NiS,/V,CTx V-MXene flakes 179 85 1 M KOH H, evolution NA 311
TiOF,@Ti;C,Ty TisC,T, & TiOF 197 56.2 0.5 M H,SO, H, evolution and 24 h 312
humidity sensing
MOoS,/Ti;C, Ty MoS, and Ti;C,Ty 152 70 0.5 M H,S0, H, evolution 12 h 313
Table 7 Comparative summary of photocatalytic performances on MXene-based photocatalysts
Photocatalytic
Photocatalyst Synthesis method application Light source Performance Ref.
TizC,/g-C3Ny Electrostatic self-assembly H, production 200 W Hg lamp 72.3 pmol g ' h™! 314
approach
d-Ti;C,/TiO,/g-C3N, H, production 300 W Xe lamp 1.62 mmol g ' h™! 315
Ti;C,MXene/O-doped g-C3N,  Electrostatic self-assembly H, production 300 W Xe lamp 25124 pmol g7 h™* 316
approach
Ti3AlC, MAX co-catalyst with  Ultra-sonication method CO, reduction 35 W HID lamp 786 pmol g™ ' h™* 317
proton-rich C;N,
TiO,/TizC, HF-etching CO, reduction 300 W stimulated solar Xe 0.22 pmol h™* 318
arc lamp
CdS@Ti;C,@TiO, Hydrothermal method Dye degradation Visible light (A = 420 nm) Removal of RhB, MB, SCP and 319
phenol at 60, 88, 88 and 150
min, respectively
TizC,/CdS HF-etching H, production Visible light 825 umol g ' h™* 320
CHI/Ti;C, HF-etching H, production Visible to near IR 52+ 5umol g~ h™* 321
CS@g-C;N,/MX Hydrothermal method Dye degradation =~ 250 W Xe lamp MB ~99% and RhB~98.5% 322
Ti;C,/TiO, nanoflowers HF-etching H, production 300 W Xe arc lamp 783.11 umol g * h™* 323
Pd@Ti;C,T,-TiO, HF-etching H, production 450 W Xe lamp 35.66 mmol g’1 h? 144

4.4.1 Advantages and drawbacks. Due to their intrinsically
hydrophilic nature, MXenes have distinct advantages of higher
electrical conductivity and mechanical properties for catalytic
reactions.”” Their conductivity is higher than that of other re-
ported materials, such as graphene or reduced carbon nitride.
MXenes have more functionalized surfaces to facilitate bonding
with other species that are not available in graphene.** Addi-
tionally, MXenes can be utilized in energy-storage devices like
Li-ion batteries, pseudo-capacitors, and sensors. MXenes and
their supported catalysts can be very helpful for sustainable
technologies. Besides these advantages, MXenes have funda-
mental drawbacks: (i) agglomeration as well as poor long-term
recyclability; (ii) preparation of MXenes having monolayers is
complex; (iii) MXene-based catalysts can easily be oxidized in
water; (iv) preparation of MXenes with few layers or targeted
layers is not easy.***”

4.4.2 Suggestions and precaution. MXenes and MXene-
supported catalysts may be ideal in many catalytic reac-
tions.**® Ti;C,T, has been widely utilized for the HER.**
Hydrophilic surfaces should be conducive for the charge

This journal is © The Royal Society of Chemistry 2024

transportation and adsorption on active sites in photocatalytic
reactions. In the case of Mxenes, Gibbs free energy approaches
zero infinity, which should be conducive for proton (H)
reduction reactions.*”* Correct washing of MXenes is important
for safe use in catalysis. Photocatalytic and pH-dependent
reactions must be performed in special reactors or equip-
ment. During washing, centrifugation, or any catalytic reaction,
it is important to completely disperse the MXene or MXene-
supported catalyst in the reaction mixture.”

Table 6 details evaluation of hydrogen evolution on various
reported MXene-based electrocatalysts. Table 7 details various
photocatalytic applications of MXene-based electrocatalysts.

4.5. Use of MXene in electromagnetic interference (EMI)
shielding

EMI is generated by various electrical devices that significantly
affect the device lifespan and its environment. To reduce this
problem, the common approach is employment of EMI-
shielding materials. MXenes and their supported materials
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Fig. 20 (a) Fabrication scheme for TM/BC and Si-TM/BC film. (b and c) Electrothermal conversion of light into heat on Si-TM50/BC, reproduced
from ref. 326 with permission from American Chemical Society, copyright 2021. (d) TEM image of targeted Ti,CT,. (e) Electrical conductivity of
MXene films. (f) Comparison of EMI-SE values between matrix simulation and MXene films, reproduced from ref. 327 with permission from

American Chemical Society, copyright 2020.

Table 8 Summary of EMI-shielding performance of MXene-based composites

MXene composite Synthesis method Conductivity EMI shielding Ref.
MXene-graphene-PVDF composite  Spray-coating process 13.68 Scm ™! 53.8 dB (99.99%) 328
CoPA/MXene Simple casting method 1.4 x 10 >Sem ™" Transparency exceeds 75% 329
MXrGO@PMMA Electrostatic assembly 0.98-3.96 Wm 'K '  28-61dB 330
MXene/CNT Vacuum-assisted filtration 1851.9 Scm™" 78.9 dB 331
MXene/GNP Electro hydrodynamic atomization (EHDA) 105 S cm ™" N/A 332

can act as absorbers for incoming EMI signals and protect them
from the influence of the environment (e.g:, moisture).?*
MXenes exhibit exceptional EMI-shielding performance due to
extrinsic alterations and inherent characteristics, which include
dielectric inclusions, pores, or other fabrications in MXene
structures.”*® MXene TizC,T, has been incorporated into
a variety of polymeric matrices, including sodium alginate (SA),
polyaniline, and ultra-high molecular weight polyethylene
structures. MXene-polymeric nanocomposites display increased
tensile strength but exceptional conductivity.**® Fig. 20a illus-
trates a schematic fabrication process for robust and flexible Si-
TM/BC multifunctional MXene-based films. As EMI-shielding
materials, utilization of MXenes has received remarkable
attention compared with other reported 2D materials. This is
due to their weak mechanical properties and instability.
Fig. 20b shows the surface temperature of a Si-TM/BC film over
time at stable voltages of 1 to 4 V. Temperature climbed quickly
before stabilization. In accordance with Joule's law, Q = IRt
(where Q represents the generated heat, I is the applied voltage,
R is the electrical resistance, and ¢ is the working time), the
temperature resulting from Joule heating is directly propor-
tional to the applied voltage.>*® The saturation temperature of
the Si-TM/BC film at different driving voltages can be clearly
observed in infrared thermal images (Fig. 20c). The TEM image
of Ti,CT, at 500 nm is illustrated in Fig. 20d, whereas the
electrical conductivity (S cm™') of various MXene films is

7378 | J Mater. Chem. A, 2024, 12, 7351-7395

graphically illustrated in Fig. 20e and f. Comparison of elec-
tromagnetic interference shielding effectiveness (EMI-SE)
values between transfer matrix simulation and MXene films of
thickness ~5 um at a frequency of 10 GHz has been evaluated.**”
The EMI-shielding performances of various MXene-based
composites is shown in Table 8.

4.5.1 Advantages and drawbacks. MXenes and their sup-
ported materials can act as absorber for incoming EMI signals
and protect the environment. Mxenes, due to their high
conductivity and large surface area, can absorb electromagnetic
waves effectively. This is why their demands have been
increased in electronic and telecommunications. However,
some drawbacks may interfere in such applications: (i) MXene
compounds can be oxidized in aqueous media; (ii) hydrophilic
surfaces should be conducive and non-protective for EMI
shielding.

4.5.2 Suggestions and precautions. MXene-supported IMI
filters in electronic circuits can prevent the conducive interfer-
ence from travelling back. MXene-polymeric nanocomposites
display increased tensile strength that promotes exceptional
conductivity for better performances and targeted applica-
tions.*** Nevertheless, before developing the device, testing for
EMI is necessary. MXene-based electronic devices must be
preserved in standard or optimized conditions of temperature,
pressure, and pH.***

This journal is © The Royal Society of Chemistry 2024
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Fig. 21 (a) Representation of molecules of tetradecylphosphonic acid grafted on a MXene. (b and c) Comparative coefficients of friction and

wear rates of castor oil, castor oil with 0.1 wt% TizC,, and 0.1 wt% TDPA-

TizCy, reproduced from ref. 336 with permission from Elsevier, copyright

2021. (d) Friction mechanism (schematic). (e) Friction tests employed for different amounts of MXene-EG coatings. (f) Friction tests performed by
varying the overall load, reproduced from ref. 338 with permission from Elsevier, copyright 2021. (g) Lubrication effect of MXene-derived
compounds for interlayer and substrate adhesion. (h) Potential corrugation values for homogeneous and heterogeneous MXene terminations on
interfaces. (i) Potential corrugation growth as a function of applied normal load, reproduced from ref. 340 with permission from American

Chemical Society, copyright 2022.

4.6. Role of MXene in tribology applications

Recently, MXene-derived compounds have been developed for
utilization in tribology because they are excellent lubricating
agents in solid and liquid forms. They have extraordinary
lubricating characteristics suitable for enhancing the quality of
lubricants.** Using MXene-derived lubricants, the effectiveness
of mechanical instruments is significantly improved. For an
environmental viewpoint, better tribological performances are
expected to minimize gas emissions for environmental hazards.
Utilization of MXene-based materials in tribology is a novel and
relatively unexplored area of research.”** Fig. 21a is a schematic
illustration of tetradecylphosphonic acid (TDPA) grafted to
Ti;C,. Fig. 21b and c demonstrates that the average coefficient
of friction and wear rate for three samples (castor oil, castor oil
with 0.1 wt% Ti;C,, and 0.1 wt% TDPA-Ti;C,). It has been pre-
dicted that the presence of -OH groups in the MXene-EG
coating causes a significant reduction in shear force.*** In
turn, this reduction decreases interlayer slip during friction and
facilitates the formation of a more compact friction-transfer

This journal is © The Royal Society of Chemistry 2024

film (Fig. 21d). The reduction in direct contact between
surfaces was greater with a MXene coating, which led to
a reduction in frictional characteristics.*®” It has been reported
that, amount of coating of The MXene also influenced friction.
The coating maintained a low coefficient of friction (0.16) at 1.0
mL. This value changed to 0.6 mL during friction tests because
this coating was removed quickly (Fig. 21e). The results of
gradient friction tests conducted on MXene-EG coatings
employing different loads on MXene-EG are shown in Fig. 21f.>**
The lubrication effect of a MXene on the interlayer and
substrate adhesion are illustrated in Fig. 21g. Fig. 21h illustrates
the possibility for corrugation without applying an external load
on homogeneous and heterogeneous MXene contacts. In this
context, the weighted sum of enclosed pixels (WSEP) is a hurdle
for two neighbouring layers of a MXene to slide upon each
other.>® Fig. 21i demonstrates how the potential corrugation
changes depending on the typical stress placed on the upper
slab of a MXene bilayer. This phenomenon is more commonly
observed in bilayers that have -OH terminations at interfaces.>*
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Table 9 Comparative summary of tribological performances of MXene-based compounds

Types of MXene Friction pairs Testing parameters Lubrication mechanism Outcomes Ref.
TizC, Probe: MESP-HM 30 nN-8 puN, 25-40 °C, Structure change The first research on micro- 341
velocity 0.2-1.0 pm, delay tribology of MXene
time 1-5 s, RH 20%
TizC,, F-TizC, & Probe: nitride 0-30 nN, RH 15-45%, 24 °C  Surface properties Distinct tribological 342
TMA-Ti;C, properties of different
modified Ti;C, dependent on
hydrophilicity
PTFE/A*-MXene Ball: GCr15, ® 3 mm; disk: 1 N, 1 Hz, 4 mm, 27 + 2 °C, Synergistic effect of Al**- Preparation of friction- 343
PTFE/AI**-MXene RH 24 + 2% MXene coating and PTFE  induced PTFE/AI**-MXene
heterogeneous coating on Si film, and formation of
wafers secondary transfer film
TizC,/graphene Ball: AISI 52100 bearing steel; 1 N, 200 rpm, 2 mm Transferred film and evenly N/A 344
oxide disk: copper disk (20 x 15 x distributed tribolayer
2 mm)
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Fig. 22 (a) Synthesis of TizC,T, via a hydrated-intercalation approach. (b) Comparative performances obtained for TizC,T,, TizC,T,-NaOH, and
TizC,T,-DMSO. (c) Sorption of U(v)) on hydrated and dry MXenes, reproduced from ref. 361 with permission from Royal Society of Chemistry,
copyright 2017. (d) Adsorption of Ba/Sr via MXene. (e) Percentage removal and g. (mg g~?) of Ba and (f) percentage removal and ge (mg g~?) of Sr
by increasing the dose of MXene (g L™, reproduced from ref. 362 with permission from Elsevier, copyright 2020.
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Fig. 23 (a) Adsorption of methyl orange on Nb,CT, and (b) adsorption of methylene blue at various contact times. (c) Dye adsorption via
electrostatic interactions, reproduced from ref. 363 with permission from American Chemical Society, copyright 2021. (d) Photocatalytic
degradation of RhB via TiO,@TisC,, reproduced from ref. 364 with permission from Elsevier, copyright 2021.

4.6.1 Advantages and drawbacks. The special features of
MXenes are exceptional mechanical strength and wear resis-
tance. These characteristics make MXenes excellent candidates
for applications in tribology. MXenes can enhance the dura-
bility of lubricants markedly, which leads to the long life of
mechanical applications. As lubricating agents, the main
features of MXenes are oxidation/destabilization in harsh
tribological environments.

4.6.2 Suggestions and precautions. MXenes require
protective coatings or modifications to maintain their effec-
tiveness under extreme conditions. Thus, conducting compati-
bility tests of a lubricant to other ingredients before
employment in mechanical applications is a rational approach.
In some cases, materials may react adversely with MXene-based
lubricants. Applications of MXene reported specifically for
tribological performances are shown in Table 9

This journal is © The Royal Society of Chemistry 2024

4.7. Application of MXenes for water treatment

MXenes have been at the forefront of research on water treat-
ments as photocatalysts or membranes to remove toxic pollut-
ants. Wastewater containing antibiotics such as tetracycline,
lincomycin, sulfonamides, and fluoroquinolones arising from
animal farming, industries, and hospitals are treated with
MXene-supported compounds to separate microbes.*”?*-34%
Water arising from mining, metal extraction and industrial
processes containing hazardous metal ions (e.g., Zn**, Cd*",
Pb**, Cr®" and Cu®") can be treated to obtain natural water
systems.****** Karthikeyan®** reported on the ability of MXenes
to absorb and remove Cr(vi) and MO from water. According to
Wang et al.,**® biosurfactants along with MXene nanosheets
enhance the adsorption of Pb(un) from contaminated water.
Similarly, removal of mercury ions (Hg”") on nanolayered
molybdenum disulfide (MoS,/MX-II)-functionalized MXene has
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Table 10 MXenes employed for the removal of selected pollutants
Conc.

Membrane Pollutant (mgL ™ Efficiency (%) Ref.
Ti;C,T, MXene nanosheets Cytochrome C 20 97 £1 366
Ti3;C, T, MXene nanosheets Evans blue (EB) 10 90 £ 1 366
Thermal cross-linked 2-D MXenes (Ti,C,T,) pPb** 100 Hydrated rejection of Pb**: 99 367
PFDTMS-modified hydrophobic 2-D d-Ti;C, membrane cu* NA 100 368
MXene-anchored goethite heterogeneous Fenton Hg>* 60 99.7 369

composite

been reported by Shahzad et al.*” Jun et al. reported successful
removal of radioactive Cs* from nuclear wastewater via
a MXene.**®

Furthermore, Ti,CT, has been reported to remove uranium
efficiently via a sorption-reduction method. MXene nanosheets
functionalized with nanolayered MoS, have been found to be

Alternating MXene/PEI

Coatings on Fabrics for EMI

Shielding and Fire
Resistance

EMI Shielding

A A «-- o ‘f"\r‘v

1s Pristine
_Cotton

effective for the treatment of wastewater having uranium
contents.*® Removal of several medicinal substances on
Ti;C,T, was reported by Yoon et al®*® Fig. 22a shows the
synthesis and sorption mechanisms of Ti;C,T,. Significant
adsorptive removal of radionuclides on Ti;C,T, was achieved
through a hydrated-intercalation strategy. Ti;C,T,-DMSO-

Fig. 24 (a) Assembly of a MXene/PEl-coated fabric. (b and c) SEM images of pristine cotton fabric. (d and e) SEM images of MX;oP;-10. (f—h)
Investigation of the fireproof properties of MX;0-10 and MX;oP;-10 fabrics, reproduced from ref. 370 with permission from American Chemical

Society, copyright 2021.
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Fig. 25 (a) Synthetic scheme for HDBAC-TizC,T, and PLA/HD-TC/SIAPP. (b) Flame-retardant mechanism, reproduced from ref. 373 with
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permission from Elsevier, copyright 2022.

Table 11 Flame-retardant MXene-associated materials based on neat MXenes

Thermal conductivity

Material Structure MXene (Wt%) (PHRR) reduction Wm' K" Combustion performance Ref.
MXene/CNF Film 60 77.8 14.93 No ignition 376
MXene/PI Film 40 77.2 5.12 £ 0.37 Self-extinction 377
MXene/GO Film 40 97.7 26.49 No ignition 378
MXene/PI Aerogel 16.1 42.0 N/A No ignition 379
Wood/MXene Coating 13.1 58.8 N/A No ignition 380

hydrated (Fig. 22b) demonstrated the highest removal (160 mg
g™') for U(vi) compared with Tiz;C,T,dry (26 mg g '). In
particular, 1 kg of Ti;C,T,-DMSO-hydrated could treat nearly
5000 kg of uranium-containing wastewater, reducing the
residual U(vi) content to <15 ug L. These reports align with
WHO standards for the development and delivery of safe
drinking water.*** The proposed mechanism demonstrates the
sorption of uranium by hydrated/dry TizC,T, (Fig. 22c).>*** The
mechanism for the removal of toxic metals via MXenes is dis-
cussed in ESI Section S5.1

MXenes have been utilized for the removal of alkaline-earth
metal ions. Fig. 22d is a schematic diagram of the adsorption
mechanism of Ba/Sr ions. Studies have illustrated the remark-
able adsorption of Ba®>" (180 mg g~ ') and Sr** (225 mg g~ ') on

This journal is © The Royal Society of Chemistry 2024

MXenes, (Fig. 22e and f, respectively).*** Fig. 23a and b show the
relationship between the adsorption capacity of Nb,CT, and
contact time for MO and MB removal.**® Fig. 23c shows a dye-
adsorption process that offers a promising approach for the
removal of dyes from wastewater. Fig. 23d demonstrates the
mechanism of degradation for RhB dye over TiO,/Ti;C, photo-
catalysts.*>***% These applications demonstrate the effectiveness
of MXenes for wastewater-treatment technologies.

4.7.1 Advantages and drawbacks. Due to their excellent
adsorption properties, MXenes can efficiently remove heavy
metals, radioactive contaminants, organic pollutants, and other
toxins from polluted water. Their high adsorption capacity
makes them promising materials for water purification/
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treatment technologies. The stability and scalability of MXenes
are the main limitations for large-scale applications.

4.7.2 Suggestions and precautions. The rate of adsorption
must be monitored to optimize the contact time and design for
water-treatment systems. The optimized capacity is important
because certain contaminants may be adsorbed more readily
than others, so choosing or modifying MXenes accordingly is
important.

Table 10 demonstrates the MXene-supported materials used
for the removal of selected pollutants.

4.8. Applications of MXenes for fire retardancy/warning

MXenes exhibit great potential as flame-retardant polymers.
Some reports have indicated that TiO, formed in situ on MXene
surfaces exhibits a significant fire-inhibitory effect.’”® Poly-
ethylenimine (PEI) and MXenes have been introduced to fire-
retardant materials because they can efficiently slow down the
speed of fires.*”* Liu et al. developed a flame-resistant cotton
fabric using a layer-by-layer deposition technique. These layers
consisted of PEI, MXene, ammonium polyphosphate (APP) and
silicone elastomer.’”” Fig. 24a illustrates the assembly and
fireproof properties of MXene/PEI-coated fabrics. Fig. 24b and c
illustrate the SEM images (at 200 and 10 um) of pristine cotton
fabric material.*”* Furthermore, Fig. 24d and e demonstrate the
SEM images of MXene/PEI-coated fabrics. Comparison of the
fire-resistance properties of pristine cotton and MXene/PEI-
coated fabric has been justified via digital photographs
(Fig. 24f-h).** Similarly, preparation of the flame-retardant
materials HDBAC-Ti;C,T, and PLA/HD-TC/SIAPP is illustrated
in Fig. 25a. The flame-resistance mechanism over PLA/HD-TC/
SiAPP composite has been illustrated in Fig. 25b.*”® The low-

View Article Online
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temperature evaporation assembly method to synthesize
MXene-polymer papers (PVP) is demonstrated in Fig. 25¢.*

Fig. 25d demonstrates a fire-warning sensor device. This
device has been constructed by connecting a modified MXene
paper at a low-voltage (36 V) assisted with an alarm bulb. The
purpose of this setup is to detect flames. Fig. 25e is a schematic
diagram illustrating the resistance mechanism of a C/N-doped
TiO, network during cyclic flame detection. When this
network exposed to flames, the temperature rise leads to
a change in electrical conductivity.*”* This variation in
conductivity results in a transition of the resistance. By moni-
toring resistance transition, the presence and intensity of
flames can be detected.’”® Various reported MXene-based flame-
retardant materials with their values for thermal conductivity
(W m~* K ), combustion performance, and PHRR reduction
are represented in Table 11.

4.8.1 Advantages and drawbacks. MXenes exhibit excellent
flame-retardant properties, and can enhance the fire resistance
of polymers and textiles materials. Due to their ability to form
protective layers, MXenes can be preferred to other fire-
retardant materials. The significant advantage is that they can
provide “passive” fire protection; fewer flames spread in the
case of a fire. However, the environmental impact of MXene-
based fire retardant materials requires attention because
these can release some harmful byproducts during combustion.

4.8.2 Suggestions and precautions. Surface modification or
blending methods are preferable for the uniform dispersion of
MXenes to develop fire-retardant fabrics. Various methods can
be used to integrate the MXene into polymers and textiles
effectively. Advanced research on the toxicity of MXene-based
fire retardants is lacking. The spread of combustion products
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Table 12 Operational parameters of a mode-locked fiber laser employing MXene-based saturable absorbers

Repetition
Material SA structure Deposition technique Ae (nm) AX (nm) SNR (db) rate (MHz) Ref.
Ti;C,Ty Tapered fiber Optical deposition 1564.24 5.21 55.2 17.9 386
TizC,Ty Tapered fiber Optical deposition 1069.17 4.29 68 4.77 387
V,CT, Tapered fiber Optical deposition =1064 3 71 38.5 383
Ti3C,Ty D-shaped fiber Drop casting 1913.7 4.33 66 16.77 388
Ti,AlC Fiber ferrule Film attachment 1559 N/A 64.6 5.16 389

may become more risky and challenging. Thus, no release of
harmful gases or residues is mandatory during fire exposure.

4.9. Application of MXenes in mode-locked fiber lasers

MZXenes have been identified as replacements of traditional
saturable absorbers (SAs) such as graphene and carbon nano-
tubes. The major characteristics that make MXenes excellent
candidates for SAs are: (i) high saturable absorption; (ii)
remarkable modulation depth; (iii) flexible bandgap; (iv) elec-
tron density near to Fermi levels. According to Jhon et al.’*
utilization of MXenes as SAs in mode-locked fiber lasers is
a promising application. Fig. 26a illustrates the scheme of fiber
laser-stacked Ti;CNT, SAs. The setup includes a polarization
controller (PC), erbium-doped fiber (EDF), wavelength division
multiplexer (WDM), and laser diode (LD).*®* Output pulses for
electrical and optical spectral results are demonstrated in
Fig. 26b and c, respectively. A MXene-SA device on the stretched-
pulse mode-locked fiber laser is illustrated in Fig. 26d. The
radiofrequency spectrum exhibited in Fig. 26e demonstrates
a signal-to-background difference of 62.4 dB.** The typical
spectrum of the mode-locked ultra-short pulse is shown in
Fig. 26f. The central wavelength of the ring-cavity Tm-Ho-co-
doped fiber laser system was 1550 nm along with a spectral
FWHM of 42.54 nm. Fig. 26g is a schematic diagram of this fiber
laser system. The Tm-Ho-codoped fiber laser system allows
deep understanding of its configuration and functionality.***
Highly stacked Ti;C,T, SAs were used to generate a relatively
stable mode-locked laser system (Fig. 26h.) Analysis of the
electrical spectrum revealed distinct peaks at a repetition rate of
16.77 MHz, exhibiting a signal-to-noise ratio of 66 dB. The
optical spectra of pulses and fitting in the Sech” curve for soli-
tons is represented in Fig. 26i. The centre wavelength was
determined to be 1913.7 nm, whereas the bandwidth of output
pulses was 4.33 nm.*® Table 12 provides a comprehensive
overview of mode-locked fiber lasers derived from MXene-based
SAs.

4.9.1 Advantages and drawbacks. MXenes serve as SAs that
enable mode-locking in fiber lasers (an advanced application).
MXene-based SAs offer various advantages, such as high
modulation depth, ultrafast recovery time, and stable opera-
tion. The only drawback is integration of the MXene-based
components into the fiber laser system. The stability and reli-
ability of MXene-based SAs are crucial components for practical
application in fiber lasers.

4.9.2 Suggestions and precautions. Due to unique charac-
teristics, the use of MXene-based SAs to fiber laser systems is

This journal is © The Royal Society of Chemistry 2024

recommended. Necessary parameters are: (i) saturable absorp-
tion potential; (ii) modulation depth; (iii) flexible bandgap; (iv)
electron density in Fermi levels should be optimized to achieve
desired pulse durations for specific applications. To avoid
accidental exposure to laser radiation, protective shielding and
safety measures must be assured.

5. Conclusions

This review article delivers up-to-date information about the
synthetic methods, mechanism, terminations, modifications,
and important applications of MXenes. We highlight the
advantages, drawbacks, suggestions, and precautions associ-
ated with MXene synthesis and applications. Each synthetic
method has advantages and disadvantages. MXene synthesis is
mostly reliant on etching of the A-layer. However, most etching
methods are scientifically and economically challenging.
Development of MXenes by CVD is a cost-effective and efficient
“bottom-up” synthetic method. Controllable doping and
surface terminations on MXenes have important roles for
specific and targeted applications. The inherited properties of
MXene (relatively higher thermal and electrical conductivity,
mechanical strength, hydrophilicity, and structural stability)
have been validated via interactions with other materials for the
design of state-of-the-art applications. The composition of
surface terminations is predominantly affected by the type of
etching agent along with its concentration. For example,
fluorine-based etching methods typically have hydrophilic
terminations, such as -OH, =O, and -F, whereas electro-
chemical and alkali etching are less effective for some applica-
tions. MXenes with single terminations can be synthesized by
molten salt etching. Sulfur terminations of MXenes exhibit
remarkable performances for batteries and supercapacitors. F-
terminated MXenes deliver excellent performances for electro-
catalytic reactions, whereas N-doped MXenes exhibit excep-
tional electrochemical capabilities for LSBs and energy-storage
applications. =O terminations are very effective for photo-
catalysis, but also for adsorption. We summarized recent
developments on MXenes, terminations, and their roles in
energy, catalysis, sensing, environment, medicine, water treat-
ment, fire retardation, tribology, and EMI-shielding applica-
tions. For example, MXenes and their composites have been
employed as catalysts or co-catalysts in electro/photocatalytic
water-splitting reactions. Moreover, MXenes and their derived
compounds exhibit strong adsorption affinities for the removal
of radioisotopes, heavy-metal ions, and carcinogenic dyes from
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contaminated water. Additionally, MXenes and their biocom-
patible composites have been utilized in biosensing applica-
tions, or immobilization of enzymes to facilitate electron
transfer between enzymes and electrode surfaces. MXenes and
MXene-derived compounds have unique and exciting charac-
teristics for state-of-the-art applications. Their excellent
conductivity, chemical stability, and tuneable properties
promise utilization in many other applications.

6. Future perspectives

e To extend the applications of MXenes, theoretical calculations
and simulations need to be performed. Advanced and sophis-
ticated experimental setups may require endorsement for new
applications.

e It is essential to explore diverse terminations and their
impact on properties for improving the overall performance for
targeted applications.

e For precise control of the synthesis and terminations, extra
attention should be given to post-etching processing.

o The interface properties of MXene nanosheets with various
other materials must be investigated.

e Changes in terminations that govern applications are
unclear. Hence, sophisticated technologies that can extend
utilization even in humid, oxygen, or high temperatures are
needed.

e Discovery of new precursors rather than the MAX phase can
open new synthetic routes for MXenes.

e Alternative synthetic methods may aid the design and
morphologies of MXenes for targeted applications.

e Substitutes for MXenes, such as oxycarbides and oxy-
nitrides, may need to be discovered for state-of-the-art
applications.

e The conductivity of MXenes can be controlled by employ-
ing structural changes to selective applications such as elec-
tronic, semiconductor, and sensing devices.
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Ti;C, Titanium carbide

RhB Rhodamine B

EHDA Electro hydrodynamic atomization
MO Methyl orange

SE Shielding efficiency

DFT Density functional theory
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QD Quantum dots

MA Microwave absorption
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ECSDs Energy conversion and storage devices
SNR Signal-to-noise ratio
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LIBs Lithium-ion batteries

SIBs Sodium-ion batteries
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MILD Minimally intensive layer delamination
MMF MXene membrane filter

PES Photoelectron spectroscopy
HER Hydrogen-evolution reaction
EDLC Electric double-layer capacitor
AC Ammonium citrate

Ccv Cyclic voltammetry

RES Reticuloendothelial system
SCs Super capacitors

OCVs Open-circuit voltages

DMF Dimethylformamide

PAN Polyacrylonitrile

ACN Acetonitrile

PI Polyimide

PSC Perovskite solar cell

MQDs MXene quantum dots

EMI Electromagnetic interference
SA Sodium alginate

PANI Polyaniline

SAs Saturable absorbers

TDPA Tetradecylphosphonic acid
WSEP Weighted sum of enclosed pixels
PRBs Permeable reactive barriers
PVA Polyvinyl alcohol

ETLs Electron transport layers
PHRR Peak heat release rate

EQE External quantum efficiency
APP Ammonium polyphosphate
WDM Wavelength division multiplexer
PC Polarization controller

EDF Erbium-doped fiber

LD Laser diode
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