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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

This journal is © The Royal Society of Chemistry 2025

View Article Online

Review

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-
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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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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
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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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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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