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Two-dimensional nanomaterials, such as MXenes, have garnered significant attention due to their
excellent properties, including electrical conductivity, mechanical strength, and thermal stability. These
properties make them promising candidates for energy storage and catalysis applications. However,
several challenges impede their large-scale production and industrial application. Issues such as high
production costs, safety concerns related to toxic etching agents, instability in oxidative environments,
and the complex synthesis process must be addressed. In this review, we systematically analyze current
methodologies for scaling up MXene production, focusing on the synthesis and etching of MAX phases,
delamination strategies, and the production of MXene derivatives. We explore strategies for overcoming
challenges like aggregation, oxidation, and cost, presenting optimization techniques for enhancing
electrochemical performance and stability. The review also discusses the applications of MXenes in bat-
teries and supercapacitors, emphasizing their potential for large-scale use. Finally, we provide an
outlook on future research directions for MXene to develop safer and more cost-effective production
methods to improve the performance of MXene in order to realize its commercial potential in energy
technologies.

dimensional materials with hexagonal compact crystal struc-
tures typically obtained by selective etching of the A-atom layer

Two-dimensional nanomaterials derived from van der Waals
and non-van der Waals solids possess excellent physical and
chemical properties brought about by the size effect, attracting
widespread attention from researchers in the fields of large-
scale energy storage. The atomic layers from van der Waals
solids such as graphene and transition metal disulfides
without dangling bonds can be facilely produced based on
their van der Waals counterparts."™ In contrast, producing
atomic layers from non-van der Waals solids is difficult owing
to their strong chemical bonds in bulk. As non-van der Waals
solids, MXenes are novel transition metal carbon/nitrides, two-
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of the MAX phase, followed by ion intercalation and ultra-
sound-assisted stripping.>® Compared with other 2D
materials, MXene has: (1) Superior electrical conductivity:
Enables rapid charge transfer. (2) Large specific surface area:
Provides abundant active sites and enhances storage capacity.
(3) Robust mechanical properties: High flexibility and mechan-
ical strength, ideal for flexible devices. (4) Excellent thermal
stability: Suitable for high/variable-temperature applications.
(5) Tunable surface chemistry: Controllable functional groups
allow electrochemical property modulation via surface modifi-
cation. (6) Rich interlayer chemistry: Intercalation chemical
modulation further optimizes electrochemical performance.
(7) High ionic conductivity: Improves ion transport efficiency
in batteries. (8) Chemical stability: Maintains structural integ-
rity for long-term applications. (9) Environmental friendliness:
Reduced ecological impact during synthesis and utilization.
Therefore, MXenes show promising applications in energy
storage and catalysis.” >

So far, more than 30 kinds of MXene with different chemi-
cal and physical properties have been synthesized, and the
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current mainstream synthesis method is to produce MXene
with hydrofluoric acid (HF) or in situ HF generation to etch
MAX."™'*> However, the cost of managing highly toxic and cor-
rosive HF and its associated chemical waste may be highly
challenging at the industrial scale.'®'” In addition, the A
atomic layer can be selectively etched by the high-temperature
molten salt method, but due to the lack of hydrophilic func-
tional groups (-OH/-0), it is difficult to obtain multilayer or
single-layer MXene. In addition, MXene can also be obtained
by etching the A-atom layer using electrochemical methods,
but the low yield and the use of MAX as the electrode limit its
large-scale production.'® Although streamlined pilot-scale pro-
duction of MXenes, with comprehensive safety controls, has
been demonstrated, there is still a strong requirement for a
safe, environmentally friendly, and cost-effective method to
reduce the toxic chemical waste, drive down the production
cost of MXenes, and realize their wide industrial
applicability. "

In order to realize the industrialization of MXene elec-
trode materials, it is necessary to ensure the safety, environ-
mental protection, low cost, simple process and large-scale
replication of the synthesis process. At the same time, the
shortcomings of MXene’s poor stability in an oxygen
environment should be solved. It is gratifying that the inte-
gration of MXenes with other materials effectively combines
the engineering properties of different materials in a comp-
lementary way. Wei’s team>* developed a continuous and
controllable preparation strategy to construct high-density
MXene fiber nanocomposites with high mechanical
strength, high toughness and high electrical conductivity.
Based on the high-density MXene fiber nanocomposites pre-
pared, large-area MXene fabric was prepared by weaving and
artificial weaving. Professor Han’s team>® has developed a
simple, continuously controllable and additive/binder-free
method for the preparation of pure MXene fibers by large-
scale wet spinning. MXene nanosheets (average transverse
size 5.11 pm®) are highly concentrated in water and do not
form aggregates or undergo phase separation. The introduc-
tion of ammonium ions during coagulation can successfully
assemble the MXene nanosheets into soft, meter-length
fibers with very high electrical conductivity (7713 S cm™).
In recent years, the research on large-scale production
of MXene materials has been increasing, and a more com-
prehensive and systematic summary of large-scale prepa-
ration methods and applications of MXene is urgently
needed.”**?

This review examines the research progress and future pro-
spects of MXene composite materials from an industrialization
perspective, focusing on the developments in the scaling up of
MXene precursors, MXenes, and their derivatives. The article
systematically summarizes various aspects of scaling up
MXene production, including the large-scale synthesis and
etching of the parent MAX phases, the large-scale delamina-
tion strategies for MXenes, and the mass production of MXene
derivatives. Additionally, we discuss the roles and optimization
strategies for MXenes and their derivatives to achieve the
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desired electrochemical performance and stability. The poten-
tial applications of MXenes in energy applications are also
assessed (Fig. 1). Finally, we explore future directions for
research on the large-scale production of MXenes from various
perspectives and envision the commercial potential of
MXenes.

2. Industrialization of MXene

MXenes have emerged as highly promising two-dimensional
materials, primarily due to their unique two-dimensional
structure, functional surface properties, exceptional conduc-
tivity, and robust stability. These characteristics have
enabled their application across a diverse array of fields,
including rechargeable batteries, supercapacitors, catalysts,
electromagnetic shielding, electrochromic materials, anten-
nas, and beyond. The industrialization of MXenes is pro-
pelled by the robust market demand for these materials.
However, ensuring a sufficient and stable supply of raw
materials remains a fundamental prerequisite for the suc-
cessful industrialization of MXenes. Consequently, the
pursuit of cost-effective industrial production methods for
the MAX phase is imperative. A suitable synthesis process
forms the cornerstone of MXene industrialization, necessi-
tating the selection of a cost-effective, safe, high-yielding,
and straightforward equipment-based synthesis process.”®
The ultimate goal of MXene industrialization is the develop-
ment of mature commercial products. While MXenes are
more conducive to scientific exploration, the development
of MXene-based products—such as inks, laminated papers,
films, aerogels, and foams—that meet market demands is
essential. Therefore, it is imperative to develop MXene-
based products with mature markets while ensuring their
superior performance.”’

2.1. Synthesis of MAX

The large-scale preparation of MXenes requires the pro-
duction of high-purity MAX phases capable of ensuring a
stable and reliable supply. Research demonstrates that the
selection of precursors and synthesis techniques significantly
impacts the properties of MXenes. For example, in the syn-
thesis of Ti3AlC,, an increase in aluminum content is corre-
lated with higher yields of Ti;C,T, and enhanced stability
and electrical conductivity.”® Consequently, it is imperative to
investigate and optimize the synthesis processes of the MAX
phase to achieve the desired characteristics for MXene
production.

2.1.1. Solid phase reaction method. The prevalent method
for synthesizing MAX phases at present is the solid-phase
reaction technique. This approach entails the combination of
solid raw material powders at elevated temperatures to facili-
tate chemical reactions, ultimately yielding the MAX phase.
Under these elevated temperatures, atoms or ions within the
precursor materials undergo intermixing and interaction
through a diffusion process. Owing to the slower diffusion
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Fig. 1 Optimization strategy of MXene scale preparation. Figure used in the top left corner: reproduced from ref. 14 with permission from Wiley-
VCH, copyright 2016. Figure used in the top right corner: reproduced from ref. 15 with permission from Elsevier, copyright 2019. Figure used in the
lower left corner: reproduced from ref. 20 with permission from Wiley-VCH, copyright 2018. Figure used in the lower right corner: reproduced from

ref. 24 with permission from Elsevier, copyright 2023.

rates in a solid-state environment, higher temperatures are
typically required to expedite the reaction.”® Various tech-
niques are available for synthesizing MAX phases, including
unpressurized sintering, hot pressing, hot isostatic pressing,
and spark plasma sintering. Among these methods, hot
pressing and hot isostatic pressing, operating under con-
ditions of high pressure and temperatures exceeding 1400 °C,
produce phases of exceptional purity. The equipment
required for these methods is relatively straightforward, and
the processes are well established. However, due to the
absence of external pressure in certain methods, reactions
may exhibit reduced efficiency and demand extended dur-
ations for completion. Furthermore, when dealing with larger
sample sizes, issues pertaining to non-uniformity in the reac-
tion process may become more evident.>*? Certain experi-
mental setups utilize microwave heating, which has the capa-
bility to achieve temperatures of 1000 °C within a mere few
minutes.>®> In pressureless sintering, single-phase MAX
phases can be synthesized at temperatures exceeding
1500 °C. During these processes, reactions are conducted at
elevated temperatures, with an argon atmosphere employed
within the tube furnace to prevent oxidation during the
heating phase. Spark plasma sintering offers the advantage of
producing pure phases at lower temperatures compared with

6206 | Nanoscale, 2025, 17, 6204-6265

high-pressure sintering, albeit incurring significant capital
and operational costs.>*** Zhang’s team®® serves as an exem-
plar, successfully synthesizing Ti;SiC, by utilizing Ti, Si, TiC,
and Al powders as raw materials through rapid hot-pressing
techniques. This rapid hot-pressing technology exhibits the
capability to swiftly heat and densify materials over shorter
time frames, effectively inhibiting grain growth during sinter-
ing. This method offers high efficiency and reduced costs,
demonstrating its efficacy in synthesizing high-purity MAX
phase materials capable of rapid sintering at low costs.
Consequently, this approach paves the way for the large-scale
preparation of MAX phases.

2.1.2. Molten salt method. The molten salt method rep-
resents a highly potent synthesis approach. In the context of
high-temperature material synthesis, this method leverages a
chemically inert liquid medium, specifically a molten salt, to
notably reduce reaction temperatures and durations by expe-
diting the diffusion rate.’” Specifically, upon heating the
mixed feedstock (precursor) and molten salt to the melting
point of the salt, the precursor rapidly diffuses through the
molten salt medium, thereby facilitating the formation of the
reactive phase. As the heating duration extends, the target
phase progressively emerges via nucleation and crystal growth
mechanisms. In comparison with the solid-phase reaction

This journal is © The Royal Society of Chemistry 2025
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method, the molten salt approach necessitates lower tempera-
tures yet still demands elevated temperatures. Moreover, the
corrosive nature of molten salts during the synthesis process
necessitates stringent process control and necessitates the use
of high-performance equipment materials. The synthesis of
MAX phases via molten salt further demands an inert atmo-
sphere to preclude oxidation of metal precursors with elevated
oxygen affinity, thereby necessitating high energy inputs and
augmenting production costs, which constitute significant
impediments to the broader application of this method.>®
Dash et al.*® proposed a groundbreaking method for directly
synthesizing the MAX phase in ambient air using the “molten
salt protected synthesis/sintering” process (Fig. 2a). This
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process employs molten KBr as the reaction medium, safe-
guarding the ceramic powder from oxidation under high-temp-
erature air treatment, thereby reducing the synthesis tempera-
ture. The resultant product, Ti3SiC,, is of high purity, present-
ing as fine, loosely consolidated powder, obviating the need
for additional grinding steps (Fig. 2b). The high malleability of
KBr at room temperature allows for cold pressing to achieve a
relative density exceeding 95%, facilitating an airtight encapsu-
lation of the sample. The encapsulated sample is then placed
within a KBr salt bed for further heating, which is partitioned
into pre-melting and post-melting phases. During the pre-melt
stage, the airtight salt package ensures anti-oxidation protec-
tion, while the post-melt phase involves immersion in molten
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Fig. 2 (a) The "molten salt protected synthesis/sintering” process; (b) scanning electron micrograph of synthesized TisSiC,. Reproduced from ref.
39 with permission from Nature, copyright 2019. (c) Synthesis roadmap of TizC,Clp; (d) SEM image of TizZnC5; (e) HR-STEM and the corresponding
EDS map of TizZnC,. Reproduced from ref. 40 with permission from American Chemical Society, copyright 2019. (f) Scheme of the galvanic reactiv-
ity of MAX-related phases in molten salts; the top branch corresponds to galvanic replacement, evidenced for TizAlC,; the bottom branch corres-
ponds to galvanic etching, evidenced for Mo,Ga,C; SEM images of (g) Mo,Ga,C and (h) TizAlC,. Reproduced from ref. 42 with permission from

American Chemical Society, copyright 2023.
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salt to establish a barrier between the sample and ambient air.
Post cooling, the sample is recovered by dissolving the salt in
water, with the free powder obtained via boiling and sub-
sequent filtration. Subsequently, Li et al.*° pioneered the inte-
gration of in situ X-ray diffraction and in situ X-ray absorption
spectroscopy to elucidate the zinc displacement reaction
mechanism of MAX phases and related phases within molten
salt. Their findings revealed that Ti;AIC, undergoes a swift
zinc displacement reaction in ZnCl, molten salts, transform-
ing into Ti;ZnC, within minutes, and subsequently progres-
sing to Ti;C,Cl, (Fig. 2c). The rapid reaction rate underscores
that diffusion does not constrain the reaction rate. In contrast,
Mo,Ga,C exhibits an inability to undergo displacement reac-
tions within molten salts, instead undergoing gradual Ga
layer etching, culminating in the collapse into Mo,C, indicat-
ing that the zinc displacement reactivity of MAX-related phases
is contingent on their composition and structure (Fig. 2d
and e).

The demonstration of combined etching and insertion of
Ti;AIC, into molten zinc chloride potentially relates to
“decompression” processes observed in organic material inser-
tion into clay and mixed materials. The Mo,Ga,C case eluci-
dates that, in addition to displacement, electrical etching can
degrade layered structures, highlighting the interplay between
the relative stabilities of the intercalated and etched phases
and suggesting the potential for fine-tuning this reactivity via
the parent phase composition and structure and the molten
salt composition. Researchers identified significant inter-
actions between MAX phase ceramic materials and particular
oxides within chloride molten salts, observing distinctive
A-site atomic lattice displacement behaviors. These findings
underscore the intricate reactivity dynamics within molten salt
environments and the potential for precise modulation of
these interactions through judicious selection of phase compo-
sitions and molten salt chemistries.*°™*> Due to the presence
of non-conductive aluminum oxide within the product, the
synthesized new material exhibits a low yield, and atomic
resolution characterization poses significant challenges.
Through a comprehensive investigation of a series of tra-
ditional MAX phase materials, including Ti;AlC,, Ti,AlC,
V,AIC, Cr,AlIC, and various high-temperature molten salt chlor-
ides, it has been determined that aluminum chloride, owing
to its low boiling point, is easily separated from MAX phase
products at elevated temperatures. Consequently, a series of
novel MAX phase materials, namely Ti;ZnC,, Ti,ZnC, V,ZnC,
and Cr,ZnC, has been synthesized for the first time with high
quality (Fig. 2f-h). Portehault et al.’s** research has elucidated
the intrinsic relationship between the displacement process,
the chemical bond characteristics of the MAX phase, and the
coordination structure of ZnCl, molten salts. Transition metal
chloride molten salts, represented by ZnCl,, are generally
recognized as strong Lewis acids due to the presence of coordi-
nately unsaturated Zn>" ions within the molten ZnCl,. These
Zn>" ions serve as potent electron acceptors, akin to the role
played by H ions in acid solutions. The Zn*" ions interact
with the weakly bonded A-layer atoms (Al) in the MAX phase
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materials, such as Ti;AlC,, converting them into low-boiling-
point AICl;, which subsequently volatilizes. The in situ-reduced
zinc atoms further occupy the vacancies left by the aluminum
atoms, resulting in the formation of a MAX phase with zinc
occupying the A site. The MAX phase material, characterized
by zinc in the A position, is inherently unstable at 1300 °C and
can only exist at lower temperatures (e.g., 550 °C). Low-temp-
erature powder metallurgy sintering synthesis does not provide
sufficient energy for atomic rearrangement in accordance with
the MAX phase atomic stacking, which accounts for the limit-
ation in the composition of MAX phase materials. The syn-
thesis strategy involving precise substitution of A-site atoms
circumvents the high thermodynamic barriers and competitive
phase formation typically associated with traditional powder
metallurgy methods for MAX phase synthesis. Thus, this
approach is anticipated to represent a general pathway for the
synthesis of additional novel MAX phase materials.

2.1.3. Other methods. Previously reported methods for the
synthesis of MAX phases predominantly employ pure metals,
metal carbides, alloys, or metal hydrides as starting materials,
which are typically associated with high costs. Therefore, the
development of alternative precursor methods that utilize
cheaper materials and operate under lower pressures and
temperatures is of significant importance for the large-scale
production of TizAlC,. Wang et al.** proposed an efficient elec-
trolysis method for synthesizing the Ti-Al-C MAX phases,
specifically Ti3AlC, and Ti,AlC. This method involves the
direct electrolysis of a solid mixture of TiO,, Al,03, and carbon
in molten CaCl, at a temperature of 1223 K (950 °C). At an
electrolysis voltage of 3 V and a duration of merely 4 hours,
Ti;AlC, with an oxygen content of 4300 ppm can be success-
fully produced. In comparison with traditional methods, the
electrolysis approach offers notable advantages: it does not
necessitate extreme temperature and pressure conditions, and
the employed precursor materials are more economical. This
technique provides a viable pathway for the large-scale pro-
duction of high-value Ti-Al-C MAX phases. Furthermore, this
innovative approach not only significantly reduces production
costs but also paves the way for new industrial applications,
rendering the synthesis of MAX phases more sustainable and
economically feasible.

2.2. Synthesis of MXene

The primary obstacle in achieving large-scale synthesis of
MXene lies in the development of non-hazardous etching
routes. The kinetics of etching are contingent upon the com-
position of the etchant, temperature, and particle size, all of
which contribute to the distinct properties of the resultant
MXene. The preparation of monolayer MXene necessitates
careful consideration of stripper selection and operation
method, as these factors significantly influence the final layer
size, adsorbed molecules/ions, and performance across a
broad spectrum of devices. As early as 2015, research endea-
vors were embarked upon to explore the large-scale prepa-
ration of 2D MXene.*> Large-scale production of few-layer
MXene nanosheets was successfully achieved through organic

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a) Schematic for MXene delamination process by reacting MXenes with an organic base that causes multilayered MXene powder to swell
significantly. Reproduced from ref. 45 with permission from The Royal Society of Chemistry, copyright 2015. (b) Schematic of MXene synthesis and
3D model of synthesis setup; (c) images of the precursor TizAlC, MAX used in synthesis of the 1 and 50 g TizC,T, batch sizes. Reproduced from ref.
46 with permission from Wiley-VCH, copyright 2020. (d) Schematic preparation process of few-layered TizC,T, MXene powders; (e) sample example
photo of preparation. Reproduced from ref. 53 with permission from American Chemical Society, copyright 2020.

base intercalation following etching with hydrofluoric acid, fol-
lowed by manual shaking and ultrasonic stripping (Fig. 3a).
The organic bases employed, such as TMAOH and TBAOH, are
macromolecules that intercalate between the MXene layers,
thereby increasing interlayer spacing and reducing interlayer
forces. This results in uniformly dispersed MXene nanosheets
after manual shaking or instrumental ultrasonic stripping.
Subsequent to simple filtration, flexible, self-supported MXene
films can be obtained. Other organic bases, such as n-butyla-
mine, have also demonstrated efficacy in stripping MXene
materials like V,C,T, and Tiz;CNT,. Unlike the dimethyl sulfox-

This journal is © The Royal Society of Chemistry 2025

ide intercalation-peeling method, which is limited to Ti;C,T,,
this organic base intercalation-peeling method is applicable
to various MXene material systems. Given the simplicity of this
preparation method and its versatility in peeling a wide array
of MXenes, it facilitates the large-scale preparation of MXene
aqueous solutions.

2.2.1. Fluoride ion solution etching. The scaling of syn-
thetic two-dimensional (2D) material production to industrial
levels encounters substantial obstacles, primarily due to intrin-
sic synthesis limitations. These hurdles are predominantly
rooted in bottom-up methodologies that restrict output to sub-

Nanoscale, 2025, 17, 6204-6265 | 6209
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strate dimensions or the accessibility of precursor materials
essential for chemical synthesis and exfoliation. In stark con-
trast, MXenes, a category of two-dimensional transition metal
carbides and/or nitrides, are synthesized via a top-down
approach. This methodological divergence from conventional
2D materials implies that selective wet etching processes do
not impose analogous synthesis constraints. The synthesis of
MXenes predominantly involves the etching of the A-layer
within the MAX phase, utilizing aqueous fluoride-ion solu-
tions, exemplified by hydrofluoric acid (HF) aqueous solutions,
mixtures of lithium fluoride and hydrochloric acid (LiF + HCI),
or ammonium difluoride ((NH,)HF,). The marked reactivity of
aluminum with such fluoride-ion solutions facilitates highly
selective etching processes. Gogotsi’s team*® have engineered
a large-scale MXene synthesis apparatus employing a fluorine-
containing solution etching technique, which permits the safe
and uniform production of MXene in substantial quantities
(Fig. 3b and c). Their investigations, encompassing macro-
scopic X-ray diffraction (XRD) analyses and microscopic scan-
ning electron microscopy (SEM) evaluations, revealed that, irre-
spective of whether a minimal amount of Ti;AlC, (1 g) or an
extensive quantity (50 g) was etched to prepare multilayer
Ti;C, MXene powder, the characterization outcomes of the
resultant multilayer MXene samples were fundamentally con-
sistent. These findings unequivocally demonstrate that the
scalability of the Ti;AlC, MAX etching procedure, beyond the
necessity for a larger reaction vessel and increased etching
fluid, does not entail significant alterations in other pro-
cedural aspects. Consequently, these insights substantiate the
feasibility of large-scale MXene production for industrial appli-
cations, adhering to analogous synthetic principles. However,
the viability of this method for large-scale implementation is
severely constrained by safety and environmental consider-
ations. The aqueous fluoride-containing solutions employed
are notably corrosive and toxic, and the mismanagement of
these reagents can precipitate severe health hazards and
environmental degradation, necessitating rigorous operational
protocols and protective measures. The disposal of fluoride-
laden waste liquids presents an additional significant chal-
lenge.”” Despite these inherent limitations, fluoride-contain-
ing aqueous etching remains a well-established method, cur-
rently favored for the large-scale preparation of MXenes.

The initial synthesis of MXenes involved the selective
removal of aluminum from Ti3zAlC, via the use of concentrated
hydrofluoric acid (HF, 50 wt%). Subsequent studies elucidated
that variations in etching duration result in a concomitant
decline in HF concentration, subsequently influencing the
morphological characteristics of the MXenes produced.
Furthermore, the exfoliation of MXenes achieved exclusively
through fluoride-ion solution etching is deemed inefficient
and fraught with practical application shortcomings. In practi-
cal contexts, there is a greater propensity for the material to be
in a reduced layering state (typically fewer than five layers of
2D material) to optimize its performance.*®*° Currently, the
exfoliation of multilayer MXenes predominantly relies on the
incorporation of organic bases or lithium ions, followed by the

6210 | Nanoscale, 2025, 17, 6204-6265
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application of ultrasound to induce substantial material dela-
mination. However, the use of ultrasound invariably results in
the fragmentation of single-layer MXene material, generating a
significant number of surface defects. This phenomenon leads
to a diminution in material conductivity and stability, concur-
rently undermining the yield of the material.®® Li et al’
devised a power-focused delamination strategy by scrutinizing
the resistance and dynamics of delamination during MXene
peeling, leveraging the distinctive structure of MXene. In
essence, MXene’s etched multilayer structure is sedimented
via centrifugal precipitation, rendering it more amenable to
peeling. Simultaneously, the impact force engendered by the
vortex motion of the water flow is concentrated on a singular
surface of the MXene sheet, effectively overcoming the inter-
layer forces of the MXene sheet and facilitating useful work.
Conversely, in the minimally intensive layer delamination
process, the energy derived from hand cranking predomi-
nantly transforms into the kinetic energy of the multilayer
MXene block, with minimal provision to the lamellar layers to
surmount the interlayer force. In the Power-Focused
Delamination (PFD) process, the impact force induced by eddy
currents is focused on the surface of MXene precipitates.
Consequently, this methodology permits the application of
concentrated shear to strip a single layer of MXene from the
surface of multiple layers, yielding significantly higher outputs
than those achieved through minimally intensive layer delami-
nation. Upon completion of five PFD cycles, the yield of large
layer defect-free Ti;C,T, MXene nanosheets reached 61.2%,
with a colloidal concentration of 20.4 mg mL™", without any
sonication. Wu et al.>® exploited the expansion phenomenon
during water freezing, and the yield of MXene (Ti;C,Ty)
nanosheets was notably augmented through a straightforward
and repetitive freeze-thaw (FAT) technique. Via this approach,
conspicuous microfolds emerged on the surface of large-sized
MXene whilst its yield attained 39%. When FAT was integrated
with ultrasound, albeit small-sized MXene nanosheets were
yielded, the output soared to 81.4%, surpassing that of any
previously reported synthesis methods. Han et al.>® systemati-
cally elucidated a strategy for liquid-phase flocculation
(encompassing the ammonium ion method and its enhanced
variant) based on the fundamental property of MXene (surface
electronegativity).>® The infusion of positively charged
ammonium ions disrupts the electrostatic equilibrium state of
the MXene solution, leading to the spontaneous electrostatic
aggregation and sedimentation of MXene nanosheets,
accompanied by the decantation of water from the upper layer.
This substantially abbreviates the cooling, drying, and lyophili-
zation periods of the flocculated precipitate, ultimately expe-
diting the preparation of less-layered MXene powders (as illus-
trated in Fig. 3d and e). MXene nanosheets are susceptible to
oxidative degradation in aqueous solution, and the resultant
MXene materials are ideally in a less-layered powder form,
facilitating storage in an anhydrous and oxygen-free milieu.
While freeze-drying can transform the MXene solution into a
powder state, the entire procedure is time-consuming, yields
are notably diminished, and agglomeration persists. Yang
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et al*® innovated a supercritical rapid stripping method for
the bulk preparation of diverse MXenes, supported by super-
critical carbon dioxide. Under supercritical conditions (critical
temperature T. = 31.04 °C, critical pressure P, = 7.38 MPa),
CO, molecules transition into a liquid phase.’® Enhanced
molecular collisions between these CO, molecules and the
in situ-generated HF from NH,HF, significantly accelerated
HF’s penetration into the MAX phase. Subsequently, the M-Al
bonds within the MAX phase are severed to form aluminum
salts, AlF; and (NH,);AlFs. These formed aluminum salts are
progressively extruded from the MXene layer’s interior, expedit-
ing the etching process. Ultimately, over a kilogram of MXene
powder was synthesized within a mere four hours.
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2.2.2. Fluorine-free solution etching. Inspired by the
robust binding interaction between OH™/Cl™ and element “A”,
diverse MAX phases bearing Al/Ga interlayers could theoreti-
cally dissolve to form soluble AICI; and GaCl; under the influ-
ence of suitable external forces in a singular hydrochloric acid
environment. Consequently, Song’s team>® initially employed
first-principles calculations to simulate the feasibility of
various MAX materials with Al and Ga interlayers. For the
product ACl; (A = Al, Ga), the chemical potential of “A” should
be lower than in MAX, i.e., ua(ACl;) < ups(MAX). Under specific
pressure and temperature conditions in pure HCI solution,
many MAX phases can be successfully etched by forming ACl;
(A = Al, Ga) (Fig. 4a). The etching is feasible when the chemical
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Fig. 4 (a) Schematic illustration of the preparation procedure for fluoride-free Mo,CT,. Reproduced from ref. 56 with permission from Wiley-VCH,
copyright 2021. (b) The schematic diagram and SEM and TEM images of Mo,C MXene synthesized from Mo,Ga,C by NaOH etching method.
Reproduced from ref. 58 with permission from Tsinghua University Press, copyright 2023. (c) Schematic of TisC,T, MXene preparation; (d) Gibbs free
energy mapping (700 °C) guiding the selection of Lewis acid Cl salts according to the electrochemical redox potentials of A-site elements in MAX
phases (x axis) and molten salt cations (y axis) in Cl melts; SEM images reveal the typical accordion morphology of MXenes from different MAX
phases etched by various Lewis acid Cl salts, such as (e), TizAICN by CuCl, and (f) TisAlC, by NiCl,. Reproduced from ref. 61 with permission from
Nature, copyright 2020. (g) Schematic illustration of the synthetic route; (h) TEM images of CF3SOsH-TizC,T,. Reproduced from ref. 62 with per-

mission from Wiley-VCH, copyright 2024.
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potential us(ACl;) > ua(MAX), according to the formula: AG
(Gibbs free energy) = ps(ACl;) — pua(MAX). When AG > 0, the
reaction spontaneously proceeds toward the formation of
AlCl;, while for AG < 0, the reaction remains stable and does
not occur. Subsequently, the study proposed an uncomplicated
yet controllable hydrothermal etching protocol employing HCl
for the selective dissolution of various MAX phases, including
Mo,Ga,C and Cr,AlC. Notably, the fluoride-free Mo,CT, pre-
pared via hydrothermal etching exhibited surface terminations
exclusively composed of ClI” and O~, manifesting distinct
capacitive behaviors compared with Mo,CT, MXenes syn-
thesized through HF-based etching. Alkaline etching rep-
resents a novel and practical alternative to fluoride-free solu-
tion etching. MXenes synthesized in acidic media invariably
present surface end groups of acidic anions, such as F or Cl.
The nature of these surface-terminating groups significantly
influences the electrochemical characteristics of MXenes. If
MXene preparation is achieved via alkaline etching, the com-
plete elimination of acidic anions from the surface end groups
can be effectuated, potentially enhancing the performance
characteristics of MXene. Consequently, the development of a
practical and universally applicable alkaline etching method-
ology is imperative.”” Mo,C MXene stands out as one of the
novel entrants in the MXenes family, uniquely distinguished
by its thermoelectric properties. Mo,C MXene demonstrates
superior hydrogen production efficiency when employed as an
electrocatalyst and photocatalyst, surpassing conventional
MXenes. This proposition was further substantiated by Zhou
et al.,>® who investigated the etching behavior of M0,Ga,C in
three alkaline solutions (LiOH/NaOH/KOH). Within the con-
fines of the hydrothermal reaction environment, sodium
hydroxide emerged as the sole reagent capable of selectively
etching Mo,Ga,C, yielding comparable or superior results to
those obtained from acidic etching. This represents the inau-
gural successful synthesis of fluorine-free Mo,C MXene via
alkaline solution etching, as depicted in Fig. 4b. This research
established the foundational framework for the successful
preparation of MXenes in an alkaline milieu, with the poten-
tial for widespread application of alkaline etching in future
MXene etching processes.

2.2.3. Lewis acid etching process. The Lewis acid etching
method is rooted in the substitution reaction between the
MAX phase and a post-transition metal halide. Lewis acids, a
category of chemical compounds (e.g., FeCl;, TiCly, etc.),
possess the capability to accept electron pairs. They are
capable of reacting with elements in the A-layer (e.g., Al) of
MAX-phase materials, thereby selectively removing these
elements and leaving behind the MXene layer. This method is
characterized as a top-down approach.*’

In 2019, laboratory researchers ascertained that the TizAlC,
MAX phase exhibits significant reactivity within ZnCl, molten
salts, with the Zn** cation functioning analogously to the H"
ion in HF acids, and the Cl™ anion mimicking the behavior of
F~ to ultimately coordinate with M atoms. Consequently, this
A-site elemental substitution reaction not only yielded a series
of Mn"'Z,X,, phases but also facilitated the realization of
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Mn"'X,Cl, MXene two-dimensional materials with Cl groups
on the surface.’>®° However, the formation mechanism of
Ti;C,Cl, MXene from a chemical perspective remains inade-
quately elucidated. Li et al.®* proposed a generalized method
for etching the MAX phases through direct redox coupling of
elemental A and cations in Lewis acid molten salts (Fig. 4c). By
modulating the chemistry of the MAX precursor and the com-
position of the Lewis acid melt, this synthetic pathway was
extended to encompass, in addition to Zn, A-site elements
such as Al, Si, and Ga derived from various MAX-phase precur-
sors. For the first time, MXene synthesis was achieved from
unconventional MAX-phase precursors, including Ti;SiC, and
Ta,AlC, via this method. Gibbs free-energy calculations guided
the formation of various Lewis acids, and MAX phases were
matched based on these calculations, thereby expanding the
range of MAX phases available for MXene synthesis and
offering more options for scalable preparation (Fig. 4d—f). The
Ti;C,-MXene anode produced by this molten salt synthesis
method can deliver a lithium storage capacity of up to 738 C
g7' (205 mA h g "), characterized by a high charge/discharge
rate and pseudocapacitance-like electrochemical properties.
Most etching methods entail multi-step delamination reac-
tions, high temperatures, and intricate separation steps, which
constrain the scalable preparation and direct application of
single or low-layer MXene nanosheets. Even with the aid of an
insertion agent, producing single nanosheets from MXenes
with an accordion-like structure remains a formidable chal-
lenge. Lu et al.®® developed a novel scheme for the synthesis of
high-quality single- or few-layered 2D MXene using organic
Lewis acid (trifluoromethanesulfonic acid) etching (Fig. 4g).
This scheme demonstrates that the etching reaction at room
temperature can form single- or few-layered Ti;C,T,, which can
be further converted into -CF3SOs-terminated TizC,T,
nanosheets with moderate size (approximately 4 pm), mono-
layer thickness of about 1.6 nm, and a single-to-few-layer yield
exceeding 70% (Fig. 4h). Simultaneously, the encapsulation of
the —~CF3;S0; group endows the Ti;C,T, nanosheets with excel-
lent colloidal stability, enabling stable dispersion in aqueous
solution for at least one month. The study found that the pro-
posed etching strategy is likely to facilitate the development of
other types of MXenes in the future, suggesting that surface
engineering may be a viable strategy for synthesizing func-
tional MXenes with enhanced stability. Lin et al.*® combined
the molten salt method for MAX phase preparation with the
two-dimensional MXene preparation via molten salt Lewis acid
etching, using elemental monomers as raw materials. They uti-
lized molten salt to prepare the MAX phase in situ at high
temperature and then cooled down to 700 degrees Celsius to
add Lewis acid salt for in situ etching of two-dimensional
MXene materials. The etching holding time is only 10 minutes
to achieve a superior etching effect (Fig. 5a and b). The total
preparation time is less than 8 hours, including the heating
and cooling processes, which is significantly shorter than pre-
vious MXene preparation strategies. Furthermore, the process
employed low-melting-point eutectic salt melting to isolate the
reactants from the air, eliminating the need for inert gas pro-
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Fig. 5 (a) Lin et al. synthesized TizC,T, MXene from elemental Ti, Al and C powders in a one-pot process; (b) related SEM images of TizC,T, pre-
pared. Reproduced from ref. 63 with permission from Nature, copyright 2021. (c) Schematic diagram of a small packed-bed electrochemical reactor
for the electrochemical preparation of MXenes; (d) SEM image of MXene prepared by electrochemistry. Reproduced from ref. 66 with permission
from Wiley-VCH, copyright 2023. (e) Schematic of gases etching to prepare MXenes; (f) and (g) SEM image of TizAlC, prepared by gas etching.

Reproduced from ref. 68 with permission from Elsevier, copyright 2024.

tection and greatly simplifying the preparation conditions. The
high-temperature molten salt etching strategy usually takes
tens to hundreds of hours, the preparation conditions are
harsh, and not only is the preparation efficiency low, but also
difficult to expand. Yang et al.®* proposed a scalable low-temp-
erature molten salt etching strategy (LTMS), using 130 °C
NH,HF, molten salt as the etching agent, capable of achieving
high-quality ultrafast preparation of Ti;C,T, MXene within
5 minutes. Compared with other traditional preparation
methods, this strategy not only improves the preparation
speed of MXene by 1-2 orders of magnitude, but also avoids
the use of corrosive acids under mild preparation conditions.
The enhanced thermal motion and improved diffusion of
molten NH4HF, molecules significantly accelerated the
etching process of the MAX phase, resulting in the preparation

This journal is © The Royal Society of Chemistry 2025

of Ti;C,T, MXene in as little as 5 minutes. The versatility of
the LTMS method makes it a valuable method for the rapid
synthesis of various MXenes, including V,C;T,, Nb,C;T,,
Mo,TiC,T,, and Mo,CT,. The LTMS method is easy to scale up
and can yield more than 100 grams of Ti;C,T, in a single reac-
tion. The obtained LTMS-MXene shows excellent electro-
chemical performance in supercapacitors, which strongly
proves the effectiveness of the LTMS method. Multilayered
MXene prepared by the Lewis acid molten salt etching method
is highly challenging to delaminate into monolayers due to
hydrophobicity and strong interactions between MXene sheets
caused by halogen end groups. The currently employed dela-
mination methods do not involve hazardous chemicals such
as n-butyllithium or sodium hydride, which poses difficulties
for scale-up applications and restricts the practical application
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of such MXenes. Lithium chloride (LiCl) effectively delami-
nates MXene while preserving its surface chemistry. LiCl is a
benign, abundant, and inexpensive salt. The use of LiCl as an
intercalator ensures that the intrinsic properties of TizC,Cl,
MXene remain unchanged, especially its prepared monolayers
exhibiting an electrical conductivity of 8000 S cm™", which is
maintained even after one week of exposure to 95%
humidity.®®

2.2.4. Other synthesis methods. Electrochemical etching
represents a methodological advancement in the synthesis of
MXene, driven by the influence of an electric field. Contrary to
conventional chemical etching processes, electrochemical
etching involves two distinct reactive stages: the anode reaction
and the cathode reaction, both of which transpire at the inter-
face of the etching solution and the electrode. An electrode
subjected to a voltage differential is immersed within the
etching solution (electrolyte), thereby generating an electric
field. Through meticulous control of the voltage differential
(etching potential) within the operative potential range
between the A layer and the M layer, the A atomic layer within
the MAX phase can be selectively excised. Nevertheless, the
method’s low yield and the necessity for employing MAX as
the electrode pose significant challenges for its scalability.’
Huang et al.®® reported a green and scalable electrochemical
exfoliation technique for MXene synthesis (Fig. 5¢ and d). This
approach uniquely utilizes ammonium fluoride as the electro-
lyte and a straightforward two-electrode packed-bed electro-
chemical reactor to produce MXene, achieving an impressive
yield of up to 72.3% and a production rate of 206 mg h™". The
reusability of the ammonium fluoride electrolyte, combined
with the utilization of inexpensive and abundant graphite elec-
trodes, underscores the method’s potential for large-scale
industrial production. Que et al.®” extended this concept by
demonstrating that the precursor of MXene, Mo,TiAlC, MAX
(a double transition ceramic phase), can function as a high-
performance electrolytic water catalyst when subjected to
in situ electrochemical etching, obviating the need to convert it
into MXene. This simplification of the material preparation
process is noteworthy. Post-pretreatment of the MAX electrode
via in situ electrochemical etching and subsequent application
of anode current during electrochemical etching of the MAX
phase in a 0.5 M H,SO, electrolyte yields mediocre HER per-
formance within a few hours, outperforming most reported
pure MXene catalysts. This enhancement in performance is
attributed to the formation of a layer of amorphous carbide
MAC on the surface of MAX, which augments the intrinsic
catalytic activity of the MAX phase. A straightforward method
for regulating MAX is proposed, offering valuable insights for
large-scale production and the ongoing development of
MXene materials. Jiang et al.®® introduced a solvent-free one-
step gas phase coherent etching method named “gas phase
selective etching”, leveraging the potent oxidative capabilities
of halogens and hydrogen halide gases (Cl,, Br,, I,, HCl, HBr,
and HI) to selectively etch the various A elements (Al, Si, Sn,
etc.) within the MAX phase (Fig. 5e). Gas phase etching facili-
tates the attainment of pure MXene products adorned with
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specific gas-induced functional groups (Fig. 5f and g).
Additionally, this method obviates the need for the removal of
etching agents and by-products, streamlining the synthesis
process. This intelligent, cost-effective strategy with high yield
and safety offers promising potential for the mass production
of MXene materials. MXenes are prepared by high-temperature
synthesis and chemical etching of MAX or non-MAX phases
with high energy consumption, poor atomic economy, and
large amounts of harmful HF or Lewis acidic molten salts. By
reacting metals and metal halides with graphite, methane, or
nitrogen, Wang et al.®® demonstrated a scalable and atomically
economical direct synthetic route for the synthesis of MXenes,
including compounds that have not yet been synthesized from
the MAX phase. Directly synthesized MXenes can be layered,
and their surface groups can be replaced by other molecules
by nucleophilic substitution, or they can be completely
removed by reductive elimination. In addition to convenience
and scalability, the direct synthesis route provides a synthesis
mode that is unattainable with traditional MAX etching
methods. For example, the extended lamellae of MXene lamel-
lae such as Ti,CCl,, Ti,NCl,, Zr,CCl, and Zr,CBr, synthesized
by chemical vapor deposition are oriented perpendicular to
the substrate. This orientation allows the surface of MXene to
easily obtain ion intercalation and chemical or electrochemical
transformation by exposing edge sites with high catalytic
activity.

2.3. Synthesis of MXene derivatives

Currently, traditional fibers, gels, films, and other raw
materials hold a significant position in the market, being
extensively utilized in energy storage, environmental govern-
ance, biomedical applications, and electronic devices.
However, the practical application of these materials exhibits
numerous deficiencies, including insufficient mechanical
strength, limited electrical conductivity, inferior chemical
stability, and other issues, which constrain their deployment
in higher-end applications. The integration of MXene into
fibers, gels, and films can markedly enhance the overall pro-
perties of these materials. For instance, MXene incorporated
into fibers can bolster the strength and electrical conductivity
of the fibers, MXene-infused gels can elevate the electro-
chemical properties and flexibility of the gels, and MXene-
reinforced films can enhance the electrical conductivity and
stability of the films. Thus, advancing the large-scale pro-
duction of high-performance MXene-enhanced products can
not only effectively augment the properties of existing
materials and address the pressing demand for high-perform-
ance materials in the market but also catalyze the industrializ-
ation trajectory of MXene materials themselves. The scale-up
of production can result in cost reductions via improvements
in economic efficiency, facilitate the optimization and stan-
dardization of technology, and consequently, foster the exten-
sive application and dissemination of MXene materials across
diverse application domains.

2.3.1. Cellulose. Cellulose, the most pervasive natural
polymer on Earth, has garnered significant global attention

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d4nr04560b

Published on 13 Chwevrer 2025. Downloaded on 2026-03-02 14:28:45.

Nanoscale

due to its renewable nature, cost-effectiveness, biodegradabil-
ity, and biocompatibility. The integration of MXene with cell-
ulose serves to address the mechanical deficiencies inherent
in pure MXene, thereby enhancing the overall performance of
the composite material.”’ Two-dimensional (2D) nano-
materials exhibit a propensity for facile assembly into nano-
structures due to their elevated specific surface area, versatile
surface chemistry, and superior electrical, chemical, physical,
and mechanical attributes relative to bulk materials.”* A viable
approach for the macroscopic assembly of 2D nanosheets into
one-dimensional (1D) fibers is wet spinning, wherein continu-
ous large-scale preparation is facilitated by the gelation of the
spinning solution followed by solidification into fibers within
a coagulation bath.”? The electrical conductivity of 1D MXene
fibers fails to manifest the high conductivity characteristics of
2D MZXene nanosheets. The challenge in fabricating fibers
from pure MXene via wet spinning is attributed to the diminu-
tive size of the MXene sheet layers and the inadequate inter-
layer forces, which result in a suboptimal self-supporting struc-
ture. Furthermore, the concentration of MXene dispersion at
the preparation stage remains relatively low, making it
arduous to form fibers directly.”>”* Han et al?* devised a
direct, continuous, and additive/binder-free method for the
fabrication of pure MXene fibers through large-scale wet spin-
ning assembly (Fig. 6a and b). The incorporation of
ammonium ions into the spinning solution during conden-
sation effectively assembled MXene sheets into flexible fibers
exhibiting high electrical conductivity (7713 S em™"). This
approach resolved the issues of inadequate interlayer force
and low sheet concentration that hinder large-scale fibrilla-
tion. Wei et al.®* established a continuous and controllable
preparation pathway to fabricate highly dense MXene fiber
nanocomposites endowed with high mechanical strength,
toughness, and electrical conductivity. Utilizing a combination
of wet spinning and thermal pulling, the team prepared highly
dense MXene fiber nanocomposites by forming an in situ pro-
tective polycarbonate (PC) polymer layer on the fiber surface
(Fig. 6¢c-f). The synergistic effect of interfacial synergy and
thermal pulling-induced stress not only enhanced the orien-
tation of the fibers but also reduced porosity and densified the
fibers. The resultant highly dense MXene fiber nano-
composites, encapsulated by a protective layer, not only exhibi-
ted a high mechanical strength of 585.5 MPa and a high
toughness of 66.7 MJ m~> but also a high electrical conduc-
tivity of 8802.4 S cm ™", along with superior mechanical cycling
durability and stability performance. Additionally, the
researchers achieved large-scale braided preparation of the
braided fabrics using both woven braiding and manual braid-
ing (Fig. 6g and h).”> The fabrics woven from highly dense
MXene fiber nanocomposites not only demonstrated high elec-
tromagnetic shielding performance and high electrothermal
thermal management performance, but also maintained fabric
properties such as deformation resistance and water washing
resistance. Furthermore, the woven MXene fiber nano-
composites did not compromise the intrinsic fabric properties
of the cotton fabric, such as drape coefficient and water vapor
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transmission rate, thus underscoring their high practical
value.

2.3.2. Composite films. MXenes have garnered significant
interest owing to their metallic conductivity, solution processa-
bility, and remarkable energy storage capabilities. The indus-
trial fabrication of nanomaterials into large-area, freestanding
films is pivotal for realizing their practical applications, par-
ticularly in the domain of flexible electronics, including bat-
teries, supercapacitors, and electromagnetic interference (EMI)
shielding. However, pristine MXene films often exhibit limited
environmental stability and mechanical properties, attributed
to their polar functional groups and weak interlayer
interactions.”®”® Currently, the blade-coating method stands
as the primary approach for preparing MXene films, enabling
large-scale production with enhanced strength and conduc-
tivity.”® Despite its effectiveness, there is a pressing need to
explore alternative treatments to facilitate large-scale manufac-
turing of MXene-based films. From an application perspective,
the assembly of Ti;C,T, MXene into large-area freestanding
films faces two primary challenges. Firstly, the inherent sus-
ceptibility of MXene materials to oxidation and degradation in
humid air or aqueous environments over extended periods
limits their long-term storage and industrial-scale appli-
cations, thereby impeding the widespread use of MXene thin
films. Secondly, the weak interlayer interactions between adja-
cent MXene nanosheets result in poor mechanical properties,
such as tensile strength. Furthermore, while heteroatom
doping via annealing treatment can enhance MXene pro-
perties, the removal of surface groups during this process
leads to hydrophobic surfaces, complicating the production of
freestanding MXene films. Consequently, there is an urgent
requirement to develop environmentally stable, mechanically
robust, and electrochemically superior MXene-based mem-
branes through a scalable production process.®’® Liu et al®
developed a novel approach for blade coating by adding larger
nanosheet sizes of reduced graphene oxide (rGO) as a conduc-
tive binder to achieve large-scale production of free-standing S,
N co-doped MZXene-based hybridized membranes through
stronger intersheet n—r stacking interactions (Fig. 7a). Large-
size graphene oxide flakes loaded with small-size S, N-MXene
in an aqueous-phase homogeneous dispersion system with
high viscosity and good flowability enabled orderly stacking of
the composite flakes during the blade coating process (Fig. 7b
and c). The resulting films showed excellent electrical conduc-
tivity (1198 S ecm™), tensile strength up to ~45 MPa, and a
high capacitance of 698.5 F cm~>. The small size and relatively
poor alignment of the flakes during solution-based processing
make it difficult to translate the excellent properties of individ-
ual MXene flakes into macroscale films. Zhang et al.®* realized
a simple large-area, continuous preparation (Fig. 7d) of self-
supported MXene films with both high strength and high con-
ductivity by using a scraping coating method without the aid
of any binder or film-forming additives. The conductive
MXene films prepared by this method are highly ordered
(Fig. 7e and f). The prepared MXene films have excellent
mechanical strength: tensile strength of 568 + 24 MPa at
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Reproduced from ref. 22 with permission from Nature, copyright 2022. (f) ANF diagram of MXene preparation and stripping from aramid fibers; (g)
SEM image of freeze-dried hydrogel, presenting a 3D ANF network with evenly distributed MXene nanosheets. Reproduced from ref. 75 with per-

mission from American Chemical Society, copyright 2022.

940 nm thickness, Young’s modulus of 20.6 GPa, hardness of
10.2 MJ m3, which is a tensile strength about 15 times higher
than that of filter-formed film (1.2 um thickness, ~40 MPa),
and about 2 times higher than that of the reported optimal
MXene-based composite film (341 MPa). Cyclic bending tests
(180°, 500 cycles) demonstrated excellent flexibility and
bending resistance. While addressing the internal barriers of
MXene, it should be noted that with current processes it is still
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difficult to meet the requirements for industrialization of
MXene membranes. Kim et al.®? developed a slit-extrusion-type
coating technique for the preparation of large-area MXene
membranes (Fig. 7h). It can fabricate continuous and scalable
coatings at a fast coating rate of 6 mm s~'. The thickness can
be easily controlled in the nanometer to micrometer scale and
the alignment of the nanosheets is enhanced by the shear
force of the notched die head (Fig. 7i). Molecular separation
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Fig. 7 (a) Process flow chart of large-scale production of independent S, N co-doped m xenon hybrid film; (b) large area hybrid membrane photo-
graph; (c) cross-section SEM image. Reproduced from ref. 81 with permission from Wiley-VCH, copyright 2021. (d) Schematic illustration of the
blade coating process; (e) digital photograph of a 1 m long and 10 cm wide film produced from large MXene flakes that was blade coated onto a
Celgard membrane (thickness of the TizC,T, film is 940 nm); (f) SEM image of blade coated film made from large flakes folded at 180° forming a
radius of ~#62.5 um; (g) SEM image shows the cross-section of a blade coated film containing highly aligned large MXene flakes. Reproduced from
ref. 82 with permission from Wiley-VCH, copyright 2020. (h) Schematic illustration of TisC,T, coating procedure using a slot-die coater; (i) photo-
graphic image of an as-prepared TizC,T, membrane. Reproduced from ref. 83 with permission from American Chemical Society, copyright 2021. (j)
Schematic showing the manufacturing of free-standing and flexible 2D MXene/graphene heterostructured films by a spray-assisted LbL process; (k)
digital images of a spraycoated M/G-20 film showing the flexibility. Reproduced from ref. 84 with permission from Wiley-VCH, copyright 2019.

experiments on a film with a thickness of about 100 nm charged molecules. Thus its outstanding stability makes it
revealed that this nanofiltration membrane has a water per- highly promising for industrial and practical applications.
meability of 190 LMH bar™" and a molecular weight cutoff of Gogotsi’s team® prepared two-dimensional MXene/graphene
269 Da, which exceeds the previously reported filtration per- heterostructures by stacking Ti;C,T, MXene and reduced gra-
formance of MXene-based nanofiltration membranes. At the phene oxide nanosheets using spray-assisted stacked assembly
same time, the membrane maintained stable nanofiltration (Fig. 7j). Freestanding flexible MXene/rGO heterostructured
performance for 30 days under harsh oxidizing conditions. films with dimensions of 4 x 7.5 cm and thicknesses of
This outstanding antioxidant phenomenon can be attributed 2-3 um were fabricated in 10 min. When used directly as
to the self-protective effect of adsorbed organic molecules on anodes for sodium ion storage, the MXene/rGO heterostruc-
the MXene surface, in particular the stabilization of the tured films exhibit better electrochemical performance than
MXene surface by chemisorption combined with positively pure MXene and reduced graphene oxide films in terms of

This journal is © The Royal Society of Chemistry 2025 Nanoscale, 2025, 17, 6204-6265 | 6217


https://doi.org/10.1039/d4nr04560b

Published on 13 Chwevrer 2025. Downloaded on 2026-03-02 14:28:45.

Review

capacity, rate performance and cycling stability (Fig. 7k). This
suggests a high throughput fabrication method that offers the
possibility of a wide range of applications for MXene compo-
site materials.

2.3.3. Aerogels. Typical hydrogels, characterized by their
high water absorption capacity, flexibility, and adjustable
mechanical properties, have found wide application across
fields such as biomedicine, environmental protection, and elec-
tronic devices. MXene-based gels, in particular, combine the
superior properties of MXenes, including enhanced electrical
conductivity, excellent mechanical strength, and favorable
environmental adaptability. The remarkable electrical conduc-
tivity of MXene-based gels makes them highly promising candi-
dates for use in electronic devices and sensors. Moreover, their
mechanical robustness and antimicrobial properties render
them suitable for biomedical applications. However, the scale-
up production of MXene-based gels remains challenging due to
several limitations. The first challenge is their environmental
stability; MXene-based gels are prone to degradation when
exposed to high temperatures or air for prolonged periods.
Secondly, the complexity and high cost of the preparation
process hinder the feasibility of large-scale production. To
address these issues, Zou et al.®® proposed an innovative natural
drying method combined with rapid Joule thermal annealing,
which successfully enabled the large-scale production of
MXene-based composite aerogels. The flash Joule annealing
process, which raises the temperature to 450 °C within 30
seconds, effectively removes excess hydrogen and oxygen groups
from the aerogel while repairing cross-linking defects between
the reduced graphene oxide and MXene layers. This results in a
high-performance aerogel with a denser structure. This treat-
ment not only offers cost-efficiency and ease of operation but
also facilitates the production of ultra-lightweight MXene-based
aerogels with arbitrary macroscopic dimensions and exceptional
mechanical properties. Furthermore, by precisely controlling
the pore structure and surface chemistry, the prepared aerogels
exhibited excellent compressive elasticity and electrical respon-
siveness. These properties make them particularly suitable for
sensor technologies, enabling highly sensitive monitoring of
various pressure signals, ranging from the light weight of paper
to the movement of the human body.

The use of organic compounds, surfactants, or metal ions
as cross-linking agents is a common strategy for constructing
MXene gels. However, the inclusion of such agents can nega-
tively impact the electrical conductivity and lubricity of
MXene, posing a challenge to their overall performance.
Therefore, further research is necessary to develop scalable
methods for producing MXene gels while maintaining their
key functional properties. Liu et al.®® proposed a strategy for
the rapid preparation of MXene gels using low-intensity cen-
trifugation assistance (Fig. 8a). This method eliminates the
need for the addition of high-concentration MXene nanosheet
dispersions and cross-linking agents. By adjusting the pH,
MXene nanosheets rapidly and spontaneously form gels at a
very low dispersion concentration of 0.5 mg mL™", creating
multifunctional structures (Fig. 8b). With optimized surface
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terminations and internal microstructure, the resulting gel
proved to be an ideal candidate material for high-performance
semi-solid lubricants, offering excellent viscoelasticity, thixo-
tropy, superior yield stress, and adjustable near-infrared emis-
sivity and photothermal conversion capacity. This approach
provides a simple and cost-effective paradigm for the prepa-
ration of MXene-based gels. Moreover, Dong’s team®” team
employed Ti;C,T, MXene as a dynamic cross-linking agent to
achieve rapid and universal gelation of various monomers and
polymers by carefully regulating the intermolecular forces
between the MXene and the cross-linking network. Using
acrylic acid (AA) monomer as an example, the mechanism of
rapid gelation is as follows: the polar groups on the surface of
Ti;C,T, MXene chelate with the -COOH group of AA, releasing
significant heat in a short period, which accelerates the
decomposition of ammonium persulfate. This greatly
increases the generation rate of free radicals, promoting rapid
cross-linking. The chain growth reaction of free radical
polymerization is accompanied by intense heat release, which
further accelerates the reaction, thus fostering free radical for-
mation. The -OH, -F, and -O groups on the surface of Ti;C,T,
MXene form multiple hydrogen bonds with the -COOH groups
of polyacrylic acid (PAA) and the -OH groups of glycerol, pro-
moting strong heat release during the reaction. The differences
between MXene and various monomers are mainly attributed
to the steric hindrance and hydrophilicity of the side groups in
the monomers, which to some extent weaken the inter-
molecular forces between MXene sheets. This study lays a
foundation for the practical application of hydrogels.

During the investigation into the rapid gelation of TizC,T,
MZXene, it was found that certain divalent metal ions could
effectively interact with MXene nanosheets to assemble three-
dimensional structures. In contrast, univalent metal ions led
to MXene solidification, and trivalent metal ions caused
MXene oxidation. However, the small size and limited variety
of metal ions are not conducive to the fine control and large-
scale production of three-dimensional porous MXene struc-
tures. To address this issue, Zhao et al®® reported a fast,
simple, scalable, and gentle strategy for constructing a series
of three-dimensional porous Ti;C,T, MXene gels by inducing
rapid gelation of Ti;C,T, within seconds using various ionic
liquids (ILs) (Fig. 8c). During the gelation process, ionic
liquids were introduced into the Ti;C,T, colloidal dispersion
to disrupt the electrostatic repulsion between the nanosheets,
and the ILs acted as cross-linking agents to connect the
nanosheets, forming a three-dimensional porous structure
(Fig. 8d). Density functional theory (DFT) calculations further
revealed the cross-linking behavior of different ILs on TizC,T,.
By adjusting the concentration and type of IL, the pore struc-
ture and interlayer spacing of individual blocks could be pre-
cisely controlled. Notably, the [C,VIm]|Br-induced TizC,T,
monomer exhibited a higher specific surface area and optimal
pore size, reducing ion transport distances and providing
more active sites for ion storage (Fig. 8e and f). This approach
offers a general strategy for the large-scale preparation of
MXene gels.
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Fig. 8 (a) Schematic illustration of producing TisC,T, MXene gelators and centrifugation-assisted MXene gels; (b) pH-dependent internal structures
of the MXene gel. Reproduced from ref. 86 with permission from Springer, copyright 2024. (c) Schematic illustration of synthesis of ionic liquids—
TizC,T, aerogel; (d) schematic of the interaction between TizC,T, MXene in solution with and without ILs; (e and f) SEM of IL-TizC,T,. Reproduced
from ref. 88 with permission from American Chemical Society, copyright 2024.

3. Optimization strategy for MXene
industrial production

3.1. Anti-oxidation

MXene materials exhibit vast potential for diverse applications,
owing to their distinctive structural characteristics and excep-
tional electrochemical properties. However, a notable chal-
lenge lies in their susceptibility to oxidation during synthesis,
processing, and storage, which consequently results in dimin-
ished performance. This oxidation not only adversely affects
the material’s conductivity and electrochemical stability but
also restricts its reliability and operational lifespan in practical
applications. The synthesis of MXenes is generally accom-
plished through the selective extraction of an atomic layer

This journal is © The Royal Society of Chemistry 2025

from layered ternary metal carbides or nitrides, known as MAX
phases. While the M,,;;X,, backbone of MXenes is inherited
from the MAX precursor, the nature of their surface termin-
ations is predominantly dictated by the synthesis methodology
employed. Conventionally, wet chemical etching using fluori-
nated or chlorinated aqueous acids yields MXenes with a
heterogeneous mixture of -OH, -O, -F, and -Cl termination
groups. In contrast, Lewis acid molten salt etching can
produce MXenes with single-atomic layer halogen termin-
ations (-Cl, -Br, or -I), which may subsequently be altered
through conversion processes. Nevertheless, these functional
groups remain prone to oxidation upon exposure to air or
during washing, thereby preventing the formation of a stable
and ordered functional architecture. Furthermore, although
alternative synthetic techniques—such as hydrothermal
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etching, electrochemical etching, and iodine-assisted etching
—along with post-treatment strategies like annealing and
chemical conversion offer supplementary options for func-
tional groups, they remain constrained by the aforementioned
limitations in terms of group types. The inherent instability
and disorder of surface functional groups represent a signifi-
cant obstacle to the broader application of MXenes.
Consequently, there is an urgent need for the development of
synthetic methodologies and post-treatment approaches that
can yield MXenes with intact structures and superior quality,
thereby enhancing their stability and functional integrity for
advanced applications.

3.1.1. Selection of protective atmosphere. In the synthesis
of MXene, the MAX phase material is typically subjected to
etching with HF. When this process is conducted in ambient
air, MXene is susceptible to oxidation by atmospheric oxygen.
Hence, the incorporation of a protective atmosphere during
the reaction process is an essential strategy to mitigate
oxidation.

In the preparation of MXene, it is critical to select an appro-
priate reactor and maintain a stable argon environment.
Typically, a highly sealed reactor is employed to prevent the
ingress of external air. To ensure a consistent concentration of
argon within the reactor, it is subjected to vacuum treatment
to remove residual air prior to initiation of the reaction, fol-
lowed by the introduction of high-purity argon (typically
99.999% purity). The argon atmosphere must be maintained
consistently throughout the reaction to avert oxidation
induced by oxygen infiltration. When Ti;AIC, (MAX phase)
powder is introduced into the reactor, the flow of argon serves
to block oxygen, thereby preventing surface oxidation during
the subsequent etching process. Within the argon atmosphere,
the MAX phase material is mixed with the etching agent (such
as HF or LiF + HCl), and the etching reaction typically involves
a mixture of HF or lithium fluoride (LiF) and HCl. The dur-
ation of etching is contingent upon specific experimental con-
ditions, usually ranging from several hours to ten hours.
During this process, argon safeguards the highly reactive
material from reacting with oxygen in the air, thereby ensuring
that MXene remains non-oxidized during the etching. The
function of these chemicals is to etch the Al layer in the
Ti3AlC, to produce the layered Ti;C,T, MXene. Post-etching,
the resultant product may contain unreacted byproducts such
as HF or LiF. To enhance the purity of MXene, the etched
product requires multiple cleaning cycles. The cleaning
process is also conducted under argon to prevent oxidation
upon exposure to air. Cleaning is typically executed with de-
ionized water until the pH of the product approximates neu-
trality (typically 6-7). Following each cleaning cycle, the MXene
is separated from the cleaning solution via centrifugation to
eliminate residual etching solution and byproducts. The
cleaned MXene material must subsequently be dried, which
should also be performed under an argon atmosphere or in a
vacuum. Traditional drying methods expose MXene to air,
leaving it prone to oxidation during the drying process; thus,
vacuum drying or drying in a flowing argon environment is

6220 | Nanoscale, 2025, 17, 6204-6265

View Article Online

Nanoscale

especially crucial. Generally, the drying temperature is regu-
lated within a lower range (e.g:, 40 °C to 60 °C) to prevent high-
temperature-induced oxidation reactions. Maintaining a con-
tinuous argon flow or vacuum throughout the entire drying
process is an effective means to prevent oxidation.®®

Hydrogen, as a reducing gas, also effectively protects
MXene materials from oxidation. Mo,Ga,C (MAX phase)
powder was introduced into a reactor protected by a hydrogen
atmosphere. In a hydrogen environment, Mo,Ga,C was etched
with a HF solution to remove the Ga layer, forming Mo,CT,
MXene. Following etching, the product underwent a reduction
treatment under a hydrogen atmosphere to further eliminate
residual oxides and restore the electrical conductivity of
Mo,CT,. This method leveraged the reducibility of hydrogen to
ensure the high antioxidant properties of Mo,CT, MXene
during synthesis and post-synthesis treatments.”®

Ammonia (NH;), a gas with both reducing and nitrogen
source capabilities, is utilized in the synthesis of MXene not
only to prevent oxidation but also to achieve nitrogen doping.
Consequently, in the preparation of Ti,T, MXene, employing
ammonia as the reaction atmosphere proves to be a dual-
purpose strategy. High-purity ammonia gas is continuously
injected into the reactor to ensure the stability of the ammonia
atmosphere throughout the reaction. Prior to operation, the
reactor undergoes vacuum treatment to remove residual
oxygen, after which ammonia is introduced to create a protec-
tive atmosphere. The flow rate and pressure of ammonia
during the reaction process must be strictly controlled to
prevent air infiltration and ensure the material remains non-
oxidized. The Ti,T, MXene is placed within a reactor protected
by an ammonia atmosphere. The Ti;AlC,T, MXene is sub-
sequently produced by etching the aluminum layer using a
mixed solution of HF or LiF + HCI, thereby forming layered
Ti,T, MXene. The ammonia atmosphere effectively isolates
oxygen, preventing the oxidation of Ti,T, MXene during the
etching process. The etching reaction typically lasts for several
hours, contingent upon the etching rate. Post-etching, the
Ti, T, MXene material may still contain residual oxides or rem-
nants that are not completely removed. The material is sub-
sequently cleaned and placed in a high-temperature furnace
protected by ammonia gas, where the material undergoes
heating, usually at a temperature between 500 °C and 800 °C.
The specific temperature and duration can be adjusted accord-
ing to the desired depth of nitrogen doping and the electro-
chemical performance requirements of the material. During
this process, ammonia serves not only as a reducing atmo-
sphere to prevent further oxidation of the material but also
reacts with Ti;C,T, as a nitrogen source, causing nitrogen
atoms to be embedded within the material’s lattice, forming
Ti;C,T,N MXene. Upon completion of the heat treatment, the
material requires further cleaning and drying to remove poten-
tial by-products and enhance the material’s purity.”’ The
cleaning process is typically conducted in an ammonia
environment using deionized water until the material’s pH
approximates neutrality. Additionally, post-cleaning, the
material is dried either under vacuum or within an ammonia
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atmosphere to prevent contact with atmospheric oxygen
during the drying process. Nitrogen doping imparts a novel
electronic structure and chemical activity to the material by
substituting some surface terminal groups (such as -O, -OH,
—F) or directly embedding nitrogen atoms into the lattice struc-
ture. The doped materials exhibit superior electrochemical
properties, particularly in energy storage devices like super-
capacitors and lithium-ion batteries.

The application of protective atmosphere synthesis in the
industrial production of MXene materials demonstrates sig-
nificant advantages. By operating within an inert or reducing
atmosphere, the oxidation of MXene material during synthesis
and treatment is prevented, enhancing the material’s stability,
avoiding the formation of oxidation by-products, and improv-
ing the purity of the MXene material. By regulating the compo-
sition of the atmosphere and reaction conditions, the electro-
chemical and physical properties of MXene materials can also
be optimized.

3.1.2. Surface finishing. By introducing antioxidant func-
tional groups or coatings onto the surface of MXene, a protec-
tive barrier is formed, effectively inhibiting the oxidation
process.

Ti;C,T, MXene is typically derived from the MAX phase
material (Ti3AlC,) through chemical etching. Specifically,
TizAlC, powder is immersed in a solution containing HF or
LiF + HCI and etched under controlled temperature and time
conditions to eliminate the Al layer within the MAX phase, ulti-
mately yielding Ti;C,T, MXene. During this etching procedure,
fluorine ions (F7) play a dual role: they react with the Al layer
to expedite its removal and form stable Ti-F bonds with Ti
atoms, leading to fluorine group modification on the
material’s surface. The fluorine groups, firmly bonded to Ti
atoms via chemical bonds, constitute Ti-F bonds with remark-
able chemical stability. The presence of these Ti-F bonds effec-
tively blocks oxygen, thereby reducing the occurrence of oxi-
dation reactions. In contrast, unfluorinated MXene materials
are more susceptible to reacting with oxygen in the air, result-
ing in the formation of TiO, and subsequent degradation of
the material’s structure and performance. However, with fluor-
ide modification, the surface Ti-F bonds exhibit stable exist-
ence, providing robust oxidation resistance. Furthermore, the
introduction of fluorine groups mitigates the interaction
between water and the material’s surface through hydrophobic
action, enhancing the material’s resistance to hydrolysis. This
hydrophobic effect reduces the degradation of MXene pro-
perties triggered by water-induced hydrolysis reactions.
Fluorine groups not only prevent oxidation and hydrolysis but
also enhance the material’s stability under elevated tempera-
tures or other harsh conditions, thereby extending its service
life. Notably, fluoridation primarily aims to enhance the anti-
oxidant properties of MXene materials while preserving their
electrical conductivity. The introduction of fluoro groups does
not significantly alter the electronic structure of Ti;C,T,, allow-
ing it to maintain its original excellent electrical conductivity.
This retention of conductivity enables fluorinated MXene
materials to continue exploiting their high electrical conduc-
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tivity in various applications, particularly in electrochemical
and energy storage devices.

Additionally, the presence of fluoro groups modulates the
surface chemical properties of the material, enhancing
MXene’s selectivity and reactivity in specific electrochemical
reactions. To further optimize fluorination treatment effects,
etching conditions can be fine-tuned. For instance, adjusting
the concentration of etching agents influences the fluoro
group coverage and the uniformity of surface modification.
Precise control over etching temperature and time avoids
excessive etching, thereby minimizing damage to the layered
structure of MXene and ensuring material integrity and func-
tionality. Lastly, fluorinated MXene can undergo moderate
heat treatment to reinforce the binding force of fluorophoric
groups, further improving its oxidation resistance and stability.
MXene materials treated with surface fluoridation exhibit
broad promise in numerous applications, especially in scen-
arios requiring prolonged exposure to air, moisture, or other
challenging environments. Fluorination not only prolongs the
service life of MXene but also preserves its high conductivity
and electrochemical properties, making it particularly suitable
for energy storage devices, electrocatalysis, sensors, and
environmental protection applications.®”

Polyvinylpyrrolidone (PVP) is a universally employed water-
soluble polymer material distinguished by its exceptional film-
forming capabilities and stability. The carbonyl and pyrroli-
done rings intrinsic to its chemical architecture facilitate the
establishment of stable bonds with adjacent material surfaces,
mediated by hydrogen bonding or electrostatic interactions.
Integration of PVP onto the surface of MXene serves to effec-
tually cloak the exposed regions of MXene, thereby forming a
uniform protective membrane. Initially, the Ti;AlIC, MAX
phase undergoes etching via HF or a LiF + HCI mixed solution
to eliminate the Al layer, resulting in the layered TizC,T,
MXene. Post-etching, the material is meticulously cleansed to
eliminate by-products, followed by drying under vacuum or in
an inert gas milieu to forestall oxidation. Preceding surface
modification, a PVP solution is formulated. Typically, a PVP
solution of suitable concentration (ranging from 0.1 wt% to
1 wt%) is selected as the modification agent, with polar sol-
vents like water or ethanol commonly chosen to ascertain
uniform dissolution and complete contact with the MXene
surface. The prepared Ti;C,T, MXene is dispersed within the
PVP solution, subsequently stirred over an extended duration
—several hours to a full day—to allow PVP to progressively
adsorb and coalesce onto the MXene surface via hydrogen
bonding or electrostatic action. During this process, the carbo-
nyl moiety of PVP engages in hydrogen bonding with the
oxygen and hydroxyl groups on the MXene surface, while the
polymer chain of PVP conjoins to constitute a continuous,
uniform protective film. The resultant MXene material is then
subjected to drying under vacuum or at low temperatures to
expunge the solvent, thereby ensuring firm adherence of PVP
to the MXene surface. Control over temperature during the
drying phase is paramount, typically maintained between
40 °C to 60 °C to avert PVP degradation due to excessive temp-
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eratures. The PVP layer enveloping the Ti;C,T, MXene surface
forms a dense protective film, which effectively segregates
oxygen, curtails direct interaction between Ti atoms and
oxygen, inhibits the formation of oxide layers (such as TiO,),
and preserves the structural integrity of the material. PVP exhi-
bits commendable water-barrier properties, with the polar con-
stituents within its molecular framework capable of engaging
with water molecules to preclude reactions with the MXene
surface, thereby diminishing the risk of hydrolysis and
ensuing performance deterioration. Over prolonged usage, the
PVP coating substantively safeguards the MXene material from
significant property degradation due to oxidation or moisture
erosion in the ambient environment. Despite PVP, as a poly-
meric material, being conventionally regarded as an insulator,
its modification does not notably impact the electrical conduc-
tivity of MXene. The electrical conductivity of MXene is predo-
minantly governed by the metallic bond and elevated electron
mobility within its two-dimensional layered structure, and the
introduction of PVP does not undermine this overall configur-
ation. Given that the PVP coating layer is primarily superficial,
its thin profile does not impede the electron conduction path-
ways within MXene. Consequently, the modified MXene
material retains its inherent electrical conductivity while con-
currently exhibiting superior dispersion properties, which
prevent aggregation of MXene in solution or electrode con-
structs. This uniform dispersion effect sustains the material’s
efficient electrical conductivity, particularly in energy storage
applications, where enhanced dispersion contributes to elevat-
ing the material’s electrochemical activity.”®

The introduction of a TiO, coating on the surface of MXene
serves to effectively mitigate the ingress of oxygen and moist-
ure, thereby impeding the oxidation of MXene materials in
ambient air. Simultaneously, the distinct photocatalytic attri-
butes of TiO, endow it with promising potential in appli-
cations pertaining to photocatalytic degradation of pollutants
and photoelectric devices. Initially, the synthesis of TizC,T,
MXene is achieved through a conventional method, typically
involving the etching of the Ti,AlC phase with HF or a LiF +
HCI solution to eliminate the aluminum layer, resulting in the
formation of two-dimensional Ti;C,T, MXene. Post-synthesis,
the MXene material undergoes multiple washing cycles to
purge residual acids and by-products, followed by vacuum
drying to prevent oxidation in atmospheric conditions. To
effectuate the deposition of TiO, onto the MXene surface, a
solution containing titanium precursors must be meticulously
prepared. Commonly employed titanium precursors encom-
pass tetrabutyltitanate (TBT) or tetraisopropyl titanate (TTIP),
which, upon hydrolysis, yield TiO,. In the experimental proto-
col, an appropriate quantity of the titanium precursor is solu-
bilized in an organic solvent, such as ethanol or isopropyl
alcohol, with incremental introduction of water to modulate
the hydrolysis rate. The synthesized Ti;C,T, MXene is then dis-
persed within the titanium precursor solution and thoroughly
agitated to ensure comprehensive contact between the MXene
surface and the precursor. Within the solution milieu, the tita-
nium precursor undergoes a hydrolysis reaction, the rate of
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which is precisely regulated by adjusting the volume of water
added and the reaction temperature. Moderate hydrolysis con-
tributes to the uniform deposition of TiO,, thereby averting
uneven or excessive coating formation, culminating in the
deposition of TiO, on the MXene surface, thereby establishing
an initial coating. The thickness of this coating can be modu-
lated by varying the concentration of the titanium precursor
and the duration of the reaction. A thinner coating confers
robust antioxidant protection without compromising the
material’s electrical conductivity. Post-deposition, the TiO,
coating necessitates thermal curing. This heat treatment is
typically conducted under an air or argon atmosphere.
Temperatures that are too low may result in insufficient densi-
fication of the coating, whereas excessively high temperatures
may precipitate the oxidation of MXene. Consequently, the
selection of the temperature is critical, often chosen to range
between 300 °C and 500 °C, to ensure the complete crystalliza-
tion and robust adhesion of the TiO, coating to the MXene
surface.’*

In the context of organic acid molecules, such as oxalic
acid, citric acid, and glycolic acid, the presence of multiple car-
boxyl (-COOH) groups enables the formation of coordination
bonds with titanium atoms on the MXene surface, thereby
establishing a stable organic molecular layer. This molecular
layer not only proficiently obstructs the infiltration of external
oxygen and moisture but also maintains the electrical conduc-
tivity of MXene by modulating the chemical properties of its
surface, further augmenting the interaction of MXene with
other materials, such as polymers or metals. Initially, the
Ti;C,T, MXene is synthesized using a suitable organic acid,
such as oxalic acid (C,H,0,), citric acid (CcHgO-), or glycolic
acid (H,C,0,), which is dissolved in deionized water to create
an organic acid solution. The choice of different organic acids
exerts a discernible influence on the surface modification
efficacy of MXene. Oxalic acid, characterized by robust acidity
and high coordination capability, rapidly forms a stable
coordination structure with the MXene surface. Conversely,
citric acid, owing to its polycarboxyl structure, forms a thick
and stable organic layer on the MXene surface, thereby render-
ing it suitable for applications requiring sustained antioxidant
protection. Considering that oxalic acid operates as a simple
dicarboxylic acid and provides swift and effective antioxidant
protection through thin organic molecular layers, the appropri-
ate type of organic acid can be selected based on the specific
application requirements. The Ti;C,T, MXene material is sub-
sequently immersed in the organic acid solution, undergoing
treatment via stirring or ultrasound to facilitate the reaction
between the organic acid molecules and the MXene surface.
The carboxyl groups form stable coordination bonds by coordi-
nating with the titanium atoms on the MXene surface, thereby
uniformly distributing across the MXene surface. Typically, the
immersion duration varies according to the specific character-
istics of the organic acids and MXene, ranging from several
hours to tens of hours, to ensure the comprehensive binding
of the organic acid molecules to the MXene surface. The con-
centration of the organic acid solution is also modulated in
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accordance with the material’s requirements; higher concen-
trations facilitate the formation of a thicker protective layer,
whereas lower concentrations are more adept at fine-tuning
the modification effect. Upon completion of the modification
process, the MXene is extracted from the organic acid solution
and subjected to multiple rinses with deionized water to elim-
inate unreacted organic acid molecules and solvents.
Subsequently, vacuum drying is employed to eradicate residual
water and solvent from the material’s surface, thereby ensuring
the stability of the modified layer.”” In a recent study, Zhang
et al.®® reported that tartaric acid, acting as both an organic
capping agent and a multifunctional antioxidant, successfully
inhibited the oxidation of MXenes and facilitated its compo-
site formation with PEDOT:PSS (Ti;C,T,/PEDOT:PSS) (Fig. 9a).
Consequently, even at high temperatures of 60 °C, 25 wt% of
tartaric acid can effectively limit oxidation in water disper-
sions, a capability not achievable with untreated MXene. Here,
the multifunctional properties of tartaric acid encompass not
only the inhibition of Ti ion edges and defects but also induce
partial dissociation, replacing the insulation of PSS and pro-
moting crosslinking between PEDOT nanomaterials and
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resins, thereby enhancing the structural stability of the compo-
site in water for over two weeks. Compared with untreated
MXenes (conductivity of 552 S cm™'), the resulting composite
(ta-MXene/PEDOT:PSS) exhibits a conductivity increase to 2240
S em™" with no physicochemical alterations. Specifically, citric
acid, tartaric acid, and oxalic acid were notably effective in
inhibiting the oxidation of Ti;C,T, and Ti,CT, MZXene
nanosheets, whereas a few polycarboxylic acids and phenolic
compounds promoted oxidation (Fig. 9b).”” The structure-
phase relationship is predicated on the fact that effective anti-
oxidants like citric acid or tartaric acid and oxalate-based
MXene dispersions exhibit a significant negative zeta potential
and a lower hydrodynamic diameter, leading to higher col-
loidal dispersion. Transmission electron microscopy (TEM)
analyses revealed that high-quality MXenes (Ti;C,) remained
unoxidized for up to 4 months, until 10 months later when
pinholes were clearly formed in the pseudo-crystal (Fig. 9¢ and
d), indicating the onset of oxidation.’® Generally, MXenes syn-
thesized via the EN-MILD method exhibit higher electrical con-
ductivity than MILD MXene (Fig. 9¢ and f).°® The results for
18-hour and 24-hour MXenes (using EN-MILD) significantly
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(a) The formation of the MXene—tartrate complex is illustrated. Reproduced from ref. 96 with permission from Elsevier, copyright 2021. (b)

Various antioxidant TizC,T, molecules and their antioxidant capacity and corresponding digital photos in 14 days of storage. Reproduced from ref.
85 with permission from Wiley-VCH, copyright 2022. (c and d) TEM images of high-quality fresh Al-TizC, MXene and after 10 months of storage.
Reproduced from ref. 98 with permission from American Chemical Society, copyright 2021. Employing the EN-MILD approach increased the electri-
cal conductivity to 6 times higher than that MILD approach; cross-sections of MXene films prepared by (e) MILD approach and (f) EN-MILD after
24 h etching, respectively. The scale bar is 3 um. Reproduced from ref. 99 with permission from The Royal Society of Chemistry, copyright 2021.
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surpass any previously reported conductivity values for TizC,T,
MXenes. Parameters such as wafer size, morphology, surface
chemistry, and inserted lithium ions are the primary com-
ponents to be considered. AFM and SEM characterizations
showed that the EN-MILD method produced larger slices of
MXenes at 18-hour and 24-hour etching times. Controlling the
size of MXene sheets is crucial for achieving higher electrical
conductivity. The underlying mechanism involves lower inter-
flake contact resistance in films containing larger MXene
sheets, as well as better alignment in separate MXene sheets.
Therefore, the enhanced conductivity can be attributed to the
reduction and better arrangement of inter-flake resistance in
films prepared by EN-MILD 18-hour and EN-MILD 24-hour
MXenes.

The surface modification strategy in MXene industrial pro-
duction optimization demonstrates significant advantages. (1)
Effective oxidation prevention: surface modification forms a
chemical or physical barrier, effectively preventing direct
contact between oxygen, water in the external environment,
and MXene material, thereby significantly extending its service
life. (2) Enhanced material stability: surface modification not
only augments the oxidation resistance of MXene but also
improves the physicochemical stability of the material by intro-
ducing functional groups or polymers. (3) Maintenance of
excellent performance: reasonably designed surface modifi-
cation strategies can markedly enhance antioxidant properties
while maintaining or even improving the electrical conduc-
tivity, energy storage, and catalytic properties of MXene
materials.

3.1.3. Antioxidant addition. Antioxidants are incorporated
during both the synthesis and storage phases to trap and neu-
tralize oxygen, thereby safeguarding MXene from oxidation.
The selection of appropriate antioxidants, such as phenolic
compounds, mercaptan compounds, etc., is crucial as these
can react with oxygen or oxide intermediates, precluding direct
contact between MXene and oxygen. For instance, the addition
of the antioxidant 2,6-di-tert-butyl-4-methylphenol (BHT) to
the synthesis of MXene significantly enhances its antioxidative
capacity.

Vitamin C exhibits potent reductive properties, and the
ester group (C=O0) and hydroxyl group (OH) within its mole-
cule can donate electrons, thereby preventing MXene from oxi-
dizing due to environmental factors such as oxygen and water.
Vitamin C functions as a reducing agent by binding to the
surface active site of MXene, inhibiting the oxidation of Ti
atoms to TiO, and averting the formation of surface oxides.
The reduction of vitamin C curtails the infiltration of oxygen
and water, thereby delaying the oxidation process of MXene.
The inclusion of this antioxidant provides protection during
both the material synthesis and storage phases. Initially, the
TizAlC, MAX phase is etched using HF or LiF + HCI solutions
to eliminate the Al layer, yielding a two-dimensional Ti;C,T,
MXene. During the synthesis or cleaning of MXene, a vitamin
C solution of a specified concentration is prepared. Typically,
vitamin C is dissolved in deionized water, with the concen-
tration adjusted according to experimental requirements, com-
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monly ranging from 0.1 to 1 M. The selected concentration
impacts the antioxidative effect; a higher concentration of
vitamin C solution supplies more reducing molecules, effec-
tively inhibiting MXene oxidation but potentially affecting the
material’s surface structure. Appropriate concentration adjust-
ment ensures MXene protection while maintaining structural
integrity and electrochemical properties. During the synthesis
of Tiz;C,T, MXene, a vitamin C solution is added under nitro-
gen or argon protection to minimize atmospheric oxygen inter-
ference and optimize the antioxidative process. This can be
achieved by using the vitamin C solution as a post-etching
cleaning agent or by directly adding a specified amount of
vitamin C to the solution to prevent oxidation. The soaking
time is generally regulated between a few minutes to several
hours to ensure complete binding of vitamin C molecules to
the MXene surface and to exert antioxidative effects. Upon
completion of the vitamin C treatment, the MXene material is
rinsed with deionized water to eliminate unreacted vitamin C
and residues.

Tetrabutylammonium ion (TBA') is a larger organic ion
with a strong electrostatic effect capable of ion exchange with
the MXene surface, forming a protective coating. Through this
electrostatic interaction, TBA" ion stabilizes the MXene surface
structure, preventing oxygen or moisture from binding with Ti
atoms on the surface, thereby inhibiting the oxidation process.
The ammonium-based protective layer formed by TBA" ions on
the MXene surface effectively shields the material from exter-
nal environmental effects, significantly enhancing MXene’s
antioxidative properties and extending its storage life. Initially,
the Ti;AlC, MAX phase is etched using HF or LiF + HCI solu-
tions to eliminate the Al layer, yielding a two-dimensional
Ti;C,T, MXene. Following the etching, a TBA" solution is pre-
pared, typically using a TBA" salt (e.g., tetrabutylammonium
hydroxide, tetrabutylammonium bromide) dissolved in de-
ionized water or another suitable solvent, with the concen-
tration adjusted according to experimental needs, commonly
ranging from 0.01 to 1 M. The prepared TBA" solution is
added to the MXene suspension obtained post-etching for an
ion exchange reaction. TBA" ions bind to the MXene surface
via electrostatic action, replacing the original surface ions
(such as H' or Li") to form a stable ammonium-based protec-
tive layer. The reaction time generally spans 30 minutes to
several hours, with the reaction temperature adjustable
between room temperature and 50 °C to ensure full binding of
TBA' ions to the MXene surface to form a uniform protective
layer. To ensure uniform distribution of TBA" ions on the
MXene surface, magnetic agitation or ultrasonic oscillation
can be employed to expedite the ion exchange process. After
the ion exchange is complete, the treated MXene suspension is
rinsed multiple times with deionized water to remove excess
TBA' ions and unreacted by-products. The cleaned MXene is
subsequently vacuum-dried to produce MXene material
encased in a protective TBA layer.'%°

Urea (CO(NH,),) is a compound possessing notable redu-
cing properties and is extensively employed in industrial and
chemical synthesis. The amino (-NH,) and -C=O groups

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d4nr04560b

Published on 13 Chwevrer 2025. Downloaded on 2026-03-02 14:28:45.

Nanoscale

within its structure can interact with metal atoms, such as Ti,
on the surface of MXene, thereby forming hydrogen bonds or
coordination bonds. Through this interaction, urea can estab-
lish a stable protective film on the surface of MXene, effectively
precluding the infiltration of oxygen or water and thereby inhi-
biting the onset of oxidation reactions. Specifically, the amino
group within urea can form hydrogen bonds with the titanium
atom (Ti) on the MXene surface, whereas the carbonyl group
coordinates with the surface metal atom through its oxygen
atom. This dual binding mechanism not only stabilizes the
MXene surface structure but also effectively curbs oxidation
reactions typical in humid environments, thus endowing
MXene with enhanced antioxidant properties during pro-
longed storage. In the preparation of MXene, the Ti;AlC, MAX
phase is typically etched using HF or a LiF + HCI solution to
eliminate the Al layer, yielding a two-dimensional TizC,T,y
MXene. Urea is dissolved in deionized water or an appropriate
solvent, usually at a concentration ranging from 0.1 M to 1
M. To ensure the uniform distribution of urea, magnetic or
ultrasonic agitation can be employed to facilitate its complete
dissolution and to create favorable conditions for subsequent
MXene modification. Following etching and initial cleaning,
MXene is immersed in a urea solution for surface modifi-
cation. Urea molecules bond to metal atoms (such as Ti) on
the MXene surface via their amino and carbonyl groups,
forming a stable network of hydrogen and coordination
bonds, thereby creating a protective film on the MXene
surface. The urea surface modification is typically performed
at room temperature, with the reaction duration ranging from
30 minutes to several hours, contingent upon experimental
parameters, to ensure uniform and stable adsorption of urea
molecules on the MXene surface. During the reaction, mag-
netic or ultrasonic assistance can be utilized to ensure
uniform distribution of urea molecules within the MXene sus-
pension and to maximize contact with the MXene surface.
Post-modification, the material is repeatedly rinsed with de-
ionized water to remove unbound urea molecules and any
reaction by-products. Subsequently, the modified MXene
material is subjected to vacuum drying to obtain a stable
material with a urea-modified surface."®"

Tea polyphenols (TP), a class of natural antioxidant com-
pounds extracted from tea, comprising catechin, gallic acid,
and epigallocatechin, possess a molecular structure rich in
multiple phenolic -OH. These groups can form stable hydro-
gen bonds or covalent bonds with functional groups on the
MXene surface, such as -OH and carboxylic (-COOH) groups,
thereby preventing direct contact between oxygen, water, and
the MXene surface. This chemical bonding enables tea poly-
phenols to form an antioxidant protective film on the MXene
surface, effectively inhibiting oxidation reactions. Additionally,
the phenolic hydroxyl groups in tea polyphenols exhibit
notable antioxidant reducing properties, capable of neutraliz-
ing oxidants on the material surface and further diminishing
the oxidation rate of MXene. Initially, a MAX phase material
such as TizAlC, is etched using a HF or LiF + HCI mixture to
eliminate the Al layer, yielding Ti;C,T, MXene. Tea polyphe-
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nols are dissolved in deionized water or an appropriate organic
solvent, typically at a concentration ranging from 0.01 M to 0.1
M. To ensure uniformity in the tea polyphenol solution, mag-
netic stirring or ultrasonic treatment can be employed to
enhance the dispersion of tea polyphenol molecules.
Following MXene preparation and preliminary cleaning, it is
immersed in the tea polyphenol solution for surface modifi-
cation. Tea polyphenol molecules interact with functional
groups on the MXene surface via their phenolic hydroxyl
groups, forming hydrogen bonds or covalent bonds. This
bonding method stabilizes the MXene surface and forms a
stable antioxidant film. Tea polyphenol modification is gener-
ally conducted at room temperature, with a reaction period
ranging from 30 minutes to several hours, adjustable based on
experimental conditions, to ensure uniform adsorption of tea
polyphenol molecules on the MXene surface. Magnetic or
ultrasonic assistance can be employed during the reaction to
ensure thorough mixing of MXene with the tea polyphenol
solution, enhancing the uniformity of surface modification.
Post-modification, the material surface is repeatedly rinsed
with deionized water to remove unbound tea polyphenol mole-
cules and other by-products.’®?

Advantages of the antioxidant addition strategy: (1) effective
oxidation delay: antioxidants can effectively prevent the oxygen
and water-induced erosion of materials and delay the oxidation
of materials through chemical combination or electrostatic inter-
action with the MXene surface. (2) Retention of material pro-
perties: many antioxidants act as protective agents without sig-
nificantly compromising the electrical conductivity and other
physicochemical properties of MXene, which is critical for its
application in energy storage, catalysis, and other fields. (3)
Simple and easy: the incorporation of antioxidants can typically
be accomplished through straightforward solution treatment or
surface modification, offering the advantages of a simple process
and low cost, making it suitable for industrial production.

3.1.4. Closed-system synthesis. A closed and automated
reaction system reduces the risk of oxidation by minimizing
the operator’s direct contact with the reactants and by prevent-
ing oxygen ingress into the reaction system. The design of a
closed reactor system that maintains an inert gas protective
atmosphere throughout the reaction effectively prevents
oxygen from entering. This not only enhances the yield of
MXene but also significantly mitigates oxidation issues.
Through the automatic control system, reaction conditions can
be precisely adjusted to ensure that the oxygen concentration
remains under control. Additionally, automated systems can
reduce oxygen leakage caused by human error, further dimin-
ishing the risk of oxidation.

In an open system, the active surface sites of MXene are
susceptible to reacting with oxygen and moisture in the air,
leading to material oxidation. In contrast, in a closed system
the oxygen in the air is removed by filling with an inert gas
(such as argon or nitrogen), which effectively prevents oxi-
dation reactions. The tightness of the closed reactor ensures
an oxygen-free environment during synthesis, allowing the
material to remain stable in a highly active state. The inert gas,
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being chemically inert and non-reactive with the reactants,
also acts as a “barrier” that prevents oxygen diffusion, thereby
safeguarding the surface structure of the MXene material.
Firstly, Ti;AlC, (MAX phase) is selected as the precursor
material. The MAX phase material, a layered metal carbide,
contains an Al layer that is readily etched to form the MXene
material. To prevent oxidation during the reaction, the MAX
phase material must be processed in a closed system. Closed
reactors are typically fabricated from high-strength materials
capable of maintaining seal integrity in high-temperature, cor-
rosive environments. The reactor is filled with an inert gas,
such as argon or nitrogen, to displace the oxygen in the air. To
ensure an oxygen-free state in the system, the reactor can be
purged multiple times before the reaction to remove residual
oxygen. Argon is commonly used as an inert gas due to its
strong chemical inertness and high density, which effectively
covers the reaction system and prevents oxygen ingress. Argon
gas is introduced into the reactor to create a stable protective
environment, effectively preventing the infiltration of external
oxygen. The tightness of the closed system is critical. During
the reaction, it is necessary to ensure that no air leaks to main-
tain an oxygen-free state in the system. Sealing gaskets or
sealing rubber rings can be employed to enhance tightness,
and pressure changes in the reactor can be monitored in real-
time by pressure detection devices to ensure system stability.
The Ti;AlC, MAX phase material is placed in the reactor and
etched by injecting HF solution. The HF solution reacts with
the Al layer in the MAX phase to remove the Al atoms and
form the layered structure of Ti;C,T, MXene. The entire reac-
tion process is conducted in a closed system to ensure that
oxygen in the air does not react with the highly active MXene
surface. Typically, the etching reaction is carried out at or
slightly above room temperature, depending on the amount of
reactants and the concentration of the etching solution. The
control of reaction time significantly impacts the number of
layers and surface functional groups of MXene, and an appro-
priate etching time is conducive to the formation of high-
quality MXene materials. During the etching process, the flow
rate of argon can be controlled to further eliminate trace
oxygen or by-products that may be generated in the system,
ensuring that the material surface is unaffected by oxidation.’>
The synthesis of MXene materials within a closed tube reactor
is a prevalent industrial method. The reaction, under the pro-
tection of an inert gas such as argon or nitrogen, can effec-
tively inhibit oxidation. Ti;C,T, MXene can be synthesized
using a closed tubular reactor. In the etching reaction, argon
gas is continuously filled to ensure that the oxygen concen-
tration in the reactor is close to zero. Precise control of the
reactor’s pressure and gas flow ensures the stability of the reac-
tion process. The combination of the closed system and inert
gas significantly reduces the surface oxidation degree of the
synthesized MXene material, thereby maintaining its electrical
conductivity. Research indicates that this method enhances
the long-term stability of MXene materials, particularly
increasing their application potential in energy storage
equipment.'®®
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A microenclosed nanoreactor is a device capable of pre-
cisely controlling the reaction environment at the micron or
nanometer scale. By encapsulating reactants and isolating
them from oxygen and water in the external environment, the
nanoreactor provides a highly controlled chemical environ-
ment for MXene synthesis. The nanoreactor effectively isolates
oxygen and water from the outside air through the physical
closure of the nanostructure. This physical barrier prevents
external environmental changes from affecting the material’s
surface during synthesis, reducing the likelihood of oxidation.
Within the nanoreactor, the reactants are controlled in a
highly refined chemical environment, which further inhibits
oxidation through the use of inert gases (such as argon) and
antioxidant agents (such as tetrabutylammonium, vitamin C,
etc.). This dual protective mechanism, combining physical and
chemical methods, significantly enhances the antioxidant
capacity of MXene materials. First, Ti;AlC, powder is placed in
a microenclosed nanoreactor. The reactor is designed to
achieve a closed environment at the micron or nanometer
level. Through the physical isolation provided by the nanoreac-
tor, the reactants are encapsulated in an environment comple-
tely isolated from external air, thereby ensuring that the entire
reaction process remains unaffected by oxygen or water. The
nanoreactor utilizes micromachining technology to precisely
encapsulate the MAX phase material. The encapsulated reac-
tants not only isolate external air but also maintain a stable
chemical environment during the etching process. Within the
nanoreactor, the etching reaction of Ti;AlC, is conducted by
adding HF solution. The HF solution reacts with the alumi-
num (Al) layer in the MAX phase to remove aluminum atoms
and form the layered structure of Tiz;C, MXene. The entire
etching process is performed in a micro-closed reaction
environment, ensuring that oxygen and water do not enter the
system, thereby reducing surface oxidation of the material.
The temperature, pressure, and chemical environment of the
reaction can be precisely controlled due to the high accuracy of
the nanoreactor’s closure. This environment aids in maintain-
ing the uniformity of the etching process, resulting in a more
regular interlayer structure and a more abundant surface func-
tional group composition in the MXene materials. Upon com-
pletion of the cleaning process, further heat treatment, surface
modification, or other subsequent treatment operations can
be performed on the MXene material according to specific
needs. Due to the high stability of the environment within the
nanoreactor, these operations can be carried out in an oxygen-
free condition, ensuring that the electrochemical properties
and electrical conductivity of MXene are not compromised.*®*

Advantages of the closed-system synthesis strategy: (1)
Effective isolation of oxygen: the closed system significantly
inhibits the ingress of oxygen into the reactor through both
physical and chemical mechanisms, thereby preventing
surface oxidation of MXene materials and ensuring the reten-
tion of their high conductivity. (2) Maintain material pro-
perties: closed system synthesis not only enhances the anti-
oxidant capabilities of the material but also preserves the
electrochemical properties of MXene under large-scale pro-
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duction conditions, thereby guaranteeing its performance in
applications such as energy storage and catalysis. (3) Suitable
for industrial production: the closed system synthesis process
offers precise control over the synthesis parameters, making it
highly suitable for large-scale industrial applications. This
approach  ensures high production stability and
reproducibility.

3.1.5. Storage environment optimization. The fundamental
principle of cryogenic storage lies in the deceleration of chemi-
cal reaction rates through temperature reduction. Generally,
the rate of oxidation diminishes significantly as temperature
decreases. Consequently, at low temperatures, the interaction
and reaction rates of MXene materials with atmospheric
oxygen and moisture also decrease. According to the Arrhenius
equation, the rate of a chemical reaction is directly pro-
portional to temperature; thus, a decrease in temperature
results in the activation energy barrier becoming less attain-
able, thereby leading to a corresponding reduction in reaction
rates. In a refrigerated environment maintained below 0 °C,
the Ti, T, MXene surface reacts much less frequently with
oxygen or moisture, thereby delaying its oxidation rate.
Research indicates that at room temperature, MXene materials
readily engage in reactions with atmospheric oxygen, gradually
forming titanium dioxide (TiO,), which results in diminished
electrical conductivity and specific capacity. However, when
stored in a low-temperature environment, the oxidation rate is
substantially reduced. At temperatures of 0 °C or lower, the
structural stability of MXenes is enhanced, and the oxidation
reactions nearly cease, thus prolonging the retention of their
properties. For instance, Ti, T, MXene stored in a refrigerator
at —18 °C for several weeks demonstrated that its conductivity
and specific capacity remained above 90%. In contrast, the oxi-
dation of the same material was significantly more pro-
nounced during storage at room temperature. Before subject-
ing MXene materials to low-temperature storage, an initial
drying and treatment process is typically necessary to mini-
mize the effects of surface moisture and impurities. Inert
gases such as nitrogen or argon are employed to cleanse the
material’s surface further, effectively removing existing oxides.
The storage environment is usually maintained below 0 °C,
with common methods including standard refrigerated com-
partments (0 °C to —5 °C) or deep freezers (—18 °C to —30 °C).
Refrigerated conditions of 0 °C to —5 °C are suitable for short-
term storage, accommodating experimental needs ranging
from several days to a few weeks. Such cold storage environ-
ments effectively mitigate short-term oxidation reactions invol-
ving MXene. Conversely, in freezers set below —18 °C, MXene
materials experience lower oxidation rates, making them ideal
for long-term storage. Experimental results indicate that
MXene materials sustain electrochemical properties close to
their initial state after several months of storage at —18 °C.

During low-temperature storage, effective sealing and
moisture-proof measures must also be implemented to prevent
condensation resulting from temperature fluctuations. MXene
materials should be packaged in sealed bags that may be
purged with nitrogen or subjected to vacuum conditions to
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further minimize exposure to moisture and atmospheric
oxygen.'® The essence of vacuum storage is to mitigate the
influence of oxygen and moisture by placing MXene materials
in an oxygen-depleted environment. This is achieved by evacu-
ating the air from the storage container or filling it with an
inert gas (such as nitrogen or argon), effectively isolating the
materials from external oxygen and water to inhibit oxidation
reactions. Inert gases (e.g., nitrogen and argon) do not engage
in chemical reactions, enabling their use to fill the storage
containers and obstruct the ingress of atmospheric moisture
and oxygen, thus creating a protective inert environment. In
such conditions, the reactive sites on the surface of MXenes
are shielded from oxygen, effectively reducing surface oxi-
dation reactions. Studies have demonstrated that MXene
materials are particularly susceptible to oxidation in open-air
environments, where titanium atoms oxidize to form a TiO,
layer, resulting in decreased conductivity and specific capacity.
However, by storing the materials in a vacuum or inert gas
atmosphere, the infiltration of oxygen can be effectively cur-
tailed, leading to a significant reduction in the oxidation rate.
Experimental data reveal that MXene materials stored in argon
maintain their initial conductivity for several months, with the
oxidation rate diminished by over 90% compared with open-
air conditions. Researchers who placed Ti;C,T, MXene
materials in sealed containers filled with argon for extended
periods observed only a slight decrease in conductivity after six
months of storage. In stark contrast, samples stored under
open-air conditions at room temperature exhibited a signifi-
cant conductivity decline and evident signs of oxidation
during the same timeframe. Both vacuum and inert gas
storage strategies not only prolong the oxidation process but
also preserve the high electrical conductivity and favorable
electrochemical properties of MXene materials. This is crucial
for applications in energy storage devices, sensors, and other
fields. Storing MXene materials in inert gas environments
allows for sustained stability in electron mobility and specific
capacity over extended durations. For instance, Ti;C,T, MXene
stored in vacuum or argon retained 98% of its initial conduc-
tivity after several months of storage, whereas the electrical
conductivity of air-stored samples decreased by approximately
40% during the same interval. Electrochemical performance
assessments indicated that the specific capacity of MXene
materials stored in argon showed only minor declines, con-
trasting starkly with the significant drop in specific capacity
observed for samples stored in air, thus affirming the efficacy
of antioxidant protection in an inert gas environment.'%
Humidity exerts a direct and accelerating effect on the oxi-
dation of MXene materials. Water molecules present in the air
can react with active sites on the MXene surface, facilitating
the oxidation of Ti atoms to form TiO,. In particularly humid
environments, water molecules penetrate the material’'s
interior, gradually thickening the surface oxide layer. This
process compromises the material’s stability and performance.
Under high-humidity conditions, water molecules expedite the
hydration oxidation of MXene. In Ti,T, MXene, Ti atoms are
more prone to oxidation, forming TiO, and significantly
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diminishing the material’s conductivity. Prolonged exposure to
high humidity causes gradual alterations in the interlayer
structure of MXene, severely affecting its mechanical and
electrochemical properties. To mitigate the impact of humid-
ity, desiccants are commonly employed to control the storage
environment. By placing a desiccant, such as silica gel, in the
storage container, moisture is absorbed, effectively reducing
humidity and minimizing contact between MXene and water
molecules, thereby decelerating oxidation. Silica gel, known
for its high hygroscopic efficiency, is frequently used. When
MXene material is sealed in a container with silica gel, the
humidity is maintained at a low level, significantly slowing the
oxidation process. Experimental results indicate that silica gel
can reduce storage humidity to below 10%, thereby substan-
tially retarding MXene oxidation. Molecular sieves are another
class of desiccants utilized for their strong moisture absorp-
tion capacity and thermal stability. By capturing water mole-
cules from the air and trapping them within their internal
structures, molecular sieves further reduce humidity levels in
the storage environment. To ensure continuous desiccation,
regular replacement or regeneration of the desiccant is necess-
ary. Regeneration typically involves heating to eliminate
adsorbed water, thereby restoring the desiccant’s moisture
absorption capability. Research has demonstrated that storing
Ti;C,Tx MXene with a silica gel desiccant in a sealed container
significantly reduces the oxidation rate. After six months of
storage in low humidity, the material’s electrical conductivity
decreased by less than 5%, whereas samples stored in high-
humidity conditions exhibited a conductivity decline of over
30%.'%°

The oxidation of MXene materials primarily results from
reactions with oxygen and moisture in the air, leading to the
formation of a surface oxide layer that adversely affects electri-
cal conductivity and chemical activity. Dispersing MXene in an
appropriate anhydrous organic solvent can isolate it from air
moisture, preventing oxidation. Anhydrous organic solvents
provide a moisture-free environment, substantially reducing
the risk of hydration oxidation. These solvents also offer excel-
lent dispersion stability, preventing MXene aggregation and
precipitation during storage. The selection of a suitable
solvent is critical for implementing effective antioxidant strat-
egies for MXene storage. Studies indicate that anhydrous
organic solvents such as acetonitrile and dimethyl sulfoxide
(DMSO) can significantly delay MXene oxidation. Acetonitrile,
a low-viscosity, anhydrous polar solvent, effectively inhibits
MXene’s contact with water molecules, providing a relatively
oxygen-free storage environment. Research has shown that
Ti;C,T, MXene dispersed in anhydrous acetonitrile main-
tained stable conductivity and structure over several months,
with a significantly reduced oxidation rate. MXene materials
stored in acetonitrile exhibited a lower oxidation degree com-
pared with those stored in aqueous solutions or air.
Acetonitrile not only extends the storage duration but also
ensures uniform dispersion, which is crucial for applications
in energy storage devices. DMSO, a highly polar anhydrous
solvent, is widely utilized in chemical reactions and material
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storage. With extremely low oxygen content, DMSO effectively
isolates MXene from oxygen and water, preserving its electrical
conductivity and structural stability over extended storage
periods. Studies have shown that MXene materials dispersed
in DMSO experience minimal changes in electrochemical pro-
perties, with a significantly reduced oxidation rate compared
with materials stored in aqueous solutions or air. DMSO not
only prevents oxidation but also ensures good dispersion,
avoiding aggregation issues. This solvent is particularly suit-
able for long-term storage and applications requiring high per-
formance retention, such as supercapacitors and lithium-ion
batteries."””

The advantages of storage environment optimization strat-
egy: (1) prolong the life of MXene: by optimizing the storage
environment, the operational life of MXene materials can be
significantly extended, thereby mitigating the deleterious
effects of oxidation on their performance. (2) Maintain electro-
chemical performance: MXene materials, when stored under
conditions of low temperature, vacuum, inert gas, or in solu-
tion dispersion, can sustain their high electrical conductivity
and electrochemical activity over prolonged periods. (3)
Suitable for large-scale storage: The optimized storage environ-
ment not only extends MXene’s service life and maintains its
electrochemical performance, but also ensures that it can
maintain its efficient performance in large-scale storage
processes.

3.1.6. Post-synthetic processing. Post-synthesis treatment
of MXene for enhanced antioxidant properties: following the
synthesis of MXene, appropriate post-treatment measures can
further enhance its antioxidant capabilities. Low-temperature
annealing of the synthesized MXene can effectively remove
surface oxides without compromising its structural integrity.
For instance, annealing under an argon atmosphere at temp-
eratures ranging from 200-300 °C can efficiently eliminate the
surface oxide layer, thereby improving the material’s oxidation
resistance. Additionally, MXene treated with an antioxidant
solvent forms a protective layer on its surface, inhibiting oxi-
dation. For example, treatment with an organic solvent posses-
sing high antioxidant properties, such as ethanol, can signifi-
cantly augment its antioxidant capacity.

Upon exposure to oxygen in the air, MXene materials tend
to develop a thin oxide layer on their surfaces. This oxide layer
not only impairs the electrical conductivity and electro-
chemical properties of the material but also leads to further
oxidation during prolonged storage. Heating the material
under an inert atmosphere enables low-temperature annealing
to effectively remove these surface oxides without damaging
the layered structure of the MXene material. Through low-
temperature annealing treatment, the oxide layer on the
surface of MXene can be reduced or eliminated, restoring its
inherent surface chemical properties. Given the low annealing
temperature (typically between 200 and 300 °C), this treatment
does not substantially alter the layered structure of MXene, nor
does it compromise its electrical conductivity and other pro-
perties. To achieve optimal antioxidant effects, low-tempera-
ture annealing is typically conducted under an inert atmo-
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sphere to prevent secondary oxidation by oxygen during the
treatment process. Commonly employed inert gases include
argon and nitrogen, which provide an oxygen-free environment
to ensure the material’s oxidation resistance is improved
during annealing. Research indicates that the temperature
range of 200-300 °C is the most effective for removing surface
oxides, as it is sufficiently high to eliminate the oxide layer
without causing structural collapse or degradation of the
MXene material. The annealing duration is usually controlled
within a few hours (e.g.,, 2-4 hours) to ensure complete
removal of the oxide layer while minimizing exposure to high
temperatures. Annealing in argon guarantees that the entire
process occurs in the absence of oxygen, thus preventing sec-
ondary oxidation. In experimental settings, researchers have
employed a sealed annealing furnace with argon gas flow to
treat MXene. Results revealed that the material’s surface oxide
was significantly reduced post-treatment, and its electrical con-
ductivity was restored. Low-temperature annealing is an
effective post-treatment method for MXene synthesis, signifi-
cantly enhancing the material’s oxidation resistance by remov-
ing surface oxides under an inert atmosphere while maintain-
ing its structural stability and electrical conductivity.
Experimental outcomes demonstrated that the oxidation rate
of MXene material after low-temperature annealing treatment
at 200-300 °C was markedly reduced, electrical conductivity
was restored, and storage life was substantially extended. The
method described is both operationally straightforward and
cost-effective, rendering it suitable for large-scale industrial
applications. It furnishes technical support for the broad
application of MXene materials in energy storage, catalysis,
and other domains.

By establishing a protective layer on the surface of the
MXene material, the antioxidant solvent effectively mitigates
direct contact between oxygen and water with the material’s
surface, thereby diminishing oxidation reactions. The anti-
oxidant solvent is capable of forming a protective film on the
MXene surface, which serves to isolate against it oxygen and
water in the atmosphere and decrease the incidence of oxi-
dation. Certain antioxidant solvents possess chemical reduci-
bility and can interact with the surface active sites to stabilize
the material’s chemical state, further enhancing its antioxida-
tive properties. Ethanol, a prevalent organic solvent, exhibits
favorable solubility and low toxicity. The hydroxyl group within
its molecule can form hydrogen bonds with the MXene
surface, thereby creating a protective film. The volatile nature
of ethanol ensures that it leaves no residue during processing.
Dimethyl sulfoxide (DMSO), a polar solvent, effectively dis-
solves MXene and forms a stable protective layer on its surface.
DMSO also boasts commendable antioxidant properties, pro-
viding supplementary chemical protection. Acetonitrile, an
anhydrous organic solvent, effectively prevents water contact
with MXene, thereby diminishing oxidation reactions.
Acetonitrile demonstrates excellent dispersibility and stability
throughout the treatment process. Selecting an appropriate
antioxidant solvent, such as ethanol, DMSO, or acetonitrile,
and preparing its solution entails adjusting the concentration
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according to the specific characteristics and processing
requirements of MXene, typically within the range of 1-5%.
The synthesized MXene material is dispersed in the anti-
oxidant solvent. Ultrasonic treatment or agitation ensures a
uniform dispersion of MXene. The MXene material should be
thoroughly immersed in the solvent during processing. The
dispersed MXene suspension is soaked in the antioxidant
solvent for a stipulated duration, usually 1-2 hours, with the
soaking time adjusted based on the specific reaction between
the material and solvent. Post-treatment, the MXene is washed
with a pure antioxidant solvent to eliminate unreacted solvents
and other impurities. This washing process can be accom-
plished via centrifugal separation or filtration. The washed
MXene material is then dried in a vacuum drying oven, typically
at temperatures between 60 and 80 °C for several hours, until
the material is fully dry. This drying process eradicates residual
solvents and maintains the material’s stability. Treating MXene
materials with antioxidant solvents constitutes an efficacious
synthetic post-treatment method, capable of forming a protec-
tive layer on the material’s surface, thereby significantly aug-
menting its antioxidative properties. By judiciously selecting the
solvent and fine-tuning the treatment parameters, the optimal
antioxidative effect can be achieved while preserving the electro-
chemical properties and structural stability of MXene. This
method’s simplicity and cost-effectiveness render it apt for
industrial production and large-scale application of MXene.

3.2. Safety

The MXene material has garnered increasing attention from
both scientific research and industry due to its exceptional
electrochemical performance and extensive application poten-
tial. However, the synthesis and processing of MXenes entail
various inherent safety risks, including the use of toxic chemi-
cals, high reactivity, and concerns regarding the safety of the
material itself. Consequently, it is imperative to optimize the
industrial production process of MXenes to ensure safety.
3.2.1. Selection and treatment of safe chemical reagents.
The synthesis process of MXene generally employs highly cor-
rosive and toxic chemical agents, such as HF. To mitigate the
hazards associated with these chemicals, the following
measures should be implemented: first, the exploration and
utilization of alternative and safer reagents, such as LiF in con-
junction with HCI, are recommended as replacements for the
sole use of HF during the etching of the MAX phase. These
alternative reagents can facilitate effective MXene synthesis
while minimizing operational risks. Second, HF and other
hazardous chemicals must be handled and stored in strict
adherence to established safety protocols. The utilization of
containers and piping constructed from corrosion-resistant
materials is essential to ensure the safe storage and transpor-
tation of reagents. Furthermore, personnel must receive com-
prehensive training on the safe handling of chemical agents
and be equipped with appropriate personal protective equip-
ment (PPE), including acid-resistant gloves, protective cloth-
ing, and goggles. HF is frequently employed in the preparation
of MXene materials, particularly for etching the A layer, such
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as the aluminum layer, in the MAX phase. Due to its strong
corrosive properties and toxicity, HF poses significant risks to
both operators and the environment, underscoring the neces-
sity of developing safer alternatives. The selection of appropri-
ate reagents can substantially reduce safety hazards during
production processes. Low-concentration HF solutions exhibit
decreased corrosiveness and toxicity relative to their high-con-
centration counterparts, thereby mitigating health risks for
operators. Additionally, wastewater generated from the use of
lower concentrations of HF imposes a reduced environmental
burden, and associated treatment costs are comparatively
lower. Diluting hydrofluoric acid to lower concentrations, such
as 0.1 M or 0.05 M, can effectively diminish its corrosive pro-
perties and toxicity. During the etching process, a diluted HF
solution can be employed for the reaction, which may necessi-
tate an extension of the reaction time or adjustments to the
reaction conditions to ensure etching efficiency. Despite the
use of low HF concentrations, it is imperative for operators to
don suitable PPE, including acid-resistant gloves and safety
goggles, while working in a well-ventilated environment.

By utilizing a composite acid system through the combi-
nation of other acids or fluorides, the quantity of HF required
can be significantly reduced without compromising the
etching efficacy. The components of the acid and fluoride in
the composite acid system synergistically work to limit direct
contact with HF, thereby decreasing its toxicity and corrosive
potential. For instance, a composite acid system comprising
LiF and HCI can be employed to etch the MAX phase. In this
setup, LiF releases fluorine ions during the reaction, while HCI
provides an acidic environment. This combination minimizes
the dependence on HF while achieving efficient etching. LiF
and HCI should be mixed in predetermined proportions, typi-
cally within a concentration range of 0.1 M to 1 M for LiF and
between 1 M and 3 M for HCI, adjusted as per specific etching
requirements. The MAX phase, such as Ti;AlC,, is then etched
using the composite acid solution. It may be necessary to opti-
mize reaction conditions (e.g., temperature, duration) to guar-
antee the desired etching results. Additionally, post-treatment
of the waste liquid is essential to ensure that it does not
contain high concentrations of HF, thereby minimizing
environmental pollution.*%®

The synthesis of Ti;C,T, involves a multi-step process, com-
mencing with the treatment of combustible powders, such as
aluminum and titanium carbide, or graphite, to synthesize the
Ti3AIC, MAX phase. The hazards inherent in the synthesis of
MAX phases are applicable to various components, primarily
involving the handling and storage of reactive powders, the
operation of high-temperature furnaces, and the use of hydro-
chloric acid for cleaning MAX powder (Fig. 10b and c). The
Ti;AIC, phase is subsequently chemically etched using a
strong oxidant in a highly exothermic process to yield the
desired TizC,T,. A general schematic detailing the step-by-step
synthesis of Ti3AlC, and Ti;C,T, materials from raw materials
is illustrated in Fig. 10a, along with the principal hazards
associated with each step.’” MXenes are produced by the selec-
tive removal of layer A from the MAX phase powder, as
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depicted in Fig. 10d. In the most conventional case involving
TizAlC,, the aluminum layer is removed using an aqueous
solution of HF, which can be either introduced at different
concentrations or generated in situ via fluoride-based com-
pounds and acids, such as lithium fluoride and hydrochloric
acid, respectively. The etching reaction is highly exothermic,
yielding H, gas and water vapor. This section reviews the
process safety aspects of this step, with a particular focus on
the exothermic nature of the reaction and the formation of by-
products. As shown in Fig. 10e, the HF synthesis route employ-
ing 10 wt% or higher concentrations is the most hazardous,
whereas the route utilizing lithium fluoride and hydrochloric
acid, or F;Fe and hydrochloric acid to produce HF in situ,
poses relatively lower risks. Etching with hydrochloric acid and
sodium hydroxide is considered the least harmful. However, it
is important to note that there are substantial differences in
the quality and yield of Ti;C,T, produced by these methods.
There is currently no standardized method for reporting
TizC,T, yields; in this study, however, the yield of each syn-
thetic route is estimated based on experimental mass and the
reported final concentration, with the end group composition
and final volume derived from XPS resulting images using pre-
viously reported similar etching methods and yields. Yields are
categorized as high (>55%), medium (15% to 55%), and low
(<15%). The synthetic routes involving HF and in situ HF (i.e.,
HCI/LiF and Fs;Fe/HCI) exhibit the highest yield, the sodium
hydroxide method yields moderately, and the hydrochloric
acid and NH,NF; method yields comparatively the least. The
most prevalent method for synthesizing Ti;C,T, from TizAlC,
involves the use of hydrochloric acid and lithium fluoride, as
this approach maintains high MXene yields while minimizing
HF treatment during etching. Nonetheless, it is crucial to
recognize that HF remains as a by-product of this method,
necessitating appropriate precautions. This process is sum-
marized in Fig. 10f, wherein a 6 M hydrochloric acid solution
is introduced into a 5 M Teflon reactor containing lithium flu-
oride, and powdered TizAlIC, is gradually added to the solution
to minimize bubbling during the reaction.'®®*°

The synthesis process often involves the use of substantial
amounts of acidic solutions, such as hydrofluoric and hydro-
chloric acids, which generate waste liquids containing acidic
residues and heavy metal ions. If not properly treated, these
waste products can lead to environmental pollution, disrupt
ecosystems, and pose health risks to personnel. Consequently,
effective waste treatment and neutralization are critical for
enhancing production safety and environmental protection.
Waste liquids produced during MXene preparation should be
collected in dedicated containers to prevent leakage and cross-
contamination. Solid particles and sediments in the waste
liquids are separated through sedimentation or centrifugation,
reducing the burden on subsequent treatment processes.
Neutralization is achieved using alkaline substances such as
NaOH or Na,CO;. These neutralizers react with acidic com-
ponents in the waste, forming salts and water, thereby neutra-
lizing the acidity. Sodium hydroxide or sodium carbonate is
gradually added to the waste liquid while continuously stirring
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Fig. 10 (a) Schematic diagram of TizC,T, synthesis from raw materials. (b) Describes the safe synthesis of MXenes, from its precursor (MAX) to the
end product (layered MXene); (c) as shown in the figure, steps associated with the production of MAX: ball milling, air oxygen passivation, high-
temperature reaction, pickling to remove unreacted precursors and by-products. Reproduced from ref. 47 with permission from American Chemical
Society, copyright 2021. (d) Schematic of TisAlC, MAX phase etched to TizC,T, MXene; (e) relative hazards of various etchant used to etch Al from
TizAlC, phase to TizC,T, phase; (f) schematic of TizC,T, MXene synthesis using LiF/HCl etchant and the hazards associated with these steps.
Reproduced from ref. 108 with permission from American Chemical Society, copyright 2019.

to ensure uniform reaction. The pH of the waste liquid is con-
tinuously monitored to ensure neutrality (pH ~ 7). Over-
addition of neutralizers can lead to waste and secondary pol-
lution, necessitating careful and gradual adjustment.
Following the neutralization process, precipitates such as
sodium sulfate or ferric hydroxide may form in the waste solu-
tion. These are separated via precipitation or filtration to
remove them from the waste liquid. The neutralized waste
liquid should undergo further treatment, such as the elimin-
ation of residual harmful substances and heavy metal ions
through activated carbon adsorption or membrane separation
technologies, to comply with environmental regulations. The
sediment (waste residue) must be managed in accordance with
local environmental regulations, typically involving safe land-
fill or high-temperature incineration processes. Post-treatment,
both the waste liquid and residue should be tested for compli-
ance to confirm adherence to discharge standards and prevent
new environmental pollution.

This journal is © The Royal Society of Chemistry 2025

In the industrial production of MXene, the use of hazar-
dous chemicals such as HF necessitates stringent safety
measures, even when risks are mitigated via low concen-
trations or alternatives. These measures include the design
and implementation of secure storage systems to prevent
leakage and accidental exposure to chemical agents.
Containers made from corrosion-resistant materials, such as
polyvinyl fluoride (PTFE) or high-density polyethylene (HDPE),
should be selected to withstand the erosion of highly corrosive
chemicals like HF. A dual sealing system should be employed
to prevent volatilization and leakage, with regular checks and
maintenance of the seal status ensuring proper containment.
Automated feeding systems should be utilized to minimize
manual handling, thereby reducing the risk of operator
exposure to hazardous chemicals. These systems should
feature precise control and monitoring functionalities to
ensure accuracy in the transfer of chemicals from storage to
reaction equipment. The waste liquid treatment system should
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incorporate neutralization, precipitation, and filtration pro-
cesses. Acidic waste should be neutralized using automated
systems, employing alkaline substances such as NaOH or
Na,CO; to adjust the waste to a safe pH range. The by-products
are then separated via precipitation, and the treated waste is
ultimately transported to an environmentally friendly treat-
ment facility. Real-time monitoring systems should be
installed to track pressure, temperature, and chemical concen-
trations during storage and reactions. These systems should
include an alarm function to alert operators to abnormalities.
An emergency response system, featuring automated leak
detection and isolation devices, should be established. The
emergency response plan should encompass spill-handling
procedures, evacuation plans, and training for emergency
personnel.'*

Researchers have also investigated alternative green or non-
toxic reagents for MXene preparation, beyond direct replace-
ment or optimization of conventional etching agents. For
instance, organic acid-based etching methods are being devel-
oped to entirely avoid corrosive inorganic acids. Utilizing rela-
tively mild organic acids such as oxalic or citric acid as etching
agents, the reaction conditions are regulated to effectively etch
MAX phase materials and produce MXene. This organic acid
etching method not only enhances operator safety but also
simplifies waste liquid disposal. Although still in developmen-
tal stages, this method holds significant potential for toxicity
reduction and environmental protection. Further optimization
could facilitate its industrial application, thereby mitigating
overall production risks.

Advantages of safe chemical selection and handling: (1) by
opting for low-concentration or green alternative reagents, the
exposure risk of operators to harmful chemicals is substan-
tially diminished. (2) Reduce environmental pollution: opti-
mizing the waste liquid treatment and neutralization process
minimizes chemical waste liquid pollution and enhances pro-
duction process sustainability. (3) Increased industrial adapta-
bility: the development of safer reagents and automated pro-
cessing systems ensures the safety and sustainability of MXene
industrial production, paving the way for large-scale
applications.

3.2.2. Closure and automation of reaction system. In the
preparation of MXene, the use of a closed automatic reaction
system is a key measure to improve safety. The system effec-
tively reduces the risk of harmful gas leakage and uncontrolled
reaction by sealing the reactor and automating control. In par-
ticular, the closed reactor has excellent sealing properties and
is equipped with a gas discharge and purification system to
deal with acid gases and toxic byproducts generated during
the reaction in real time, preventing them from causing harm
to the environment and operators.

The automatic control system plays an important role in the
precise regulation of key parameters such as temperature,
pressure and reactant addition. By reducing manual interven-
tion, the system not only reduces the operator’s risk of direct
contact with corrosive acids, such as hydrofluoric acid, but
also avoids the dangers caused by overheating or excessive
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reactant use. In addition, automated technology enables real-
time monitoring of reaction conditions, such as pH, gas con-
centration and temperature, and automatically adjusts or stops
the reaction once anomalies are detected, ensuring that the
production process is always safe and controlled."** In indus-
trial production, automated systems further improve pro-
duction efficiency and product consistency by remotely moni-
toring and regulating reaction parameters such as acid injec-
tion volume, reaction time, etc. At the same time, the auto-
mated waste gas and liquid waste treatment system can treat
acid waste gas and liquid waste in real time, through neutraliz-
ation, precipitation and other processes to restore them to a
safe range, thereby reducing the harm to the environment and
operators.'”® To further improve security, the system is
equipped with a real-time warning mechanism. Through gas
leak sensors, temperature and pressure monitoring equip-
ment, the system is able to immediately alert when anomalies
are detected and automatically perform emergency measures,
such as shutting down the reaction system or activating emer-
gency ventilation. These features significantly improve the
safety and reliability of production, ensuring rapid response in
emergency situations and preventing safety incidents.""!

The advantages of automated reaction equipment: (1) by
utilizing enclosed and automated reaction systems, operators
are not directly exposed to hazardous chemicals, thereby mini-
mizing safety risks associated with accidental leaks and oper-
ational errors. (2) Automation control technology enables
precise management of reaction conditions, accelerates pro-
duction rates, reduces human intervention time in the pro-
duction process, and improves the stability and reproducibility
of output. (3) Environmental friendliness: with an automated
waste gas and liquid treatment system, by-products are pro-
cessed in real time during the reaction process, thereby redu-
cing environmental pollution and promoting greener, more
sustainable production practices.

3.2.3. Environmental control and ventilation system. The
harmful gases and dust generated during the synthesis
process pose a significant threat to both the environment and
human health. Therefore, optimizing the production environ-
ment and ventilation system is a critical measure to ensure
safety. An efficient ventilation system should be installed in
the MXene synthesis and processing area to ensure the timely
removal of harmful gases and dust. This system should be
equipped with filtration devices to purify the discharged air,
thereby mitigating environmental pollution. Additionally, the
MXene synthesis and processing area should be isolated from
other work areas, with a designated laboratory or production
workshop established to prevent the dissemination of harmful
substances to other areas. Furthermore, emergency eye
washers and safety showers should be installed within the
work area to facilitate timely treatment in the event of chemi-
cal contact accidents.

During MXene production, particularly in the fluorination
etching stage, the environmental control system should
monitor and regulate the temperature, humidity, and gas con-
centration of the reaction environment to ensure the stability
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and safety of the reaction. For instance, the temperature
control system maintains the reaction room’s temperature
within the predetermined range to prevent reaction instability
due to excessive heat or the release of harmful gases. By instal-
ling high-precision temperature and humidity sensors in the
reaction chamber, these sensors continuously monitor the
environmental parameters and automatically adjust the air
conditioning or heating devices through the feedback control
system to ensure that the environmental conditions consist-
ently meet production requirements. Additionally, gas detec-
tors monitor the concentration of harmful gases in the reac-
tion chamber, and the ventilation system can be promptly
adjusted to prevent the accumulation of gases to dangerous
levels. The environmental control system effectively maintains
the stability of the production environment, preventing reac-
tion fluctuations or equipment failures caused by environ-
mental factors. By controlling temperature and humidity, the
impact on the material is minimized, thereby enhancing the
consistency and quality of the product.***

Ventilation systems are crucial in MXene production, par-
ticularly in managing harmful gases generated during the reac-
tion. For example, during the etching stage in the reaction
chamber, the ventilation system effectively expels toxic gases
(such as HF) from the reaction area, safeguarding both the
operator and the environment. Utilizing efficient exhaust
systems and gas handling devices, such as activated carbon
filters or chemical scrubbers, these systems manage the
harmful gases released during the reaction. The ventilation
system maintains the gas concentration within the safe range
by continually exchanging the air in the reaction room with
fresh outside air. Additionally, airflow simulation technology
optimizes the ventilation design to ensure that harmful gases
are effectively captured and disposed of. Enhanced ventilation
systems significantly reduce the concentration of harmful
gases, protecting operator health and minimizing environ-
mental pollution. An efficient gas capture and treatment
system also improves the safety and stability of the production
process. In large-scale MXene production facilities, integrated
environmental control and ventilation systems enable auto-
mated management, further enhancing production safety. For
example, by linking the environmental control system with the
ventilation system, the reaction environment is comprehen-
sively monitored and regulated. In the event of an anomaly,
the system can automatically implement countermeasures,
such as increasing the ventilation rate or adjusting the
ambient temperature. The integrated system manages environ-
mental control and ventilation functions through a central
control unit, which automatically adjusts the ventilation rate
when harmful gas concentrations are detected to be abnormal
or when environmental conditions are suboptimal. It also
maintains production stability by controlling environmental
parameters such as temperature and humidity. Real-time data
transmission and monitoring systems provide operators with
instant feedback, ensuring a swift response to any situation.
This integrated system can achieve complete automatic man-
agement of the production environment, thereby improving
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both the safety and efficiency of the production process. Real-
time monitoring and automatic regulation can effectively miti-
gate the impact of environmental conditions on the pro-
duction process while ensuring the safety of the reaction.'*®

3.2.4. Safety assessment of the material itself. The safety
of MXene materials is a critical factor in the production
process, necessitating an assessment of their toxicity and
environmental impact. Appropriate measures must be
implemented to ensure material safety. A thorough examin-
ation of the toxicity of MXene, particularly regarding
potential hazards to human health and the environment,
is essential. Based on these evaluations, suitable safe
operating procedures should be developed to minimize
risks to both operators and the surrounding environment.
Furthermore, waste generated during the synthesis and pro-
cessing of MXene must be managed responsibly.
Establishing waste recovery and disposal systems is impera-
tive to prevent environmental pollution. Hazardous waste
can be neutralized chemically, or collaboration with a pro-
fessional waste management company can be pursued to
ensure safe disposal of such waste.

In the industrial production of MXene, systematic toxicity
assessments represent a crucial step in ensuring production
safety. This encompasses a comprehensive evaluation of both
the biocompatibility and potential toxicity of MXene materials.
In vitro cellular assays are commonly employed to evaluate the
effects of MXene on biological cells. Various cell lines, includ-
ing human skin cells (such as HaCaT) and liver cells (such as
HepG2), can be selected for experimentation as they represent
different biological systems and facilitate a comprehensive
evaluation of MXene cytotoxicity. Cells are treated with MXene
at varying concentrations, with a control group established for
comparison. Treatment methods may include direct addition
to the culture medium or utilization of cell contact tests. Cell
counting kits (such as CCK-8 or MTT) are utilized to assess
cell survival and proliferation, with these kits indirectly reflect-
ing cellular health by measuring metabolic activity.
Microscopic observations are performed to identify morpho-
logical changes, including cell contraction, deformation, or
apoptosis. Membrane permeability assays, utilizing flow cyto-
metry or fluorescent staining techniques, are employed to
determine whether MXene induces damage to cell mem-
branes. In vivo animal studies provide further insights into the
toxicity of MXene across an entire organism. Typically, mouse
or rat models are employed, with exposure routes selected
based on the study’s requirements, which may include oral
administration, injection, or inhalation. Animals may be
exposed to MXene through various methods, such as gastric
tube injection of a MXene solution or intraperitoneal injection
of a MXene suspension. The evaluation encompasses the dis-
tribution, metabolism, and potential toxicity of MXene in vivo,
involving monitoring of weight changes, blood biochemical
markers, and histopathological alterations. Additionally, it is
essential to analyze whether MXene accumulates in specific
tissues, as this may lead to long-term biological toxicity. The
safe dosage range is established by gradually escalating the
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MXene dosage while continuously monitoring the animals’
health status to ensure the absence of severe toxic reactions.'*®
Moreover, environmental impact assessments are essential to
ensure ecological protection throughout the MZXene pro-
duction process. Through environmental risk evaluations,
researchers can determine the potential environmental impact
of emissions resulting from the MXene production process,
which includes the treatment and disposal of gaseous, liquid,
and solid waste. These assessments can assist in identifying
and managing harmful substances potentially released during
production, thereby facilitating the implementation of
effective control measures. For environmental impact assess-
ments, samples of exhaust gases, liquids, and solids generated
during production can be collected for chemical composition
analysis and toxicity testing. Environmental monitoring instru-
ments should be employed to measure emission levels from
production facilities, comparing them against national or
regional environmental standards to ascertain their environ-
mental impact. A comprehensive environmental impact assess-
ment can identify production-related environmental risks and
aid in the development of appropriate environmental protec-
tion measures, ensuring compliance with environmental regu-
lations and minimizing adverse impacts.’'” Lastly, the long-
term stability of MXene materials is a vital consideration in
safety assessments within both production and application
contexts. Researchers can evaluate the stability of MXene
under various environmental conditions, including elevated
temperatures, high humidity, and acidic or alkaline environ-
ments. This can be conducted through long-term storage tests
and accelerated aging experiments to assess the structural
stability and performance retention of MXene under these con-
ditions. For long-term stability assessments, MXene samples
can be subjected to different environmental scenarios (such as
high temperature, high humidity, or strong acids/bases), with
periodic testing of their structure and properties. Techniques
such as XRD, SEM, and TEM are employed to monitor struc-
tural changes and properties of MXene. Through long-term
stability evaluations, the durability and reliability of MXene in
practical applications can be determined, thereby providing
foundational insights for material selection and process
optimization in industrial production.'*®

3.2.5. Safety training and emergency plan. Ensuring that
operators possess the requisite safety knowledge and skills,
along with the establishment of a comprehensive emergency
plan, is essential for ensuring production safety. It is impera-
tive to conduct regular safety training for operators to familiar-
ize them with the safety risks and precautions associated with
the synthesis and processing of MXene. The training program
should cover critical topics, including the safe handling of
chemicals, the appropriate use of personal protective equip-
ment (PPE), and emergency response procedures. Additionally,
it is vital to implement a robust emergency plan that addresses
potential incidents such as chemical spills, fires, and other
emergencies. Regular emergency drills should be conducted to
enhance operators’ emergency response capabilities, ensuring
that they can effectively and swiftly address crises as they arise,
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thereby minimizing the risk of personal injuries and property
damage.

3.3. Cost

In the industrial production process of MXene materials, cost
control is a critical factor for achieving large-scale application
and commercialization. To facilitate the broad industrial appli-
cation of MXene, it is essential to optimize the production
process and reduce production costs.

3.3.1. Raw material selection and optimization. The pro-
duction of MXene materials depends on high-purity raw
materials, such as MAX phase precursors and etching reagents
(e.g., hydrofluoric acid, lithium fluoride). By optimizing the
selection and utilization of these raw materials, production
costs can be significantly reduced. It is crucial to select more
cost-effective  MAX phase precursors while ensuring that
material performance remains unaffected. For instance, sub-
stantial price discounts can be achieved through bulk purchas-
ing of precursor raw materials. Additionally, the consideration
of alternative precursors that are less expensive can diminish
reliance on costly and scarce elements. Furthermore, the
optimization of reagent usage and reaction conditions can
minimize waste of etching reagents. For example, adjusting
the concentration and reaction time of HF or LiF can ensure
optimal etching results with minimal reagent dosage, thereby
reducing chemical costs.

In industrial production of MXene, the transition metal
constitutes the core raw material for synthesis. Particularly in
the fabrication of Tiz;C, MXene, the selection of the titanium
source is critical for controlling production costs and ensuring
the quality of the final product. Optimizing the selection of
raw materials, particularly titanium sources, can significantly
reduce costs and enhance production efficiency. The tra-
ditional synthesis of Ti;C, MXene has predominantly relied on
high-purity titanium compounds such as TiCl, or titanates
(e.g., barium titanate). These high-purity titanium compounds
exhibit favorable reactivity and ensure the high quality of
MXene but are costly, significantly inflating production costs.
In large-scale industrial applications, the high cost of high-
purity titanium compounds, compounded by the uneven dis-
tribution of global titanium resources, leads to fluctuations in
production costs, thereby limiting the widespread application
of MXene in various fields. To mitigate production costs,
researchers have investigated more economical alternatives for
titanium sources, including titanium ores and TiO,. These
alternatives are substantially less expensive than high-purity
titanium compounds yet can yield product quality comparable
to traditional sources through process optimization. Recent
studies have demonstrated that high-quality Ti;C, MXene can
be successfully produced using titanium oxide (TiO,) as a tita-
nium source in the presence of reducing agents (e.g., hydro-
gen). TiO, is initially reacted with carbides or other elements
to form titanium carbides (TiC), which are subsequently
reduced under a hydrogen atmosphere to remove excess
oxides. This process not only lowers raw material costs but
also renders the production process more environmentally
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friendly, as TiO, is more readily available and less environmen-
tally impactful than conventional titanium compounds. By reg-
ulating the temperature, hydrogen flow rate, and reaction time
of the reduction process, high-efficiency titanium reduction
can be achieved, enhancing the utilization rate of the titanium
source and minimizing by-product generation. As natural tita-
nium resources, titanium ores (e.g., rutile, ilmenite) are in-
expensive and abundant, offering a potential source of raw
materials. In production, titanium ore requires preliminary
purification to remove impurities before being used in the syn-
thesis of Ti;C, MXene. Not only is titanium ore inexpensive,
but it can also further reduce purification costs through exist-
ing ore refining processes. Given that titanium ores may
contain more impurities, additional pretreatment steps are
essential to ensure the final quality and purity of MXene.
Comparative experiments on various titanium sources have
revealed that optimized low-cost titanium sources (e.g., TiO,),
combined with an appropriate reducing agent, can produce
high-quality MXene with key performance indicators such as
electrical conductivity and specific surface area comparable to
that produced using high-purity titanium compounds. By inte-
grating considerations of raw material cost, process complex-
ity, and final product performance, researchers conducted a
series of experiments to optimize production parameters, ulti-
mately identifying a cost-effective raw material selection
scheme. This scheme not only reduced raw material costs but
also enhanced overall production efficiency.'*®

Etching agents are employed in the synthesis of MXene to
remove the A layer from the MAX phase, a critical process that
significantly influences the final quality of MZXene.
Traditionally, HF has been extensively utilized in etching pro-
cesses; however, its high cost and substantial environmental
impact have garnered increasing attention. To mitigate these
issues, the exploration of low-cost, environmentally benign
alternative etching agents has become imperative. For
instance, researchers have suggested the use of ammonium
fluoride (NH,HF,) as a viable alternative. Ammonium fluoride
exhibits lower toxicity and safer operational conditions com-
pared with hydrofluoric acid, while effectively etching the A
layer in the MAX phase. Utilizing ammonium fluoride not only
reduces production costs but also diminishes the risk of
environmental pollution. Furthermore, this substitutional
approach holds the potential to enhance the quality and per-
formance of MXene, thereby increasing overall production
efficiency.*°

In the surface modification of MXene, the carbon source
serves to provide carbon-based functional groups to the
material, significantly affecting its electrical conductivity and
electrochemical properties. Carbon sources such as acetylene
and methane, due to their high carbon content and manage-
able reactivity, can effectively react with the surface of MXene
materials to form carbon-based functional groups suitable for
energy storage applications. Nonetheless, these carbon sources
are more expensive and require sophisticated control systems
during synthesis, thereby increasing overall production costs.
The expenses associated with carbon sources like acetylene
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and methane are challenging to control in large-scale pro-
duction, and their stringent reaction conditions (such as high
temperature and high pressure) necessitate additional energy
consumption and equipment investment, further escalating
production costs. Consequently, identifying alternative carbon
sources has become a pivotal strategy to reduce costs. To miti-
gate production costs, researchers are exploring the use of low-
cost carbon sources, such as biomass carbon. Biomass carbon,
a type of carbon material derived from renewable resources
(such as wood and crop residues) through pyrolysis or carbon-
ization processes, has become a strong candidate to replace
traditional carbon sources due to its easy availability and low
raw material cost. Biomass carbon possesses a porous struc-
ture and a large specific surface area, which can effectively
enhance the density of surface functional groups and electro-
chemical activity of MXene. Given its porous nature, biomass
carbon can also improve ion transport performance within the
material, contributing to enhanced application performance
in electrochemical energy storage. Moreover, the preparation
process of biomass carbon is relatively straightforward, does
not require a complex gas control system, and can be con-
ducted under normal or low pressure, further reducing energy
consumption and equipment investment. When utilized as the
carbon source for MXene, the optimization of pyrolysis con-
ditions can enhance the energy storage capacity and cycling
stability of MXene materials while maintaining their original
electrochemical performance. Studies have demonstrated that
the specific capacitance and conductivity of MXene remain
high after substituting traditional carbon sources with
biomass carbon, with a significant reduction in material costs.

The nitrogen source serves to adjust the nitrogen-based
functional groups of MXene material, which can markedly
enhance its electronic structure and catalytic activity. Nitrogen
sources such as ammonia and ammonium nitride can effec-
tively provide nitrogen atoms during the synthesis process,
conferring the MXene surface with favorable nitrogen-doping
properties. However, gaseous nitrogen sources like ammonia
are costly and impose stringent requirements on transpor-
tation, storage, and reaction conditions, thereby elevating
costs in the production process. The use of ammonia and
ammonium nitride not only incurs higher costs but also
imposes specific demands on reaction equipment. For
example, the use of ammonia necessitates high-pressure gas
equipment and robust piping systems, increasing the complex-
ity and safety risks of the production facility. Consequently,
identifying a cost-effective and operable nitrogen source has
become an urgent issue to address in MXene industrial
production.*?!

3.3.2. Optimization of synthesis process. The optimization
of the synthesis process is a crucial strategy for reducing pro-
duction costs. By enhancing synthesis methods, streamlining
processes, and increasing production rates, significant cost
reductions can be achieved. The development of efficient
etching processes, such as improved combinations of chemical
etchants or novel physicochemical etching techniques, mini-
mizes reaction times and energy consumption, thereby lower-
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ing production expenses. Furthermore, optimizing process
parameters—including temperature, duration, and reaction
medium—through experimental approaches ensures the
efficient progression of each step, reduces unnecessary inter-
mediate processes and waste, and consequently improves
overall production efficiency. The research and development of
continuous production processes serve as an alternative to tra-
ditional batch reactions. Continuous production not only
enhances production efficiency but also minimizes equipment
idle time, thereby decreasing the cost per unit of product.
MXene is typically synthesized through chemical etching,
which entails the removal of the A layer from MAX phase
materials. This process predominantly employs wet chemistry
techniques, utilizing strong acids, such as hydrofluoric acid, to
etch the MAX phase. However, conventional wet chemical
methods present several drawbacks, including prolonged reac-
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tion times, elevated consumption of chemical reagents, and
substantial waste disposal costs. In traditional wet chemistry,
HF commonly acts as the etching agent to eliminate the A
layer (the metallic element layer) within the MAX phase, result-
ing in the formation of MXene with a two-dimensional layered
structure. The MXene process involves dissolving lithium flu-
oride in 6 M hydrochloric acid, gradually adding Ti;AlC,
powder, and heating the mixture at 40 °C for 45 hours.
Following the etching, the resulting sediment is thoroughly
washed to eliminate reaction byproducts and increase the pH
through multiple cycles of water addition, centrifugation, and
decantation. This results in a deposition that resembles a clay-
like paste, which, when wet (Fig. 11a), can be rolled between
permeable films using a roller mill, generating a flexible inde-
pendent film within minutes, in contrast to previous labor-
intensive methods involving insertion, delamination, and fil-
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Fig. 11 (a) Schematic diagram of MXene clay synthesis and electrode preparation. Structural characterization of MXene; (b) XRD patterns of

samples produced by etching in LiF 1 HCl solution; (c) SEM image of a fracture surface of a 4 mm-thick film produced by rolling, showing shearing
of layers. Fracture surface of a thicker rolled film (30 mm); (d) TEM image of several flakes, showing lateral sizes up to a few hundred nanometres; (e)
TEM images of single-and double-layer flakes, respectively. Insets show sketches of these layers. Reproduced from ref. 122 with permission from
Nature, copyright 2014. (f) TEM images for stacked layers of Ti—-C—O—-F. Those are similar to multilayer graphene or exfoliated graphite that finds
use in electrochemical storage; (g) The same as (f) but at a higher magnification; (h) model of the Li-intercalated structure of TizC, (TizC,Lip); (i)
conical scroll of about 20 nm in outer diameter; (j) cross-sectional TEM image of a scroll with an inner radius of less than 20 nm; (k) schematic for
MXene scroll (OH-terminated). Reproduced from ref. 2 with permission from Wiley-VCH, copyright 2011.
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tration. The XRD pattern of the etched material exhibits a
marked increase in the intensity and sharpness of the (0007)
peaks in its air-dried multilayer state (Fig. 11b, pink). In
certain cases, the full width at half maximum (FWHM) is as
small as 0.188°, as opposed to the broader peaks typically
associated with HF-etched MXenes. When the “clay” material
is subjected to rolling into films, the XRD pattern sub-
sequently reveals a robust order in the c-axis direction
(Fig. 11b, blue). The thickness of the resulting thin films
ranges from sub-microns to approximately 100 um, and this
method facilitates their straightforward production. Notably,
there is a significant reduction in the intensity of the particle
shear peak (110) at an angle of 61°, indicating a decrease in
ordering in the non-fundamental direction while maintaining
order in the c-axis direction (refer to the blue XRD pattern in
Fig. 11b and the SEM images in Fig. 11d). Morphologically,
the cross-sectional view (Fig. 11c) of the sheet reveals integral
shear among multiple layers of particles, demonstrating
remarkable flexibility even upon complete drying. The etching
process using lithium fluoride and hydrochloric acid is con-
siderably milder than HF, resulting in an increased transverse
expansion size (Fig. 11d) and a lack of nanoscale defects com-
monly observed in HF-etched samples. TEM analysis indicates
that over 70% of the 321 sheets examined possess dimensions
ranging from 0.5 to 1.5 pm. A single layer, approximately 10 A
thick, was visualized via TEM (Fig. 11e), confirming the
material’s two-dimensional nature. An examination of 332
sheets revealed that approximately 70% were 1 to 2 layers
thick.’?* It is important to note that this 70% estimate is con-
servative, as restacking or folding of the sheets may result in
an apparent increase in thickness. The structural similarities
between MXene and graphene are noteworthy, including the
exfoliation of 2D Ti,;C, layers (Fig. 11f and g) into multilayer
flakes akin to exfoliated graphite, as well as the formation of
scrolls (Fig. 11i and j). Additionally, as demonstrated in the
TEM images (Fig. 11j), certain nanosheets can bend to radii of
less than 20 nm without fracturing, providing evidence of the
strength and flexibility of the Ti;C, layers. A similar scrolling
effect was also achieved through ultrasonic treatment of gra-
phene."”? It was hypothesized that the ultrasonic treatment
employed during the exfoliation process induces the rolling of
some nanosheets into scroll-like structures, as illustrated in
Fig. 11k.” For instance, a multilayer architecture can serve as a
host for lithium storage. Density functional theory (DFT) calcu-
lations at 0 K in Li-rich environments reveal the formation of
Tiz;C,Li, due to the insertion of Li into the vacancies created
by the removal of Al atoms (Fig. 11h). However, the use of HF,
a highly corrosive and hazardous substance, necessitates high
concentrations, leading to substantial consumption. The
etching process is time-consuming and requires a large quan-
tity of chemical reagents, which not only escalates reagent
costs but also imposes stringent safety and handling require-
ments due to the production environment’s potential hazards.
Furthermore, the etching process generates significant
amounts of toxic by-products, such as fluoride gases and
acidic waste liquids, necessitating specialized waste gas treat-
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ment systems and liquid waste neutralization equipment.
This, in turn, increases the environmental treatment costs
associated with the process. The high pollution levels and elev-
ated costs associated with this process pose significant chal-
lenges to the large-scale industrial production of MXenes. To
mitigate these issues, researchers have proposed the use of
NH,HF, as a safer and more cost-effective alternative etchant.
As a fluoride compound, ammonium fluoride releases fluorine
ions at lower concentrations, achieving a comparable etching
effect to hydrofluoric acid but with reduced toxicity and corro-
siveness, making it a more economically viable option. Even at
low concentrations, ammonium fluoride demonstrates excel-
lent etching capabilities, significantly reducing fluoride emis-
sions. By substituting hydrofluoric acid with ammonium fluor-
ide, the chemical etching process is markedly improved. The
required reagent dosage is reduced, and because ammonium
fluoride is less corrosive, the reaction conditions are milder,
thereby decreasing equipment corrosion and wear. Moreover,
ammonium fluoride effectively removes the A-layer from the
MAX phase at low concentrations, shortening reaction times
and minimizing overall reagent consumption. The reduced
concentration also curtails by-product formation, simplifying
subsequent waste treatment procedures. The adoption of
ammonium fluoride significantly diminishes the generation of
harmful gases, such as hydrogen fluoride, during the etching
process, thereby reducing environmental impact. Compared
with hydrofluoric acid, the by-products of ammonium fluoride
etching exhibit lower toxicity, simplifying waste liquid treat-
ment and effectively lowering waste treatment costs. The use
of this more environmentally benign reagent improves both
the safety and environmental sustainability of the entire
process, offering a more feasible solution for large-scale pro-
duction. In addition to cost advantages, the ammonium fluor-
ide etching method demonstrates superior product quality.
The relatively mild etching process minimizes damage to the
MXene layer structure, resulting in materials with higher struc-
tural integrity and enhanced performance stability.
Experimental results indicate that ammonium fluoride etching
reduces interlayer defects in MXenes during exfoliation,
thereby improving the electrochemical performance and
energy storage capacity of the material. In the ongoing optim-
ization of wet chemistry processes, the recovery and reuse of
reagents represent an important avenue for reducing pro-
duction costs. Researchers are currently investigating methods
to chemically recycle ammonium fluoride post-etching to
further decrease reagent consumption and waste generation.
This recycling strategy not only promises further reductions
in reagent costs but also aims to significantly lessen the
environmental impact, rendering MXene production more
sustainable.'®?

Microwave-assisted heating technology has gradually
emerged as one of the key advancements in material synthesis.
During the preparation of MXene, this technology has demon-
strated the ability to significantly reduce reaction time,
enhance energy utilization, and lower overall production costs.
Microwave heating expedites and homogenizes the thermal
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system by directly interacting with the molecules of the reac-
tants via electromagnetic waves. In contrast to traditional elec-
tric furnace heating, microwave heating is characterized by
high energy efficiency, as it selectively heats polar molecules
within the reaction system, such as water components or other
polar solvents. In the synthesis of MXene, microwave heating
rapidly elevates the temperature of aqueous substances within
the reaction system, circumventing the energy losses inherent
in the heat transfer process of traditional heating methods.
This capability enables microwave heating to complete chemi-
cal reactions in a shorter duration, substantially enhancing
reaction efficiency. The chemical etching process of MXene is
expedited, and reaction times are markedly shortened through
microwave-assisted heating technology. Whereas traditional
electric furnace heating typically requires several hours or
longer to remove the A layer (metal layer) from the MAX phase
material, microwave heating can accomplish the etching
process within a few minutes to tens of minutes. The
reduction in reaction time not only augments production
efficiency but also curtails equipment operation time,
diminishes energy consumption and wear, and further lowers
production costs. Microwave heating primarily conveys energy
through the selective heating of polar molecules within the
reaction system. For instance, in systems employing aqueous
media or polar solvents, microwaves can directly heat water or
other polar molecules within the reactants, rapidly attaining
the desired reaction temperature. Compared with conventional
heating methods, microwave heating is more uniform, mitigat-
ing local overheating or cold spot phenomena and preventing
structural defects in materials caused by temperature irregula-
rities. During the etching of MXene, microwave heating accel-
erates the etching reaction time by enhancing the removal of
the A layer from the MAX phase material via fluoride ions. In
practical applications, microwave energy acts upon water mole-
cules or fluorine-containing reagents within the reaction
system, allowing ions to quickly infiltrate the interior of the
MAX phase, thereby accelerating the dissolution and stripping
of the metal layer and ultimately forming layered MXene struc-
tures. Relative to traditional heating methods, microwave-
assisted etching reactions exhibit greater speed and efficiency,
significantly improving the uniformity and integrity of the
MXene layers. Compared with traditional electric furnace
heating, microwave-assisted heating markedly reduces energy
consumption. Due to the efficient energy transfer and shor-
tened reaction time inherent in microwave heating, electricity
consumption throughout the synthesis process is diminished,
resulting in substantial savings in energy costs. Notably, in
large-scale production scenarios, the reduction in energy con-
sumption holds significant implications for overall cost man-
agement. Additionally, microwave heating mitigates equip-
ment maintenance costs associated with prolonged operation
during electric furnace heating processes, further contributing
to reduced production expenditures.

Traditional MXene synthesis predominantly employs batch
reactions. While this approach is suitable for small-scale lab-
oratory research, large-scale industrial applications necessitate

6238 | Nanoscale, 2025, 17, 6204-6265

View Article Online

Nanoscale

numerous repetitions of batch synthesis, with substantial
inter-reaction intervals, leading to low production efficiency
and elevated costs. Continuous flow synthesis processes can
effectively enhance productivity and minimize downtime. By
structuring the MXene synthesis process as a continuous flow
reaction within a closed system, reactants can be continuously
introduced and MXene material continuously generated, mini-
mizing production delays and simultaneously enhancing reac-
tion uniformity and product quality. The continuous flow
process substantially augments MXene’s production efficiency,
curtails equipment idle time due to batch production, and
simplifies operational complexity, rendering it suitable for
large-scale production and significantly lowering production
costs per unit time. In the synthesis of MXene, the extensive
use of organic solvents for washing and separation incurs sig-
nificant costs, and additional environmental treatment
expenses are incurred in managing and discharging these sol-
vents. Consequently, the recovery and reuse of solvents serve to
effectively reduce solvent usage costs.'> Within the production
process, the design of a solvent recycling system allows for the
recovery and reuse of organic solvents from the etching
process in subsequent steps. Such systems decrease the need
for fresh solvents, mitigate solvent disposal costs and reduce
liquid waste discharges. The solvent recovery system notably
diminishes organic solvent consumption, lowers production
costs and environmental pollution, while ensuring consistent
product quality. Through the strategic design of the recycling
process, this approach effectively bolsters both environmental
protection and economic benefits."*®

3.3.3. Equipment and energy management. Equipment
and energy consumption represent significant components of
production costs. Through effective equipment management
and the optimization of energy consumption, production costs
can be substantially reduced. The selection of efficient and
energy-saving production equipment is essential to minimize
energy consumption and maintenance costs. For instance,
employing highly automated reactors and separation equip-
ment decreases the need for manual intervention and miti-
gates operational errors, thereby reducing equipment wear and
maintenance expenses during production. Additionally, opti-
mizing energy use throughout the production process is
crucial for minimizing unnecessary energy consumption. For
example, the implementation of a heat recovery system to
utilize waste heat generated during reactions can significantly
lower overall energy consumption. Concurrently, research into
low-temperature or ambient-temperature synthesis processes
can help address the energy demands associated with high-
temperature treatments. Furthermore, a rational layout of the
production workshop is necessary to minimize energy con-
sumption and material handling losses during transportation
and storage. Enhancing the production environment, such as
improving ventilation and lighting, can also contribute to the
reduction of non-productive energy consumption.

In the industrial production of MXene materials, energy
consumption is particularly high during the processes of
heating, stirring, separation, and drying. The adoption of
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equipment with high energy efficiency can lead to significant
reductions in energy usage. Energy-efficient equipment effec-
tively decreases energy costs during production by minimizing
unnecessary energy losses and promoting optimal resource
utilization. In the drying and heating stages of MXene
materials, utilizing efficient reactors and drum drying equip-
ment can prevent heat energy waste and accelerate the drying
process. Such devices not only optimize heat energy usage but
also minimize the need for repetitive heating processes, thus
conserving both time and energy.'*® In addition to selecting
energy-efficient equipment, the implementation of energy con-
sumption monitoring and management systems throughout
the production process can significantly enhance energy
efficiency. The energy management system allows for real-time
monitoring of the energy consumption of each piece of equip-
ment involved in production. It also regulates the operational
status of the equipment based on real-time data to prevent
excessive energy usage and resource waste. An intelligent
energy management system has been incorporated into
MXene’s continuous production line. This system monitored
the equipment’s energy consumption and automatically
adjusted parameters, such as heating and stirring speeds, to
prevent energy waste during non-critical operational periods.
Furthermore, these energy management systems contribute to
reduced energy costs by optimizing energy usage times, such
as scheduling production during periods of lower electricity
rates. By effectively minimizing energy waste during pro-
duction, the intelligent energy management system enhanced
resource allocation and achieved significant cost savings, par-
ticularly during peak-valley periods of power consumption.
Through real-time monitoring and adjustments, the energy
efficiency of the plant markedly improved, ensuring optimal
usage throughout all stages of the production process.**’

In the industrial production of MXene materials, consider-
able waste heat is generated during heating and cooling pro-
cesses. The recovery and reuse of this waste heat for other pro-
duction processes can substantially decrease energy waste.
Waste heat recovery not only diminishes overall energy con-
sumption but also reduces greenhouse gas emissions, thereby
enhancing the plant’s level of environmentally sustainable pro-
duction. In the MXene production process, high-temperature
residual heat from the synthetic reactor is captured via a heat
exchange system and utilized in other heat-requiring pro-
cesses, such as solvent recovery or material pre-heating. This
waste heat recovery technology significantly lowers the external
heating demands within the production process, thereby redu-
cing energy expenditures. The waste heat recovery system opti-
mizes the utilization of energy produced during the reaction
process, thereby minimizing waste and enhancing overall
energy efficiency. This is particularly impactful in large-scale
continuous production, where the integration of waste heat
recovery systems can lead to a substantial reduction in electri-
city and fuel consumption, thus significantly lowering pro-
duction costs."”* Moreover, the incorporation of automation
and intelligent technologies not only enhances production
accuracy but also reduces errors and energy wastage associated
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with manual operations. Intelligent equipment can adapt
operational parameters to meet production requirements,
thereby minimizing energy usage. Furthermore, automation
technology maintains the production line in an efficient oper-
ational state, thus mitigating energy waste caused by down-
times. The fully automated management of MXene material
production, facilitated by intelligent control systems, exempli-
fied during the etching process, allows for precise regulation
of temperature and reaction time, reduces human error, and
ensures efficient energy utilization. The automatic monitoring
system enables equipment adjustments independent of
manual intervention, thereby increasing production efficiency.
Overall, automation and intelligent equipment significantly
enhance production efficiency and diminish energy waste
during manufacturing processes, particularly in continuous
production scenarios. Such advancements not only lower pro-
duction costs but also reduce operational expenses and
improve the market competitiveness of MXene materials.

3.3.4. Large-scale production and economic benefits. To
achieve large-scale production is a highly effective strategy for
reducing unit product costs. By leveraging the principles of
economies of scale and mass production, overall production
expenses can be significantly lowered. Establishing a large-
scale manufacturing facility enhances production capacity and
allocates fixed costs over a larger output volume. For instance,
the adoption of large continuous reactors combined with
efficient separation technologies increases the output per pro-
duction run while concurrently minimizing equipment and
labor costs on a per-unit basis. Furthermore, establishing a
stable supply chain for raw materials is essential to ensure
both consistent availability and favorable pricing. By forming
long-term partnerships with suppliers, it is possible to secure
bulk purchase discounts on raw materials, thereby reducing
procurement expenses. Additionally, implementing waste
recovery and reuse systems can further decrease the costs
associated with raw materials and waste disposal. For example,
the waste liquid generated during the production process can
be recycled for subsequent etching reactions, resulting in
lower chemical reagent consumption and reduced waste dispo-
sal costs.

The expansion of production scale, coupled with improve-
ments in production line efficiency, can lead to a significant
reduction in unit costs. Employing standardized processes and
equipment decreases variable production costs, thereby
enhancing both the stability and efficiency of the manufactur-
ing process. Moreover, substantial production volumes confer
procurement advantages, allowing for bulk purchases of raw
materials at reduced prices and further lowering overall pro-
duction costs. For instance, chemical reagents and raw
materials required in the MXene production process, such as
HF and LiF, are acquired in bulk quantities, resulting in sig-
nificantly lower unit prices. Additionally, the utilization of
standardized large-scale synthetic apparatus and continuous
production lines minimizes both time and equipment main-
tenance costs throughout the manufacturing process. This
scale effect not only optimizes cost structures but also bolsters
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the market competitiveness of firms. By scaling up production,
the unit production costs of MXene materials have been con-
siderably decreased, particularly during the high-purity MXene
continuous production process, which has substantially
reduced labor, energy consumption, and maintenance
expenses. This strategic approach has markedly enhanced the
company’s profit margins and rendered the market pricing of
MXene materials more competitive.'*®

In the context of large-scale MXene production, traditional
batch processes have imposed limitations on production
capacity increases; however, the implementation of continuous
synthesis processes effectively addresses this challenge.
Continuous production not only facilitates increased output
but also diminishes equipment idle time and maintenance-
related downtime. Moreover, the standardization potential of
the continuous synthesis process enhances product quality
consistency, thereby reducing defect rates. During the syn-
thesis of MXene materials, continuous flow synthesis techno-
logy can vastly improve material yields. For example, the syn-
thesis of Ti;C,T, MXene utilizing a continuous flow reactor
instead of a conventional batch reactor not only boosts yield
but also minimizes waste liquid and exhaust gas generation,
thus lowering environmental treatment costs. The continuous
flow reactor features a high degree of automation, which con-
tributes to reduced labor costs and enhances the overall
efficiency of the production line. The continuous process sig-
nificantly decreases equipment downtime throughout manu-
facturing while ensuring greater consistency in MXene
material quality across batches, thereby minimizing waste and
defective product rates. Concurrently, reduced manual inter-
vention in the production process lowers the likelihood of
operational errors and further decreases labor costs, enhan-
cing overall economic efficiency.

3.4. Stability

The colloidal dispersion of MXenes in water exhibits remark-
able stability due to their negative zeta potential. However, a
significant drawback in utilizing MXenes in aqueous mixtures
is their relatively short shelf life, which is attributable to the
oxidation of titanium layers, resulting in the formation of tita-
nium oxide. This oxidation occurs as a consequence of the
interaction between MXene flakes and water. In non-aqueous
mixtures, these flakes may also react with dissolved oxygen
present in the medium. Hydrolysis of MXenes is pivotal in the
complete transformation of Ti;C, MXenes into TiO, in
aqueous environments. The degradation process is evidenced
by a gradual color change in the mixture: it transitions from
black (colloidal solution) to light gray (after 3 days), off-white
(after 14 days), and ultimately to milky white (after 28 days)."*°

3.4.1. Antioxidant stability. MXene materials are highly
susceptible to oxidation in air and water, leading to deterio-
ration of their structure and properties. Therefore, enhancing
the antioxidant stability of MXene materials is imperative.
Surface modification is a significant strategy for improving the
antioxidant stability of MXenes. By introducing a protective
layer or functional groups on the surface of MXenes, they can
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be effectively isolated from oxygen and moisture. For instance,
coating the MXene surface with a layer of polymers or in-
organic materials, such as polystyrene, polyvinylidene fluoride
(PVDF), or silicon dioxide, can substantially enhance its resis-
tance to oxidation. Moreover, the incorporation of hydrophilic
functional groups, such as hydroxyl and carboxyl groups, onto
MXene surfaces via hydrogen bonding or covalent bonding
can facilitate the formation of a stable protective layer, thereby
delaying the oxidation process. Intercalation chemistry rep-
resents another approach to augmenting the antioxidant stabi-
lity of MXenes. By inserting ions or small molecules between
the MXene layers, one can increase the interlayer spacing,
reduce interlayer interactions, and inhibit the infiltration of
oxygen and water. For example, intercalating MXenes with
organic molecules (such as ethylenediamine or pyridine) or
metal ions (such as Li" or Na') effectively improves their anti-
oxidant stability.

The oxidation of MXenes primarily occurs at active sites on
their surfaces, where reactions with oxygen and water gradually
lead to the formation of an oxide layer. As oxidation pro-
gresses, the electrochemical properties of MXenes decline
rapidly, significantly weakening their electrical conductivity
and energy storage capacity. This degradation not only under-
mines the energy storage efficiency of MXenes but may also
result in structural collapse during prolonged storage or usage,
compromising their unique layered structure. Consequently,
the development of technologies to effectively mitigate the oxi-
dation of MXenes has emerged as a crucial avenue for enhan-
cing their stability. Carbon nanotubes, characterized by high
strength and excellent conductivity, are a carbon-based
material with remarkable chemical stability, making them
ideal antioxidants for MXenes. By integrating carbon nano-
tubes with MXenes, a physical barrier can be established on
the MXene surface to impede the ingress of oxygen and water,
thereby delaying the oxidation process. This addition not only
enhances the oxidation resistance of MXenes but also
improves their electrical conductivity and mechanical pro-
perties, facilitating the long-term stability of MXenes in energy
storage applications. Dopamine, an organic molecule known
for its good biocompatibility, can form a uniform protective
film on the MXene surface through a self-assembly process.
Research indicates that the self-polymerization of dopamine
molecules on MXene surfaces effectively blocks external
oxygen and moisture, significantly enhancing the antioxidant
performance of MXenes. Notably, in the case of Ti,T, MXenes,
the protective layer formed by dopamine not only improves the
material’s oxidation resistance but also positively impacts its
energy storage performance. Polyvinyl alcohol (PVA), an in-
expensive and easily processed polymer material, can be
bonded to the MXene surface through chemical binding or
physical adsorption. The PVA coating provides stable protec-
tion by preventing the ingress of oxygen and moisture, thereby
significantly delaying the oxidation process. Researchers have
found that the introduction of a PVA coating extends the
storage time of MXene materials in air from mere days to
weeks, or even longer. In addition, the introduction of PVA did
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not adversely affect the electrochemical properties of MXene,
thereby preserving its high electrical and ionic conductivity. A
study on Ti,T, MXene demonstrated that the incorporation of
dopamine during the synthesis or post-processing stages sig-
nificantly enhanced the material’s antioxidant properties.
Through a self-assembly mechanism, dopamine molecules
created a dense protective film on the surface of MXene, effec-
tively thwarting the ingress of oxygen and water. This protec-
tive film notably decelerates the oxidation process and aug-
ments the physical and chemical attributes of the material.
Post-treatment with dopamine, the antioxidant capacity of
MXene is markedly enhanced, and its stability in air is pro-
longed from a few days to weeks, or even months. Owing to
dopamine’s biocompatibility, this treatment expands the
potential applications of MXene in the biomedical and
environmental sectors.'®® In certain studies, MXene has been
combined with antioxidant metals (such as aluminum and
nickel) to further bolster the material’s stability. These metals
form a robust oxidative protective layer with the MXene
surface, preventing further oxygen infiltration into the MXene
interior. Through this composite approach, the material’s
long-term oxidation resistance is substantially improved.
Furthermore, the addition of metals may enhance MXene’s
electrical conductivity and mechanical strength, supporting its
broad spectrum of industrial applications. In antioxidant
coating applications, it is crucial to control the thickness and
uniformity of the coating. An excessively thick coating may
impair MXene’s electrical conductivity and other physical pro-
perties, while an overly thin coating may prove insufficient in
preventing oxidation. Therefore, optimizing the coating thick-
ness is essential to ensure the material’s performance.
Techniques such as spin coating, solution dip coating, or
spray coating can achieve uniform coatings, ensuring optimal
antioxidant effectiveness.

To further enhance oxidation resistance, multi-layer compo-
site coating technology can be employed. For instance, MXene
can be encapsulated with a protective layer of dopamine and a
layer of polyvinyl alcohol. This multi-layer protection strategy
offers more comprehensive shielding and significantly extends
the service life of MXene. Multilayer composite coatings also
provide superior stability under varying environmental con-
ditions, ensuring the material’s performance in diverse appli-
cation scenarios. Since vacancies are positively charged, adja-
cent carbon atoms (C*7) are prone to oxidation (electron loss),
accumulating electron holes around the defect site and pro-
moting further oxidation. Given that the electron hole is posi-
tive and the defect is negative, an internal electric field biases
the Ti atom on the negative side, facilitating O, dissolution (in
the form of O°7) with the MXene lattice plane and generating
titanium dioxide, while carbon oxidizes in the opposite
domain (Fig. 12a)."*“'*? After five days in ambient air, in
STEM images Nb,CT, exhibited a honeycomb-like atomic
arrangement with a disordered structure, as evidenced by the
corresponding FFT pattern. EELS analysis revealed a higher
concentration of oxygen in samples cured for five days (-O/-
OH termination), indicating progressive deterioration of
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Nb,CT, in ambient air. To elucidate this oxidation process at
the atomic level, a standard M,X model structure was pro-
jected along the C-axis and superimposed it onto STEM
images of Nb,CT,. The model accurately matched the STEM
images, achieving high-contrast atomic columns and forming
a large, honeycomb-like, closed-fill structure. STEM image
simulations predict that Nb,C MXene’s favorable termination
atom position is above the hollow site and oriented toward the
Nb atom. Consequently, when situated at the hcp site of the
standard MAX phase, a layer of Nb-adsorbed atoms (adatoms)
containing O appears on the top surface, followed by sub-
sequent layers on either side. The MAX phase, a precursor to
MXenes, is a ternary carbide or nitride with the general
formula Mn™AXn, where M is an early transition metal, A is
an A-group element (primarily IIIA or IVA), X is carbon or
nitrogen, and n can be 1, 2, or 3. A typical MAX compound
consists of a metal A layer and an M,,.,X,, layer. The chemical
activity of each layer is more pronounced than that of the
M,,.1 X, layer. 2D Ti;C,T, nanosheets were prepared by etching
Ti;AlC, (MAX) phase using a HF. Fig. 12b displays the sche-
matic illustration of the synthesis of few-layer Ti;C,T,
nanosheets.’*® The A layer is removed from the MAX phase
through HF etching to produce 2D MXenes. MXene surfaces
prepared in HF solutions typically terminate with F and/or OH
groups due to their surface energy. Fig. 12c illustrates the
chemical structure of a typical OH-terminated MAX phase
(Ti;AlC,) and MXene (TizC,)."** The latter undergoes high-fre-
quency etching and ultrasound treatment. TizC,T, dispersed
in isopropyl alcohol (IPA) exhibits high stability against oxi-
dation in oxygen and argon (Ar) atmospheres, whereas TizC,T,
dispersed in water is unstable to oxidation under the same
conditions (Fig. 12d)."** The aqueous solution of the Ti;C,T,
MXene dispersion became turbid, whereas the dispersion
stored in isopropanol (IPA) retained its original black color
under both oxygen and argon atmospheres. UV-vis analysis of
TizC,T, MXene was conducted under water/Ar and IPA/O, con-
ditions for validation. Following careful selection of the MAX
phase, the optimal synthesis conditions were found to directly
influence the properties of the resulting polyenes. The concen-
tration of the acid etchant was observed to alter the type and
density of atomic defects, which initiated the oxidation reac-
tion. A dilute acid solution was found to help maintain the
integrity of MXene flakes. The electronic properties and oxi-
dation kinetics of Ti;C,T, MXene were systematically investi-
gated and synthesized through two distinct pathways: (1) using
concentrated hydrofluoric acid (40 wt% HF) at room tempera-
ture for 24 hours, and (2) employing a 6 M HCI and LiF solu-
tion at 40 °C for 16 hours. The first method produced multi-
layered MXene (denoted as M-Ti;C,T,), while the second
method yielded ultra-thin MXene sheets (U-Ti;C,Ty)
(Fig. 12e)."3¢

During MXene synthesis, the naturally formed surface func-
tional groups (such as -OH, -F, and -O) can react with atmos-
pheric oxygen, leading to the formation of oxidation products.
This reaction results in a gradual decline in the electro-
chemical properties of the material. However, these functional
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Fig. 12 (a) Schematic of the internal electric field, with the positive side formed around a hole with many Ti-vacancies and the negative side with

the accumulation of electrons on the convex particle. Reproduced from ref. 131 with permission from The Royal Society of Chemistry, copyright
2019. (b) Schematic illustration of the preparation of TizC,T, flakes from TizAlC, (MAX) using an HF etching process. Reproduced from ref. 132 with
permission from Elsevier, copyright 2024. (c) Chemical structures of TizAlC, (a typical MAX phase), and TizC, (a typical MXene) with OH termination.
TizC, is made from TizAlC, by HF etching and sonication. Reproduced from ref. 134 with permission from Elsevier, copyright 2015. (d) Comparative
schematic illustration of the oxidation stability of each newly prepared TizC,T, MXene colloidal solution after purging with O, or Ar. Reproduced
from ref. 135 with permission from American Chemical Society, copyright 2019. (e) Synthesis illustration of M-TisC,T,, and U-TisC,T, MXenes.

Reproduced from ref. 136 with permission from The Royal Society of Chemistry, copyright 2019.

groups also provide short-term antioxidant protection, particu-
larly through interactions between surface hydroxyl or fluorine
groups and certain environmental components, which help to
mitigate the acceleration of oxidation. Surface functionali-
zation strategies can further enhance the antioxidant stability
of MXene materials. By introducing organic molecules onto
the MXene surface, a stable organic protective layer can be
formed. These molecules can establish a dense coating on the
MXene surface through chemical bonding or physical adsorp-
tion, thereby preventing direct contact with oxygen and water.
For example, sodium polystyrene sulfonate (PSS), a commonly
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used organic molecular modifier, forms a dense protective
layer on the MXene surface by interacting with the -OH and
-O functional groups. This organic modification not only effec-
tively prevents oxidation but also preserves MXene’s high elec-
trical conductivity and other favorable properties. Additionally,
due to the high tunability of polymers like PSS, researchers
can further optimize their molecular structure to enhance anti-
oxidant effects. Another prevalent surface modification
method involves enhancing the antioxidant properties of
MXene by applying a polymer coating. Polymer coatings,
characterized by high chemical stability and strong mechanical
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strength, offer long-term protection for MXene. For instance,
modifying the MXene surface with polyethylene glycol (PEG)
has been shown to improve both antioxidant properties and
dispersion in aqueous solutions. Furthermore, certain poly-
meric materials, such as polystyrene and PVDF, can form
stable protective layers through binding to the MXene surface,
thereby delaying the oxidation process.

In addition to organic molecule and polymer coating modi-
fications, chemical vapor deposition (CVD) is an effective
surface modification technique. CVD can deposit inert gas
molecules (such as nitrogen and argon) onto the MXene
surface via gas-phase reactions, forming an inert protective
film. This inert film effectively isolates the MXene from oxygen
and moisture in the environment, significantly enhancing its
antioxidant capacity. The advantage of CVD modification lies
in its high controllability, allowing precise regulation of the
protective film’s thickness and uniformity to ensure optimal
surface protection for MXene. In a typical experiment,
researchers successfully established a stable organic protective
layer by combining sodium PSS molecules with the surface
functional groups (such as -OH and -O) of Ti;C,T, MXene.
The protective layer significantly mitigates the intrusion of
oxygen and water by forming either chemical bonds or physi-
cal adsorption with the MXene surface, thereby delaying the
oxidation process. Experimental results indicate that the anti-
oxidant properties of PSS-modified MXene materials are mark-
edly enhanced, with the storage duration in air extended to
several weeks or even months, in contrast to unmodified
MXene materials, which undergo significant oxidation within
a few days. Furthermore, the application of the PSS coating
does not detrimentally affect the electrical conductivity or
energy storage performance of MXene, demonstrating the prac-
tical feasibility of this modification method. In a separate
investigation, researchers employed chemical CVD technology
to deposit inert gases, such as argon, onto the MXene surface,
resulting in the formation of a thin, uniform, inert protective
layer. This layer effectively prevents the intrusion of oxygen
while ensuring the electrochemical properties of the material
remain stable. Compared with traditional wet chemical modifi-
cation, the CVD method achieves uniform protection of the
MXene surface without compromising the intrinsic properties
of the material, thus presenting promising applications in
industrial production.

When conducting surface functional group modifications,
ensuring uniformity and appropriate thickness of the coating
is crucial. An excessively thin coating fails to provide sufficient
antioxidant protection, while an overly thick coating may
adversely affect the material’s electrical conductivity.
Therefore, researchers must optimize processing conditions,
such as reaction temperature, duration, and solution concen-
tration, to attain optimal modification outcomes. For instance,
in the molecular modification of PSS, the careful regulation of
PSS concentration and solution pH can facilitate uniform cov-
erage of the MXene surface. Moreover, to further enhance the
antioxidant properties of MXene while considering other func-
tional characteristics, researchers have explored the develop-
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ment of multifunctional modified materials. For example,
materials that simultaneously offer oxidation resistance and
electrical conductivity can enhance the stability and perform-
ance of MXene in applications. Additionally, the development
of coating materials endowed with self-healing capabilities can
facilitate the repair of functional groups on the surface after
minor oxidative damage, thereby extending the material’s
service life."*?

Post-synthetic treatment is a pivotal step in enhancing the
antioxidant capacity of MXene materials. Appropriate treat-
ment following synthesis can significantly extend the storage
life of these materials. Common post-treatment methods
encompass heat treatment and chemical passivation, among
others. These techniques can further reduce the active sites on
the material’s surface, rendering it less susceptible to oxi-
dation reactions. In several studies, Ti;C,T, MXene underwent
a series of heat treatments post-synthesis, revealing that mod-
erate heat treatment at low temperatures effectively passivates
the active functional groups on the MXene surface, thereby
imparting stronger antioxidant properties in atmospheric
environments. Additionally, some experiments have utilized
chemical passivation methods (such as vulcanization and
fluorination) to form a more stable protective layer, thereby
enhancing the oxidation stability of the material.**’

3.4.2. Environmental stability. The stability of MXene
materials under varying environmental conditions is a critical
factor influencing their application. Depending on the specific
application scenarios, appropriate strategies are implemented
to enhance the environmental stability of MXene. These
materials are susceptible to chemical reactions in acidic and
alkaline environments, leading to deterioration of their struc-
ture and properties. The stability of MXene in different pH
environments can be improved by incorporation of a protective
layer or functional group that exhibits resistance to acid and
alkali. For instance, coating the surface with an acid and
alkali-resistant polymer or inorganic material, such as PVDF or
silicon dioxide, can significantly enhance its stability in such
environments. MXene materials are also prone to decompo-
sition and phase transition in high-temperature environments,
resulting in performance decline. The thermal stability of
MXene can be improved through optimization of the synthesis
process and introduction of thermal stability modifiers. For
example, high-temperature annealing to remove surface
defects and impurities can enhance its thermal stability.
Additionally, doping with metallic or non-metallic elements,
such as boron and nitrogen, further improves the thermal
stability of MXene.

The environmental stability of MXene materials is signifi-
cantly influenced by pH, particularly in aqueous solutions
where the material may undergo dissolution, oxidation, or
degradation under varying pH conditions, directly affecting its
structural integrity and electrochemical performance.
Therefore, for different application scenarios, ensuring the
stability of MXene materials within a specific pH range is
essential to enhance their service life and application efficacy.
Research indicates that MXene materials exhibit relatively high
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stability in acidic environments, notably within pH values of
1-4. Acidic conditions effectively inhibit oxidation reactions,
thereby delaying material degradation. In an acidic environ-
ment, the chemical reactivity of functional groups (such as
-OH, -F) on the MXene surface is reduced under low pH con-
ditions, and penetration and reaction of oxygen and water
molecules with the MXene layer are hindered, significantly
improving the material’s antioxidant properties. By adjusting
the pH of the Ti,T, MXene storage solution to acidic (about
pH 3), the oxidation rate of MXene is successfully delayed."*®
Experimental results demonstrate that the layered structure of
MXene can remain stable for an extended period in pH- 3 solu-
tion, with minimal impact on its electrical conductivity and
electrochemical properties from oxidation. This indicates that
in acidic environments, the oxidation process of MXene
materials is significantly slowed, thereby extending storage
time from a few days to weeks or even longer. Under acidic
conditions, the activity of oxidants (such as dissolved oxygen)
in the solution is reduced, and the reaction rate of oxygen with
the MXene surface is significantly decreased, thus inhibiting
the material’s oxidation. Furthermore, the acidic environment
can also passivate active sites on the material’s surface, further
augmenting the environmental stability of MXene. The discov-
ery presents a reliable approach for the storage and utilization
of MXene materials, enabling the extension of their service life
through the adjustment of the storage environment’s pH value
during industrial production.

While MXene exhibits high stability in acidic conditions, in
alkaline environments (pH > 7), MXene materials are more
susceptible to oxidation reactions, leading to a decline in their
electrochemical performance. Consequently, maintaining the
stability of MXene under alkaline conditions has emerged as
another critical research direction. Through appropriate
surface modification and structural design, the stability of
MXene in alkaline environments can be significantly
enhanced, and the oxidation process can be delayed to ensure
its electrochemical activity under such conditions. In high-pH
alkaline environments, the functional groups on the surface of
MXene (e.g., -OH, -F) are more prone to react with oxygen and
water molecules, resulting in the disruption of the material’s
layered structure and a subsequent decline in electrochemical
performance. This process typically accelerates material degra-
dation, severely limiting its lifetime in practical applications.
To address the oxidation of MXene in alkaline environments,
researchers have developed various surface modification tech-
niques. For instance, in a study, researchers successfully
delayed the oxidation process of MXene by introducing a pro-
tective layer onto the material’s surface, allowing it to maintain
high electrochemical activity under alkaline conditions. The
protective layer is typically introduced through CVD or solution
coating, which covers the MXene surface with a stable, anti-
oxidant organic or inorganic material. This method prevents
direct contact between oxygen and water molecules with
MXene, significantly enhancing the material’s antioxidant pro-
perties. In one experiment, researchers modified the surface of
Ti;C,T, MXene using a polymer coating as a protective barrier.
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This coating forms a stable layer in alkaline environments,
substantially improving the antioxidant properties of MXene
materials. Experimental results indicate that the surface-modi-
fied MXene can still maintain excellent electrochemical pro-
perties in a pH-9 alkaline environment, with a greatly reduced
oxidation rate."*®

MXene materials are prone to structural degradation and
oxidation at elevated temperatures, making the enhancement
of their thermal stability crucial for maintaining stable per-
formance in high-temperature applications. By optimizing the
synthesis process and post-treatment methods, the thermal
stability of MXene can be significantly improved to meet the
demands of more rigorous industrial environments. In
MXene’s industrial production, heat treatment is a common
process step. Researchers have found that following high-
temperature treatment, the thermal stability of MXene
materials can be significantly enhanced. For example, after
MXene was annealed at high temperatures in argon, the
layered structure of Ti;C,T, was preserved, and its thermal oxi-
dation stability was substantially improved. This enhancement
is attributed to the high-temperature treatment, which forms a
protective layer on the material’s surface, preventing further
oxidation. Doping technology is an effective method to
improve the thermal stability of MXene. By incorporating
various doping elements (such as boron, nitrogen) into MXene
materials, the antioxidant capacity at high temperatures can
be enhanced. For example, the stability of Ti;C,T, MXene at
high temperatures is significantly improved through boron
doping technology. Experimental results show that the doped
MXene can maintain its structural integrity and electro-
chemical properties at 400 °C."*°

3.4.3. Electrochemical stability. In electrochemical appli-
cations such as supercapacitors and lithium-ion batteries, the
electrochemical stability of MXene materials is a critical factor
influencing their performance and longevity. The selection
and optimization of the electrolyte play a pivotal role in enhan-
cing the electrochemical stability of MXene. By choosing
appropriate electrolyte components and additives, the electro-
chemical stability of MXene can be significantly improved. For
instance, incorporating stabilizers such as lithium fluoride or
sodium fluoride into the electrolyte can form a protective
layer, mitigating the corrosion of MXene by the electrolyte.
Furthermore, combining MXene with other materials can also
enhance its electrochemical stability. MXene/graphene compo-
sites, for example, exhibit high conductivity and superior struc-
tural stability, substantially improving the electrochemical
stability of MXene. Similarly, MXene/metal oxide composites
leverage the inherent stability of metal oxides to enhance both
the electrochemical performance and stability of the compo-
site material.

The electrochemical stability of MXene materials is a
crucial attribute in electrochemical energy storage appli-
cations. The interfacial interaction between the electrolyte and
the MXene electrode material directly influences the electro-
chemical behavior and stability of the electrode, particularly
during extended cycling. The solvent composition, additives,
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and salt concentrations in the electrolyte significantly impact
the formation of passivation layers on the MXene electrode
surface, ion transport efficiency, and the overall stability of the
material. Therefore, optimizing the electrolyte composition
can effectively minimize side reactions, prevent the degra-
dation or failure of MXene materials during electrochemical
processes, extend their operational lifespan, and enhance their
electrochemical performance. High-concentration electrolytes
have demonstrated significant advantages in optimizing the
electrochemical properties of MXene materials. By increasing
the salt concentration in the electrolyte, the stability of the
interface between the electrolyte and the MXene electrode is
improved, side reactions are reduced, and the electrochemical
cycling stability of the material is enhanced. The electro-
chemical performance of Ti;C,T, MXene is significantly
improved by using a high-concentration LiTFSI (lithium bistri-
fluoromethane sulfonimide) electrolyte.'*® In this study, the
researchers applied a high concentration of LiTFSI electrolyte
to the Ti;C,T, MXene electrode, resulting in a substantial
extension of the electrode’s cycle life and a reduction in the
formation of passivation films on the electrode surface. The
high-concentration electrolyte effectively mitigated side reac-
tions between the electrode and the electrolyte, such as the
production of by-products from redox reactions, thereby
enhancing the stability of the electrode material. In high-con-
centration electrolytes, the interactions between ions and
solvent molecules are more complex, leading to reduced sol-
vation and a decreased likelihood of side reactions. This not
only minimizes the formation of passivation films on the elec-
trode surface but also improves the efficiency of ion transport
at the electrode interface. This optimization strategy signifi-
cantly enhances the electrochemical cycling stability of MXene
materials and boosts their electrochemical activity at high
current densities, providing more stable performance for appli-
cations in energy storage devices such as supercapacitors and
lithium-ion batteries.

Ionic liquids, when used as electrolytes, exhibit numerous
advantageous properties in the realm of electrochemical
energy storage. Compared with conventional organic electro-
lytes, ionic liquids offer higher thermal stability, lower vola-
tility, and a wider electrochemical window, thereby effectively
enhancing the electrochemical stability of MXene materials.
The integration of ionic liquids not only mitigates the inci-
dence of side reactions but also enhances ion transport
efficiency and extends the service life of materials. In investi-
gation,'! the researchers significantly enhanced the electro-
chemical stability of the MXene electrode by employing an
ionic liquid electrolyte, such as EMIM-TFSI or 1-ethyl-3-methyl-
imidazole tetrafluoroboric acid. Experimental findings indi-
cate that ionic liquid electrolytes exhibit superior cycle life and
more stable electrochemical performance during MXene elec-
trode utilization, particularly at elevated current densities,
where MXene materials consistently maintain excellent electri-
cal conductivity and ion transport efficiency. The unique
physicochemical properties of ionic liquids, including low
volatility and high thermal stability, ensure their stability at
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high temperatures, thereby minimizing the likelihood of inter-
facial side reactions between the electrode and electrolyte.
Additionally, the presence of large cations and anions in ionic
liquids effectively reduces electrolyte viscosity, thereby improv-
ing ion transport efficiency. This attribute facilitates the pro-
vision of a more stable and efficient operational environment
for the MXene electrode, safeguarding its electrochemical per-
formance from degradation or passivation during prolonged
use.

In the context of enhancing MXene’s electrochemical stabi-
lity, composite material design represents a pivotal strategy. By
incorporating MXene with other conductive materials, such as
graphene, carbon nanotubes, and metal oxides, not only can
its mechanical strength and electrical conductivity be augmen-
ted but also its electrochemical performance can be substan-
tially improved. These composite designs effectively augment
MXene’s specific surface area, accelerate ion transport rates,
enhance structural stability, and mitigate electrode material
degradation in electrochemical reactions. As a two-dimen-
sional material boasting exceptional electrical conductivity
and a high specific surface area, the composite of graphene
and MXene exhibits superior electrochemical properties. By
synergizing the attributes of MXene with graphene, the latter
effectively addresses the issue of self-stacking in MXene sheets
and enhances the overall electrical conductivity of the
material. A Ti;C,T, MXene/reduced graphene oxide (rGO) com-
posite was designed and assembled to form a three-dimen-
sional network structure."** This architectural configuration
aids in expanding the composite’s specific surface area and
alleviates the self-stacking issue of MXene sheets.
Consequently, MXene and graphene composites exhibit mark-
edly improved specific capacitance and superior cycling stabi-
lity during extended cycle testing. Graphene functions as a
supporting structure within the composite, preventing MXene
layers from self-stacking and agglomerating in the electrolyte,
thus preserving MXene’s high specific surface area.
Simultaneously, graphene’s high electrical conductivity fur-
nishes supplementary electron transport pathways, enhancing
the material’s charge transport capability at elevated current
densities. This composite design substantially bolsters the
electrochemical performance of MXene, significantly amplify-
ing its application potential in energy storage devices, such as
supercapacitors and lithium-ion batteries.'**

3.5 Comprehensive strategy

(1) Integrated antioxidant and safety measures: a combination
of antioxidant and safety enhancing measures is used in the
production process, such as protective atmosphere synthesis
in a closed system, combined with surface modification and
the use of antioxidants, to achieve efficient and safe MXene
production. (2) Green synthesis technology: develop environ-
mentally friendly green synthesis technology to reduce the use
and emission of harmful substances. For example, the use of
aqueous synthesis or less toxic etching agents to enhance the
green level of MXene production. (3) Whole process optimiz-
ation: from raw material selection, synthesis process, waste
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liquid treatment to product application, the whole process is
optimized and designed to reduce costs and improve pro-
duction safety and oxidation resistance.

4. Large-scale applications of
MXene-base electrode materials

MXene-based electrode materials possess a unique layered
structure, high conductivity, and abundant surface functional
groups, demonstrating extensive application prospects across
various fields. This discussion will explore the large-scale
application of MXene-based electrode materials in batteries,
supercapacitors, and catalysts, analyzing their performance
advantages, practical application challenges, and corres-
ponding solutions.

4.1. Battery application

With the progressive advancement of new energy storage
technologies, MXene-based electrode materials have garnered
extensive attention due to their unique physical and chemical
properties within the battery domain. MXene exhibits excep-
tional electrical conductivity, abundant surface functional
groups, and commendable chemical stability, rendering it an
optimal candidate for battery electrode materials. Its superior
electrical conductivity facilitates an enhanced charge transfer
rate, while the surface functional groups offer active sites for
interaction with the electrolyte, thereby laying the groundwork
for the widespread application of MXene in batteries.

4.1.1. Lithium-ion battery (LIBs). In lithium-ion batteries,
MXene-based electrode materials show excellent electro-
chemical properties, mainly reflected in high electrical con-
ductivity, good ion diffusion path, and excellent cycling stabi-
lity. For example, Ti;C,T, MXene composite materials can sig-
nificantly increase the energy density and power density of
LIBs due to their high level of adjustable layer spacing and
electrical conductivity. LIBs, as one of the most widely used
energy storage devices, have played an important role in consu-
mer electronics, transportation, and renewable energy storage
systems. However, the electrode materials of traditional
lithium-ion batteries (such as graphite, lithium cobaltate) face
bottlenecks in terms of energy density, power density, and
cycle life. As a new two-dimensional material, MXene is a
potential candidate to replace traditional electrode materials
due to its high electrical conductivity, rich surface chemistry,
and layered structure.

Due to the self-stacking issue of pure MXene materials in
lithium-ion batteries (LIBs), which hampers the effective
diffusion of lithium ions, researchers have developed various
MXene-based composites to enhance their electrochemical
performance. By combining MXene with other materials, sig-
nificant improvements in specific capacity, cycling stability,
and rate performance have been achieved. In the context of
LIBs, the composite strategy of MXene and carbon materials
has proved particularly effective. Carbon materials, such as
carbon nanotubes (CNTs), possess high electrical conductivity
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and chemical stability, which can significantly enhance the
performance of MXene in batteries. When combined with
MXene, CNTs form a stable three-dimensional conductive
network, optimizing ion transport and electronic conductivity.
For example, Hossain et al'** studied the application of
MXene/CNT composites in LIBs. In their study, the researchers
created an electrode material with a three-dimensional con-
ducting network by integrating MXene sheets with CNTs. This
network structure effectively mitigates the self-stacking of
MXene layers and maintains the spacing between layers, ensur-
ing rapid lithium-ion diffusion in the electrolyte. Moreover,
the addition of CNTs provides additional electron conduction
paths, improving overall electrical conductivity and electro-
chemical performance. Electrochemical performance tests
demonstrated that MXene/CNT composites exhibit excellent
cycling stability and high-rate performance. After multiple
charge and discharge cycles, the composite retains high
capacity with minimal capacity loss, indicating enhanced long-
term stability. At high current densities, the composite main-
tains high-rate performance due to the efficient three-dimen-
sional conductive network and enhanced electron transport.
Zhang et al.'*® synthesized a columnar SnS/Ti;C,T, composite
with in situ TiO, nanoparticles through solvothermal reaction
and annealing treatment, as shown in Fig. 13a and b."*® The
SnS/Ti;zC,T, composite exhibits 866 mA h g™ at a current rate
of 500 mA g~ with a composite efficiency of 99%, which is
superior to commercial SnS and single Ti;C,. The column
effect of Ti;C,T, xenon improves electrochemical performance.
Mesoporous polydopamine (OMPDA)/Ti;C,T, was prepared by
in situ polymerization on the surface of Ti;C,T, using PS-b-
PEO block polymer as a soft template, as shown in Fig. 13b.
After 200 cycles, at a current rate of 50 mA g, the average dis-
charge capacity of the electrode is 1000 mA h g™, and the
cycle efficiency is 92%. The enhanced electrochemical per-
formance is due to the mesopore, which enhances the overall
ability and reversibility of the reaction with Li*. Zhang et al.**®
prepared flexible porous Si/Ti;C,T, composite material MXene
through vacuum filtration, and used the composite material Si
and Ti;C,T, MXene (1:1, 1:1 and 3:1) to prepare the anode
of LIB, as shown in Fig. 13c. The higher the mass content of
porous silicon, the higher the electrochemical performance. A
carbon-doped TiO,/Fe,0; composite material based on
TizC,MXene was named C-TiO,/Fe,0;-Tiz;C,, and the perform-
ance of the MXene as a LIB anode was analyzed, as shown in
Fig. 13d. The initial discharge capacity of the C-TiO,/Fe,O3-
TizC, composite anode at 0.1 A g~ ' is 538 mA h g". In
addition, at different current densities of 0.2, 0.5, 1, 2 and 5 A
g7, the supplied discharge capacities of the electrode are 386,
320.5, 274.1, 218.1 and 152.6 mA h g™, respectively. This
remarkable electrochemical performance is attributed to the
combined effects of carbon doping, layered titanium dioxide
structure, and ferric oxide hybridization, all of which greatly
accelerated charge transfer. Xu et al.'*® constructed a VNbO;
metal oxide (named VNbC@VNO-500) on the surface of
VNDbCT, MXene by partial oxidation at 500 °C. Partial oxidation
enhanced the binding between VNbOs and VNbCT, MXene,
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(a) Schematic diagram of MXene structure. Due to its conductive carbide core and transition metal oxide-like surface, MXenes has excellent

to be very close to the REDOX active site. SEM image of TizC,T, MXene

hydrogel cross section. SEM image of large hole templated TizC,T, electrode section. Reproduced from ref. 145 with permission from Nature, copy-
right 2017. (b) Schematic illustration of the preparation process of SnS/TisC,T, composites. Reproduced from ref. 146 with permission from
American Chemical Society, copyright 2020. (c) Schematic diagram of preparation steps of OMPDA/TisC,T, composites. Reproduced from ref. 147
with permission from American Chemical Society, copyright 2020. (d) Schematic diagram of synthetic and cycling properties of different samples at
0.5 A g7, Reproduced from ref. 148 with permission from Elsevier, copyright 2023. (e) Schematic diagram of C-TiO,/Fe,O3-TisC, MXene.
Reproduced from ref. 149 with permission from Elsevier, copyright 2022. (f) Cycling stability curves of VNbC@VNO-500 and VNbCT, MXene at 0.1 A
g~*. Reproduced from ref. 150 with permission from Elsevier, copyright 2023.

and effectively improved the electrochemical performance. As
the anode of a lithium-ion battery, the prepared
VNbC@VNO-500 MXene has a specific capacity of 400.3 mA h
g after 100 cycles at a current density of 0.1 A g~*, as shown
in Fig. 13e. In addition, the specific capacities of the electrode
material at 0.1, 0.2, 0.5, 1.0, 2.0 and 5.0 A g~ " current densities
are 327.3, 306.6, 270.7, 222.4, 181.7 and 141.2 mA h g7},
respectively, showing good magnification performance.

In lithium-ion batteries (LIBs), silicon is an attractive anode
material due to its extremely high specific capacity (approxi-
mately 4200 mA h g'). However, silicon has significant
volume expansion (up to 300%) during charge and discharge,
leading to problems such as electrode powder and capacity
attenuation, which limits its practical application in lithium-

This journal is © The Royal Society of Chemistry 2025

ion batteries. To solve this problem, the researchers developed
an MXene/silicon composite with high stability and excellent
electrochemical properties by combining MXene with silicon
nanoparticles. In the study of Xu et al.,'*® Ti;C,T, MXene was
combined with silicon nanoparticles, and the two-dimensional
lamellar structure of MXene was used to alleviate the volume
expansion stress generated by silicon during the charge-dis-
charge cycle.’®" The MXene layer not only provides mechanical
support for the silicon, but also builds a stable conductive
network that can withstand stress changes in the electrode
during cycling, thereby preventing the rupture of the silicon
particles and the pulverization of the electrode. In addition,
the MXene layer provides an effective channel for the rapid
diffusion of lithium ions, ensuring the electrochemical reac-
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tion rate of the electrode material, and further improving the
magnification performance of the silicon-based electrode. In
electrochemical tests, MXene/silicon composites demonstrated
significantly improved cycling stability and capacity retention.
The experimental results show that the composite can still
maintain a higher specific capacity after multiple charge and
discharge cycles, and the capacity decay rate is significantly
reduced compared with pure silicon materials. This perform-
ance improvement is due to the protective effect of the MXene
layer, which effectively inhibits the volume expansion of the
silicon particles and reduces the mechanical stress of the elec-
trode during the cycle. In addition, MXene’s excellent electrical
conductivity also improves the overall conductive network of
the material, ensuring stable performance at high current
densities.

The high conductivity of MXene and its good interfacial
interaction with solid electrolyte make its application in the
solid state lithium-ion battery a research hotspot. Zheng
et al.*>® proposed a strategy to enhance the lithium-ion trans-
port performance by introducing Ti;C,T, MXene into a solid
electrolyte. With its unique two-dimensional lamellar structure
and excellent electrical conductivity, Ti;C,T, MXene is able to
build an efficient electron transport channel between the solid
electrolyte and the electrode material, thereby improving the
conductivity and cycle life of the battery. Experiments show
that MXene can form a stable conductive network in the solid
electrolyte, which significantly improves the diffusion rate of
lithium ions. In addition, the abundant functional groups
(such as -OH, -F, etc.) on the surface of MXene provide more
active sites for lithium ion embedding, and enhance the
dynamic process of lithium ion embedding and de-embed-
ding. The interaction between these functional groups and
lithium ions not only improves the migration rate of lithium
ions, but also enhances the diffusion stability of lithium ions
in the electrode material. In the research by Zheng et al.,'>
the incorporation of MXene into solid-state lithium-ion bat-
teries led to notable enhancements in performance.
Experimental data demonstrated that MXene significantly
improved the battery’s cycle life and rate capability. Even after
numerous charge-discharge cycles, the solid-state batteries
maintained a high capacity retention rate, indicating excellent
cycling stability. This improvement is attributed to MXene’s
two-dimensional structure, which enhances the interface
contact between the electrode and the solid electrolyte and
effectively alleviates the volume changes of the electrode
material during charging and discharging, thereby reducing
mechanical stress on the electrode. Overall, the application of
TizC,T, MXene in solid-state lithium-ion batteries showcases
its great potential for improving battery performance. MXene’s
two-dimensional lamellar structure not only enhances electri-
cal conductivity but also promotes lithium-ion transport
through its rich surface functional groups, thus extending the
battery’s cycle life. This research provides a crucial foundation
for the combination of solid electrolytes with MXene compo-
site materials and contributes to the development of high-per-
formance solid-state lithium-ion batteries. Tiz;C,T, MXene, a
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two-dimensional transition metal carbide, exhibits significant
electrochemical properties in lithium-ion batteries (LIBs) due
to its unique layered structure. Its lamellar structure provides
fast lithium-ion diffusion channels and forms an efficient elec-
tron transport network, allowing it to maintain high specific
capacity and excellent rate performance over multiple charge-
discharge cycles. Experimental confirmations have shown that
Ti, T, MXene retains its structural integrity after 500 charge—
discharge cycles, demonstrating exceptional cycling stability.
This stability is primarily due to the lamellar structure effec-
tively alleviating volume changes caused by lithium-ion
embedding and de-embedding during charging and dischar-
ging, thus reducing material pulverization and capacity
fading."®® Moreover, the abundant surface functional groups
(such as -OH and -F) on MXene provide additional lithium-
ion storage sites, further enhancing the material’s specific
capacity. Ti;C,T, MXene also exhibits good electrochemical be-
havior at high current densities due to its high conductivity.
The two-dimensional lamellar structure offers a short and fast
diffusion path for lithium-ion transport, improving the
migration rate of lithium ions within the material. This feature
makes it suitable for high-power density battery applications,
such as electric vehicles and portable electronic devices.
Comparative experiments have shown that Ti,T, MXene main-
tains a high capacity retention rate over extended charge-dis-
charge periods and exhibits good cycling stability under high
current conditions, making it a promising material for appli-
cations requiring rapid charge and discharge capabilities.
Even after 500 cycles, Ti, T, MXene retains more than 80% of
its initial capacity, demonstrating robust durability.'*?

With their unique structure and excellent electrochemical
properties, MXene materials bring significant performance
improvements to lithium-ion batteries. However, in practical
applications, the self-stacking problem of MXene composite
materials still needs to be further solved, while cost control
and environmental stability in large-scale synthesis and appli-
cation also need to be paid more attention. By optimizing the
composite design of MXene and other materials to improve its
interface stability and cycle performance, MXene has a broad
application prospect in lithium-ion batteries.

4.1.2. Sodium-ion battery (SIBs). The unique two-dimen-
sional lamellar structure of MXene materials provides numer-
ous channels and active sites for the storage and transport of
sodium ions. Compared with lithium ions, sodium ions have a
larger radius, which tends to induce volume expansion of elec-
trode materials during charge and discharge cycles, leading to
a decline in cycling performance. However, the high electrical
conductivity, layered architecture, and tunable surface func-
tional groups of MXenes allow them to mitigate the volume
changes associated with sodium ions during the intercalation
and deintercalation processes, thereby maintaining good
structural stability of the electrode.

To further enhance the performance of MXenes in sodium-
ion batteries, researchers have optimized their sodium storage
capabilities by combining them with other materials. For
instance, the incorporation of transition metal oxides and
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carbon materials alongside MXenes has been shown to signifi-
cantly improve both cycling performance and the diffusion
rate of sodium ions. Due to their excellent electrical conduc-
tivity and minimal volume expansion, the composites of
carbon materials and MXenes can augment the overall per-
formance of electrode materials. In a study by Luo et al,"** a
composite of Ti,T, MXene and graphene was developed for
use as the negative electrode in sodium-ion batteries, demon-
strating high efficiency in sodium ion transport and outstand-
ing electrochemical properties. The research indicates that the
lamellar structure of graphene within the composite effectively
prevents the self-stacking of MXene layers, which not only
enhances electrolyte permeability but also accelerates the
diffusion rate of sodium ions. During the cycling of the
battery, the intercalation and deintercalation of sodium ions
frequently cause the electrode material to undergo volume
expansion and contraction, potentially compromising struc-
tural integrity. Nevertheless, the composite of Ti,T, MXene
and graphene, owing to its high specific surface area and
layered structure, effectively alleviates stress associated with
volume changes, thereby ensuring structural stability.
Moreover, the superior conductivity of graphene further
strengthens the conductive network of the electrode material,
facilitating efficient charge transfer. This composite not only
exhibits high cycling stability but also retains excellent electro-
chemical performance under conditions of rapid charge and
discharge. Luo et al’s"* experimental results indicated that
the composite maintains a high specific capacity even after
numerous cycles, significantly extending its cycle life. This
demonstrates the considerable potential of Ti;C,T, MXene
and graphene composites for negative electrode applications
in sodium-ion batteries, particularly in large-scale production
contexts aimed at enhancing energy density and stability.'*’

In solid-state ion batteries (SIBs), transition metal oxides
have garnered significant attention due to their high specific
capacity; however, their inherent poor cycling stability hinders
practical applications. The integration of MXene materials can
effectively enhance the structural stability and electrical con-
ductivity of these metal oxides, thereby improving their electro-
chemical performance in SIBs. MXene/Fe,O3; composite was
applied to the negative electrode of a sodium-ion battery to
show good cycling stability and capacity retention.'*® Even
under high-rate charge-discharge conditions, the composite
maintained commendable electrochemical performance. This
superior performance is primarily attributed to the two-dimen-
sional lamellar structure of MXene, which provides robust
support for Fe,O;, mitigating the volumetric expansion and
contraction of transition metal oxides during cycling. Fe,O;
undergoes substantial volume changes during sodium ion
intercalation and deintercalation, which often leads to struc-
tural damage and capacity decay. Due to its high conductivity
and layered architecture, the MXene layer not only mitigates
structural damage from Fe,Oj;’s volumetric changes but also
facilitates rapid electron and sodium ion transport, thereby
enhancing overall charge transfer efficiency. The findings indi-
cated that the MXene/Fe,O; composite exhibited exceptional

This journal is © The Royal Society of Chemistry 2025

View Article Online

Review

cycling stability over numerous charge-discharge cycles. The
high conductivity of MXene enables rapid electron transfer
within the composite, while Fe,O; serves as the primary active
material with a high sodium storage capacity. This synergistic
interaction allows the composite to maintain a high specific
capacity at elevated rates, significantly improving the cycle life
and structural integrity of the electrode material. The results
show that the composite strategy of MXene and transition
metal oxides can not only improve the structure and electro-
chemical stability of the material, but also effectively improve
its electrical conductivity and ion transport performance. This
design paradigm offers a novel approach for the large-scale
application of sodium-ion batteries, advancing the develop-
ment of high-performance, cost-effective sodium-ion battery
electrode materials.

The functional groups present on the surface of MXene are
pivotal for sodium storage properties, particularly concerning
sodium ion adsorption and diffusion. Manipulating these
surface functional groups further enhances the ability of
sodium ions to intercalate and deintercalate. The storage
capacity of sodium ions was successfully improved by regulat-
ing the surface functional group of Ti;C,MXene."”” Enhancing
the specific capacity and cycling stability of MXene was
achieved by altering its interlayer structure and increasing the
intercalation space for sodium ions. Specifically, the research-
ers expanded the layer spacing of the material by incorporating
sulfur into Ti;C, MXene. This structural modification provides
a more spacious channel for sodium ion intercalation and
diffusion, reducing ion migration resistance within the elec-
trode material. Additionally, the chemical bond formed
between sulfur atoms and titanium atoms enhances the stabi-
lity of sodium ion intercalation and mitigates structural
damage caused by volumetric changes during cycling. Sulfur
doping not only improves ion transport performance but also
augments the electrical conductivity of the MXene material,
thus optimizing overall electrochemical performance. The
results demonstrated that the sulfur-doped Tiz;C, MXene
exhibited significantly superior performance in sodium-ion
batteries compared with untreated materials, particularly
maintaining a high specific capacity over multiple charge-dis-
charge cycles and demonstrating excellent cycling stability.
Sulfur doping stabilizes the layered structure of MXene during
sodium ion intercalation and deintercalation, thereby effec-
tively extending battery lifespan. This study proves that the
electrochemical performance of MXene in sodium-ion bat-
teries can be significantly improved through the modification
of surface functional groups, especially the introduction of
sulfur. This methodology offers a novel approach for enhan-
cing ion storage capacity and structural stability in MXene-
based electrode materials, potentially advancing the practical
application of sodium-ion batteries in large-scale energy
storage systems."®”

The application of MXene in sodium-ion batteries show-
cases its vast potential, as its two-dimensional lamellar struc-
ture not only provides abundant active sites for sodium ion
storage but also effectively mitigates issues related to volu-
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metric  expansion  during  charge-discharge  cycles.
Nevertheless, the practical application of MXene in SIBs
encounters challenges, including cost control in large-scale
synthesis, environmental stability, and self-stacking issues.
Future research will focus on optimizing the electrochemical
performance of MXene through composite material design
and interface engineering, which will be pivotal in advancing
its large-scale application in sodium-ion batteries.

4.2. Supercapacitor application

Supercapacitors (SCs), also referred to as electrochemical
capacitors or capacitor batteries, have garnered significant
attention due to their high power density, rapid charge-dis-
charge capabilities, and extended cycle life. These attributes
render them particularly valuable in various applications,
including portable electronic devices, electric vehicles, and
other sectors. MXene-based electrode materials exhibit con-
siderable promise in the realm of supercapacitors, attributed
to their distinctive layered structure, excellent electrical con-
ductivity, and abundant surface functional groups.

4.2.1. Performance advantages. MXene materials, exempli-
fied by TizC,Ty, exhibit a high electrical conductivity, reaching
up to 8000 S cm™', enabling efficient electron conduction
during rapid charging and discharging processes.
Additionally, the two-dimensional structure of MXene
materials provides a significant number of active sites, facili-
tating the rapid migration and adsorption of electrolyte ions.
The abundance of functional groups such as hydroxyl, oxide,
and fluoride on the surface enhances the interaction with the
electrolyte, thereby improving capacitive performance. These
attributes render MXene applications in supercapacitors a
research focal point. Research findings indicate that the
electrochemical properties of MXene can be further enhanced
by regulating the functional groups on the surface. For
instance, acidic treatment of Ti;C,T, MXene results in the for-
mation of an oxide layer on its surface, increasing the capaci-
tance. Experimental data demonstrate that the material
achieves a specific capacitance of 200 F g™* at a current density
of 1 A g”'. To further augment the performance of MXene-
based electrode materials, extensive investigations have
explored composite strategies involving MXene and other
materials. For example, the MXene/graphene composite
leverages the high electrical conductivity and flexibility of gra-
phene, conferring the composite electrode superior electrical
conductivity and enhanced mechanical stability. Moreover, the
two-dimensional lamellar structure of graphene mimics that
of MXene, leading to a layer-on-layer structure that effectively
prevents MXene lamellar accumulation and increases the
number of active sites. MXene/graphene composites exhibit
remarkable electrochemical properties, with reports indicating
that the specific capacitance of Ti;C,T, and graphene oxide
(GO) was significantly increased through solution methods,
forming rGO-Ti;C,T, composites under reduction conditions.
At a current density of 1 A g7, the rGO-Ti;C,T, composite
attains a specific capacitance of 250 F g™, surpassing that of
single MXene. Furthermore, MXene can be combined with
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other materials, including conductive polymers and carbon
nanotubes. These composites not only exhibit excellent
electrochemical properties but also demonstrate improved
stability at high current densities through structural adjust-
ments. For example, MXene/polyaniline composites prepared
via electrochemical deposition technology demonstrated
exceptional rate capabilities and extended cycle life, retaining
over 90% of their capacitance after 10 000 cycles. Beyond com-
posite strategies, MXene derivatives and surface modifications
are also pivotal in enhancing electrochemical performance.
Through chemical etching and surface functional group modi-
fications, MXene materials can adopt various structures and
surface states to optimize their electrochemical properties. For
instance, nitrogen-doped Ti;C,T, MXene showcases superior
capacitive properties, with nitrogen significantly improving the
material’s electrical conductivity and charge storage capacity.
At a current density of 1 A g7, the nitrogen-doped MXene
achieve a specific capacitance of 300 F g~'. Additionally,
MXene derivatives, such as hydroxide-coated MXene, exhibit
excellent electrochemical properties due to their surface con-
taining numerous electrochemically active sites. Researchers
synthesized Ni(OH),/MXene composites by chemically redu-
cing nickel hydroxide onto the MXene surface, achieving a
high specific capacitance of 400 F g~ at a current density of 3
A g~' and maintaining excellent capacitance retention after
5000 cycles. The structural stability of CTAB-Sn(v)@Ti;C, was
verified through 100 cycles at 0.1 A g~'. TEM images of
CTAB-Sn(iv)@Ti;C, reveal a clear hierarchical structure
(Fig. 14a and b), affirming the robust nature of the
CTAB@Ti;C, matrix. Despite the alloying process, numerous
individual nanoparticles, ranging from 3 to 7 nm in diameter,
remain uniformly anchored within the CTAB@Ti;C, matrix.
After cycling, HRTEM images (Fig. 14c) display clear lattice
stripes with a d-spacing of 0.210 nm, consistent with previous
reports and corresponding to the quadrionic Sn phase of the
(220) plane (JCPDS card no. 65-5224). To further confirm Sn
insertion within the CTAB@Ti;C, matrix interlayer, Fig. 14d
and f display cross-sectional images of CTAB-Sn(wv)@Ti;C,
after 100 cycles, combined with STEM imaging and element
mapping of Ti and Sn, showing a stronger Sn signal in the
interlayer compared with the matrix surface. The robust struc-
ture of CTAB@Ti;C, and the columnar effect of Sn within the
matrix layer endow the nanocomposites with exceptional
electrochemical properties. Based on its superior energy
storage performance, CTAB-Sn(iv)@Ti;C, was employed as the
anode electrode, coupled with a conventional commercial AC
electrode (Fig. 14g).">* In a half-cell system, AC in an organic
electrolyte at potentials above 3.0-4.5 V (versus Li'/Li) exhibits
noteworthy electrochemical performance, with a capacity of
34 mA h g7' at 0.2 A g', within the typical range of AC
(~30-60 mA h g " at 0.1-0.3 Ag ™).

4.2.2. Application instance. The performance of super-
capacitors primarily hinges on the electrochemical properties
of the electrode materials. The layered structure of MXene
composite materials confers a high specific surface area,
which facilitates the rapid transport of electrolyte ions.
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Fig. 14 TEM and HRTEM images of (a—c) CTAB-Sn(iv)@TisC; after 100 cycles of charging to 3 V at 0.1 A g™%; (d—f) CTAB-Sn(v)@TisC, STEM image
after 100 cycles and element mapping image of Ti and Sn; (g) CTAB-Sn(iv)@TisC,//AC LIC Charging process. Reproduced from ref. 154 with per-
mission from American Chemical Society, copyright 2016. (h) Schematic representation of the mechanism whereby 10% WS,/TizC, achieves electro-
chemical water splitting. Reproduced from ref. 161 with permission from American Chemical Society, copyright 2023. Photocatalytic composites
based on MXene in combination with g-CsN,4 formed by in situ decoration. (i) HRTEM images of TiCN-0.4. Reproduced from ref. 165 with permission
from The Royal Society of Chemistry, copyright 2017. (j) TEM images of the TiO,@C/g-CsN4. Reproduced from ref. 166 with permission from The
Royal Society of Chemistry, copyright 2018. (k) TEM images of Pd-TCCNs; (1) a proposed mechanism for PEC reduction of CO, into chemical fuels.
Reproduced from ref. 167 with permission from The Royal Society of Chemistry, copyright 2018. (m) HR-TEM images of g-C3N4/TizC,. Reproduced
from ref. 168 with permission from The Royal Society of Chemistry, copyright 2018. (n) TEM image of the as-prepared 2D CdS/TizC,T, sheet-onto-
sheet heterostructures. Reproduced from ref. 169 with permission from Elsevier, copyright 2018. (0) HRTEM image of the interface structure of
TC-OH and P25 NPs. (p) Schematic of the working mechanism of MXenes applied in photocatalysis. Reproduced from ref. 170 with permission from
American Chemical Society, copyright 2019.

Furthermore, the high conductivity of MXene materials allows
them to sustain low resistance at high rates of charge and dis-
charge, significantly enhancing the energy density and power
density of supercapacitors. Concurrently, the diverse func-
tional groups (such as -OH, -F, -O) present on the surface of
MXene augment the charge storage capacity and elevate the
electrochemical activity.

To further enhance the electrochemical performance of
MXene in supercapacitors, researchers often augment its

This journal is © The Royal Society of Chemistry 2025

specific capacity and cyclability by integrating it with other
materials. Among various applications, MXene composites
with conductive polymers have garnered substantial interest
due to their superior electrochemical attributes. Conductive
polymers, such as polyaniline (PANI) and polypyrrole (PPy),
possess substantial specific capacitance and elevated electro-
chemical activity. Their combination with MXene can further
augment the conductivity and electrochemical performance of
the electrode materials. Yuan et al.'*® investigated a composite

Nanoscale, 2025, 17, 6204-6265 | 6251


https://doi.org/10.1039/d4nr04560b

Published on 13 Chwevrer 2025. Downloaded on 2026-03-02 14:28:45.

Review

material consisting of Ti,T, MXene and polyaniline, wherein
the PANI was uniformly deposited on the MXene layers via
in situ polymerization technology, thereby markedly enhancing
the energy storage performance of supercapacitors. In this
investigation, the researchers employed an in situ polymeriz-
ation method to uniformly deposit polyaniline molecules onto
the MXene layers, forming a tightly bonded MXene/PANI com-
posite. MXene furnishes an exceptional conductive network,
whereas PANI offers high-capacitance electrochemical activity.
The synergy of both materials not only mitigates the issue of
MXene layers prone to self-stacking but also significantly
amplifies the effective specific surface area of the electrode
material, fostering ion transport within the electrolyte and,
consequently, enhancing the overall electrochemical perform-
ance of the electrode material. Experimental results reveal that
MXene/PANI composites exhibit a specific capacitance of up to
650 F g~' at a current density of 1 A g™', a figure that far sur-
passes that of single-component MXene or PANI electrode
materials. This enhancement primarily stems from the high
electrochemical activity of PANI coupled with the swift electron
transport pathway provided by the MXene material, which sub-
stantially elevates the capacitive properties of the composite.
Additionally, the composite demonstrates remarkable cycling
stability, retaining high capacitance even after numerous
charge and discharge cycles. This attribute underscores its sig-
nificant potential in supercapacitor applications demanding
high energy density and extended longevity. Yuan et al'®®
demonstrated that by synergistically integrating a conductive
polymer with MXene, the specific capacitance and electro-
chemical performance of the electrode material can be further
enhanced while preserving the high conductivity of the
material. The MZXene/PANI composite not only delivers
superior energy storage performance but also effectively pro-
longs the service life of supercapacitors, offering robust techni-
cal support for future high-efficiency and long-endurance
energy storage devices.'*®

Carbon materials, such as graphene and carbon nanotubes,
exhibit extremely high electrical conductivity and exceptional
electrochemical stability. When combined with MXene, they
not only enhance the conductive network of the material but
also significantly improve its rate performance and cycling
stability. Ghidiu et al®® discovered that the integration of
TizC,T, MXene with reduced graphene oxide (rGO) could
develop an efficient supercapacitor electrode material. Initially,
Ghidiu et al. amalgamated Ti;C,T, MXene with rGO to form a
composite featuring a three-dimensional structure. MXene’s
high electrical conductivity, coupled with rGO’s superior
mechanical properties, provides the composite with exception-
ally high structural stability. In comparison with MXene alone,
the composite effectively mitigates the issue of MXene layer
self-stacking, a phenomenon that reduces the specific surface
area of the electrode material during electrochemical pro-
cesses and impairs the transport efficiency of charges and
ions. By integrating with rGO, the composite material sustains
a larger specific surface area and higher electrolyte per-
meability during charge-discharge cycles, thereby enhancing
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its electrochemical performance. Experimental results revealed
that the Ti;C,T, MXene/rGO composite maintained a high
specific capacitance and exhibited remarkable cycling stability
under high current densities. Specifically, the specific capaci-
tance retention of the composite at high magnification signifi-
cantly surpassed that of single MXene or graphene electrode
materials. Furthermore, following thousands of charge-dis-
charge cycles, the composite retained commendable electro-
chemical stability, underscoring its extended cycle life. This
performance enhancement is primarily attributed to the three-
dimensional conductive network structure of the composite,
which facilitates rapid electron and ion transport while preser-
ving the integrity of the electrode structure throughout the
cycle. The composite design of MXene and carbon materials
offers a practical solution to augment the magnification per-
formance and cycling stability of supercapacitors. This
material not only amalgamates the strengths of MXene and
rGO but also addresses their individual limitations, thereby
offering new insights and technical support for the advance-
ment of high-performance, long-life supercapacitors.”

Surface modification represents an effective strategy to
enhance the electrochemical performance of MXene-based
electrode materials. Doping with various elements can signifi-
cantly improve MXene’s electronic structure and surface chem-
istry, thereby augmenting its charge storage capacity and elec-
trical conductivity. For instance, nitrogen doping is a prevalent
surface modification method that enhances the material’s
electrical conductivity and electrochemical activity by incorpor-
ating nitrogen atoms into the MXene structure, thereby
improving its performance in supercapacitors. During nitrogen
doping, nitrogen atoms can replace part of the carbon or
oxygen atoms, altering the surface chemistry of the MXene
materials. Nitrogen’s strong electronegativity and high electron
supply capacity generate more active sites on the material’s
surface, enhancing the interaction between MXene and the
electrolyte and thus improving its charge storage capacity and
ion transport efficiency. Studies have demonstrated that nitro-
gen-doped Ti;C,T, MXene exhibits excellent electrochemical
properties in supercapacitor applications. For example, in
acidic electrolytes, the specific capacitance of nitrogen-doped
Ti;C,T, MXene reached 380 F g™, significantly exceeding that
of undoped MZXene. Additionally, nitrogen doping notably
enhances the capacitance retention of MXene materials. At
high current densities, nitrogen-doped MXene materials main-
tain high capacitance retention during rapid charge-discharge
cycles, indicating superior magnification and long-life per-
formance. Another crucial advantage of nitrogen doping is the
improvement in electrical conductivity. The incorporation of
nitrogen atoms increases the electrical conductivity of MXene,
smoothening the electron transport path within the material
and thereby enhancing its overall conductivity. This modifi-
cation renders nitrogen-doped MXene material highly promis-
ing for long-life, high-performance energy storage devices.
Nitrogen doping also positively impacts the electrochemical
stability of MXene. In supercapacitor applications, the cycling
life of the electrode material is paramount. Nitrogen doping
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not only enhances the electrical conductivity of the material
but also extends its service life by improving its mechanical
stability. Findings indicate that nitrogen-doped Ti;C,T, MXene
retains high electrochemical properties after thousands of
charge-discharge cycles, validating its suitability for long-term
stable operation in energy storage devices. In summary, nitro-
gen doping offers an effective means to enhance the electro-
chemical performance of MXene materials, significantly aug-
menting their application performance in supercapacitors by
optimizing the electronic structure and surface chemistry of
the materials. Consequently, nitrogen-doped MXene emerges
as a promising electrode material for high-performance energy
storage devices, characterized by its high specific capacitance,
exceptional magnification performance, and extended
lifetime.**

To enhance the electrochemical performance of MXene
materials in supercapacitors, researchers have integrated
MXene with high specific capacitive materials, such as hydrox-
ides, to augment its energy storage capacity. Among these, Ni
(OH), has been identified as an optimal component for
MXene composites due to its high theoretical capacitance and
superior electrochemical properties. By depositing Ni(OH),
onto the surface of MXene layers, the number of active sites
within the electrode material can be significantly increased,
thereby enhancing its overall electrochemical performance.
The foundation of this composite strategy is the synergistic
interaction between MXene and Ni(OH),. The two-dimensional
layered structure of MXene serves as an effective substrate for
Ni(OH), deposition, while its high conductivity facilitates
rapid electron transport. Ni(OH),, recognized for its high
specific capacitance, contributes additional energy storage
sites to the composite electrode, further improving both
specific capacitance and rate capability. For instance, research-
ers successfully deposited Ni(OH), uniformly onto the surface
of Ti(OH), T, MXene, resulting in the preparation of an Ni
(OH),/Ti3C,T, composite. This composite was subjected to sys-
tematic evaluations of its electrochemical performance in
supercapacitors. Experimental results indicated that the com-
posite achieved a specific capacitance of up to 500 F ¢”* at a
current density of 3 A g, significantly surpassing the per-
formance of MXene or Ni(OH), used independently. This
improvement is primarily attributed to Ni(OH), providing
more reversible REDOX active sites for electrochemical reac-
tions, while MXene’s conductive network structure fosters
rapid electron and ion transport within the electrode. In
addition to its impressive specific capacitance, the Ni(OH),/
Ti;C,T, composite demonstrates excellent cycle life perform-
ance. After 5000 charge-discharge cycles, the composite
retains 92% of its capacitance, indicating robust cycling stabi-
lity. This characteristic suggests substantial potential for the
composite material in high energy density and high power
density energy storage applications. The lamellar structure of
MXene not only facilitates efficient electron transport but also
effectively mitigates volume expansion and structural altera-
tions associated with the electrochemical reactions of Ni(OH),,
thereby enhancing the stability and durability of the compo-
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site. This composite strategy utilizing MXene and Ni(OH),
illustrates that integrating MXene with high-specific capacitive
materials can greatly enhance electrochemical performance
while extending the operational lifespan of the electrode
material, positioning it favorably for long-lasting, high-per-
formance energy storage devices.

The electrolyte plays a crucial role in supercapacitors,
directly influencing the electrochemical properties and energy
storage efficiency of the electrode materials. Due to the diverse
range of surface functional groups, MXene-based electrode
materials can be combined with various electrolytic liquid
phases, including aqueous, organic, and ionic liquids, facilitat-
ing the formation of different capacitive storage mechanisms.
The pairing of MXene with aqueous electrolytes reveals excep-
tional electrochemical properties in supercapacitor appli-
cations, particularly characterized by high specific capacitance
and outstanding power density. The abundant hydroxyl (-OH)
and oxygen (-O) functional groups present on the surface of
MXene materials create favorable conditions for interaction
with water molecules. These functional groups enhance the
rapid adsorption and desorption processes of ions in the elec-
trolyte at the electrode surface, significantly improving the
energy storage efficiency and charge-discharge rates of super-
capacitors. For example, Wang et al'®® developed a super-
capacitor material based on Ti;C,T, MXene utilizing an
aqueous electrolyte such as H,SO,. In this study, the MXene
material facilitated a much faster and smoother ion transport
across the surface of the electrode by generating strong inter-
facial interactions with water molecules. This mechanism
accelerates the electrochemical reaction rates of MXene in
aqueous electrolytes and effectively enhances the specific
capacitance and power density of supercapacitors. This per-
formance significantly outstrips that of conventional electrode
materials, underscoring the considerable potential of MXene
materials in energy storage applications. The two-dimensional
lamellar architecture of MXene not only provides fast ion
transport pathways but also increases the effective interaction
area between the electrode and the electrolyte through the
functional groups, enhancing the efficiency of ion embedding
and de-embedding, and consequently improving overall
electrochemical performance. Additionally, the combination of
MXene with aqueous electrolytes offers environmental and
safety advantages. Aqueous electrolytes exhibit good electrical
conductivity and electrochemical stability, alongside lower
risks of environmental pollution and reduced costs, thereby
signaling broad prospects for MXene-based supercapacitors in
large-scale energy storage applications.

Flexible supercapacitors have been extensively studied for
their application prospects in portable mobile electronic
devices. Designing lightweight flexible electrodes with strong
mechanical properties and electrochemical stability is the key
to realizing high-energy flexible batteries. 2D MXene films are
emerging as ideal electrode materials for flexible and wearable
supercapacitors due to their metallic conductivity, tunable
chemical properties, unique flexibility and excellent mechani-
cal properties. In addition, MXene can store large amounts of
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charge through surface Faraday REDOX reactions, providing
higher capacitance than conventional electric double-layer
capacitors. MXene-based electrodes typically face challenges
related to their large aspect ratio and complex and elongated
ion diffusion paths resulting from nanosheet recombination,
resulting in slow kinetics and low capacitance. The construc-
tion of ion transport channels is an effective way to solve the
above two-dimensional MXene problem.'®! Yang et al.'®* pro-
posed a novel strategy to construct 3D interconnected porous
MXene/carbon point (p-MC) films with uniformly distributed
in-plane large holes on the MXene layer and tightly anchored
carbon points between the MXene layers for high-performance
flexible supercapacitors. In this novel structure, the large pores
in the plane acting as the aorta reduce the vertical path distor-
tion of the rapid diffusion of ions, while the enlarged layer
spacing acts as capillaries to rapidly transport ions to each
electrochemically active site. Due to its structural advantages,
the p-MC electrode has a high capacitance of 688.9 Fg™" at 2 A
g, which is nearly 2.5 times that of pure MXene. In addition,
the p-MC electrode has a much higher pseudocapacitance con-
tribution than the pure MXene electrode. When assembled
into solid-state asymmetric flexible supercapacitors, p-MC-
based devices can exhibit electrochemical properties with
good flexibility. Xu et al'® proposed to fabricate porous,
chemically bonded black phosphene/Ti;C,T, heterostructured
films with co-doped S/N heteroatoms by electrostatic self-
assembly followed by thermal foaming. The addition of black
phosphene can effectively prevent the recombination of
Ti;C,T,, and the porous structure can enhance ion transport.
In addition, the doped heteroatoms significantly increased the
electrochemical activity of Ti;C,T,. A porous film with a thick-
ness of about 50 pm exhibits a high capacitance of 374 F g™ " at
0.5 A ¢”" and retains 84% of the capacitance at 20 A g%, thus
giving the assembled flexible supercapacitors excellent magni-
fication performance. This work provides a promising innova-
tive approach for the development of high rate MXene-based
flexible supercapacitors.

The investigation of MXene composite materials in super-
capacitors reveals significant application potential. Through
composite design incorporating conductive polymers and
carbon-based materials, MXene-based supercapacitors exhibit
high specific capacitance, exceptional magnification perform-
ance, and prolonged cycle life. Furthermore, the optimization
of the electrolyte substantially enhances the electrochemical
performance of the MXene electrode material. Nonetheless,
the widespread implementation of MXene in supercapacitors
encounters several challenges, including the development of
large-area preparation technology, the optimization of material
structure, and the enhancement of environmental stability.
MXene-based electrode materials offer a novel approach for
the advancement of high-performance supercapacitors.
Through composite design with conductive polymers and
carbon materials, MXene composite materials demonstrate
superior energy storage performance. Future research endea-
vors should focus on further improving the electrochemical
stability of MXene materials, reducing production costs, and
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developing large-scale preparation technology, as these are
pivotal in promoting its extensive application within the realm
of supercapacitors.

4.3. Catalyst application

MXene composite materials, with their unique structure and
excellent physical and chemical properties, show great appli-
cation potential in the field of electrocatalysis and
photocatalysis.

4.3.1. Application of electrocatalysis. The hydrogen evol-
ution reaction (HER) is a critical process in electrolytic water
splitting for hydrogen production. Although conventional cata-
lysts, such as platinum, exhibit excellent catalytic activity, their
high cost and scarcity hinder widespread application. MXene,
particularly Ti;C,T,, has emerged as a promising alternative to
platinum-based catalysts due to its superior electrical conduc-
tivity, abundant surface active sites, and tunable surface chem-
istry. TizC,T, MXene has demonstrated notable electrocatalytic
performance as a HER catalyst, especially under acidic con-
ditions. The two-dimensional layered structure of TizC,T,
MXene facilitates rapid electron transport and provides active
sites via surface functional groups. Studies have shown that
the catalytic performance of Ti;C,T, can be significantly
enhanced by modifying the surface functional groups. For
instance, sulfurization of Ti;C,T, MXene under a hydrogen
sulfide atmosphere results in a sulfide-modified MXene that
exhibits a lower HER overpotential and improved catalytic
efficiency. This modification alters the surface electronic struc-
ture of the MXene, increasing the involvement of sulfur in the
catalytic process and enhancing reaction kinetics. The sulfur
forms strong chemical bonds with titanium, which not only
boosts the active sites but also enhances the stability of the
catalyst during operation. In 0.5 M H,SO, electrolyte, the sul-
furized Ti;C,T, MXene demonstrated an HER overpotential of
just 200 mV, indicating high catalytic efficiency. Moreover, the
material showed exceptional cycling stability, with negligible
activity loss after 5000 cycles, underscoring its durability for
long-term use. These characteristics suggest that Ti;C,T,
MXene holds significant potential as a stable and efficient
HER catalyst in practical applications. Further chemical modi-
fications, such as doping with non-metallic elements like
nitrogen, phosphorus, or oxygen, can also increase the
number of active sites on MXene surfaces, thereby enhancing
overall catalytic activity. Through the rational design and
tuning of MXene surface chemistry, the catalytic performance
in the HER can be significantly improved while maintaining
high electrical conductivity. The mechanism of action for WS,/
Ti;C, MXene, as illustrated in Fig. 14h, demonstrates that the
combination of a metallic component and a highly conductive
Ti;C, phase facilitates charge transfer and accelerates HER
kinetics, which is crucial for enhanced electrocatalytic per-
formance.'® Consequently, MXene materials not only exhibit
great promise as HER catalysts but also offer the advantages of
low cost, scalable synthesis, and excellent electrochemical
stability, making them attractive replacements for traditional
precious metal catalysts. This provides a new avenue for the
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advancement of water electrolysis technologies for hydrogen
production.*®?

Electrocatalytic carbon dioxide reduction (CO,RR) is a
green technology that converts CO, into valuable chemicals or
fuels, crucial for mitigating global climate change and reinfor-
cing the carbon cycle. MXene materials, known for their high
electrical conductivity and surface-adjustable functional
groups, have shown significant potential in CO,RR.
Specifically, nitrogen-doped Ti,C,T, MXene has been devel-
oped as a highly efficient CO,RR catalyst. Nitrogen doping not
only enhances the conductivity of MXene but also increases
the active sites on its surface, effectively promoting CO,
adsorption and reducing the energy required for the reduction
reaction. In CO,RR experiments, nitrogen-doped MXene
exhibited excellent catalytic selectivity at —0.6 V (vs. RHE), with
a Faraday efficiency of 85% for CO generation, accompanied by
high current density and stability. The stability in long-term
electrolysis tests, with minimal performance decline, suggests
its potential for industrial applications. This finding not only
validates the potential of MXene materials in CO, reduction
but also provides important insights for developing novel,
high-efficiency CO,RR catalysts.

The oxygen reduction reaction (ORR) is a critical process in
fuel cells and metal-air batteries, impacting their overall per-
formance. Despite the superior catalytic activity of platinum-
based catalysts, their high cost and poor stability limit their
widespread use. Non-precious metal catalysts, such as MXene
composites, have gained attention for their low cost, high
activity, and excellent stability. Ti;C,T, MXene, compounded
with cobalt-based nanoparticles through a solvothermal
method, has demonstrated outstanding ORR performance in
alkaline electrolytes. The composite exhibits a low initial
potential, rapid oxygen reduction kinetics, and high catalytic
selectivity. It also shows exceptional stability in long-term cycle
tests, maintaining performance with minimal attenuation. The
mechanical robustness of MXene and the uniform distribution
of cobalt nanoparticles contribute to this stability. Future
studies could focus on optimizing the interface structure
between cobalt nanoparticles and MXene lamellae, enhancing
catalytic activity, and opening new avenues for cost-effective
fuel cells.

The oxygen evolution reaction (OER) is a key step in water
electrolysis and renewable energy storage, but its slow kinetics
require efficient catalysts to reduce overpotential and enhance
efficiency. Traditional OER catalysts, often reliant on precious
metals like platinum and iridium, are expensive and have
limited reserves. Therefore, developing inexpensive and
efficient OER catalysts is a priority. MXene, with its superior
electrical conductivity and two-dimensional layered structure,
serves as an ideal catalyst support. A highly efficient MXene/
NiFe LDH composite catalyst, prepared by electrochemically
depositing nickel-iron layered double hydroxide (NiFe LDH)
onto Ti,C,T, MXene, has shown outstanding OER perform-
ance. Under a current density of 10 mA cm™>, the catalyst dis-
plays an overpotential of only 270 mV, significantly lower than
many conventional non-precious metal catalysts. The compo-
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site also demonstrates exceptional stability in long-term elec-
trolysis tests, maintaining performance due to the mechanical
strength of MXene and the uniform distribution of NiFe LDH.
This catalyst’s performance highlights the potential of MXene
as a catalyst carrier and offers new insights for developing
efficient and stable non-precious metal catalysts. Future
research could optimize MXene’s surface modification and
recombination techniques, advancing its application in water
decomposition and renewable energy storage.®°

4.3.2. Application of photocatalysis. MXene materials
exhibit significant advantages in the photocatalytic hydrolysis
of hydrogen production, owing to their unique light absorp-
tion characteristics and high electrical conductivity. These fea-
tures enable MXenes to efficiently harness light energy and
facilitate photocatalytic reactions. For instance, the integration
of Ti;C,T, MXene with semiconductor materials like TiO, and
g-C;3N, significantly enhances photocatalytic performance. The
high electrical conductivity of MXene aids in the rapid trans-
port of electrons, mitigating the recombination of photogene-
rated electron-hole pairs and ultimately boosting photo-
catalytic efficiency. Furthermore, MXene materials demon-
strate a broad range of applications in the photocatalytic degra-
dation of organic pollutants. Specifically, MXene/TiO, compo-
sites exhibit efficient degradation of organic pollutants,
including dyes and pesticide residues in water, under ultraviolet
light. This is attributed to the ability of MXene to provide
numerous active sites, coupled with its excellent electrical con-
ductivity, which facilitates the separation and transport of
photogenerated carriers, thereby enhancing photocatalytic
efficiency. Additionally, the two-dimensional layered structure
of MXene promotes the adsorption and reaction of pollutants.

Photocatalysis technology, which harnesses light energy to
drive chemical reactions, plays a pivotal role in environmental
remediation and energy conversion. The photocatalytic pro-
perties of MXene composite materials have been extensively
studied, particularly in the context of pollutant degradation
and water decomposition. Water decomposition, a highly
researched area in photocatalysis, aims to provide viable solu-
tions for clean energy development by converting water into
hydrogen and oxygen through photocatalysis. The key to
achieving efficient photocatalytic water decomposition lies in
the design of photocatalysts that can absorb sufficient light
energy under visible light irradiation and effectively separate
photogenerated electrons and holes. However, traditional
photocatalysts often suffer from limited light absorption
ranges and rapid photogenerated carrier recombination rates,
resulting in low overall catalytic efficiency. Therefore, the devel-
opment of novel and efficient photocatalysts has emerged as a
critical aspect of photocatalytic water decomposition research.
MXene, with its distinctive structure and remarkable photo-
catalytic properties, has exhibited promising potential in this
field. In a study conducted by Yoon et al.,'®” the application of
Ti;C, MXene as a photocatalyst in water decomposition reac-
tions was investigated. The results revealed that Ti;C, MXene
not only exhibits excellent light absorption capacity but also
demonstrates superior photogenic carrier separation perform-
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ance, significantly enhancing photocatalytic efficiency. The
layered structure of Ti;C, MXene is a key factor contributing to
its outstanding photocatalytic performance. The material’s
two-dimensional structure provides a large surface area,
enabling it to offer more active sites for photocatalytic reac-
tions. Additionally, the abundant functional groups (such as
-OH, -F, etc.) on the surface of TizC, MXene further improve
the separation efficiency of photogenerated electrons and
holes, reducing their recombination probability and prolong-
ing the lifetime of photogenerated carriers. Under visible light
irradiation, TizC, MXene exhibits remarkable photocatalytic
properties. Experimental results indicated that the material
can effectively utilize visible light energy to catalyze the water
decomposition reaction, producing hydrogen and oxygen.
Compared with traditional photocatalysts like TiO,, Ti;C,
MXene not only broadens the light absorption range but also
effectively increases the photocatalytic reaction rate.
Specifically, Ti;C, MXene is capable of absorbing a broader
spectrum of visible light wavelengths, enabling it to harness a
greater portion of solar energy and thus enhancing photo-
catalytic efficiency. Furthermore, the high conductivity of Ti;C,
MXene plays a crucial role in promoting its photocatalytic per-
formance by facilitating the rapid conduction of photogene-
rated electrons and reducing their recombination probability
during photocatalysis. Due to these characteristics, Ti;C,
MXene maintains high catalytic activity during the photo-
catalytic water decomposition process and exhibits a long
service life. In multiple photocatalytic cycle experiments, the
material demonstrates excellent stability with almost no
attenuation of catalytic performance, highlighting its great
potential for practical applications.

The successful application of Ti;C, MXene also benefits
from its strong structural adjustability, making it a versatile
and promising material for photocatalytic water decompo-
sition and beyond. The photocatalytic properties of MXene
materials can be further optimized by changing the surface
functional groups or doping elements. For example, heteratom
doping such as nitrogen and sulfur can change the electronic
structure of Ti;C, MXene, thereby enhancing its light absorp-
tion and photogenerated carrier separation efficiency. This
provides more possibilities for the further optimization and
application of Tiz;C, MXene materials. In summary, the suc-
cessful application of Ti MXene as a photocatalyst in the water
decomposition reaction not only shows its excellent photo-
catalytic performance, but also provides a new idea for the
development of photocatalytic materials in the future. Due to
its unique structure, efficient electron-hole separation ability
and good stability, Ti, MXene has broad application potential
in the areas of photocatalytic water decomposition and photo-
catalytic CO, reduction. Future studies can further improve
the photocatalytic performance of MXene by further optimiz-
ing its structural design and surface chemical modification,
and promote its practical application in renewable energy
development.

The application efficiency of Tiz;C, MXene in solar-powered
water decomposition is expected to be further improved
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through the combination with other photocatalytic materials
or modification of surface functional groups.'®” G-C3N, is a
two-dimensional semiconductor material that binds with
MXenes as a co-catalyst during photocatalysis (Fig. 14i-
1).1%8717% MXene can be added during the combustion of pre-
cursors, such as melamine and thiourea, but the high calcina-
tion temperature (about 550 °C) may result in the oxidation of
MXene to titanium dioxide. The high photoactivity of G-C3N,/
MXene is attributed to charge separation. In addition, hetero-
junctions formed by TiO,-C3N, also play an important role in
charge separation. The synergistic effect of Ti;C, MXene and
Pt as double catalysts enhances the hydrogen evolution of
2-C3N, (Fig. 14m-o), and the high-frequency etching strips the
composite of TizC, and g-C3N, mixed in the liquid stirred after
the photodeposition of platinum.'”"'”> The photocatalyst
absorbs visible light, and the photogenerated electrons are
excited to CB, leaving holes in the valence band (VB). The
excited carriers transfer to MXenes at the interface mainly
because of the higher potential of MXenes. The electrons are
transferred to MXenes without recombination, and H' is
reduced on the surface of MXene, methane and CO produce
H,, and ammonia N, produces H,, as shown in Fig. 14p
process (a). As shown in (b) process, holes are transferred to
MXenes and react to produce OH’, which can be used for
organic degradation; electrons can also produce OH’ for
organic degradation.'”® Due to the good electrical conductivity
and large surface area of MXenes, it has been applied to photo-
catalysis, both replacing the precious metal co-catalyst and
improving the charge separation ability of the photocatalyst
(Fig. 15a).”*"7° The most common methods for preparing
photocatalyst combinations include mechanical mixing, self-
assembly, in situ decorative quantification, and oxidation, or a
combination of all four methods. The findings indicate that
‘0®7, 'OH, and h* play an important role in the degradation
process. In particular, under visible-light irradiation, N-doped
TiO, is excited to produce photoinduced e~ and h', and e~ is
quickly transferred to the N-doped C matrix. The relatively con-
duction band of the TiO, (—0.3 €V) is greater than that of C
(=0.08 eV),"”” which enhances surface functional group C as
an excellent C conductor to rapidly take the photoinduced e~
enhancing separation capability. Photoinduced e~ reacts with
0, to generate "0°~, whereas photoinduced h* reacts with OH~
in H,0O to produce "OH."”® A schematic diagram of photo-
catalytic phenol removal under visible light irradiation with
N-doped TiO,/Ti;C, MXene is described in Fig. 15d.'”° While
CO, conversion produces photocatalytic reaction products,
this performance improvement can be attributed to the two-
dimensional heterojunction properties of ultra-thin TizC,/
Bi,WO, nanocomposites, which have the following benefits: (i)
effective transfer of photogenerated e~ from Bi,WO, conduc-
tion band across the nanocomposites interface and accumu-
lation on the Ti;C, surface, owing to the fairly small charge
transport space of the very thin structure, (ii) increased
effective surface area associated with the addition of Ti;C,,
and (iii) superior photothermal conversion features of Ti;C,,
which provides energy to stimulate catalyst and improve the

This journal is © The Royal Society of Chemistry 2025
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confined photocatalytic reactions.'®® The photocatalytic
process with Tiz;C,/Bi,WOs nanocomposites is demonstrated
in detail in Fig. 15e. In addition to the hydrothermal method
and calcination, chemical oxidation and high-energy ball
milling are also used for oxidation. Cheng et al.'®' oxidized
Ti;C, tablets with 30% hydrogen peroxide to form micro-
porous MXene/TiO,-x nanodots (Fig. 15b). The catalyst can be
used as a photoFenton bifunctional catalyst for the degra-
dation of rhodamine B under both dark and light conditions,
and TiO,@C nanosheets are synthesized from Ti,C by high-
energy ball milling and used for methyl blue degradation
(Fig. 15¢)."%

Photocatalytic degradation of organic pollutants is one of
the important methods in water treatment technology which
can effectively remove harmful organic matter in water.
Although traditional photocatalysts such as TiO, have certain
applications in the degradation of organic pollutants, due to
its poor response to visible light, the photocatalytic efficiency
is low, so it is necessary to develop new efficient photocatalytic
materials. In recent years, MXene has become a research

This journal is © The Royal Society of Chemistry 2025

hotspot in the field of photocatalysis due to its excellent elec-
trical conductivity, abundant surface active sites and adjusta-
ble optical properties. Iravani et al'®* developed a photo-
catalyst based on Ti;C, MXene and used it for the degradation
of organic pollutants. In the study, Ti;C, MXene significantly
increased its photocatalytic activity through surface doping
and modification. The doping process adjusts the electronic
structure of MXene by introducing different elements or func-
tional groups, enlarging the photoresponse range, improving
the separation efficiency of photogenerated carriers, and redu-
cing the recombination phenomenon of photogenerated elec-
trons and holes. Due to this series of optimizations, TizC,
MXene showed good photocatalytic performance, especially in
ultraviolet light to degrade dye-based organic pollutants sig-
nificantly. The results showed that the Ti, MXene-based photo-
catalyst was able to rapidly generate photoluminescent elec-
trons and holes under ultraviolet light, and these photolumi-
nescent carriers were further involved in the degradation reac-
tion. In the process of degrading dye-based organic pollutants,
photogenic holes react with hydroxyl ions in water to form

Nanoscale, 2025, 17, 6204-6265 | 6257
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strong oxidizing hydroxyl radicals (-OH), which can effectively
attack the chemical bonds of organic pollutants and promote
their decomposition into harmless small molecules or carbon
dioxide and water. At the same time, the two-dimensional

¢ Hydrophilicity
¢ High surface area

View Article Online

Nanoscale

lamellar structure of MXene provides more active sites for the
adsorption and reaction of pollutants, which further promotes
the degradation reaction. The photocatalytic water splitting
process for the production of H, and O,, using TizC,-TiO,
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nanoflowers synthesized at different temperatures (300 °C
and 500 °C) as co-catalysts (reaction conditions: 0.02 g
catalyst, 100 mL pure water), is shown in Fig. 16a. The
photocatalytic mechanisms of Ti;C,-TiO, nanoflowers and
TiO2 nanoribbons under solar light irradiation are also dis-
cussed.'® MxXene-based structures with large surface area,
surface-controlled chemical properties, regular planar struc-
ture, unique optical/thermal properties, hydrophilicity, excel-
lent metal conductivity, and abundant derivatives have been
extensively studied for the photocatalytic degradation of pollu-
tants (Fig. 16b)."®>'®® They have good potential for removing
contaminants through interfacial chemical conversion and
adsorption, as well as catalytic removal and photocatalytic
degradation capabilities. After the magnetic heterostructures
of a-Fe,0;/ZnFe,0, were formed by a simple hydrothermal
preparation technique, the magnetic heterostructures on the
surface of MXene (Ti;C,) were dispersed by ultrasonic assisted
self-assembly using MXenes as a co-catalyst (Fig. 16c).'®°
These photocatalysts show better photocatalytic activity in
eliminating rhodamine B and toxic Cr(vi), with advantages of
reusability and high conductivity. In another study, MXene
(Ti;C,)/MoS, nanocomposites with a large specific surface area
were prepared by the hydrothermal method, showing efficient
photocatalytic degradation of organic pollutants. The structure
of Tiz;C, MXene/O-doped g-C3N, 2D-2D Schottky-junction by
in situ electrostatic assembly of negatively charged MXenes
and positively charged O-doped g-C;N, nanosheets was
reported. Due to the synergies between the compounds and
the formation of Schottky junctions, the obtained photocata-
lysts exhibited enhanced hydrogen evolution capacity and
photocatalytic activity. In one study, a terpolymer TizC,T,/
Ti;AlIC,@Ag composite photocatalyst was prepared which
could catalyse the degradation of methylene blue, rhodamine
B and methylene orange with degradation efficiencies of
99.7%, 98.9% and 99.3%, respectively (Fig. 16d)."*° The syner-
gistic effect between Ag nanomaterials and partially etched
Ti;C,Ty/Ti3AlC, nanosheets was demonstrated by photogenic
carrier transfer and reactive oxygen species (ROS) formation.
These effects can also improve the catalytic degradation per-
formance. Kumar et al.'" developed MXene (Ti;C,) coupled
g-C3N, nanosheets based on a plasma photocatalyst with good
reusability (up to 3 cycles) for removal of pharmaceutical con-
taminants (cefixime) under visible light irradiation (Fig. 16e).
After optimization, the photocatalyst containing 3 wt%
MXenes can effectively remove (~64.69%) cefixime under
105 min of visible light irradiation. Mechanistic studies have
shown that the presence of gold (Au) nanomaterials and
MXenes can promote excellent carrier separation and increase
the number of active sites due to interface contact with g-C3N,
nanosheets. The Ti;C, MXene photocatalyst studied by Iravani
et al.'®® showed excellent degradation efficiency in the process
of degrading organic pollutants. Taking Methylene Blue (MB),
a common dye pollutant, as an example, the catalyst can
degrade MB to a colorless and transparent state in a short
time under ultraviolet light, with a degradation efficiency of
more than 90%. In addition, the catalyst showed good photo-

This journal is © The Royal Society of Chemistry 2025

View Article Online

Review

catalytic stability and reusable performance. After repeated
use, the activity of the Ti;C, MXene photocatalyst was almost
not significantly decreased, which proved its high durability
and economy in practical applications. In addition, the surface
modification of MXene also improved its ability to handle
different kinds of organic pollutants. It was found that by
introducing different functional groups or doping different
elements on the surface of MXene, the selectivity of its photo-
catalytic reaction can be effectively regulated, so as to achieve
efficient degradation of specific types of pollutants. This
feature provides a broad prospect for the application of MXene
materials in water treatment. In conclusion, the Ti;C, MXene-
based photocatalyst developed by Iravani et al.'®* showed good
potential for photocatalytic degradation of organic pollutants.
Through doping and surface modification, MXene not only
improves its photocatalytic activity, but also shows excellent
photostability and reusability, making it suitable for large-
scale water treatment systems. In the future, further studies
can explore the composite or multifunctional modification of
different types of MXene materials to further enhance their
catalytic activity in the visible light range and expand their
practical applications in pollutant treatment and environ-
mental remediation. This result provides a new idea for devel-
oping efficient and low-cost photocatalytic water treatment
technology.'®?

MXene-based electrode materials show excellent perform-
ance in catalyst applications, especially in the field of electro-
catalysis and photocatalysis. By studying the application of
different MXene-based catalysts in water decomposition,
oxygen reduction reaction and degradation of organic pollu-
tants, the great potential of MXene materials in catalytic per-
formance was proved. Future research could further explore
the optimization methods and practical applications of MXene
composite materials to promote their large-scale application in
the field of catalysis.

5. Conclusion

In this paper, we have conducted a comprehensive review on
the large-scale production of MXene precursors, MXenes, and
their derivatives. Our study systematically examines the meth-
odologies for achieving large-scale MXene production. We
analyze the challenges and optimization strategies associated
with achieving large-scale production, focusing on four criti-
cal aspects: stability, oxidation resistance, safety, and cost.
Additionally, we provide an overview of the applications of
MXene in the fields of energy storage and catalysis. The
potential for large-scale application of MXene-based electrode
materials in batteries, supercapacitors, and catalysts is high-
lighted, demonstrating considerable promise. Through meti-
culous material design, optimization, composite material
preparation, and synthesis process refinement, significant
advancements in the electrochemical performance and
catalytic activity of MXene composite materials have been
achieved.
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However, several challenges remain to be addressed before
MXene composite materials can achieve large-scale applica-
bility. These challenges and potential future research direc-
tions include:

Material stability: MXenes tend to aggregate and restack due
to van der Waals forces, reducing their effective surface area
and accessibility for ions in applications like batteries and
supercapacitors. This aggregation can significantly limit their
performance in energy storage applications. Development of
advanced methods to prevent or minimize aggregation is
needed, such as surface functionalization with stabilizing
agents, or the use of novel dispersion techniques. The long-
term stability of MXenes under various conditions should be
investigated and the use of polymer coatings or other protective
layers explored to enhance their structural stability over time.

Oxidation resistance: MXenes are prone to oxidation,
especially when exposed to air or moisture, which can lead to
degradation of their electrochemical properties over time. We
need to design and synthesize MXenes with enhanced oxi-
dation resistance, such as through nitrogen or sulfur doping,
or by introducing protective layers that can effectively shield
the material from environmental factors. Detailed studies
should be conducted on the mechanisms of oxidation and pre-
dictive models developed to guide the optimization of oxi-
dation-resistant MXene materials.

Cost-effective production: The cost of transition metals used
in MXene synthesis can be high, impacting the overall cost-effec-
tiveness of MXene production. The etching process, particularly
when using hydrofluoric acid, is both expensive and hazardous.
Alternative, less expensive transition metals or development of
cheaper synthesis processes should be explored, such as solid-
state reactions or mechanochemical methods. The use of non-
toxic and environmentally friendly etchants to replace hydrofluo-
ric acid should be investigated, reducing the overall cost and
safety risks associated with large-scale production.

Environmental and safety concerns: The chemicals used in
the etching process, such as hydrofluoric acid, pose significant
safety and environmental risks. The disposal of these chemi-
cals can lead to hazardous waste, which is a major concern for
large-scale production. Greener synthesis methods are needed
that minimize the use of hazardous chemicals and reduce
waste generation. For example, we should investigate the use
of ionic liquids or green solvents in the etching process.
Additionally, there should be a focus on the recycling and
reuse of etchants to create more sustainable production pro-
cesses. Safety protocols and guidelines should be established
to ensure the safe handling and disposal of chemicals used in
MXene synthesis.

Manufacturing process refinement: The synthesis of
MXenes typically involves a top-down approach, such as selec-
tive etching of MAX phases, which can be complex and
requires precise control over conditions to ensure high yield
and quality. Optimization of the etching conditions can
achieve higher yields and better quality MXene materials.
Continuous production methods should be developed to scale
up the synthesis process, ensuring consistent quality and
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reduced production times. The integration of MXene synthesis
with existing industrial processes to minimize additional
capital and operational costs should be investigated.

Application-specific challenges: The performance of MXene
composite materials in specific applications, such as batteries
and supercapacitors, can vary depending on the fabrication
methods and the choice of composite materials. Tailoring the
synthesis and composite preparation methods can optimize
the performance for specific applications. For example, in
battery applications, there should be a focus on improving the
cycling stability and rate capability of MXene-based electrodes.
In catalytic applications, the role of different dopants and
surface modifications in enhancing catalytic activity and
selectivity could be investigated.
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