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MXenes, a class of two-dimensional (2D) materials derived from transition metal carbides, nitrides, and
carbonitrides, have garnered significant attention due to their unique properties and potential
applications in various fields, including energy storage, catalysis, and electronics. Mechanochemistry, the
study of chemical reactions driven by mechanical forces, offers a novel approach to synthesize and
manipulate MXenes, enhancing their properties and expanding their functional applications. This review
explores the intersection of MXenes and mechanochemistry, highlighting recent advancements in the
mechanochemical synthesis of MXenes and their derivatives. We discuss the mechanisms underlying
the mechanochemical processes, including the role of shear forces, ball milling, and other mechanical
techniques in facilitating the exfoliation and functionalization of MXenes. Furthermore, we examine the
impact of mechanochemical methods on the structural integrity, surface chemistry, and electronic
properties of MXenes, which are crucial for their performance in applications such as supercapacitors,
batteries, and sensors. This review also addresses the challenges and limitations associated with
mechanochemical approaches, including scalability and reproducibility, while proposing future directions
for research in this promising field. By integrating mechanochemistry with MXene research, we aim to
provide insights into innovative strategies for the development of advanced materials that can meet the
demands of next-generation technologies. This synthesis of knowledge not only underscores the
versatility of MXenes but also emphasizes the transformative potential of mechanochemistry in materials
science.

1. Introduction

MXenes are a family of two-dimensional (2D) transition metal
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carbides, nitrides, or carbonitrides that are endowed with
excellent electrical conductivity, high mechanical strength,
hydrophilicity, large specific surface area, and intriguing sur-
face chemistry."”> MXenes have a general formula of M,,.;X,, Ty
(n = 1-4), where M represents transition metals, X is carbon
and/or nitrogen, and T stands for surface termination groups
(-OH, -F, -O or —Cl). They are synthesized by selectively
etching the A element from the MAX (M = metal, A = A-group
element, X = C and/or N) phases, which are layered ternary
compounds (Fig. 1).>* The ensuing MXene structure features a
layered morphology with abundant surface functional groups,
making it highly attractive for a wide variety of applications,
including energy conversion/storage,">”” catalysis,* " imaging/
sensing,">** electromagnetic shielding,">'® optoelectronics,"”
wireless communication,® triboelectrics,'® and water treatment/
purification.”® MXenes have been incorporated into various com-
posite forms by combining them with polymers, metals, ceramics,
or other nanomaterials to enhance their properties and expand

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 The elements utilized in the synthesis of MXenes are illustrated in the periodic table. Metals (M elements) are denoted in green, nonmetals
(X elements) in gray, and terminating elements (T) in dark yellow. Rare-earth elements, indicated by striped backgrounds, could be part of in-plane
ordered MAX structures. Elements with diagonal stripes are exclusively found in MXene precursors (MAX phases). Oxygen is distinctly identified by gray
diagonal stripes owing to its role in the newly discovered oxycarbide MXene. Reproduced with permission from ref. 4. Copyright 2022 Springer Nature.

their potential applications in view of their unique attributes like
high electrical conductivity and large surface area.’**"** In energy
storage, MXenes have shown promise as electrode materials in
supercapacitors and batteries due to their high electrical conduc-
tivity and large surface area, enabling efficient charge storage.>*2°
MXene composites have also been explored for their use in
electromagnetic shielding, as their conductivity can effectively
dissipate electromagnetic radiation.">'®*”*® Moreover, MXenes
have shown potential as electro- and photocatalysts for various
chemical reactions due to their unique surface chemistry and
abundant active sites. They have demonstrated effectiveness as
photocatalysts and co-catalysts in processes such as water split-
ting, reduction of CO,, and the elimination of organic pollutants
939 MXene and semiconductor hybrids have
been demonstrated to be powerful photocatalysts due to the
distinctive characteristics of their interface, which enables rapid
charge separation and reduces the Schottky barrier.”*" Notably,
MXenes possess remarkable electronic, mechanical, chemical,
and physical properties, along with controllable surface groups
and a large surface area, making them highly promising catalysts
for energy conversion reactions. Moreover, the exceptional elec-
trical conductivity and surface properties of MXenes render them
suitable for the photocatalytic removal of organic contaminants
from wastewater. These outstanding attributes contribute to their
potential in diverse catalytic applications.***

MXenes and their composites offer several advantages that
make them attractive for various applications because of high

from wastewater.

© 2024 The Author(s). Published by the Royal Society of Chemistry

electrical conductivity, combined with a large surface area,
which enables efficient charge storage and transport. Surface
functional groups offer customization possibilities for adjusting
their interactions with other materials, improving compatibility
and performance in composite integration.*>** Moreover,
MXenes are relatively lightweight and mechanically robust,
making them suitable for applications such as electromagnetic
interference shielding, where weight and strength are critical
factors.>”*® While MXenes and their composites boast numer-
ous advantageous features, addressing several challenges is
crucial for their widespread adoption. Further research is
imperative to optimize the dispersion of MXenes in composite
materials to fully leverage their reinforcing capabilities.
Another significant challenge is the scalability of MXene synth-
esis, as the current methods often involve harsh etching con-
ditions and low yields.*® Additionally, the stability of MXenes in
various environments, such as aqueous solutions or at elevated
temperatures, needs to be improved to ensure their long-term
performance.® For instance, the environmental instability of
an MXene (Ti3C,T,) was addressed,*' wherein even at low concen-
trations, the dark green aqueous dispersion of the monolayer
optimized MXene demonstrated no signs of oxidation or degrada-
tion after being aged under ambient conditions for two months.
In contrast, conventional TizC,T, experienced complete oxidative
degradation within ~ 10 days under the same conditions. Impor-
tantly, optimized Ti;C,T, exhibited enhanced conductivity,
improved nonlinear optical properties, excellent thermal stability,

Mater. Adv,, 2024, 5, 8404-8418 | 8405
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and comparable biocompatibility relative to its conventional
counterpart.*!

Mechanochemistry, the study of chemical reactions driven
by mechanical forces, has emerged as a powerful tool in
materials science,””™** especially for the synthesis and proces-
sing of MXenes with exceptional properties and applications.*®
Mechanochemical methods have proven to be highly effective
for the synthesis and exfoliation of MXenes, as exemplified in
the case of Pt/MXene (Nb,CT,) composites with improved
electrocatalytic hydrogen evolution performance.’® MXenes
are commonly synthesized from MAX phases, resulting in
layered structures with plentiful surface functional groups,
rendering them highly appealing for diverse applications.””™°
Mechanochemistry involves the use of mechanical forces, such
as ball milling or grinding, to initiate chemical reactions or
induce structural transformations in solid-state materials.
Importantly, it eliminates the need for many solvents, offering
the possibility that mechanochemistry could help make many
industries more environmentally friendly. Mechanochemical
synthesis can enhance reactivity, produce metastable com-
pounds, and allow precise control over composition and struc-
ture. This is a highly efficient strategy requiring less energy and
time and rendering the overall operation a sustainable and
environmentally friendly process.”’* This article highlights
the significant advancements in MXenes and mechanochem-
istry, emphasizing the potential of mechanochemical techni-
ques to tailor the properties of MXenes. By shedding light on
the underlying mechanisms and recent research progress, this
article opens the door for further exploration and optimization
of mechanochemical synthesis strategies, propelling MXene
research to new heights of innovation and applications.

2. MXenes and mechanochemistry

2.1. Mechanochemical synthesis

Mechanochemical synthesis has garnered significant attention
in recent years due to its ability to produce a wide range of
functional materials with unique properties under sustainable
conditions. Its simplicity, versatility, enhanced reactivity, and
eco-friendly nature make it an attractive option for diverse
applications, leading to fewer purification steps and ultimately
reducing the overall environmental impact of chemical
production.*>**~>* Typically, the protocol relies on the mechan-
ical forces generated by ball milling or other forms of mechan-
ical energy input to initiate chemical reactions in solid-state
materials. The process involves the milling of reactant materials
together, leading to mechanical deformation, fracturing, and
localized heating. These mechanical actions enable the breaking
of chemical bonds, diffusion of reactants, and subsequent for-
mation of new compounds. The high-energy collisions between
the milling balls and the reactant particles provide the necessary
activation energy for chemical reactions to occur.>>>® Despite
persistent challenges, such as contamination and scalability,
ongoing research and technological advancements aim to over-
come these obstacles, further expanding the scope and impact of
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mechanochemical synthesis in the materials science domain.***°
Mechanochemical fabrication offers several unique advantages,
including its simplicity of operation and ease of scale-up and the
ability to create a uniform reaction environment that results in
nanoparticles with consistent size and shape. Mechanochemical
processing of bulk solids has become a highly efficient and
reactive technique for synthesizing and transforming different
(nano)materials.”® Unlike traditional approaches, mechano-
chemical synthesis relies on simple techniques such as milling
in comminution devices. However, recent advancements have
demonstrated mechanochemical reactivity combined with other
energy sources commonly deployed in solution-based chemistry.>*
These include controlled temperature milling, light irradiation,
sound agitation, and electrical impulses in innovative experi-
mental setups. These novel approaches have enabled reactions
that were previously unattainable through conventional mechan-
ochemical processing. The techniques of thermo-, sono-, electro-,
and photo-mechanochemical syntheses represent significant pro-
gress in modern mechanochemistry, opening up newer possibi-
lities for solid-state reactivity, which have been comprehensively
reviewed by Martinez et al.>

Mechanochemical processing is a promising sustainable
methodology for producing metal-oxide nanoparticles with
minimal environmental impact®” as it curbs the use of organic
solvents. This not only reduces the environmental footprint but
also offers the potential for more precise control over particle-
size distribution. In contrast, conventional liquid-phase syn-
thesis techniques typically involve the use of organic solvents,
while vapour-phase synthesis requires organic precursors.
Furthermore, water-based liquid-phase synthesis, despite its
high reaction rate, often presents challenges in achieving
precise control of particle-size distribution without the aid of
surfactants.>® Besides, it is important to note that high-energy
ball milling can result in significant energy consumption.
To accurately assess the environmental advantages of various
bottom-up approaches for obtaining metal oxide nanoparticles,
a thorough life-cycle evaluation ought to be performed. Some
studies have shown that the mechano-synthesis of organome-
tallic species exhibits a low E-factor and low-process mass
intensity when compared to conventional solution techni-
ques®”* while offering a distinct advantage by minimizing
agglomeration.®” This is possible due to the presence of a solid
by-product matrix that serves as a physical barrier between
particles during the particle-growth phase, which is not the
case for liquid-phase or vapour-phase fabrication methods
often resulting in particle agglomeration. While liquid-phase
synthesis methods can employ surfactants or micelles to deter
agglomeration, this approach limits the options for surface
treatment of nanoparticles during the application stage. More-
over, in the absence of a solid barrier, liquid-phase or vapour-
phase synthesis requires highly dilute conditions to avoid
particle agglomeration, leading to reduced product yield.””
However, there are some important disadvantages/limitations
while deploying mechanochemical over other techniques. The
end products from mechanochemical operations can be sus-
ceptible to contamination from the by-product phase, milling

© 2024 The Author(s). Published by the Royal Society of Chemistry
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balls, or milling containers.>” Furthermore, its usage can some-
times lead to lower crystallinity of the final product owing to
the presence of residual defects and amorphization caused by
the mechanical energy input. Although annealing subsequent
to milling operation can help improve the crystallinity of
nanomaterials generated by mechanochemical approaches,
there is a risk of particle agglomeration or the migration of
impurities from the by-product phase into the nanomaterials
during the heating process.””

Mechanochemical synthesis of MXenes typically involves the
use of high-energy ball milling or other mechanical milling
techniques wherein the starting materials, such as MAX phases
or their precursors, are combined with a suitable etchant and
milled together. The mechanical forces generated during
milling facilitate the removal of the A element, leading to the
formation of MXenes,® and offer several advantages for MXene
production (Table 1). It provides a scalable and efficient route
to synthesize MXenes, eliminating the need for harsh chemical
reactions or high-temperature treatments.®’ For instance,
Ljubek et al®' introduced a fluorine-free mechanochemical
technique for fabrication of Ti;C,T, from Ti;AlC,. Moreover,
mechanochemistry allows for the precise control of the degree
of delamination and exfoliation, which directly impacts the
properties of the resulting MXenes.®* In one study, an MXene
(TisC,T,) was prepared through a combination of ball milling
and chemical etching using TizAIC, powder.®® The investiga-
tion of the electrochemical performance of the sample, which
underwent 6 h of mechanochemical treatment and 12 h of
chemical etching, showed an electric double layer capacitance
behavior with an enhanced specific capacitance of 146.3 F g~*
compared to samples treated for 24 and 48 h. Furthermore, the
MXene sample exhibited increased specific capacitance during

View Article Online
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a 5000-cycle stability test owing to the termination of the -OH
group, intercalation of K* ions, and transformation into a TiO,/
TizC, hybrid structure in KOH electrolyte (3 M). Notably, the
ball milling pre-treated MXene displayed excellent performance
and stability due to the increased interlayer distance between
the MXene sheets and the intercalation and deintercalation of
Li" ions.®

An efficient one-step mechanical exfoliation method has
been developed for the rapid and high-yielding synthesis of
MXenes (TizC,) as depicted in Fig. 2,°® which significantly
reduced the preparation time compared to conventional methods.
The ensuing MXenes exhibited excellent stability as colloidal
dispersions in aqueous solutions and could disperse well in seven
different organic solvents for extended periods of over 30 days.
Moreover, the as-synthesized MXene materials showed the ability
to efficiently accommodate diverse nanoparticles at ambient tem-
perature, leading to a 100% reduction of p-nitrophenol in just 10
min.*®

Mechanochemical synthesis can be employed to develop
MXene-based materials for energy storage and conversion
applications where ball milling can facilitate the preparation
of MXene electrodes with enhanced electrochemical perfor-
mance in supercapacitors or batteries.*>*® Shi et al.®® introduced
a unique technique for synthesizing metal-organic-framework/
MXene-derived carbonaceous metal selenide/MXene composites,
devoid of any solvent usage. As a result, these composites exhibited
distinct nanostructures enriched with mesopores and macropores.
Through this approach, electrode materials with superior Li/Na
ion storage properties could be attained compared to their
solution-based counterparts. The mechanochemically synthe-
sized composites displayed exceptional performance in
advanced lithium/sodium storage applications.®® High-energy

Table 1 Selected examples of mechanochemical synthesis methods of MXene-based materials and their applications

MXene-based materials Technique Applications Advantages/properties Ref.
Pt/Nb,CT, MXene composites Simple mechanochemical Electrocatalytic e High electrochemical hydrogen evolution 46
ball milling and annealing  hydrogen reaction activity
strategy evolution e High stability with remarkable durability
reaction
Tiz;C, T, MXene A combination of ball High- e Enhanced specific capacitance of 146.3 F g~ * 63
milling and chemical performance e Stability over 5000 cycles
etching from Ti;AlC, supercapacitors e High energy (138.33 W h kg™ ') and power density

powder

MXene (TizC,Ty)/TiO, A solvent mechanochemical

Sodium (Na)-ion

(1500 W kg™ )
e Improved stability of the electrode structure 64

heterostructure technique (in situ storage o Excellent electrode capacity (660 mA h g™?)
fabrication)
Metal-organic-frameworks/MXene- A solvent-free mechano- Electrode e Enhanced Li/Na ion storage properties 65

derived carbonaceous metal
selenide/MXene composites

chemical technique
(a ball-milling methodology)

materials for
lithium (Li)/Na

e Low-cost, environmentally friendly and readily
scalable synthesis technique

storage

Few-layered MXene (Ti3C,Ty)
nanodot composites

A red-phosphorus-assisted
ball-milling synthesis

A fluorine-free chemical-
combined ball-milling
technique

Fluorine-free porous MXene
(Ti5Cy)

© 2024 The Author(s). Published by the Royal Society of Chemistry

Na-ion battery
anode material

Li-ion batteries

e Good sodiation capacity (600 mA h g™ ) 66
at 260 mA g '

e Improved cycle stability for 150 cycles

e Enhanced specific surface area 67

e Excellent electrochemical performance

o Excellent reversible capacity (310 mA h g™") ata
current density of 100 mA g~ "

o A reversible capacity of 97 mA h g™ could be
steadily maintained after cycling for 3000 cycles at
a high current density of 1A g™ "

Mater. Adv., 2024, 5, 8404-8418 | 8407
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electron microscopy (TEM) image displaying the as-prepared MXene nanosheets. Reproduced with permission from ref. 68. Copyright 2023 Elsevier.

ball milling of precursors can facilitate the exfoliation and
delamination of MAX phases, leading to the production of
MXenes as shown for the fabrication of the Ti;AlC, MAX phase
in the Ti-Al-C system.”® The objective was to examine the
effects of varying milling times, up to a maximum of 10 h, on
mixtures of Ti, Al, and C with stoichiometric ratios. Thorough
thermodynamic evaluation revealed highly exothermic reac-
tions between the elemental powders of titanium, aluminum,
and carbon, leading to the formation of the desired product
phases in a self-sustaining regime. Accordingly, experimental
findings demonstrated that, following 10 h of milling, the
elemental powders underwent a rapid combustion reaction,
resulting in the formation of Ti;AlC, and TiC. These outcomes
conclusively established that the dominant mechanism at play
in this process was the mechanically induced self-propagating
reaction.”” Mechanochemical methods offer great opportu-
nities for scalable and cost-effective synthesis of MXenes,
enabling the large-scale production of these materials. How-
ever, it is imperative to conduct further comprehensive studies
in order to thoroughly explore and analyze the underlying
mechanisms and optimization techniques.

2.2. Recent advancements

The fusion of MXenes and mechanochemistry offers great
opportunities for synthesis, functionalization, and applications
in the domain of materials science®””" as MXene-based com-
posites exhibit high electrical conductivity, unique optical/
thermal properties, excellent mechanical properties, and good
chemical stability.”>””> These attributes make them promising
candidates for energy storage and conversion devices, includ-
ing batteries, supercapacitors, and fuel cells, as MXenes can be
engineered to enhance their electrochemical performance,

8408 | Mater. Adv, 2024, 5, 8404-8418

such as increased capacitance and improved cycling stability.
In addition, MXenes have shown potential in various other
fields, including catalysis, electromagnetic shielding, sensing,
and water purification. Mechanochemistry enables the facile
integration of MXenes into composites or hybrid materials,
further expanding their application prospects.>®”®
Mechanochemistry offers an avenue for precisely controlling
the synthesis parameters, such as milling time, milling speed,
and precursor compositions, to achieve desired MXene proper-
ties. By elucidating these mechanisms, researchers can explore
new avenues for optimizing mechanochemical synthesis stra-
tegies, enabling the development of MXenes with unprece-
dented properties. Applying mechanochemical strategies to
MXene research can lead to the development of novel MXene-
based materials with adjusted features and improved perfor-
mance. Thus, the synergy among MXenes and mechanochem-
istry tactics holds great potential for advancements in various
fields, including energy storage, catalysis, electronics, and
beyond.”””® For instance, strain modulation is a technique that
holds great promise in the field of electrochemical materials.
By adjusting the characteristics of these materials, strain mod-
ulation allows for developing mechano-electrochemical cou-
pling, which in turn enables high-performance energy
storage. MXenes due to their exceptional conductivity, mechan-
ical properties, and interlayer spacing for ion intercalation have
shown enormous potential for lithium storage applications.
However, a persistent issue with MXene-based electrodes is the
sluggish kinetics caused by the restacking of MXene nano-
sheets, a problem that has yet to be effectively addressed.”
In one study, Wang et al.”” developed an innovative solution to
tackle the issue of slow kinetics in MXene-based electrodes (Fig. 3)
by creating strain in an MXene (Ti;C,T,) via mechanochemical

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Reproduced with permission from ref. 77. Copyright 2021 Elsevier.

means. By subjecting the MXene to mechanical forces, they
induced out-of-plane tension and in-plane biaxial compression,
leading to a comprehensive assessment of the strain states in the
MXene. Specifically, the mechanochemically induced strained
MXene (Ti;C,T,) exhibited a notable decrease in the lithium
diffusion barrier, resulting in enhanced ion-transfer kinetics where
the strained MXene electrode displayed a high discharge capacity
of 380.5 mA h g " at 0.1 Ag ™", outperforming earlier documented
unstrained Ti;C,T, electrodes. Additionally, this electrode exhib-
ited superior rate capability and exceptional lithium storage
performance across a wide temperature range, from 40 °C to
—20 °C. This work not only addressed the issue of sluggish kinetics
in MXene-based electrodes but also established a novel approach
for strain engineering of MXenes. By harnessing the power of
mechanochemistry, the diffusion kinetics of lithium ions in
lithium-ion batteries can be effectively enhanced. These findings
have significant implications for developing high-performance
energy storage systems and pave the way for further advancements
in the field of MXene-based materials.”

Mechanochemistry can be employed for functionalizing
MXenes by introducing desired surface modifications.®*”® By
incorporating suitable reagents during ball milling, functional
groups can be introduced onto the MXene surface, altering its
properties and enabling tailored applications. This surface
functionalization can enhance the compatibility of MXenes
with other materials deployed in composites or facilitate the
targeted interactions in catalytic or sensing applications where
mechanochemical protocols are employed to fabricate MXene-
based composites. By ball milling MXenes with polymers,
metals, or other nanomaterials, the dispersion and interfacial
interactions within the composite can be improved. This
approach allows for the incorporation of MXenes into various
matrices, thus enhancing the electrical, mechanical, or catalytic
properties of the resulting composites.*®®*®® In a particular
study focused on improving lithium ion storage capacity,
researchers reported the development of a stable Ti-O-P
bond-infused MXene (Ti;C,Ty)/carbon  nanotubes@red

© 2024 The Author(s). Published by the Royal Society of Chemistry

phosphorus nanohybrid.”® To produce a conductive network,
carbon nanotubes were incorporated into MXenes, which were
then combined with red phosphorus through a ball-milling
process. During this procedure, the surface oxygen-containing
functional groups of MXene interacted with red phosphorus,
resulting in the formation of Ti-O-P bonds. The nanohybrid
showed exceptional performances due to the significant capa-
city contribution of red phosphorus, the conductive network
and buffering capabilities of MXene/carbon nanotubes, and the
impact of the Ti-O-P bond. It exhibited a remarkable reversible
capacity of 2598 mA h g~ ' at 0.05C (1C = 2600 mA g~ ', based on
the active material red phosphorus), enhanced cycling stability
(2078 mA h g™ after 500 cycles), and excellent rate capability
(454 mA h g~ " at 30C). These findings indicated the captivating
potential of the MXene-based nanohybrids for designing
lithium-ion batteries with high performances.”” Wang et al.*°
developed a plasma-assisted mechanochemical approach to
introduce defects in an MXene (Ti3C,T,), resulting in enhanced
lithium ion storage performance when deployed as an anode in
lithium-ion batteries (Fig. 4). Following the plasma-assisted
mechanochemical treatment, the layer structure of the MXene
became distorted, and a plethora of defects served as additional
active sites for lithium ion storage. Consequently, the plasma-
assisted mechanochemically treated MXene exhibited
enhanced cycling stability, improved lithium storage capacity
(242 mA h g " at a current density of 100 mA g '), and high rate
performance (100 mA h g~ ' at 5 A g~ ). This strategy can open
up newer pathways to enhance the electrochemical energy
storage capabilities of MXene-based electrode composites.*
The poor realistic capacity and low rate performance of hard
carbon have limited its practical application as an anode
material in sodium-ion batteries.®® However, in one study,
Gao et al.®* proposed a solvent mechanochemical technique
to address these challenges. By functionalizing MXenes, the
electrochemical performance of the batteries could be
enhanced through the in situ production of the hard carbon-
MXene/TiO, electrodes (Fig. 5). During the ball milling process,
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MXenes (Ti;C,T,) with oxygen-containing functional groups
reacted with hard carbon particles, forming Ti-O-C covalent
cross-linked hard carbon-MXene composites. Remarkably, the
air oxidation of the MXene nanosheets at the edges resulted in
the formation of TiO, nanorods, creating a regular MXene/TiO,
heterojunction structure. This Ti-O-C covalent bonding played
a crucial role in protecting the heterojunction structures from
pulverization and detachment from the current collector dur-
ing the charge/discharge cycles, which were caused by sodium
ion intercalation/detachment. Consequently, the stability of the
electrode structure was significantly improved. Furthermore,
the heterojunction facilitated the formation of a three-dimensional
(3D) conductive network, providing more active sites for electro-
chemical reactions. Ultimately, the resulting electrode demon-
strated superior electrode capacity, thus positioning it as a
promising anode material for sodium-ion batteries.** This innova-
tive approach of preparing MXene/TiO, heterojunction-decorated
hard carbon offers a fresh perspective on the structural design of
MXenes and carbon material composites for sodium-ion batteries.

MXenes and their composites have been extensively studied
for their adsorption and degradation properties in the removal
of a wide range of contaminants namely toxic metals, inorganic
ions, radionuclides, as well as organic pollutants like dyes,
pharmaceuticals, aromatic hydrocarbons, and pesticides.®"*?
An innovative MXene-based adsorbent was developed using a
facile mechanochemical method to effectively remove organic
contaminants from wastewater.®® One of the key advantages of
this material was its high specific surface area (135.7 m* g™ 1),
allowing for enhanced adsorption capability, particularly for
methylene blue, with an adsorption capacity of 209 mg g~
This excellent performance could be attributed to the increased

8410 | Mater. Adv,, 2024, 5, 8404-8418

interlayer space among the MXene sheets and the presence of
free carboxylate groups from the terephthalate. Furthermore, it
was uncovered that the spent adsorbent could be effectively
recouped by simply adding aluminum to the mechanochemical
procedure. This reutilization process facilitated the synthesis of
the MAX phase, where both the terephthalate and the pollutant
were carbonized into carbides. This exciting finding enabled
the resynthesis of MXene-based adsorbents for subsequent use,
thereby enhancing the sustainability and cost-effectiveness of
the overall process.®® Li et al. evaluated an asymmetric interface
derived from the edge-rich defective Ti;C,T, (ERDT) to expose
unsaturated coordinated active titanium atoms through
mechanochemical treatment (Fig. 6), which resulted in a stepped
cross-section structure that significantly enhanced the degrada-
tion rate constant of carbamazepine in the ERDT/peroxymono-
sulfate system, exhibiting a value of 0.326 min~*. Comparatively,
the degradation rate constant for carbamazepine in the bulk
MXene was only 0.003 min ", which was 108.9 times lower. The
findings indicated that ERDT played a crucial role in initiating
both free radical and non-radical titanium metal oxide species
pathways, contributing 51% and 48% to carbamazepine degrada-
tion, respectively. Furthermore, in the MXene/peroxymonosulfate
system, the Bader charge of the metastable Ti-OH remained
nearly constant, while in the ERDT/peroxymonosulfate system,
the metastable Ti-O-Ti intermediate decreased by 0.413e ", result-
ing in the formation of surface-bound oxygen species (Ti(u)-O*-
Ti(m)). This suggests that ERDT, without hydroxyl capping, was
more inclined to generate HSO, ions and create a Ti(u)-O*-Ti(m)
poor-electron region. Consequently, the system exhibited greater
electron transfer from peroxymonosulfate and carbamazepine.
Combined with the presence of edge-defective active sites under

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) A mechanochemical approach to synthesize hard carbon (HC)-MXene/TiO; electrodes utilizing TizC, as a multifunctional conductive agent.

(b) SEM was utilized to examine the morphology of the flowerlike MXene/TiO, heterostructures. (c) Transmission electron microscopy (TEM) provided a
detailed view of the heterostructures at the nanoscale. (d) High-resolution transmission electron microscopy (HR-TEM) images were obtained to study
the atomic-level structure of the MXene/TiO, heterostructures. (e) Selected area electron diffraction (SAED) pattern analysis was performed on the
heterostructures to gain insights into their crystallographic properties. (f) X-ray diffraction (XRD) patterns were recorded for HC particles to determine
their crystalline structure. (g) MXene nanosheets were analyzed using XRD to assess their crystallographic characteristics. (h) XRD analysis was conducted
on the electrode to investigate its structural properties. Reproduced with permission from ref. 64. Copyright 2021 American Chemical Society.

mechanical shearing force, this led to a stronger adsorption
affinity between peroxymonosulfate and ERDT, thereby enhan-
cing the catalytic performance for the degradation of target
emerging contaminants.

3. Challenges

While mechanochemistry has enabled significant advance-
ments in MXene synthesis, there are still challenges that need
to be addressed, especially the scalability of mechanochemical
processes to produce MXenes in large quantities. In addition,
understanding the underlying mechanistic details of formation
of MXenes through mechanical forces is essential for further
optimization and control of their properties. Looking ahead,

© 2024 The Author(s). Published by the Royal Society of Chemistry

the combination of mechanochemistry and MXenes holds great
potential for developing advanced materials with controllable
properties. Additional explorations in mechanochemical synth-
esis techniques will pave the way for the exploration of new
MXene derivatives and their applications in diverse fields.
While mechanochemical synthesis offers numerous advan-
tages, the repeated impact and grinding between milling balls
and the reactant particles can introduce impurities from the
milling media, limiting the purity of the synthesized materials.
Notably, mechanochemical synthesis can generate heat, lead-
ing to increased local temperature, which can induce unwanted
side reactions or affect the stability of the created materials.
Scaling up mechanochemical synthesis for industrial applica-
tions can be challenging due to issues related to equipment
design, handling of larger quantities of materials, and ensuring
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(A) A visual representation showing the synthetic pathway for a bulk MXene (TizC,T,) and edge-rich defective TizC,T, is presented. (B) The (010)

TizC,OH/peroxymonosulfate (PMS) system along with its corresponding Bader charge. (C) The (010) TizC,/PMS system and its corresponding Bader
charge. Reproduced with permission from ref. 83. Copyright 2023 American Chemical Society.

reproducibility. Controlling the selectivity of mechanochemical
reactions can be difficult, as multiple competing reactions can
occur simultaneously. A thorough optimization of milling
parameters is therefore necessary to achieve the desired pro-
ducts with high selectivity.

Overall, the important challenges associated with MXenes
and mechanochemistry involve controlling contamination dur-
ing synthesis and developing methods to enhance the purity
and consistency of MXene products, as well as optimizing the
mechanochemical processes to ensure efficient and reliable
production. Some of the key challenges and limitations that
need to be addressed are summarized as follows:

3.1. Scalability

One of the primary challenges with MXenes and their deriva-
tives is achieving large-scale production. The current synthesis
methods often involve harsh etching conditions and low yields,
limiting their commercial viability.**”>%* Developing scalable
and cost-effective synthesis strategies is crucial for the wide-
spread implementation of MXenes in various applications. For
instance, the fabrication of MXenes using hydrofluoric (HF)
acid etching has been extensively documented.?**® However,
the high acute toxicity associated with HF acid poses significant
challenges for large-scale production of MXenes and their

8412 | Mater. Adv,, 2024, 5, 8404-8418

widespread use in energy-related applications.®” Therefore, it
is essential to investigate safer methods for synthesizing
MZXenes, which would facilitate their mass production and
broaden their applicability. In one study, a novel approach
utilizing thermal-assisted electrochemical etching has been
developed to synthesize MXenes such as Ti,CT,, Cr,CT,, and
V,CT,. This investigation demonstrated the potential of
MXenes in various applications while offering a nontoxic and
HF-free synthesis route for these materials.®” Scaling up the
mechanochemical synthesis for industrial applications can be
challenging. The design of equipment capable of handling
large quantities of materials and also the preservation of
effective milling conditions are two important factors. Besides,
ensuring the scalability and reproducibility of mechanochem-
ical reactions on a larger scale is a complex task that requires
careful optimization and consideration of process parameters.

3.2. Stability

MXenes are susceptible to environmental conditions, such as
exposure to moisture or high temperatures, and their stability
can be influenced by factors such as environmental conditions,
chemical interactions, and structural changes. Ensuring their
stability over time is essential for their long-term performance
and practical applications.®®® Notably, in comparison to

© 2024 The Author(s). Published by the Royal Society of Chemistry
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MXenes in a free-standing film configuration, their aqueous
dispersion form exhibits a significantly higher oxidation rate.
Although the precise mechanism by which MXenes oxidize in
their aqueous state is currently a topic of debate, previous
research on Ti;C,T, MXenes suggests that oxygen and water
play a complex role in initiating oxidation. This investigation
eventually pinpointed water as the primary factor responsible
for Tiz;C,T, hydrolysis. Numerous studies have examined the
oxidation of MXenes, particularly Ti;C,T,, under various sto-
rage conditions and have identified several parameters that
influence the rate of oxidation, which include the pH of the
dispersion, as well as the nature, size, and concentration of
MXenes.”® Additional explorations are warranted to enhance
the stability of MXenes through surface modifications or pro-
tective coatings. MXenes are also susceptible to reactions with
certain chemicals, such as strong acids or oxidizing agents,
which can lead to structural damage and loss of functionality. It
is essential to avoid exposure to corrosive substances to main-
tain the stability of MXenes. Furthermore, structural changes
can occur in MXenes under specific conditions, affecting their
stability and they may include delamination, restacking, or
phase transitions, which can alter their properties and perfor-
mance. Understanding the underlying mechanisms behind
these structural changes is crucial for designing MXene-based
materials with improved stability and various strategies have
been explored to enhance the stability of MXenes. Surface modi-
fications, such as functionalization with polymers or inorganic
materials, can be employed to enhance their chemical and
thermal stability. In addition, the manufacturing processes of
MXenes/derivatives ought to be optimized to minimize structural
changes and ensure long-term stability.*

3.3. Contamination and environmental impact

Controlling and minimizing contamination during MXene
synthesis is a significant challenge.”’ The milling media and
equipment used in the synthesis process can introduce impu-
rities, affecting the purity and consistency of the final MXene
products. Developing methods to minimize contamination and
improve the purity of MXenes is necessary for their reliable
characterization and successful integration into various appli-
cations. By implementing stringent protocols and employing
high-quality milling media and equipment, researchers can
mitigate the risk of contamination and ensure the production
of pristine MXene materials. Furthermore, the development of
advanced purification techniques and thorough characteriza-
tion methods can aid in identifying and eliminating any
residual impurities. This comprehensive approach is essential
for obtaining MXene samples with consistent quality, enabling
accurate and reliable experimental results.

3.4. Dispersion and compatibility

Achieving uniform dispersion of MXenes within composite
materials can be a formidable task due to their inherently
hydrophilic nature. To address this issue, various methods
have been explored, such as using polar organic solvents like
N,N-dimethylformamide,”® optimizing the pH value of acidic

© 2024 The Author(s). Published by the Royal Society of Chemistry
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dispersions, and utilizing raw materials that improve the
stability and conductive properties of MXenes.>® MXenes tend
to agglomerate in certain matrices, affecting the properties and
performance of the composites. Therefore, developing effective
strategies to improve the dispersion and compatibility of
MXenes with different matrices is crucial for realizing their full
potential in composite applications. There are several tactics
that can be employed to address the limitations associated with
MXene dispersion. One approach involves chemically modify-
ing the surface of an MXene to enhance its hydrophobicity,
thereby improving its compatibility with the matrix material.
Another effective option is the assembly of MXene nanosheets
into macrostructures, promoting a more uniform dispersion.
Notably, the utilization of polymeric super-dispersants has
shown promise in achieving broad dispersibility of MXene
nanosheets in various solutions.”*%

3.5. Reproducibility

Achieving reproducibility in mechanochemical synthesis can be
demanding. Variations in milling conditions, such as the ball-
to-powder ratio, milling time, and rotational speed, can signifi-
cantly impact the reaction outcomes. Standardizing the synth-
esis protocols and identifying the critical milling parameters
for reproducibility are important for ensuring consistency in
the synthesized materials.”® By adjusting parameters such as
milling time, milling speed, and precursor compositions,
researchers can adjust the properties of MXenes to meet specific
application requirements. This level of control enables the pro-
duction of MXenes and their derivatives with optimized properties
for various applications, including energy storage, catalysis,
robotics, biomedicine, environmental remediation, and electronics.

Overcoming these hurdles will pave the way for the success-
ful implementation of MXenes and mechanochemical synth-
esis in various applications, thus unlocking their full potential
for advancing materials science. Improved synthesis methods,
such as scalable and eco-friendly approaches, will facilitate the
large-scale fabrication of MXenes and their derivatives. Further-
more, advancements in MXene functionalization, hybridization,
and composite design will lead to enhanced performance and
expanded applications. The integration of MXenes with other
emerging materials, such as graphene or carbon nanotubes, may
develop novel functionalities and synergistic effects. Mechano-
chemical synthesis offers the opportunity to functionalize the
surface of MXenes during the milling process. By introducing
functional groups or incorporating dopants, researchers can mod-
ify the surface chemistry of MXenes, enhancing their stability,
conductivity, or catalytic activity. This opens up avenues for
designing MXenes with tailored functionalities, thus expanding
their potential applications. Advances in mechanochemical synth-
esis techniques have led to a better understanding of the under-
lying mechanisms governing the transformation of precursor
materials into MXenes. Through in-depth characterization and
analysis, researchers can unravel the complex processes occurring
during mechanochemical synthesis, which is crucial for optimiz-
ing synthesis strategies and further enhancing the properties and
performance of MXenes.
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4. Future perspectives

The future of MXenes and mechanochemistry is poised for
exciting advancements and innovative applications across
various scientific disciplines. As researchers delve deeper into
the synergistic relationship between these two fields, several
promising prospects emerge for the development of novel
materials and technologies:

4.1. Enhanced functionalization and tunability

One of the key future prospects in the field of MXenes and
mechanochemistry is the enhanced functionalization and tun-
ability of MXene materials. By leveraging mechanochemical
synthesis techniques, researchers can precisely tailor the sur-
face chemistry and properties of MXenes to meet specific
application requirements. This level of control opens up new
avenues for designing MXene-based materials with advanced
functionalities and performance characteristics.

4.2.
fields

Expanded applications in biomedical and environmental

The integration of MXenes and mechanochemistry holds
immense potential for expanding applications in the biomedi-
cal and environmental fields. Mechanochemically synthesized
MXenes can be engineered to exhibit biocompatibility, anti-
microbial properties, and targeted drug delivery capabilities,
making them promising candidates for biomedical implants,
therapeutics, and biosensors. Additionally, MXenes produced
through mechanochemical routes show promise for environ-
mental applications such as water purification, pollutant reme-
diation, and catalytic processes.

4.3. Scalability and industrial transferability

Another future prospect lies in the scalability and industrial
transferability of mechanochemically synthesized MXenes.
As researchers optimize synthesis protocols and scale-up pro-
cesses, the production of MXene materials on a commercial
scale becomes more feasible. This scalability paves the way for
the widespread adoption of MXenes in various industries,
ranging from electronics and energy storage to aerospace and
automotive sectors.

4.4. Synthesis strategies

One prominent trend in MXenes and mechanochemistry is the
exploration of novel synthesis strategies to enhance the effi-
ciency and versatility of MXene materials. From mechanochem-
ical exfoliation methods to bottom-up assembly techniques,
researchers are constantly innovating to develop new pathways
for synthesizing MXenes with tailored properties and function-
alities. These cutting-edge approaches hold the potential to
revolutionize the production of MXene-based materials for
diverse applications. Notably, a growing focus on sustainability
and green chemistry principles is also shaping the future of
MXenes and mechanochemistry. Researchers are exploring eco-
friendly synthesis routes that minimize waste generation,
energy consumption, and environmental impact. By adopting

8414 | Mater. Adv, 2024, 5, 8404-8418
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sustainable practices in the production of MXene materials, the
field aims to address global challenges while advancing
towards a more sustainable and environmentally conscious
future. Mechanochemical synthesis offers several advantages
over traditional methods, making it an attractive approach in
the materials science domain, and it can be applied to a wide
range of materials, including metals, alloys, oxides, interme-
tallic compounds, and organics. This strategy can eliminate the
need for complex reaction conditions, like high temperatures
and pressures, thus reducing the cost and simplifying the
synthesis process. It typically uses minimal or no solvents,
leading to reduced chemical waste and diminished environ-
mental impact compared to traditional solution-based syn-
thesis methods. Notably, mechanical forces applied during ball
milling can overcome kinetic barriers, enabling the synthesis of
metastable compounds and facilitating reactions that are
otherwise difficult to achieve. In addition, mechanochemical
synthesis allows for precise control over the composition,
phase, and crystallinity of the synthesized materials by adjust-
ing milling parameters such as the milling time and speed and
ball-to-powder ratio. This approach has been employed in
green chemistry processes, such as solvent-free reactions, waste
valorization, and the synthesis of biodegradable materials.®”*®
It can be applied for the fabrication of nanoparticles, nano-
composites, and nanostructured materials with tailored proper-
ties for applications in electronics, catalysis, and sensing.””

4.5. Multifunctional MXene-based composites

Another trend gaining momentum is the development of multi-
functional MXene-based composites through mechanochem-
ical synthesis routes. By incorporating MXenes into various
matrices and nanomaterials, researchers can create hybrid
structures with synergistic properties, such as enhanced
mechanical strength, conductivity, and catalytic activity. These
composite materials show promise for applications in advanced
electronics, energy storage, and environmental remediation.

5. Conclusion

MXenes and their composites have shown great potential in
various applications, including energy storage, sensing, bio-
medical engineering, catalysis, soft robotics, and electronics.
Their high surface area, metallic conductivity, and hydrophili-
city make them suitable for supercapacitors and batteries,
where they can enhance energy storage and charge/discharge
rates. In addition, MXene-based composites can serve as effi-
cient catalysts, enabling various chemical reactions with
enhanced reaction rates and selectivity. The unique combi-
nation of properties offered by MXenes makes them promising
candidates for developing advanced materials in the field of
nanotechnology. Mechanochemistry is a fascinating part of
chemistry that explores the use of mechanical energy to drive
chemical reactions by applying mechanical forces, such as
grinding, milling, or shearing, to initiate or accelerate chemical
transformations. Mechanochemical reactions typically exhibit

© 2024 The Author(s). Published by the Royal Society of Chemistry
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unique reaction pathways and product distributions compared
to traditional solution-based reactions. This field has garnered
significant attention in view of its sustainable and green
chemistry attributes encompassing several advantages, includ-
ing higher reaction rates, improved selectivity, and reduced
waste generation. Moreover, mechanochemistry has shown
promise in various applications, such as organic synthesis,
pharmaceutical manufacturing, and materials science. By con-
trolling the power of mechanical energy, mechanochemistry
opens up new possibilities for the development of efficient and
eco-friendly chemical reactions.

One of the crucial aspects in MXene synthesis is the scal-
ability of the production process. While MXenes have shown
exceptional properties in the laboratory, their large-scale synth-
esis and commercialization remain a complex task. Overcom-
ing this challenge requires the development of efficient and
cost-effective production methods that can be readily adopted
on an industrial scale. The stability of MXenes in various
environments is also an important aspect for their further
practical applications; MXenes are prone to oxidation, which
can degrade their properties over time. Researchers are actively
working on developing strategies to enhance the stability of
MXenes and improve their long-term performance. In terms of
mechanochemistry, one of the challenges lies in understanding
the underlying mechanisms of the reactions induced by mechan-
ical forces. While mechanochemical synthesis has proven effective
in producing new materials, the fundamental understanding of
how mechanical energy influences chemical reactions is still
evolving. Further research is needed to elucidate the intricate
details of mechanochemical processes and optimize their effi-
ciency. The advancements in MXene-based devices and technolo-
gies, contributing to the development of sustainable energy
solutions, environmental remediation, and advanced electronics,
are anticipated in the future, thus expanding the scope of mechan-
ochemical reactions to new classes of compounds and leading to
exploration of novel reaction pathways and optimization of the
efficiency of mechanochemical processes.
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