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Abstract

This review provides a critical overview of MXenes, an innovative class of 2D transition
metal carbides, nitrides, and carbonitrides, emphasizing their synthesis, properties, and
application potential. We systematically examine synthesis methods, contrasting top-down
approaches with emerging green alternatives and bottom-up techniques, evaluating each
in terms of scalability, cost, and environmental impact. This paper highlights MXenes’
unique characteristics, including high electrical conductivity, tunable surface chemistry, and
structural versatility, which enable their use in energy storage, environmental remediation,
biomedicine, and electromagnetic shielding. Key challenges such as oxidative instability,
interfacial incompatibility, and hazardous etching processes are critically discussed. We
identify future research priorities, including defect-engineered stabilization, AI-optimized
manufacturing, and advanced integration protocols to bridge the gap between laboratory
breakthroughs and industrial deployment. By integrating these insights, this review offers
a roadmap for advancing MXenes from laboratory innovation to industrial application.

Keywords: MXenes; etching and exfoliation; surface chemistry; surface termination; surface
functionalization; hydrophilicity

1. Introduction
MXenes represent a novel class of 2D materials with the general chemical formula

Mn+1XnTx, where M is the early transition metal (Ti, V, Nb, Mo, etc.) that forms the
structural backbone, X is the carbon and/or nitrogen atoms that create strong covalent
bonds with M, n is the integer (1–4) representing the number of X layers between M layers,
and Tx; is the surface termination groups (–O, –OH, –F) introduced during synthesis. These
materials are derived from MAX phases (Mn+1AXn), where A is group 13–16 elements
(Al, Si, etc.) that are selectively etched out. The same M, X, and n variables apply as in
MXenes [1–3]. The transformation from MAX to MXene occurs through controlled etching
processes that remove the A layers while preserving the M-X framework. This creates
atomically thin sheets with (a) layered morphology: stacked 2D crystals with adjustable
interlayer spacing (0.3–1.2 nm), (b) functionalized surfaces: termination groups that dictate
chemical behavior, and (c) high surface area: theoretical values up to 300 m2/g for single
layers [4,5].

The etching process (originally using HF acid, now including safer alternatives) creates
surfaces that naturally terminate with –O, –OH, or –F groups, which influence electronic
properties (–O terminations enhance conductivity), chemical stability (–F groups improve
oxidation resistance), and hydrophilicity (–OH groups enable water dispersibility) [6].
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Since the first synthesis in 2011 (Ti3C2Tx from Ti3AlC2), the MXene family has grown
to include over 50 compositions with varying M and X combinations. Theoretical studies
suggest hundreds more are possible by combining different transition metals (M), adjusting
carbon/nitrogen ratios (X), and engineering termination group mixtures (Tx) [4]. This
structural versatility enables precise property tuning for applications ranging from energy
storage to biomedical devices, making MXenes one of the most adaptable material families
in nanotechnology [7].

What distinguishes MXenes from other 2D materials is their unique combination of
metallic conductivity (up to 15,000 S/cm), inherent hydrophilicity (contact angle < 10◦),
and mechanical robustness (Young’s modulus ~0.5 TPa) [2,8]. These properties stem from
their electronic structure, where transition metal d-orbitals enable charge transport, and
their tunable surface chemistry, which facilitates covalent functionalization impossible
in graphene [7]. Such characteristics have led MXenes into diverse applications ranging
from ultrahigh-capacity batteries (exceeding 1000 mAh/g) to biomedical sensors with
single-molecule detection capabilities [9,10].

The evolution of MXene research has progressed through three key phases: (1) initial
exploration of fundamental properties (2011–2015), (2) development of application-specific
modifications (2015–2020), and (3) current focus on solving scalability and stability chal-
lenges for commercialization. This review systematically examines these aspects, beginning
with a critical analysis of synthesis protocols, contrasting top-down etching (e.g., HF, molten
salts) with emerging bottom-up techniques like chemical vapor deposition (CVD). We then
explore the structure–property relationships that enable applications in energy storage,
electromagnetic interference (EMI) shielding (effectiveness > 60 dB at 1µm thickness), and
photothermal therapy. Despite remarkable progress, persistent challenges in oxidative
stability (<7 days in ambient air) and industrial-scale production (current cost > $500/g)
necessitate innovative solutions. Recent advances in atomic layer deposition coatings and
continuous flow reactors show promise for overcoming these limitations.

This review article brings together insights drawn mainly from existing review articles
and key findings from selected recent primary studies. By doing so, our goal is to provide
a clear and comprehensive overview of advances in MXene, as well as emerging directions
that appear across the literature. Unlike many previous reviews that focus solely on
either synthesis or applications, this work adopts an integrated perspective. We connect
synthesis, stability, and scalability, showing how processing choices impact long-term
performance, environmental footprint, safety, and cost. We also highlight practical solutions,
including protective coatings, self-passivating formulations, and continuous-flow reactors,
providing a roadmap for translating MXene research from the laboratory to industrial-scale
deployment.

This review concludes with a forward-looking perspective on MXene commercializa-
tion, emphasizing the need for cross-disciplinary collaboration to realize their potential in
addressing global energy and environmental challenges.

2. Synthesis and Manufacturing of MXenes
2.1. Top-Down and Bottom-Up Synthesis of MXenes

MXene synthesis strategies are broadly categorized into top-down and bottom-up
approaches, each offering distinct advantages for different applications [11]. The top-
down approach involves selectively etching the A element from MAX phases, while the
bottom-up approach constructs MXenes atom by atom without relying on MAX phases.

Top-down synthesis is the most widely used method for MXene production due to its
simplicity and reliability. This process involves chemically etching the ‘A’ element from
MAX phase precursors (typically Ti3AlC2, Mo2TiAlC2, etc.) using HF acid or alternative
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etchants like fluoride salts (NH4HF2) or molten salts (ZnCl2), resulting in layered transition
metal carbides or nitrides. In typical laboratory procedures, 1 g of Ti3AlC2 MAX phase
is immersed in 20–50 mL of 10–50 wt.% HF at 25–40 ◦C for 24–48 h under continuous
stirring (300–500 rpm), followed by multiple washing and centrifugation cycles (3500 rpm
for 5–10 min per cycle) until it reaches neutral pH (6–7) [12]. This three-stage process
begins with high-purity MAX phase synthesis (1350–1600 ◦C), followed by selective A-
layer removal (48 h in 10–50% HF), and concludes with delamination via intercalation and
sonication (30–60 min at 100 W) to yield single-layer flakes [13]. Typical yields of delam-
inated MXene from MAX precursors range between 35–50 wt.%, depending on etchant
concentration and washing efficiency [14]. Recent advances in continuous flow reactors
have scaled production to 100 g batches while maintaining flake uniformity (D90 < 2 µm)
and controlled surface terminations (–O/–OH ratio).

In contrast, bottom-up techniques like chemical vapor deposition (CVD) and molec-
ular beam epitaxy (MBE) enable atomic-level precision for specialized applications but
remain limited by low yields (<100 mg/batch) and high equipment costs (>$1 M). These
methods excel in creating heterostructures (MXene/graphene) and defect-free monolayers
for electronic applications but face significant scalability challenges [14]. Despite its poten-
tial, bottom-up synthesis faces significant challenges, including higher costs and difficulties
in scaling up production. As a result, it is primarily limited to laboratory-scale research or
the development of novel MXene variants [15]. Table 1 below summarizes key differences
among top-down, bottom-up, and advanced synthesis methods of MXene.

Table 1. Comparative analysis of MXene synthesis methods [13,16,17].

Parameter Top-Down Bottom-Up Advanced Methods

Process Acid etching of MAX
phases + delamination

Atomic assembly
(CVD/MBE)

Electrochemical/molten
salt etching

Yield 10–100 g/batch <100 mg/batch 1–10 g/batch (pilot scale)

Flake Quality 0.1–5 µm, moderate defects 1–50 µm, low defects 0.5–10 µm, controlled
defects

Termination Control Moderate (–O/–OH ratio) Excellent (atomic
precision) Good (tunable termination)

Equipment Cost 50 k−200 k 500 k−2 M 100 k−500 k

Scalability Industrial-ready Lab-scale only Pilot-scale demonstrated

Advantages
• Simple protocol

• High yield
• Reliable

• Atomic precision
• Excellent crystallinity
• Pure terminations

• Safer chemicals
• Better environmental

profile
• Good control

Disadvantages
• Toxic etchants
• Batch variability
• Edge defects

• Extremely costly
• Very low throughput
• Limited compositions

• Immature technology
• Lower yields

• Specialized equipment

Best For
Bulk applications:

• Conductive coatings
• Energy storage electrodes

Precision applications:
• Nanoelectronics
• Quantum devices

Emerging applications:
• Biomedical

• Wearable sensors

TRL * 6–7 (pilot production) 3–4 (lab demonstration) 4–5 (lab-to-pilot transition)
* Technology Readiness Level (TRL).

Emerging hybrid approaches combine both paradigms, using top-down flakes as
seeds for bottom-up lateral growth, to achieve both scalability and atomic precision. Re-
cent hybrid protocols have employed plasma-enhanced CVD (PECVD) at 600–700 ◦C
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with 20–50 sccm precursor flow for 30–45 min to deposit uniform layers on pre-etched
MXene flakes, achieving sub-nanometer thickness control [18]. Researchers focus on
plasma-enhanced CVD for roll-to-roll production and machine-learning-optimized etching
parameters to bridge the gap between laboratory research and industrial deployment. The
choice between methods ultimately depends on application requirements: top-down for
bulk applications like conductive coatings or energy storage, and bottom-up for precision
applications in nanoelectronics or quantum devices. These emerging advanced MXene
synthesis methods, including bottom-up, hybrid, and green approaches, offer unique
advantages and challenges compared to conventional top-down etching. Bottom-up tech-
niques such as CVD and MBE provide atomic-level control over stoichiometry, defect
density, and heterostructure formation, making them ideal for electronic, optoelectronic,
and quantum device applications. However, these methods are limited by low yields
(<100 mg/batch), extremely high equipment costs, and scalability challenges, restricting
their use primarily to laboratory-scale research [4]. Hybrid approaches provide a balance
between scalability and atomic precision. These methods enable control over flake size
and surface terminations, making them suitable for energy storage, flexible electrodes, and
catalytic applications. However, multi-step complexity and limited reproducibility remain
key concerns [19]. Environmentally friendly or “green” methods, including electrochemical
etching in mild electrolytes, molten salt etching, and hydrothermal alkaline etching, reduce
or eliminate the use of hazardous HF and offer safer and more sustainable alternatives.
While these approaches produce MXenes with unique surface chemistries (e.g., Cl− or
OH– terminated) suitable for biomedical, environmental, or aqueous applications, they
face challenges in controlling yield, flake size distribution, and termination uniformity [20].
Ongoing research aims to reduce the environmental impact of top-down synthesis while
improving the throughput of bottom-up methods, to make MXene manufacturing both
sustainable and economically viable across all scales.

2.2. Etching Techniques and Layer Exfoliation

The controlled removal of A-layers from MAX phases represents a fundamental step
in MXene synthesis, with the etching process directly influencing the material’s structural
integrity, surface chemistry, and ultimate performance characteristics. This transformation
from 3D MAX to 2D MXene involves careful optimization of both chemical and physical
parameters to balance efficiency with material quality.

2.2.1. Conventional Etching Methods

HF-based etching remains the most widely adopted approach due to its high effi-
ciency and reliability. In standard protocols, MAX phases undergo 24–48 h treatments
with 10–50% HF solutions at 25–40 ◦C, achieving near-complete A-layer removal while
preserving the Mn+1Xn framework [21]. This method consistently produces MXenes with
excellent crystallinity and controllable surface terminations (–O, –OH, –F mixtures). Typ-
ically, 1 g of Ti3AlC2 MAX phase is treated with 20–50 mL of HF (10–50 wt.%), followed
by centrifugation (3500 rpm, 5 min, repeated until pH 6.5–7.0). The resulting multilayer
Ti3C2Tx is vacuum-dried at 60 ◦C for 12 h, and subsequent delamination using intercalants
yields approximately 40 ± 5% monolayer flakes [22,23]. However, significant challenges
persist regarding HF’s extreme toxicity (requiring specialized handling equipment) and the
generation of hazardous fluoride waste streams (AlF3, HF gas) [16]. Modified approaches
using in situ HF generation (NH4HF2 or LiF/HCl mixtures) reduce direct HF handling
but still face scalability limitations due to batch-to-batch variability in flake size (0.5–5 µm
range) and termination group distribution. In typical in situ HF synthesis, 1 g MAX phase
is added to a solution containing 1.5 g LiF and 20 mL of 9 M HCl, and stirred at 35 ◦C for
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24–36 h. The reaction yields approximately 40–50% delaminated Ti3C2Tx MXene, predomi-
nantly terminated with –O and –F groups [24,25]. A typical HF-based etching of Ti3AlC2

MAX phase is shown in Figure 1.

Figure 1. HF/H2O-based etching of Ti3AlC2 MAX phase. Reproduced with permission from [26].

2.2.2. Advanced Etching Techniques

Recent innovations in etching chemistry have introduced several environmentally
conscious alternatives [17].

• Electrochemical etching applies 1–5 V potentials in mild electrolytes like NH4Cl,
achieving 90% Al removal without fluoride byproducts while enabling real-time
process monitoring. Typical electrochemical etching experiments in the literature
employ voltages of ~1.0–2.0 V at ~30–40 ◦C for ~24–36 h, followed by water rinsing
and mild sonication [27]. This method shows promise for scaling, with pilot systems
demonstrating 100 g/batch capacity [28].

• Molten salt etching utilizes ZnCl2/NaCl eutectic mixtures at 500–700 ◦C to eliminate
fluoride use, producing MXenes with unique Cl terminations that enhance stability in
aqueous environments [29]. The solid residue is subsequently washed with 1 M HCl
and DI water to remove unreacted salts and neutralized to pH 7 [30].

• Hydrothermal alkaline etching employs NaOH solutions at 150–200 ◦C to create
OH-rich surfaces ideal for biomedical applications, though with reduced crystallinity
compared to HF-etched materials [31]. Typical yields range from 25–35%, depending
on NaOH concentration and reaction temperature.

While these advanced methods address critical environmental and safety concerns,
they currently lag in termination control precision and production throughput compared
to conventional approaches.

2.2.3. Layer Exfoliation

Layer exfoliation is a complementary step to etching, which involves the separation of
MXene layers into single- or few-layer forms. Post-etching processing transforms multilayer
MXene assemblies into functional 2D materials through three key steps:

• Intercalation with organic compounds like TMAOH or DMSO expands interlayer
spacing from 0.3 nm to > 1 nm, weakening van der Waals forces.

• Sonication (30–60 min at 50–100 W) provides mechanical energy to separate lay-
ers while minimizing defect formation. Probe sonication promotes higher yields of
monolayer MXene flakes (up to ~70%), whereas bath sonication generally produces
larger flakes, but with lower monolayer content. This behavior is consistent with
observations in the exfoliation of Ti3C2Tx and other 2D materials [25,32].

• Centrifugation (3000–5000 rpm) isolates size-specific fractions, enabling selection
of monolayer-rich suspensions for high-performance applications. The resulting
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MXene colloids typically show concentrations of 2–5 mg/mL and lateral flake sizes of
0.5–5 µm, depending on sonication intensity [33].

These processes are essential for enhancing functional properties such as surface
area and reactivity, which are critical for applications in energy storage, catalysis, and
beyond [34]. Table 2 presents a comparative analysis of different MXene production
methods, including HF etching, the Electrochemical method, and Molten salt method.

Table 2. Comparative Analysis of MXene Production Methods [35–37].

HF Etching Electrochemical Molten Salt

Toxicity Extreme Low Moderate

Byproducts Hazardous
fluorides Minimal Salt residues

Termination
Control Excellent Good Fair

Batch Size 10–100 g 5–50 g 1–10 g

Energy
Consumption 50 kWh/kg 80 kWh/kg 120 kWh/kg

Best Applications Energy storage Biomedical Harsh
environments

The selection of etching and exfoliation protocols must consider end-use requirements.
HF methods remain dominant for energy storage applications where performance out-
weighs environmental concerns, while electrochemical routes gain traction in biomedical
fields demanding cleaner materials. Ongoing research focuses on hybrid approaches com-
bining the precision of advanced etching with the scalability of conventional methods
through automated flow systems and machine-learning optimized parameters. Future
breakthroughs in plasma-assisted exfoliation and continuous processing may further bridge
the gap between laboratory synthesis and industrial-scale MXene production.

2.3. Scale-Up and Challenges in Industrial Production

The commercialization of MXenes faces many critical challenges that must be ad-
dressed for successful industrial adoption. Scalability and high-yield production remain
constrained by the limitations of batch processing, particularly in HF-based top-down
synthesis, where safety requirements restrict reaction volumes to <5 L. Continuous flow
reactors emerge as a viable solution, demonstrating 100 g/h. throughput with ±0.2 µm
flake size consistency through precise control of temperature (±1◦C) and etchant concentra-
tion (± 0.1 M) [38]. Alternative MAX phase precursors like Mo2TiAlC2 show promise with
40% faster etching kinetics, while hybrid molten salt-electrochemical approaches eliminate
HF use while maintaining 85% yields [39]. For consistency in material quality, advanced
process monitoring techniques, including in situ Raman spectroscopy and AI-driven feed-
back systems, have reduced batch-to-batch property variations by 70% in pilot production,
though challenges remain in standardizing flake morphology (D90 < 2 µm) and surface
chemistry (–O/–OH ratio ± 5%) across industrial-scale batches [9]. The most pressing
challenge lies in oxidation and long-term stability, where unprotected MXenes lose 50%
conductivity within 72 h under ambient conditions [40].

Beyond technical limitations, industrial scale-up introduces cost, environmental, and
safety constraints that must be critically considered. Production costs are presently dom-
inated by precursor synthesis (~40%), etching reagents (~30%), and waste treatment
(~20%) [20]. The widespread reliance on HF or LiF/HCl mixtures poses significant occupa-
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tional and environmental hazards, necessitating stringent containment, corrosion-resistant
reactors, and dedicated neutralization systems. Improper handling can generate toxic
fluoride waste, and large-scale operations risk effluent contamination if not integrated with
closed-loop recovery systems capable of >90% reagent recycling [41,42]. Moreover, energy-
intensive washing and delamination steps contribute substantially to both carbon footprint
and water use. To ensure sustainability, life-cycle assessments of MXene production must
quantify and minimize solvent and by-product emissions. Waste management and safety
protocols should be standardized through industrial guidelines specifying effluent fluoride
limits (<15 mg/L) and worker exposure thresholds. Substitution of HF with molten salt,
alkali, or electrochemical etching routes can significantly mitigate toxicity while enhancing
recyclability [43].

Looking ahead, the MXene industry must develop: (1) reactors capable of 100+ kg/day
production, (2) closed-loop chemical recovery systems (>90% etchant recycling), and
(3) application-specific stabilization protocols. With current progress, MXenes are pro-
jected to reach industrial cost targets (<$100/g) within 5–7 years, enabling their integration
into next-generation energy storage, smart coatings, and advanced electronics. The path for-
ward requires coordinated efforts between materials scientists to optimize intrinsic stability,
chemical engineers to scale production, and manufacturers to develop appropriate handling
and storage protocols. Actionable steps include implementing modular continuous reactors,
scaling green etchants such as molten salts and deep eutectic solvents, and incorporating
AI-driven process optimization for resource efficiency. Emerging self-passivating MXene
formulations and AI-optimized processing parameters represent particularly promising
directions to simultaneously address both performance and scalability challenges.

3. Structural and Physical Properties of MXenes
MXenes represent a paradigm-shifting class of two-dimensional materials, distin-

guished by their unparalleled combination of intrinsic properties and tunable characteris-
tics [23]. At the atomic level, their unique crystallographic structure, comprising transition
metal (M) layers sandwiched between carbon/nitrogen (X) sheets with surface terminations
(Tx), confers exceptional versatility. By strategically selecting M elements (Ti, V, Mo, etc.),
X components (C, N, or mixed CN), and termination groups (–O, –OH, –F), researchers
can precisely engineer MXenes with tailored electronic properties, mechanical behavior,
chemical functionality (tunable hydrophilicity), and optical responses [44]. Table 3 provides
an overview of various MXene materials, highlighting their structure, key properties, and
applications. As detailed in Table 3, this compositional flexibility has yielded over 50
experimentally confirmed MXenes, each exhibiting distinct property profiles optimized for
specific applications. For instance, Ti3C2Tx’s metallic conductivity makes it ideal for elec-
tromagnetic shielding, while Mo2CTx’s catalytic activity drives breakthroughs in hydrogen
evolution reactions.

This section systematically examines four fundamental aspects governing MXene
performance:

• Crystallographic architecture: How the hexagonal P63/mmc symmetry and inter-
layer spacing (0.3–1.2 nm) enable unique phenomena like anisotropic conduction and
selective ion intercalation.

• Electronic and optical phenomena: The interplay between transition metal d-orbitals
and surface terminations produces exceptional optoelectronic properties, from infrared
plasmonics to quantum confinement effects.

• Thermal and chemical behavior: Remarkable stability ranges (up to 1000 ◦C in inert
atmospheres) and reactive sites that facilitate applications from high-temperature
coatings to catalytic converters.
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• Surface engineering: How termination groups dictate interfacial interactions, from su-
perhydrophilic membranes to corrosion-resistant coatings, with atomic-scale precision.

Table 3. Overview of MXene materials, structure, properties, and key applications.

MXene Material Formula Structure/Phase Surface
Termination Key Properties Key Applications Ref

Titanium
Carbide Ti3C2Tx

2D layered
(Hexagonal) –OH, –O, –F

• Metallic
conductivity

(6000–8000 S/cm)
• Hydrophilic

(contact angle < 10◦)

• Li/Na-ion batteries
• EMI shielding

• Water purification
membranes

[45,46]

Titanium
Carbonitride Ti2CTx/Ti2CxNt−xTx 2D layered –OH, –O, –F

• Tunable bandgap
(0.5–1.2 eV)

• High capacitance
(1500 F/cm3)

• Supercapacitors
• Electrocatalysis

(ORR, HER)
• Gas sensors

[47–49]

Niobium
Carbide Nb2CTx/Nb4C3Tx

2D layered
(Hexagonal) –OH, –O, –F

• High
pseudocapacitance
• Excellent HER

activity
(η10 = 120 mV)

• Supercapacitors
• Hydrogen
production
• Conductive

coatings

[50,51]

Vanadium
Carbide V2CTx/V4C3Tx

2D layered
(Hexagonal) –OH, –O, –F

• High electronic
conductivity
• Redox-active

surface

• Battery anodes
• Electrochemical

sensors
• Catalysis (CO2

reduction)

[52–54]

Molybdenum
Carbide Mo2CTx 2D layered –OH, –O, –F

• Extreme stability
(up to 500 ◦C)
• Low HER

overpotential
(η10 = 90 mV)

• Fuel cells
• Water splitting

• Corrosion-resistant
coatings

[55,56]

Chromium
Carbide Cr2CTx 2D layered –OH, –O, –F • Anti-corrosion

• Magnetic ordering

• Protective coatings
• Spintronics
• Catalysis (N2

fixation)

[5,57]

Zirconium
Carbide Zr3C2Tx 2D layered –OH, –O, –F

• High thermal
conductivity

(≈50 W/m·K)
• Radiation
shielding

• Nuclear reactors
• Aerospace

materials
• Thermal

management

[58,59]

Hafnium
Carbide Hf3C2Tx 2D layered –OH, –O, –F

• Ultra-high temp.
stability (>1000 ◦C)

• Neutron
absorption

• Hypersonic
vehicles

• Nuclear shielding
• Extreme-

environment
electronics

[60,61]

Tantalum
Carbide Ta4C3Tx 2D layered –OH, –O, –F

• Chemical inertness
• Plasmonic

behavior

• Biomedical
implants

• Optical sensors
• High-temp.

catalysis

[62,63]

Niobium Nitride Nb2NTx 2D layered –OH, –O, –F
• Superconductivity

(T_c ≈ 5 K)
• High hardness

• Quantum
computing

• Superconducting
wires

• Wear-resistant
coatings

[64–66]

Vanadium
Nitride V2NTx 2D layered –OH, –O, –F

• Metallic
conductivity
• High Li-ion

storage capacity

• Fast-charging
batteries

• Plasmonic devices
• Electrochromic

windows

[52,67,68]

The structure–property relationships explored here explain MXenes’ current tech-
nological impact and provide a roadmap for designing next-generation variants with
customized performance characteristics. Recent advances in computational materials de-
sign and atomic-scale characterization are now enabling property prediction and control
with better accuracy, opening new frontiers in 2D materials science.
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3.1. Crystallographic Structure and Layered Morphology
3.1.1. Structural Transformation from MAX Phases

MXenes derive their fundamental structure from parent MAX phases, which fea-
ture a hexagonal P63/mmc crystal symmetry with alternating layers of transition metal
carbides/nitrides (Mn+1Xn) and group 13–15 elements (A). The selective removal of
layer A through etching processes transforms this three-dimensional structure into two-
dimensional MXenes while preserving the strong M–X covalent bonding network. This
structural evolution maintains the original MAX phase’s in-plane lattice parameters (typi-
cally 3.0–3.3 Å) while creating adjustable interlayer spacing along the c-axis. The resulting
materials exhibit a unique combination of properties: strong in-plane covalent bonds pro-
vide mechanical stability, while weaker van der Waals interactions between layers enable
controlled exfoliation [69]. This architecture permits the production of single-layer flakes
with lateral dimensions up to several micrometers while maintaining excellent crystallinity.
These different types of layered structures for MXene are shown in Figure 2.

 

Figure 2. Types of layered structures. Reproduced with permission from [70].

3.1.2. Interlayered Spacing and Tunability

The interlayer spacing in MXenes serves as a critical design parameter that can be
precisely modulated through several approaches. Surface termination groups exert sig-
nificant influence, with –O groups typically reducing spacing to approximately 0.9 nm
while –OH terminations expand to 1.1 nm. Intercalation of various cations offers another
control mechanism-Li+ ions yield spacings around 1.2 nm compared to 1.8 nm for larger
tetraalkylammonium ions. Hydration state further affects this parameter, with dry films
contracting to 0.8 nm while aqueous dispersions can reach 2.0 nm spacing. This tunability
enables optimization for specific applications: energy storage devices benefit from 1.4 nm
spacing that maximizes Li+ diffusion rates (D ≈ 10−9 cm2/s), while molecular separation
membranes require precise 0.6–0.8 nm spacing for ion selectivity. Expanded 2.0 nm spacing
has proven particularly valuable for catalytic applications by exposing additional active
edge sites [71].

3.1.3. Role of Defects in Performance

Defects in MXenes, including vacancies, edge distortions, and stacking faults, play a
dual role in material performance. While excessive defects can compromise mechanical
stability, controlled defect engineering at 5–15% concentrations can significantly enhance
functional properties. Metal (M) vacancies created through controlled over-etching have
been shown to triple the hydrogen evolution reaction (HER) activity compared to pristine
samples. Carbon/nitrogen (X) vacancies introduced via high-temperature annealing can
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double Li+ storage capacity in battery applications. Edge defects generated by plasma
treatment markedly improve pseudocapacitive behavior, while stacking faults created
during delamination provide additional gas adsorption sites [72].

3.1.4. Thickness and Layer Control

Precise control over MXene flake thickness has emerged as a crucial factor in property
optimization. Single-layer MXenes (0.8–1.2 nm thick) exhibit exceptional characteristics,
including theoretical surface areas of 300–500 m2/g and optical transparency exceeding 90%
at 550 nm for 10 nm films, making them ideal for transparent conductors and molecular sen-
sors. Few-layer stacks (2–5 layers) balance high in-plane conductivity (8000–12,000 S/cm)
with mechanical robustness (50–80 GPa modulus), suitable for flexible electronics and EMI
shielding. Multilayer assemblies (>10 layers) demonstrate impressive compressive strength
(1–3 GPa) and thermal conductivity (50–100 W/mK in-plane), valuable for structural com-
posites and thermal management systems [73,74]. Advanced delamination techniques such
as electrochemical intercalation and supercritical CO2 processing now enable thickness con-
trol with ± 0.5-layer precision, opening new possibilities for application-specific material
design [75].

3.2. Electronic, Optical, and Mechanical Properties
3.2.1. Exceptional Electrical Conductivity

MXenes represent a breakthrough class of conductive 2D materials, exhibiting metallic
conductivity that rivals graphene while maintaining solution processability. The highest
reported values reach 20,000 S/cm for carefully prepared Ti3C2Tx flakes, surpassing most
conventional conductive materials [76]. This remarkable conductivity originates from the
unique electronic structure of transition metal carbides/nitrides, where partially filled
d-bands create a high density of states near the Fermi level. The conductivity can be
systematically tuned through three primary mechanisms: (1) selection of transition metal
(Nb-based MXenes typically outperform Ti-based ones), (2) control of surface termination
(–O enhances while –F reduces conductivity), and (3) optimization of flake size and ori-
entation in films. These properties have enabled transformative applications, including
transparent electrodes achieving 80% transparency at 10 Ω/sq, EMI shielding materials
with >60 dB attenuation at just 1 µm thickness, and high-performance microsupercapacitors
demonstrating areal capacitance exceeding 500 mF/cm2 [77]. Recent advances in defect
engineering through nitrogen doping have pushed conductivity even higher, with Mo2CTx

reaching 22,000 S/cm through controlled carrier concentration enhancement [78].

3.2.2. Tunable Optical Behavior

MXenes exhibit extraordinary optical properties spanning the ultraviolet to terahertz
spectral regions, governed by three fundamental light-matter interaction mechanisms.
Interband transitions create strong absorption edges that can be chemically tuned from
1.5–3.5 eV by varying the transition metal composition [79]. Surface plasmon resonances
in the near-infrared (600–1200 nm) provide intense, localized field enhancement ideal for
photothermal applications. Additionally, characteristic phonon modes in the infrared region
serve as fingerprints for material identification. This unique combination enables diverse
technological applications. Surface termination engineering allows precise spectral tuning,
with oxygen termination blueshifting plasmon peaks by 150 nm compared to fluorine-
terminated counterparts, enabling application-specific design of optical properties [70].

3.2.3. Remarkable Mechanical Performance

MXenes, despite being only a few atoms thick, display mechanical performance that
often surpasses that of other 2D materials. Their unusual bonding arrangement is central
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to this behavior. Strong covalent M-X bonds within each layer contribute to stiffness and
strength, while weak van der Waals forces between layers allow them to bend and flex. This
balance of rigidity and flexibility becomes especially valuable when MXenes are integrated
into composites [80]. For example, introducing as little as 0.5 wt.% of MXene into a polymer
matrix can double its tensile strength, while ceramic systems reinforced with MXenes have
shown up to a threefold increase in fracture toughness [81]. Coatings enriched with MXenes
also offer striking improvements, with wear resistance reported to be nearly an order of
magnitude higher than that of conventional coatings. Another exciting development is
the creation of MXene aerogels, which retain their structural integrity even after 90%
compressive strain, making them excellent candidates for impact-absorbing and flexible
devices. Because they uniquely combine mechanical resilience with electrical conductivity,
MXenes are emerging as a prime material for applications in flexible electronics where both
toughness and conductivity are critical [82].

3.3. Thermal Stability and Chemical Reactivity
3.3.1. Thermal Stability

MXenes are remarkably thermally robust, retaining their structure at temperatures
between 400 and 800 ◦C under inert conditions, which is well above the stability limits of
most other 2D materials. This resilience is largely attributed to the strong covalent bonds
between the transition metal and carbon/nitrogen (M–X) [83]. Moreover, their thermal sta-
bility can be adjusted through surface chemistry. For instance, oxygen-terminated MXenes
such as Ti3C2Ox remain intact beyond 500 ◦C in argon, whereas hydroxyl-rich variants
begin to degrade at much lower temperatures, around 200–300 ◦C. The breakdown pro-
cess typically follows three stages: first, the removal of surface terminations (200–400 ◦C);
second, oxidation of the MXene layers (400–600 ◦C); and finally, transformation into metal
oxides at temperatures above 600 ◦C. This progressive degradation pathway makes MXenes
particularly suited for specialized uses, including high-temperature sensing in industrial
settings and protective thermal coatings in aerospace applications [84].

3.3.2. Thermal Conductivity

MXenes exhibit highly anisotropic thermal transport, a direct consequence of their
layered structure. The thermal properties of a few typical MXene materials, along with
a comparison to Graphene, are provided in Table 4. As shown in Table 4, their thermal
properties vary significantly depending on direction. This unique behavior and excel-
lent electrical conductivity make MXenes a strong contender for next-generation thermal
management technologies. Heat flow within the plane of the layers is relatively high,
typically ranging from 50 to 200 W/mK, due to the combined contributions of electrons
and phonons. In contrast, cross-plane transport is much weaker, only about 1–5 W/mK,
and is largely governed by phonon interactions. Importantly, surface chemistry provides
an additional handle for tuning these properties: oxygen terminations tend to improve
thermal conductivity, whereas fluorine groups generally suppress it [85].



Materials 2025, 18, 4894 12 of 29

Table 4. Thermal Properties of Representative MXenes [86–88].

Property Ti3C2Tx Mo2CTx Nb2CTx
Comparison to

Graphene

In-Plane κ (W/m·K) 110 85 180 20–50% of graphene

Cross-Plane κ
(W/m·K) 2.5 1.8 3.1 Comparable

Thermal Stability (◦C) 450 600 550 Superior to most 2D

κ Reduction at
5% defects 35% 40% 30% More defect-tolerant

3.3.3. Tunable Chemical Reactivity

MXenes display highly adaptable chemical reactivity, which is primarily influenced by
three interconnected factors. First, the d-orbital electrons of the transition metals provide
multiple electronic states near the Fermi level that promote active interactions. Second, the
nature of the surface terminations creates varying polarization effects that strongly impact
reactivity. Third, defects within the structure act as additional active sites that further
enhance catalytic behavior. By tailoring these features through surface engineering, the
chemical activity of MXenes can be precisely tuned, as reflected in the diverse catalytic
performances reported for differently terminated systems [89,90].

Recent advances have demonstrated termination-switchable MXenes that dynami-
cally adapt their surface chemistry in response to environmental stimuli, opening new
possibilities in smart catalysts and responsive materials [91]. The combination of thermal
stability and chemical versatility positions MXenes as a transformative materials platform
for applications under demanding conditions.

3.4. Surface Chemistry and Hydrophilicity
3.4.1. Engineered Surface Terminations

MXenes possess a remarkable level of tunability in their surface chemistry, primarily
governed by the type and ratio of termination groups such as –O, –OH, and –F. The distri-
bution of these groups is strongly influenced by the synthesis pathway. HF acid etching
often produces surfaces rich in fluorine terminations (around 60%), whereas hydrothermal
approaches favor hydroxyl groups (close to 80%) [92]. Through post-synthesis modifica-
tions, intermediate or tailored termination ratios can be achieved with precision. Each
termination type imparts distinct functionalities, oxygen groups improve electrical trans-
port by enabling efficient conduction channels, hydroxyl groups promote high wettability
due to hydrogen bonding interactions, and fluorine terminations enhance resistance to
environmental degradation, albeit sometimes at the cost of lowering electrochemical reac-
tivity by passivating active sites. Cutting-edge tools, such as in situ XPS and STEM-EELS,
have further shown that these groups are not uniformly dispersed but rather assemble into
nanoscale domains, ultimately dictating the overall material performance [93,94].
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3.4.2. Controlled Hydrophilicity

The strong water affinity of MXenes arises from the combination of their polar sur-
face terminations and their layered architecture, which can incorporate interlayer water
molecules. Together, these features give MXenes some of the highest levels of hydrophilicity
reported for two-dimensional materials, often exhibiting contact angles below 5◦ [5,95].
This property provides several advantages: they can exfoliate in aqueous media without
the need for surfactants, form robust interfaces in composite systems, and show good
compatibility for bio-related applications. On the other hand, when moisture resistance is
needed, the surface can be engineered through passivation approaches such as alkylsilane
modification or polymer coatings. These methods allow control of wettability over a broad
range up to about 150◦, while maintaining the intrinsic properties of the bulk material [96].

3.4.3. Tunable Surface Chemistry

The true versatility of MXene surface chemistry emerges through post-synthetic modi-
fication techniques that enable dynamic property control. Chemical vapor functionalization
can uniformly replace –F groups with –NH2 or –SH moieties, while plasma treatments can
pattern surfaces with micron-scale resolution. Electrochemical methods offer particularly
precise control, allowing real-time adjustment of termination ratios during device operation,
a capability exploited in smart membranes that change permeability in response to ap-
plied potentials. Most remarkably, recent work has demonstrated light-responsive MXenes
where UV irradiation triggers reversible termination changes, enabling surfaces that can
switch between hydrophilic and hydrophobic states on demand. These advanced surface
engineering approaches, combined with MXenes’ intrinsic stability, create unprecedented
opportunities for designing interfaces with precisely tailored interactions [97].

4. Applications of MXene Materials
MXenes have demonstrated exceptional versatility across a broad range of applications,

as illustrated in Figure 3. Their unique combination of properties enables transformative
performance in several key technological domains. In energy storage, MXenes excel as
electrode materials for high-performance batteries and supercapacitors, offering superior
conductivity and rapid ion intercalation. For electromagnetic interference (EMI) shielding,
their metallic conductivity and layered structure create highly effective, lightweight barriers.
Sensing and biomedical applications benefit from MXenes’ tunable surface chemistry and
biocompatibility, enabling advanced biosensors and therapeutic platforms. Environmental
applications, particularly water purification and air filtration, leverage their high surface
area and selective adsorption capabilities. Emerging applications in catalysis exploit the
materials’ abundant active sites, while their photothermal conversion efficiency enables
innovative medical therapies. Each of these application areas capitalizes on distinct aspects
of MXenes’ structural and electronic properties, demonstrating their potential to address
critical challenges across multiple disciplines. The following sections will examine these
applications in detail, highlighting both current achievements and future opportunities for
technological advancement.
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Figure 3. Applications of MXene in various sections.

4.1. Energy Storage in Batteries and Supercapacitors

MXenes have revolutionized energy storage technologies by combining exceptional
electrical conductivity, tunable surface chemistry, and a layered structure that facilitates
rapid ion transport. These properties make them ideal for high-performance batter-
ies and supercapacitors, addressing critical challenges in power density, cycle life, and
charge/discharge rates [98].

In lithium-ion batteries (LIBs), MXenes enhance both anode and cathode performance.
Their layered architecture allows efficient lithium-ion intercalation, while their metallic
conductivity ensures minimal energy loss during electron transfer. MXene-based electrodes
demonstrate remarkable structural stability, enabling over 1000 charge/discharge cycles
with negligible capacity degradation [99]. For sodium- and potassium-ion batteries, MXenes
overcome the limitations posed by larger ion radii through their adjustable interlayer
spacing (∼1 nm) and defect-tolerant surfaces. This makes them promising candidates for
grid-scale energy storage, where cost-effectiveness and sustainability are paramount [100].

Supercapacitors benefit equally from MXenes’ unique properties. Their hydrophilic
surfaces and ultrahigh volumetric capacitance (up to ~1500 F/cm3 in optimized MXene
hydrogels/films) enable intimate electrolyte contact, while their pseudocapacitive behav-
ior, driven by reversible redox reactions at surface sites, boosts energy density beyond
conventional carbon-based materials [101]. Such capabilities are critical for applications
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demanding rapid energy bursts, such as electric vehicle acceleration or industrial machin-
ery [102]. Table 5 presents key advantages over conventional materials.

Table 5. Key Advantages of MXene Over Conventional Materials [103–105].

Property MXenes Traditional Electrodes (e.g.,
Graphite, Activated Carbon)

Conductivity 15,000+ S/cm 100–1000 S/cm

Ion Diffusion Fast (interlayer spacing
~1 nm)

Slower (limited by bulk
diffusion)

Surface Chemistry Tunable terminations
(–O, –OH) Fixed (inert)

Mechanical Flexibility Retains performance
under bending

Often brittle or prone to
cracking

While MXenes outperform many conventional electrode materials, such as activated
carbon, graphene, and transition-metal oxides, in terms of electrical conductivity, rate capa-
bility, and mechanical flexibility, there are several limitations associated with them [106].
MXene exhibits higher synthesis costs and susceptibility to oxidation during long-term
cycling in comparison with activated carbon [103]. Graphene electrodes are lightweight
and stable but offer lower ion intercalation efficiency due to limited surface terminations.
In contrast, MXenes enable rapid ion transport but require improved electrolyte com-
patibility and oxidation resistance for prolonged performance in humid or high-voltage
environments [98].

A comparison of the performance of MXene-based electrodes with other conventional
materials is given in Table 6 below.

Table 6. Comparison of the performance of MXene-based electrodes with conventional materials.

Material Type
Specific

Capacitance
(F g−1)

Electrical
Conductivity

(S cm−1)
Key Advantages Major Limitations Ref

MXene (Ti3C2Tx) 400–700 103–104
High conductivity, fast

ion transport, and
mechanical integrity

Oxidation
sensitivity, costly

synthesis
[107,108]

Activated
Carbon 80–150 <102 Low cost, stable Low capacitance,

poor rate capability [109]

Graphene 200–350 103–104 High conductivity,
Light weight

Limited redox
activity, aggregation [110]

4.2. Electromagnetic Interference (EMI) Shielding

The rapid proliferation of wireless devices and high-frequency communication sys-
tems has intensified EMI challenges, threatening the performance and reliability of mod-
ern electronics. MXenes have emerged as exceptional EMI shielding materials due to
their unparalleled combination of metallic conductivity and layered morphology, which
synergistically attenuates electromagnetic waves through both absorption and reflection
mechanisms [111]. Unlike conventional metal-based shields, MXene films achieve superior
shielding effectiveness (SE > 60 dB at thicknesses < 1 µm) while remaining remarkably
lightweight, a critical advantage for aerospace and automotive applications where weight
reduction is paramount [112]. In satellite systems, for instance, MXene coatings provide
40% better specific shielding effectiveness (SSE/density) than traditional copper foils, with-
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out compromising structural payload constraints. The telecommunications sector benefits
from MXenes’ ability to suppress crosstalk between densely packed components, ensuring
signal integrity in 5G networks and high-frequency processors [113].

For wearable electronics, MXenes offer transformative potential by combining flexibil-
ity (>10,000 bending cycles without performance degradation) with seamless integration
into textiles. Their solution processability enables direct incorporation into fabrics, creating
smart garments that simultaneously shield users from electromagnetic exposure (SAR
reduction > 90%) and maintain device functionality in smartwatches and medical sensors.
This dual functionality addresses growing concerns about prolonged electromagnetic field
exposure while enabling next-generation wearable technologies [114].

The unique properties of MXenes position them as next-generation solutions for EMI
challenges across industries, from aerospace engineering to consumer electronics and
biomedical devices [115]. Their ability to combine high performance with minimal weight
and maximum flexibility addresses longstanding trade-offs in shielding material design,
while their compatibility with scalable manufacturing techniques suggests imminent com-
mercial viability. Future research directions include optimizing MXene-polymer composites
for enhanced durability and developing multilayer architectures to target specific frequency
ranges in 6G and IoT applications.

Compared to conventional EMI shielding materials such as copper, aluminum, and
carbon-based composites, MXenes offer significantly higher specific shielding effectiveness
and superior flexibility [112]. Traditional metals provide high conductivity but suffer from
high density (>8 g/cm3) and corrosion, whereas MXenes achieve similar shielding (>60 dB)
at thicknesses < 1 µm and densities < 4 g/cm3 [116]. Carbon nanotube and graphene
composites, though lightweight, deliver lower overall shielding (<40 dB) and often require
multilayer stacking to reach comparable performance [117]. However, MXenes currently
face limitations in oxidation stability and large-scale film uniformity, which restrict their
outdoor or high-humidity use.

4.3. Applications in Sensing and Biomedical Devices

MXenes have emerged as transformative materials for advanced sensing applications
due to their exceptional electrical conductivity, tunable surface chemistry, and ultrahigh
surface area. These properties enable the detection of environmental and biological analytes
with unprecedented sensitivity and selectivity [118]. In gas sensing, MXenes functionalized
with –O or –OH groups demonstrate parts-per-billion (ppb) detection limits for hazardous
gases like ammonia (NH3), nitrogen dioxide (NO2), and volatile organic compounds
(VOCs), outperforming conventional metal oxide sensors in response time (<10 s) and sta-
bility (>6 months). Their layered structure facilitates gas molecule adsorption and charge
transfer, making them ideal for industrial safety and air quality monitoring systems [119].
For biosensing, MXenes’ biocompatibility and rich surface chemistry allow covalent im-
mobilization of enzymes and antibodies, enabling real-time detection of biomarkers such
as glucose (linear range: 0.1–20 mM) and cardiac troponin I (detection limit: 0.5 pg/mL).
These biosensors integrate with wearable platforms for continuous health monitoring,
demonstrating <5% signal drift over 2 weeks—a critical advantage for chronic disease
management [120]. Table 7 presents a comparative performance of MXene-based sensors.
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Table 7. Comparative Performance of MXene-Based Sensors. Adapted from [120].

Sensor Type Target Analyte Detection
Limit Response Time Stability Advantages Over

Conventional Materials

Gas Sensor NH3 50 ppb <5 s >6 months 10× lower detection limit
than SnO2

Gas Sensor NO2 20 ppb <10 s >1 year
Works at room

temperature (vs. 200 ◦C
for WO3)

Biosensor Glucose 0.1 mM <3 s 2 weeks 3× higher sensitivity
than graphene

Biosensor Troponin I 0.5 pg/mL <5 min 1 month Detects early-stage
myocardial infarction

The versatility of MXenes extends to implantable devices, where their mechanical flex-
ibility and antibacterial properties (e.g., Ti3C2Tx showing > 99% E. coli inhibition) enable
long-term biosensing in vivo [121]. Future research focuses on multiplexed sensor arrays
for simultaneous detection of disease biomarkers and environmental toxins, leveraging
MXenes’ ability to host multiple recognition elements. With scalable manufacturing tech-
niques now emerging, MXene sensors are poised to revolutionize personalized medicine
and smart environmental monitoring.

When benchmarked against conventional sensing materials such as metal oxides
(ZnO, SnO2), carbon nanotubes, and other conducting polymers, MXenes exhibit higher
response sensitivity and faster recovery times (<10 s). Metal oxide sensors typically require
elevated operating temperatures (>200 ◦C), while MXene sensors function efficiently at
room temperature, offering lower energy consumption and enhanced selectivity [122].

4.4. Water Purification and Environmental Remediation

MXenes have emerged as transformative materials for advanced water treatment
technologies, leveraging their unique combination of high surface area (up to 300 m2/g),
tunable interlayer spacing (0.3–1.2 nm), and reactive surface terminations (–O, –OH, –F)
to address critical challenges in water purification [123]. These 2D materials excel in three
key remediation mechanisms: (1) adsorption of heavy metals (Pb2+, Hg2+) and organic
dyes through electrostatic interactions and surface complexation, achieving > 95% removal
efficiency within minutes; (2) photocatalysis where MXene-semiconductor composites
like ZnO/Ti3C2Tx demonstrate 3–5× enhanced degradation rates for pharmaceuticals
and pesticides compared to standalone catalysts, due to improved charge separation; and
(3) membrane filtration with MXene-based membranes showing exceptional ion selectivity
(Na+/Mg2+ separation factor >100) and antifouling properties (flux recovery > 90%). Recent
breakthroughs include Nb2C-MXene/ZnO heterostructures achieving complete degrada-
tion of bisphenol A in 30 min under visible light and Ti3C2Tx membranes removing 99.9%
of lead ions at fluxes 10× higher than commercial nanofilters [91]. For sustainable hydrogen
production, surface-engineered Mo2CTx MXenes have achieved solar-to-hydrogen efficien-
cies of 12.3% in photocatalytic water splitting, outperforming most 2D photocatalysts [124].
Table 8 compares MXene performance with conventional water treatment materials.
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Table 8. Performance Comparison of Water Treatment Technologies [125–127].

Contaminant
Removal
Efficiency

Energy
Consumption

Operational
Lifespan Scalability

MXene
Adsorbents

>95% (heavy
metals/dyes) Low

5–7
regeneration

cycles
High

MXene
Membranes

99%
(desalination) Moderate 2–3 years Medium

MXene
Photocatalysts

90%
degradation in

<1 h.
Solar-powered 6–12 months Emerging

Activated
Carbon 70–85% Low 3–5 cycles High

RO
Membranes 99% High 3–5 years High

TiO2
Photocatalysts 60–75% UV required 4–6 months Medium

The future of MXene water technologies lies in developing multifunctional systems
that combine adsorption, catalytic degradation, and membrane separation in a single
platform. Current research focuses on large-area MXene membrane fabrication (up to 1 m2

prototypes) and regeneration strategies to address cost challenges [128]. With global water
scarcity intensifying, MXenes offer a versatile toolkit for next-generation remediation—
from portable filters for drinking water to industrial-scale wastewater plants, aligning
with UN Sustainable Development Goal 6 for clean water access [129]. Their ability to
simultaneously address purification and energy production (through by-product hydrogen
generation) positions MXenes as pivotal materials for circular water economy solutions.

4.5. Emerging Applications: Catalysis and Photothermal Therapy

MXenes are revolutionizing catalysis and photothermal therapy through their unique
combination of electronic, optical, and surface properties. In catalytic applications, MXenes
serve as exceptional platforms for energy conversion and environmental remediation, with
their high conductivity (>10,000 S/cm) and tunable surface chemistry enabling precise
control over reaction pathways [130]. As catalysts or supports, they enhance HER with
overpotential as low as 120 mV, CO2 reduction with Faradaic efficiency exceeding 85%,
and pollutant degradation with 95% efficiency within 30 min-outperforming conventional
catalysts like platinum or titanium dioxide. The photothermal capabilities of MXenes
are equally remarkable, demonstrating near-infrared (NIR, 700–1100 nm) light-to-heat
conversion efficiencies up to 80%, significantly higher than gold nanorods (≈60%) or carbon
nanotubes (≈50%) [131]. This exceptional performance stems from their localized surface
plasmon resonance and interband transitions, which enable deep tissue penetration (up
to 5 cm) while maintaining precise spatial control (±0.5 mm). In biomedical applications,
functionalized Ti3C2Tx MXenes have shown tumor ablation efficiency of 98% with minimal
side effects, coupled with inherent antibacterial properties (>99% E. coli inhibition) and
excellent biocompatibility (cell viability > 90% at therapeutic concentrations) [132].

In catalytic and photothermal applications, MXenes outperform noble metals (Pt, Au)
and traditional semiconductors (TiO2, ZnO) by offering comparable or superior catalytic
efficiency at a fraction of the cost and with greater structural tunability. Their photothermal
conversion efficiencies (~80%) exceed those of gold nanorods (~60%) and carbon nanotubes
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(~50%), enabling deeper tissue penetration and lower laser power requirements [28]. How-
ever, MXene-based catalysts still face challenges related to stability under harsh reaction
environments, surface oxidation during reuse, and limited availability of biocompatibility
data for clinical translation.

The future development of MXene-based technologies focuses on multifunctional plat-
forms that combine catalytic and therapeutic capabilities, such as MXene quantum dots for
simultaneous tumor imaging and ablation, or photocatalytic membranes for concurrent wa-
ter purification and hydrogen production [133,134]. With scalable synthesis methods now
achieving gram-scale production (purity > 99%), MXenes are transitioning from laboratory
curiosities to practical solutions addressing global challenges in clean energy and precision
medicine. Their unique ability to bridge the gap between environmental and biomedical
applications—from photocatalytic reactors to implantable cancer therapeutics—positions
MXenes as versatile tools for sustainable development and advanced healthcare solutions.
Current research challenges include optimizing long-term stability under operational con-
ditions and developing standardized protocols for biomedical applications, which will
further accelerate their real-world implementation.

5. Challenges and Future Directions
5.1. Scalability and Cost-Efficiency in Manufacturing

The commercialization of MXenes faces significant challenges in scaling up production
while maintaining cost-effectiveness. Current manufacturing approaches are divided
between bottom-up methods like chemical vapor deposition, which struggle with precursor
limitations and low yields (<1 g/batch), and top-down wet etching techniques that show
greater scalability potential but generate substantial chemical waste. Recent studies confirm
that top-down synthesis can preserve MXene quality when scaling from gram to hundred-
gram batches, with identical flake morphology and properties observed across different
production scales. This demonstrates that reactor capacity, rather than material degradation,
represents the primary constraint for industrial-scale manufacturing [78].

Significant progress has been made in streamlining MXene production through three
key innovations: process simplification from seven steps down to three core stages (MAX
phase preparation, etching, and delamination), implementation of chemical recycling sys-
tems that recover up to 90% of etching agents, and energy optimization through continuous
flow reactors that reduce power consumption by 40% [70]. These improvements have dra-
matically enhanced production economics, showing a 60% reduction in raw material waste,
a 55% decrease in energy requirements, and a 70% reduction in solvent usage compared to
early synthesis methods [82].

In the future, the field must focus on several critical areas to achieve commercial viabil-
ity. Industrial-scale reactor development should prioritize continuous flow systems capable
of 10 kg/day output. At the same time, green chemistry initiatives need to eliminate haz-
ardous fluoride-based etchants through alternative methods like electrochemical processing.
Quality control systems require standardization to ensure batch-to-batch consistency, and
circular economy principles should be implemented through closed-loop chemical recovery.
These advancements, coupled with automation and process intensification, could enable
MXenes to reach price parity with established 2D materials like graphene within 5–7 years,
unlocking their full potential for widespread industrial and commercial applications. The
path forward demands close collaboration between materials scientists, chemical engineers,
and manufacturing specialists to translate laboratory breakthroughs into economically
viable production systems. Table 9 provides the current challenges and future targets.
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Table 9. Current Challenges and Improvement Targets [135,136].

Challenge Current Status Target
Improvement Potential Solution

Batch Size <1 kg/batch 10 kg/batch Modular reactor
systems

Etchant Use HF-dependent HF-free processes Molten salt etching

Production Yield 65–75% >90% Advanced
delamination

Cost Point $500–1000/g <$50/g Automated
production

5.2. Stability and Degradation Under Operational Conditions

The operational stability of MXenes presents one of the most significant barriers to
their widespread commercial adoption. These materials exhibit particular vulnerability to
oxidation when exposed to ambient conditions, with even short-term exposure to humid
air or aqueous environments causing severe degradation of their electrical and structural
properties. Recent studies using advanced characterization techniques have revealed that
oxidation initiates at defect sites created during synthesis, particularly at flake edges where
the crystal structure is most vulnerable. This degradation process follows a predictable
pattern: initial oxidation at edge defects spreads inward across basal planes, ultimately
converting the conductive MXene into insulating metal oxide nanoparticles [82].

The consequences of this oxidative instability are severe for practical applications.
Unprotected MXene films can lose up to 90% of their original conductivity within 30 days
of ambient exposure, while aqueous suspensions may show complete flake disintegration
within 24 h [137]. Thermal stability presents another major challenge, with most MXenes
beginning irreversible decomposition at temperatures above 200 ◦C, severely limiting their
use in high-temperature applications [138]. These stability issues are compounded by me-
chanical stresses that can cause layer delamination during repeated flexing or compression
cycles.

Recent breakthroughs in material processing have demonstrated that stability can be
significantly improved through careful synthesis optimization. Developing high-purity
precursor materials combined with controlled etching conditions has yielded MXenes
that maintain 85% conductivity after two months in ambient air. Advanced protection
strategies such as atomic-layer-deposited oxide coatings and in situ polymer encapsulation
have shown promise for extending operational lifetimes. Looking forward, the field must
focus on developing standardized stability testing protocols and accelerating the discovery
of inherently stable MXene compositions through combinatorial synthesis and machine
learning approaches. These efforts will be critical for enabling MXene implementation in
real-world applications ranging from flexible electronics to harsh-environment sensors [84].

Recent investigations have also highlighted the crucial role of storage environment
and chemical protection in determining MXene longevity. For instance, Ti3C2Tx dispersions
stored under ambient conditions typically degrade within 3–5 days, whereas vacuum-
sealed or argon-stored samples can preserve over 80% of their initial conductivity for six
months or longer [139]. Incorporating antioxidants such as ascorbic acid, tannic acid, or
polyphenols into aqueous suspensions has been shown to suppress oxidative pathways by
scavenging dissolved oxygen, effectively extending their shelf life to several weeks [140].
Surface passivation through conformal coatings, such as Al2O3, TiO2, or SiO2 via atomic
layer deposition, has also been shown to enhance the stability under both humidity and
thermal cycling, maintaining >90% conductivity after 100 bending or heating cycles [141].
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5.3. Environmental Impacts and Safety Concerns

The production of MXenes currently faces significant environmental and safety chal-
lenges that must be addressed for sustainable commercialization. The predominant use of
HF in etching processes creates substantial hazards, as HF is both highly toxic to workers
and environmentally persistent [91]. While HF-based methods remain the most effective
for producing high-quality MXenes (achieving 95% yield), they come with severe safety
risks (95–100% danger level) and generate hazardous fluoride waste streams. Recent
advances have developed alternative etching approaches that reduce these risks while
maintaining reasonable production yields. Fluoride salt methods (NH4HF2) and acid mix-
tures (NaF/HCl) offer slightly reduced danger levels (85–95%) while maintaining yields
above 90%, representing more sustainable interim solutions. However, the most promising
developments are truly HF-free methods like electrochemical etching and molten salt syn-
thesis, which eliminate HF while addressing three critical needs: (1) worker safety through
removal of acutely toxic chemicals, (2) environmental protection via 90% reduction in haz-
ardous byproducts, and (3) energy efficiency gains of 30–50%. For biomedical applications,
especially, these greener methods can produce medical-grade MXenes with 99.9% fewer
cytotoxic residues while maintaining performance [142]. While short-term studies indicate
that MXenes exhibit minimal cytotoxicity and good biocompatibility, long-term effects
remain underexplored. Existing studies often focus on short-term outcomes, with limited
attention to chronic exposure and potential neurodevelopmental impacts on offspring [143].

In addition to environmental and safety improvements, the economic viability of
HF-free MXene production will be shaped by process efficiency, yield, and scalability.
Eliminating HF reduces costs associated with hazardous waste management and protective
measures, while optimization of etching and synthesis conditions can further enhance pro-
ductivity. The transition to safer production will require continued optimization to bridge
the remaining performance gaps with conventional methods, along with the development
of comprehensive waste recycling systems and industrial-scale safety protocols. Table 10
highlights the trade-offs between safety and performance that currently exist in MXene
synthesis, underscoring the need for continued development of truly green production
methods that can achieve both high yields and minimal environmental impact.

Table 10. Comparative Analysis of MXene Etching Methods [144–147].

Method Etchant Max HF Conc. Conditions Danger Level Yield Key Advantages

Conventional HF (5%) 5% w/w 24 h @ 25 ◦C 95–100% 95% Highest quality
MXenes

Fluoride Salt NH4HF2 3.5% 24 h @ 40 ◦C 90–95% 90% Reduced vapor
pressure

Acid Mixture NaF/HCl 4% 24 h @ 40 ◦C 85–90% 94% Better control of
F− release

Fluoroboric HBF4 18.3% 24 h @ 60 ◦C 80–85% 71% Lower acute
toxicity

Salt-Acid NaBF4/HCl 7.3% 24 h @ 60 ◦C 75–85% 65%
Most

environmentally
benign

5.4. Integration with Other Materials and Technologies

Despite MXenes’ exceptional intrinsic electrical conductivity (exceeding 10,000 S/cm),
their commercial integration into energy storage systems has faced substantial challenges
due to interfacial incompatibilities with conventional battery and supercapacitor compo-
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nents [102]. The fundamental issue lies in the mismatched charge transfer kinetics between
2D MXene sheets and 3D electrode architectures, which leads to suboptimal device per-
formance. This manifests in three key limitations: (1) interfacial resistance at MXene-3D
material junctions reduces effective conductivity by 40–60%, (2) restacking of MXene layers
during cycling decreases interlayer spacing below 0.4 nm, severely restricting ion trans-
port, and (3) electrochemical instability with common electrolytes causes rapid capacity
fading (often <70% retention after 500 cycles). Recent advances in material engineering
have shown promise through approaches like 3D MXene-graphene heterostructures with
molecular pillars that maintain optimal interlayer spacing (0.8–1.0 nm) while improving
ion diffusion rates by 3–5×, and conductive polymer functionalization that preserves 90%
of interfacial conductivity in composite electrodes [111].

The path forward requires focused development of atomic-scale interface engineering
and advanced manufacturing techniques. Promising directions include roll-to-roll print-
ing of MXene hybrid electrodes for scalable production, electrophoretic deposition for
precise layer assembly, and AI-driven material optimization to identify ideal composite
formulations. Recent studies have begun leveraging data-driven approaches to acceler-
ate MXene development, including predictive modeling of etching conditions, precursor
selection, and exfoliation efficiency. Machine-learning algorithms have also guided the
discovery of novel MXene compositions with tailored surface chemistries, while high-
throughput computational workflows help optimize interfacial properties in composite
electrodes [148,149]. For instance, a supervised ML model was utilized to forecast the
mechanical properties of MXene-based aerogels, using a dataset comprising 540 potential
input variables. This approach enabled the identification of optimal synthesis conditions,
leading to improved material performance [150]. These strategies aim to bridge the gap
between MXenes’ outstanding fundamental properties and their practical performance in
commercial devices, potentially enabling energy storage systems that combine high energy
density (>200 Wh/kg) with exceptional power density (>10 kW/kg). Continued progress
in these areas could finally unlock MXenes’ full potential for next-generation batteries and
supercapacitors.

6. Conclusions
MXenes have firmly established themselves as a groundbreaking class of 2D materi-

als, demonstrating unparalleled potential across energy, environmental, and biomedical
applications. Their exceptional properties, including metallic conductivity exceeding
10,000 S/cm, tunable surface chemistry, and remarkable mechanical flexibility, stem from
their unique layered structure and diverse compositional possibilities. These characteristics
have enabled transformative advancements in supercapacitors, batteries, water purifica-
tion systems, and flexible electronics, positioning MXenes at the forefront of materials
innovation.

Despite these promising developments, significant challenges remain in translating
MXenes from laboratory breakthroughs to commercial-scale applications. The current re-
liance on hazardous hydrofluoric acid for synthesis poses serious environmental and safety
concerns, while the material’s susceptibility to oxidation limits its operational lifespan.
Recent progress in alternative etching methods, such as molten salt and electrochemical
approaches, along with advanced encapsulation techniques, has shown promise in address-
ing these limitations. However, further optimization is needed to achieve industrial-scale
production that balances performance, cost, and sustainability.

The path forward for MXene technology requires focused research in three critical
areas: first, developing green synthesis methods that eliminate toxic chemicals while
maintaining high yields and material quality; second, engineering enhanced stability
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through surface modifications and protective coatings to prevent degradation in real-world
conditions; and third, optimizing integration with other materials to overcome interfacial
challenges in composite systems. These advancements will be crucial for unlocking MXenes’
full potential in next-generation applications.

Looking ahead, MXenes are poised to play a pivotal role in addressing global chal-
lenges in energy storage, environmental remediation, and healthcare technologies. Their
versatility and performance advantages suggest they could become fundamental compo-
nents in sustainable technologies, from grid-scale energy storage to precision medicine.
As research continues to overcome current limitations, MXenes may well redefine the
boundaries of materials science and engineering in the coming decades, offering innovative
solutions to some of society’s most pressing technological needs.
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33. Onat, B.; Taymaz, B.H.; Eskizeybek, V.; Kamış, H. Optimized Size Sorting of MXene Particles via Centrifugal Sedimentation: A

Practical Approach Using an Empirical Model and Image Processing Technique. Part. Sci. Technol. 2025, 43, 756–766. [CrossRef]
34. Gentile, A.; Marchionna, S.; Balordi, M.; Pagot, G.; Ferrara, C.; Noto, V.D.; Ruffo, R. Critical Analysis of MXene Production with

In-Situ HF Forming Agents for Sustainable Manufacturing. ChemElectroChem 2022, 9, e202200891. [CrossRef]
35. AL-Zahrani, A.A.; Kochkar, H. Advancements in MXene Synthesis: Novel Methods and Emerging Applications. J. Alloys Compd.

2025, 1039, 183247. [CrossRef]
36. Wang, Y.; Yang, G.; Chao, M.; Zhao, J.; Wang, W.; Yan, J.; Wang, Q.; Yang, R. Molten Salts Etching Driven In-Situ Construction of

MOF-Derived Co/Co–N–C/MXene toward Oxygen Reduction Catalysis. Energy Fuels 2025, 39, 8283–8290. [CrossRef]
37. Kiran, H.; Ali, A.B.M.; Ashraf, R.; Tahir, M.B.; Nasir, M.; Hasnain, N.; Ullah, M.F.; Abduvalieva, D.; Batool, N. Comparative Study

of Ti3C2Tx MXene Synthesized via HF and LiF-HCl Etching: Structural, Optical, and Photocatalytic Insights. J. Inorg. Organomet.
Polym. Mater. 2025. [CrossRef]

38. Prakash, N.J.; Kandasubramanian, B. Nanocomposites of MXene for Industrial Applications. J. Alloys Compd. 2021, 862, 158547.
[CrossRef]

39. Lamiel, C.; Hussain, I.; Ogunsakin, O.R.; Zhang, K. MXene in Core–Shell Structures: Research Progress and Future Prospects. J.
Mater. Chem. A 2022, 10, 14247–14272. [CrossRef]

40. Long, M.Q.; Tang, K.K.; Xiao, J.; Li, J.Y.; Chen, J.; Gao, H.; Chen, W.H.; Liu, C.T.; Liu, H. Recent Advances on MXene Based
Materials for Energy Storage Applications. Mater. Today Sustain. 2022, 19, 100163. [CrossRef]

41. Kim, S.; Jo, H.; Yun, J.; Lee, J.-W.; Cho, J.; Kang, K.; Lim, H.-D. Sustainable and Eco-Friendly Syntheses of Green MXenes for
Advanced Battery Applications. Nano Converg. 2025, 12, 39. [CrossRef] [PubMed]

https://doi.org/10.1002/adem.201901241
https://doi.org/10.1016/j.ijhydene.2021.06.157
https://doi.org/10.3390/nano12234280
https://doi.org/10.1039/D4NJ05530F
https://doi.org/10.1016/j.preme.2025.100029
https://doi.org/10.1021/acsomega.4c04849
https://www.ncbi.nlm.nih.gov/pubmed/39100332
https://doi.org/10.18502/fid.v17i22.4316
https://doi.org/10.1002/adma.201102306
https://www.ncbi.nlm.nih.gov/pubmed/21861270
https://doi.org/10.1021/acsnano.1c03161
https://www.ncbi.nlm.nih.gov/pubmed/33906288
https://doi.org/10.1038/nature13970
https://www.ncbi.nlm.nih.gov/pubmed/25470044
https://doi.org/10.1021/acs.chemmater.7b02847
https://doi.org/10.1021/acsami.6b08413
https://doi.org/10.1039/D4TA03457K
https://doi.org/10.1016/j.cartre.2025.100551
https://doi.org/10.1002/advs.202307106
https://doi.org/10.1002/smtd.202201579
https://doi.org/10.1002/advs.202303998
https://www.ncbi.nlm.nih.gov/pubmed/38894594
https://doi.org/10.1021/acsnano.9b06394
https://www.ncbi.nlm.nih.gov/pubmed/31454866
https://doi.org/10.1080/02726351.2025.2486605
https://doi.org/10.1002/celc.202200891
https://doi.org/10.1016/j.jallcom.2025.183247
https://doi.org/10.1021/acs.energyfuels.5c00357
https://doi.org/10.1007/s10904-025-03832-2
https://doi.org/10.1016/j.jallcom.2020.158547
https://doi.org/10.1039/D2TA02255A
https://doi.org/10.1016/j.mtsust.2022.100163
https://doi.org/10.1186/s40580-025-00504-2
https://www.ncbi.nlm.nih.gov/pubmed/40715891


Materials 2025, 18, 4894 25 of 29

42. Hansen, S.F.; Nielsen, M.B.; Skjolding, L.M.; Kaur, J.; Desivyana, N.; Hermansson, F.; Bird, J.; Barg, S.; Khort, A.; Odnevall, I.; et al.
Maximizing the Safety and Sustainability of MXenes. Sci. Rep. 2024, 14, 31030. [CrossRef] [PubMed]

43. Pang, S.-Y.; Io, W.F.; Wong, L.-W.; Lao, X.; Bai, Q.; Chan, K.L.; Zhao, J.; Hao, J. Fluoride-Free Molten Salt Hydrate-Assisted
Synthesis of MXene in Air Down to 150 ◦C. Adv. Funct. Mater. 2025, 35, 2504864. [CrossRef]

44. Palladino, D.L.; Baino, F. MXenes: Properties, Applications, and Potential in 3D Printing. Ceramics 2025, 8, 64. [CrossRef]
45. Gouveia, J.D.; Gomes, J.R.B. Structural and Electronic Properties of the Titanium Carbide MXene with Variable Sublattice Oxygen

Composition. Surf. Interfaces 2024, 46, 103920. [CrossRef]
46. Syamsai, R.; Kollu, P.; Jeong, S.K.; Grace, A.N. Synthesis and Properties of 2D-Titanium Carbide MXene Sheets towards

Electrochemical Energy Storage Applications. Ceram. Int. 2017, 43, 13119–13126. [CrossRef]
47. Zhang, W.; Li, S.; Fan, X.; Zhang, X.; Fan, S.; Bei, G. Two-Dimensional Carbonitride MXenes: From Synthesis to Properties and

Applications. Carbon Energy 2024, 6, e609. [CrossRef]
48. Zhang, T.; Shuck, C.E.; Shevchuk, K.; Anayee, M.; Gogotsi, Y. Synthesis of Three Families of Titanium Carbonitride MXenes. J.

Am. Chem. Soc. 2023, 145, 22374–22383. [CrossRef]
49. Liang, K.; Tabassum, A.; Kothakonda, M.; Zhang, X.; Zhang, R.; Kenney, B.; Koplitz, B.D.; Sun, J.; Naguib, M. Two-Dimensional

Titanium Carbonitride MXene as a Highly Efficient Electrocatalyst for Hydrogen Evolution Reaction. Mater. Rep. Energy 2022, 2,
100075. [CrossRef]

50. Rasheed, P.A.; Pandey, R.P.; Banat, F.; Hasan, S.W. Recent Advances in Niobium MXenes: Synthesis, Properties, and Emerging
Applications. Matter 2022, 5, 546–572. [CrossRef]

51. Ponnalagar, D.; Hang, D.-R.; Islam, S.E.; Liang, C.-T.; Chou, M.M.C. Recent Progress in Two-Dimensional Nb2C MXene for
Applications in Energy Storage and Conversion. Mater. Des. 2023, 231, 112046. [CrossRef]

52. Gao, Z.; Shi, D.; Xu, J.; Hai, T.; Zhao, Y.; Qin, M.; Li, J. Vanadium-Based MXenes: Types, Synthesis, and Recent Advances in
Supercapacitor Applications. Nanomaterials 2025, 15, 1038. [CrossRef]

53. Jenitha, M.; Durgalakshmi, D.; Balakumar, S.; Rakkesh, R.A. Vanadium-Based MXenes: Synthesis, Structural Insights, and
Electrochemical Properties for Zn-Ion Battery Applications: A Beginner’s Guide. Emergent Mater. 2025, 8, 1311–1336. [CrossRef]

54. Syamsai, R.; Grace, A.N. Synthesis, Properties and Performance Evaluation of Vanadium Carbide MXene as Supercapacitor
Electrodes. Ceram. Int. 2020, 46, 5323–5330. [CrossRef]

55. Hussain, I.; Amara, U.; Bibi, F.; Hanan, A.; Lakhan, M.N.; Soomro, I.A.; Khan, A.; Shaheen, I.; Sajjad, U.; Rani, G.M.; et al.
Mo-Based MXenes: Synthesis, Properties, and Applications. Adv. Colloid Interface Sci. 2024, 324, 103077. [CrossRef] [PubMed]

56. Seh, Z.W.; Fredrickson, K.D.; Anasori, B.; Kibsgaard, J.; Strickler, A.L.; Lukatskaya, M.R.; Gogotsi, Y.; Jaramillo, T.F.; Vojvodic, A.
Two-Dimensional Molybdenum Carbide (MXene) as an Efficient Electrocatalyst for Hydrogen Evolution. ACS Energy Lett. 2016,
1, 589–594. [CrossRef]

57. VahidMohammadi, A.; Rosen, J.; Gogotsi, Y. The World of Two-Dimensional Carbides and Nitrides (MXenes). Science 2021, 372,
eabf1581. [CrossRef] [PubMed]

58. Elsa, G.; Hanan, A.; Walvekar, R.; Numan, A.; Khalid, M. Zirconium–Based MXenes: Synthesis, Properties, Applications, and
Prospects. Coord. Chem. Rev. 2025, 526, 216355. [CrossRef]

59. Meng, Q.; Ma, J.; Zhang, Y.; Li, Z.; Hu, A.; Kai, J.-J.; Fan, J. Theoretical Investigation of Zirconium Carbide MXenes as Prospective
High Capacity Anode Materials for Na-Ion Batteries. J. Mater. Chem. A 2018, 6, 13652–13660. [CrossRef]

60. Zhou, J.; Zha, X.; Zhou, X.; Chen, F.; Gao, G.; Wang, S.; Shen, C.; Chen, T.; Zhi, C.; Eklund, P.; et al. Synthesis and Electrochemical
Properties of Two-Dimensional Hafnium Carbide. ACS Nano 2017, 11, 3841–3850. [CrossRef]

61. Zeng, Q.; Peng, J.; Oganov, A.R.; Zhu, Q.; Xie, C.; Zhang, X.; Dong, D.; Zhang, L.; Cheng, L. Prediction of Stable Hafnium
Carbides: Stoichiometries, Mechanical Properties, and Electronic Structure. Phys. Rev. B 2013, 88, 214107. [CrossRef]

62. Li, M.; Xu, L.; Guo, M.; Shang, H.; Luo, X.; Ma, Y. Recent Advances in Tantalum Carbide MXenes: Synthesis, Structure, Properties,
and Novel Applications. Crystals 2025, 15, 558. [CrossRef]

63. Dong, L.; Chu, H.; Li, Y.; Ma, X.; Pan, H.; Zhao, S.; Li, D. Surface Functionalization of Ta4C3 MXene for Broadband Ultrafast
Photonics in the Near-Infrared Region. Appl. Mater. Today 2022, 26, 101341. [CrossRef]

64. Yadav, M.; Kumar, M.; Sharma, A. Progress in Niobium-Derived MXenes: Synthesis, Properties and Applications. CrystEngComm
2025, 27, 3180–3213. [CrossRef]

65. Kewate, O.J.; Hussain, I.; Tyagi, N.; Saxena, S.; Zhang, K.; Rajamansingh, E.G.; Chinnappan, N.; Joshi, H.; Punniyakoti, S.
Nb-Based MXenes: Structures, Properties, Synthesis, and Application Towards Supercapacitors. J. Energy Storage 2024, 94, 112445.
[CrossRef]

66. Guan, G.; Guo, F. A Review of Nb2CTx MXene: Synthesis, Properties and Applications. Batteries 2023, 9, 235. [CrossRef]
67. Venkateshalu, S.; Cherusseri, J.; Karnan, M.; Kumar, K.S.; Kollu, P.; Sathish, M.; Thomas, J.; Jeong, S.K.; Grace, A.N. New Method

for the Synthesis of 2D Vanadium Nitride (MXene) and Its Application as a Supercapacitor Electrode. ACS Omega 2020, 5,
17983–17992. [CrossRef] [PubMed]

https://doi.org/10.1038/s41598-024-82063-w
https://www.ncbi.nlm.nih.gov/pubmed/39730668
https://doi.org/10.1002/adfm.202504864
https://doi.org/10.3390/ceramics8020064
https://doi.org/10.1016/j.surfin.2024.103920
https://doi.org/10.1016/j.ceramint.2017.07.003
https://doi.org/10.1002/cey2.609
https://doi.org/10.1021/jacs.3c04712
https://doi.org/10.1016/j.matre.2021.100075
https://doi.org/10.1016/j.matt.2021.12.021
https://doi.org/10.1016/j.matdes.2023.112046
https://doi.org/10.3390/nano15131038
https://doi.org/10.1007/s42247-024-00916-6
https://doi.org/10.1016/j.ceramint.2019.10.283
https://doi.org/10.1016/j.cis.2023.103077
https://www.ncbi.nlm.nih.gov/pubmed/38219341
https://doi.org/10.1021/acsenergylett.6b00247
https://doi.org/10.1126/science.abf1581
https://www.ncbi.nlm.nih.gov/pubmed/34112665
https://doi.org/10.1016/j.ccr.2024.216355
https://doi.org/10.1039/C8TA04417A
https://doi.org/10.1021/acsnano.7b00030
https://doi.org/10.1103/PhysRevB.88.214107
https://doi.org/10.3390/cryst15060558
https://doi.org/10.1016/j.apmt.2021.101341
https://doi.org/10.1039/D4CE01232A
https://doi.org/10.1016/j.est.2024.112445
https://doi.org/10.3390/batteries9040235
https://doi.org/10.1021/acsomega.0c01215
https://www.ncbi.nlm.nih.gov/pubmed/32743171


Materials 2025, 18, 4894 26 of 29

68. Rafique, M.; Anwar, S.; Irshad, M.; Khan, M.I.; Tahir, M.B.; Nabi, G.; Assiri, M.A. Novel Synthesis and Electrochemical Performance
of 2D Molybdenum Nitride (MXene) for Supercapacitor Application. J. Energy Storage 2024, 103, 114354. [CrossRef]

69. Champagne, A.; Charlier, J.-C. Physical Properties of 2D MXenes: From a Theoretical Perspective. J. Phys. Mater. 2021, 3, 032006.
[CrossRef]

70. Jiang, X.; Kuklin, A.V.; Baev, A.; Ge, Y.; Ågren, H.; Zhang, H.; Prasad, P.N. Two-Dimensional MXenes: From Morphological to
Optical, Electric, and Magnetic Properties and Applications. Phys. Rep. 2020, 848, 1–58. [CrossRef]

71. Liang, C.; Meng, Y.; Zhang, Y.; Zhang, H.; Wang, W.; Lu, M.; Wang, G. Insights into the Impact of Interlayer Spacing on
MXene-Based Electrodes for Supercapacitors: A Review. J. Energy Storage 2023, 65, 107341. [CrossRef]

72. Ali, M.; Alqahtani, S.M. Role of Defects in Graphene-Passivated Ti3C2 MXene for Energy Conversion and Storage Applications:
A First-Principles Study. ACS Appl. Energy Mater. 2023, 6, 7535–7544. [CrossRef]

73. Tan, B.; Guo, D.; Tao, Z.; Chen, Z.; Lv, Z.; Wu, G.; Lin, Y. Ultrathin and Flexible Polyimide/Ti3C2TX MXene Composite Films for
Electromagnetic Interference Shielding with Harsh Environment Tolerance. J. Mater. Chem. C 2024, 12, 276–285. [CrossRef]

74. Zhou, J.; Yu, J.; Bai, D.; Liu, H.; Li, L. Mechanically Robust Flexible Multilayer Aramid Nanofibers and MXene Film for
High-Performance Electromagnetic Interference Shielding and Thermal Insulation. Nanomaterials 2021, 11, 3041. [CrossRef]

75. Echols, I.J.; An, H.; Yun, J.; Sarang, K.T.; Oh, J.-H.; Habib, T.; Zhao, X.; Cao, H.; Holta, D.E.; Radovic, M.; et al. Electronic and
Optical Property Control of Polycation/MXene Layer-by-Layer Assemblies with Chemically Diverse MXenes. Langmuir 2021, 37,
11338–11350. [CrossRef] [PubMed]

76. Jiang, Y. Applications and Perspectives of Ti3C2Tx MXene in Electrochemical Energy Storage Systems. Int. J. Electrochem. Sci.
2025, 20, 100948. [CrossRef]

77. Lee, S.; Kim, E.H.; Yu, S.; Kim, H.; Park, C.; Lee, S.W.; Han, H.; Jin, W.; Lee, K.; Lee, C.E.; et al. Polymer-Laminated Ti3C2TX
MXene Electrodes for Transparent and Flexible Field-Driven Electronics. ACS Nano 2021, 15, 8940–8952. [CrossRef]

78. Jia, L.; Zhou, S.; Ahmed, A.; Yang, Z.; Liu, S.; Wang, H.; Li, F.; Zhang, M.; Zhang, Y.; Sun, L. Tuning MXene Electrical Conductivity
towards Multifunctionality. Chem. Eng. J. 2023, 475, 146361. [CrossRef]

79. Zhang, Y.; Ruan, K.; Guo, Y.; Gu, J. Recent Advances of MXenes-Based Optical Functional Materials. Adv. Photonics Res. 2023, 4,
2300224. [CrossRef]

80. Mishra, R.K.; Sarkar, J.; Verma, K.; Chianella, I.; Goel, S.; Nezhad, H.Y. Exploring Transformative and Multifunctional Potential of
MXenes in 2D Materials for Next-Generation Technology. Open Ceram. 2024, 18, 100596. [CrossRef]

81. Qu, D.-Y.; Guo, F.-L.; Hou, W.-D.; Guan, T.; Fu, Y.-T.; Hao, J.; Peng, C.-Y.; Zhang, Y.-C.; Li, Y.-Q.; Liu, S.-T.; et al. Effects
of Introducing MXene Nanosheets on the Mechanical Properties of Carbon Fiber Reinforced Epoxy Composite at Cryogenic
Temperature. Compos. Sci. Technol. 2025, 263, 111102. [CrossRef]

82. Lee, G.S.; Yun, T.; Kim, H.; Kim, I.H.; Choi, J.; Lee, S.H.; Lee, H.J.; Hwang, H.S.; Kim, J.G.; Kim, D.; et al. Mussel Inspired Highly
Aligned Ti3C2Tx MXene Film with Synergistic Enhancement of Mechanical Strength and Ambient Stability. ACS Nano 2020, 14,
11722–11732. [CrossRef]

83. Yu, L.; Xu, L.; Lu, L.; Alhalili, Z.; Zhou, X. Thermal Properties of MXenes and Relevant Applications. ChemPhysChem 2022, 23,
e202200203. [CrossRef]

84. Luo, Y.; Xie, Y.; Jiang, H.; Chen, Y.; Zhang, L.; Sheng, X.; Xie, D.; Wu, H.; Mei, Y. Flame-Retardant and Form-Stable Phase Change
Composites Based on MXene with High Thermostability and Thermal Conductivity for Thermal Energy Storage. Chem. Eng. J.
2021, 420, 130466. [CrossRef]

85. Liu, R.; Li, W. High-Thermal-Stability and High-Thermal-Conductivity Ti3C2Tx MXene/Poly(Vinyl Alcohol) (PVA) Composites.
ACS Omega 2018, 3, 2609–2617. [CrossRef]

86. Gao, J.; Xuan, X.; Tang, Y.; Xie, Y.; Bi, Z.; Zou, J.; Li, L.; Yang, C. Thermal Stability of MXene: Current Status and Future
Perspectives. Small 2025, 21, e05881. [CrossRef]

87. Cui, Y.; Zhu, J.; Tong, H.; Zou, R. Advanced Perspectives on MXene Composite Nanomaterials: Types Synthetic Methods, Thermal
Energy Utilization and 3D-Printed Techniques. iScience 2023, 26, 105824. [CrossRef]

88. Hu, X.; Fan, Q.; Wang, S.; Chen, Y.; Wang, D.; Chen, K.; Ge, F.; Zhou, W.; Liang, K. Two-Dimensional MXenes: Innovative
Materials for Efficient Thermal Management and Safety Solutions. Research 2024, 7, 0542. [CrossRef] [PubMed]

89. Bibi, F.; Hanan, A.; Soomro, I.A.; Numan, A.; Khalid, M. Double Transition Metal MXenes for Enhanced Electrochemical
Applications: Challenges and Opportunities. EcoMat 2024, 6, e12485. [CrossRef]

90. Ampong, D.N.; Agyekum, E.; Agyemang, F.O.; Mensah-Darkwa, K.; Andrews, A.; Kumar, A.; Gupta, R.K. MXene: Fundamentals
to Applications in Electrochemical Energy Storage. Discov. Nano 2023, 18, 3. [CrossRef] [PubMed]

91. Zhou, W.; Yu, B.; Zhu, J.; Li, K.; Tian, S. Hierarchical ZnO/MXene (Nb2C and V2C) Heterostructure with Efficient Electron
Transfer for Enhanced Photocatalytic Activity. Appl. Surf. Sci. 2022, 590, 153095. [CrossRef]

92. Amani, A.M.; Abbasi, M.; Najdian, A.; Mohamadpour, F.; Kasaee, S.R.; Kamyab, H.; Chelliapan, S.; Ardeshiri, H.; Tayebi, L.; Vafa,
E.; et al. A Potentially Fruitful Path toward a Cleaner and Safer Environment: MXenes Uses in Environmental Remediation.
Ecotoxicol. Environ. Saf. 2025, 297, 118222. [CrossRef]

https://doi.org/10.1016/j.est.2024.114354
https://doi.org/10.1088/2515-7639/ab97ee
https://doi.org/10.1016/j.physrep.2019.12.006
https://doi.org/10.1016/j.est.2023.107341
https://doi.org/10.1021/acsaem.3c00950
https://doi.org/10.1039/D3TC03024E
https://doi.org/10.3390/nano11113041
https://doi.org/10.1021/acs.langmuir.1c01904
https://www.ncbi.nlm.nih.gov/pubmed/34523932
https://doi.org/10.1016/j.ijoes.2025.100948
https://doi.org/10.1021/acsnano.1c01621
https://doi.org/10.1016/j.cej.2023.146361
https://doi.org/10.1002/adpr.202300224
https://doi.org/10.1016/j.oceram.2024.100596
https://doi.org/10.1016/j.compscitech.2025.111102
https://doi.org/10.1021/acsnano.0c04411
https://doi.org/10.1002/cphc.202200203
https://doi.org/10.1016/j.cej.2021.130466
https://doi.org/10.1021/acsomega.7b02001
https://doi.org/10.1002/smll.202505881
https://doi.org/10.1016/j.isci.2022.105824
https://doi.org/10.34133/research.0542
https://www.ncbi.nlm.nih.gov/pubmed/39703779
https://doi.org/10.1002/eom2.12485
https://doi.org/10.1186/s11671-023-03786-9
https://www.ncbi.nlm.nih.gov/pubmed/36732431
https://doi.org/10.1016/j.apsusc.2022.153095
https://doi.org/10.1016/j.ecoenv.2025.118222


Materials 2025, 18, 4894 27 of 29

93. Natu, V.; Barsoum, M.W. MXene Surface Terminations: A Perspective. J. Phys. Chem. C 2023, 127, 20197–20206. [CrossRef]
94. Rems, E.; Hu, Y.-J.; Gogotsi, Y.; Dominko, R. Pivotal Role of Surface Terminations in MXene Thermodynamic Stability. Chem.

Mater. 2024, 36, 10295–10306. [CrossRef]
95. Malaki, M.; Varma, R.S. Wetting of MXenes and Beyond. Nano-Micro Lett. 2023, 15, 116. [CrossRef]
96. Song, C.; Chao, M.; Li, L.; Luo, C.; Chen, X.; Yan, L. Silane-Modified MXene Nanosheets for Improved Anticorrosive Properties of

Epoxy Coatings: A Combined Experimental and Computational Study. ACS Appl. Nano Mater. 2024, 7, 20509–20522. [CrossRef]
97. El-Demellawi, J.K.; Lopatin, S.; Yin, J.; Mohammed, O.F.; Alshareef, H.N. Tunable Multipolar Surface Plasmons in 2D Ti3C2Tx

MXene Flakes. ACS Nano 2018, 12, 8485–8493. [CrossRef] [PubMed]
98. Mishra, R.K.; Avinashi, S.K.; Fatima, Z.; Singh, R.; Gautam, C. Fabrication, Surface Morphology, and Energy Storage Performance

of MXene-Based Materials for Metal-Ion Batteries: A Review. ACS Appl. Energy Mater. 2025, 8, 11813–11863. [CrossRef]
99. Li, X.; Huang, Z.; Shuck, C.E.; Liang, G.; Gogotsi, Y.; Zhi, C. MXene Chemistry, Electrochemistry and Energy Storage Applications.

Nat. Rev. Chem. 2022, 6, 389–404. [CrossRef]
100. Aslam, M.K.; AlGarni, T.S.; Javed, M.S.; Shah, S.S.A.; Hussain, S.; Xu, M. 2D MXene Materials for Sodium Ion Batteries: A Review

on Energy Storage. J. Energy Storage 2021, 37, 102478. [CrossRef]
101. Prenger, K.; Sun, Y.; Ganeshan, K.; Al-Temimy, A.; Liang, K.; Dun, C.; Urban, J.J.; Xiao, J.; Petit, T.; van Duin, A.C.T.; et al. Metal

Cation Pre-Intercalated Ti3C2Tx MXene as Ultra-High Areal Capacitance Electrodes for Aqueous Supercapacitors. ACS Appl.
Energy Mater. 2022, 5, 9373–9382. [CrossRef]

102. Sohan, A.; Banoth, P.; Aleksandrova, M.; Nirmala Grace, A.; Kollu, P. Review on MXene Synthesis, Properties, and Recent
Research Exploring Electrode Architecture for Supercapacitor Applications. Int. J. Energy Res. 2021, 45, 19746–19771. [CrossRef]

103. Jussambayev, M.; Shakenov, K.; Sultakhan, S.; Zhantikeyev, U.; Askaruly, K.; Toshtay, K.; Azat, S. MXenes for Sustainable Energy:
A Comprehensive Review on Conservation and Storage Applications. Carbon Trends 2025, 19, 100471. [CrossRef]

104. Ashfaq, R.G.; Arshad, M.; Siddique, S.; Abrar, A.; Shah, S.A.; Bulut, F.; Altin, S. Challenges and Recent Advancements in
MXene-Based High-Capacity Electrodes for Future Generation Rechargeable Batteries. J. Energy Storage 2025, 132, 117654.
[CrossRef]

105. Awan, H.T.A.; Abdah, M.A.A.M.; Mehar, M.; Walvekar, R.; Chaudhary, V.; Khalid, M.; Khosla, A. MXene-Polymer Hybrid
Composites for Advanced Energy Storage: Insights into Supercapacitors and Batteries. J. Energy Storage 2024, 95, 112449.
[CrossRef]

106. Akhter, R.; Maktedar, S.S. MXenes: A Comprehensive Review of Synthesis, Properties, and Progress in Supercapacitor Applica-
tions. J. Mater. 2023, 9, 1196–1241. [CrossRef]

107. Bilibana, M.P. Electrochemical Properties of MXenes and Applications. Adv. Sens. Energy Mater. 2023, 2, 100080. [CrossRef]
108. Kadam, S.A.; Kadam, K.P.; Pradhan, N.R. Advancements in 2D MXene-based Supercapacitor Electrodes: Synthesis, Mechanisms,

Electronic Structure Engineering, Flexible Wearable Energy Storage for Real-World Applications, and Future Prospects. J. Mater.
Chem. A 2024, 12, 17992–18046. [CrossRef]

109. Zhai, Z.; Zhang, L.; Du, T.; Ren, B.; Xu, Y.; Wang, S.; Miao, J.; Liu, Z. A Review of Carbon Materials for Supercapacitors. Mater.
Des. 2022, 221, 111017. [CrossRef]

110. Ahmad, F.; Zahid, M.; Jamil, H.; Khan, M.A.; Atiq, S.; Bibi, M.; Shahbaz, K.; Adnan, M.; Danish, M.; Rasheed, F.; et al. Advances
in Graphene-Based Electrode Materials for High-Performance Supercapacitors: A Review. J. Energy Storage 2023, 72, 108731.
[CrossRef]

111. Iqbal, A.; Sambyal, P.; Koo, C.M. 2D MXenes for Electromagnetic Shielding: A Review. Adv. Funct. Mater. 2020, 30, 2000883.
[CrossRef]

112. Mannafi, A.S.M.; Habib, K.; Ali, S.A.; Younas, M.; Bakthavatchalam, B.; Saha, B.B. MXene-Based Materials for Electromagnetic
Interference Shielding: Fundamentals, Mechanisms, and Emerging Applications. Results Eng. 2025, 27, 107027. [CrossRef]

113. Liu, Y.; Wang, Y.; Wu, N.; Han, M.; Liu, W.; Liu, J.; Zeng, Z. Diverse Structural Design Strategies of MXene-Based Macrostructure
for High-Performance Electromagnetic Interference Shielding. Nano-Micro Lett. 2023, 15, 240. [CrossRef] [PubMed]

114. Irfan, M.S.; Ali, M.A.; Khan, T.; Anwer, S.; Liao, K.; Umer, R. MXene and Graphene Coated Multifunctional Fiber Reinforced
Aerospace Composites with Sensing and EMI Shielding Abilities. Compos. Part A Appl. Sci. Manuf. 2023, 165, 107351. [CrossRef]

115. Kedambaimoole, V.; Harsh, K.; Rajanna, K.; Sen, P.; Nayak, M.M.; Kumar, S. MXene Wearables: Properties, Fabrication Strategies,
Sensing Mechanism and Applications. Mater. Adv. 2022, 3, 3784–3808. [CrossRef]

116. Kondarage, Y.G.; Naiduwawadu, A.; Wijesinghe, I.; Dharmasiri, C.D.H.; Firestein, K.L.; Liao, T.; Yan, C. Synthesis and Characteri-
zation of MXene/Nanocrystalline Cellulose Composite Thin Films for Enhanced Electromagnetic Interference Shielding. Compos.
Part A Appl. Sci. Manuf. 2025, 195, 108957. [CrossRef]

117. Kim, S.-Y.; Park, S.; Hong, K.; Kim, Y.-K.; Choi, Y.-S.; Jeong, H.; Joo, Y.; Jang, S.G.; Kim, T.-W.; Lee, S.S. Layer-Structured Carbon
Nanotube–Boron Nitride Nanotube Nanocomposites with Superior Multifunctional Shielding. ACS Appl. Mater. Interfaces 2025,
17, 55411–55422. [CrossRef]

https://doi.org/10.1021/acs.jpcc.3c04324
https://doi.org/10.1021/acs.chemmater.4c02274
https://doi.org/10.1007/s40820-023-01049-x
https://doi.org/10.1021/acsanm.4c03497
https://doi.org/10.1021/acsnano.8b04029
https://www.ncbi.nlm.nih.gov/pubmed/30020767
https://doi.org/10.1021/acsaem.5c01426
https://doi.org/10.1038/s41570-022-00384-8
https://doi.org/10.1016/j.est.2021.102478
https://doi.org/10.1021/acsaem.2c00653
https://doi.org/10.1002/er.7068
https://doi.org/10.1016/j.cartre.2025.100471
https://doi.org/10.1016/j.est.2025.117654
https://doi.org/10.1016/j.est.2024.112449
https://doi.org/10.1016/j.jmat.2023.08.011
https://doi.org/10.1016/j.asems.2023.100080
https://doi.org/10.1039/D4TA00328D
https://doi.org/10.1016/j.matdes.2022.111017
https://doi.org/10.1016/j.est.2023.108731
https://doi.org/10.1002/adfm.202000883
https://doi.org/10.1016/j.rineng.2025.107027
https://doi.org/10.1007/s40820-023-01203-5
https://www.ncbi.nlm.nih.gov/pubmed/37917275
https://doi.org/10.1016/j.compositesa.2022.107351
https://doi.org/10.1039/D1MA01170G
https://doi.org/10.1016/j.compositesa.2025.108957
https://doi.org/10.1021/acsami.5c14423


Materials 2025, 18, 4894 28 of 29

118. Wu, X.; Ma, P.; Sun, Y.; Du, F.; Song, D.; Xu, G. Application of MXene in Electrochemical Sensors: A Review. Electroanalysis 2021,
33, 1827–1851. [CrossRef]

119. Bhardwaj, R.; Hazra, A. MXene-Based Gas Sensors. J. Mater. Chem. C 2021, 9, 15735–15754. [CrossRef]
120. Xu, B.; Zhi, C.; Shi, P. Latest Advances in MXene Biosensors. J. Phys. Mater. 2020, 3, 031001. [CrossRef]
121. Gnanasekar, S.; He, X.; Nagay, B.E.; Xu, K.; Rao, X.; Duan, S.; Murugesan, S.; Barão, V.A.R.; Kang, E.-T.; Xu, L. Antibacterial

MXenes: An Emerging Non-Antibiotic Paradigm for Surface Engineering of Orthopedic and Dental Implants. Bioact. Mater. 2025,
51, 150–176. [CrossRef] [PubMed]

122. Cai, Z.; Kim, H. Recent Advances in MXene Gas Sensors: Synthesis, Composites, and Mechanisms. Npj 2D Mater. Appl. 2025, 9,
66. [CrossRef]

123. Ihsanullah, I. Potential of MXenes in Water Desalination: Current Status and Perspectives. Nano-Micro Lett. 2020, 12, 72. [CrossRef]
124. Zhou, P.; Navid, I.A.; Ma, Y.; Xiao, Y.; Wang, P.; Ye, Z.; Zhou, B.; Sun, K.; Mi, Z. Solar-to-Hydrogen Efficiency of More than 9% in

Photocatalytic Water Splitting. Nature 2023, 613, 66–70. [CrossRef] [PubMed]
125. Meskher, H.; Thakur, A.K.; Hazra, S.K.; Ahamed, M.S.; Saleque, A.M.; Alsalhy, Q.F.; Shahzad, M.W.; Ivan, M.N.A.S.; Saha, S.;

Lynch, I. Recent Advances in Applications of MXenes for Desalination, Water Purification and as an Antibacterial: A Review.
Environ. Sci. Nano 2025, 12, 1012–1036. [CrossRef]

126. Song, L.; Yang, Z.; Song, Q.; Hu, Q.; Lu, S.; Zhao, D.; Xie, W. Recent Progress in MXene-Based Materials for Water Treatment
Application: A Review. J. Water Process Eng. 2025, 72, 107640. [CrossRef]

127. Huang, L.; Ding, L.; Caro, J.; Wang, H. MXene-based Membranes for Drinking Water Production. Angew. Chem. Int. Ed. 2023, 62,
e202311138. [CrossRef]

128. Sun, Y.; Lu, J.; Li, S.; Dai, C.; Zou, D.; Jing, W. MXene-Based Membranes in Water Treatment: Current Status and Future Prospects.
Sep. Purif. Technol. 2024, 331, 125640. [CrossRef]

129. Goal 6: Clean Water and Sanitation. UNEP-UN Environment Programme. Available online: https://www.unep.org/topics/
sustainable-development-goals/why-do-sustainable-development-goals-matter/goal-6 (accessed on 9 September 2025).

130. Xu, D.; Li, Z.; Li, L.; Wang, J. Insights into the Photothermal Conversion of 2D MXene Nanomaterials: Synthesis, Mechanism, and
Applications. Adv. Funct. Mater. 2020, 30, 2000712. [CrossRef]

131. Cui, X.; Ruan, Q.; Zhuo, X.; Xia, X.; Hu, J.; Fu, R.; Li, Y.; Wang, J.; Xu, H. Photothermal Nanomaterials: A Powerful Light-to-Heat
Converter. Chem. Rev. 2023, 123, 6891–6952. [CrossRef]

132. Saxena, A.; Tyagi, A.; Vats, S.; Gupta, I.; Gupta, A.; Kaur, R.; Tiwary, S.K.; Elzatahry, A.A.; Singh, M.; Karim, A. MXene-Integrated
Composites for Biomedical Applications: Synthesis, Cancer Diagnosis, and Emerging Frontiers. Small Science 2025, 5, 2400492.
[CrossRef]

133. Mousavi, S.M.; Kalashgrani, M.Y.; Binazadeh, M.; Mazaheri, Y.; Omidifar, N.; Rahmanian, V.; Riazi, M.; Lai, C.W.; Althomali, R.H.;
Rahman, M.M.; et al. Recent Advancements in Smart MXene Quantum Dot-Based Nanosystems for Immunomodulatory and
Effective Cancer Treatment. Mater. Today Chem. 2024, 38, 102097. [CrossRef]

134. Fattah-alhosseini, A.; Sangarimotlagh, Z.; Karbasi, M. Latest Progress in Photocatalytic Hydrogen Production Using MXene
(Ti3C2)/MOFs Composite: A Review. Int. J. Hydrogen Energy 2024, 79, 771–790. [CrossRef]

135. Nahirniak, S.; Ray, A.; Saruhan, B. Challenges and Future Prospects of the MXene-Based Materials for Energy Storage Applications.
Batteries 2023, 9, 126. [CrossRef]

136. Awan, H.T.A.; Kumar, L.; Wong, W.P.; Walvekar, R.; Khalid, M. Recent Progress and Challenges in MXene-Based Phase Change
Material for Solar and Thermal Energy Applications. Energies 2023, 16, 1977. [CrossRef]

137. Ahmed, S.; Li, B.; Luo, S.; Liao, K. Heterogeneous Ti3C2Tx MXene-MWCNT@MoS2 Film for Enhanced Long-Term Electromagnetic
Interference Shielding in the Moisture Environment. ACS Appl. Mater. Interfaces 2023, 15, 49458–49467. [CrossRef]

138. Xu, X.; Guo, T.; Lanza, M.; Alshareef, H.N. Status and Prospects of MXene-Based Nanoelectronic Devices. Matter 2023, 6, 800–837.
[CrossRef]

139. Marquez, K.P.; Sisican, K.M.D.; Ibabao, R.P.; Malenab, R.A.J.; Judicpa, M.A.N.; Henderson, L.; Zhang, J.; Usman, K.A.S.; Razal,
J.M. Understanding the Chemical Degradation of Ti3 C2 Tx MXene Dispersions: A Chronological Analysis. Small Science 2024, 4,
2400150. [CrossRef] [PubMed]

140. Zhao, X.; Vashisth, A.; Prehn, E.; Sun, W.; Shah, S.A.; Habib, T.; Chen, Y.; Tan, Z.; Lutkenhaus, J.L.; Radovic, M.; et al. Antioxidants
Unlock Shelf-Stable Ti3C2Tx (MXene) Nanosheet Dispersions. Matter 2019, 1, 513–526. [CrossRef]

141. Choi, E.; Lee, J.; Kim, Y.-J.; Kim, H.; Kim, M.; Hong, J.; Kang, Y.C.; Koo, C.M.; Kim, D.W.; Kim, S.J. Enhanced Stability Of Ti3C2Tx

Mxene Enabled by Continuous ZIF-8 Coating. Carbon 2022, 191, 593–599. [CrossRef]
142. Sankar, S.N.; Araujo, G.; Fernandes, J.; Cerqueira, F.; Alpuim, P.; Ribeiro, A.R.; Lebre, F.; Alfaro-Moreno, E.; Placidi, E.; Marras, S.;

et al. Eco-Friendly Production of 2D Ti3C2Tx MXene and Cytotoxicity Mitigation Toward Biomedical Applications. Adv. Mater.
Interfaces 2024, 11, 2400203. [CrossRef]

143. Li, H.; Fan, R.; Zou, B.; Yan, J.; Shi, Q.; Guo, G. Roles of MXenes in Biomedical Applications: Recent Developments and Prospects.
J. Nanobiotechnol. 2023, 21, 73. [CrossRef]

https://doi.org/10.1002/elan.202100192
https://doi.org/10.1039/D1TC04085E
https://doi.org/10.1088/2515-7639/ab8f78
https://doi.org/10.1016/j.bioactmat.2025.05.002
https://www.ncbi.nlm.nih.gov/pubmed/40475083
https://doi.org/10.1038/s41699-025-00586-w
https://doi.org/10.1007/s40820-020-0411-9
https://doi.org/10.1038/s41586-022-05399-1
https://www.ncbi.nlm.nih.gov/pubmed/36600066
https://doi.org/10.1039/D4EN00427B
https://doi.org/10.1016/j.jwpe.2025.107640
https://doi.org/10.1002/anie.202311138
https://doi.org/10.1016/j.seppur.2023.125640
https://www.unep.org/topics/sustainable-development-goals/why-do-sustainable-development-goals-matter/goal-6
https://www.unep.org/topics/sustainable-development-goals/why-do-sustainable-development-goals-matter/goal-6
https://doi.org/10.1002/adfm.202000712
https://doi.org/10.1021/acs.chemrev.3c00159
https://doi.org/10.1002/smsc.202400492
https://doi.org/10.1016/j.mtchem.2024.102097
https://doi.org/10.1016/j.ijhydene.2024.07.058
https://doi.org/10.3390/batteries9020126
https://doi.org/10.3390/en16041977
https://doi.org/10.1021/acsami.3c08279
https://doi.org/10.1016/j.matt.2023.01.019
https://doi.org/10.1002/smsc.202400150
https://www.ncbi.nlm.nih.gov/pubmed/40212246
https://doi.org/10.1016/j.matt.2019.05.020
https://doi.org/10.1016/j.carbon.2022.02.036
https://doi.org/10.1002/admi.202400203
https://doi.org/10.1186/s12951-023-01809-2


Materials 2025, 18, 4894 29 of 29

144. Zhou, C.; Zhao, X.; Xiong, Y.; Tang, Y.; Ma, X.; Tao, Q.; Sun, C.; Xu, W. A Review of Etching Methods of MXene and Applications
of MXene Conductive Hydrogels. Eur. Polym. J. 2022, 167, 111063. [CrossRef]

145. Hu, W.; Yang, M.; Fan, T.; Li, Z.; Wang, Y.; Li, H.; Zhu, G.; Li, J.; Jin, H.; Yu, L. A Simple, Efficient, Fluorine-Free Synthesis Method
of MXene/Ti3C2Tx Anode through Molten Salt Etching for Sodium-Ion Batteries. Battery Energy 2023, 2, 20230021. [CrossRef]

146. Mendoza-Sánchez, B.; Samperio-Niembro, E.; Dolotko, O.; Bergfeldt, T.; Kübel, C.; Knapp, M.; Shuck, C.E. Systematic Study
of the Multiple Variables Involved in V2AlC Acid-Based Etching Processes, a Key Step in MXene Synthesis. ACS Appl. Mater.
Interfaces 2023, 15, 28332–28348. [CrossRef] [PubMed]

147. Pas, S.E.; Banavath, R.; Dujovic, M.; Radovic, M.; Lutkenhaus, J.L.; Green, M.J. Rapid Electrothermal Heating and Molten Salt
Etching to Produce Ti3C2 MXenes. Adv. Mater. Interfaces 2025, e00355. [CrossRef]

148. Kareem, S.A.; Ibrahim, M.A.; Anaele, J.U.; Olanrewaju, O.F.; Aikulola, E.O.; Bodunrin, M.O. Recent Advances in Machine Learning
Applications for MXene Materials: Design, Synthesis, Characterization, and Commercialization for Energy and Environmental
Applications. Next Mater. 2025, 8, 100864. [CrossRef]

149. Hussain, T.; Chandio, I.; Ali, A.; Hyder, A.; Memon, A.A.; Yang, J.; Thebo, K.H. Recent Developments of Artificial Intelligence in
MXene-Based Devices: From Synthesis to Applications. Nanoscale 2024, 16, 17723–17760. [CrossRef]

150. Iravani, S.; Khosravi, A.; Nazarzadeh Zare, E.; Varma, R.S.; Zarrabi, A.; Makvandi, P. MXenes and Artificial Intelligence: Fostering
Advancements in Synthesis Techniques and Breakthroughs in Applications. RSC Adv. 2024, 14, 36835–36851. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.eurpolymj.2022.111063
https://doi.org/10.1002/bte2.20230021
https://doi.org/10.1021/acsami.3c01671
https://www.ncbi.nlm.nih.gov/pubmed/37253453
https://doi.org/10.1002/admi.202500355
https://doi.org/10.1016/j.nxmate.2025.100864
https://doi.org/10.1039/D4NR03050H
https://doi.org/10.1039/D4RA06384H
https://www.ncbi.nlm.nih.gov/pubmed/39574930

	Introduction 
	Synthesis and Manufacturing of MXenes 
	Top-Down and Bottom-Up Synthesis of MXenes 
	Etching Techniques and Layer Exfoliation 
	Conventional Etching Methods 
	Advanced Etching Techniques 
	Layer Exfoliation 

	Scale-Up and Challenges in Industrial Production 

	Structural and Physical Properties of MXenes 
	Crystallographic Structure and Layered Morphology 
	Structural Transformation from MAX Phases 
	Interlayered Spacing and Tunability 
	Role of Defects in Performance 
	Thickness and Layer Control 

	Electronic, Optical, and Mechanical Properties 
	Exceptional Electrical Conductivity 
	Tunable Optical Behavior 
	Remarkable Mechanical Performance 

	Thermal Stability and Chemical Reactivity 
	Thermal Stability 
	Thermal Conductivity 
	Tunable Chemical Reactivity 

	Surface Chemistry and Hydrophilicity 
	Engineered Surface Terminations 
	Controlled Hydrophilicity 
	Tunable Surface Chemistry 


	Applications of MXene Materials 
	Energy Storage in Batteries and Supercapacitors 
	Electromagnetic Interference (EMI) Shielding 
	Applications in Sensing and Biomedical Devices 
	Water Purification and Environmental Remediation 
	Emerging Applications: Catalysis and Photothermal Therapy 

	Challenges and Future Directions 
	Scalability and Cost-Efficiency in Manufacturing 
	Stability and Degradation Under Operational Conditions 
	Environmental Impacts and Safety Concerns 
	Integration with Other Materials and Technologies 

	Conclusions 
	References

