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ABSTRACT: MXenes have emerged as a versatile two-dimensional platform in advanced cat-
alytic systems because of their tunable surface chemistry, metallic conductivity, and structural
diversity. Nevertheless, severe agglomeration and limited colloidal stability may undermine their
catalytic performance. Integrating MXenes with low-dimensional materials through rational
nanoscale construction mitigates these limitations while enhancing mass and charge transport,
interfacial performance, dispersion, and catalytic activity. This review focuses on the design,
functionality, and catalytic applications of MXene-based composites. It begins with a brief intro-
duction to the chemical and crystal structures of MAX phases and MXenes, followed by an over-
view of representative MXene-based composites, including 0D-2D, 2D-2D, and 3D-2D
systems. The article then discusses their applications in heterogeneous catalysis, photocatalysis,
biocatalysis, and electrocatalysis. Finally, we summarize the perspectives, highlighting the cur-
rent challenges and future opportunities in the rational design and industrial transformation
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of MXene composite nanoscale construction.

atalysis plays an indispensable role in sustainable chemical

manufacturing, environmental remediation, energy con-
version, and biomedical applications by enabling efficient and
selective chemical transformations." The increasing demand
for high-performance catalytic systems has driven the rational
design of advanced catalysts with improved activity, selectivity,
and long-term stability.” In particular, nanostructured catalysts
have attracted considerable attention because of their tunable
physicochemical properties, abundant active sites, and control-
lable architectures, offering unique opportunities to steer cata-
Iytic processes toward sustainable technologies.’

Recent advances in nanotechnology have enabled the ratio-
nal design of nanostructured catalysts with controllable compo-
sitions, interfaces, and architectures for diverse -catalytic
applications.*®> Beyond the intrinsic properties of individual
nanomaterials, increasing attention has focused on how
nanoarchitectural organization collectively regulates catalytic
performance. Guided by the concept of nanoarchitectonics,
the rational integration of nano-building blocks, interfaces,
and hierarchical architectures has emerged as an effective strat-
egy for creating functions beyond those of the individual
components.”® Among the diverse nanomaterial platforms
investigated to date, two-dimensional (2D) materials are partic-
ularly attractive because of their ultrathin architectures, accessi-
ble surfaces, and tunable electronic structures, making them
promising candidates for catalytic applications.””'® Crucially,
recent research in nanoarchitectonics highlights that catalytic
performance depends not only on the intrinsic properties of
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nanomaterials, but also on the rational combination of nano-
building blocks, interfaces, and hierarchical architectures.
These attributes provide a practical framework for developing
advanced catalysts using various 2D materials.

Over the past two decades, exploring the physicochemical
characteristics of single-layer graphene has led to the discovery
of diverse 2D materials, including metal dichalcogenides
(TMDCs) and boron nitride.'”'* Due to their ultrathin archi-
tecture, tunable electronic structure, and abundant surface
atoms, these 2D materials have attracted considerable interest
for catalytic applications.'* Among the vast family of 2D mate-
rials, MXenes (pronounced “max-enes”) are a rapidly expanding
family of transition metal carbides, nitrides, and carbonitrides
derived from parent MAX phases.'’ Since their advent in
2011, extensive studies have resulted in the generation of
MAX phases (over 150 kinds) and their MXene derivatives
(over 30) with varying compositions, exhibiting remarkable
physicochemical characteristics, including high electrical con-
ductivity (~24,000 S/cm), abundant surface chemistry, tunable
electronic structures, and structural versatility.'"'*'* Compared
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with other representative 2D materials, such as graphene, hexag-
onal boron nitride, and TMDCs, MXenes possess several
unique characteristics that make them particularly attractive cat-
alytic platforms.'>'® Firstly, the abundant surface terminations
(-0, —OH, and -F) facilitate the immobilization of catalytically
active species and strengthen interfacial interactions with reac-
tants.'” The 2D lamellar architecture provides a large specific
surface area with abundant exposed active sites, while the intrin-
sic metallic conductivity promotes rapid electron transport and
accelerates catalytic kinetics.'® Furthermore, the excellent
hydrophilicity improves wettability and reactant diffusion, mak-
ing MXenes especially suitable for aqueous catalytic systems."?

Despite these remarkable advantages, pristine MXenes still
suffer from several intrinsic limitations, particularly restacking,
aggregation, and limited colloidal stability caused by strong
van der Waals interactions between adjacent nanosheets.
These issues reduce accessibility, hinder mass transport, and
ultimately compromise catalytic performance.”” To overcome
these limitations, nanoarchitectured MXene composites have
been extensively developed through their integration with vari-
ous low-dimensional (0—2D) materials. Such rational nanoarch-
itectonics not only reduces aggregation and improves structural
stability but also tailors interfacial interactions, electronic struc-
tures, and surface characteristics, thereby enhancing mass/elec-
tron transfer, exposing more catalytically active sites, and
generating synergistic catalytic effects.””*' Rather than repre-
senting a simple combination of different components, such
nanoarchitectures embody the concept of nanoarchitectonics,
emphasizing the deliberate integration of nanoscale building

blocks through interface engineering and hierarchical structural
regulation to establish desired structure-property-function
relationships.**?

Building on this nanoarchitectonics concept, MXene com-
posites have attracted increasing interest in various kinds of cat-
alytic applications. Although reviews on MXenes have recently
been published, most focus on synthesis,24 properties,zs’26 a sin-
gle composite,””*® and a single application, including photoca-
talysis,””*° and electrocatalysis,>"** as well as their
combination.'®** Moreover, an integrated perspective that
systematically correlates nanoarchitectural design of composites
and their multifunctional catalytic performance across diverse
catalytic systems is still insufficiently documented. From a
nanoarchitectonics perspective, MXene composite nanoarchi-
tectonics has emerged as a versatile catalytic platform, in which
rational nanoarchitectural design and interface engineering col-
lectively regulate the structure—property—function relationship
and ultimately govern catalytic performance across various cat-
alytic  fields.  Accordingly, this review provides a
nanoarchitectonics-inspired perspective on MXene composite
nanoarchitectonics for catalytic applications. Beginning with
the chemistry and crystal structures of MAX phases and
MXenes, we discuss synthetic strategies for constructing diverse
nanoarchitectured composites, followed by an analysis of struc-
ture—property relationships that govern catalytic functionality.
Finally, we comprehensively summarize representative applica-
tions in heterogeneous catalysis, photocatalysis, electrocatalysis,
and biocatalysis, along with current challenges and future
opportunities for industrial translation (Figure 1).
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Figure 1. Schematic illustration of nanoarchitectured MXene-based composites with various dimensional materials for fabricating advanced catalytic
platforms, highlighting their design strategies, interesting synergistic properties, catalytic applications, and prospects.
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Among the vast family of 2D materials, MXenes have emerged
as one of the most promising classes of materials composed of
transition-metal carbides, nitrides, or carbonitrides. Since their
advent in 2011, the past decade has evidenced the development
of various MAX phases (over 150 kinds) and their MXene deriv-
atives (more than 30), establishing the complete chemistry and
configuration of these phases, as well as their derived materials.
Establishing the complete chemistry, the generalized structure
of MAX phases is presented as M, ,,AX,, while MXenes are
expressed as M, , X, T, (n = 1-4).%” Herein, M indicates an early
transition metal species; A represents a group IIIA or IVA ele-
ment; X represents carbon or nitrogen; T, refers to various sur-
face terminal groups (typically anions) (Figure 2). Typically,
MXenes (M, X, T,) are arranged in such a way that n + 1 layers
of early transition metals, including scandium (Sc), titanium (Ti),
molybdenum (Mo), vanadium (V), niobium (Nb), zirconium
(Zr), chromium (Cr), hafnium (Hf), and tantalum (Ta), are
enclosed with n layers of X elements (C or N). The terminal sur-
face groups (T,) are coordinated with the M layers, such as oxy
(-0O), hydroxy (—-OH), fluoro (=F), and/or chloro (—Cl). The
exceptional architecture of MXenes, formed by transition metals
and carbon or nitrogen atoms with surface functional groups,
resembles a “brick wall” with significantly tunable physicochem-
ical properties. The major difference between precursor MAX
and derivative MXenes lies in the layer architecture: encapsulated
Group A elements (groups 13—16) in MAX phases vs MXenes.'!
Structurally, the MAX phase is a layered hexagonal crystal
structure, with alternating A layers sandwiched between M
and X layers. Due to weaker bonds than the covalent/metallic
bonds between M and X, the A-layer in the three-dimensional
(3D) nano-laminated ceramic MAX precursors is selectively
etched with hydrofluoric acid (HF), yielding 2D MXene deriv-
atives with limited layers and various surface functional
groups.'' Although MAX phases offer exceptional thermal
conductivity and mechanical strength, the derived MXenes
provide better surface chemistry, enhanced hydrophilicity,
and excellent electrical/ionic conductivity for catalysis and
energy storage.37

Considering the structure, the inimitable properties of
MZXenes arise from metallic/covalent bonds in their lamellar
structure, along with the relatively fragile linkages between the
layers (M and A). In addition, oxygenated terminal groups pre-
serve conductivity in polar solvents, supporting their use in
catalysis. These surface groups play a critical role in tuning elec-
tronic properties and influencing interfacial bonding with other
2D materials. When integrated with semiconductors such as
graphitic carbon nitride (g-C;N,), Bi,WO,, or MoS,, MXenes
enhance electron extraction, promote interfacial charge separa-
tion, and increase catalytic reaction rates. The anisotropic car-
rier (electron and hole) mobility in MXene systems promotes
separation of photo-generated electron-hole pairs, making them
favorable for photocatalytic hydrogen production and pollutant
degradation.®® Furthermore, their excellent chemical stability
and hydrophilicity enable superior dispersion in aqueous envi-
ronments, a feature particularly beneficial for environmental
and energy applications.*”

The development of MXene-based nanocomposites is typi-
cally attributed to active surface functional groups (-F, —OH,
or —O), which provide natural binding sites for supramolecules
(polymers) and the direct growth of other nanostructures
(zero-dimensional, 0D). To modify the surface, the functionali-
zation of MXenes involves establishing either covalent (Ti-O—
Si, Ti-O-C, and Ti—-O-P) or non-covalent (van der Waals
forces and hydrogen bonding) linkages. These surface-
alterable linkages on MXenes not only regulate the physico-
chemical properties but also optimize the oxidation stability
and dispersibility. In comparison, non-covalent linkages may
be weaker, resulting in lower stability than covalent bonding
with MXenes, and vice versa. Considering the pros and cons, it
is necessary to select the most suitable modification. To this
end, OD (metallic nanoparticles, metal oxides, and magnetic
constructs) nanodots (NDs) are often “grown” on the surface
or interlayer of MXene using co-precipitation or solution chem-
ical reduction methods, with the key being the nucleation mech-
anism between the terminating groups on the MXene surface
and the NDs precursor in solution. By adjusting concentration,
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Figure 2. Schematics of the chemical structures of the elements (A) in designed diverse MXenes, accompanied by molecular models and configu-

rations (B).
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temperature, reducing agent, or pH, metal ions nucleate and
grow into NDs at these sites. In addition, these NDs can be
incorporated into MXene interlayers, increasing the spacing
between MXene multilayers and facilitating MXene delamina-
tion. The intercalation approach not only increases the com-
posite’s specific surface area but also improves its electronic
transport  performance.”” In OD-based composites of
MXenes, the main surface bonding modes are coordination
bonds (coordination bonding between metal ions and termi-
nating groups), electrostatic interactions, and van der Waals
forces.* Similarly, various composite/heterostructures of other
2D materials, such as graphene (GO) and TMDCs, can be
stacked with MXenes via simple planar, normal van der
Waals forces.”' Interactions between MXenes and these mate-
rials are usually non-covalent, including n—m interactions.
Compared with individual MXenes, these hybrid composites
further enhance overall properties, including mechanical stabil-
ity and charge/ion transport ability.

Typically, MXenes are synthesized through chemical etching
of MAX phases using HF or in situ generated HF (via LiF and
HCI mixture). The choice of etching reagent, reaction temper-
ature, and post-treatment strongly influences the surface termi-
nations and morphology of the obtained MXenes.** Subsequent
delamination produces few- or single-layer nanosheets (NSs)
with accessible surfaces, providing suitable building blocks for
composite construction. To prepare MXene-based composites
using such precursors and modifications, researchers have
employed several strategies, including electrostatic self-assem-
bly,** hydrothermal/solvothermal methods,**** calcination,*® in
situ growth/redox deposition,*” covalent grafting,*® and physical
methods (electrospinning, mechanical blending, freeze-drying,
and electrophoretic deposition).*” Using such methods, we pres-
ent an overview of various composites, including metal-doped 2D
MZXene layers, 0D/1D structures-decorated 2D MXene layers,
2D-2D van der Waals heterojunctions, and 2D-3D architec-
tures: frameworks and macrostructures.

B METAL-DOPED 2D MXENE LAYERS

Altering inorganic frameworks has emerged as an innovative
approach to modify their physicochemical characteristics,
including their intrinsic stability. Doping of various metals
can be achieved either by donating electrons via surface-
functionalized molecules or by substituting metals into the
framework lattice.® Nevertheless, fabricated metal-doped con-
structs often yield oxide forms of the guest species, distorting
the host framework.”> This approach significantly improves
the host framework, offering a paradigm for theoretical and
experimental investigations. In catalysis, incorporating metal
species increases the number of active catalytic sites. Among
various metals and non-metals, metal-doped MXenes show
improved properties because of their intrinsic participation in
various functionalities.”’ You and colleagues doped various
transition metals (Cr, Mo, and W) into MXene (Nb,CO,)
NSs to evaluate their properties using DFT calculations and
to explore their performance in gas-sensing applications.*
Among them, W-doped Nb,CO, composites exhibited supe-
rior performance for H, sensing at room temperature. In addi-
tion, Mo-doped MXenes emerged as an optimal candidate for
H,S gas sensing. In another case, late transition metal-doped
MXenes (Ni-doped Sc;N,0, and Ni-doped Nb,C,0,) pre-
sented excellent bifunctional electrocatalytic activities for water

splitting reactions towards Hydrogen Evolution Reaction
(HER)/Oxygen Evolution Reaction (OER) activities.*?
Interestingly, first-principles calculations were combined with
machine learning to demonstrate that transition-metal doping
promotes HER/OER activity.

B 0D/1D STRUCTURES-DECORATED 2D MXENE
LAYERS

Integrating 0D NDs (SnO,, CdS, MoS,, Pt, Pt-Ir, TiO,, and
CeO,) onto 2D MXenes creates a hierarchical system that
merges discrete catalytic activation with continuous charge
transport.'”>* The designed architecture strategically utilizes
the MXene as a conductive, mechanically stable platform to
host and electronically communicate with highly active nano-
clusters, preventing agglomeration while maximizing exposed
active sites. A prominent example of a 0D-2D hierarchical archi-
tecture is the anchoring of nickel-doped ceria nanoparticles
(Figure 3A).°* Isotropic CeO, particles, typically below
20 nm (Figure 3B), offer a high surface-to-volume ratio and
the potential for quantum confinement effects to degrade
pharmaceutical pollutants. The uniqueness lies in the MXene
substrate acting as an electron sink, rapidly accepting photogen-
erated electrons from the semiconductor nanoparticles, thereby
drastically prolonging the lifetime of the charge-separated state
for catalysis.** The coordination prevents nanoparticle agglom-
eration and maximizes catalytic exposure, ideal for OER and
related redox reactions. The performance of these 0D-2D com-
posite materials stems from powerful electronic interactions at
their interface, which actively reshape the local chemical land-
scape. The spectroscopy reveals that electron flow from the
MXene substrate to the anchored nanoparticles directly influ-
ences the d-band configuration of the metal catalytic sites.
This phenomenon is clearly demonstrated in systems such as
Pt NDs on TiO, nanowire/Ti,C, MXene heterostructures for
CO, reduction.” Figure 3C—F provide direct visual evidence
of the 0D (Pt NDs), one-dimensional (1D ,TiO,), and 2D
(MXenes) components forming an intimate heterostructure,
demonstrating the uniform distribution of Pt NDs, addressing
agglomeration, and showing electron-conduction bridges. The
shift in electron density fine-tunes the binding strength of critical
reaction species, such as the *OOH intermediate in oxygen
reduction, thereby lowering the reaction’s energy barrier.
Beyond metal oxide-based nanoparticles, researchers have suc-
cessfully integrated various 0D materials with MXenes, including
metal nanoparticles (e.g, Pd, CdS, and MoS,), imparting unique
catalytic, optical, or electronic properties to hybrid composites.'

Bl 2D-2D VAN DER WAALS HETEROJUNCTIONS

The 2D-2D materials stacked through van der Waals hetero-
junctions have attracted significant attention because of their
atomically thin morphology, high surface-to-volume ratio, tun-
able electronic structure, and mechanical flexibility. These com-
posites offer unique interfacial features and avoid lattice-
mismatch issues, facilitating efficient charge transfer, enabling
separation, and providing robust structural stability.>” The tun-
able interlayer coupling offers a powerful means to engineer
optoelectronic properties for applications in catalysis, electron-
ics, and sensing. The 2D-2D architectures integrate materials
such as TMDCs, g-C;N,, black phosphorus, and MXenes.*®
Incorporating metallic MXenes with semiconducting 2D
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Figure 3. Representative MXene-based multicomponent catalytic heterostructures. (A) Schematic illustrating a 0D-2D hierarchical architecture of
transition metal-doped ceria nanoparticles anchored on Ti;C,T, MXenes. (B) HR-TEM image of Ni-doped CeO, nanoparticles integrated with
Ti,C,T, MXene, illustrating a tight 0D-2D interface for enhanced charge transfer. Reproduced with permission from ref 54 Copyright 2025,
Elsevier. (C—F) TEM and HR-TEM images of the 0D/1D-2D Pt-TiO,NW/Ti,C, heterostructure, showing Pt NDs (circled) anchored on the scaf-
fold. Reproduced with permission from ref 5SS Copyright 2023, Elsevier. (G) Schematic diagram of the fabrication of Ti,C,-ZnIn,S,-
NiSe,composites. (H) Representative TEM and HR-TEM images of MX-ZIS-NiSe,, showing its heterostructured morphology and local lattice fea-

tures. Reproduced with permission from ref 56 Copyright 2022, Elsevier.

materials not only provides a conductive channel for electron
transport but can also efficiently harvest solar energy to drive
redox reactions.”” Enhanced light absorption, efficient charge
separation, and prolonged carrier lifetimes are crucial factors
for improving photocatalytic and electrocatalytic performance.
During the alignment of two different 2D materials with varied
functionalities, electrons flow from the lower-efficiency material
to the higher-efficiency one until Fermi-level equilibrium is
established. The strength and direction of this internal field
can be tuned by selecting materials with appropriate band struc-
tures and modifying their surface functional groups. Different
heterojunction configurations can be fabricated by tuning band
alignment and relative energy levels. In type-I alignment, both
the conduction and valence bands of one semiconductor lie
within those of the other, leading to confinement of charge car-
riers in one layer. In type-Il systems, the conduction and
valence bands of the two materials are staggered, allowing elec-
trons and holes to separate into distinct layers. Recently,
advanced charge-transfer mechanisms, such as Z-scheme and
S-scheme heterojunctions, have been introduced to describe

systems that preserve strong redox potentials while maintaining
efficient charge transport.?” In S-scheme heterojunctions,
photogenerated electrons of one semiconductor recombine
with holes in the valence band of another, leaving behind
high-energy electrons and holes with strong reducing and oxi-
dizing abilities (Figure 3G,H).*

Though highly promising, MXenes are prone to surface oxi-
dation after exposure to air or moisture, which degrades their
conductivity and catalytic activity. In addition to protection,
the van der Waals assembly of MXenes with other layered struc-
tures, such as g-C;N, or TMDCs, provides a considerably pow-
erful route to precisely tailor internal electric fields and control
band alignment at the interface. The catalytic efficacy of these
heterojunctions is highly sensitive to the stacking angle and
interlayer distance, which dictate electronic-wavefunction over-
lap and the strength of interfacial coupling. Recent work on a
twisted MXene/MoS, bilayer revealed that a specific moiré
superlattice periodicity could create localized regions of
enhanced charge density that act as catalytic “hot spots”. The
performance of 2D-2D heterojunctions is not solely
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determined by the individual materials but largely by the inter-
facial structure and morphology.®' For photocatalytic and elec-
trocatalytic applications, heterojunction efficiency is often
evaluated by its ability to promote redox reactions, such as
HER/OER or CO, reduction. In photocatalytic HER, for exam-
ple, van der Waals heterostructures facilitate efficient charge
transfer between the light-absorbing semiconductor and the
conductive partner material.®* In electrocatalysis, 2D-2D het-
erostructures enhance catalyst activity by modulating the elec-
tronic structure at the interface. Combining metallic and
semiconducting components optimizes adsorption energies
for reaction intermediates, lowering the activation energy for
key steps in reactions such as HER/OER and nitrogen fixa-
tion.°> Environmental remediation represents another domain
for 2D-2D van der Waals heterojunctions. Enhanced separa-
tion of photogenerated carriers within these structures facili-
tates the degradation of organic pollutants such as dyes,
antibiotics, and pesticides.*> Despite these advances, several
challenges remain, including the scalable synthesis of uniform,
defect-free heterostructures, charge-transport hindrance due to
uncontrolled stacking orientations, and the introduction of
recombination centers. Additionally, understanding charge-
transfer processes at the atomic scale remains a formidable
task. While theoretical studies have provided valuable insights,
directly visualizing interfacial charge dynamics requires
advanced techniques such as ultrafast transient absorption
spectroscopy, in situ transmission electron microscopy, and
Kelvin probe force microscopy. Addressing these challenges
will require a synergistic approach that combines experimental
innovations with computational modeling.®*

B 2D-3D ARCHITECTURES: FRAMEWORKS AND
MACROSTRUCTURES

Architectural design, achieved by assembling MXene NSs, alone
or in combination, into 3D monoliths (aerogels and foams),
marks a critical advancement in their application and effectively
overcomes restacking in their 2D forms.°>®® This strategic
architectural shift goes beyond simple morphological control
by engineering a hierarchical porous network, imbuing the
material with enhanced mechanical integrity and synergistic
interactions among its components.®” Evidently, these tailored
3D frameworks could be highly effective in domains such as
electrocatalysis and flexible electronics, functioning as active,
versatile components integral to device performance.®®
Recently, a study illustrated the principle by designing a 3D
N-doped graphene/MXene (MXene/NGA) aerogel for the
oxygen reduction reaction (ORR).”” The hydrothermal co-
assembly and freeze-drying synthesis creates an interconnected
macro-mesoporous network that effectively prevents restacking
of both MXene and graphene sheets. The resultant hybrid aero-
gel exhibited a remarkably high specific surface area of 790 m*/
g and a pore size distribution of 12—100 nm, ideal for electrolyte
permeation and O, diffusion. This hierarchical porous network
interaction optimizes the electronic structure of the catalytic
sites, facilitating the rate-determining step in ORR. In another
instance, a compressible MXene/N-doped Carbon Foam
(MXene/NCF) was developed for flexible electronic applica-
tions, demonstrating endurance to repeated bending and com-
pression (Figure 4A,B).° The fascinating 3D architecture
features interconnected hollow structures, with an MXene layer
serving as a continuous, highly conductive sheath. A 3D

MXene/graphene oxide hybrid aerogel demonstrated superior
performance in capacitive deionization and electrocatalytic
sensing.66

B STRUCTURE-PROPERTY RELATIONSHIPS: FROM
ARCHITECTURE TO FUNCTION

The transition of MXenes from promising materials to elite cat-
alysts hinges on a fundamental shift from unexpected discovery
materials to rational design. This paradigm is governed by defin-
itive structure-property associations, in which hierarchical archi-
tectural parameters spanning the sub-nanometer interlayer gap
to the macroscopic pore network directly control catalytic out-
put. Typically, the interlayer distance (d-spacing) in the van der
Waals gap between adjacent MXene sheets represents a con-
fined nanofluidic channel that critically governs ion solvation
structure and mobility. An optimal d-spacing sterically hinders
ion hydration shell formation, creating a high-energy barrier
to diffusion. Conversely, an excessively wide energy gap
weakens electronic coupling across the layers, enhances perme-
ability, and impairs the continuous supply of electrons to the
catalytic interface.”” The meticulously designed multi-scale
architecture, with electronic-structure modulation and interfa-
cial synergism, intrinsically governs the functional performance
of MXene-based materials.'”

Biocatalysis, a fundamental concept in bioengineering, refers to
using biological systems to catalyze the regio- and/or stereospe-
cific conversion of (bio)chemicals, including cellular extracts or
specific enzymes. MXenes can be used as biocatalysts for biosens-
ing because of their highly electroactive functionalities. Before
exploring MXenes' functionality in biocatalysis, it is imperative
to understand the cellular balance between oxidative and antioxi-
dant systems. In response to external stimuli, disruption of this
redox balance results in excessive ROS production, leading to oxi-
dative damage and contributing to various oxidative stress-related
diseases.”>”> MXene NSs present a distinctive feature of free rad-
ical scavenging through redox reactions, including ROS and
reactive nitrogen species (RNS), such as hydroxyl ("OH), super-
oxide (O, ), 2,2 azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
radicals (ABTS™), and 1,1-diphenyl-2-picrylhydrazyl radical
(DPPH ). MXenes with a lamellar structure and alternating
weak van der Waals forces can act as intermediates, accelerat-
ing reaction rates in biocatalysis (Table 1). Liu and colleagues
demonstrated the mechanism through the reaction between
Ti,C,T, and H,0, which they used to design a colorimetric
strip assay and an oxidative damage model in alpha mouse liver
12 (AML-12) cells to protect them from oxidative damage
(Figure 4C,D).”* In addition, MXenes can be used as nano-
zymes to treat oxidative stress-related illnesses because of their
metallic conductivity, ease of synthesis, high stability, catalytic
activity, and cost-effectiveness. Feng et al. fabricated 2D V,C
MZXenes that mimic different natural enzymes, namely catalase
(CAT), glutathione peroxidase (GPx), haloperoxidase, peroxi-
dase (POD), superoxide dismutase (SOD), and thiol
peroxidase.”*7® Wang et al. fabricated AuNPs-decorated
MXene NSs for colorimetric detection of penicillin G
(PenG) in such real matrices.”” With an LOD of 7.51 nM,
the assay showed maximum residue limits for raw milk, gener-
ating superoxide anions and thus playing a crucial role in PenG
catalysis.

In addition to directly catalyzing intracellular species, the
MXene surface’s highly electroactive functionalities, along with
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Figure 4. Bio-related catalytic and sensing functions of MXenes. (A) Schematic illustration of the preparation process for the MXene/NCF composite.
(B) SEM morphologies of the MXene/NCF. The compressible MXene/N-doped carbon foam exhibits a unique neuron-like architecture. Reproduced
with permission from ref 65 Copyright 2023, American Chemical Society. (C) TEM images of AML-12 cells treated with 50 pg-mL™ Ti,C,T..
(D) Schematic illustration of the intracellular protective effect of MXenes. Reproduced with permission from ref 71 Copyright 2022, Springer
Publishers. (E) Schematic illustration of the preparation of the biomimetic plasmonic assembly NPD@M. (F) Catalytic process of plasmonic-
enhanced nanozyme. (G) SEM images and EDS element mapping of Nb,C-Pt. H) EIS Nyquist plots of NP with or without 1064 nm laser irradiation
(0.5 W/cm?). (I) Quantitative dissolved oxygen generation under saline, Pt, NP + L after the reaction with 0.1 mmol L'H,O,. Reproduced with per-

mission from ref 72 Copyright 2021, Elsevier.

its metallic conductivity and biocompatibility, enable it to
immobilize supramolecular biological components, including
tyrosinase (Tyr),”” lipase,”® glucose oxidase,”” and laccase.”®
These components enable the development of various biosens-
ing monitoring systems.** Several other precursors have been
used to improve the performance of immobilized enzymes on
MXenes, such as NDs (Au® Pt’° CuS,* and CeO,*
MOFs*"/COFs,”® and polymers (cellulose,* chitosan” and
biomembranes’? towards gas and cancer sensing. Yu et al. fabri-
cated a DNA electrochemical biosensor by combining a
cleavage-ligation logic transcription circuit-activated DNAzyme

and MXene-Au dots to detect flap endonuclease 1 (FEN1)
activity.*’ Ao et al. designed the composites based on encapsu-
lating Candida albicans lipase B (CalB) in a cyclodextrin-MOFs
loaded with Ti,C,T, MXenes through in situ growth.*” These
composites not only protected the highly fragile enzyme
but also enhanced its catalytic ability. Wu et al. designed
a Ti,C, matrix to immobilize the Tyr enzyme, thereby fabricat-
ing a mediator-free biosensor for phenol detection.”’
Mechanistically, the phenol could be oxidized in an oxygen-
containing environment to an o-quinone, which could then be
electrochemically reduced at the electrode surface to a
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Table 1. A Summary of Diverse Precisely MXene-Derived Nanoarchitectured Composites for Various Catalytic Applications

type of
applications guest & host MXenes size
Biocatalysis CuS nanospheres on MXenes Ti,C, 173.7 nm
Pt single atom on MXenes Ti,C,
Gold nanoparticles on MXenes Ti,C,T,
CeO, nanoclusters on MXenes Ti,C,
Pt nanozymes on MXenes Nb,C <10 nm
Gold NDs on MXenes and load Ti,C,
a substantial amount of capture DNA
Electrocatalysis Co,0, nanoparticles on MXenes Ti,C, ~50 nm
NiFe,O, nanoparticles decorated on Ti,C,
MXenes
Ni-doped MoSe, nanoflowers on Ti,NT, 100~200 nm
MXenes
CoNi LDH coated on MXenes Ti,C, T,
Co single atoms on MXenes Mo, C
Ce-MOF on MXenes Ti,C,
Carbon nanotube between MXenes Ti,C, T,
Heterogeneous Cu, cluster doped on MXenes Mo,CO,
catalysis
Pt-doped MXenes Ti,C,
Gold nanoparticles on Ti,C, 17.4 nm
PNIPAM/MXenes
Pt atoms anchored on MXenes. Ti;y
CoT,
Pd/Cu nanoparticles on MXenes T13C2 5-10 nm
Pt nanoparticles on MXenes Nb,C ~2.6 nm
Photocatalysis Pt quantum dots and TiO, nanowires  Ti;C,T, 72.095 nm
on MXenes (Pore size)
Cu,0/BiVO, nanocomposites on Ti,C,
MXenes
Bi-MOF deposited on MXenes Ti,C, 30~100 nm
CdS nanorod on MXenes Ti,C, 100 nm
Bi,0,8i0; nanosheet on MXenes Ti,C,
g-C3N nanosheet on MXenes V,C
Ag PO, nanoparticles on MXenes Ti,C, 100-200 nm

AgInS, nanoparticles on MXenes Ti,C, ~22 nm

MIL-100(Fe) nanoparticles on MXenes Ti,C,

outcome ref.

Achieved sensitive MRSA detection (LOD: 6-7 CFU/mL) with 74
concurrent bacterial inactivation.

Enabled efficient bacterial killing and biofilm removal via 75
NIR-enhanced catalysis (76.4% photothermal efficiency).

Enabled sensitive PenG detection via catalase-like activity 76
(LOD: 7.51 nM), below the US-FDA/EU MRLs.

Demonstrated catalase-like multianalyte sensing of H,O, and 82
enzyme-coupled metabolites, with detection down to 0.49 pM.

Promoted NIR-II-triggered O,/ROS generation and enhanced 72

cancer-cell internalization.

Demonstrated sensitive and specific FEN1 activity detection with good 81
reproducibility.

Achieved eﬂiaent OER activity with a low overpotential of 300 mV at 84
10 mA-cm "~ and improved kinetics over bulk Co,0,.

Provided efficient bifunctional electrocatalysis for both OER and HER 85
using NiFe,O,/Ti,C, composites.

Enhanced alkaline overall water-splitting performance through 86
improved HER and OER activity in Ni-MoSe,/Ti,NT,.
heterostructures.

Demonstrated strong alkaline OER activity with a low overpotential of 87
2574 mV at 100 mA/cm”.

Achieved favorable OER kinetics through optlmlzed OH adsorption, 88
with a low overpotential of 270 mV at 10 mA/cm”.

Delivered durable multifunctional HER/OER and supercapacitor 89
performance, with retention of up to 99.7%.

Combined high-capacity LIB storage (2491 mAhg ') with efficient 90
HER activity (93 mV at 10 mA cm

Enhanced CO oxidation through Cu3-cluster-med1ated electron 91
transfer regulation on Mo,CO,.

Maintained >90% benzene conversion under humid conditions with 92
stable performance over seven cycles.

Showed switchable catalytic activity for 4-NP reduction through 93
thermoresponsive MXene nanocomposite design.

Facilitated selective CO, fixation to amides, with a markedly higher ~ 94
TON than Pt nanoparticles.

Enabled ligand-free Suzuki—Miyaura coupling with high yields and 95
stable catalytic performance over at least 10 cycles.

Regulated WGS kinetics through reduction-induced strong metal— 96
support interactions that modulate CO adsorption and
H,O activation.

Boosted artificial-solar-light CO, reduction through Pt QD synergism, 55
reaching 4.8-fold higher activity than pristine Ti,C,.

Achieved near-complete TC mmera.hzatlon with simultaneous 97
H, evolution (4.70 mmol-g -h™") and CO, conversion to
CO/ CH,, under visible light.

Delivered addltlve free NH; production in pure water via the 98
CAU-17/MXene Schottky hetero;unctlon (56.34 pmol-g "-h™")
Produced a 7-fold enhancement in H, generation through intimate 99

interfacial contact and accelerated cha.rge transport.

Enhanced solar-driven CO, reduction with a CO yield of 17.8 pmol-g~ 100
"h" and ~90% selectmty over CH,OH.

Enhanced photocatalytic CH,, productlon to 205 pmol-g reachmg 101
6.7-fold higher activity than pristine g-C;N,,.

Achieved broad-spectrum visible-light degradation of multiple 102
organic pollutants using the self-assembled Ag,PO,/Ti,C,
Schottky catalyst.

Achieved efficient visible-light N, fixation, with 30 wt% AgInS, 103
reaching 38.8 pmol/(g- h§

Improved photocatalytic NO oxidation to 57.92%, achieving 4-fold and 104
3-fold higher efficiency than Ti;C, and MIL-100(Fe), respectively.

polyhydric phenol, amplifying the phenol signal. The varied
electrochemical measurements revealed the electrochemical
performance of these MXene-based composites, with a wide lin-
ear range from 0.05 to 15.5 pmol L. The chitosan-
encapsulated Tyr-immobilized Ti,C, matrix showed unique
performance with rapid response, high sensitivity (414.4 mA
M™), and a low detection limit (12 nmol L™). The proposed
enzyme-based biosensor design is evidenced by robust electro-
chemical biosensing, with excellent repeatability and reproduc-
ibility, long-term stability, and high recovery for sample

detection in water.

Although these composites have been used for biosensing
applications, biocatalysis-based nanomedicines could be used
more broadly for therapeutic purposes to improve catalytic
activity. Hao et al. generated a photoinduced plasmonic assem-
bly integrating Nb,C plasmon (MXenes) and Pt nanozymes
(NPD@M), encapsulated with tumor cell membranes for
DOX delivery (Figure 4E-I).”> The designed composites, fea-
turing exceptional CAT-like and oxidase-like activities of Pt
nanozymes, alleviated hypoxia by producing O, and ROS,
thereby improving PTT-assisted cancer therapy in the second
near-infrared (NIR-II) biological window. The plasmonic
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assembly alleviated cancer growth both in vitro and in vivo. In
addition, MXene-loaded single-atom catalysts (Pt-Ti,C,)
hybridized at their Ti vacancies were designed for anti-
infective therapy.”> These composites with POD-like activity
effectively ablated bacteria and eradicated biofilm through
locally catalyzing hydrogen peroxide to generate deadly
hydroxyl radicals. These MXenes encapsulated with single-
atom catalysts demonstrated photothermally induced
biocatalysis-based therapy against bacteria and cancer, towards
the development of biocatalytic nanomedicines.

Three design principles dominate contemporary MXene
electrocatalysis research: 1) surface termination engineering
tunes adsorption energetics; 2) Defect and compositional engi-
neering strategies create discrete active centers; 3) Hetero-
structuring and hybridization approaches address practical per-
formance limitations.'”> While the intrinsic electrical conductiv-
ity of MXenes facilitates fast electron transfer, their long-term
stability and surface reconstruction behavior under operating
potentials remain mechanistic open challenges. Understanding
whether MXenes act as true catalytic phases or as dynamic pre-
cursors forming oxide/oxyhydroxide intermediates is central to
mechanistic attribution.'®® Water splitting proceeds through
two half-reactions with distinct mechanistic challenges: the
HER (2H" + 2¢~ — H, in acid, or 2H,0 + 2¢~ — H, +
20H in base) at the cathode'’” and the OER (4OH™ — O,
+ 2H,0 + 4 or 2H,0 — O, + 4H" + 4¢") at the anode.'”
Density functional theory (DFT) studies revealed that oxygen-
terminated MXenes, such as Ti,CO, and V,CO,, exhibit near-
thermoneutral AGH values, whereas fluorine-terminated ana-
logs bind hydrogen too weakly.'”” A growing body of operando
evidence indicated that MXene surfaces could undergo struc-
tural and chemical reconstruction during prolonged HER oper-
ation, often forming thin oxide or oxyhydroxide layers towards
catalytic applications. Nevertheless, the mechanistic challenge,
therefore, lies in distinguishing the intrinsic activity of the pris-
tine MXene from that of its electrochemically evolved deriva-
tive. Addressing this ambiguity requires combined theoretical
and operando spectroscopic studies. Mechanistically, OER often
proceeds via the adsorbate evolution mechanism (AEM), which
involves the sequential formation and transformation of *OH,
*0, and *OOH intermediates at the catalyst surface.''’
Under anodic conditions, partial oxidation of MXene surfaces
often leads to the formation of oxy-carbide or oxyhydroxide
layers, which can participate in lattice oxygen—mediated
(LOM) pathways. In such mechanisms, lattice oxygen atoms
from the catalyst itself are directly involved in the O—O bond
formation step, exchanging with adsorbed species to generate
molecular oxygen.'” Despite these strengths, oxidative stability
remains a key mechanistic challenge for many MXenes, particu-
larly Mo- and V-based analogues, which tend to form oxide
layers at high anodic potentials. These surface oxides can either
suppress conductivity or, intriguingly, evolve into the true cata-
Iytic phase responsible for OER activity.

Nevertheless, pure MXenes typically exhibit weak oxygen
binding because their metal—carbon/nitrogen frameworks are
relatively inert and often terminated by electronically passivat-
ing groups such as —F. When terminations are replaced with
—O or —-OH, the local electronic structure around the
transition-metal sites changes, enhancing interaction with oxy-
gen intermediates and tuning the surface toward optimal
adsorption energetics.'"' For example, studies on Ti,N,
MXene showed that OH-termination significantly enhanced

electrocatalytic activity by stabilizing *OOH intermediates and
lowering the overpotential in alkaline media. In addition, intro-
ducing metal dopants (Fe, Co, or Ni) or non-metal dopants (N,
P, or S) enabled the local modulation of the electronic density
of states, thereby tailoring binding energies and enhancing cat-
alytic turnover.''” Interfacial engineering via graphene/MXene
heterostructures further optimized hydrogen adsorption ener-
getics, with reaction free-energy profiles and atomic-level transi-
tion states confirming synergistic activity enhancement through
N-doped graphene coupling. Operando spectroscopic studies
indicated that such transformations might be partially reversible,
suggesting that controlled oxidation could be harnessed as a
principle rather than viewed solely as a degradation pathway.
Collectively, these mechanistic insights underscore how
MZXenes, through their tunable surface chemistry, high conduc-
tivity, and adaptive reconstruction behavior, can serve as effi-
cient bifunctional materials for both HER and OER. Their
ability to balance structural stability with dynamic surface activa-
tion represents a key advantage for designing durable, high-
performance water-splitting electrocatalysts.''* Electronic cou-
pling between graphene and MXene surfaces, as shown by shifts
in the C p,-band center and the correlation between work func-
tion and *OH binding energies, indicates that interfacial orbital
hybridization governs adsorption energetics and electron-
transfer efficiency.

In hybrid architectures, MXenes act as electron highways,
strongly coupling with conductive or catalytically active phases
such as nitrogen-doped carbon, transition-metal oxides, or
metallic nanoparticles (Table 1).''* The interfacial charge-
transfer behavior of Pt/MXene hybrids with different termina-
tions is depicted.'””!'> Such interfacial coupling enables charge
redistribution across the interface, promoting polarization of
oxygen intermediates and accelerating reaction kinetics."'® For
instance, coupling MXenes with N-doped graphene enhances
p,, orbital overlap, improving the rate of electron transfer and
lowering activation barriers for O—O bond cleavage.''"!!”
Moreover, defects and variable surface terminations on
MZXenes create efficient tunneling pathways that facilitate elec-
tron flow from the host lattice to adsorbed *O, or *OOH spe-
cies. These conductive and interfacial advantages collectively
account for the superior ORR kinetics often observed in
MXene-based composite catalysts.''® Long-term durability
studies reveal morphological changes, partial oxidation, and
metal leaching, suggesting that the distribution and identity of
active sites evolve continuously during operation. The projected
density of states (PDOS) analysis and a schematic of orbital
hybridization further support the idea that 6/6* coupling
between MXene and graphene orbitals facilitates delocalized
charge transport and balanced intermediate binding.''”
Understanding and controlling these dynamic transformations
remains a key frontier for mechanistic elucidation and long-
term catalyst stability. Despite the apparent diversity in their
reaction coordinates, these transformations share a common
mechanistic foundation rooted in the interplay of intermediate
adsorption energetics, charge-transfer efficiency, surface recon-
struction dynamics, and the delicate balance between catalytic
stability and reactivity. Moreover, several critical mechanistic
challenges persist. Importantly, identifying true active sites and
distinguishing between pristine MXenes, reconstructed oxides,
and dopant-derived phases under operating bias remains a
non-trivial task. Together, MXene-based materials provide an
adaptable mechanistic platform for modulating HER & OER
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energetics, electron transfer, and reaction selectivity while also
revealing the complexity of surface dynamics under realistic
electrochemical conditions.

MXenes can serve as heterogeneous catalysts for some
organic reactions because of their high electrical conductivity,
large surface area, and tunable surface chemistry. The redox-
active sites involve the transition-metal centers, differentiating
them from traditional metal-free organocatalysts. Specifically,
these MXenes primarily act as catalyst supports for various
organic transformations. Nevertheless, pristine MXenes are
prone to oxidation or delamination during catalysis, limiting
their applicability in heterogeneous catalysis. Auxiliary compo-
nents (Pt species, Au dots, MoS, NSs, and polymers) immobi-
lized on MXenes improve structural stability and expose various
terminal active sites, thereby maintaining long-term catalytic
activity (Table 1).°° Although their roles have been explored
for various catalytic applications (photo-, electro-, and
thermal-based catalysis), MXene-based composites in organic
reactions remain limited. In this section, we emphasize the roles
of various MXene-based composites in organic transformations,
including oxidation, reduction, ring opening, and C-H activa-
tion reactions (Figure 5).

Several studies have explored the utilization of MXenes
(vanadium carbide, V,C) to demonstrate their catalytic activity.
Dhakshinamoorthy et al. demonstrated the aerobic oxidation of
indane to a mixture of indanol/indanone using molecular oxy-
gen."'” In addition, they demonstrated the roles of surface
hydroxyl groups, including surface oxidation with ammonium
persulfate to convert some surface groups into oxo groups and
surface dehydroxylation via thermal treatment under a diluted
hydrogen flow. However, MXenes are often prone to oxidative
degradation, leading to oxide formation and composites (TiO,/
Ti,C,T,) and a loss of catalytic activity. Encapsulating MXenes
with protective agents (carbonaceous materials, bentonite, and
tannic acid) can regulate their intrinsic oxidation and enhance
performance in certain environments.'*” Notably, researchers
have explored the oxidation process using these MXene-based

composites for removing toxic pollutants, such as CO oxidation.
Interestingly, Cheng et al. presented Cus-cluster-decorated pris-
tine and defective Mo,CO, monolayers for CO oxidation.”!
Comparatively, Cu,/d-Mo,CO, showed superior catalytic per-
formance, with exceptional stability and reactivity. Wang et al.
fabricated Pt@Ti,C, composites for the low-temperature oxida-
tive removal of benzene under varied reaction conditions,
including reaction temperature, Pt amount, and benzene con-
centration.”” The catalytic oxidation improved with increasing
amounts of the guest Pt species on MXenes.

MZXenes decorated with Au dots exhibited exceptional cata-
Iytic activity as reducing agents, owing to their active catalytic
sites. The polymer coating effectively reduced MXene stacking
and protected structural stability. In one case, an innovative
core-shell structured MXene-COOH@(PEI/PAA)n@AuNPs
was prepared using layer-by-layer assembly of polymers (PEI
and polyacrylic acid) over MXenes and subsequent decoration
of Au NPs.'?! These composites, with better thermal stability,
exhibited exceptional catalytic reduction of nitro compounds
(nitrophenol) with NaBH,. This approach achieved repeatabil-
ity above 90% even after 8 successive catalytic cycles, demon-
strating recyclability and suitable stability. Similarly, poly(N-
isopropylacrylamide) chains were grafted on the surface of Au
NPs-decorated MXenes with a self-reduction property for the
reduction of nitrophenol at room temperature.” Interestingly,
the reaction could be terminated due to the polymer’s
temperature sensitivity at elevated temperatures (40 °C). This
smart ON/OFF regulation, with tunable catalytic activity, could
be promising for industrial use.

The designed composites efficiently reduce hazardous chem-
ical intermediates, enhancing their potential in catalysis and
wastewater treatment. Chen et al. proposed single-atom cata-
lysts via a simultaneous self-reduction stabilization process, in
which Pt,/Ti, ,C,T, provided a green route for utilizing the
greenhouse gas CO, through the formylation of amines.”* Pt-
doped MXenes significantly reduced adsorption energy, thereby
boosting their catalytic reduction performance. A ring-opening
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Figure 5. Catalytic performance of MXenes and their composites in heterogeneous catalysis, involving oxidation, reduction, formylation, C—C cou-

pling, C—H activation, and epoxide ring-opening reactions.
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reaction opens cyclic monomers into reactive functional groups,
leading to long polymer chains through chain-growth polymer-
ization (e.g, caprolactone to polycaprolactone). Considering
the surface functional groups (O, OH, and/or F atoms), 2D
MXenes can be employed as excellent acid catalysts for ring-
opening reactions. Slot et al. demonstrated enhanced selectivity
for catalytic epoxide ring-opening with surface-functionalized
MXenes (Ti,C,T,)."** The oxidized Ti,C,T, surfaces, upon
conversion to TiO,, regulated reaction kinetics and selectivity
for the epoxide ring-opening of styrene oxide (SO) and its
isomerization in the liquid phase. Accordingly, controlling the
type and number of acid sites on the MXene surface for SO
ring-opening catalysis could help regulate selectivity and cata-
Iytic activity.

C—-H bond activation is often used to prepare organometallic
compounds, which bacteria employ to use natural resources effi-
ciently. Typically, this attractive strategy enables the introduc-
tion of chemical functionalities. Towards fabricating
exceptional catalysts and their supports using MXenes, Li and
colleagues demonstrated metal-support interactions on Pt/
Ti,C,T, and Pt/Nb,CT,, catalysts for C-H activation.'?> The
Pt/Ti,C,T, showed a lower d-band center than Pt alone, which
might have led to weaker adsorption of light hydrocarbon spe-
cies. Accordingly, a lower olefin desorption barrier increases
the contribution of C—C bond dissociation to high catalytic
activity. Compared with Pt/Ti,C,T,, the Pt/Nb,CT, catalyst
showed slightly lower selectivity, possibly due to differences in
IMC extent and electronic effects. Shen et al. fabricated a het-
erogeneous catalyst based on PdCu@Ti,C, using a one-step
reduction method. The researchers evaluated the composites
for catalytic efficiency in the Suzuki—Miyaura cross-coupling
reaction. Accordingly, PdACu@Ti,C, showed exceptional cata-
lytic activity, comparable to that of homogeneous Pd-based cat-
alysts such as Pd(PPh,),.” Interestingly, the authors indicated
that the fabricated heterogeneous MXene-based catalyst could
be used at least 10 times for the Suzuki-Miyaura coupling reaction
with exceptional yields, thereby promoting green chemistry.

Photocatalysis is an advanced oxidation process that utilizes
light energy to drive redox reactions at the surface of a semicon-
ductor for solar energy conversion, hydrogen generation, CO,
reduction, and pollutant degradation.'”* Photocatalytic effi-
ciency depends on the material’s ability to absorb light, generate
charge carriers (electrons and holes), and transfer them effec-
tively to reactive sites. However, conventional semiconductor
photocatalysts, such as TiO,, CdS, ZnO, and g-C;N,, face
intrinsic challenges, including rapid electron—hole recombina-
tion, limited visible-light absorption, and poor stability. In this
context, MXenes and their composites offer distinct advantages:
excellent electrical conductivity facilitates charge-carrier trans-
port; surface functionalities provide active sites for adsorption
and redox reactions; and a Layered structure allows intimate
interfacial contact with other semiconductors to form efficient
heterojunctions.”” Accordingly, photocatalysis can occur
through multiple mechanisms, including acting as electron
mediators, supports, or co-catalysts. The metallic conductivity
of MXenes enables them to act as electron sinks, facilitating
the rapid transfer of photogenerated electrons from the semi-
conductor to the MXene surface. This process reduces
electron-hole pair recombination, thereby increasing charge-
carrier lifetime. The formation of Schottky junctions between
MXenes and semiconductors, such as TiO,/Ti,C,T, or
CdS/Ti,C,, is key to this function. In these systems, the

MXene Fermi level lies below the semiconductor conduction
band, allowing electrons to flow into the MXene while holes
remain in the semiconductor. The directional charge separation
significantly enhances photocatalytic efficiency.

In addition, MXenes serve as robust supports for semicon-
ductor nanostructures due to their mechanical strength, large
surface area, and abundant nucleation sites for nanoparticle
growth, ensuring uniform dispersion and preventing aggrega-
tion. For instance, Ti;C,-supported MoS, NSs showed
improved HER activity because of their high surface exposure.
Moreover, MXenes can limit photocatalyst particle size, creating
quantum confinement effects that further enhance light absorp-
tion and catalytic activity. Another critical role of MXenes is
enhanced reactant adsorption. The negatively charged surfaces
effectively adsorb positively charged pollutants or reactive inter-
mediates, while their interlayer spacing can store CO, mole-
cules or H,O for subsequent reactions. In addition, they
modulate catalytic selectivity; for example, —O-terminated
Ti;C, exhibits optimal Gibbs free energy for
hydrogen adsorption (AGH = 0 eV), making it an excellent
substitute for expensive platinum in photocatalytic hydrogen
generation.'”® MXenes have been successfully integrated into
various photocatalytic applications, including water splitting,
CO, reduction, pollutant degradation, and nitrogen fixation.
MXenes (Ti,C, Ti;C, and Nb,C) are widely used as co-
catalysts with semiconductors such as CdS, TiO,, and g-C;N,,.
In TiyC,/CdS systems, the O-terminated Ti,C, surface acts
as an efficient electron acceptor, forming a Schottky barrier that
facilitates charge separation and drives HER under visible light
(Table 1). The 2D-2D Ti;C,/g-C3N, heterojunction also
exhibits superior H, generation efficiency, as intimate contact
between the layers promotes fast charge transfer and inhibits
recombination. The resultant Ti,C,-transformed NDs as com-
posites display even higher activity due to the increased number
of surface-active sites and stronger interfacial coupling.'*®
MXene-based photocatalysts have demonstrated remarkable
capability for converting CO, into hydrocarbons or alcohols.
The layered structure of MXenes provides abundant adsorption
sites for CO, molecules, while their metallic nature facilitates
multi-electron transfer reactions. Ti;C,/Bi,WO, and Nb,CT,
composites have demonstrated efficient conversion of CO, to
CO and CH,, under visible light. The synergistic effect between
MZXene’s conductivity and the semiconductor’s photoactivity
enables effective utilization of solar energy for carbon-neutral
fuel production.”

MXene-based systems are also highly effective in degrading
organic dyes and contaminants in water. The Ti,C,/CdS and
Ti,C,/TiO, composites have been extensively studied for
breaking down pollutants such as rhodamine B, methylene blue,
and nitroaniline. MXene not only enhances light absorption but
also accelerates ROS (+OH and «O,") generation, which drives
oxidative degradation. Additionally, MXene-derived TiO,/C
heterostructures demonstrate excellent stability, reusability,
and resistance to photocorrosion, which are vital for long-
term water purification systems.'>” Recent studies explored
the potential of MXene-based photocatalysts for nitrogen fixa-
tion, converting atmospheric N, into NH; under mild condi-
tions. Active metal sites (Nb, Ti, or V) and surface
functionalities facilitate activation of N=N bonds, while con-
ductive layers shuttle electrons efliciently. Furthermore,
MXenes have been applied to H,0, generation, antibacterial
treatment, and fuel desulfurization, expanding their utility
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beyond conventional photocatalytic reactions.”® Despite signifi-
cant advances, several challenges remain in fully exploiting
MXenes in photocatalysis, including poor chemical stability, as
they are prone to oxidation in air or aqueous environments,
which alters their structure and degrades performance.
Developing surface passivation strategies or heterostructures that
stabilize MXenes under operational conditions is a priority.
Another challenge is precisely controlling surface terminations
(-0, -F, and ~OH), which significantly influence electronic
properties and catalytic activity.

In conclusion, this review discusses the synthesis of various
MZXenes and their composites for diverse catalytic applications.
In this article, we discussed the roles of these designed MXene-
based composites in diverse catalytic applications. Despite signif-
icant advances, several challenges remain to fully exploit MXenes
and their composites in catalysis, including reproducible synthe-
sis, storage stability, and broader applicability (Figure 6). Future
research should focus on rationally designing heterostructures
with controlled orientation, tunable interlayer spacing, and
tailored surface chemistry. Defect engineering, doping, and sur-
face modification can further enhance charge separation and cat-
alytic selectivity. Accordingly, advanced synthesis techniques
such as plasma treatment, atomic layer deposition, and molecu-
lar intercalation can engineer desired surface functionalities,
thereby enhancing stability and improving performance.

Furthermore, scalability and reproducibility remain key
obstacles. Most MXene-based catalysts are produced using
small-scale laboratory methods that involve HF-based etching,
raising environmental and safety concerns. Exploring green syn-
thesis routes, such as molten-salt etching or electrochemical
exfoliation, could facilitate large-scale, environmentally friendly
production. Integrating heterostructures into scalable architec-
tures, such as membranes and electrodes, will enable their appli-
cation in real-world energy and environmental systems.
Translating these relationships into predictive design principles
requires a multi-scale understanding, from atomic-scale interfa-
cial bonding to macro-scale mass transport. Recently, in situ and
operando characterization techniques have begun to map these
connections directly, showing that a 3D macrostructure’s
pore-size distribution dictates reactant concentration gradients
at the active site. The holistic view, linking atomic architecture
to reactor-level performance, is crucial for transitioning from
serendipitous material discovery to the rational engineering of
MXene catalysts tailored for specific chemical environments
and industrial process conditions.

The chemical instability of MXenes remains a major obstacle,
as they tend to oxidize in air or aqueous environments, altering
their structure and degrading performance. Developing surface
passivation strategies or heterostructures that stabilize MXenes
under operational conditions is thus a priority. Another
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challenge is precisely controlling surface terminations, as differ-
ent terminations (—O, —F, and —OH) significantly influence
electronic properties and catalytic activity. The future of
MXene catalysis lies in rationally designing heterostructures.
By coupling MXenes with narrow-bandgap semiconductors,
plasmonic materials, or NDs and by exploring heterostructures
based on novel 2D materials such as phosphorene, transition-
metal carbides, and metal-organic frameworks, it is possible to
extend light absorption into the visible or even the infrared
region. Z-scheme and S-scheme heterojunctions fabricated with
MXenes as conductive bridges maintain high redox activity
while enhancing charge separation. Additionally, theoretical
simulations based on DFT can guide the design of diverse
MZXene compositions and surface terminations tailored to spe-
cific catalytic reactions.'*®

Coupling mechanisms provide a robust foundation for
designing next-generation catalytic, electronic, and environmen-
tal technologies. Combining diverse 2D materials into coherent
hybrid systems enables multifunctional devices that address
global challenges in energy sustainability and environmental
purification. As synthesis techniques mature and understanding
of interfacial charge dynamics deepens, implementing these het-
erostructures in large-scale systems will become increasingly
feasible. The field continues to expand, driven by interdisciplin-
ary efforts that merge materials science, chemistry, and physics
to unlock the full potential of engineering heterostructures.
Ongoing exploration of 0D-2D, 2D-2D, and 3D-2D architec-
tures not only enriches fundamental understanding of nanoscale
interfaces but also paves the way for sustainable technologies
that can reshape the future of energy and environmental inno-
vation. Continued exploration of surface engineering, defect
tuning, and heterostructure optimization will unlock further
improvements in activity, selectivity, and durability. As synthesis
methods become safer and more scalable, MXene-based mate-
rials are poised to play a crucial role in the global shift toward
renewable energy and environmental sustainability.
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