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The surfaces and interfaces of catalysts dictate activity, selectivity, and stability in heterogeneous catalysis,
yet achieving atomic-level control over charge density flow and reaction energetics across these regions
remains challenging. MXenes, a rapidly expanding family of two-dimensional transition-metal carbides,
nitrides, and carbonitrides, offer an exceptional platform to address these challenges owing to their
compositional tunability, rich surface terminations, and the strong influence of these groups on their
physicochemical properties. Surface engineering provides the foundation for tailoring MXene reactivity,
where controlled regulation of terminations, heteroatom doping, defect generation, and morphology
enables precise tuning of active sites, adsorption energies, and redox potentials. Nevertheless, optimizing a
single material may not provide sufficient control over surface charge dynamics and reaction energetics. For
this reason, interface engineering that couples MXenes with metals, semiconductors, or carbon materials has
become essential, as such heterostructures create Fermi-level equilibration, built-in electric fields, and orbital
hybridization that govern charge transport and reshape catalytic pathways. Together, these hierarchical
design strategies transform MXenes from simple conductive supports into dynamic catalytic mediators that
Received 30th October 2025 bridge electro-, photo-, and thermocatalysis. This review summarizes recent progress in MXene surface and
DOI: 10.1039/d5¢s00376h interface engineering, elucidates how atomic configurations regulate charge dynamics and catalytic
behavior, and outlines design principles for programmable, self-adaptive, and stable MXene catalysts toward
rsc.li/chem-soc-rev sustainable heterogeneous catalysis.
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1. Introduction

Heterogeneous catalysis, a cornerstone of the modern chemical
industry, underpins energy conversion, large-scale chemical
synthesis, and environmental protection. Nearly 90% of
chemical processes rely on heterogeneous catalysts, from
ammonia synthesis in the Haber-Bosch process to petroleum
refining and clean-fuel production. By enabling selective
chemical transformations with reduced energy consumption,
heterogeneous catalysis plays a pivotal role in the global
energy transition and carbon-neutrality agenda.'™ It is central
in hydrogen technologies such as water electrolysis and
fuel cells, and in carbon utilization exemplified by CO,
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hydrogenation to methanol. Despite these achievements, con-
ventional catalysts suffer from intrinsic trade-offs among
activity, selectivity, and stability. Precious metals such as Pt
and Pd offer excellent catalytic performance but are costly and
scarce. Highly active nanoparticles are prone to sintering or
poisoning, and improvements in selectivity often compromise
reaction kinetics. These limitations arise from the difficulty
of tailoring the catalytic surface microenvironments and from
the complex relationships between surface structure and
reaction performance. Consequently, the rational design of
catalytic materials through atomic-level structural engineer-
ing and coordinated surface and interface regulation remains
a pressing challenge.
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Fig.1 The number of publications over the past decade obtained from a
Scopus search crossing the keyword “MXene & Catalysis”.

Two-dimensional (2D) materials have emerged as promising
candidates to address these challenges because of their large
surface-to-volume ratios, tunable electronic structures, and
versatile surface chemistries.®”® Among them, MXenes, a family
of transition-metal carbides, nitrides, and carbonitrides, stand
out for their metallic conductivity, controllable compositions,
broad chemical space, adjustable surface terminations, and
distinctive electronic properties.”™ Beyond their applications in
supercapacitors,>® batteries,"””*° electromagnetic shielding,*>*
sensing,> >’ anticorrosion coatings,”*** and biomedicine,** >
MXenes are now attracting increasing attention in heteroge-
neous catalysis.**” Notably, research on MXene-based catalysts
has advanced significantly, with a clear upward trend in pub-
lications over the years (Fig. 1). Compared with other 2D
materials such as graphene or transition-metal dichalcogenides,
MXenes provide greater tunability of active sites, stronger inter-
facial coupling, and superior charge-transport efficiency. Repre-
sentative MXenes including TizC,Ty, V,CT,, and Mo,CT,
have demonstrated notable catalytic activity and tunability in
hydrogenation,®® dehydrogenation,®>*® and water-gas shift
(WGS) reactions.!

Despite these advantages, pristine MXenes still suffer from
critical limitations when used as standalone catalysts. Their
surfaces oxidize readily, layered structures tend to restack, and
the density of exposed active sites is limited, which collectively
restricts efficiency and durability. To overcome these draw-
backs, two complementary strategies have been developed.*?
On the one hand, surface engineering, which includes compo-
sition tuning, termination modulation, defect generation, and
morphology control, allows precise regulation of electronic
structure and surface chemistry. On the other hand, hetero-
structure construction by integrating MXenes with metals,
metal compounds, carbon materials, or polymers creates
interfacial synergies that facilitate charge transfer, optimize
adsorption energetics, and accelerate reaction kinetics. The
coordinated application of these strategies has proven effective
in simultaneously improving catalytic activity and stability.
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Research on MXene surface and interface engineering has
advanced rapidly, and mechanistic insights are now being
validated across electrocatalysis, photocatalysis, and thermo-
catalysis. While prior reviews have addressed MXene-based
photocatalysts or selected composite architectures,**™*>
fied, mechanism-oriented framework linking surface modifica-
tion, heterostructure design, and catalytic function across all
major reaction classes remains absent. To address this gap, the
present review provides an integrated perspective that connects
termination chemistry, defect evolution, interlayer engineering,
and interfacial electronic structure with catalytic performance.
The discussion begins with an overview of MXene synthesis
routes and intrinsic physicochemical properties, followed by
a systematic examination of surface engineering strategies.
Subsequent sections analyze MXene-based heterostructures
and elucidate how interfacial design governs catalytic path-
ways. The final part summarizes key challenges and emer-
ging opportunities, including termination-controlled active-
site design, Al-assisted MXene discovery, long-term stability
engineering, and scalable synthesis routes suitable for practical
implementation. By establishing a coherent surface-interface
conceptual framework, this review provides a foundation for
the rational development of next-generation MXene catalysts
and highlights promising directions for future advances in
heterogeneous catalysis.

a uni-

2. MXene overview: basics and
properties

MXenes are a class of 2D transition-metal carbides, nitrides,
and carbonitrides that have attracted substantial attention over
the past decade. The first MXene, Ti;C,T,, was synthesized in
2011 by Gogotsi and co-workers through the selective etching of
the Al layer from a Ti;AlC,-type MAX phase, thereby transform-
ing a three-dimensional (3D) layered precursor into a 2D
nanosheet.*® In the parent MAX phases (M,;AX,), M is an
early transition metal, A is a group IIIA-VIA element such as Al,
Ge, Sn, Si, or In, and X is C and/or N, giving rise to layered
M,,.1X,, Ty structures (1 < n < 4; T =-OH, =O0, -F, -Cl) with M
layers exposed at the surface (Fig. 2a).*”*8

Since their initial discovery, MXenes have become a key
platform in 2D materials research owing to their layered
structure, high electrical conductivity, tunable surface chemis-
try, and large accessible surface area. Research has expanded
from titanium-based carbides to a much broader family incor-
porating diverse early transition metals and non-metal elements,
providing a rich compositional space for tuning physicochemi-
cal properties.’®*® In parallel, diverse surface modification and
interlayer engineering strategies allow precise regulation of
electronic states and ion accommodation in the galleries. These
advances have considerably broadened the application scope
of MXenes, which now show promise across electrochemical
energy storage (supercapacitors, lithium-, sodium-, and zinc-ion
batteries), electromagnetic interference shielding, anticorrosion

Chem. Soc. Rev.


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cs00376h

Open Access Article. Published on 05 March 2026. Downloaded on 4/16/2026 1:25:07 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review Article

View Article Online

Chem Soc Rev

HSc‘m \'} ‘ Cr‘Mn Feh Co’ Ni ‘ Cul Zn‘ Ga‘ Ge‘ As” Se‘ Brl Kr‘
|
|

He‘
B/ Cc|N| o] F|Ne|
Alfsi|p|s|car

Etching
22>

2%
M,AX, (e.g. Ti,AIC,)
oM A X

oT

M;X,T, multilayers

22>

P

M;X,T, single flakes

Fig. 2
of MXenes.

coatings, chemical sensing, biomedical applications, and envir-
onmental remediation.>®>°

Substantial progress has also been made in expanding
synthesis methods, understanding structural regulation
mechanisms, and clarifying structure-property relationships,
as comprehensively reviewed elsewhere.’®®' Here, we only
briefly introduce the principal preparation methods and
catalysis-relevant properties of MXenes, focusing on features

directly related to heterogeneous catalysis.

2.1. Synthesis routes and catalysis-relevant properties of
MXenes

MXenes are most commonly prepared by selectively removing
the A-site element from layered MAX phases (M,,.1AX,,), thereby
exposing 2D M-X slabs with rich surface chemistry (Fig. 2b).
The synthesis route determines surface terminations (T = -F,
-0, -OH, -Cl, -S), defect density, interlayer spacing and hydra-
tion, intercalated species, and morphology (accordion-like
stacks, few-layer colloids, films), all of which govern electronic
structure, charge transport, adsorption energetics, and catalytic
stability. Different synthetic methods thus often yield MXenes
with markedly different termination ensembles and defect
populations, leading to diverging catalytic behaviors and com-
plicating mechanistic comparisons.

Established synthetic strategies include aqueous HF-based
etching, fluorine-free hydrothermal alkali etching, molten salt

Chem. Soc. Rev.

(a) Fragment of periodic table illustrating “M”, “"A”, and "X" elements that can form a MAX phase. (b) Schematic illustration of the etching synthesis

routes (fluoride melts and Lewis acidic melts), electrochemical
etching and purely physical exfoliation. In parallel, bottom-up
methods such as salt templating and chemical vapour deposi-
tion (CVD) expand the accessible compositions and offer pre-
cise control over layer number and surface terminations
(Fig. 3). These routes differ in scalability, environmental com-
patibility and termination control, providing complementary
tools to tailor MXenes for thermo-, electro-, and photocatalytic
applications, but the sensitivity of termination chemistry to
small variations in precursor quality or moisture also intro-
duces reproducibility challenges across independent studies.
2.1.1. Synthesis routes and termination control
Fluoride-based etching. Direct hydrofluoric acid (HF) etching™!
and in situ HF generation using fluoride salts with mineral
acids®®®* are the most established approaches to MXenes. They
efficiently remove the A-layer and yield MXenes that are typically
terminated by mixed -F, -0 and -OH groups.®>*® Intercalation
of small cations or organic species facilitates delamination to
few-layer colloids and freestanding films.®”°® These advantages
explain the central role of fluoride-based etching in early MXene
research. For catalysis, however, the fluorine-rich termination
ensemble presents important limitations. Strongly electronega-
tive -F groups lower electronic conductivity, modify the work
function and can partially block surface active sites. As a result,
MXenes obtained by HF or fluoride molten salts often require
post-treatments such as thermal annealing, alkali washing or

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 Synthesis techniques and advantages of MXene catalysts.

plasma modification in order to enrich -O or -OH terminations
and recover favourable electronic properties.®””* Fluoride
molten-salt routes share similar F-rich surfaces,”>”® so both
liquid- and molten-fluoride methods generally need subsequent
defluorination when catalysis-oriented electronic properties and
active-site accessibility are required.”*”>

Fluorine-free etching. Hydrothermal alkali etching’* and
Lewis-acidic molten-salt methods”®”” have been developed in
order to avoid fluorine and to obtain cleaner active surfaces.
Concentrated alkaline solutions under hydrothermal condi-
tions convert the A-site element into soluble aluminate and
leave MXenes predominantly terminated by -O and -OH
groups.”® These fluorine free MXenes usually show higher
intrinsic conductivity, improved hydrophilicity and more acces-
sible active sites, which are advantageous for electrocatalysis
and thermocatalysis. The main limitations are narrow proces-
sing windows and strong parameter sensitivity (risk of incom-
plete etching or overoxidation), together with high operating
temperatures and metallic byproducts for molten salts, which
can cause batch-to-batch variations in crystallinity and defect
density.

This journal is © The Royal Society of Chemistry 2026

Electrochemical etching. Electrochemical etching offers a
more environmentally benign and electronically programmable
alternative.”® In this method, the MAX phase serves as the
anode in an electrolyte that can be acidic, alkaline, neutral salt
based or even molten. The A-site element is oxidised under an
applied potential and removed as soluble complexes, while
simultaneous intercalation of cations expands the interlayer
spacing and promotes delamination. Because fluoride reagents
are not required, the nature of surface terminations is largely
dictated by the electrolyte. Chloride media introduce -Cl
groups, alkaline media favour -O and -OH terminations,®*%'
and sulfur-containing electrolytes can incorporate -S species.
This high degree of control over termination ensembles, work
function and defect distribution is particularly attractive for
catalysis. At the same time, overly high bias or prolonged
anodisation can induce overetching or partial transformation
to carbide-derived carbon, and the strong dependence of ter-
mination chemistry on local potential and cell geometry leads
to noticeable variability in catalytic performance among osten-
sibly similar electrochemically prepared MXenes.

Physical exfoliation. Physical exfoliation relies on mechanical
forces such as high power ultrasonication,®” ball milling®* or
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laser ablation®*%°

to separate pre-activated MAX phases or
partially-etched precursors into thinner sheets. These techni-
ques generally preserve the intrinsic surface stoichiometry and
termination fidelity of the MXene framework. Although yields
are modest and lateral sizes are often limited, the products are
especially valuable for mechanistic studies because they allow
the intrinsic influence of structure and anisotropy to be exam-
ined without strong chemical modification. However, their low
throughput, heterogeneous flake thickness and defect distribu-
tions limit direct use in large-scale catalysis and complicate
quantitative comparison with chemically etched analogues.

Bottom-up synthesis. Bottom-up strategies, primarily salt
templating and CVD, complement top-down etching routes
and extend the accessible MXene space to compositions that
cannot be obtained from MAX phases. Salt templating confines
the growth of layered intermediates inside salt matrices and
enables subsequent conversion to nitride-type MXenes with
clean, fluorine free surfaces and good crystallinity.’® CVD
directly deposits MXene films such as Mo,C or Ti,CCl, on
suitable substrates while allowing fine control over thickness,
lateral size and termination composition.®””*® These methods
are particularly useful for preparing well defined heterostruc-
tures, membranes and device grade electrodes for catalytic
studies. Their drawbacks include high temperature and energy
demands, limited throughput, and open questions regarding
film uniformity and scalability for realistic catalytic modules.

Top-down routes, including HF based, fluorine free and
electrochemical etching as well as physical exfoliation, dom-
inate current MXene synthesis because they are experimentally
accessible and can produce substantial quantities of material.
The associated termination ensembles are largely set by the
reaction medium, and post-synthetic termination engineering
is usually required for catalytic optimisation. Bottom-up meth-
ods provide cleaner and more precisely controlled structures
and surfaces, although at higher experimental cost. In all cases,
the synthesis route establishes the initial termination chemis-
try, defect landscape and interlayer structure, which in turn
govern the density, nature and stability of active sites in MXene-
based catalysts. Despite significant progress, inconsistencies
across studies and the sensitivity of MXene chemistry to subtle
synthetic variables remain major barriers to establishing uni-
versally accepted structure-function relationships. Reducing
this synthetic variability is essential for reliable catalyst design
and for assessing the true potential of MXenes in practical
catalytic processes.

2.1.2. Key properties for heterogeneous catalysis. The syn-
thesis-dependent structural and chemical features described
above translate into a set of physicochemical properties that
make MXenes highly attractive platforms for heterogeneous
catalysis.'® These properties can be grouped into five main
aspects. It is important to note that many reported catalytic
performances depend strongly on synthesis-specific features
such as termination distribution or defect density, which
explains why different studies occasionally reach conflicting
conclusions about the same MXene composition.”
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Electronic and compositional tunability. MXenes exhibit
remarkable compositional flexibility, since many early transi-
tion metals and both carbon and nitrogen can be incorporated
into the M,,;X,, framework.”’ This modular chemistry allows
systematic adjustment of the metal to nonmetal ratio, coordi-
nation environment and crystal symmetry, and therefore pre-
cise tuning of the electronic configuration.*” Substituting
different metals or forming multimetallic and high entropy
MXenes alters the distribution of d orbitals and the density of
states near the Fermi level, which provides a direct lever to
regulate the binding strength of key intermediates and the
kinetics of multielectron transfer processes.’” In addition, most
MXenes show metallic or quasi-metallic conductivity that sup-
ports fast charge transport and minimises resistive losses in
electro- and photocatalytic systems.”® The work function and
Fermi level can be further adjusted through compositional and
termination engineering, which facilitates energy level align-
ment with coupled semiconductors, cocatalysts and adsorbed
molecules. At the same time, this high tunability implies that
even small variations in composition or termination can mark-
edly change catalytic activity, underscoring the need for rigor-
ous reporting and control of synthetic conditions.

Surface chemistry and catalytic microenvironment. The surface
chemistry of MXenes is highly adaptable. Terminations such as
-0, -OH, -F, -Cl and -S, together with vacancies, edges and
heteroatom dopants, define the local catalytic microenviron-
ment. Termination engineering by chemical substitution,
exchange reactions or annealing allows deliberate adjustment
of surface hydrophilicity, charge density and work function,
which shifts adsorption free energies and electron transfer
kinetics.”"®> Defect engineering introduces low coordination
sites and localised states that often serve as catalytic hot
spots.”®® MXenes also provide robust supports for single
atoms, nanoparticles and molecular complexes, since their
surfaces contain abundant functional groups and strong metal
support interactions.?>'°® Such hybrid structures enable strong
electronic coupling and tailored charge transfer across inter-
faces. Nonetheless, inconsistent termination control across
synthesis methods has led to contradictory reports on whether
certain terminations, particularly -F or -Cl, promote or inhibit
specific catalytic pathways. Addressing this issue will require
more standardized termination characterization and better
correlation between surface chemistry and catalytic metrics.

2D architecture, interlayer engineering and processability.
MXenes possess a 2D morphology with high surface-to-volume
ratio and extended lateral dimensions.*”*>®” This structure
exposes a large fraction of basal plane and edge sites to reactants
and ensures efficient charge percolation through interconnected
sheets.’® The interlayer galleries can host a wide range of
intercalated ions and molecules, which expand the spacing,
introduce electrostatic or dipolar fields and create additional
active sites within the stacked structure.®>®” To prevent restack-
ing and to maintain accessible transport channels, MXenes can
be assembled into hierarchical architectures such as aerogels,

This journal is © The Royal Society of Chemistry 2026
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foams and patterned films, often with inorganic or polymeric
pillars.">™'% Their hydrophilicity and colloidal stability enable
scalable processing into films, membranes and coatings by
filtration, spin coating, printing or spraying, which is important
for realistic catalytic modules. However, interlayer water and
spontaneous restacking significantly affect electron transport
and catalytic accessibility, and the sensitivity of MXene colloids
to humidity and oxidation has raised concerns about their long-
term stability in aqueous catalytic environments.

Optical response, photocarrier management and photothermal
effects. Many MXenes and their derivatives display strong
optical absorption across a broad spectral range together with
ultrafast carrier dynamics.'®® These features can be exploited
in photocatalysis and photoelectrocatalysis. MXenes can act
as efficient electron or hole collectors when coupled with
semiconductors or quantum dots, which promotes charge
separation and reduces recombination. In addition, MXenes
often exhibit pronounced plasmonic and photothermal
responses.'®”'%® TLocalised surface plasmon resonances and
nonradiative decay generate enhanced electromagnetic fields
and local heating, which can accelerate reaction kinetics and
enable synergistic photothermal-photocatalytic processes.
Nevertheless, reported photothermal contributions vary widely
across studies, with some attributing rate enhancements to
plasmonic effects and others to conventional thermal heating,
highlighting the need for more rigorous control experiments
and quantitative heat measurements.

Structural robustness and durability. MXenes are built from
strongly bonded M-X layers, which provide high mechanical
strength and thermal stability in the absence of air and confer
resilience against collapse under repeated catalytic cycling or
electrochemical operation.”®'°>'*° Many compositions retain
layered morphology and conductivity over a wide pH range.
At the same time, surface oxidation, particularly in humid or
strongly oxidising environments, can lead to the formation
of insulating oxides that passivate active sites and degrade
conductivity. Stabilisation strategies, including termination
control, heterostructure integration, protective coatings and
controlled storage, are therefore critical for long-term opera-
tion. However, MXene oxidation remains a major bottleneck for
industrial catalysis, as many catalytic processes require pro-
longed exposure to water, high temperatures or oxidative
intermediates. Current stabilisation strategies have improved,
but long-term durability under industrially relevant conditions
remains insufficiently demonstrated.

Taken together, electronic and compositional tunability,
adaptive surface chemistry, 2D architecture, rich optical and
photothermal responses and intrinsic robustness define a multi-
dimensional design space for MXene-based -catalysts.!**®
These properties act in concert rather than in isolation, and
careful control of synthesis-derived structure-property relation-
ships is essential for the rational design of MXene surfaces and
heterostructure interfaces for efficient heterogeneous catalysis.
Equally important is the recognition that variability in synthesis

This journal is © The Royal Society of Chemistry 2026
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and instability under ambient or aqueous conditions continue to
create inconsistencies across catalytic studies. These caveats
should be kept in mind when interpreting mechanistic trends
and benchmarking MXene-based catalysts.

2.2. Challenges of MXenes for catalysis

Despite these attractive features, MXene catalysts face three key
intrinsic challenges. First, their surfaces are prone to oxidation
under ambient or aqueous conditions, generating insulating
oxides that passivate active sites and reduce conductivity; the
extent and kinetics of this process vary widely with synthesis,
storage, and measurement protocols, leading to inconsistent
stability assessments. Second, MXene nanosheets tend to
restack and aggregate via van der Waals interactions, which
decreases accessible surface area, blocks interlayer channels
and restricts charge and mass transport, and performance
gains are often not simply proportional to the apparent degree
of exfoliation. Third, the density of intrinsic active sites is
relatively low because basal planes are largely inert and only
edge or defect sites contribute significantly, complicating the
mechanistic attribution of activity between the MXene frame-
work, in situ formed oxides/hydroxides, and possible metal
impurities. Together, these factors limit specific production
rates, compromise selectivity and reduce operational stability,
particularly under harsh electrochemical or photochemical
conditions.

Overcoming these limitations requires deliberate surface
and interface engineering. Termination tuning, controlled
defect generation and selective functionalization can increase
active-site density, optimize adsorption energetics and sup-
press oxidation, while intercalation or spacer insertion miti-
gates restacking and preserves open ion/electron pathways. In
parallel, constructing MZXene-based heterostructures with
metals, oxides, sulfides, carbons or polymers creates interfacial
synergies that accelerate charge transfer, stabilize reactive
intermediates and enhance robustness, reflecting the fact that
MXene catalysts typically operate as components of complex,
dynamically evolving interfaces rather than as isolated materials.

Recognizing these oxidation-, aggregation- and activity-
density challenges highlights the importance of rational sur-
face and heterostructure engineering as the foundation of
MXene-based catalysis. Accordingly, the following sections
focus on how advanced surface modification and interface
construction strategies reshape catalytic mechanisms and
guide the design of next-generation MXene catalysts.

3. Surface engineering of MXenes

MXenes, as a unique family of 2D transition-metal carbides and
nitrides, possess intrinsically attractive features such as high
electrical conductivity, compositional diversity, and chemically
active surfaces. Nevertheless, their pristine forms often exhibit
limitations in stability, surface uniformity, and structural
integrity, which restrict their broader functional implementa-
tion. To unlock their full potential, it is essential to move
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beyond the as-synthesized state and deliberately manipulate
their atomic-scale surface characteristics.

Surface engineering has therefore emerged as a central
strategy for tailoring the fundamental properties of MXenes.
Unlike direct catalytic studies that emphasize reaction mechan-
isms, surface engineering focuses on intrinsic material opti-
mization at the atomic and nanoscale, elucidating how compo-
sition, surface groups, defects, and morphology can be system-
atically tuned during synthesis or by post-synthetic treatments
to regulate the physicochemical behavior of MXenes. Such
approaches provide the foundation for controlling their
electrical, chemical, and structural characteristics, which in
turn determine their suitability for advanced functional
applications.

In this context, surface engineering can be broadly classified
into four main directions (Fig. 4): (i) surface-composition
design, involving regulation of transition-metal elements,
multimetallic high-entropy MZXenes, and in-plane-ordered
(i-MXenes); (ii) surface-termination engineering, focusing on
the deliberate modulation of functional groups such as -O,
-OH, -F, -Cl, or -Br; (iii) defect and doping regulation, includ-
ing creation of vacancies, introduction of heteroatoms, or
anchoring of single atoms; and (iv) morphology control, encom-
passing porous structuring, vertical alignment, or curled archi-
tectures to increase accessible surface areas and optimize
transport properties. By systematically integrating these
atomic-level strategies, this chapter clarifies how the intrinsic
surface and structural properties of MXenes can be rationally
engineered and thereby establishes the foundation for subse-
quent discussions on heterostructure-interface design and cata-
lytic implementation.

Chem. Soc. Rev.

3.1. Surface composition design

The intrinsic properties of MXenes are strongly dictated by
their elemental composition. The layered M,,X, framework
offers remarkable chemical flexibility, as different transition-
metal elements (M) and light elements (X = C or N) can be
combined to construct tailored crystalline backbones. Beyond
the primary M-X slabs, compositional design extends to multi-
metallic systems, such as high-entropy MXenes, and ordered
double-metal architectures, such as in-plane ordered i-MXenes.
Through such regulation, the distribution of electronic states,
structural symmetry, interlayer interactions, and overall stabi-
lity can be precisely modulated at the atomic scale. Composi-
tional engineering thus serves as a foundational dimension of
MXene surface design. By varying the type and combination of
transition metals, one can tune the density of states (DOS) near
the Fermi level, work function, and bonding characteristics,
and thereby exert systematic control over charge transport,
local electronic structure, and framework stability. Similarly,
incorporating multiple metals in a random manner within the
M-layers introduces heterogeneity in orbital occupation and
lattice strain, while ordered arrangements of different metal cations
expand the range of accessible electronic and structural configura-
tions. These strategies not only enrich the family of available
MXenes but also establish direct pathways to regulate their intrinsic
physical and chemical behaviors. Within this framework, three
principal sub-strategies have emerged, namely transition-metal
regulation, the design of multimetallic (including high-entropy
and ordered) MXenes, and the regulation of the C/N ratio in
MXenes. The following subsections examine these approaches in
detail and highlight how compositional design provides a versatile
tool for tailoring the fundamental characteristics of MXenes.

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cs00376h

Open Access Article. Published on 05 March 2026. Downloaded on 4/16/2026 1:25:07 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chem Soc Rev

View Article Online

Review Article

- -3 1
| CBM
= 4
La-MXenes % ____[ﬁ-
> 54,
Eg>0 2 .
@ PH=0 ____
Ey>123 g 6 ]
./ Most stable
structure
al
Potential L
a,CCl
Photocatalysts -8 : 2

La,CBr, | | La,Cl, La,CS, | [La,CSe,

La,CTe,

Fig. 5

(a) Schematic representation of the screening using the best obtained ML model. Out of an initial set of 396 La-MXenes, 14 emerged as promising

photocatalysts (b) Band alignment diagrams relative to the Hp/H* and H,O/O, redox potential energy levels (dotted lines), for the six cases with correct
band alignment identified through the screening. The blue and orange bars indicate the VB and CB, respectively. For the Janus chalcogen-terminated
MXenes, the band edge position is represented for each surface (Hw or Hy). Reproduced from ref. 120 with permission from American Chemical Society,

copyright 2025.

3.1.1. Transition metal element selection. A fundamental
strategy in MXene surface composition design is the inten-
tional regulation of transition-metal (M) sites within the M,,.1X,
framework. By substituting or incorporating different transi-
tion metals, the distribution of d-orbital energies, DOS near the
Fermi level, and surface charge density can be finely tuned.
These changes not only govern intrinsic conductivity and work
function but also influence termination affinity, interlayer
spacing, adsorption energies, and overall structural stability.
Compared with the intrinsic compositional diversity intro-
duced earlier in Section 2.2, transition-metal regulation is
considered here as a deliberate atomic-scale design lever that
directly dictates the physicochemical properties of MXenes.

Density functional theory (DFT) studies have revealed sys-
tematic variations in MXene characteristics across different
transition metal families. Ontiveros et al. reported that Group
III-IV MXenes (M = Sc, Y, Ti, Zr, Hf) typically exhibit wider band
gaps (~ 1.8-3.1 eV), while Group V-VI MXenes display nar-
rower gaps and higher conductivity, reflecting differences in
orbital hybridization and electron delocalization."*® Such com-
positional control enables continuous modulation between
metallic and semiconducting behavior and exerts a strong
influence on photocatalytic and optoelectronic properties.
Building on these insights, Ontiveros et al. employed hybrid
DFT calculations on 4356 MXene structures to train multiple
machine-learning (ML) models (Fig. 5)."*° The resulting classi-
fication-regression framework achieved 92% accuracy for dis-
tinguishing metallic vs. semiconducting MXenes and predicted
band gaps with a mean absolute error of 0.17 eV. Integrated
into the MXgap toolkit, the model enables rapid screening; for
example, evaluation of 396 unexplored La-based MXenes iden-
tified six candidates with suitable band-edge positions for
photocatalytic water splitting and strong visible-light absorp-
tion. Feature-importance analysis revealed that structural
descriptors dominate band-gap predictions, while incorporat-
ing PBE-level DOS further improved accuracy. These results
highlight the value of data-driven compositional screening
for discovering MXenes with targeted properties, although

This journal is © The Royal Society of Chemistry 2026

experimental validation remains essential. Experimentally, Zer-
aati et al. demonstrated that Ti;C,T,, prepared under optimized
etching conditions, exhibited an ultrahigh conductivity of
~24000 S ecm™ ', illustrating how M-site selection directly
influences electron-transport properties.'*’ Ti-based MXenes
are also known to have a broad tunable work-function range
(~1.6-5.8 €V),’** enabling flexible energy-level alignment,
whereas Mo-based MXenes exhibit greater structural stability
and generally lower termination density due to weaker Mo-
termination interactions.™*?

The connection between electronic structure and surface
reactivity is commonly described by d-band centre theory. The
position of the d-band centre governs the adsorption free
energy (AG,gs) of key intermediates such as *H, *O, and *OH.
Computational screening by Seh et al. across a series of M,XT)
MXenes (M = Sc, Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, W; X =C, N; T =
-H, -0, -OH, -H,0) revealed systematic shifts in AG,qs, high-
lighting how transition metal choice alters adsorption ener-
getics (Fig. 6)."** Several carbides (e.g., Sc,C, M0,C) and nitrides
(e.g., VoN, Hf,N, Nb,N) exhibited values close to thermoneutral
adsorption, illustrating the capacity of transition metal regula-
tion to tune intermediate binding strength at the atomic scale.
Experimentally, Mo,CT, has been reported to display markedly
different adsorption characteristics compared with Ti,CT,,
further emphasizing the role of M-element choice in dictating
surface affinity and electronic redistribution.

In addition to electronic effects, the atomic radius and
electronegativity of the transition metal also play crucial roles
in determining interlayer spacing, termination bonding, and
resistance to external stress. Heavier transition metals with larger
radii can expand interlayer galleries, mitigating restacking tenden-
cies, while more electronegative metals may strengthen termina-
tion bonding and improve tolerance under high-temperature or
strongly acidic/alkaline conditions. These variations highlight how
the intrinsic chemistry of the M-site governs both the microstruc-
tural robustness and the dynamic surface chemistry of MXenes.

Overall, transition metal element regulation provides a
powerful tool for engineering MXene properties at the atomic
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scale. Through appropriate selection of M-site elements, one
can precisely modulate orbital energetics, DOS distribution,
work function, and termination affinity while considering
stability under demanding conditions. However, reported
trends are sometimes inconsistent across studies because
variations in termination composition, defect density, and
precursor quality can mask intrinsic M-site effects. More
rigorously controlled synthesis protocols and operando char-
acterization of both bulk and surface states will therefore be
required to establish reliable and transferable composition-
property correlations.

3.1.2. Multimetallic MXene design. Incorporating multiple
transition metals into the M-layers of MXenes is a versatile
strategy to expand compositional diversity and further tune
physicochemical properties at the atomic scale. Unlike single-
metal MXenes, which rely on the intrinsic chemistry of a single
transition metal, multimetallic MXenes introduce additional
degrees of freedom through configurational element distribu-
tion and compositional heterogeneity. Such systems can adopt
several structural motifs, including solid-solution alloys,
intermediate-entropy MXenes (m-MXenes), high-entropy MXenes
(h-MXenes), and ordered MXenes with in-plane or out-of-plane
atomic distributions. Each configuration offers unique opportu-
nities for modulating electronic structure, surface activity, and
structural stability.

A defining feature of multimetallic MXenes is their ability to
redistribute electronic states across different transition metal
sites. The d-orbital contributions of each constituent element
interact, altering the DOS near the Fermi level and thereby
modifying conductivity, charge localization, and orbital hybri-
dization. For example, Guan et al. demonstrated that incorpor-
ating Nb into TiC MXene reduces and splits its energy levels,
thereby enhancing electronic conductivity and electron trans-
port."*® Concurrently, electron redistribution shifts the Ti d-band
centre closer to the Fermi level, strengthening its chemical
affinity and adsorption toward oxygen-containing functional

Chem. Soc. Rev.

groups. This tailored surface chemistry lowers the ion diffusion
barrier, accelerates reaction kinetics, and improves chemical
stability. Han et al. investigated three binary solid-solution
MXene systems based on Ti, Nb, and V: Ti,_yNb,CT,,
Ti, ,V,CT,, and V,_,Nb,CT, (Fig. 7a)."** Starting from MAX-
phase precursors, elemental substitution at the M-site yielded
continuous solid solutions, which were subsequently converted
to MXenes. Experiments confirmed infinite mutual solubility at
the M-site, with metal atoms randomly distributed across the
sublattice. Combined theoretical and experimental analyses
demonstrated that the M-site metal type strongly governs
MXene electronic structure, optical response, and electrical
conductivity. Tuning the M-site composition enabled nonlinear
control of absorption peak positions from the ultraviolet to the
near-infrared. DFT predicted that the electrical conductivity of
Ti,_yNbyCT, and Ti,_,V,CT, would increase with greater Nb or
V content (Fig. 7b). In contrast, four-point probe measurements
revealed an opposite trend: conductivity in certain systems
decreased as Nb concentration rose, and Ti-rich samples (lower
y value in the formulae) exhibited higher conductivity (Fig. 7c).
This mismatch between theory and experiment is likely attri-
butable to differences in the proportion of surface functional
groups (O, F), which showed no clear correlation with bulk
composition. This case illustrates that, in multimetallic
MXenes, surface termination chemistry and defect populations
can override idealized bulk electronic trends and must be
explicitly considered when interpreting composition-property
relationships.

High-entropy MXenes represent a distinctive subclass within
this family."®” By incorporating four or more transition metals
in near-equimolar ratios, the system achieves high configura-
tional entropy that thermodynamically stabilizes single-phase
structures, which would otherwise tend to segregate. A repre-
sentative case is the work of Nemani et al., who synthesized two
high-entropy MAX phases, TiVNbMoAIC; and TiVCrMoAIC;,
via conventional pressureless reaction sintering (Fig. 8).'*°

This journal is © The Royal Society of Chemistry 2026
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These were subsequently transformed into high-entropy
MXenes, TiVNbMoC;T, and TiVCrMoC;T,, containing equimo-
lar ratios of the primary transition metals (Ti:V:Nb:Mo and
Ti:V:Cr:Mo, respectively), through hydrofluoric-acid-based
selective etching followed by tetramethylammonium hydroxide
delamination. This entropy-driven stabilization expands the
range of accessible MXene compositions beyond conventional
binary or ternary systems. Moreover, the coexistence of multi-
ple metal sites results in an enriched landscape of orbital
contributions, yielding highly adjustable electronic structures
and a broad distribution of potential surface terminations.
Such complexity creates a spectrum of accessible binding
environments and enhances the robustness of the lattice
against external perturbations. The presence of multiple metal
centers also lays the groundwork for multifunctional surface
properties, where different elements provide complementary
contributions, for example by tuning electronic density in
distinct ways or modulating different types of adsorbate inter-
actions, though the specific property-level consequences of
such synergies will be addressed in later sections.

Another important configuration is ordered multimetallic
MXenes, where the spatial arrangement of two transition metals
is highly controlled rather than randomly distributed.'**™""
In-plane ordered MXenes (i-MXenes), such as (Mo0,/35¢13),-
Al-derived MXenes (Moy/3Sc,/3CT,), exhibit periodic atomic

This journal is © The Royal Society of Chemistry 2026

alternation of different metals within the same M-layer."*> This
precise distribution imparts highly regular band structures and
well-defined site-specific charge densities, providing sharper
control over electronic properties compared to random solid
solutions. Out-of-plane ordered MXenes (0-MXenes), such as
Mo,TiC,T, and Mo,Ti,C;Ty, display vertical ordering, where
different metals occupy inner versus outer M-layers. Anasori
et al. used density functional theory (DFT) calculations to
predict the existence of two new families of two-dimensional
MXenes (Fig. 9a)."*® Using Mo,TiC, as an example, they found
that the fully ordered Mo,TiC, configuration (Fig. 9b, leftmost
inset) exhibits the lowest energy, corresponding to a Mo-Ti-Mo
stacking sequence. In contrast, partially ordered configurations
(Fig. 9b, centre and right insets) are energetically less favour-
able. Moreover, the total energy of Mo,TiC, increases almost
linearly with the proportion of Mo atoms occupying the middle
layer. Additional DFT analyses revealed two general stability
trends for ordered MXenes: (1) transition metals that do not
crystallize in the rock-salt structure of binary carbides (e.g., Mo,
Cr) tend to avoid the central layer, whereas (2) elements such
as Nb and Ta prefer the middle layer. These computational
predictions were experimentally validated by the successful
synthesis of Mo,TiC,Ty, M0,Ti,C3Ty, and Cr,TiC,T,. In parti-
cular, the electrochemical performance of Mo,TiC,T,
was shown to be dominated by the properties of its surface
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Mo layer. This layered distribution can generate distinct inner
and outer surface terminations, modify interfacial dipoles,
and influence interlayer coupling. Ordered MXenes therefore
provide a structural platform to program surface states and
electronic anisotropy with high fidelity, enhancing stability and
enabling reproducibility in property control.

Overall, the design of multimetallic MXenes, whether
through random solid solutions, high-entropy stabilization, or
ordered architectures, provides a powerful route for atomic-
scale engineering of surface and electronic properties. By
judiciously choosing and arranging multiple transition metals,
one can create diverse electronic states, surface terminations,
and interlayer characteristics. At the same time, achieving true
atomic-scale homogeneity in multimetallic systems remains
challenging, and partial disorder or phase segregation can
obscure intrinsic trends and lead to misleading structure—
property correlations. Improved synthetic control, together
with quantitative structural mapping across multiple length
scales, will therefore be essential for translating multimetallic
design into reproducible functional outcomes.

3.1.3. Regulation of the C/N ratio. In MXenes, the X-site is
typically occupied by carbon (C), nitrogen (N), or their combi-
nations, forming carbides, nitrides, or carbonitride solid solu-
tions such as Ti;CNT,."*>*** The relative fraction of C and N in
the lattice profoundly influences the chemical bonding, lattice
parameters, and electronic configuration of MXenes, thereby
providing a powerful strategy for tailoring their intrinsic
physicochemical properties.'?’

The substitution of C by N modifies the electronic environ-
ment of the M-X framework due to the distinct atomic char-
acteristics of these two elements. Nitrogen possesses a slightly
smaller atomic radius (0.75 A for N vs. 0.77 A for C) and higher
electronegativity (yn = 3.04 vs. ¢ = 2.55), leading to shorter and
stronger M-N bonds compared to M~C bonds."*® This substitu-
tion not only reduces lattice constants and alters interlayer
spacing but also increases the ionic character of the M-X
bonding network. Such changes modify local charge distri-
bution, orbital hybridization, and vibrational properties, which
collectively reshape the structural stability and electronic
response of MXenes under different operating environments.

Chem. Soc. Rev.

Computational investigations provide critical insight into
these effects. Enyashin et al., using density functional tight
binding (DFTB) calculations, demonstrated that Ti-N bonding
interactions are particularly strong, with Ti;CN(OH),—where C
and N atoms are randomly distributed—identified as the most
stable hydroxylated carbon-nitrogen MXene configuration."*’
This finding underscores that the coexistence of C and N in the
lattice can enhance thermodynamic stability by balancing
covalent and ionic contributions to bonding.

The modification of electronic properties through C/N reg-
ulation has been confirmed by both theory and experiment.
Replacing carbon with nitrogen generally increases electron
density in the M-X slabs, raises the Fermi level, and strength-
ens charge delocalization, thereby improving conductivity. For
instance, Zhu et al. reported that Ti;CN exhibited markedly
higher electronic carrier density compared to TizC,, directly
linked to the stronger electron donation ability of nitrogen
relative to carbon.*® This effect highlights how N incorpora-
tion enriches the density of states near the Fermi level, facili-
tating faster charge transport.

Systematic experimental studies have extended this concept
to a wide range of carbonitride MXenes. Zhang et al. synthe-
sized sixteen solid-solution MAX precursors with varying C/N
ratios and subsequently converted them into MXenes such
as Tiy(Cy_yN)Ty, Tiz(Cy_yNy), Ty, and Tiy(C;_yNy);T, through
molten chloride salt treatment (Fig. 10)."*® Their work demon-
strated that the precise adjustment of C/N composition mod-
ulates lattice dimensions, modifies electronic band structures,
and tunes mechanical rigidity. These systematic variations
confirm that controlling the X-site occupancy provides a direct
and versatile lever for property engineering at the atomic scale.

Overall, the regulation of the C/N ratio in MXenes offers an
effective means of optimizing structural stability, electron
mobility, and interlayer dynamics. By tuning the interplay
between covalency and ionicity in M-X bonds, carbonitride
MXenes bridge carbide-like conductivity with nitride-like
robustness. Yet, accurately determining and controlling local
C/N distributions remains difficult, and discrepancies between
nominal and actual compositions often complicate mecha-
nistic interpretation. Routine integration of high-resolution

This journal is © The Royal Society of Chemistry 2026
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structural and compositional analysis, including atomically
resolved spectroscopy and microscopy, will therefore be neces-
sary to establish reliable links between C/N tuning and func-
tional performance.

3.1.4. Challenges and perspectives. Compositional engi-
neering, encompassing transition-metal selection, multimetal-
lic design, and C/N ratio adjustment, offers a powerful tool to
fine-tune the orbital energetics, electronic density of states,
lattice parameters, and bonding characteristics of MXenes. At
the same time, many of these compositional strategies face
practical constraints that arise during precursor synthesis and
multicomponent integration. Accurate control of transition-
metal stoichiometry and spatial distribution during precursor
synthesis remains nontrivial, particularly for elements with
substantial differences in atomic size or oxidation state, which
often lead to local phase segregation or uneven bonding
environments. In multimetallic and high-entropy MXenes,
achieving homogeneous atomic mixing without compromising
lattice order or producing undesirable secondary phases
requires sophisticated kinetic control and high-resolution com-
positional mapping. Likewise, the precise determination of the
C/N ratio and its local fluctuations within carbonitride systems
remains experimentally demanding, complicating efforts to
establish direct correlations between atomic composition, elec-
tronic structure, and emergent properties.

Moving forward, progress will depend on more determinis-
tic control of precursor chemistry and multiscale compositional
analysis, integrated with advanced synthesis routes such as
molten-salt growth, atomic-layer-controlled processing, and
post-synthetic substitution, so that targeted electronic land-
scapes can be obtained in a reproducible manner.

This journal is © The Royal Society of Chemistry 2026
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3.2 Surface termination engineering

Surface termination engineering represents one of the most
effective approaches for tailoring the surface chemistry and
electronic structure of MXenes at the atomic level.**>'*' During
synthesis, unsaturated transition-metal atoms at the surface
readily react with species present in the etching media, forming
a variety of terminal groups (T,) such as -O, -OH, -F, -Cl, or
-Br."*? These terminations strongly influence local charge
distribution, surface dipoles, and work function, thereby gov-
erning the physicochemical behavior of MXenes."**'** Owing
to their dynamic and environment-dependent nature, surface
terminations not only define the interfacial properties but also
determine how MZXenes interact with external species, and
thus constitute a fundamental factor controlling MXene
functionality.'*>'4°

3.2.1. Origin and electronic influence of terminations. The
type and uniformity of terminal groups are closely linked to the
synthesis route. Conventional HF or LiF/HCI etching typically
yields mixed -F, -OH, and =—O terminations, whereas Lewis
acidic molten-salt methods favour halogen terminations (e.g.,
-Cl, -Br). Each termination introduces distinct local dipoles
and modifies the surface potential, thereby tuning both the
Fermi level and work function (®). For instance, Ti;C,T, can
exhibit @ values ranging from approximately 1.6 to 5.8 eV,
depending on termination composition: a higher fraction of
-O- terminations increases @ due to stronger electron with-
drawal, whereas -OH groups decrease ¢ by inducing opposite
dipole moments. DFT calculations further indicate that the
nature of the terminations directly modulates the electronic
DOS near the Fermi level, affecting band alignment, carrier
mobility, and charge redistribution at the surface. Schultz et al.
investigated the work function of Ti;C,T, as a function of
annealing temperature.’® As shown in Fig. 11a, pristine Ti;C,T,
exhibits a relatively low work function of ~3.9 eV, which
increases to 4.8 eV after annealing at 380 °C. This rise is
attributed to the removal of residual surface contaminants. At
higher temperatures, fluorine desorption leads to a subsequent
decrease in the work function, which plateaus at ~4.1 eV close
to the theoretical prediction for bare Ti;C, (3.9 eV). Comparison
of these experimental results with detailed DFT calculations
reveals that the observed work function is not simply the
average of values for uniformly terminated Ti;C, surfaces (red
curve in Fig. 11b). Instead, it depends critically on the interplay
between different surface terminations and their associated
local dipole moments. To capture this effect, the work function
of the smallest supercell matching the surface stoichiometry
measured by XPS, with terminations randomly distributed, was
calculated. This model produced a value (blue curve in Fig. 11b)
that agrees qualitatively with experimental results at elevated
annealing temperatures. The remaining discrepancy at low
temperatures is likely due to surface contamination, which is
not incorporated in the computational model.

Despite these insights, reported work function values and
termination compositions often vary significantly across differ-
ent studies because of differences in etching protocols, surface
cleanliness, and environmental exposure. These inconsistencies

Chem. Soc. Rev.


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cs00376h

Open Access Article. Published on 05 March 2026. Downloaded on 4/16/2026 1:25:07 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review Article

T(°C)
780

760
700
630
560
470
380
250
110

st

4.0 5.0 6.0
kinetic energy (eV)

intensity (arb. units)

Fig. 11

View Article Online

Chem Soc Rev

(=2
£
o

| @ experimental data 5.8
— A- average of calculated pure
~ surface terminations
% 5.0} — m- calculated from XPS stoichiometry 5.6 8
= <)
c | S L
oS48} ~u ',f s {54 £
%3 3 \ =3
2 1 { v 2
=) RS H Q
=461 /-~~“ 152 ¢
x ¥ L o
o p \ = A =
344t / ‘i« 150 2
£ / \ 2
c 7 Ny, —— —
042, ,}_, {148 5
E 5 5
— —~~
g, 4 i, 2
Q4 or ., 14.6 5
° ¥
38 [contaminations F-rich F-poor | 4.4
0 200 400 600 800

annealing temperature (°C)

(@) Secondary electron cutoff (SECO) spectra of TizC,T, annealed at different temperatures. (b) Work function values determined from the

SECOs in (a) as a function of annealing temperature. Work functions obtained from DFT for different surface terminations, calculated by using the real
surface stoichiometry obtained from XPS (blue) and obtained by averaging the work functions of purely terminated TizC,O,, TizC,F,, TizC,OH,, and TizC,

surfaces, weighted by the experimentally determined stoichiometry (red). Reproduced from re

copyright 2019.

complicate the establishment of universal structure-property
relationships. Addressing this issue will require standardized
synthesis-characterization workflows, explicit reporting of envir-
onmental history, and operando techniques capable of capturing
the dynamic evolution of terminations, so that reported trends
become genuinely comparable across laboratories.

3.2.2. Synthetic and post-treatment strategies for termina-
tion control. The composition of surface terminations can be
precisely adjusted through both synthetic control and post-
synthesis modification. In solution-based etching, varying the
HF concentration or introducing buffering agents can alter the
ratio between -F and -O/-OH groups: lower HF concentrations
or buffered systems generally favour oxygen-rich surfaces.'*’
Subsequent alkaline treatments (e.g., NaOH immersion) pro-
mote cation intercalation (Na*) between layers, which replaces
-F terminations with -OH via nucleophilic substitution, as
confirmed by energy-dispersive X-ray spectroscopy (EDX) and
corresponding interlayer expansion.'*®

Beyond aqueous methods, molten-salt etching offers a ver-
satile low-temperature route for tailoring MXene terminations
and interlayer spacing. Zhang et al. developed a Lewis-basic
AlBr;-NaBr-KBr eutectic, in which reduced AlBr; content
(<50 mol%) generates desolvated Br~ and Na'/K' species
capable of nucleophilic substitution of -F groups and simulta-
neous cation intercalation (Fig. 12)."*° This process expands the
d-spacing (e.g., Ti;C,T,: 11.2 — 14.7 A) and increases —Br
coverage, which is supported by DFT showing AH < 0 for Br-
F exchange. The strategy is generalizable to Nb,C3T,,
Mo,Ti,C;T,, and iodide-based systems, enabling halogen sub-
stitution and structural modulation within one step. Although
powerful, reproducible control remains challenging due to
sensitivity to melt composition, hydration, and intermediate
states; standardized protocols will therefore be essential.

Chem. Soc. Rev.
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Similarly, chloride-terminated MXenes can be synthesized
using Lewis-acidic molten salts such as ZnCl,, CuCl,, or FeCl;,
and further modified through in situ substitution reactions in
molten halides. Kamysbayev et al. established a general molten-
salt transformation strategy that enables both installation
and elimination of diverse surface groups, producing MXenes
terminated with O*>~, NH, ™, $*>7, Se®>™, Te*~, Cl~, Br™, or even
bare-metal surfaces (Fig. 13)."*° In this approach, preformed
Ti;C,Cl, and TizC,Br, MXenes are dispersed in low-melting
eutectic halide mixtures such as CsBr-KBr-LiBr, which provide
a highly ionic, diffusion-permissive medium for surface-
exchange reactions. Reactive chalcogen or pnictogen precur-
sors, such as Li,S, Li,Se, Li,Te, Li,O, and NaNH,, donate anions
that replace labile halide terminations via anion-exchange
reactions driven by the large difference in formation enthalpies
between M-X (X = O, S, Se, Te, NH) and M-Cl/Br bonds. The
weaker Ti—-Cl and Ti-Br bonds, combined with enhanced ion
mobility in molten salts, allow complete substitution within
minutes at 300-600 °C, yielding products such as TizC,S,
TizC,Se, and Ti;C,Te with distinct lattice expansions (up to
18% for Te-terminated Ti;C,T,). Moreover, reductive elimina-
tion reactions using LiH remove surface halides entirely, gen-
erating bare MXenes with tunable vacancy concentrations.

These chemical transformations highlight the reactivity
hierarchy of surface terminations, from labile halides to
strongly bound chalcogenides and oxides, and establish
molten-salt substitution as a powerful, broadly applicable route
for covalent surface modification. Importantly, Nb,C MXenes
derived through this strategy exhibit termination-dependent
superconducting transitions (7. = 4-7 K), confirming that
surface chemistry directly modulates electronic transport and
lattice strain in two-dimensional carbides. However, despite
these versatile methods, achieving reproducible termination

This journal is © The Royal Society of Chemistry 2026
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(a) Schematic of the preparation of LB-TizC,T,. After Lewis-basic halides treatment, TizC,T, is intercalated by desolvated Na and K, inducing the

increased interlayer spacing. Simultaneously, the surface —F termination is replaced by desolvated halogen anions. (b) The process of the nucleophilic
substitution between desolvated Br and F atoms (red balls: titanium, black balls: carbon, yellow balls: fluorine, cyan balls: bromine, blue balls: sodium,
silver ball: potassium). SEM (Scale bar 1 um) of multilayer TizC,T, (c) and LB-TizC,T, (d). (e) XRD patterns of multilayer TizC,T, and LB-TizC,T,. Reproduced

from ref. 149 with permission from Springer Nature, copyright 2022.
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Fig. 13 Surface reactions of MXenes in molten inorganic salts. Reproduced from ref. 150 with permission from AAAS, copyright 2020.

control remains challenging. Small variations in melt composi-
tion, precursor hydration or impurity content can lead to sub-
stantial differences in termination ratios and interlayer chemistry.
Furthermore, many substitution pathways proceed through tran-
sient intermediate states that are difficult to monitor, resulting in
inconsistent reports of termination stability and exchange com-
pleteness. More quantitative kinetic studies, real-time structural
characterization and rigorously standardized processing condi-
tions will therefore be required to convert these synthetic concepts
into reliably scalable protocols for MXene termination control.

This journal is © The Royal Society of Chemistry 2026

3.2.3. Advanced termination substitution and complex sur-
face modification. More sophisticated substitution reactions
have further broadened the chemical diversity of MXene sur-
faces, allowing the rational construction of multifunctional
hybrid interfaces. Zhou et al. demonstrated that halogen-
terminated MXenes can undergo nucleophilic substitution with
in situ deprotonated amines to form covalently anchored amide
and imide terminations, producing robust organic-inorganic
hybrid MXenes (Fig. 14)."" In this strategy, halide-terminated
Ti;C,T, or Nb,CT, was treated with alkali-activated amines
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Fig. 14 Schematic of organic—inorganic h-MXene synthesis and examples of the studied deprotonating agents and organic amines. Reproduced from

ref. 151 with permission from Springer Nature, copyright 2023.

(RNH™ or R,N, generated by NaH, n-butyllithium, LiN(SiMe3),,
or NaNH,), enabling the replacement of surface halides by
amido species. Both aliphatic and aromatic amines, including
monoamines, diamines, and PEG-based ligands, could be
introduced, forming ordered interfacial layers with chain-
length-dependent interlayer expansion. Solid-state "N NMR
and XPS confirmed strong Ti-N coordination and the coexis-
tence of -NHR and =NR species. The resulting molecularly
grafted surfaces not only enhance hydrolytic stability but also
provide tunable surface dipoles and electronic coupling
through the controllable polarity and conjugation of organic
groups. Such hybrid terminations thus bridge molecular
functionality with metallic conductivity, opening new avenues
for surface electronic tailoring, wettability regulation, and
chemical selectivity in MXene-based catalysis and sensing.

Li et al. further advanced termination control by introducing
three-atomic-layer borate polyanions (O-B-O configuration)
through a flux-assisted eutectic-melt etching method (Fig. 15).**>
In a CuCl,-Na,B,0,-NaCl-KCIl melt, Lewis-acidic CuCl, selec-
tively removes the A-element from MAX precursors, while borax-
derived BO,  species uniformly decorate both MXene surfaces,
producing highly ordered O-B-O trilayer terminations. Spectro-
scopic and microscopic analyses (*'B NMR, XPS, and HAADF-
STEM) revealed symmetric coverage that increases the interlayer
spacing and smooths local potential fluctuations. The O-B-O
framework effectively suppresses carrier backscattering and trap
states, leading to improved electronic mobility and structural
uniformity. Conceptually, this flux-assisted approach provides
a blueprint for creating other bridging terminations such as

Chem. Soc. Rev.

0-Si-0, O-V-0, or even O-P-O, which could form lattice-
matched, covalently anchored overlayers on MXene basal planes.
Such heteroatomic surface architectures hold promise for con-
structing epitaxial, composition-tunable, and functionally
coupled interfaces that unify chemical stability with electronic
versatility.

Collectively, these studies exemplify the transition of termi-
nation engineering from conventional anion exchange to che-
mically programmable hybridization, where both organic
ligands and inorganic polyanions can be integrated into MXene
frameworks. This evolution provides a molecular-level handle
to manipulate surface dipoles, electronic structures, and inter-
facial reactivity, establishing a foundation for next-generation
MXenes with adaptive, multifunctional, and electronically
coherent interfaces. Despite these advances, significant chal-
lenges remain. Achieving uniform coverage without multilayer
formation is often difficult, and the compatibility of complex
organic or inorganic terminations across different MXene
compositions is not yet fully understood. Furthermore, the
long-term thermal and chemical stability of such hybrid termi-
nations under catalytic or electrochemical operating conditions
has rarely been systematically investigated. Future work should
therefore combine controlled kinetic studies, improved syn-
thetic precision, and operando characterization techniques
capable of resolving the structural evolution of multifunctional
surface terminations, in order to clarify which hybrid motifs are
truly robust under realistic working conditions.

3.2.4. Termination removal and reconstruction. While sur-
face terminations stabilize MXenes during synthesis, they are

This journal is © The Royal Society of Chemistry 2026
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(a) Schematics showing the synthesis process of OBO-MXenes by the flux-assisted eutectic molten etching approach. Atomic structures of

OBO-Ti3C; (b) and OBO-Nb,C (c). Reproduced from ref. 152 with permission from Springer Nature, copyright 2024.

not strictly required for structural integrity under all conditions.
High-temperature hydrogen reduction, plasma treatment, or
vacuum annealing can selectively remove or reconstruct termina-
tions, exposing partially bare metallic surfaces.”***® DFT studies
predict that complete or partial termination-free MXenes exhibit
altered band structures and higher surface energies, which can
substantially enhance adsorption and activation of small mole-
cules, enabling reactions with very inert molecules like CO, or
N,."**7% I situ transmission electron microscopy (TEM) and
spectroscopic investigations by Hart et al. revealed that progres-
sive removal of surface terminations leads to a measurable
increase in conductivity, confirming a direct correlation between
surface reconstruction and electron transport (Fig. 16)."®* These
observations underscore the importance of balancing termina-
tion stability and reactivity, as carefully controlled, partially
termination-free surfaces can create metastable surface states
with distinct catalytic functionalities.

Nonetheless, generating stable and spatially uniform par-
tially bare MXene surfaces remains challenging. Termination
removal often produces heterogeneous mixtures of exposed
metal sites, residual functional groups, and vacancy clusters,
complicating mechanistic interpretation. Fully bare surfaces
are prone to rapid re-functionalization when exposed to air or
solution, and precise control over the extent of reconstruction

This journal is © The Royal Society of Chemistry 2026

requires tight regulation of temperature, atmosphere, and
plasma dosage. Moreover, the transient intermediates formed
during termination desorption are difficult to characterize with
conventional ex situ techniques. To move beyond qualitative
observations, future studies will need operando methodologies
capable of resolving ultrafast surface restructuring, together
with predictive thermodynamic and kinetic models that can
guide the controlled generation and stabilization of catalyti-
cally relevant termination-free states.

3.2.5. Challenges and perspectives. Although extensive
advances have been achieved, quantitative determination and
dynamic tracking of MXene terminations remain challenging.
Experimental techniques such as XPS, nuclear magnetic reso-
nance (NMR), and neutron pair distribution function analysis
often yield inconsistent termination ratios due to spectral
overlap among elements and environmental sensitivity. More-
over, terminations can undergo continuous rearrangement or
exchange during operation, complicating the establishment of
structure-property relationships. A key unresolved issue is that
catalytically relevant termination states are often transient and
differ markedly from those inferred from ex situ characteriza-
tion. Future progress will rely on combined in situ/operando
spectroscopy and modelling to track termination evolution in
real time and relate it to changes in electronic structure,
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Fig. 16 Evolution of MXene electronic properties upon in situ vacuum annealing. Resistance versus temperature measurements are shown for TizC,T,
(a), TisCNT, (b), and Mo, TiC,T, (c). Reproduced from ref. 161 with permission from Springer Nature, copyright 2019.

thereby clarifying which termination motifs are truly operative
under working conditions and how they control interfacial
reactivity.

3.3. Surface defect and doping engineering

Defect engineering represents one of the most powerful routes
to manipulate the atomic and electronic landscape of MXenes.
By intentionally introducing vacancies, heteroatoms, or iso-
lated metal centres, the local coordination environment, charge
distribution, and orbital occupancy can be finely tuned,
enabling control over conductivity, carrier mobility, and surface
reactivity. These atomic-scale perturbations reshape both geo-
metric and electronic structures, offering pathways to modulate
physicochemical properties and stability. Broadly, surface-
defect and doping engineering encompasses three key aspects:
vacancy generation, heteroatom incorporation, and single-atom
anchoring.

3.3.1. Vacancy engineering. During the selective etching of
MAX precursors, the removal of A-site elements frequently
leads to lattice imperfections such as metal vacancies (MVs),
carbon/nitrogen vacancies (XVs), and mixed vacancy clusters.
Even under relatively mild etching conditions, partial atomic
displacement or bond cleavage can occur, producing local
distortions that profoundly affect the surface electronic land-
scape.®® These defects increase the density of low-coordination
sites, modify charge delocalization, and locally shift the Fermi-
level position, which are key factors influencing charge trans-
port and reactivity. Sang et al. employed aberration-corrected
scanning transmission electron microscopy (STEM) combined
with DFT to investigate monolayer Ti;C,T, MXene prepared by
the MILD method. They identified Ti vacancies and Ti-vacancy
clusters within the two outermost Ti layers as predominant
defect species (Fig. 17a-c).'®®> Concurrently, metal cations
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Fig. 17 HAADF-STEM images from single-layer TizC,T, MXene flakes
prepared using etchants with different HF concentrations: (a) 2.7 wt%
HF, (b) 5.3 wt% HF, and (c) 7 wt% HF. Single V+; vacancies are indicated by
red circles, while vacancy clusters V;C are shown by blue circles. (d)
Scatter plot of defect concentration from images acquired from samples
produced using different HF concentrations. The red line shows the error
plot with the average and standard deviation for different HF concentra-
tions. Reproduced from ref. 162 with permission from American Chemical
Society, copyright 2016.

generated during etching were observed to adsorb onto the
MXene surface, contributing to local charge redistribution.
Across different MXene systems (M = Sc, Ti, V, Zr, Nb, Mo,
Hf, Ta, W), C/N vacancies show lower formation energies than

This journal is © The Royal Society of Chemistry 2026
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metal vacancies, indicating their preferential formation. Addi-
tionally, defect density is highly sensitive to etching para-
meters; higher HF concentrations or longer etching times
lead to increased vacancy populations (Fig. 17d).

Despite these structural imperfections, MXenes generally
retain high electrical conductivity owing to the metallic M-X
backbone. This coexistence of long-range conductivity with
localized defect-induced electronic modulation makes vacancy
engineering an efficient route for fine-tuning charge transport
and surface activity at the atomic scale. However, vacancy
formation remains difficult to regulate precisely because defect
populations are highly sensitive to small variations in etching
conditions, precursor crystallinity, and post-treatment proto-
cols. Reported vacancy densities differ widely across studies,
complicating attempts to establish quantitative correlations
between defect type, electronic redistribution, and catalytic
function. Moreover, vacancy clustering or partial healing dur-
ing thermal or chemical treatments is rarely monitored oper-
ando, further limiting mechanistic interpretation. These
limitations highlight the need for standardized etching proce-
dures together with operando defect-tracking techniques that
can capture the dynamic evolution of vacancies under realistic
conditions, and for quantitative models that disentangle
vacancy effects from concurrent changes in terminations and
interlayer chemistry.

3.3.2. Heteroatom doping. Heteroatom doping through
substitutional, interstitial, or surface incorporation offers an
effective means to modify MXene electronic structure, chemical
stability, and defect chemistry. Introducing dopants such as N,
P, or S alters electronegativity, atomic radius, and valence-state
distributions within the lattice, thereby reconfiguring
local charge density and the overall electronic structure. These
substitutions influence the Fermi level, DOS near the Fermi
level, and orbital hybridization, providing a powerful tool for
tailoring intrinsic physicochemical properties.

Nitrogen doping has been most widely explored owing to its
comparable atomic size to carbon and strong affinity toward
transition metals. Le et al. introduced multiple nitrogen species
including Ti-N, N-H, and O-Ti-N into Ti;C,T, MXene through
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163 The coexis-

ammonia-assisted thermal treatment (Fig. 18).
tence of diverse N configurations induced local electronic
redistribution and enhanced carrier delocalization. DFT calcu-
lations indicated that optimal nitrogen doping shifts the Fermi
level and adjusts the Gibbs free energy of hydrogen adsorption
(AGhaq~) toward thermoneutral values, improving charge-
transfer efficiency.

Phosphorus doping yields similar electronic effects. Wen
et al. annealed Ti;C,T, in a sodium hypophosphite atmosphere
to obtain phosphorus-doped P-Ti;C,T,. XPS and DFT analyses
showed that P atoms preferentially occupy Ti-vacancy sites with
low formation energy (AGp- = -0.028 eV A~?), forming P-C and
P-O bonds with surface terminations.'®* The resulting electron
redistribution alters the work function and enhances conduc-
tivity. Other reports, including Qi et al., indicate that P incor-
poration can stabilize reaction intermediates and lower
activation barriers, directly influencing catalytic activity.'®

In essence, heteroatom doping allows continuous adjust-
ment of electronic configuration and charge mobility while
preserving the structural integrity of the MXene framework.
By combining dopant selection with thermal or plasma activa-
tion, it is possible to achieve defect-dopant synergy, establish-
ing precise control over lattice distortions and local electronic
polarization. Despite these advantages, heteroatom doping often
suffers from limited dopant incorporation efficiency, nonuni-
form spatial distribution, and ambiguity in identifying true
substitutional versus adsorbed species. These issues frequently
lead to inconsistent structure-property trends. Furthermore,
dopant migration or oxidation during operation is rarely
monitored, making long-term stability difficult to assess. Con-
sequently, future efforts must integrate high-resolution in situ
spectroscopies with theoretical modelling to resolve dopant
location, bonding configuration, and dynamical evolution
under reactive environments, and to distinguish genuinely
active dopant structures from spectator species or minor phase
impurities.

3.3.3. Single-atom anchoring. MXenes, with their large
specific surface area, high defect density, and abundant surface
terminations, provide ideal templates for immobilizing single
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(a) Schematic illustration of the synthesis procedure. (b) XRD pattern. (c) TEM image. (d) HAADF-STEM image in which some of the Cu SAs are

highlighted by red circles. (e) XANES spectra at the Cu K-edge with CuO, Cu,O and Cu foil as reference. (f) The k*-weighted Fourier transform (FT) EXAFS
curves in which (k) denotes the EXAFS oscillation function. (g) EXAFS fitting curve of Cu-SA/TizC,T,, insert is an illustration of Cu-SA/TizC,T, structure.
The yellow, blue, dark yellow, red and white balls represent Cu, Ti, C, O and H, respectively. Reproduced from ref. 167 with permission from Springer

Nature, copyright 2021.

atoms. Electronegative surface groups facilitate strong adsorp-
tion of metal cations, which can subsequently undergo in situ
reduction and coordination stabilization.'®® Vacancies gener-
ated during etching act as robust anchoring sites, offering
localized electron density redistribution and strong metal-
support coupling. Bao et al synthesized Cu single-atom-
decorated Ti;C,T, (Cu-SA/TizC,T,) by adsorbing and reducing
Cu*" ions on MXene surfaces (Fig. 19)."®” Electron microscopy
and X-ray absorption spectroscopy revealed isolated Cu-O;
coordination motifs, indicative of uniform atomic dispersion.
DFT further supports enhanced electronic coupling and
reduced charge-transfer resistance at these Cu-O; sites. Simi-
larly, Zhao et al. immobilized Pt atoms at Ti vacancies in
Ti;C,T, without external reducing agents, achieving sponta-
neous adsorption and Pt** reduction.'®® Park et al. further

Chem. Soc. Rev.

extended this strategy by generating V-vacant V,CT, MXene
through deep HF etching, which subsequently stabilized
isolated Pt atoms.'®® Other representative systems includ-
ing Ni-SACs/TizC,Ty,"”® Ag-SA(Ti,)-Ti;C,,""" and Ru-SA-
Mo,CT,"”* further demonstrate the generality of this defect-
driven anchoring mechanism.

Alternative routes involve direct etching of metal-doped
MAX precursors (e.g., Au-TizAlC,, Co-Mo0,Ga,C, Fe-Mo0,Ga,C)
to yield doped MXenes (Au-Ti;C,Tx,"”* Co-M0,CT,,"”* Fe-Mo,-
CT,"”®) with uniformly dispersed atomic species. Lewis acid
molten-salt etching also enables controlled single-atom incor-
poration: during etching in eutectic halide fluxes, metal halides
act simultaneously as etchants and dopant sources, while
subsequent acid leaching removes excess nanoparticles, leaving
atomically anchored species such as Cu,'’® Fe,"”” or zn."7%'7°

This journal is © The Royal Society of Chemistry 2026
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Fig. 20 Preparation of Fe single atoms on TizC,T, (T = Cl, Br) MXene. Reproduced from ref. 177 with permission from the Royal Society of Chemistry,

copyright 2024.

For instance, Fe atoms stabilized on Ti;C,T, via FeX,-AlX;
molten salts exhibit uniform Fe-O coordination and strength-
ened electronic coupling (Fig. 20)."””

Collectively, these findings demonstrate that MXene frame-
works intrinsically support atom-level metal stabilization
through synergistic coordination between surface termina-
tions, native vacancies, and lattice defects. Despite this pro-
mise, achieving stable and uniform single-atom dispersion on
MXenes remains challenging. Metal ions may cluster during
reduction, and the true oxidation states and coordination
environments of anchored atoms are often inferred indirectly.
Single atoms may also migrate or aggregate under catalytic
operation, but these processes are poorly understood due to
the scarcity of operando atomic-resolution tools. Addressing
these gaps will require precise precursor chemistry, strength-
ened anchoring environments and advanced real-time techni-
ques capable of tracking single-atom evolution under working
conditions, as well as clear criteria to distinguish genuine
single-atom catalysts from systems dominated by subnano-
metric clusters.

3.3.4. Challenges and perspectives. While remarkable pro-
gress has been made, achieving fully controllable defect and
doping engineering of MXenes remains an ongoing challenge.
Quantitative characterization of vacancy concentration, dopant
location, and coordination environment remains limited, as
conventional techniques (e.g., XPS, EPR, or STEM) lack atomic-
level spatial precision. Moreover, the thermodynamic and
kinetic stability of dopants or anchored atoms, particularly
under reactive atmospheres or long-term cycling, remains
poorly understood. Preventing dopant migration, aggregation,
or defect healing under operating conditions is particularly
crucial yet insufficiently explored.

Future advances will benefit from integrating in situ/oper-
ando spectroscopy with first-principles modelling and precisely
tunable synthesis protocols (ion exchange, plasma-assisted
etching, molten-salt substitution) to correlate defect popula-
tions with electronic structure in real time and to move from
qualitative to quantitatively controlled defect engineering. Ulti-
mately, more explicit descriptors that incorporate defect type,
concentration, and dynamical behavior will be required to

This journal is © The Royal Society of Chemistry 2026

rationalize and compare defect-engineered MXenes across dif-
ferent studies.

3.4. Surface morphology control

Controlling the surface morphology of MXenes represents a
fundamental dimension of atomic-to-mesoscale engineering
aimed at optimizing their physicochemical behavior. Morphol-
ogy governs key parameters such as surface area, interlayer
accessibility, charge/mass transport, and structural resilience,
all of which are crucial for performance in energy storage,
electronic, and catalytic systems. Through rational design of
porous, wrinkled, vertically aligned, or hierarchical architec-
tures, one can manipulate geometric and electronic features,
enhancing active-site exposure, reducing diffusion limitations,
and stabilizing layered frameworks under operation. Morpho-
logical control therefore acts not only as a geometric modifica-
tion but as an integrated approach to tailoring interfacial
microenvironments and electronic coupling within and
between MXene layers.>!1807183

3.4.1. Nanostructural and porosity engineering. Engineer-
ing porosity and nanoscale structure is among the most direct
and effective strategies to enhance MXene functionality. Intro-
ducing ordered or disordered pores and modulating interlayer
spacing enlarges accessible surface area and facilitates ion
diffusion and molecular penetration. This strategy also sup-
presses nanosheet restacking, maintaining intrinsic 2D char-
acter and improving electrolyte wetting and charge transport.
Ren et al. developed a mild room-temperature catalytic oxidation
route to synthesize porous Ti;C,T, (p-TisC,Ty) using aqueous
CuSO0;, solutions, in which Cu®" ions catalyze the partial oxidation
of MXene by dissolved O, to generate TiO, nanoparticles that are
subsequently removed through acid etching (Fig. 21)."*° This self-
templated process produces a well-defined mesoporous structure
with abundant nanometre-scale pores distributed across the basal
planes while preserving the hexagonal lattice symmetry of Ti;C,T,.
The resulting material exhibits a ten-fold increase in pore volume
(0.25 cm® g7 ') and a five-fold rise in surface area (x~ 94 m® g™ )
compared with pristine MXene, arising from the combined con-
tributions of oxidation-induced void formation and -cation-
intercalation expansion.
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Fig. 21 Schematic showing the chemical etching of TizC,T, flakes to
produce porous TizC,T, MXene structure. Reproduced from ref. 116 with
permission from Wiley, copyright 2019.

Beyond structural modification, this etching mechanism
involves Cu**-assisted O, activation and selective dissolution
of TiO, intermediates, providing an atomic-level handle to tune
termination chemistry: the proportion of -O and -OH groups
increases while -F terminations decrease, resulting in enhanced
surface hydrophilicity and charge accessibility. The porous
TizC,T, can be readily assembled into flexible films or combined
with carbon nanotubes to create hierarchical p-TizC,T,/CNT
composites featuring interconnected ion-transport channels and
mechanical resilience. These architectures deliver remarkably
high reversible Li-storage capacities up to 1250 mAh g ' at
0.1 C, along with excellent rate performance and cycling stability,
which clearly demonstrate the coupled roles of geometric con-
finement and electronic transport.

This strategy was further extended to Nb,CT, and V,CT,
MXenes, as well as to other transition-metal salts (e.g., FeSO,,
CoS0,), illustrating that controlled partial oxidation followed
by oxide removal constitutes a general and scalable pathway to
construct porous MXenes with tunable pore size and distribu-
tion. Fundamentally, nanostructural and porosity engineering
thus provide a robust means to couple surface accessibility with
charge-transport pathways, balancing high electrical conduc-
tivity with efficient mass transfer and establishing the struc-
tural foundation for advanced functional integration of MXenes
in energy and catalytic systems. However, several limitations
remain. The formation of pores is often highly sensitive to
subtle variations in precursor thickness, oxidation kinetics, or
salt concentration, resulting in inconsistencies in pore uni-
formity and reproducibility. Furthermore, mesoporous frame-
works may undergo structural coarsening or partial collapse
during electrochemical cycling or thermal processing, yet such
degradation processes are rarely monitored operando. These
challenges highlight the need for more deterministic syn-
thesis protocols and real-time structural probes to reliably
correlate pore architecture with functional performance, as
well as strategies to disentangle the respective contributions
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of porosity and termination chemistry to the observed electro-
chemical and catalytic metrics.

3.4.2. Supramolecular and templated morphology control.
Beyond traditional chemical etching, supramolecular and
template-assisted strategies offer powerful tools for directing
MXene deformation and assembly across multiple length
scales. Using macrocyclic molecules, polymers, surfactants, or
sacrificial scaffolds, MXene layers can be induced to fold, curl,
or self-organize into ordered superstructures. The resultant
morphologies, ranging from wrinkled sheets to spherical or
tubular forms, generate distinct interfacial environments with
tunable curvature, electronic coupling, and defect density.
Vaughn et al. developed a calixarene-directed supramolecular
route to shape Ti,C MXene into diverse architectures by
employing p-phosphonic acid calix[n]arenes (PCXn, n = 4, 5,
6, 8) as molecular templates under ultrasonication (Fig. 22).%*
The ring size of the macrocycle dictated the resulting morphol-
ogy: PCX, produced thin plate-like nanosheets with high lateral
order, PCX; induced partial folding and crumpling through
phosphonate coordination, PCXs yielded unprecedented hol-
low spheres via flexible intercalation and localized curvature,
and PCX; generated well-defined scrolls with diameters of
0.5-0.9 pm. XPS analysis confirmed Ti-O-P bonding between
MXene layers and the phosphonic acid moieties of the macro-
cycles, evidencing strong supramolecular and covalent interac-
tions that stabilize the curved structures.

This work demonstrates how macrocycle geometry and
conformational flexibility translate molecular recognition
into mesoscale morphology, establishing a direct link between
supramolecular chemistry and MXene assembly. Such curvature

MAX Phase

Fig. 22 Schematic illustration summarizing the synthesis of different
morphologies of Ti,C. The materials were derived from HF etched MXene,
mediated by ultrasonication in the presence of p-phosphonic acid
calix[nlarenes (PCXn). Note the Tyndall effect images for corresponding
samples as confirmation of generating colloidal solution. Reproduced
from ref. 184 with permission from Wiley, copyright 2017.
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engineering modulates interlayer spacing, strain distribution, and
d-orbital overlap, thereby tuning local DOS and surface reactivity
without altering stoichiometry. Moreover, theoretical calculations
predict that curved and scroll-like MXenes could exhibit strain-
tunable electronic structures and band-gap modulation, under-
scoring the functional relevance of controlled morphology.
Collectively, these supramolecular templating strategies illustrate
that MXene morphology can be programmed through molecular
design, enabling a new dimension of structural and electronic
control. Despite these advantages, supramolecularly driven struc-
tures suffer from notable challenges, including sensitivity to
solvent composition, pH, and sonication intensity, which often
results in limited reproducibility. Additionally, the long-term
structural stability of curved or rolled MXenes under electroche-
mical or thermal operation remains poorly understood. These
issues indicate that further mechanistic studies and operando
tools are needed to clarify how molecular recognition dictates
mesoscale morphology and how curvature affects electronic beha-
vior under working conditions.

3.4.3. Hierarchical and three-dimensional assembly. Con-
structing hierarchical or 3D MXene architectures enables the
integration of atomic, nanoscale, and mesoscale features into
unified frameworks. This approach mitigates sheet restacking,
enhances mechanical robustness, and creates multidirectional
transport channels for charge and mass. 3D structuring can be
achieved through sol-gel assembly, freeze-casting, spray drying,
or pyrolytic conversion, each offering distinct control over
porosity and orientation."®>™"®” Peng et al. prepared 3D porous
N/P-co-doped Ti;C,T, nanosheets via a gel-pyrolysis route,
achieving interconnected frameworks that maximized site
exposure and facilitated mass transport (Fig. 23)."*® The con-
trolled doping simultaneously modified bonding and electronic
states, yielding synergistic regulation of conductivity and sur-
face functionality. Similarly, Wu et al. produced 3D wrinkled
TizC,T, by continuous spray drying, where the undulated
morphology prevented aggregation and preserved high surface
accessibility."®® These structural motifs demonstrate that 3D
hierarchical assembly extends beyond mere geometric optimi-
zation, enabling cooperative modulation of mechanical, elec-
tronic, and interfacial properties. The resulting architectures
exhibit high conductivity, structural flexibility, and resistance
to collapse, thereby serving as robust platforms for a wide range
of electrochemical and catalytic applications.
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Nevertheless, understanding how mesoscale ordering gov-
erns electronic coupling, defect distribution, and long-range
charge transport remains limited. Many 3D structures rely on
multi-step processing that is not easily scalable, and their
mechanical integrity may degrade during extended cycling or
exposure to harsh reaction media. Furthermore, the interplay
between porosity, doping, and hierarchical connectivity is often
evaluated qualitatively rather than quantitatively. Progress in
this area will depend on multiscale simulations and operando
imaging tools capable of directly linking structural hierarchy
with electronic and transport phenomena, and on the develop-
ment of quantitative descriptors that capture connectivity,
tortuosity, and load-bearing capability in a manner comparable
across different MXene architectures.

3.4.4. Structure-property correlation and outlook. Following
substantial advances in morphological design, establishing
correlations between structural parameters and functional pro-
perties remains a major challenge. Quantitative understanding
of how pore topology, curvature, or hierarchical order influ-
ences electronic density and interfacial interactions is limited
by the scarcity of in situ and multiscale characterization.
Moreover, reproducibility and scalability remain obstacles, as
delicate morphological features can be altered during synthesis
or processing. Separating morphology-driven effects from those
introduced by binders, spacers, or secondary support phases in
practical environments adds further complexity. Future pro-
gress will benefit from coupling in situ/operando microscopy
and spectroscopy (e.g., environmental TEM, operando AFM,
synchrotron scattering) with multiscale simulations and
machine learning to map morphology-property spaces and
identify optimal architectures. Such insights will be important
for translating mesoscale structural design into robust and
reproducible performance across electrochemical and catalytic
applications.

3.5. Summary and perspectives

Surface engineering has established itself as a powerful strategy
for modulating the intrinsic physicochemical properties of
MXenes at the atomic scale. By integrating compositional
tuning, controlled surface terminations, defect/dopant regula-
tion, and morphology design, the preceding sections illustrate
how multiple dimensions of surface control can be orche-
strated to reshape electronic structure, charge distribution,

MXene flakes

° PtCI>

<

Fig. 23 Schematic illustration of the synthetic route of Pt SA-3D porous N, P codoped TizC,T, MXene. Reproduced from ref. 188 with permission from

American Chemical Society, copyright 2022.
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and structural hierarchy. These efforts have elevated MXenes
from simple conductive sheets to highly tunable materials
capable of programmable stability, conductivity, and surface
reactivity. In combination, these diverse strategies create a
coherent toolbox that enables fine control from atomic bond-
ing environments to mesoscale architecture, providing a com-
prehensive foundation for subsequent interface engineering.

Despite these advances, the capabilities achievable within a
single MXene layer remain inherently constrained by its intrin-
sic band structure, surface area, and charge density. Further
improvements, such as directional charge transfer, spatially
separated redox sites, or broadband light absorption, often
require coupling MXenes with external components. Moreover,
surface terminations may reach chemical or structural satura-
tion, limiting the extent of Fermi-level alignment or carrier-
dynamics modulation. Excessive defect densities may compro-
mise stability, and ex situ characterizations often fail to capture
the operando surface state. These factors collectively highlight
the need to extend atomic-level control beyond individual
MXene layers.

This realization naturally points to heterostructure interface
engineering, in which MXenes function as electronic mediators
or structural scaffolds within composite systems. By integrating
MXenes with semiconductors, metals, or other layered materi-
als, one can generate interfacial band bending, charge redis-
tribution, and built-in electric fields, phenomena not attainable
through single-phase MXenes. Such heterostructures enable
directional carrier flow, enhanced exciton separation, and
cooperative intermediate activation, providing a multidimen-
sional platform for integrating conductivity, chemical activity,
and photothermal response.

Therefore, while surface engineering defines the intrinsic
capabilities of MXenes, heterostructure interface engineering
determines how these capabilities are expressed and amplified
in functional environments. The next chapter builds on this
foundation, elucidating how interfacial design principles,
including band alignment, charge transfer, and structural
coupling, transform MXenes from tunable 2D materials into
universal interface mediators bridging atomic-scale control
with macroscopic catalytic performance.

4. Heterostructure interface
engineering of MXenes

While surface engineering enables atomic-level modulation of
MXene composition, electronic structure, and morphology,
its impact is ultimately confined to a single material phase.
Many key functions, such as directional charge transport,
spatially separated redox sites, and coupled optical-electronic
responses, cannot be achieved through further refinement of
an isolated MXene layer. Accordingly, recent research has
shifted from optimizing individual MXenes toward engineering
the interfaces they form with other functional materials,
extending structural and electronic design from the intralayer
to the heterostructure level."”°
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A heterostructure is a composite system in which two or
more materials with distinct compositions or electronic proper-
ties are integrated at the atomic or nanoscale. Within such
architectures, MXenes serve as both conductive scaffolds and
chemically adaptive platforms: their metallic or quasi-metallic
nature supports ultrafast charge and ion transport, while their
rich surface terminations (-O, -OH, -F, etc.) provide versatile
bonding motifs with metals, semiconductors, carbons, and
polymers. This combination allows MXenes to mediate electro-
nic and chemical contact between materials of different dimen-
sionalities and band structures, positioning them as active
interfacial couplers rather than passive fillers.'®*>*''** Never-
theless, broadly transferable design rules remain limited
because reported hybrids are often system-specific.

The essence of MXene-based interface engineering lies in
emergent interfacial phenomena that arise only when multiple
phases interact electronically, structurally, and chemically.
These couplings manifest in several key dimensions (Fig. 24):
(i) electronic regulation, where Fermi-level equilibration and
charge redistribution establish built-in electric fields and
reshape local densities of states; (ii) structural coupling, in
which lattice matching, orbital hybridization, and termination
bonding generate coherent interfaces with reduced defect
density and enhanced mechanical stability; and (iii) chemical
stabilization, where strong interfacial adhesion suppresses
oxidation, aggregation, and phase degradation of MXenes.
Together, these effects create cooperative functionalities
beyond those achievable by single-phase MXenes.

Building upon these principles, MXene-based heterostruc-
tures can be broadly classified by the nature of the secondary
component (Fig. 24): (i) MXene/metal interfaces characterized
by Schottky or Ohmic contacts and strong metal-support
interactions (SMSI); (ii) MXene/metal compound heterostruc-
tures (e.g., oxides, sulfides, nitrides) that facilitate efficient
charge separation via Z-scheme or S-scheme mechanisms; (iii)
MXene/carbon hybrids (graphene or carbon nanotubes (CNTs))
that mitigate restacking and enhance structural continuity; and
(iv) MXene/polymer composites that regulate interlayer spa-
cing, mechanical elasticity, and ion/proton conductivity. These
categories capture the dominant modes of electronic and
chemical coupling, ranging from metallic to covalent or supra-
molecular interactions. This chapter therefore focuses on the
underlying interfacial design principles, rather than an exhaus-
tive catalogue of materials, and highlights how each interface
type exposes general opportunities and constraints unique to
MXenes as interfacial mediators.

4.1. MXene/metal heterostructure interfaces

MXene/metal heterostructures represent one of the most fun-
damental classes of MXene-based interfaces, in which metallic
species ranging from isolated atoms to nanoparticles and
nanofilms are anchored onto, or embedded within, the 2D
MXene matrix. These systems integrate the metallic conductiv-
ity and structural adaptability of MXenes with the diverse
electronic configurations and coordination environments of
metals, creating highly interactive junctions governed by strong

This journal is © The Royal Society of Chemistry 2026
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Fig. 24 Hierarchical schematic of MXene heterostructure interface engineering.

electronic and chemical coupling. The resulting interfaces
exhibit complex charge redistribution, orbital hybridization,
and local structural reconstruction, which collectively deter-
mine electronic alignment, bonding, and stability.'***>

MXenes provide an exceptionally suitable platform for
metallic integration owing to several intrinsic attributes. Their
metallic or quasi-metallic conductivity ensures efficient elec-
tron exchange across the interface, while hydrophilic and
chemically active surface terminations (-O, -OH, -F, etc.) offer
abundant anchoring sites for metal ions. In addition, their
large surface area and tunable interlayer spacing allow uniform
dispersion and spatial confinement of metal species. These
features yield SMSI that markedly alter local charge density and
bonding at the junction. Compared with graphene or other
carbon-based hosts, MXenes exhibit higher surface polarity and
interfacial reactivity, which reduces aggregation and supports
more deterministic metal placement at the atomic level.

4.1.1. Synthesis pathways and structural configurations.
The formation of well-defined MXene/metal interfaces relies
on precisely controllable synthetic routes that dictate the dis-
tribution, bonding mode, and electronic continuity between
the two phases. MXene/metal heterostructures are typically
fabricated through in situ reduction, intercalation, or reactive

Deposition Growth

Isolated sites Cluster

Fig. 25

Nanoparticles

diffusion methods, which enable fine control of metal loading,
distribution, and coordination environment. In a representa-
tive approach, Zhang et al established a general in situ
reduction strategy that enables Ti;C,T, MXene to directly
reduce a broad range of metal cations including Au®**, Pd*"
Ag', Pt*", Rh**, Ru*", and Cu®" without any external reductant
(Fig. 25)."° The electron transfer originates from Ti*"/Ti**
surface species, which act as intrinsic reducing centers and
drive the nucleation of isolated metal atoms that subsequently
evolve into clusters or nanoparticles with increasing loading.
The resulting composites exhibit uniform dispersion and size
tunability dictated by interlayer confinement and surface defect
density. DFT and spectroscopy analyses consistently show that
metals preferentially anchor at Ti vacancies, where local charge
density and coordination asymmetry reduce the adsorption
energy barrier.

Beyond monometallic systems, the same in situ protocol
affords bimetallic alloys and core-shell nanostructures such as
AgAu-, Pd@Au-, Pt@Au-, and Ag@Pd@Au-MXenes through
sequential or co-reduction steps. The deposition sequence
and coordination environment modulated, for example, by
ethylenediaminetetraacetic acid (EDTA) complexation influence
whether alloying or epitaxial core-shell growth predominates.
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(a) Schematic illustration of metal depositing on the surface of MXene by in situ reduction. (b) A comparison of redox potentials of the TizC,T,

MXene and metal ions. Reproduced from ref. 196 with permission from Springer Nature, copyright 2024.
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Fig. 26 The synthesis scheme of CoCu-TizC,T,. Reproduced from ref. 198 with permission from Wiley, copyright 2024.

Lattice mismatch further governs spatial selectivity. Metals with
small mismatches to Ti;C,T, (e.g:, Au, Ag) tend to grow continu-
ously on basal planes, whereas larger mismatches (e.g., Pd, Rh, Pt)
promote edge-selective deposition. The edge-first deposition
of Au, driven by the electrostatic attraction between positively
charged MXene edges and negatively charged AuCl, , highlights
how local charge distribution shapes nucleation pathways. These
findings reveal that the interplay among redox potential, coordi-
nation environment, and lattice strain dictates the nucleation
mode, site selectivity, and final architecture of MXene/metal
composites. Such examples illustrate that MXene surfaces do
not merely host metals, but they actively direct their spatial
organization.

In addition, Lewis acidic molten-salt etching provides a
second, intrinsically interfacial route for metal incorporation.
During synthesis, metal cations present in molten salt (e.g,
Cu*", Ni**, Co*") can be reduced on the MXene surface, forming
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metallic nanoclusters embedded within the layered framework.
Although these inclusions are often removed to obtain pure
MXenes, several studies have exploited them as functional
hybrids. For instance, Cui et al. showed that MXene/CuNi (or
Co) composites prepared via molten-salt reduction exhibit
strong metal-support coupling and excellent compositional
uniformity, resulting in enhanced structural robustness
(Fig. 26)."°7'9® Moreover, selective acid washing (e.g., using
HCI or ammonium persulfate, APS) can remove large aggre-
gates while preserving atomic or subnanometer metal species
(Fe,"”” Ni,"° Cu'’®), offering a practical and scalable route
toward single-atom metal/MXene hybrids.

Reactive metal-support interaction (RMSI) provides an addi-
tional pathway to ordered intermetallic phases directly on
MXene substrates. Li et al. reported the formation of ordered
CusAu-type intermetallic compounds (IMCs) such as Pt;Ti
on Ti;C,T, and Pt;Nb on Nb,CT, MXenes (Fig. 27a-c).>° These
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Fig. 27 Microscopy characterizations of Pt/MXene catalysts. (a) Representative HAADF-STEM image of 1% Pt/TisC,T, catalyst. (b) (111) surface of PtsTi
NP. Inset is a simulated STEM image of PtsTi(111) surface. (c) Schematic illustration of RMSI in Pt/MXene catalysts and the structure of L1,-ordered
intermetallic PtzTi. HAADF-STEM image of Pt/Mo,TiC,T, viewed from the [1120] direction (d) and the [0001] direction (e). (f) Relaxed structure showing Pt
atoms occupying hcp sites on the surface of Mo, TiC,T, MXene. Reproduced from (a)—(c) ref. 200, (d)—(f) ref. 201 with permission from Springer Nature,

copyright 2018 and 2021.
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atomically ordered structures display strong intermetallic
bonding between Pt and M (Ti or Nb), delivering exceptional
structural stability and electronic coupling. RMSI-driven IMC
formation reflects a thermodynamic preference for interfacial
alloying at elevated temperatures, producing coherent metal-
MXene interfaces characterized by atomic continuity and
enhanced robustness.

Li et al. further achieved epitaxial growth of single- and
double-atomic-layer Pt nanofilms on Mo,TiC, MXene (Fig. 27d-
f), stabilized by strong Pt-Mo interfacial bonding.>** These
atomically thin metallic layers show outstanding uniformity
and precisely tunable thickness, representing a distinct regime
between isolated atoms and extended metal films. Such sys-
tems exemplify the potential of MXenes to template atomic-
scale ordering, driven by synergistic interplay between the
transition-metal sublattice and the deposited metallic species.

In summary, these synthetic strategies demonstrate that
MXenes not only act as supports but also behave as structure-
directing platforms that modulate nucleation, alloying, and
atomic ordering. However, the high sensitivity of MXene sur-
faces to subtle variations in termination chemistry or precursor
conditions continues to hinder reproducibility, underscoring
the need for more rigorous interface-controlled synthesis.

4.1.2. Electronic interactions and charge redistribution.
With the interfacial architectures established, the next crucial
question is how electronic coupling unfolds at the junction and
how charge redistribution governs transport behavior. At the
heart of every MXene/metal interface lies a competition
between electronic hybridization and charge equilibration,
which together determine Fermi-level alignment, carrier mobi-
lity, and interfacial stability. When a metal and an MXene come
into contact, differences in work functions (®) and Fermi
energies (Eg) drive charge transfer until equilibrium is estab-
lished. Depending on the relative magnitudes of ®pxene and
D netal, the resulting contact exhibits either Schottky or Ohmic
characteristics. For instance, deposition of high-work-function
metals such as Pt, Pd, or Au on Ti;C,T, (¥ ~ 1.6-5.8 eV,
termination-dependent) induces electron flow from MXene to
the metal, forming a Schottky barrier that controls interfacial
carrier injection. Conversely, low-work-function metals such as
Cu, Ni, or Co establish nearly barrierless Ohmic contacts,
facilitating efficient bidirectional charge transport. These beha-
viors are further modulated by surface terminations, whose
electronegativity directly determines dipole direction and band
bending.

This Fermi-level equilibration produces band bending and
an interfacial dipole layer, resulting in spatial variations in
carrier density and surface potential. The polarity and strength
of this dipole depend strongly on the surface termination
chemistry: O-terminated MXenes, due to their high electronega-
tivity, withdraw charge from adjacent metals, leading to down-
ward band bending, whereas OH-terminated surfaces promote
more symmetric coupling. DFT simulations indicate that hybridi-
zation between metal d-orbitals and Ti d- or O p-states gives rise
to new interfacial states near Ep, thereby smoothing potential
barriers and enhancing tunneling efficiency.

This journal is © The Royal Society of Chemistry 2026
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Experimental evidence supports these theoretical predic-
tions. XPS and Kelvin probe force microscopy (KPFM) reveal
core-level shifts and surface potential variations upon metal
deposition, confirming substantial charge redistribution.
Time-resolved spectroscopic measurements, including transi-
ent absorption and time-resolved photoemission, demonstrate
sub-picosecond carrier equilibration at well-coupled interfaces,
while bias-dependent KPFM mapping visualizes the evolution
of interfacial dipoles under applied fields. Under optical excita-
tion, plasmonic or hot-electron effects in MXene/noble-metal
junctions can transiently lower effective barriers, linking static
electronic alignment to dynamic photophysical behavior.

Despite strong experimental and theoretical progress, quan-
titative mapping of electronic alignment in MXene/metal
interfaces remains limited. Reported Schottky barrier heights
frequently vary across studies due to differences in termination
chemistry, flake oxidation, and residual etching by-products,
which complicate reproducibility. Moreover, most measure-
ments rely on ex situ characterization, whereas interfacial
dipoles and charge densities evolve dynamically during cataly-
sis, heating, or illumination. The absence of operando-level
electronic-structural correlation hampers the establishment
of universal design rules. Developing real-time probes that
resolve how terminations and defects reshape interface ener-
getics will be essential for predictive control.

4.1.3. Interfacial reconstruction and atomic-level ordering.
Beyond static electronic modulation, strong interfacial interac-
tions often drive structural self-reorganization aimed at mini-
mizing interfacial energy and enhancing electronic coherence.
Under elevated temperatures or reactive conditions, partial
interdiffusion, lattice rearrangement, and ordered phase for-
mation can occur, yielding interfaces with atomically coherent
structure and uniform bonding networks.

As reported by Li et al., the formation of ordered Pt;Ti and
Pt;Nb intermetallics on Ti;C,T, and Nb,CT, MXenes exempli-
fies RMSI-driven ordering. High-resolution TEM and X-ray
absorption spectroscopy (XAS) confirmed continuous Pt-M
coordination and strong d-orbital hybridization across the
interface. This reconstruction produces atomically sharp
boundaries with reduced defect densities and uniform charge
distribution, ensuring mechanical integrity and electronic
coherence. The epitaxial growth of Pt nanofilms on Mo,TiC,
MXene, stabilized through Pt-Mo bonding, further illustrates
this phenomenon. The resulting ultrathin metallic layers
bridge the gap between atomic and bulk regimes, providing
quantum-level precision over interface thickness and electron
coupling. Operando environmental TEM combined with elec-
tron energy-loss spectroscopy (EELS) has directly visualized
adatom diffusion, nucleation, and ordering pathways on
MXene surfaces, confirming that MXene terraces act as energe-
tically favourable diffusion pathways for interfacial alloying and
reconstruction. These atomic rearrangements yield graded
interfaces with smooth bonding transitions, which span ionic,
covalent, and metallic regimes, thereby minimizing interfacial
resistance and enhancing durability. Moreover, strain accom-
modation within MXene layers suppresses crack propagation
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and helps preserve lattice coherence under thermal or electro-
chemical stress. Consequently, interfacial reconstruction
emerges as a key self-regulating mechanism, enabling MXenes
to dynamically optimize bonding uniformity and defect toler-
ance in response to external stimuli.

Although interfacial reconstruction significantly
enhance bonding coherence, its thermodynamic driving forces
and kinetic pathways remain poorly quantified. Small varia-
tions in MXene defect density, termination composition, or
metal precursor chemistry often lead to divergent reconstruc-
tion behaviors, raising concerns regarding reproducibility. In
addition, prolonged operation may induce unintended inter-
diffusion or phase drift, which alters active-site geometry and
complicates long-term performance evaluation. Systematic
operando studies are still lacking to determine whether recon-
structed interfaces are stable or gradually evolve during cata-
lysis, electrochemical cycling, or thermal stress, highlighting
the need for real-time monitoring to avoid misattributing
transient phases as stable structural motifs.

4.1.4. Challenges and perspectives. Although significant
progress has been achieved in tailoring MXene/metal inter-
faces, attaining deterministic atomic-level control over inter-
facial structure and composition remains challenging. The
dynamic nature of metal nucleation, diffusion, and oxidation
on functionalized MXene surfaces often leads to particle size
dispersion, clustering, or partial passivation, complicating
efforts to precisely define atomic configurations. Furthermore,
decoupling electronic and geometric effects on interfacial
stability requires in situ characterization tools capable of
simultaneously resolving charge distribution and atomic struc-
ture. Future progress will rely on integrating atomic-layer
deposition (ALD), molecular beam epitaxy (MBE), and con-
trolled molten-salt methods with in situ electron microscopy
and operando spectroscopy to visualize interface evolution in
real time. The development of predictive computational frame-
works linking Fermi-level alignment, charge redistribution, and
atomic ordering will further enable rational design of MXene/
metal systems with programmable interface properties.

At its core, the study of MXene/metal heterostructures
underscores a central tenet of interface science: the emergent
properties of a junction are not merely the simple sum of its
constituents but arise from their cooperative interactions. By
mastering the interplay among electronic coupling, structural
reconstruction, and chemical bonding, researchers can achieve
atomic-level precision in controlling interfacial conduc-
tivity, stability, and reactivity. Despite these advances, current
research remains highly system-specific, and the absence of
transferable descriptors or universal structure-property corre-
lations limits the predictive power of existing design strategies.
Such understanding lays the conceptual groundwork for inte-
grating MXene-based interfaces into next-generation functional
materials. While these insights primarily pertain to metallic
contacts, they also provide a framework for more complex
MXene/metal-compound heterostructures, where charge redis-
tribution and built-in electric fields jointly govern directional
carrier transport and interfacial dynamics.

can
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4.2. MXene/metal compound heterostructure interfaces

While MXene/metal interfaces are dominated by metallic bond-
ing and Fermi-level equilibration, integrating MXenes with
metal compounds such as oxides, sulfides, and nitrides intro-
duces semiconducting characteristics and band-structure com-
plementarity that extend beyond simple charge exchange.?>*%
Compared with the MXene/metal contacts discussed in Section
4.1, these hybrid junctions add an additional degree of freedom
associated with band-gap and band-edge engineering in the
compound phase. In these systems, the junction typically
behaves as a Schottky or Ohmic contact when the MXene
exhibits metallic or quasi-metallic character, whereas under
specific surface states or partial oxidation conditions, MXenes
may display semiconducting behavior capable of forming
Z-scheme or S-scheme heterojunctions (Fig. 28).

At the metal-semiconductor interface, a Schottky or Ohmic
contact is established depending on the relative positions of
their Fermi levels. When the metal possesses a larger work
function (i.e., a lower Fermi level) than the semiconductor,
electrons flow from the semiconductor to the metal until
equilibrium is reached, forming a Schottky junction with a
depletion region and a built-in electric field directed from the
semiconductor toward the metal. The resulting Schottky barrier
height (®sg), governed by the work-function difference between
the two components, determines the efficiency of charge trans-
fer. By tailoring MXene surface terminations or selecting metals
with appropriate @ values, ®sz can be optimized to facilitate
electron injection, suppress recombination, and enhance cata-
Iytic activity. Conversely, when the metal has a smaller work
function (i.e., a higher Fermi level), electrons transfer from the
metal to the semiconductor, producing an Ohmic contact that
enables nearly barrier-free carrier transport. When MXenes
couple with semiconducting metal compounds, the interfacial
behavior often follows a Z-scheme or S-scheme mechanism
driven by Fermi-level equilibration and internal electric-field
formation. In this configuration, electrons from the reduction
photocatalyst (RP), typically the component with the smaller
work function, spontaneously diffuse toward the oxidation
photocatalyst (OP), establishing an electric field oriented from
RP to OP. Under illumination, the built-in field promotes
selective recombination of low-energy carriers, namely electrons
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Materials
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Fig. 28 Schematic illustration of interfacial electronic coupling in MXene/
metal compound heterostructures.
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in the OP conduction band and holes in the RP valence band,
while preserving high-energy electrons in the RP conduction band
and holes in the OP valence band. This selective recombination
preserves strong redox potentials while maintaining spatial charge
separation, making Z-scheme/S-scheme heterojunctions particu-
larly effective for energy-intensive catalytic processes such as CO,
reduction or oxidative pollutant degradation.’**%

Collectively, these interfacial configurations demonstrate
how MXenes act as both conductive mediators and electronic
regulators, bridging metallic, semiconducting, and redox-active
components. By modulating interfacial work-function offsets
and band alignment, researchers can precisely control charge
flow, band bending, and catalytic energetics. However, fully
resolving whether a given MXene/compound pair forms a
Schottky, Ohmic, Z-scheme, or S-scheme junction remains
non-trivial, because subtle variations in termination chemistry,
oxidation degree, and defect distribution can shift the domi-
nant mechanism, underscoring the need for more unified
criteria for heterojunction identification.

4.2.1. Synthesis pathways and interfacial architectures.
The construction of MXene/metal-compound heterostructures
primarily relies on solution-phase assembly routes that ensure
intimate interfacial bonding and well-controlled phase distri-
bution. Among them, hydrothermal growth and self-assembly
are the most widely employed and effective strategies.

In hydrothermal synthesis, metal compounds nucleate and
grow in situ on the MXene surface under mild conditions,
ensuring strong interfacial adhesion and atomic-level coupling.
Cao et al. directly grew Bi,WO, nanosheets on Tiz;C, MXene via
electrostatically driven hydrothermal deposition, forming ultra-
thin 2D-2D Ti;C,/Bi,WOs heterostructures (Fig. 29).>°” The
negatively charged TizC, surface facilitated Bi*" adsorption,
guiding directional growth and producing interfaces with
large contact areas and short carrier migration distances.
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Such coherent interfacial growth enhances electronic continu-
ity and enables efficient charge redistribution across the
boundary, outperforming either single component. Similarly,
Li et al. synthesized Bi,S;/Ti;C,T, heterostructures where the
difference in work functions between the two components
induced Schottky barrier formation, driving spontaneous elec-
tron transfer from Ti;C,T, to Bi,S; and establishing a built-in
potential that promoted unidirectional carrier flow and sup-
pressed back recombination.>*® These examples highlight that
hydrothermal assembly not only preserves structural integrity
but also enables direct control of Fermi-level alignment and
interfacial dipole strength.

Complementary to hydrothermal synthesis, self-assembly
strategies rely on van der Waals or electrostatic interactions
to achieve uniform dispersion of metal compounds without
disturbing the MXene framework. Liu et al. demonstrated a
versatile self-assembly route for anchoring TiO, nanorods and
SnO, nanowires on Ti;C, MXene via van der Waals coupling
(Fig. 30).>°° The anchored nanostructures acted as “spacers,”
preventing MXene restacking and maintaining open interlayer
channels for efficient electron and ion transport. Zhang et al.
further constructed Fe;O,/MXene heterostructures through
interfacial self-assembly, enabling spontaneous deposition of
Fe;0, nanodots on Ti;C,T, nanosheets.?!’ The van der Waals-
driven self-organization ensured intimate contact and struc-
tural complementarity, with MXene serving as a conductive
backbone and Fe;O, nanodots preventing agglomeration and
reinforcing structural integrity. Together, these mild assembly
routes produce coherent heterointerfaces in which chemical
bonding, interfacial dipoles, and charge-transport pathways are
simultaneously optimized.

To conclude, hydrothermal and self-assembly approaches
provide controllable pathways to coherent interfacial architec-
tures. Nevertheless, reproducibility remains a major bottleneck,

° fo%%ﬁ: ° >40% HF DMSO
AKICK etching P intercalated
IO m——— , G
¢ ® @%ww @ ¢ Room temperature o g g p_s Ultrasonic
L e 72h - " exfoliation
'..v .
Ti;AlC, MAX phase Multilayer Ti;C, Ti;C, nanosheets
Adding _ Hydrothermal S
Bi(NO;);'5H,0 reaction
[ —— [——————

Electrostatic g
adsorption

Bi**/Ti,C,

Na,WO,-2H,0/CTAB

Ti;C,/Bi,WO; 2D/2D structure

000000

Bi W O C Ti Al

Fig. 29 Schematic illustration of the synthetic process of 2D/2D heterojunction of ultrathin TizC,/Bi,WOe nanosheets. Reproduced from ref. 207 with

permission from Wiley, copyright 2018.
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MXene in THF

vdW Assembly

SnO,/MXene heterostructures

Fig. 30 Schematic diagram for the simple self-assembly of TMO nano-
structures, including TiO, nanorods and SnO, nanowires, on MXene
nanosheets in THF through van der Waals interactions. Reproduced from
ref. 209 with permission from Wiley, copyright 2018.

as slight variations in precursor compositions, MXene termina-
tion states, or local oxidation environments can lead to markedly
different nucleation behaviors. Moreover, the susceptibility of
MXenes to partial hydrothermal oxidation complicates the estab-
lishment of universal synthesis conditions, underscoring the
need for operando monitoring to prevent artefactual interfacial
chemistries.

4.2.2. Electronic coupling and heterojunction mechanisms.
The electronic characteristics of MXene/metal-compound inter-
faces depend critically on whether the MXene behaves as a
metallic conductor or a semiconducting participant. In most
cases, metallic or quasi-metallic MXenes (e.g., TizC,Ty, Nb,CTy)
establish Schottky or Ohmic contacts with semiconducting metal
compounds, governed by differences in work functions. While
Schottky contacts enable rectified carrier transport through built-
in potential barriers, Ohmic contacts provide barrier-free path-
ways; both facilitate efficient carrier transfer and suppress charge
recombination. When surface oxidation or specific terminations
narrow the MXene band gap or lower carrier density, it can behave
as a semiconductor, giving rise to Z-scheme or S-scheme hetero-
junctions in which built-in electric fields drive directional charge
separation while preserving strong redox potentials.

At the atomic scale, Fermi-level equilibration induces inter-
facial band bending, orbital overlap, and dipole formation. DFT
calculations show that interfacial Ti-O or Ti-S coordination
generates hybridized states near the Fermi level, narrowing the
local band gap and promoting electronic delocalization across
the junction. Simultaneously, chemical coupling via -O or -S
terminations mediates dipole formation and modulates work-
function alignment. The resulting hybridized frontier orbitals
act as conduits for interfacial charge migration, enabling
efficient, spatially directed carrier flow. This cooperative inter-
play of electronic alignment, interfacial polarization, and orbi-
tal hybridization defines the core mechanism of MXene/metal-
compound heterostructures.

Despite these insights, quantitative analysis of band align-
ment and dipole formation remains limited. Reported values of
Schottky barriers, band offsets, and interfacial potentials often
differ substantially due to variations in MXene oxidation,
termination composition, and flake quality. Furthermore, most
available data are obtained ex situ, whereas the electronic
landscape can shift dynamically under illumination, electric
bias, or reactive environments. This disparity highlights the
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need for operando band-structure mapping to establish reliable
design rules for MXene/metal-compound heterojunctions.

4.2.3. Structural coherence and interfacial stability. The
structural integrity and long-term durability of MXene/metal-
compound interfaces are governed by lattice compatibility,
bonding continuity, and interfacial dipole strength. The layered
flexibility of MXenes allows strain accommodation and semi-
coherent lattice coupling with crystalline oxides, sulfides, and
nitrides, minimizing interfacial dislocations and mismatches.
M-0, M-S, and M-N coordination bridges reinforce adhesion
and facilitate orbital overlap across the boundary, while strong
interfacial dipoles stabilize charge distribution and suppress
oxidation or defect propagation. This hybrid bonding environ-
ment yields chemically graded interfaces that transition from
ionic to covalent character, maintaining both electronic con-
tinuity and mechanical compliance. Moreover, the hydrophili-
city and surface polarity of MXenes allow them to integrate with
both polar oxides and less polar sulfides or nitrides, ensuring
assembly and structural resilience under redox or thermal
cycling.

However, the structural ‘“compliance” of MXenes is a
double-edged sword. While flexibility aids lattice matching, it
also makes interfaces vulnerable to gradual distortion, layer
delamination, or termination loss under electrochemical
cycling. In addition, buried interfacial coordination structures
remain poorly resolved, and the extent to which dipole-induced
stabilization persists under sustained operating conditions is
still unclear. More systematic operando structural studies are
required to differentiate stable interfacial motifs from transi-
ent, synthesis-induced artefacts.

4.2.4. Challenges and perspectives. While substantial pro-
gress has been realized, achieving precise control over the
electronic configuration and structural uniformity of MXene/
metal-compound interfaces remains difficult. The dual metal-
lic-semiconducting behavior of MXenes complicates junction-
type prediction, as work function and band alignment are
highly sensitive to surface terminations, defect density, and
oxidation state. Additionally, quantitative characterization of
buried interfaces, including band bending, dipole strength,
and coordination structure, remains difficult due to dynamic
surface reconstruction during synthesis. Ensuring phase purity,
chemical uniformity, and lattice coherence during hydrother-
mal or self-assembly growth demands meticulous control over
reaction kinetics and nucleation pathways. At present, classifi-
cations of junction type in MXene/compound systems are still
largely post hoc, inferred from macroscopic performance rather
than from rigorously determined interfacial energetics, which
limits the transferability of current design rules.

Looking ahead, integrating in situ/operando characterization
techniques (e.g., synchrotron XPS, TEM-EELS, and XAS) with
multiscale modelling will be crucial for visualizing interface
evolution and charge redistribution in real time. Machine-
learning-guided synthesis may further enable predictive control
over termination chemistry and band alignment. Ultimately,
developing reliable, quantitative relationships between MXene
surface chemistry and interfacial electronic structure will

This journal is © The Royal Society of Chemistry 2026
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provide the foundation for designing MXene/metal-compound
heterostructures with programmable fields, directed charge
transport, and superior catalytic functionality.

4.3. MXene/carbon heterostructure interfaces

MXene/carbon heterostructures represent a distinct class of
hybrid interfaces that integrate the metallic conductivity, sur-
face polarity, and chemical tunability of MXenes with the high
surface area, stability, and mechanical resilience of carbon
materials. From an interface-engineering standpoint, these
systems exploit complementary characteristics: MXenes pro-
vide abundant surface terminations (-O, -OH, -F) that act as
anchoring and coupling sites, while carbon materials such as
graphene, carbon nanotubes (CNTs), and amorphous carbons
contribute robust sp® frameworks and excellent structural
stability. The combination yields electronically continuous
and mechanically flexible junctions, where covalent, electro-
static, or m-mediated interactions create coherent charge-
transfer networks. Importantly, these interfaces also serve as
model platforms for probing how metallic and sp>-carbon
phases couple electronically and chemically at 2D boundaries,
offering mechanistic insights that cannot be accessed using
either material alone.

4.3.1. Interfacial bonding and structural configuration.
The bonding configuration at the MXene/carbon interface
governs both electronic communication and mechanical cohe-
sion. Covalent linkages, particularly Ti-O-C and, under suitably
deoxygenated conditions, Ti-C bonds, enable orbital overlap
between MXene transition-metal centers and the carbon
n-system, facilitating efficient charge delocalization. For exam-
ple, Zhou et al functionalized graphene oxide sheets with
Ti;C,T, MXene via Ti-O-C coupling, yielding MXene-modified
graphene oxide (MrGO) cross-linked through the conjugated
molecule 1-aminopyrene-disuccinimidyl suberate (AD) (Fig. 31).*"*
This dual coupling, which combines MXene-carbon covalency
and n-m stacking via AD, promoted structural densification and
interlayer alignment. In situ Raman spectroscopy and molecular
dynamics simulations confirmed that interfacial orbital hybridi-
zation and m-m reinforcement synergistically enhance charge
delocalization and lattice coherence, establishing an atomically
integrated interface between the inorganic and carbon phases.

Besides covalent anchoring, noncovalent n-n and van der
Waals interactions also contribute significantly to interfacial
stabilization, particularly in multilayer or hierarchical compo-
sites. These weak yet dynamic forces allow interlayer slip and
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strain accommodation, preserving structural integrity under
deformation or electrochemical cycling. From a critical per-
spective, however, the relative roles of covalent vs. noncovalent
interactions remain insufficiently quantified. Variations in
graphene oxidation level, MXene termination chemistry, and
surface functionalization can lead to markedly different bond-
ing motifs. More systematic, termination-controlled synthesis
and operando spectroscopy are required to establish general-
izable bonding-function correlations.

4.3.2. Morphological coupling and restacking inhibition.
A persistent structural challenge for 2D MXenes lies in their
tendency to restack through van der Waals attraction, blocking
active surface sites and hindering mass and charge transport.
Incorporation of carbon frameworks effectively mitigates this
issue through morphological coupling, in which carbon archi-
tectures serve as physical spacers, conductive bridges, and
mechanical reinforcements. CNTs and graphene nanosheets
intercalate between MXene layers, maintaining open channels
for charge and mass transfer. Gao et al. introduced a “‘knotted”
CNT architecture, intertwined with Ti;C, MXene (Fig. 32),
forming an interpenetrating, multidirectional porous scaffold
that prevented lamellar collapse and provided directional elec-
tron pathways.>'> The hybrid exhibited high surface accessi-
bility and efficient percolation, demonstrating the decisive role
of morphology in dictating transport geometry and interface
coupling. In practical synthesis, MXene/CNT hybrids are com-
monly fabricated by mixing individually dispersed colloids of
MXenes and CNTs under ultrasonic agitation or mechanical
stirring, followed by vacuum-assisted filtration to yield uniform
composite films, as demonstrated by Yan et al.>'* This straight-
forward, scalable approach ensures intimate interfacial contact
while minimizing CNT aggregation and MXene restacking.
However, such empirical routes often lack atomic-level control,
and variations in CNT aspect ratio, MXene flake size, dispersion
chemistry, or mixing sequence can lead to inconsistent mesos-
cale architectures.

Beyond physical mixing, chemical vapor deposition (CVD)
offers a powerful route for in situ CNT growth on MXene
substrates, achieving high yield and structural purity at mod-
erate temperatures. Typically, metal catalyst precursors are
preloaded onto layered MXene nanosheets, followed by intro-
duction of a carbonaceous gas (e.g., C,H,) to nucleate and grow
CNTs directly on the surface. Li et al. reported such in situ-
grown CNT/MXene heterostructures, which exhibit continu-
ous bonding and enhanced electronic coupling due to strong

o0 OH (=o——@ Ti-O-C Covalent bonding

Fig. 31 Schematic model of MXene-GO platelets showing the formation of Ti-O-C covalent bonding. Reproduced from ref. 211 with permission from

Springer Nature, copyright 2020.
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(a) Schematic of the synthesis process for the knotted CNTs, where thin CNTs were intertwined with thicker CNTs. (b) Schematic of a MXene-

knotted CNT composite electrode with reduced horizontal orientation and lower ion transport tortuosity through the bulk of the electrode. Reproduced

from ref. 212 with permission from Springer Nature, copyright 2020.

Fig. 33 Schematic illustration for the preparation of MXene and MWCNTSs.
Reproduced from ref. 214 with permission from Wiley, copyright 2020.

anchoring between CNT bases and MXene layers (Fig. 33).>"

Alternatively, solid-phase synthesis routes employ solid carbon
sources premixed with MXenes and metal catalysts (or their
precursors), followed by annealing under an inert atmosphere.
Wang et al. demonstrated this approach in conductive-bridge
MXene/CNT arrays, where CNTs grew from within the MXene
framework to connect adjacent Ti;C,T, sheets, thereby enhan-
cing both mechanical integrity and charge percolation.”™

The incorporation of carbon matrices also enhances structural
resilience by distributing interfacial stress and minimizing local

Chem. Soc. Rev.

strain. Unlike rigid inorganic scaffolds, carbon layers can elasti-
cally deform while preserving conductivity, enabling the interface
to accommodate mechanical or thermal fluctuations without
fracture. Such cooperative morphology-interface regulation rein-
forces the electronic and structural stability of MXenes under long-
term operation or environmental exposure. However, morphologi-
cal coupling strategies often rely on empirical mixing or growth
conditions that lack atomic-level determinism. Variations in
MXene flake size, CNT aspect ratio, dispersant chemistry, and
processing sequence can produce significantly different mesoscale
architectures and transport pathways. Moreover, quantitative rela-
tionships between morphology, tortuosity, and carrier mobility
remain underdeveloped. Future advances require correlating struc-
tural metrics with electronic transport through multiscale model-
ing and operando imaging to establish predictive morphology-
function rules applicable across MXene/carbon systems.

4.3.3. Electronic coupling and interfacial charge distribu-
tion. At the electronic level, MXene/carbon heterostructures
exhibit distinctive charge-transfer dynamics arising from inter-
actions between metallic d orbitals of MXenes and delocalized
7 states in sp” carbons. This coupling leads to partial electron
redistribution and interfacial polarization, forming dipole
layers that modulate local work function and Fermi-level posi-
tions. Upon intimate contact, interfacial charge transfer pro-
ceeds until Fermi-level equilibration is achieved, generating a
built-in electric field across the interface. The magnitude and
direction of this field are highly sensitive to both the termina-
tion chemistry of MXenes and the electronic structure of the
carbon phase. Theoretical calculations reveal that the direction
and magnitude of electron flow depend on MXene surface
terminations and carbon work function: OH-rich, lower-®
MXenes typically donate charge to carbon, whereas O-termi-
nated, higher-® surfaces accept electrons from the carbon phase.
Fluorine terminations, due to their strong electronegativity,
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suppress interfacial electron delocalization and slightly increase
interfacial resistance, underscoring the tunable nature of MXene/
carbon contacts at the atomic scale. This termination-dependent
equilibration offers a versatile means of tailoring interfacial
energy alignment, enabling contacts that range from nearly
Ohmic to weakly rectifying and allowing precise control over
carrier-transport directionality.

From a quantum-mechanical perspective, orbital hybridiza-
tion between Ti d-states and the carbon m-network generates
hybridized interfacial states near the Fermi level. These hybrid
orbitals broaden the DOS and reduce potential barriers, facili-
tating coherent electron tunneling and enhancing electronic
coupling. Time-dependent DFT simulations further indicate
that such hybridization accelerates carrier relaxation and
suppresses charge trapping, thereby maintaining long-range
electronic continuity. Spectroscopic analyses such as XPS,
ultraviolet photoelectron spectroscopy (UPS), and KPFM con-
firm the existence of hybridized interfacial states and localized
surface-potential contrasts corresponding to interfacial dipoles.
Ultrafast transient absorption spectroscopy further provides
direct dynamic evidence for sub-picosecond charge equili-
bration across MXene/carbon interfaces, reinforcing their role
as efficient charge-mediating junctions. These hybridized states
smooth potential barriers, maintain low contact resistance, and
ensure stable polarization under bias. Collectively, MXene/
carbon interfaces act as electronically coherent junctions that
bridge microscopic orbital hybridization with macroscopic
charge-transport behaviour. However, quantitative determina-
tion of charge-transfer magnitude and dipole strength remains
difficult, as interfacial electronic behavior is highly sensitive to
termination chemistry, flake oxidation, and carbon defect
levels, leading to notable variability across studies. Most avail-
able measurements are ex situ, whereas interfacial polarization
can evolve dynamically under electrical, thermal, or electroche-
mical stimuli. These limitations hinder the establishment of
universal structure-property relationships. Advancing the field
will require operando electronic-structural correlation using
ultrafast spectroscopy and atomic-resolution probes to capture
how terminations and carbon hybridization jointly modulate
the interfacial electronic landscape under realistic working
conditions.

4.3.4. Structural robustness and interfacial stability. The
chemical inertness and oxidation resistance of carbon materials
impart critical stability advantages to MXene interfaces. Graphitic
encapsulation or coating acts as a diffusion barrier that sup-
presses oxidation, hydrolysis, and termination loss. By impeding
oxygen and moisture ingress, such carbon layers preserve the
stoichiometry and surface terminations of MXenes, maintaining
their intrinsic metallic conductivity. The carbon framework also
relieves interfacial strain and prevents crack propagation during
cycling or thermal stress, while its high thermal conductivity
dissipates localized heat accumulation that could otherwise
induce phase transformation or delamination.

Beyond passivation, the carbon network serves as a mechan-
ical and electrical backbone that redistributes stress and cur-
rent throughout the composite. In graphene- or CNT-based
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hybrids, the sp® lattice can flex and stretch elastically under
deformation, maintaining percolative connectivity between
MXene layers even at high strain. This stress-transfer mecha-
nism mitigates fatigue and delamination during prolonged
electrochemical or mechanical operation, thereby enhancing
long-term reliability.

Functionalization of carbon matrices (for instance, through
oxygen or nitrogen dopants) enables fine control over the
hydrophilic-hydrophobic balance, optimizing adhesion and
charge transfer. Nitrogen doping introduces additional lone-
pair states that strengthen Ti-N or Ti-O-C coordination, while
oxygenated groups promote chemical bonding and interfacial
wettability. Together, these modifications stabilize interfacial
dipoles and suppress charge accumulation or chemical hetero-
geneity under bias.

At a larger scale, hierarchical carbon frameworks bridge
adjacent MXene sheets, forming interconnected conductive
networks that maintain electrical continuity even under severe
deformation. The combined effects of chemical shielding,
mechanical reinforcement, and thermal dissipation transform
MXene/carbon heterostructures into robust hybrid architec-
tures with long-term operational stability and environmental
resilience. From the standpoint of interface science, such
hybridization exemplifies how chemical protection and electro-
nic coupling can coexist to yield structures that are simulta-
neously conductive, flexible, and durable.

Despite these advantages, interfacial stability remains diffi-
cult to generalize, as carbon coatings vary widely in thickness,
defect density, and functional-group distribution. These differ-
ences lead to inconsistent oxidation resistance and mechanical
resilience across studies. Moreover, many reported systems rely
on ex situ stability tests, whereas real interfaces undergo dynamic
restructuring under electrical bias or thermal gradients. A more
reliable understanding of stability will require correlating oper-
ando chemical evolution with local bonding environments and
electronic transport, enabling predictive rather than empirical
design of robust MXene/carbon interfaces.

4.3.5. Challenges and perspectives. Although MXene/car-
bon interface engineering has advanced rapidly, achieving
rational, reproducible design at the atomic level remains chal-
lenging. The dominance of Ti-O-C covalency, n-n stacking, or
electrostatic adsorption varies sensitively with processing con-
ditions, hindering reproducible atomic-scale control. Quantita-
tive determination of charge-transfer magnitude and dipole
strength remains difficult due to overlapping electronic densi-
ties. Moreover, the long-term chemical and structural evolution
of MXene/carbon contacts remains insufficiently understood,
particularly regarding slow MXene oxidation, interfacial bond
rearrangement, and carbon-induced termination migration
during cycling. Progress will depend on integrating surface-
specific spectroscopies (e.g.,, UPS, NEXAFS) with ultrafast
probes capable of capturing transient interfacial states.
A further complication is that existing characterization tools
often blur the distinction between intrinsic interfacial bonding
and artefacts arising from beam-induced damage, surface
adsorbates, or post-processing oxidation, which limits reliable
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correlation between interface structure and electronic behavior.
Complementary first-principles modelling can correlate local
bonding geometry and termination chemistry with electronic
delocalization. On the synthetic side, atomic-layer deposition,
molecular cross-linking, and confined-growth techniques offer
promising routes to achieve deterministic control over interface
thickness, orientation, and composition.

In conclusion, MZXene/carbon heterostructures embody
a balanced interface paradigm where electronic continuity,
structural adaptability, and chemical stability coexist. A deeper
mechanistic understanding of their coupling will enable the
rational design of MXene-based hybrids combining atomic
precision with macroscopic resilience, an essential goal for
next-generation heterostructure engineering.

4.4. MXene/polymer heterostructure interfaces

MXene/polymer heterostructures represent a unique class of
soft-hard hybrids that bridge the atomic precision of inorganic
2D layers with the structural versatility of organic macromole-
cules. Unlike metallic or ceramic systems, polymers offer mole-
cularly tunable frameworks capable of regulating interfacial
charge distribution, hydrophilicity, and mechanical compli-
ance. When integrated with MXenes, whose surfaces are den-
sely decorated with reactive terminations (-O, -OH, -F), the
resulting interfaces exhibit multiple forms of coupling, includ-
ing hydrogen bonding, electrostatic interaction, and covalent
linkage. These couplings stabilize the lamellar MXene structure
while tuning its electronic configuration, enabling precise
control over charge transport, polarization, and molecular-
scale adaptability.

4.4.1. Interfacial coupling mechanisms and chemical
architectures. Among all MXene-based interfaces, MXene/poly-
mer systems uniquely integrate soft-matter adaptability with 2D
inorganic precision. Interfacial chemistry between MXenes and
polymers is dictated by the compatibility between surface
terminations and polymer functional groups. Hydrogen bond-
ing dominates: surface -OH or -O groups form directional
hydrogen bonds with polymeric carboxyl, hydroxyl, or amide
moieties, establishing dynamic yet robust networks. Electro-
static interactions further enhance adhesion when positively
charged polyelectrolytes bind to negatively charged MXene
surfaces, thereby producing self-assembled multilayers.

Beyond noncovalent interactions, covalent pathways such as
carbodiimide coupling, silane grafting onto surface hydroxyls,
borate-ester crosslinking with diols, or surface-initiated con-
trolled radical polymerization yield chemically robust and
solvent-resistant interfaces. Selecting polymers from distinct
categories including matrices (polyvinyl alcohol, polyethylene
oxide), ionomers (Nafion, sulfonated polyether ether ketone),
conductive polymers (polyaniline, polypyrrole, poly(3,4-ethyl-
enedioxythiophene)), and polyelectrolytes (polydiallyldimethy-
lammonium chloride, polyethyleneimine), provides orthogonal
handles to tune interfacial charge, stiffness, and transport
properties. These diverse coupling modes create hierarchical
architectures where polymer chains intercalate, wrap, or graft
onto MXene layers, forming continuous percolation networks
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that couple chemical bonding with mechanical reinforcement.
However, establishing quantitative structure-property relation-
ships remains nontrivial, as the coexistence of hydrogen bond-
ing, electrostatic attraction, and covalent grafting complicates
unambiguous assignment of bonding motifs. Additionally,
polymer-induced rearrangement of MXene terminations can
obscure whether observed electronic changes originate from
intrinsic MXene chemistry or polymer-driven reorganization,
highlighting the need for clearer bonding descriptors and
cross-validated spectroscopic interpretation.

4.4.2. Molecular assembly and structural engineering. Two
principal fabrication routes dominate MXene/polymer con-
struction: direct physical mixing and in situ polymerization.
In physical mixing, polymer molecules intercalate between
MXene sheets through hydrogen bonding and electrostatic
forces, effectively expanding interlayer spacing, suppressing
restacking, and improving ion accessibility. For example, Ling
et al. combined Ti;C,T, MXene with positively charged poly-
diallyldimethylammonium chloride (PDDA) and neutral poly-
vinyl alcohol (PVA) to produce flexible, conductive films (2.2 x
10" S m™') with tensile strengths far exceeding those of pure
Ti;C,T, or PVA (Fig. 34)."> The polymer intercalation improves
mechanical compliance and ion transport, illustrating how
confined polymer-MXene interactions dictate hybrid behaviors.

In in situ polymerization, monomers first anchor to MXene
surfaces via hydrogen bonding or electrostatic attraction, then
polymerize to form conformal coatings. Lu et al. synthesized
PANI@TiO,/Ti;C,T, heterostructures by polymerizing aniline
monomers directly on TizC,T, nanosheets (Fig. 35).>'® The
resulting framework, incorporating polyaniline and TiO,,
exhibited extended ion-transport pathways and approximately
doubled areal capacitance compared to pristine MXene. These
examples demonstrate that molecular-level assembly, rather
than bulk blending, governs coherent polymer-MXene integra-
tion while enabling tunable electronic continuity.

However, polymerization on MXene surfaces may introduce
unintended side effects, including termination displacement
and partial oxidation. These changes are rarely quantified yet
can substantially alter interfacial chemistry, underscoring the
importance of characterizing polymerization-driven modifica-
tions to avoid misinterpreting composite performance.
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Q»;"PDDA’\ r?f\“? (\ Mf Conductive or dielectric
e Cl_} e e Flexible
g ) n | F L F o F S Weak
MXene/PDDA film

PVA 2»,Conductive or dielectric
M Flexible
Nﬂl MXene/PVA film Strong

Fig. 34 A schematic illustration of MXene-based functional films with
adjustable properties. Reproduced from ref. 12 with permission from the
National Academy of Sciences, copyright 2014.
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Fig. 35 Schematic illustration of in situ oxidation of TizC,T, and the main preparation process of PANI@TiO,/TizC,T, ternary composite. Reproduced

from ref. 216 with permission from Elsevier, copyright 2017.

4.4.3. Electronic interaction and interfacial polarization.
At the electronic level, MXene/polymer interfaces act as hybrid
dielectric-metal or semiconductor-dielectric junctions, where
localized dipoles, charge redistribution, and dielectric mis-
match dictate electronic behavior. Electron-rich terminations
on MXenes can withdraw or donate charge to polymer chains,
thereby inducing polarization and dipole formation that
reshape local electrostatic potentials. This polarization modu-
lates Fermi-level alignment, adjusts band offsets, and tunes
charge-injection barriers, creating effects analogous to semi-
conductor heterojunctions but dynamically adjustable through
polymer composition and chain mobility.

DFT simulations show that hydrogen-bonded or covalently
linked interfaces introduce shallow trap states and broadened
DOS distributions near the Fermi level, facilitating charge
delocalization while maintaining dielectric insulation.
In conductive polymers such as polyaniline or poly(3,4-ethylene-
dioxythiophene), m-conjugated orbitals hybridize with MXene
d-states to form interfacial charge-transfer complexes that lower
tunneling barriers and enhance carrier density. Experimental XPS,
UPS, and KPFM analyses reveal core-level shifts and surface-
potential changes after polymer integration, confirming interfa-
cial charge transfer and dipole orientation. Under electric or
optical excitation, these dipolar junctions exhibit nonlinear polar-
ization and field-enhanced mobility, highlighting MXene/polymer
interfaces as actively tunable dielectric layers. Nevertheless, quan-
tifying interfacial polarization remains difficult, because polymer
dielectric relaxation, hydration state variability, and chain mobi-
lity lead to transient or environment-dependent behaviors rather
than intrinsic interfacial properties. Temperature- and humidity-
controlled operando measurements will be necessary to establish
reliable models for device-level operation.

This journal is © The Royal Society of Chemistry 2026

4.4.4. Structural stability, mechanical compliance, and
environmental adaptability. Polymer incorporation provides
multidimensional stabilization extending beyond simple rein-
forcement. On the molecular scale, polymer chains dissipate
stress via segmental motions and reversible bond stretching,
enabling flexibility without fracture. Encapsulating MXenes in
polymer matrices forms protective barriers that suppress oxida-
tion, hydrolysis, and termination loss. The viscoelasticity of
polymer phases mitigates stress concentration and prevents
delamination during bending or redox cycling. Covalent and
hydrogen-bonded linkages preserve adhesion, while mobile
segments accommodate strain gradients, maintaining contin-
uous charge pathways.

From a chemical perspective, the hydrophilic-hydrophobic
balance, which can be tuned by introducing oxygenated, fluori-
nated, or nitrogen-containing substituents, allows stable opera-
tion across diverse solvents, pH ranges, and temperatures.
Incorporating ion-conducting or proton-conducting polymers
such as Nafion or ether-containing chains further stabilizes inter-
facial hydration layers and optimizes ionic mobility. Together,
these mechanisms render MXene/polymer heterostructures struc-
turally adaptive, environmentally tolerant, and mechanically
robust, attributes essential for next-generation flexible and wear-
able platforms where conductivity, elasticity, and stability must
coexist. However, long-term stability remains challenging. Poly-
mer relaxation, moisture uptake, plasticization, and chain rear-
rangement can progressively alter interfacial dipoles and MXene
termination chemistry, leading to performance drift that is sel-
dom monitored. Accelerated aging tests and operando chemical
mapping will be essential to assess true reliability.

4.4.5. Challenges and perspectives. While MXene/polymer
heterostructures display exceptional versatility, several unresolved
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issues still limit atomic-level control and predictive design. (i) The
coexistence of hydrogen bonding, electrostatic attraction, and
covalent grafting complicates quantitative correlations between
interfacial chemistry and charge or ion transport. Developing
unified descriptors such as interfacial dipole strength or bond-
energy density will be crucial for modeling. (ii) Buried interfaces
are difficult to characterize because polymer layers obscure
MXene surfaces, necessitating advanced operando probes such
as vibrational sum-frequency generation spectroscopy, NEXAFS,
and time-resolved electron microscopy. (iii) Functional polymer
design remains underexplored. Most current systems rely on
stabilizing or electronically inert polymers, while electronically
active polymers capable of photoinduced charge transfer, ion
conduction, or redox participation could fundamentally expand
interfacial functionality. (iv) Multiscale modeling that couples
molecular dynamics with first-principles simulations can connect
polymer chain dynamics with MXene electronic structure and
guide deterministic interface construction. (v) Stability and scal-
ability remain limiting factors, as polymer relaxation or moisture
absorption may gradually modify interfacial dipoles and morpho-
logy. Developing accelerated aging tests and self-healing or
re-crosslinkable polymers will be important for practical
deployment.

Moving ahead, the convergence of molecular design, oper-
ando characterization, and data-driven modeling will enable
programmable MXene/polymer interfaces with tunable bond-
ing chemistry, dielectric response, and mechanical resilience.
These materials are expected to evolve from passive stabilizers
into active interfacial regulators capable of dynamically med-
iating electron, ion, and energy transport. Within this broader
framework, MXene/polymer heterostructures exemplify adap-
tive interface engineering, uniting inorganic precision with
organic versatility and expanding MXene science toward flex-
ible, durable, and reconfigurable 2D hybrid systems.

4.5. Concluding remarks and outlook

The evolution of MXene research from surface modification to
interfacial design marks a conceptual transition from tailoring
individual layers to architecting cooperative systems. Interface
engineering transforms MXenes from passive conductive fillers
into active mediators that direct charge transport, chemical
reactivity, and structural dynamics across dissimilar phases.
Rather than focusing on specific heterostructure types, the
essence of this chapter lies in revealing how MXenes redefine
interfacial chemistry itself. By merging metallic conductivity
with tunable surface polarity and chemical adaptability,
MXenes provide a universal “coupling language” that bridges
metals, semiconductors, carbons, and polymers within a uni-
fied design framework.

At the conceptual level, MXene interfaces illustrate a hier-
archy of interactions that transcend simple material pairing.
Electronic equilibration establishes internal fields and polar-
ization gradients that guide carrier motion; lattice coherence
and strain relaxation translate these electronic effects into
structural stability; and interfacial chemistry provides self-
passivating mechanisms that maintain order under stress.
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Across metallic, semiconducting, carbonaceous, and polymeric
counterparts, the MXene phase acts as a dynamic regulator
that continually adjusts bonding, charge density, and local
potential to preserve function. This adaptability, rooted in the
interplay between delocalized d-orbitals and chemically active
terminations, distinguishes MXenes from conventional 2D
materials whose interfaces are more electronically rigid or
chemically inert.

Beyond static understanding, a central message emerging
from this chapter is the notion of ‘“‘adaptive interface cou-
pling”. MXene heterostructures are not fixed junctions but
self-equilibrating systems capable of redistributing charge,
reorganizing bonds, and even reconstructing local lattices to
minimize interfacial energy. This dynamic responsiveness
blurs the boundary between interface and bulk, suggesting that
functionality arises not from isolated layers but from the
continual rebalancing of their mutual interactions. Such a
perspective reframes MXene-based heterostructures as evolving
interfaces that co-adapt with external stimuli, illumination,
potential, or stress, reflecting a built-in feedback loop between
structure and function.

In the future, the frontier of MXene interface science will
shift from empirical synthesis toward predictive and program-
mable control. Achieving this goal demands atomic-level
understanding of termination chemistry, real-time mapping
of buried charge redistribution, and multiscale models that
couple quantum electronic structure with mesoscale transport.
Emerging in situ and ultrafast techniques such as operando
X-ray and electron spectroscopy, time-resolved optical probes,
and machine-learning-assisted simulations will enable direct
observation of interfacial dynamics and guide rational interface
design. At the same time, functional diversification through
hybridization with molecular, polymeric, or bio-derived
frameworks could unlock reconfigurable, stimuli-responsive
interfaces capable of adapting to complex operational environ-
ments. However, such opportunities also highlight the need for
standardized benchmark systems and reproducible synthesis
protocols, which are currently lacking across the field.

Despite these opportunities, a major unresolved challenge is
the absence of a unified framework that quantitatively links
termination chemistry with interfacial electronic structure.
Most reported heterostructures rely on inferred rather than
directly verified interfacial configurations, limiting predictive
accuracy and complicating cross-study comparisons. Operando-
validated structure-property relationships are essential for
moving from descriptive reports to mechanistically grounded
design rules, particularly in systems where termination rear-
rangement, partial oxidation, or dynamic bonding blur the
boundaries between intrinsic and extrinsic interfacial states.

In summary, the study of MXene heterostructure interfaces
reveals a broader paradigm for 2D materials science: that the
interface is not merely a boundary but an active state of matter.
By mastering the coupling between electronic, structural, and
chemical degrees of freedom, MXene-based hybrids can evolve
into intelligent, self-stabilizing materials whose performance
emerges from the very interactions that connect their
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components. This integrative perspective, where inorganic
precision meets chemical adaptability, defines the next frontier
of interface engineering and positions MXenes at the core of a
new generation of multifunctional, resilient, and dynamically
tunable hybrid systems. In this light, MXenes stand not merely
as materials, but as a conceptual framework for understanding
and designing adaptive interfaces across the entire spectrum of
2D materials science.

5. MXene in catalysis: applications and
mechanistic insights

The surface modification strategies and interfacial coupling
mechanisms described in the previous chapters show that
MXenes possess tunable Fermi-level positions, flexible surface
terminations, and dynamic interfacial polarization, attributes
that collectively modulate charge transfer, adsorption ener-
getics, and reaction pathways. Building on these insights, this
chapter extends the discussion from structural and electronic
design principles to their catalytic implications, elucidating
how atomic- and interfacial-level tunability dictates activity,
selectivity, and durability across diverse reaction environments.
In particular, MXenes’ ability to regulate local electronic den-
sity, interfacial electric fields, and adsorption energetics posi-
tions them as a versatile platform for heterogeneous catalysis
driven by rational interface engineering.

The interfacial and electronic characteristics enable MXenes
to assume multiple catalytic roles. When functioning as active
catalytic centers, MXenes such as Ti;C, and Mo,C exhibit d-
orbital characteristics and surface chemisorption properties
analogous to those of noble metals, enabling efficient bond
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activation and intermediate stabilization. Through surface
engineering, including terminal group modulation, heteroatom
doping, and defect construction, their local electronic structure
and reaction kinetics can be finely optimized. Beyond serving
as intrinsic catalysts, MXenes also function as conductive
scaffolds and cocatalysts, facilitating uniform dispersion and
robust anchoring of metals, metal compounds, or molecular
catalysts. The formation of MXene-based heterostructures
further introduces interfacial electric fields, orbital hybridiza-
tion, and charge redistribution, which collectively accelerate
electron migration and reshape reaction pathways.

By bridging metallic conductivity with catalytic reactivity,
MXenes provide a cohesive platform for heterogeneous cataly-
sis. Their dual role as both electron mediators and chemically
adaptive supports enables synergistic integration across a wide
range of reaction systems, from hydrogen and oxygen electro-
catalysis to photocatalytic CO, conversion and selective organic
transformations. In this sense, the catalytic behavior of MXenes
emerges not as an isolated property but as a manifestation of
the interface-engineered electronic architecture established
through surface and heterostructural design.

Accordingly, this chapter systematically delineates the cata-
Iytic functions of MXenes and the underlying mechanistic
principles (Fig. 36). Section 5.1 examines MXenes as active
catalytic centers, focusing on intrinsic surface reactivity, termi-
nation effects, and structure-activity correlations; Section 5.2
discusses their role as conductive scaffolds and electron mediators
in composite catalysts, analyzing charge-transfer dynamics and
their influence on overall catalytic processes; Section 5.3 highlights
their function as structural stabilizers that preserve catalytic frame-
works under operating conditions; Section 5.4 explores multi-
energy synergistic catalysis, emphasizing MXene-enabled coupling
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Fig. 36 Conceptual framework illustrating the multifaceted catalytic roles of MXenes.
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between light, heat, and electrochemical driving forces; and
Section 5.5 summarizes the unified mechanistic frameworks
that link interfacial electronic structure with catalytic function.
Collectively, these discussions establish MXenes as an arche-
type of surface- and interface-governed catalysis, in which the
interplay between surface chemistry and interfacial electronic
structure enables atomic-level precision, tunable reactivity, and
dynamic adaptability for highly efficient and sustainable cata-
lytic systems.

5.1. MXene as active catalytic centers

MXenes represent a distinctive class of catalytic materials
whose activity originates from the synergy among their transi-
tion-metal d states, surface terminations, and defect structures.
Unlike conventional bulk carbides or nitrides, MXenes expose a
high density of accessible metal sites and offer tunable surface
chemistry within a 2D framework. Their metallic conductivity
ensures efficient charge transport, while abundant -O, -OH, -F,
-Cl, =S, and -N terminations modulate local electron density and
adsorption energetics. This unique duality, in which metallic
conduction is coupled with oxide-like chemical versatility, enables
MXenes to operate simultaneously as electron mediators, adsorp-
tion platforms, and reactive centers, bridging the gap between
metallic catalysts and heterogeneous supports. This section dis-
cusses the intrinsic origins of MXene reactivity, the electronic and
chemical strategies for tuning their surface states, and the mecha-
nistic evidence that connects structure and activity across differ-
ent catalytic modalities.

5.1.1. Origin of intrinsic activity: metal centers, defects,
and terminations. The catalytic behavior of MXenes arises from
their exposed transition-metal centers, defect structures, and
surface terminations, which together determine the electronic
distribution and local coordination environment. In typical
M,+1X,, MXenes (M = Ti, Nb, Mo, V; X = C or N), the exposed
transition metals provide partially filled d orbitals that can
serve as Lewis acid centers or redox-active sites. These atoms
are capable of forming c- or n-complexes with reactant mole-
cules, enabling the activation of bonds such as H-H, C-H,
N=N, or C=O through back-donation or polarization of
antibonding orbitals. The subsurface X layer modulates the
d-band center of the metal atoms, which directly affects adsorp-
tion strength and reactivity.

Surface terminations introduce additional acidity/basicity
and polarization, shaping the adsorption of polar molecules
and stabilizing key intermediates. Hydroxyl (-OH) and oxo (-O)
terminations can mediate proton-coupled electron transfer,
while electronegative halogens moderate binding strength.
These effects complement the electronic contributions of metal
centers and defects, creating a spectrum of active sites that
bridge metallic and oxide-like behavior.>*'” Lattice defects and
step edges further generate under-coordinated metal atoms
that enhance adsorption of polar molecules (CO,, H,0, NHj;)
or activate nonpolar bonds (C-H, N=N).?'® However, the
density and evolution of these sites under operando conditions
remain difficult to quantify, limiting the construction of rigor-
ous structure-activity maps.
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5.1.2. Electronic and chemical modulation of active sites.
The surface chemistry of MXenes can be deliberately engi-
neered to tune catalytic behavior and reaction selectivity.
Termination modulation directly reconfigures local electron
density and intermediate binding energies, making it one of
the most effective approaches for tailoring reactivity. Oxygen-
rich surfaces strengthen adsorption of *H, *OH, and *CO,,
whereas -F groups, owing to their strong electronegativity,
weaken binding and suppress overactivation, thereby improv-
ing selectivity. A compelling example of termination control
was demonstrated by Zhou et al. in CO, hydrogenation over
Mo,CT, (T = O, OH, F) and termination-free 2D-Mo,C."** A 2D,
multilayer Mo,C catalyst without surface termination groups
(T,-free) was prepared by reductive de-functionalization of
Mo,CT, MXene in pure hydrogen at 500 °C, avoiding the
formation of a three-dimensional carbide structure. The activity
and product selectivity in CO, hydrogenation are determined by
the surface coverage of T, groups in Mo,CT,, which can be
tuned through hydrogen pretreatment. Compared with T,-
containing Mo,CT,, B-Mo,C, and the industrial Cu-ZnO-
Al,O5 catalyst, T,-free 2D-Mo,C exhibits higher CO yield (close
to the thermodynamic equilibrium) and outstanding stability
(>100 h TOS) (Fig. 37). Its purely Mo-terminated surface has
about eight times the CO chemisorption capacity of $-Mo,C,
leading to a significant increase in CO, hydrogenation activity.
In addition, 2D-Mo,C is highly active for CO, dissociation and
can be applied in CO,-H, chemical looping processes, showing
strong potential as an efficient and stable catalyst for CO,
hydrogenation.

Heteroatom substitution further provides a route for tuning
the d-band center and local charge environment. Introducing
transition-metal dopants (e.g., Co, Fe, Ni) or nonmetals (e.g., N,
S, P) adjusts electron distribution and creates isolated atomic
sites with optimized adsorption energetics, while preserving
the metallic conductivity of the host. Defect engineering further
diversifies the electronic landscape, enabling cooperative acti-
vation of electrophilic and nucleophilic species. For example,
Nb,C exhibits superior turnover frequencies in aldol condensa-
tions and oxidative amine couplings compared to conventional
acid-base catalysts, arising from adjacent oxygen vacancies and
termination groups that cooperatively activate both electrophi-
lic and nucleophilic species.>*®**° Although diverse modifica-
tion strategies exist, systematic high-throughput exploration of
termination-dopant-defect combinations remains limited, and
most studies examine only isolated variables. Exploring
broader compositional space will be crucial for uncovering
optimal configurations for selective catalysis.

5.1.3. Structure-reactivity correlations and catalytic evidence.
The intrinsic reactivity of MXenes has been confirmed across
electro-, photo-, and thermocatalytic systems, where theoretical
predictions, in situ characterization, and catalytic benchmarks
jointly reveal the structure-activity relationships that govern their
performance.

In electrocatalysis, the metallic conductivity and adjustable
hydrogen adsorption energetics of MXenes make them effective
non-noble catalysts.**"**> DFT and surface Pourbaix diagram

This journal is © The Royal Society of Chemistry 2026
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(a) Intrinsic formation rates obtained after H, pretreatment of Mo,CT, at different temperatures. Reaction conditions: 230 °C, 25 bar, H,/CO,/N,

= 3/1/1. (b) Hydrogenation of CO, at 430 °C and 1 bar with 2D-Mo,C under variable H, : CO; ratios. (c) Stability test of 2D-Mo,C (black) and industrial Cu—
ZnO-Al,Os3 (red) at ca. 100 h of TOS (430 °C, 1 bar, Ho/CO»/N, = 3/1/1, contact time 0.2 s geae ML™Y). Reproduced from ref. 155 with permission from

Springer Nature, copyright 2021.

analyses show that O/OH-terminated Ti,C, V,C, and Ti;C,
possess AGy~ values close to 0 eV, ideal for the hydrogen
evolution reaction (HER).">**** These predictions were experi-
mentally validated by Seh et al, who observed that Mo,CT,
exhibits high activity and stability under acidic conditions, with
hydrogen evolution occurring predominantly on basal planes
rather than edge sites, a behavior that contrasts with conven-
tional transition-metal dichalcogenides.'®* The O/OH termina-
tions provide optimal proton-binding strength and maintain
low charge-transfer resistance, enabling exchange current den-
sities comparable to Pt-based systems. Beyond intrinsic activity,
compositional tuning enhances both kinetics and stability.
Co-doped Mo,CT,, developed by Kuznetsov et al., exhibited
substantially enhanced HER performance compared with pris-
tine Mo,CT,, as evidenced by a fivefold increase in current
density and a substantially reduced overpotential (Fig. 38a)."”
This improvement originates from electronic modulation
induced by atomic Co substitution at Mo sites, which optimizes
the hydrogen adsorption free energy (AGy ~ 0.40 eV vs. 0.61 eV
for undoped Mo,CO,) and lowers the reaction barrier (Fig. 38b).
DFT analyses revealed that Co incorporation perturbs the local
electronic environment of neighboring O-terminated sites
through d-p orbital hybridization, thereby strengthening
interfacial coupling and accelerating the Volmer-Heyrovsky
kinetics. Fe-doped Mo,CT,, on the other hand, selectively
catalyzed the two-electron oxygen reduction reaction (ORR)
pathway to H,O, with nearly 100% selectivity, accompanied
by a gradual in situ transformation into iron oxyhydroxide/
graphitic carbon hybrids during operation."”® This structural
evolution highlights the dynamic adaptability of MXenes, which
can reconstruct into catalytically competent oxyhydroxide phases
under electrochemical conditions (Fig. 38c). Extending beyond
HER and ORR, MXenes modified with Cu exhibit dopant-
dependent selectivity in CO, reduction reaction (CO,RR): Cu
single atoms can effectively reduce the energy barrier of the
rate-determining step (HCOOH* — CHO* intermediate adsorp-
tion) in the reaction path, and preferentially select the low-
energy downhill pathway, thereby significantly promoting the
electroreduction of CO, to generate CH;OH (Fig. 38d).>** These
examples establish a consistent mechanistic framework linking

This journal is © The Royal Society of Chemistry 2026

surface terminations, dopant-induced d-band tuning, and reac-
tion selectivity across diverse electrocatalytic processes.

In photocatalysis, MXenes can transition from metallic to
semiconducting behavior through surface or size engineering,
allowing them to act as light-harvesting catalysts. Theoretical
simulations of M,CO, (M = Ti, Zr, Hf) predict moderate band
gaps (0.9-1.8 eV) and favorable band-edge positions for water
splitting and CO, reduction, with oxygen termination stabilizing
photoactive configurations.””® Beyond these oxygen-terminated
systems, Balc1 et al. achieved band-gap modulation by substitut-
ing carbon atoms in Sc,CF, with nonmetallic elements (Si, Ge, Sn,
F, S, N, B, and B + N).*** Among these, doping with Si, Ge, Sn,
B, and B + N preserved semiconducting behavior and tuned the
gap within 0.24-0.55 eV, whereas F, S, N dopants and single
carbon vacancies induced metallic states. Energetic analyses
confirmed that such substitutions are thermodynamically feasible
during MAX-phase synthesis, offering a practical route for design-
ing MXenes with multifunctional electronic and photocatalytic
applications. Complementary first-principles calculations by Guo
et al. identified Zr,CO, and Hf,CO, as highly efficient single-
component photocatalysts whose band edges align with the water-
splitting redox potentials.”>” Both materials exhibit strong light
absorption in the 300-500 nm range and highly anisotropic
carrier mobility that facilitates charge separation. Phonon and
molecular dynamics simulations confirmed structural stability in
both crystal lattices and aqueous environments, while adsorption
and dissociation energy profiles revealed favorable H, generation
pathways. These computational insights establish theoretical
design guidelines for enhancing MXene photocatalysts through
surface functionalization, heteroatom doping, and electronic
structure regulation.

Experimental validation followed these predictions. Xie et al.
confirmed that halogen modification can effectively tune
MXene band structure and carrier dynamics.’*® Iodine-
functionalized Ti;C,-I,, synthesized via a microwave molten-
salt route, exhibited an upward Fermi-level shift and a reduced
surface work function, which enhanced charge separation and
prolonged carrier lifetime (Fig. 39a). Under visible-light irradia-
tion, TizC,-1, achieved 85.5% removal of gaseous elemental
mercury, far surpassing unmodified MXenes. At the quantum
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scale, Ramirez et al. prepared oxygen-terminated MXene quan-
tum dots (QDs) with average sizes of ~5 nm and yields
exceeding 20% via laser ablation, avoiding HF use. The obtained
MXene QDs demonstrated pronounced semiconductor proper-
ties, characterized by an opened band gap. (Fig. 39b).**® These
QDs displayed visible-light H, evolution rates of 2.02 mmol g *
h™" without photosensitizers and efficiently catalyzed CO, hydro-
genation to CO and CHy, with the activity order TizC, > Nb,C >
Ti,C > V,C. Their performance correlated with calculated density
of states near the Fermi level and surface oxygen coverage,

Chem. Soc. Rev.

confirming that termination chemistry and quantum con-
finement jointly dictate photocarrier dynamics and reaction
efficiency.

In thermocatalysis, MXenes exhibit metallic-like activity for
dehydrogenation, reforming, and nitrogen fixation reactions,
where d-orbital alignment and termination chemistry govern
bond activation energetics. Diao et al. demonstrated that
Ti,CT, catalyzes ethylbenzene dehydrogenation with 97.5%
selectivity and 92 umol m~> h™" activity over 40 h, outperform-
ing nanocarbon catalysts.*® Experimental and computational

This journal is © The Royal Society of Chemistry 2026
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results identified C-Ti-O ensembles as the active motifs facil-
itating stepwise C-H cleavage, while the 2D lamellar structure
prevented coke deposition and improved diffusion. In nitrogen
reduction, Sfeir et al. reported Co-modified Mo,CT, catalysts
achieving 9500 pmol gacive-phase ~ h~+ NH; synthesis at 400 °C
under 1 bar, operating stably for over 15 days.**® Further
characterization demonstrated that Co-Mo,C,_sNsT, carboni-
tride species in which alternating Co and Mo sites create
synergistic electron-donation and H-shuttling channels, stabi-
lizing *NNH intermediates and lowering N=N activation
barriers. These results demonstrate that termination composi-
tion, metal substitution, and step-site exposure collectively
regulate reaction selectivity and stability in thermal catalysis.

In totality, these electro-, photo-, and thermocatalytic exam-
ples confirm that the catalytic performance of MXenes is
directly linked to their surface electronic configuration and
chemical environment. Across all modalities, DFT-predicted
descriptors such as AGy«, work function, and d-band center
accurately reflect experimental trends in activity and selectivity,
validating MXenes as prototypical platforms for interface-
programmable catalysis. At the same time, many high-
performing systems involve substantial in situ reconstruction,
and the exact nature of the steady-state active phase is often
inferred indirectly rather than resolved unambiguously by
operando techniques, which introduces uncertainty into some
of the proposed structure-reactivity correlations.

5.1.4. Design descriptors and stability of intrinsic cata-
lysts. The observed structure-activity trends can be rationalized
using electronic descriptors such as the d-band center, work
function, and adsorption free energies (AGu«, AGscoomn,
AG+o0m, AGsxnm), which quantitatively link surface electronic
configuration to reaction thermodynamics. Local charge den-
sity and termination-induced dipoles define acidity, basicity,
and redox potential, providing predictive control over catalytic
performance.

Stability remains a crucial factor under working conditions.
MXenes may undergo oxidation, defect migration, or termina-
tion loss, leading to dynamically reconstructed active phases.
For instance, Fe- or Co-doped Mo,CT, evolves into mixed
oxyhydroxide-carbon composites during ORR, while TizC,T,
progressively oxidizes under extended cycling. Such adaptive

This journal is © The Royal Society of Chemistry 2026

evolution suggests that MXenes are self-regulating catalysts,
capable of reconstructing into energetically favorable, catalyti-
cally active configurations. Controlling this evolution, for exam-
ple through termination stabilization, defect management, or
guided reconstruction, will be key to achieving durable, high-
efficiency catalytic systems. However, quantitative lifetime
metrics, failure modes under technically relevant conditions,
and the extent to which reconstructed phases remain MXene-
derived are still poorly documented, indicating that stability
descriptors lag behind activity descriptors.

To sum up, MXenes act as intrinsically active catalytic
centers whose reactivity derives from the interplay between
transition-metal d states, surface terminations, and defect-
induced polarization. Through deliberate electronic and struc-
tural modulation, their adsorption energetics and reaction
kinetics can be tuned across electro-, photo-, and thermocata-
lysis. The coherent integration of theoretical modelling, oper-
ando spectroscopy, and performance benchmarking positions
MXenes as a model platform for interface-programmable cata-
lysis, in which atomic-level electronic design translates directly
into macroscopic catalytic functionality. Going forward, the key
challenge is to convert this largely qualitative understanding
into robust, transferable design rules that can guide the dis-
covery of new MXene compositions and architectures without
relying solely on case-by-case empirical optimization.

5.2. MXene as conductive scaffolds and electron mediators

Beyond their intrinsic catalytic activity, MXenes also play a
decisive role as conductive mediators that couple redox centers
and facilitate charge percolation across hybrid architectures. By
integrating metallic-level conductivity, termination-dependent
work functions, and excellent interfacial compatibility, MXenes
create low-resistance highways for charge transport while
actively modulating the direction and energetics of electron
flow. In semiconductor/MXene assemblies, they can form
Schottky or Ohmic contacts when behaving as metallic compo-
nents, or Z-scheme/S-scheme heterojunctions when exhibiting
semiconducting characteristics, depending on the electronic
structure and MXene surface chemistry. This dual electronic
identity enables MXenes to act both as conductive frameworks
and as Fermi-level modulators, accelerating carrier separation,
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enhancing charge mobility, and tuning interfacial reaction
kinetics. However, most reported systems still treat MXenes
as electronically homogeneous phases, and the impact of local
termination heterogeneity or defect-induced potential fluctua-
tions on charge mediation remains insufficiently quantified.

5.2.1. Principles: charge highways, interfacial fields, and
work-function matching. At a MXene/semiconductor junction,
the relative work functions of the two phases determine the
direction of electron transfer and the nature of the interfacial
contact.”****' When MXenes act as metallic or quasi-metallic
conductors and the semiconductor possesses a smaller work
function (i.e., a higher Fermi level), electrons spontaneously
flow from the semiconductor to the MXene until Fermi-level
equilibrium is reached, forming a Schottky junction with a
depletion region and a built-in electric field pointing from the
semiconductor toward the MXene.”**> Conversely, when the
semiconductor has a larger work function (i.e., a lower Fermi
level), electrons transfer from the MXene to the semiconductor,
producing an Ohmic contact characterized by nearly barrier-
free charge flow. These charge redistributions originate from
dark-state Fermi-level equilibration, which establishes an inter-
facial potential that subsequently governs the migration of
photoexcited carriers under illumination. The pre-established
built-in electric field thereby directs photogenerated electrons
and holes along opposite pathways, suppressing recombination
and improving charge utilization efficiency.

Surface terminations such as -O, -OH, and -F strongly
influence these electronic alignments. O-terminated MXenes,
with larger work functions, tend to extract electrons and thus
favour Schottky-type behavior, whereas hydroxyl-rich or mixed-
terminated MXenes with smaller work functions promote
Ohmic-like contact, facilitating efficient carrier exchange in
coupled redox reactions. Termination-induced dipoles,
together with Fermi-level equilibration, generate built-in fields
that bend bands and bias carrier motion, allowing controlled
charge migration across the interface. When MXenes acquire
semiconducting characteristics, typically through surface oxi-
dation, elemental doping, or quantum confinement, they can
couple with other semiconductors to form Z-scheme or
S-scheme heterojunctions. In these cases, internal band offsets
and interfacial fields guide directional charge separation while
preserving strong redox potentials, a mechanism fundamen-
tally distinct from the barrier-controlled transport in Schottky
or Ohmic contacts.

The 2D lamellar morphology of MXenes provides atomically
intimate interfaces and short carrier diffusion paths, while
d-orbital hybridization between MXene metals and semicon-
ductor frontier orbitals lowers interfacial resistance and stabi-
lizes intermediates. Through these dual electronic identities,
where MXenes behave as metal-like conductors in Schottky/
Ohmic junctions and as semiconductor-like partners in Z- or S-
scheme architectures, MXenes integrate structural percolation
with electronic alignment, functioning as both conductive
bridges and potential modulators in next-generation hybrid
catalysts. Nevertheless, quantitative mapping of local work-
function distributions, interfacial field strength, and band

Chem. Soc. Rev.
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bending in realistic, defect-rich junctions is still scarce, which
limits the development of predictive design rules beyond
idealized model interfaces.

5.2.2. Electrocatalysis: conductive frameworks and Fermi-
level regulation. In electrocatalytic systems, MXenes serve as
ideal conductive scaffolds that couple high metallic conductivity
with chemical tunability, thereby minimizing charge-transfer
resistance and enabling efficient electron delivery to active
centers.”®® Their adjustable Fermi levels and termination-
dependent surface potentials enable precise electronic alignment
with coupled electrocatalysts, reducing interfacial barriers and
modulating reaction energetics. When integrated with transition-
metal sulfides, phosphides, or hydroxides, MXenes act as electron
reservoirs and redox mediators, converting sluggish multielectron
steps into kinetically favourable pathways.

A representative example is the hierarchically porous NiCoS/
Ti;C,T, hybrid synthesized by Zou et al., in which Ni-Co mixed
sulfide nanosheets were in situ grown on Ti;C,T, MXene via
a metal-organic framework (MOF)-derived strategy.>** The
strong orbital coupling between the Ni/Co 3d and Ti 3d states
markedly enhanced electron mobility and surface accessibility.
During operation, NiCoS underwent a structural transforma-
tion into a NiCoOOH-NiCoS core-shell configuration, where
the MXene scaffold stabilized the oxyhydroxide phase and
facilitated rapid charge exchange. The resulting catalyst deliv-
ered OER activity and durability comparable to precious-metal
catalysts, confirming that MXenes not only act as conductive
pathways but also stabilize dynamically evolving intermediates
through interfacial charge redistribution. Similarly, FeNi-
layered double hydroxide (LDH)/V,C MXene composites devel-
oped by Chen et al. displayed an overpotential of 250 mV at
10 mA cm 2 and a Tafel slope of 46.5 mV dec™ ' for the OER
in 1.0 M KOH, significantly outperforming Pt/C + RuO,
benchmarks.**® Spin-polarized DFT calculations reveal that in
alkaline OER conditions, FeNi-LDH in the H,PO, /FeNi-LDH-
V,C hybrid transforms into Fe-doped NiOOH on O-terminated
V,C (Fig. 40). Mulliken charge analysis shows an electron
transfer (0.42 e~ per unit cell) from FeNi-LDH to V,C, increas-
ing the positive charge on Fe and Ni and enhancing electronic
conductivity. DOS/PDOS analysis indicates that V,C coupling
increases electronic states near the Fermi level and downshifts
the d-band center (from —2.44 to —3.04 eV, Fig. 40b and c),
optimizing adsorption strength of OER intermediates. Free
energy diagrams show that the hybrid lowers the rate-deter-
mining *OOH formation energy barrier (1.56 eV vs. 1.69 eV) and
achieves balanced adsorption/desorption energetics, thereby
improving reaction kinetics. Overall, the synergistic interaction
between FeNi-LDH and V,C promotes charge transfer and
optimal intermediate binding, leading to high oxygen electro-
catalytic activity.

To overcome the conductivity loss caused by MXene restack-
ing, Wang et al. designed a 3D CNTs@Ti;C,T, framework,
where vertically aligned CNT arrays grow between Ti;C,T,
layers (Fig. 41a).>'®> These CNT pillars serve simultaneously as
electronic bridges and structural spacers, preventing lamellar
collapse and providing well-defined ion/electron channels. The

This journal is © The Royal Society of Chemistry 2026
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(b) Polarization curves of TizC,T,, CNTs, 3D CNTs@TizC,T,, and Pt/C in a

typical three-electrode system (scan rate of 2 mV s~ N-saturated 1.0 M KOH solution). (c) Polarization curves of a two-electrode alkaline electrolyze

using CNTs@TizC,T,//CNTs@TisC,T, and Ni foam//Ni foam as both the cathode and anode at a scan rate of 2 mV st

Reproduced from ref. 215 with permission from American Chemical Society, copyright 2019.

resulting hybrid exhibited an overpotential of 93 mV at
10 mA cm 2 and an onset potential of only 39 mV for the
HER, outperforming both pristine Ti;C,T, and CNTs, and
approaching the activity of Pt-based catalysts (Fig. 41b). More-
over, in overall water splitting, the CNTs@TizC,T, electrode
required only 1.72 V to reach 10 mA cm > (Fig. 41c),

This journal is © The Royal Society of Chemistry 2026

in 1.0 M N,-saturated KOH.

highlighting the synergistic effect of ultrafast charge transport
and efficient active-site exposure enabled by the open 3D
configuration.

Viewed holistically, these studies demonstrate that MXenes
function as electronically active backbones that couple with
redox centers via strong orbital hybridization and Fermi-level
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matching. The resulting interfacial charge redistribution
simultaneously lowers activation barriers, minimizes overpo-
tentials, and stabilizes metastable intermediates during opera-
tion, offering a general mechanistic framework for the rational
design of high-efficiency electrocatalysts.>*® Nonetheless, most
systems have been evaluated under laboratory-scale current
densities and limited cycling times, and systematic operando
studies on MXene conductivity evolution, termination rearran-
gement, and long-term interface degradation under technolo-
gically relevant loads are still lacking, which constrains direct
translation to practical electrolyzer conditions.

5.2.3. Photocatalysis: interfacial polarization and direc-
tional carrier flow. In photocatalytic systems, MXenes function
as electron mediators and polarization regulators that acceler-
ate photogenerated charge separation while preserving redox
potentials. Their metallic conductivity and high carrier mobility
allow them to serve as ultrafast electron sinks, whereas
termination-controlled work functions dictate the direction of
interfacial charge migration and carrier lifetime.”*”>*' For
example, CdS/Ti;C, composites prepared by Ran et al. achieved
a hydrogen evolution rate of 14342 pmol h™' g¢' and an
apparent quantum efficiency of 40.1% under 420 nm irradia-
tion, among the highest for noble-metal-free photocatalysts.**?
DFT calculations revealed that the Fermi level of Ti;C, MXene
lies below that of CdS, leading to dark-state electron transfer
from CdS to TizC, and establishing a Schottky junction that
promotes photogenerated electron extraction and suppresses
recombination (Fig. 42). Oxygen-terminated Ti;C, acts as an
efficient electron reservoir, mediating proton reduction
through Ti-O-H intermediates. Comparable behavior has been
reported in ZnS/Ti;C, and Zn,Cd,_,S/Ti;C, systems, under-
scoring the generality of MXenes as noble-metal substitutes
for hydrogen evolution.

In another example, Ti;C,/Bi;WOs heterostructures fabri-
cated by Cao et al. featured in situ-grown Bi,WO, nanosheets

forming an extensive 2D/2D interface with atomic-level
207
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a 4.6-fold increase in total CO, reduction rate compared with
pristine Bi;WOg, producing both CH, and CH3;OH with high
selectivity. The enhancement stems from a strong interfacial
electric field at the MXene/Bi,WO, junction, which directs
photoexcited electrons toward Ti;C, and confines holes within
Bi,WOs (Fig. 43). The large interfacial area, excellent conduc-
tivity, and chemical stability of the MXene layer collectively
accelerate charge transport and stabilize *CO,-derived inter-
mediates (*COOH, *CHO), enabling multielectron reduction
processes inaccessible to bare Bi;WOsg.

Beyond acting as electron sinks, MXenes actively regulate
local interfacial polarization through surface dipoles and ter-
mination chemistry. Strong -O/-OH dipoles at the Ti-O inter-
face induce local band bending and create self-driven fields
that enhance charge separation even without external bias.
When coupled with semiconductors in Z- or S-scheme archi-
tectures, this polarization ensures that photogenerated high-
energy electrons and holes remain localized on reduction- and
oxidation-active components, respectively, while low-energy
carriers recombine across the MXene interface—maximizing
redox efficiency and product selectivity.

Collectively, these results establish MXenes as active inter-
facial regulators rather than passive conductive additives. Their
dual function, which combines metallic conduction for rapid
electron extraction and chemical tunability for polarization
control, renders them indispensable for constructing high-
performance photocatalysts with efficient carrier separation,
strong redox capability, and long-term operational stability.
Even so, the trade-off between efficient electron extraction
and potential light shielding by MXene layers, as well as the
resilience of interfacial polarization under continuous illumi-
nation and realistic photocatalytic conditions, remains insuffi-
ciently clarified and calls for more systematic operando optical-
electrical characterization.

5.2.4. Summary and outlook. MXenes have emerged as
multifunctional electronic mediators that bridge structural
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conductivity, tunable work functions, and chemical adaptabil-
ity, they not only minimize charge-transfer resistance but also
govern carrier dynamics and reaction pathways across electro-,
photo-, and hybrid catalytic systems. Their interfaces exhibit
self-adjusting Fermi levels and adaptive polarization, enabling
continuous charge redistribution and sustained activity under
operating conditions. In parallel, MXene-containing hetero-
structures highlight the importance of simultaneously engineer-
ing morphology, termination chemistry, and band alignment to
achieve coherent charge percolation from the atomic scale to the
device level. Looking ahead, integrating MXenes into dynamic
heterostructures, in which charge flow, dipole evolution, and
lattice flexibility are co-optimized, will unlock new paradigms
for efficient, durable, and programmable catalysis. A key priority
will be to move beyond phenomenological performance enhance-
ments toward quantitatively benchmarked descriptors of inter-
facial resistance, field strength, and stability under bias,
supported by operando spectroscopy and multiscale simulations.
Only then can MXene-based conductive scaffolds be designed in a
truly predictive manner for next-generation electrochemical and
photoelectrochemical technologies.

5.3. MXene as structural stabilizers

Beyond functioning as active centers and charge mediators,
MXenes exhibit a remarkable capacity to stabilize catalytic
architectures under demanding thermal, chemical, and elec-
trochemical environments. Their 2D lamellar morphology, high
conductivity, and tunable surface chemistry collectively enable
them to serve as both mechanical cushions and electronic
buffers, preventing catalyst deactivation through sintering,
phase transformation, or leaching. Building on Sections 5.1
and 5.2, which established intrinsic activity and charge-
mediation roles, this section concentrates on how MXenes
encode durability via structure-electron co-engineering.'®®>*34*

From an interfacial and structural perspective, MXene-based
stabilization manifests through four primary mechanisms. The
first is immobilization and atomic dispersion, where surface

This journal is © The Royal Society of Chemistry 2026

terminations and interlayer confinement allow precise anchor-
ing and distribution of catalytic species. The second is inter-
facial bonding and electronic stabilization, in which strong
metal-support coupling modifies charge density and valence
states. The third is confinement and anti-sintering, where the
flexible layered framework buffers mechanical and thermal
stresses to prevent particle migration and collapse. The fourth
is framework reinforcement and structural protection, in which
MXenes act as reinforcing backbones for porous or hybrid
structures. These effects frequently act cooperatively, giving
MXenes an electronic-mechanical dual buffering capacity that
ensures both structural robustness and catalytic persistence.

5.3.1. Immobilization and atomic dispersion. MXenes
possess abundant surface terminations (-O, -OH, -F) and
negatively charged layers that can immobilize metal atoms,
clusters, and nanoparticles through electrostatic attraction,
coordination bonding, or intercalation.>*> This immobilization
strategy suppresses aggregation and allows uniform atomic
dispersion, leading to high site accessibility and low-resis-
tance, delocalized electron communication between the active
species and the MXene substrate.

A representative system was developed by Guan and co-
workers, who prepared an atomic-scale RuPt-TizC,T, catalyst
using a controlled impregnation-reduction method.>*® In this
multi-site configuration, Ru and Pt atoms were individ-
ually anchored on the Ti;C,T, surface, while Ti sites within
the MXene lattice provided additional electronic mediation
(Fig. 44a). Structural analysis confirmed the coexistence of
isolated Ru, Pt, and Ti atoms forming Ru-Ti-Pt triads. During
ammonia borane hydrolysis, these distinct centers performed
complementary roles: Ru activated the B-H bond, Pt facilitated
O-H bond cleavage, and Ti promoted hydrogen desorption
through cooperative *H transfer. This tandem mechanism
yielded an exceptional turnover frequency of approximately 1291
to 1293 min~", nearly nine times higher than that of single-site
Ru catalysts, highlighting how atomic immobilization combined
with electronic delocalization maximizes efficiency.
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Similarly, Ag, nanoclusters supported on Ti;C,T, MXene
(Ago/MXene) exhibit superior activity and durability in the
electrochemical reduction of nitrate to ammonia.>*” Operando
characterization demonstrated that the MXene scaffold pre-
vented Ag cluster coalescence, stabilized the cluster structure,
and provided a continuous conductive pathway for electron
transfer (Fig. 44b). The catalytic process proceeds via a tandem
mechanism, in which Ag sites catalyze the initial nitrate
reduction to nitrite, while the MXene substrate facilitates
subsequent conversion to ammonia. The system maintained
structural and electrochemical stability for more than 108 h of
continuous operation, underscoring how MXene confinement
and conductivity together stabilize active nanoclusters and
sustain long-term catalysis. Despite these advances, atomically
resolved evidence for the precise coordination environment,
migration pathways, and deactivation modes of immobilized
species on MXenes is still scarce, and most conclusions rely on
indirect spectroscopic fingerprints rather than fully resolved
structural models.

5.3.2. Interfacial bonding and electronic stabilization. At
the electronic level, MXenes can form SMSI or reactive metal—-
support interactions (RMSI) that result in charge redistribution,
alloying, and valence stabilization. These effects enhance adhe-
sion, inhibit metal leaching, and stabilize the oxidation states
of the catalytic components, ensuring both durability and
performance consistency during redox cycling.

Li and co-workers first demonstrated RMSI behavior
between platinum and a non-oxide support using Pt/Nb,CT,
MXene as a model system.>*® Upon moderate reduction at
around 350 °C, the surface terminations of Nb,CT, were
partially removed, leading to the in situ formation of Pt-Nb
alloy motifs. This reactive interface altered the electronic
structure of Pt, weakening CO adsorption and reducing
susceptibility to poisoning during the water-gas shift reaction.
The Pt-Nb interface also provided sites for efficient H,O
activation, significantly enhancing reaction kinetics. Compared
with traditional oxide supports, the non-oxide MXene support
promoted faster electron transfer and higher CO tolerance,
proving the feasibility of non-oxide RMSI for tuning catalyst
stability and activity simultaneously.

In a subsequent study, the same group exploited RMSI to
achieve in situ alloying and intermetallic compound (IMC)
formation within Pt/Ti;C,T, and Pt/Nb,CT, systems.200
Controlled interfacial diffusion led to the emergence of ordered

Chem. Soc. Rev.

Pt;Ti and Pt;Nb phases with CuzAu-type structures, previously
unreported on oxide supports. These intermetallic catalysts
demonstrated remarkable thermal stability and sustained
C-H activation efficiency in light alkane dehydrogenation.
High-resolution STEM images revealed coherent interfaces
between the intermetallic domains and the MXene substrate,
while DFT calculations showed that the electronic d-band
centers were downshifted, thereby optimizing adsorption
strengths and preventing overbinding. Together, these results
show that MXene-templated interfacial alloying combines elec-
tronic stabilization with structural integrity, yielding catalysts
that retain activity and structure under harsh conditions.
On the other hand, SMSI- or RMSI-like encapsulation can, in
principle, also reduce accessible surface area or alter selectivity,
and systematic comparisons with oxide-based analogues across
broader metal-MXene combinations are still needed to estab-
lish how general these stabilization motifs truly are.

5.3.3. Confinement and anti-sintering under harsh condi-
tions. MXenes’ flexible lamellar frameworks provide nanoscale
confinement and mechanical adaptability, suppressing particle
migration, agglomeration, and carbon deposition during high-
temperature or reducing reactions. Their 2D galleries act as
elastic cushions that absorb strain while maintaining open
diffusion channels for reactant and product transport.

In the nonoxidative coupling of methane (NOCM), Li et al.
employed Mo,TiC,T, MXene to anchor atomically thin plati-
num nanolayers (1-2 atomic layers).>** The strong Pt-Mo
interfacial bonding not only anchored the ultrathin metallic
layer but also modulated its electronic structure, shifting the Pt
5d band upward and weakening CH;* adsorption. These
changes facilitated methyl radical desorption and minimized
deep dehydrogenation, effectively suppressing carbon accumu-
lation. Under reaction conditions at 750 °C, the catalyst
achieved approximately 7% CH, conversion and more than
98% selectivity toward C, hydrocarbons (C,H,/C,Hg), maintain-
ing stable operation for 72 h with approximately one percentage
point decrease in conversion after oxidative regeneration. This
example demonstrates how MXene confinement, interfacial
bonding, and electronic modulation jointly stabilize active
nanostructures against high-temperature degradation (Fig. 45a).

A comparable stabilization mechanism was observed by Wei
et al. in Pd metallene/Nb,C MXene composites.”*® Through
spontaneous redox substitution at room temperature, 3D Pd
nanoparticles were transformed into 2D metallenes firmly

This journal is © The Royal Society of Chemistry 2026
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anchored to Nb,C (Fig. 45b and c). Electron transfer from
subsurface Nb atoms to Pd promoted the formation of a stable
“tripod” configuration with a cyclohexane-like six-membered
ring geometry. This structure facilitated rapid olefin adsorp-
tion—desorption cycles and suppressed overhydrogenation.
Even with a Pd loading of only 0.5 wt.%, the catalyst achieved
a turnover frequency of 10372 h™' and 96% selectivity in the
semi-hydrogenation of phenylacetylene. The combination of
mechanical confinement and charge redistribution in this
system exemplifies the multifunctional stabilization capability
of MXenes under dynamic reaction conditions. Nevertheless,
the long-term phase stability of MXene supports themselves at
elevated temperatures, including potential oxidation, carbide—
oxide transformation, or termination loss, is rarely tracked
beyond tens of hours, so the ultimate limits of MXene-based
confinement under industrially relevant timescales remain to
be clarified.

5.3.4. Framework reinforcement and structural protection.
Beyond discrete nanoparticles or clusters, MXenes also rein-
force porous and hybrid frameworks, enhancing mechanical,
thermal, and hydrothermal resilience. Their sheet-like mor-
phology provides load-bearing structural layers, while their
conductive and hydrophilic surfaces facilitate interfacial bond-
ing and charge transfer within complex networks.

Gu and co-workers integrated Tiz;C,T, MXene into the
copper-based MOF HKUST-1, forming a HKUST-1/TizC,T,

This journal is © The Royal Society of Chemistry 2026

hybrid with superior structural and catalytic properties.>*°
The addition of MXene increased the surface area from
1210 m> g~ ' for pristine HKUST-1 to 1380 m” g~ ' for the
composite, while preserving its crystallinity. Under hydrother-
mal conditions at 70 °C, the hybrid maintained structural
integrity, whereas the unmodified MOF suffered severe collapse
(Fig. 46). In the styrene oxide ring-opening reaction, the
MXene-containing catalyst reached 76.7% conversion within
20 minutes, compared with only 23.1% for pure HKUST-1, and
retained activity over six cycles. The improvement arises from
multiple effects: MXene layers act as hydrolytic barriers that
prevent cleavage of metal-ligand bonds, their high porosity
accelerates molecular diffusion, and the strong interfacial polar-
ization between MXene sheets and Cu sites facilitates charge
redistribution during catalysis. This example demonstrates how
MXene incorporation simultaneously enhances framework stabi-
lity, mass transport, and electron mobility, thereby transforming
fragile porous materials into robust hybrid catalysts suitable
for industrial applications. Even so, demonstrations are still
restricted to a limited number of MOF and zeolite frameworks
under relatively mild hydrothermal or chemical conditions, and
systematic assessment of scalability, regenerability, and resistance
to real feed impurities will be required before MXene-reinforced
frameworks can be credibly positioned as industrial stabilizers.
5.3.5. Summary and outlook. MXenes act as comprehensive
structural stabilizers that integrate mechanical confinement
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with electronic regulation. Through coordination anchoring,
they immobilize catalytic species and ensure atomic dispersion;
through interfacial coupling (SMSI/RMS]I), they stabilize valence
states and prevent leaching; through lamellar confinement, they
inhibit sintering and carbon deposition; and through framework
reinforcement, they endow hybrid materials with mechanical
and hydrothermal durability.

Importantly, these stabilization pathways are mutually rein-
forcing rather than independent. Atomic-scale charge redistri-
bution complements mechanical flexibility at the mesoscale,
producing catalysts that evolve adaptively while maintaining
structure and function. Future efforts should focus on precisely
controlling termination chemistry, interlayer spacing, and
alloying dynamics to direct structural evolution under operando
conditions. Integrating real-time spectroscopic and micro-
scopic characterization with first-principles simulations will
be essential to elucidate the interplay between charge flow,
strain relaxation, and stability. In addition, unified metrics for
stability, such as standardized stress tests, deactivation finger-
prints, and reconstruction maps, are still lacking for MXene-
based stabilizers and will be crucial for comparing different
systems on a common footing. Ultimately, MXenes transcend
their role as passive supports to become adaptive structural
stabilizers, materials that encode durability, selectivity, and
reactivity directly within their interfacial architecture, while
providing a robust platform for multi-energy synergistic cata-
lysis discussed in Section 5.4.

Chem. Soc. Rev.

5.4. MXene in multi-energy synergistic catalysis

Modern catalysis increasingly demands materials capable of
integrating multiple energy inputs, such as light, heat, electri-
city, and even mechanical or acoustic stimuli, into a unified
reaction pathway. In such multi-energy synergistic systems, the
catalyst not only provides chemically active sites but also serves
as an energy transducer and relay hub, converting and redis-
tributing diverse energy forms to optimize reaction kinetics and
selectivity. Traditional catalysts that are optimized for a single
energy mode often suffer from limited efficiency or incomplete
utilization of the available input, whereas materials that can
couple photo-, electro-, and thermally driven processes exhibit
superior activity and energy efficiency.

MXenes, with their metallic-level conductivity, broadband
optical absorption, high specific surface area, and surface-
engineerable terminations, naturally satisfy the criteria for
multi-energy catalysis. Their free-electron density and plasmo-
nic response enable efficient light-to-heat conversion; their
high carrier mobility supports rapid electron and heat trans-
port; and their termination-dependent work functions allow
dynamic Fermi-level alignment with other semiconductors or
metals. These features allow MXenes to act simultaneously as
conductive scaffolds, plasmonic heaters, and polarization med-
iators, transforming them into multifunctional platforms that
channel energy flow across coupled catalytic processes. However,
quantitative benchmarks that disentangle the relative contribu-
tions of photothermal, plasmonic, and purely electronic effects

This journal is © The Royal Society of Chemistry 2026
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are still sparse, which complicates rigorous comparison with
established single-mode catalysts.

5.4.1. Fundamental mechanisms of energy coupling.
In multi-field reaction environments, MXenes participate in
several cooperative energy-conversion processes that couple
optical, electrical, and thermal channels. First, photothermal
conversion in MXenes primarily arises from broadband optical
absorption followed by rapid non-radiative electron-phonon
relaxation within their conductive layers. This process effi-
ciently converts photon energy into localized heat on sub-
nanosecond timescales, distinct from resistive (Joule) heating
that occurs under an applied electrical current. The resulting
local temperature rise can accelerate endothermic surface
reactions such as CO, reduction, CH, reforming, and ammonia
decomposition by lowering activation barriers. Second, the
plasmonic response, which has been observed in metallic
MXenes such as Ti;C,Ty, Mo,TiC,T,, and related compositions,
induces localized electromagnetic fields and can generate
energetic (“hot”) carriers. These plasmon-excited electrons
and near-field effects enhance light absorption and facilitate
charge transfer to adsorbed molecules or adjacent catalytic
phases, thereby coupling optical excitation with interfacial
electron dynamics. Third, interfacial polarization arising from
work-function mismatch or asymmetric terminations (e.g., -O
vs. -OH) establishes built-in electric fields that direct charge
migration under illumination or applied bias. Depending on
the electronic character of the coupled components, these
interfacial fields can facilitate Schottky or Ohmic contacts
in metal-semiconductor junctions, or drive Z-scheme and
S-scheme charge-transfer pathways in semiconductor-based
heterostructures, thereby enhancing carrier separation effi-
ciency and accelerating interfacial charge flow. Finally, under
electrochemical operation, electrothermal coupling emerges
from resistive (Joule) heating within the highly conductive
MXene network combined with efficient electron-phonon
interactions. Because of their low heat capacity and high
thermal diffusivity, thin MXene films can undergo rapid,
spatially localized temperature modulation, which comple-
ments charge transport and may assist thermoelectric or photo-
electrochemical processes. Collectively, these effects establish
MXenes as energy-responsive interfacial junctions, where light,
electricity, and heat converge through coupled photothermal,
plasmonic, and electrothermal mechanisms to drive otherwise
kinetically limited catalytic transformations. At the same time,
direct in situ mapping of local temperature, field strength, and
hot-carrier flux at MXene interfaces remains technically chal-
lenging, so most mechanistic assignments still rely on indirect
proxies and model calculations rather than fully resolved
experimental observables.

5.4.2. Photothermal catalysis for CO, conversion. In photo-
thermal catalytic CO, reduction, MXenes exhibit the dual
advantages of efficient light-to-heat conversion and structural
robustness. Wu et al. designed a Ru cluster catalyst supported
on Mo,TiC, MXene (Ru/Mo,TiC,), integrating broadband solar
absorption with strong metal-support coupling.”>' Under con-
centrated solar irradiation, the catalyst efficiently promoted the
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reverse water—-gas shift (RWGS) reaction, converting CO, and
renewable hydrogen into CO with remarkable selectivity. The
optimized system delivered a CO yield of 4.0 mol gg, * h™?,
surpassing nanoparticle-based analogues by more than an
order of magnitude and ranking among the most active photo-
thermal RWGS catalysts reported to date.

Operando spectroscopy revealed that the active interface
consisted of Ru/Ru0O,/MoO,/Mo,TiC, heterolayers, where the
intimate Ru-MXene contact induced strong charge delocaliza-
tion and thermal stability even at elevated temperatures. The
MXene support provided exceptional photothermal conversion
efficiency, rapidly increasing the surface temperature under
solar flux and thereby accelerating the endothermic reaction
kinetics. Furthermore, the interfacial MoO, layer optimized CO
adsorption-desorption equilibria, suppressing CH, formation
and enhancing CO selectivity. Quantitatively, the photothermal
efficiency of Ru/Mo,TiC, was 2.6 times higher than that of Ru
nanoparticles supported on Mo,TiC, and over 80 times higher
than that of SiO,-supported Ru clusters. These results demon-
strate that the coupled photothermal and interfacial electronic
effects in MXene-based catalysts can fundamentally reshape
reaction energetics by coupling photon absorption, thermal
activation, and electron transfer. Nevertheless, most demon-
strations are still performed under well-controlled laboratory
conditions with idealized CO,/H, feeds, and systematic evalua-
tion under diluted streams, realistic solar flux profiles, and
long-term cycling is needed to determine whether such photo-
thermal advantages can be translated into process-relevant CO,
conversion technologies.

5.4.3. Photoelectrocatalysis for water oxidation. In photo-
electrochemical (PEC) water splitting, MXene-derived nano-
structures enable simultaneous photonic, electronic, and
plasmonic enhancement. Tang et al fabricated cobalt-
terminated Janus Ti;C, MXene QDs (Co-MQDs) as Schottky
photoanodes for water oxidation.>*> By adjusting the thermal
anchoring temperature, the cobalt content and surface configu-
ration could be precisely tuned. The introduced Co terminals
served not only as oxygen-evolution active sites but also as
plasmonic antennas, producing localized surface plasmon
resonance (LSPR) that extended light absorption well into the
visible region (Fig. 47).

Simultaneously, the asymmetric Janus structure established
a Schottky barrier between Co sites and the Ti;C, core, which
facilitated photogenerated electron-hole separation and
reduced recombination losses. The overall activity benefited
from three synergistic effects: (i) LSPR-enhanced light harvest-
ing at Co terminals, (ii) Schottky-driven charge rectification at
the Co-MXene interface, and (iii) accelerated oxygen evolution
kinetics at Co sites. The optimized Co-MQD-48 photoanode
achieved a photocurrent density of 2.99 mA cm™ 2 and a carrier-
transfer efficiency of 87.6% at 1.23 V (vs. the reversible hydro-
gen electrode, RHE), representing 194% and 236% improve-
ments, respectively, over pristine MXene QDs, and maintained
2.79 mA cm™? after 10 h continuous operation. This system
illustrates how plasmonic excitation, Schottky modulation, and
catalytic activity can be seamlessly integrated within a single
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Fig. 47 Schematic illustration of light harvesting and carrier separation mechanism of the Janus-structured Co-MQD. Under illumination, due to the
unique Schottky-junction at Co/MQD interface, the hot electrons generated from Co NP are immediately injected to MQD. Meanwhile, accompanied by
the excitation of MQD, the photoelectron of MQD and hot electron in Co will be transported to the counter electrode. At the same time the photo-hole
produced by excited MQD will go through Co terminal and oxidize OH™ into O,, which makes Co terminal act as the water oxidation reaction center.

Reproduced from ref.2%2 with permission from Wiley, copyright 2020.

MXene nanostructure to enable efficient multi-energy coupling.
However, these proof-of-concept architectures are typically
evaluated in model electrolytes and on small-area electrodes,
and issues such as scaling, long-term mechanical integrity of
MXene films, and compatibility with integrated PEC device
architectures remain largely unaddressed.

5.4.4. Enhanced electrocatalysis by plasmon-induced ther-
malization. The electrocatalytic activity of MXenes can be
boosted by utilizing their plasmonic response to electromag-
netic waves. Wu et al. presented an effective strategy to enhance
their intrinsic electrochemical performance by exploiting their
localized surface plasmon resonance (LSPR) in the visible to
near-infrared (Vis-NIR) range.””® LSPR generates two key
effects: a thermoplasmonic effect that reduces the endothermic
enthalpy and potential barrier for the hydrogen evolution
reaction (HER), and a hot-electron effect, which lasts from
sub-femtoseconds to picoseconds, that improves interfacial
charge transfer and lowers activation energy (Fig. 48). Together,
these effects increase HER activity of various MXenes (Nb,CT,,
Ti3C,Ty, V4C3T,) more than fivefold, with enhanced kinetics
and faradaic efficiency across the full pH range. Specifically, the
thermoplasmonic effect yields a 40-61% current increase for
Ti;C,T, under different pH conditions, while the hot-electron
effect provides a 20-48% rise in faradaic efficiency and a
41-65% (in acid) or 21-36% (in alkaline) reduction in activation
energy. This LSPR-based approach is broadly effective for
multiple MXene types in varied chemical environments. Yet,
controlling light penetration depth, local temperature gradi-
ents, and potential hot-spot degradation in practical electrode
geometries remains non-trivial, and more refined thermo-
electrochemical models are needed to avoid overestimating
plasmonic gains in technologically relevant configurations.

5.4.5. Perspectives and future directions. The above stu-
dies exemplify how MXenes, through their coupled optical,
electrical, and thermal functionalities, act as energy-relay

Chem. Soc. Rev.

centers that harmonize multiple excitation pathways. By inte-
grating photothermal heating, plasmon-induced charge excita-
tion, and field-driven carrier separation, MXenes transcend
conventional catalyst design to establish a multi-energy coordi-
nation paradigm.

Going ahead, rational design of MXenes for multi-energy
catalysis will benefit from three complementary approaches.
First, tailoring band structures and surface terminations will
enable selective coupling to distinct energy channels, for exam-
ple by optimizing the balance between hot-electron lifetime and
thermal dissipation. Second, engineering interfacial architec-
tures, such as hybrid plasmonic heterojunctions or hierarchical
conductive networks, will allow dynamic modulation of energy
flow and localized field distribution. Third, integrating operando
spectroscopies with multiscale simulations will be crucial to
resolve transient processes such as hot-carrier generation, pho-
non-electron coupling, and localized heating at reaction sites.
In parallel, robust and comparable metrics for multi-energy
conversion efficiency and stability will be required to move
beyond qualitative enhancement claims and to benchmark
MXene-based systems against incumbent catalytic technologies.

By uniting these approaches, MXene-based materials are
poised to evolve from passive conductors or cocatalysts into
programmable energy mediators, materials capable of orches-
trating light, heat, and charge to achieve synchronized reaction
control. This multifunctional adaptability positions MXenes at
the forefront of multi-energy synergistic catalysis, where the
seamless integration of diverse energy forms paves the
way toward efficient CO, valorization, solar-driven chemical
synthesis, and next-generation sustainable energy conversion
technologies.

5.5. Mechanistic insights and common principles

The preceding sections collectively demonstrate that the cata-
Iytic versatility of MXenes originates from the interplay of

This journal is © The Royal Society of Chemistry 2026
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Fig. 48 Schematic illustration of the positive contribution of the LSPR-
induced photothermal and hot-electron effect to improve the electro-

catalytic HER performance of MXenes. Reproduced from ref. 253 with
permission from Wiley, copyright 2021.

tunable electronic structure, interfacial coupling, and struc-
tural adaptability. Whether serving as intrinsic active centers,
conductive scaffolds, structural stabilizers, or multi-energy
mediators, MXenes display a consistent mechanistic behavior
in which charge redistribution and interfacial polarization
govern catalytic kinetics and selectivity. These observations
motivate a unified mechanistic picture that links electronic
tuning, interface chemistry, and dynamic structural responses
across diverse catalytic environments.

5.5.1. Unified mechanistic framework. Across electro-,
photo-, and thermochemical systems, MXene-based catalysis
can be described by three mutually reinforcing processes
(Fig. 49). First, MXenes act as electronically adaptive mediators
whose Fermi level, work function, and d-band position respond
sensitively to composition and surface terminations. This
tunability dictates charge-transfer directionality, adjusts inter-
mediate adsorption strengths, and aligns redox potentials with
adjacent catalytic phases. Fermi-level equilibration establishes

Electronic
regulation
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built-in electric fields that facilitate carrier separation and
lower activation barriers, providing a direct electronic link
between band structure and catalytic function.

At the same time, strong orbital hybridization and inter-
facial polarization within MXene-based junctions produce loca-
lized potential gradients and charge delocalization. These
interactions accelerate electron exchange and stabilize key transi-
tion states, thereby reshaping reaction coordinates through
cooperative reactivity between MXene metal centers and neigh-
bouring components. Such polarized interfaces operate as pro-
grammable electronic fields that bridge atomic-level polarization
with macroscopic reaction selectivity.

In addition, MXenes exhibit an unusual degree of structural
adaptability under operating conditions. Their layered lattices
permit controlled surface reconstruction, termination evolu-
tion, and defect migration without substantial loss of crystal-
linity. These processes often lead to in situ-generated
oxycarbide, carbonitride, or alloy-like phases that sustain activ-
ity over extended operation. This adaptive behavior distin-
guishes MXenes from more rigid oxides or metals, although
the pathways and kinetics of phase evolution remain insuffi-
ciently resolved. The coupling of charge redistribution with
lattice relaxation therefore provides a foundation for sustained
reactivity and long-term stability.

5.5.2. Causal relationship from interfacial polarization to
reaction kinetics. The relationship between MXene electronic
structure and catalytic behavior follows a continuous cause-
effect chain linking interfacial polarization with reaction
kinetics. Local electric fields arising from polarization modu-
late adsorption configurations and activation barriers, thereby
steering reaction pathways, product selectivity, and turnover
frequency. In this sense, charge redistribution functions not as
a passive outcome of contact equilibration but as an active
driver of thermodynamic and kinetic control at the surface.
However, quantifying the magnitude and spatial distribution of
these interfacial fields under realistic conditions remains chal-
lenging, and current mechanistic assignments often rely on
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indirect observables such as shifts in binding energies or
changes in reaction orders. Developing reliable, quantitative
metrics for field-induced catalytic effects will be essential for
fully validating this continuum model and for integrating
MXenes into predictive mechanistic frameworks.

5.5.3. Outlook: toward predictive interface design. Advan-
cing MXene-based catalysis from empirical optimization to
predictive design requires an integrated understanding of
charge flow, interfacial fields, and reaction energetics under
operando conditions. Real-time spectroscopies, including XPS,
XAS, diffuse reflectance infrared Fourier transform spectro-
scopy (DRIFTS), and femtosecond transient absorption spectro-
scopy (fs-TAS), will be central to resolving transient charge
redistribution, bond activation, and structural evolution, while
first-principles simulations and ab initio molecular dynamics
can quantify interfacial polarization and correlate field effects
with reaction barriers.

The convergence of these approaches will enable interface-
programmable catalytic models in which local electronic para-
meters directly predict macroscopic reactivity. A key limitation
is the absence of standardized electronic and structural
descriptors capable of comparing different MXene composi-
tions and termination chemistries on a unified scale. Establish-
ing such descriptors will accelerate rational catalyst discovery
and allow generalizable design rules to emerge. Ultimately,
MXenes exemplify a new paradigm of interface-governed,
energy-coupled catalysis, wherein electronic mediation, inter-
facial polarization, and dynamic adaptability act in concert to
enable selective, efficient, and durable transformations across
multiple energy domains.

6. Conclusion and perspectives

6.1. A unified view of MXene catalysis

Over the past decade, MXenes have evolved from laboratory
curiosities to model catalysts and prototypical platforms
for understanding and controlling catalytic interfaces. Their
layered architecture, tunable surface terminations, and metal-
lic conductivity collectively endow them with an unprece-
dented degree of surface programmability. This review has
shown that the catalytic excellence of MXenes stems not from
a single structural feature, but from the synergistic interplay
among three coexisting attributes: (i) electronic plasticity that
enables charge redistribution and Fermi-level regulation;
(ii) interfacial intelligence that governs band alignment, polariza-
tion, and reaction selectivity; and (iii) structural adaptability
that preserves activity under harsh chemical and thermal
environments.

Viewed through this integrated lens, MXenes bridge the
long-standing gap between active-site engineering and inter-
facial field control, transforming catalyst design from static
architectures into dynamically responsive systems. A key out-
come of this perspective is that MXenes act not merely as 2D
hosts, but as programmable catalytic mediators whose surface
terminations, dopants, and heterointerfaces collectively dictate

Chem. Soc. Rev.
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charge flow, intermediate stabilization, and reaction energetics
across electro-, photo-, and thermochemical catalysis.

6.2. Challenges and opportunities ahead

Even with the remarkable progress achieved so far, several
critical challenges (Fig. 50) must be addressed before MXene-
based catalysis can reach its full potential.>***>*° One major
challenge is the development of synthesis strategies that reli-
ably produce MXenes with well-defined terminations, control-
lable defect populations, and reproducible catalytic surfaces,
since small variations in etching conditions or precursor
crystallinity can lead to significant differences in adsorption
behavior and charge-transfer characteristics. These difficulties
become even more pronounced when scaling MXene produc-
tion, because HF-free etching, molten-salt routes, electroche-
mical methods, and chemical vapor deposition each face
practical limitations related to throughput, by-product for-
mation, cost, and batch-to-batch variability. Such variability
complicates the integration of MXenes into structured catalytic
reactors and remains a significant obstacle for consistent
catalytic performance at scale.

Long-term stability presents an additional fundamental
challenge. MXenes are prone to oxidation, termination deple-
tion, hydration, and interlayer restacking under catalytic oper-
ating conditions. Recent studies increasingly indicate that
stability is becoming the primary limiting factor for practical
MXene catalysis, often more critical than intrinsic activity.
A deeper understanding of degradation pathways and the
establishment of standardized protocols for evaluating stability
across electro-, photo-, and thermocatalytic conditions are
urgently needed.

A further challenge arises from the difficulty of quantita-
tively engineering MXene-based interfaces, which is a common
obstacle in elucidating heterogeneous catalytic reaction
mechanisms. The catalytic behavior of MXene heterostructures
depends on interfacial charge redistribution, Fermi-level equili-
bration, orbital hybridization, and the formation of directional
electric fields at junctions, where MXenes are coupled with
metals, semiconductors, or carbon materials. Although these
interfacial phenomena determine activation barriers and reac-
tion selectivity, they remain difficult to observe directly. Pro-
gress in operando and ultrafast spectroscopies such as XPS,
XAS, DRIFTS, and fs-TAS will be essential for probing transient
charge transfer, surface reconstruction, and field evolution
under realistic catalytic environments. Moreover, inconsisten-
cies in mechanistic interpretations across the literature, includ-
ing the differentiation of photothermal versus electronic
contributions and the identification of in situ reconstructed
oxyhydroxide phases, highlight the need for more rigorous
mechanistic validation.

At the same time, these challenges provide important oppor-
tunities for advancing catalysis. Precise control over composi-
tion, defects, and surface terminations can enable rational
design of active sites with tunable adsorption energies and
reaction pathways, facilitating selective CO, conversion, N,
activation, and C-H functionalization. Data-driven discovery

This journal is © The Royal Society of Chemistry 2026
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offers further potential, since machine-learning-assisted screen-
ing can efficiently explore the large combinatorial space of
MXene compositions, termination patterns, and heterostruc-
ture configurations to identify catalytically optimal structures.
Improved durability can be pursued through stability-oriented
strategies such as oxidation-resistant termination chemistries,
hydrophobic interlayer architectures, intercalated spacers, and
dynamic passivation approaches. Finally, the development of
scalable bottom-up synthesis and reactor-level integration is
emerging as a crucial direction in which CVD growth, molten-
salt synthesis, and self-templating schemes are combined with
structured catalytic forms such as foams, monoliths, and
membranes to achieve industrially relevant performance. Over-
all, the future progress of MXene catalysis will depend on how
dynamically evolving surfaces and interfaces govern catalytic
function and on translating this understanding into practical
catalyst design, operation, and scale-up.

6.3. Concluding outlook

The evolution of MXenes marks a broader transformation in
the fundamental philosophy of catalysis. Their surface and
interface programmability allow the design of materials that
adapt and self-regulate under reaction conditions, where struc-
tural flexibility and electronic response work cooperatively
rather than independently. The frontier ahead lies not merely
in discovering new MXene compositions, but in mastering their
dynamic interfaces as active reaction environments. Achieving
this will require predictive frameworks that explicitly link
termination states, band alignment, and real-time structural
evolution with catalytic outcomes.

A central unresolved question is how to balance adaptability
with structural stability, since the same features that enable
responsive interfaces can also make MXenes susceptible to
termination loss, reconstruction, and oxidation. Realizing this
vision will require interdisciplinary integration that combines
surface science, materials synthesis, in situ spectroscopy, and
computational chemistry to develop predictive rules that connect
electronic structure with catalytic performance. In this context,
MXenes provide both a challenge and an opportunity: a challenge
to unravel the complexity of adaptive interfaces, and an oppor-
tunity to create the next generation of programmable catalysts
that merge structural robustness with energy responsiveness.

This journal is © The Royal Society of Chemistry 2026

From a long-term perspective, advancing MXenes toward
practical catalysis will depend on unifying surface design,
Al-guided exploration, stability engineering, and scalable
manufacturing, thereby moving MXenes from promising fun-
damental materials to deployable catalytic modules. This emer-
ging paradigm not only redefines the future of MXenes but also
lays the foundation for the rational design of next-generation
catalytic systems.
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