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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
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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,”* a uni-
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.

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

This journal is © The Royal Society of Chemistry 2026
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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

This journal is © The Royal Society of Chemistry 2026

(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

Chem. Soc. Rev,, 2026, 55, 4244-4302 | 4247
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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.

4248 | Chem. Soc. Rev,, 2026, 55, 4244-4302

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

This journal is © The Royal Society of Chemistry 2026
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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.”

This journal is © The Royal Society of Chemistry 2026
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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,

Chem. Soc. Rev., 2026, 55, 4244-4302 | 4249
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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
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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

This journal is © The Royal Society of Chemistry 2026
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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.

This journal is © The Royal Society of Chemistry 2026

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.
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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

4252 | Chem. Soc. Rev., 2026, 55, 4244-4302

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

This journal is © The Royal Society of Chemistry 2026
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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

This journal is © The Royal Society of Chemistry 2026

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).'*°
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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

4254 | Chem. Soc. Rev, 2026, 55, 4244-4302

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

This journal is © The Royal Society of Chemistry 2026
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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.

This journal is © The Royal Society of Chemistry 2026

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
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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.

4256 | Chem. Soc. Rev., 2026, 55, 4244-4302

View Article Online

Review Article

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

This journal is © The Royal Society of Chemistry 2026
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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.

This journal is © The Royal Society of Chemistry 2026

f.94 with permission from American Chemical Society,

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
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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.

4258 | Chem. Soc. Rev., 2026, 55, 4244-4302

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

This journal is © The Royal Society of Chemistry 2026
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(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

This journal is © The Royal Society of Chemistry 2026

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
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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

4260 | Chem. Soc. Rev.,, 2026, 55, 4244-4302

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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