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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
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)
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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