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MXene quantum dots (MQDs) have emerged as a promising nanoscale platform for sustainable energy
conversion. Owing to quantum confinement, MQDs exhibit discrete electronic states and a high surface-
to-volume ratio, while inheriting the excellent electrical conductivity and chemical tunability of their
parent MXenes. These combined features provide abundant edge-active sites and efficient charge
transport, enabling MQDs to perform effectively in electrocatalytic and photocatalytic reactions. In many
cases, MQDs demonstrate catalytic activity comparable to that of noble-metal catalysts, without
dependence on rare elements. This work systematically examines the structure—activity relationships
governing MQD performance, with a focus on the roles of heteroatom doping, surface terminations, and
hybrid material design in regulating adsorption behaviour, redox kinetics, and charge-transfer processes.
Particular attention is given to how quantum confinement and edge chemistry modify electronic
structures and reaction energy barriers, as revealed by complementary experimental characterization and
theoretical modelling. The discussion further extends to electrochemical energy-storage applications
and the industrial potential of MQD-based materials. In these systems, MQDs shorten ion-diffusion
pathways, enhance electrode—electrolyte contact, and promote faradaic charge-storage mechanisms,

indicating substantial opportunities for future development. Despite these advances, challenges remain,
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Accepted 6th February 2026 including limited long-term stability, incomplete understanding of active sites, and the need for scalable

synthesis with precise control over surface chemistry. Addressing these issues through rational material
design and in situ or operando studies will be crucial for advancing MQDs toward next-generation
rsc.li/nanoscale-advances catalytic and energy-storage technologies.
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1. Introduction

Energy demand has increased steadily with industrial devel-
opment and scientific progress. At the same time, the continued
use of fossil fuels has raised concerns about resource depletion
and environmental damage. These issues have made the shift
toward sustainable and renewable energy sources increasingly
important.! Renewable options such as solar, wind, tidal, and
biomass energy are already in use, but their output depends
strongly on weather and local conditions, which limit their
reliability on a large scale.” Because of this, electrochemical
energy conversion and storage technologies such as fuel cells,
electrolyzers, metal-air and metal-ion batteries, and super-
capacitors have received growing attention.>* In these systems,
performance largely depends on the electrode materials and
electrocatalysts used, as their surface activity, charge transport
ability, and structural stability directly affect efficiency and
long-term operation.’

Moreover, the need for efficient and sustainable materials
for energy conversion and storage remains a major concern in
materials science. In this context, MXenes have emerged as an
important class of materials since their first report in 2011.°
These two-dimensional (2D) transition-metal carbides and
nitrides have drawn broad interest because they combine high
electrical conductivity with hydrophilic surfaces, a large
number of active sites, and flexible chemical compositions.
Such features make MXenes particularly suitable for electro-
chemical applications. Structurally, MXenes are generally
described by the formula M,,.;X, Ty, (Where M denotes an early
transition metal such as Ti, V, Nb, or Mo, X represents carbon or
nitrogen, and T corresponds to surface terminations including
-0, -OH, and -F).® Owing to these characteristics, MXenes have
been widely investigated for energy-conversion reactions,
including hydrogen evolution reaction (HER), oxygen evolution/
reduction reaction (OER/ORR) and nitrogen reduction reaction
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(NRR), as well as for energy-storage devices such as batteries
and supercapacitors.” More recently, reducing MXenes to zero-
dimensional (0D) quantum dots (QDs) has opened new possi-
bilities. This dimensional reduction introduces quantum-
confinement effects and greatly increases the proportion of
edge sites, both of which can influence electrochemical
behaviour.*® When the size of MQDs approaches the exciton
Bohr radius, their optical, electronic, and catalytic properties
become strongly size dependent, leading to discrete energy
levels and tunable band gaps. As a result, charge-carrier
dynamics can be adjusted more effectively, which is impor-
tant for catalytic reactions, light-driven processes, and energy-
storage applications.’®™* Typically smaller than 10 nm, MQDs
offer several advantages, such as a high surface-to-volume ratio,
faster electron transport, modified band structures due to
quantum confinement, and good compatibility with other
functional materials.”*™* Together, these features make MQDs
promising candidates for a wide range of electrochemical
systems, especially those that require fast reaction kinetics and
long-term cycling stability.®

While MQDs share similar nanoscale properties with other
QDs (such as carbon-based QDs like carbon dots and graphene
QDs, as well as semiconductor QDs like CdSe or ZnS), they differ
fundamentally in their composition, conductivity, and surface
chemistry. Traditional QDs often require doping or passivation
to achieve stability and desirable electronic properties, whereas
MQDs naturally possess a combination of metallic-like
conductivity with rich surface functional groups. Their
transition-metal centres and layered crystal origin provide
a high density of electronic states and a large number of
accessible active sites, which are beneficial for catalytic reac-
tions.””*® As a result, MQDs often show better performance in
electrochemical energy devices compared with many conven-
tional quantum dot systems."*°

Another important feature of MQDs lies in their synthesis
and structural flexibility. Unlike many semiconductor QDs that
require complex synthetic routes or toxic heavy metal precur-
sors, MQDs can be derived from existing MXenes using scalable
top-down or bottom-up approaches. The properties of MQDs
are closely linked to the choice of their parent MXene. For
example, starting from Ti;C,, V,C, or Mo,C directly defines the
metal composition and strongly influences the behaviour of the
resulting QDs. This level of control provides a form of tunability
that is difficult to achieve in most other quantum-dot systems.
In addition, surface terminations such as -O and -OH provide
useful sites for further functionalization, enabling targeted
interactions with electrolytes and host materials in hybrid
electrode designs.”** Moreover, the development of MQDs
provides a practical way to address some of the inherent limi-
tations of both bulk MXenes and conventional electrode mate-
rials, opening new possibilities for energy conversion and
storage applications (Fig. 1). In energy conversion, MQDs have
shown encouraging electrocatalytic activity for reactions such as
HER, OER, and overall water splitting, mainly due to their
efficient charge transfer and favorable adsorption
properties.®**?¢ In energy storage, MQDs have been used in
battery and supercapacitor electrodes to address issues related

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Timeline showing recent advances and future outlook of MQDs in energy conversion and storage. Reproduced with permission from ref.

6. Copyright 2023 Advanced Materials Interfaces.

to slow ion diffusion, limited cycling stability, and low energy or
power density.””>*

In recent years, numerous review articles have improved the
understanding of MQDs and related hybrid materials. For
instance, Mohanty et al summarized important synthesis
techniques and showcased the potential of MXene-derived QDs
for energy conversion and storage.' Sariga et al. presented
a comprehensive overview of MQD synthesis, physicochemical
characteristics, and an extensive range of applications, such as
optoelectronics, sensing, biomedicine, and energy-related
systems.® More recently, Das et al. focused on MXene-
modified QD composites for photocatalytic energy generation
and environmental remediation, with emphasis on interfacial
charge transfer and light-driven processes.*® Collectively, these
reviews establish a strong foundation for continued research on
MQDs. Despite these valuable contributions, several funda-
mental aspects of MQD behaviour remain insufficiently
explored.

Interest in MQDs has surged recently; however, many facets
of their behaviour remain poorly understood. MQDs are often
regarded as smaller analogues of 2D MXenes, and a significant
portion of existing research primarily targets synthesis or
specific applications, resulting in a frequent overlook of their
unique properties. Quantum confinement, a high density of
edge sites, and a diverse array of surface terminations can
influence the electronic and catalytic behaviour of MQDs in
ways not seen in bulk MXenes. Theoretical studies suggest that
these attributes might create distinctive active sites and allow
for deliberate tuning of electronic energy levels, yet direct
experimental validation under real-world conditions is still
scarce. Consequently, the precise active sites, reaction mecha-
nisms, and stability of MQDs during catalytic activities are not

© 2026 The Author(s). Published by the Royal Society of Chemistry

completely comprehended, complicating the rational design of
MQDs for HER, OER/ORR, CO, reduction, NRR, and energy-
storage applications. Furthermore, the connection between
their quantum properties and actual device performance has
not been clearly defined. Hence, there is a need for a focused
and articulate perspective that consolidates existing knowledge,
highlights these shortcomings, and identifies the crucial
directions necessary to augment MQDs as dependable materials
for future energy applications. In this review, we aim to meet
these needs by integrating current insights on MQD synthesis,
surface chemistry, and structure-activity relationships, while
also outlining the challenges and opportunities that can facili-
tate their advancement in next-generation energy conversion
and storage systems.

2. Synthetic advances and tailored
properties of MQDs

2.1. Scalable synthetic approaches

MQDs have emerged as a distinct class of 0D nanomaterials,
defined by their quantum-confinement effects and edge-
dominated surface chemistry. Their synthesis generally
follows two main routes: top-down deconstruction and bottom-
up construction.” These two methods strongly influence the
size, shape, defect density, and surface chemistry of the
resulting MQDs, which in turn affect their performance,
stability, and suitability for practical applications.** To make
full use of MQDs, it is necessary to clearly understand the
strengths and limitations of the different synthesis routes. At
present, the top-down approach is the most widely used
method. In this route, bulk precursor materials are first

Nanoscale Adv.
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converted into 2D MXenes through selective acidic etching of
the “A” layer, followed by further size reduction to QDs using
techniques such as hydrothermal or solvothermal treatment,
ultrasonication, or mechanochemical processing.*'*** These
methods are relatively straightforward and rely on readily
available starting materials. However, these methods often give
low product yields, noticeable batch-to-batch variation, and
long processing times. In contrast, bottom-up routes construct
MQDs directly from atomic or molecular precursors through
techniques such as molten-salt synthesis or thermal decompo-
sition, which provide greater control over particle size, shape,
and surface chemistry and tend to produce more uniform and
structurally stable dots. Their wider adoption is still limited by
the availability of suitable precursors and by difficulties in
generating MQDs with strong luminescence."* Regardless of
the chosen route, oxidation remains a significant problem
because the high surface-to-volume ratio and numerous reac-
tive edge sites make MQDs vulnerable to degradation under
ambient conditions, which can alter their electronic behaviour.
Several approaches have been used to mitigate this issue,
including oxygen-free solvents, low-temperature processing,
hydrogen annealing, and surface passivation with selected
ligands to improve colloidal stability and resistance to oxida-
tion.**** Thus, combining the scalability of top-down methods
with the precision of bottom-up synthesis is still necessary for
moving MQDs toward practical use.

2.2. Quantum confinement and edge effects

When the physical size of an MQD approaches or falls below the
exciton Bohr radius (R<Rg), quantum confinement begins to
govern its electronic behaviour. This size reduction increases
the band gap and alters the optical response of the material,
which is commonly reflected as a blue shift in both absorption
and emission spectra. By simply tuning the QD radius, R, one
can achieve precise, controllable modulation of optoelectronic
properties through dimensional scaling alone. As QDs shrink

. . R
further into the strong-confinement condition <R—< 1), the
B

spacing between discrete energy levels surpasses the thermal
energy (kT, where k and T represent Boltzmann's constant and
temperature, respectively), restricting carrier mobility and
leading to atom-like electronic states. The tighter overlap of e~
and &’ wavefunctions also raises the exciton binding energy well
above that in bulk semiconductors. Moreover, variations in QD
composition introduce additional shifts in the band gap,
allowing material-specific tuning of optical and electronic
transitions.***”

Dopants within such strongly confined QDs behave differ-
ently than in bulk. When the increase in band-gap energy due to
quantum confinement exceeds the coulombic attraction
between an impurity and a carrier, dopants can auto-ionize
without requiring thermal activation. This spontaneous activa-

. . . R
tion, governed by the dimensionless confinement parameter R
B

provides another way to fine-tune a QD's electronic and optical
response. In addition, the prominent edge effects in MQDs arise
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from their high edge-to-surface ratio, numerous reactive sites,
and localized electronic states. Moreover, DFT simulations have
shown that controlling edge chemistry and lateral dimensions
allows fine-tuning of band gaps, magnetic behaviour, and
reactivity, which are not achievable in conventional QDs.?”** To
overcome these limitations, doping has become an important
strategy for tuning the properties of QDs. Several transition
metals, including Cr,* Mn,*’ Fe, Co,*" Cu,* and Ag,** as well as
other elements such as P, B, Na, and Li, have been successfully
incorporated into QDs for diverse applications. The optical
properties of QDs can be modified by varying the dopant type,
concentration, and spatial position within the QD lattice. For
instance, the conduction behaviour in doped QD films is highly
dependent on the uniformity of QD size and the proximity
between neighbouring QDs, which together govern the extent of
orbital overlap. Hence, proper doping not only improves the
optical properties of QDs but also helps in controlling their
electronic behaviour and overall performance in devices.***

Notably, MQDs have combined the metallic conductivity and
hydrophilicity of their 2D MXene counterparts with size-
dependent luminescence and band structure modulation. For
example, Ti;C,T, QDs used as interlayer spacers in MgM3;RG,
fiber supercapacitors achieved a volumetric capacitance of 542 F
ecm™ and 56% retention, attributed to their well-defined
structure, abundant edge sites, and compatibility with nano-
sheets.** Furthermore, N-doped Ti;C, QDs show strong
electrochemiluminescence and enable highly sensitive detec-
tion of mucin 1, with a detection limit as low as 0.31 fg mL ™"
when used in an immunosensor.” The quantum confinement
effect in MQDs combines the high conductivity of 2D metallic
MXenes with tunable light emission, making them a stable,
conductive, and biocompatible alternative to conventional
semiconductor QDs.

2.3. Surface chemistry and functionalization

The surface chemistry of MQDs originates from their parent
MXenes and strongly affects their stability, electronic proper-
ties, and behaviour at interfaces. During the etching process,
surface groups such as -O, -OH, and -F are introduced onto
MQDs. However, controlling how these groups are distributed
on the surface is not straightforward.*® This problem is espe-
cially clear in multistep fluorine-based etching routes, where
small variations in reaction conditions can produce marked
changes in structure and leave poorly defined catalytic sites.*® If
the MQD surface is not adequately protected, oxidation and
aggregation can also occur, reducing colloidal stability and di-
minishing optical performance.

To limit these effects, surface functionalization is often used
to improve the stability and electronic properties of MQDs and
to adapt them for specific uses (Fig. 2).>° Post-synthesis treat-
ments such as thermal annealing or metal adsorption can
adjust surface terminations for example, converting -OH
groups to —O groups which alters the work function and band-
edge positions and can assist reactions such as nitrogen
reduction or hydrogen evolution.”* In general, MQDs with
oxygen-rich surfaces show greater stability in aqueous media,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Surface functional groups of MQDs for targeted functionali-
zation. Reproduced with permission from ref. 50. Copyright 2020
Nature Reviews Materials.

whereas fluorine-containing terminations are less stable and
may be removed over time, leading to structural degradation.>*
Surface passivation is another common strategy; ligands such
as oleylamine (OLA) and polyethyleneimine (PEI) help suppress
aggregation and reduce non-radiative recombination, thereby
improving colloidal stability and optical behaviour.>* Alongside
this, heteroatom doping has been employed to adjust the local
electronic environment of MQDs. By introducing additional
electronic states within the band gap and redistributing charge
density at active sites, doping can improve light absorption and
support more efficient charge transfer.

Beyond surface modification, combining MQDs with semi-
conductors such as TiO,, g-C3N,, and In,S; has enabled the
construction of advanced heterostructures with improved pho-
tocatalytic performance.*»* These hybrid systems facilitate
charge separation through Schottky junctions or Z-scheme
pathways, reducing recombination losses. For example, Ti;C,
QDs integrated into Cu,O nanowires show a great improvement
in CO, to CH3;O0H conversion efficiency. In addition, amino-
functionalized MQDs exhibit defect-related blue emission and
enable controlled electron extraction, making them attractive
for photonic and optoelectronic applications.>®

Although important progress has been made, it is still
difficult to precisely control how surface functional groups are
distributed and how many of them are present on MQDs. In
addition, very few studies have examined how the surface
chemistry of MQDs changes in real time while the material is
operating. The development of scalable, fluorine-free synthesis
routes and thorough assessment of long-term environmental
stability are essential steps toward broader implementation.
Ultimately, precise surface functionalization is critical for
optimizing MQD performance across applications in energy
conversion, environmental remediation, and biomedicine.
Using large-scale DFT screening, advanced in situ spectroscopy,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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and scalable synthesis methods can help design next-
generation MQD catalysts and photonic materials with better
and more reliable performance.**

The stability of MQDs is an important factor that determines
whether they can be used reliably in practical devices. Because
MQDs are extremely small and have many exposed edge sites
and a high surface area, they tend to react more easily with air,
moisture, or electrolytes than their larger MXene sheets. Several
studies have shown that Ti;C,T, MXene oxidizes under ambient
or wet conditions, such as in aqueous or solvent dispersions,
oxidizing within weeks with marked loss of conductivity,
signaling degradation of the carbide structure and conversion
toward oxide phases. This tendency implies that when MXenes
are reduced to QD size, their stability under ambient or working
conditions becomes an even more critical issue for long-term
applications. Indeed, actual MQD samples have shown this
limitation; a dedicated study reported that TizC,-derived MQDs
suffer from poor stability under ambient aging and that careful
synthesis and storage conditions are required for maintaining
their functional properties.*®

Several approaches have been explored to improve the long-
term stability of MQDs. One effective strategy is careful control
of synthesis conditions, such as the use of non-aqueous or low-
oxygen solvents, which helps limit oxidation. Another widely
used approach is to embed MQDs or MXenes within protective
matrices, including polymer coatings, composite films, or
hybrid structures. These protective environments can signifi-
cantly slow degradation by shielding the active material from air
and moisture. In some reported studies, MQDs stabilized in this
way retained their functional properties even after long storage
periods or exposure to harsh conditions.*® Together, these
results indicate that stability, although still a major challenge,
can be improved through thoughtful control of synthesis,
surface chemistry, and material design. At the same time, most
available studies focus on short-term behaviour. Detailed
investigations that follow structural and chemical changes
during long-term cycling or continuous operation remain
limited. Such studies are essential before MQDs can be
considered reliable materials for practical applications in
energy conversion, catalysis, or device technologies.

2.4. Heteroatom doping

Doping has become an effective way to tune the properties of
MQDs. This approach involves introducing heteroatoms such
as nitrogen (N), sulfur (S), phosphorus (P), or chlorine (Cl) into
the MXene lattice or onto the surface of the QDs, allowing the
electronic structure and surface behaviour to be modified
without disturbing the metallic carbide backbone.®**> Among
the different dopants, nitrogen has been the most widely
explored. Nitrogen doping is commonly achieved through
hydrothermal treatment using ethylenediamine (EDA), which
leads to the formation of Ti-N, pyridinic-N, and C-N species.
These nitrogen-related sites have been shown to improve elec-
trical conductivity and enhance photoluminescence quantum
yield (PLQY).>***%* More recently, co-doping strategies have
attracted attention because they offer additional control over
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both optical and structural properties. For example, N, S co-
doping using i-cysteine and N, P co-doping using di-
ammonium phosphate have been reported to improve emission
efficiency while also enhancing structural stability. These
combinations construct desired band alignments and stabilize
excitons by taking advantage of the synergistic interactions of
electronegative and electron-donating dopants. For example, N,
P co-doped Ti;C, MQDs have demonstrated a PLQY of 20.1%
and a fluorescence lifetime of 8.54 ns, surpassing their singly
doped counterparts.>*6+¢

Out of all the doping techniques, co-doping with N and S
or N and P has produced the most promising results. S, N-co-
doped MQDs have used hydrogen bonding networks in
aqueous media that show full-color emission throughout the
visible spectrum with quantum yields as high as 28.1%.° These
networks promote m-electron delocalization, immobilize
surface functional groups, and cause emission redshifts.
Another study found that the integration of N-doped Ti;C,
MQDs into CdS nanorod heterostructures enhanced photo-
catalytic hydrogen evolution by 14.8 times because of better
band alignment and faster interfacial charge transfer.®> Simi-
larly, N-doped Ti,C MQDs synthesized using EDA retained their
Ti-C core structure and showed significantly improved radical
neutralization, driven by enhanced surface reactivity and faster
electron transfer.®

From an electronic point of view, heteroatom doping alters
the electronic structure of MQDs by shifting the Fermi level and
introducing additional states within the band gap. These
changes generally improve charge transport, reduce non-
radiative recombination, and enhance photostability, as illus-
trated in Fig. 3. In nitrogen-doped MQDs, for example, trap
states are formed near the lowest unoccupied molecular orbital
(LUMO), which promotes electron transfer and prolongs
charge-carrier lifetimes. This behaviour is often observed
experimentally as an increase in PLQY.** At the same time,
doping redistributes surface electron density and lowers the
energy barrier for surface reactions, leading to a higher density
of catalytically active sites. The surface species introduced
during doping, such as N-H, C-N, or P-O groups, also
contribute to these effects. They can passivate surface defects
while still maintaining high chemical reactivity. X-ray photo-
electron spectroscopy (XPS) studies indicate that these dopant-
related functionalities are bonded to the surface of the QDs
without disrupting the Ti;C, framework. As a result, the overall
structure of the MQDs remains intact, and their stability is
improved across a broad range of pH values and temperatures.*”

Owing to this combination of electronic and structural
effects, heteroatom-doped MQDs act as active functional
materials rather than passive QDs. Their adjustable photo-
luminescence (PL), improved charge transport, and enhanced
catalytic behaviour make them attractive for applications in
catalysis, sensing, and energy conversion.®>®® Further progress
in controlled doping methods, together with advanced charac-
terization techniques, is expected to reveal new opportunities
for MQDs in optoelectronic and energy-related systems.
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Fig.3 Schematic representation of energy levels and carrier dynamics
in MQDs vs. N-MQDs. Nitrogen doping creates trap states near the
LUMO, facilitating rapid electron transport and extending carrier life-
times. Reproduced with permission from ref. 31. Copyright 2022
Chinese Journal of Catalysis.

3. Advanced characterization of
MQDs

The characterization of MQDs relies on a combination of
microscopic, spectroscopic, electrochemical, magnetic, and
computational techniques to confirm their 0D nature and to
understand how their properties deviate from those of bulk 2D
MXenes. Among these methods, high-resolution microscopy is
essential for verifying quantum dot formation. Transmission
electron microscopy (TEM) and high-resolution TEM (HRTEM)
consistently reveal lateral dimensions below 10 nm, together
with clear lattice fringes that confirm crystallinity and preser-
vation of the parent MXene structure. For instance, lattice
spacings of approximately 0.266 nm, corresponding to the
(0110) plane of TizC,, indicate that the basic hexagonal
symmetry is retained after dimensional reduction.** These
techniques also expose structural defects, including Ti vacan-
cies, edge irregularities, and grain boundaries, which are
significantly more abundant in MQDs and often serve as cata-
lytically active sites. Additional insight into atomic-scale defect
structures is provided by high-angle annular dark-field scan-
ning transmission electron microscopy (HAADF-STEM), which
enables direct visualization of vacancy clusters and edge-rich

© 2026 The Author(s). Published by the Royal Society of Chemistry
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regions that are difficult to resolve using conventional TEM.
Atomic force microscopy (AFM) complements electron micros-
copy by offering reliable height information, confirming that
most MQDs consist of single or few atomic layers rather than
thick stacked domains.***>”® Together, these microscopic
techniques establish the successful conversion of layered MX-
enes into isolated, ultrathin QDs with high defect densities.

Spectroscopic analyses play a crucial role in probing surface
chemistry and quantum confinement effects. XPS and Fourier-
transform infrared spectroscopy (FTIR) reveal synthesis-
dependent surface terminations such as -O, -OH, and -F
groups, which strongly influence hydrophilicity, electronic
structure, chemical stability, and interfacial reactivity. In some
cases, amine functional groups are deliberately introduced to
enhance aqueous dispersibility and biocompatibility for
biomedical applications.*® Optical characterization using UV-
Vis absorption and PL spectroscopy provides direct evidence
of size-dependent bandgap modulation, with blue-shifted
absorption edges and emission peaks arising from quantum
confinement effects.>® These optical signatures clearly distin-
guish MQDs from their bulk MXene counterparts. Beyond
optical properties, defect-related electronic states are further
examined using electron spin resonance (ESR) spectroscopy,
which directly probes unpaired electrons associated with
surface defects, edge states, and vacancy-induced spin centers.
Owing to their high surface-to-volume ratio and confined
dimensions, MQDs exhibit a much stronger paramagnetic
response than bulk MXenes. ESR therefore enables quantitative
assessment of defect density and local electronic environments,
which are closely linked to charge localization, spin-dependent
processes, and catalytic activity.”*”*

Advanced spectroscopic tools such as X-ray absorption
spectroscopy (XAS) and electron energy-loss spectroscopy
(EELS) are particularly powerful for MQDs because their elec-
tronic structure is dominated by surface atoms and defects. At
the QD scale, even subtle changes in oxidation state and local
coordination become more pronounced. Consequently, in situ
and operando techniques, including Raman spectroscopy and
synchrotron-based XAS, are increasingly employed to monitor
surface reconstruction, defect evolution, and phase stability
under realistic electrochemical conditions. These dynamic
surface and edge processes strongly govern charge-transfer
kinetics, redox behaviour, and long-term stability.”*”

Electrochemical measurements provide a direct correlation
between the structural and electronic properties of the material
and its functional performance. Cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS) typically reveal
enhanced redox activity and reduced charge-transfer resistance
in MQDs compared with bulk MXenes, primarily due to the
increased number of accessible active sites and shortened ion-
diffusion pathways.”® Mott-Schottky analysis, often combined
with ultraviolet photoelectron spectroscopy, further offers
insight into carrier density, band alignment, and interfacial
junction formation in catalytic and energy-storage systems.”” To
interpret these experimental observations at the atomic level,
operando studies are frequently combined with DFT calcula-
tions. Such simulations rationalize adsorption energetics,
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preferred binding sites, and structure-property relationships,
for example, the stronger affinity of nitrogen species toward O-
terminated surfaces compared with F-terminated ones.”®
Despite substantial progress, several challenges remain,
including beam-induced damage and oxidation during electron
microscopy, aggregation driven by high surface energy, and the
difficulty of isolating intrinsic single-dot behaviour. These
limitations have stimulated increasing interest in cryogenic
electron microscopy as a potential solution.” Importantly,
a major gap persists in achieving real-time, atomic-scale
observation of surface terminations, electronic structure
evolution, and deactivation pathways under true operating
conditions. Addressing this gap through advanced operando
characterization is therefore essential for developing reliable
structure-property models and guiding the rational design of
next-generation MQD-based materials.

4. A survey of MQDs in energy
science

The introduction of MQDs as 0D forms of 2D MXenes has
created a separate class of materials with properties suited for
a wide range of energy conversion and storage applications.
MXenes are known for metallic conductivity, hydrophilicity,
and reactive surfaces, but transforming them into MQDs
produces quantum confinement, discrete electronic levels, and
a much larger surface-to-volume ratio, which together alter their
physical and chemical behaviour in ways not seen in the bulk
sheets.? MQDs retain the high electrical conductivity of their
parent MXenes and, because of their small size, disperse easily
in solution and expose more accessible active sites, features that
are important for electrocatalysis and electrochemical energy-
storage devices (Fig. 4).** They also show size- and surface-

ENERGY STORAGE

Supercapacitors

Fig. 4 Schematic illustration of MQDs highlighting their roles in
energy conversion and storage applications.
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dependent PL and intensified light-matter interactions, prop-
erties that expand their use into photocatalysis, optoelectronics,
and bioimaging areas where 2D MXenes have shown limited
optical response.?” Surface terminations such as -OH, -O, -F,
and -ClI offer a controllable chemical interface that can be
adjusted for coupling with polymers, metal-organic frame-
works (MOFs), and other nanoscale hosts.®® Recent work
combining experimental measurements with computational
studies has helped define the electronic structure, surface
chemistry, and reaction behaviour of MQDs, clarifying how they
differ from their 2D precursors. Despite the field remaining in
an early stage of development, MQDs are increasingly recog-
nized as a discrete class of quantum materials. Instead of being
regarded merely as nanoscale derivatives of MXenes, they are
now viewed as functional entities with significant promise for
advanced energy-conversion and energy-storage technologies.

4.1. MQDs-based electrocatalysts

Although MQDs have been examined as electro- and photo-
catalysts, critical knowledge gaps remain, and several aspects
require systematic investigation. Electrocatalytic studies
continue to depend heavily on noble-metal electrodes, despite
their high cost and low abundance in the Earth's upper conti-
nental crust compared to rock-forming and rare-earth elements.
In contrast, MQDs composed of Ti, C, Mo, or V offer a sustain-
able, earth-abundant alternative, as these elements are thou-
sands to billions of times more plentiful than Ru, Ir, Pt, or Au.
Their elemental availability, together with tunable electronic
structure, surface-chemistry versatility, and intrinsically high
electronic conductivity, make MQDs compelling candidates for
scalable energy and environmental technologies. Given that
studies remain limited, this review outlines priority directions
for advancing MQD research.®

4.1.1. Hydrogen evolution reaction (HER). MQDs have
gained increasing attention as a new class of materials because
they show unique properties and relatively low toxicity, making
them suitable for various applications. Although MXenes have
been widely studied, the specific features of MQDs, such as
quantum confinement, high surface-to-volume ratio, and
improved electronic behaviour, provide new opportunities for
electrocatalytic reactions. Among these, the HER remains
a central focus and proceeds at the cathode of water-splitting
devices under either acidic (2H" + 2¢” — H,) or alkaline
(2H,0 +2e~ — H,+20H ) conditions (Fig. 5a). Their ultrasmall
dimensions reduce ion-diffusion distances and facilitate elec-
trolyte access to catalytically active sites, thereby improving
reaction kinetics. Replacing noble-metal catalysts with earth-
abundant, low-cost alternatives is essential for sustainable
hydrogen production, and MQDs offer a viable platform when
tested in standard electrolytes such as 1 M KOH or 0.5 M H,SO,
in a three-electrode configuration.**®*® Theoretical analyses
commonly assess HER activity using the hydrogen-adsorption
free energy (AGy), which, following Sabatier's principle,
should ideally approach zero to balance adsorption and
desorption energetics; however, this guideline is not absolute,
as interfacial structure and electrolyte environment also shape
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Fig.5 Schematic representation of MXene-based electrocatalysts and
supports, highlighting their roles in key reactions including (a) HER, (b)
OER, (c) ORR, and (d) NRR. Reproduced with permission from ref. 84.
Copyright 2020 American Chemical Society.

catalytic behaviour. Computed (AGy) values are typically
benchmarked against experimental overpotentials at —10 mA
cm 2, and several studies have reported reasonable consistency
between prediction and measurement.**

Besides their small size, MQDs also show special electronic
properties that improve their catalytic performance. One
important factor controlling MQD reactivity is the position of
their Fermi level (Eg), which is more negative than that of 2D
MXene sheets. DFT calculations show that O-terminated Ti;C,
MQDs have an Er of —0.523 V (vs. NHE at pH 7), whereas TizC,
nanosheets display a more positive value of 0.71 V. A lower
(more negative) Er enables MQDs to store electrons more
readily, which favours reduction steps such as the conversion of
H' to H,. After photo- or electro-excitation, electrons also tend
to remain on the MQDs because they combine high electrical
conductivity with a suitable Fermi-level alignment, supporting
electron-driven catalytic reactions. In comparison, the more
positive Er of Ti3C, sheets limit their efficiency in these reduc-
tion processes.*

Surface chemistry also has a strong influence on the HER
activity of MQDs. Typical surface terminations, including -F, -
OH, and -0, affect how reactants and intermediates adsorb on
the surface. DFT analysis indicates that exposed Ti edge atoms
and moderate numbers of -F groups can improve HER activity,
whereas excessive -F terminations, especially those introduced
during HF etching, may block active sites and lower overall
performance. MQDs also contain numerous structural defects,
such as edge sites and grain boundaries, which can enhance
electrocatalysis by altering the local electronic environment
around Ti and C atoms and strengthening adsorption of reac-
tion intermediates, thereby accelerating reaction kinetics.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Although Ti edge sites in bulk MXenes are often catalytically
inactive, defect formation within MQDs can activate these
positions. In addition, constructing MQD-based hetero-
structures can further raise catalytic performance through
interfacial interactions that promote charge transfer and
increase stability. For example, MQDs integrated with Cu,O/Cu
foam display improved HER activity due to better dispersion
and more efficient charge transport. Overall, these studies
demonstrate that edge effects, surface functional groups, and
heterostructure design are crucial for optimizing MQD-based
electrocatalysts. The electrocatalytic behaviour of MQDs
mainly depends on how reactants and products adsorb and
desorb on active surface sites. Therefore, controlling surface
chemistry, defect density, and composite design remains an
effective strategy for advancing MQD-based electrocatalysis.
However, further studies are still needed to better understand
the reaction mechanisms and to optimize their structure for
energy-related applications.®”**

4.1.2. Oxygen evolution/reduction reaction (OER/ORR).
MQDs have also gained attention as electrocatalysts for reac-
tions beyond the HER, particularly the OER and ORR, which
underpin several sustainable energy technologies. The OER, an
anodic half-reaction in water and CO, electrolysis (U° = 1.23 V
vs. RHE),* is conventionally driven by Pt, Ir, or Ru-based cata-
lysts (Fig. 5b), but their performance is offset by high cost,
scarcity, and limited operational durability. Although
transition-metal and metal-free alternatives have been investi-
gated, many suffer from inadequate conductivity or insufficient
activity." Addressing these limitations, Han et al. developed
a NiFe-LDH/MQD catalyst supported on nitrogen-doped gra-
phene (NG) that delivered bifunctional performance, with an
OER overpotential of 1.50 V at 10 mA cm >, a Tafel slope of
57 mV dec ', and an ORR half-wave potential of 0.69 V RHE,
surpassing Pt/C and IrO, + Pt/C benchmarks. DFT analysis
attributed this behaviour to MQD-induced modulation of the
local Fermi level and an increased density of states near Ep,
which collectively accelerate charge-transfer kinetics."*

Despite these advances, the intrinsic catalytic behaviour of
pure MQDs in OER and ORR remains largely underexplored,
because most studies employ composites in which the specific
contribution of MQDs is difficult to isolate. A clearer picture of
active-site  chemistry, electron-transfer pathways, and
adsorption/desorption of intermediates in multi-electron
mechanisms is still required. Surface terminations such as -
OH and -O are thought to promote the 4¢- ORR pathway to
water, whereas excessive -F or under-coordinated edge sites
may steer reactivity toward the less efficient 2e™ route that yields
H,0, (Fig. 5c). Introducing defects or heteroatom dopants
offers further control over binding energies, for example,
stabilizing *OOH and destabilizing *H,0, to enhance selec-
tivity.®* Therefore, developing MQDs as low-cost and earth-
abundant electrocatalysts will require better control over their
synthesis, along with in situ and operando techniques that can
clearly identify surface states, active sites, and long-term
stability under realistic operating conditions. Such under-
standing is essential for their use in next-generation energy
platforms.
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4.1.3. Nitrogen reduction reaction (NRR). The NRR, which
converts nitrogen gas to ammonia (N, + 6H' + 6e” — 2NH;, U° =
0.057 V vs. RHE), offers a viable electrochemical route to
complement the Haber-Bosch process (Fig. 5d). Although
Haber-Bosch underpins global ammonia production, it oper-
ates at elevated temperature and pressure and consumes nearly
2% of the world's total energy. By contrast, electrochemical NRR
can proceed under ambient conditions but is constrained by
high overpotentials, low selectivity owing to competition from
the HER, and modest NH; yields. MXenes have recently been
identified as promising NRR electrocatalysts in both theory and
experiment, with catalytically relevant sites concentrated at
exposed surface atoms and edge domains that become
increasingly accessible as particle dimensions shrink. MQDs
therefore represent attractive 0D derivatives because they offer
tunable terminations and a high density of edge-active sites.”

Jin et al. showed that Ti;C,T, MQDs enriched in Ti-edge
terminations and -OH groups deliver notable NRR activity,
achieving an NH; yield of 62.94 pg h™! mg™" and a faradaic
efficiency of 13.3% at —0.50 V in 0.1 M HCI, with operational
stability for 25 hours. NMR analysis confirmed exclusive NH;
formation. Ti;C,OH MQDs outperformed fluorinated MQDs
(TizC,F), alkaline-treated MXene, and Ti;C,T, MXene, under-
scoring the importance of edge-site density and surface
chemistry.>*

DFT calculations corroborated these results, indicating that
-OH functionalization and Ti-edge site promote stronger N,
adsorption and activation than -F termination. In that study,
selective surface terminations were introduced by sonicating
Tiz;C,T, MXene in either NaOH or NaF solutions, which
increased the proportion of -OH or -F groups, respectively. This
type of controlled surface modification, when combined with
the electronic changes produced by quantum confinement,
demonstrates how MQDs can be tuned in a systematic way to
improve NRR activity and support more energy-efficient
ammonia synthesis."

4.2. MQDs-based photocatalysts

The rapid expansion of modern society has increased overall
energy consumption and intensified environmental pollution,
making the development of sustainable, low-impact energy
technologies a priority. Solar energy is a clean, abundant, and
renewable resource, and photocatalysis modelled on natural
photosynthesis uses sunlight to drive chemical reactions,
offering a green route for energy conversion and environmental
remediation.*>** The efficiency of a photocatalytic process is
largely controlled by the recombination rate of photogenerated
e~ and h". And faster recombination reduces usable charge
carriers and lowers catalytic output. Recombination behaviour
is influenced by how e~ and 4" become trapped at surface states
and by the ease with which charges move across the catalyst
surface. In MQDs, an additional effect known as dielectric
confinement appears when particles reach very small dimen-
sions and are surrounded by a medium with a low dielectric
constant, altering e~ and 4" interactions and overall charge
dynamics. A larger difference in dielectric properties weakens
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the attraction between electrons and holes, reducing their
recombination. As a result, less energy is required to separate
them, and the optical band gap becomes smaller due to this
dielectric effect rather than particle size alone. This reduced
band gap improves charge separation and transport. Therefore,
MQDs show strong potential for photocatalytic applications
such as CO, reduction, hydrogen generation, and pollutant
removal.*®

4.2.1. Photocatalytic conversion of CO,. The photocatalytic
reduction of CO, into products such as HCOOH, CO, HCHO,
CH;0H, and CH, under UV or visible-light illumination has
received broad interest because it offers a sustainable route to
lower greenhouse-gas emissions. In this reaction, photons
supply the energy required to support redox steps that convert
CO, into solar fuels, and the overall rate depends strongly on
light intensity because irradiation controls the generation and
separation of electrons and holes. Precise control over excita-
tion conditions is also needed to influence product distribution
during the CO, reduction sequence. Studies have shown that
MZXenes possess properties that allow them to act as productive
co-catalysts or structural supports that enhance the activity of
established photocatalysts, and QDs add an additional benefit
through high surface area and quantum-confinement
effects.®>** Within this group, MQDs have become attractive
because their optical response can be adjusted, their surface
atoms are highly reactive, and they present a large number of
accessible catalytic sites, giving them a clear advantage for
photocatalytic CO, conversion. The general mechanism ex-
pected for CO, reduction on MQD-based composites is outlined
in Fig. 6.

For instance, Zeng et al. have synthesized a Ti;C, MQD/Cu,O
nanowire (NW) composite through a simple self-assembly
method. The presence of MQDs improved the mechanical
robustness of Cu,0 NWs and increased photocatalytic output by
accelerating electron transport, increasing light absorption and
charge carrier density, and reducing band bending and
recombination losses. SEM images verified that the porous
Cu,0 NW structure (~500 nm diameter) remained intact after
MQD deposition, although the pores were fully covered by the
dots. Uniform composite formation was assisted by attaching
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Fig. 6 Photocatalytic CO, conversion mechanism in MQD-based
composite materials.
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negatively charged poly (sodium 4-styrene sulfonate) (PSS) to
the Cu,O NWs and grafting positively charged PEI onto Tiz;C,
QDs, allowing electrostatic assembly without damaging the
nanowire architecture, though with some loss of accessible pore
volume. The resulting Ti;C, QDs/Cu,O NWs/Cu catalyst deliv-
ered a CH;0H yield of 153.38 ppm cm > from CO,, which
corresponds to increases of 8.25-fold and 2.15-fold relative to
Cu,0 NWs/Cu and Ti;C, sheets/Cu,O NWs/Cu, respectively, and
the catalyst retained 89% of its activity after six cycles. High-
resolution imaging and theoretical calculations further
showed that Ti;C, MQDs contain a high density of electronic
states near the Fermi level, which promotes electrical conduc-
tivity and rapid electron transfer. This energetic alignment
explains why MQDs facilitate interfacial charge motion. EIS
confirmed the lowest charge-transfer resistance in the MQD-
modified system, reflected by the smallest Nyquist semicircle,
demonstrating higher charge mobility than in each isolated
component.*

Recent work has expanded these systems by combining
MQDs with metal oxides or carbon nitrides to form hetero-
junctions that support stronger CO, adsorption and promote its
conversion into CO or CH, through electron-donation pathways
introduced by the MQDs. Despite recent progress, key chal-
lenges continue to limit practical deployment. Reported CO,-
conversion rates and product distributions vary widely across
studies, indicating the need for standardized testing protocols.
A deeper understanding of how particle morphology and elec-
tronic structure influence catalytic behaviour is required. In
addition, synthesis routes must be optimized to achieve cost-
effective, scalable, and environmentally safe production
before industrial adoption. Consistent performance, reliable
mechanistic understanding, and fabrication strategies suitable
for large-scale implementation will therefore be necessary to
enable real-world use.**

Surface chemistry plays a central role in determining how
MQD-based photocatalysts interact with CO,, because the
identity and density of surface groups regulate adsorption,
stabilize reactive intermediates, and direct reaction pathways.
Adjusting -O, -OH, or -F terminations, introducing defect sites,
or incorporating dopant atoms can change CO, binding
strength and shift the preferred reduction products. Oxygen-
rich surfaces create polar regions that interact strongly with
the linear CO, molecule and improve activation. Nitrogen or
sulfur dopants increase electron donation, help stabilize CO," ™
intermediates, and enhance selectivity toward CO or CH,. These
modifications also shift band positions, promoting electron
transfer into the semiconductor host, suppressing charge
recombination, and increasing photocatalytic efficiency.
Multiple studies show that MQD-modified materials absorb
more light, separate charge more effectively, and move elec-
trons rapidly across interfaces, yielding higher CO,-reduction
rates.’*>®* Together, these results demonstrate that surface
chemistry is not a passive structural feature of MQDs but
a defining factor that controls reactivity and product distribu-
tion in CO, conversion.

4.2.2. Nitrogen fixation. The catalytic conversion of
nitrogen (N,) to ammonium (NH;) under mild and sustainable
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conditions has become an important goal because it offers an
alternative to energy-intensive industrial practice. At present,
large-scale NH; synthesis is dominated by the Haber-Bosch
(HB) process, which uses multipromoted fused-iron catalysts
and operates at 400-500 °C and 100-300 bar. These extreme
conditions are required because N, is chemically inert, and the
dissociation of the N=N bond is kinetically difficult and
represents the rate-limiting step in HB catalysis. Photocatalytic
nitrogen fixation has therefore attracted interest as a cleaner
and more energy-efficient route for NH; formation at ambient
temperature and pressure.***

In this context, MQD-based photocatalysts have emerged as
promising candidates. A TizC, MQD-decorated Ni-based MOF
was recently prepared through a simple electrostatic self-
assembly procedure to form a type-II heterojunction. This
hybrid showed an NH; yield nearly four times higher than the
pristine Ni MOF. The graphene-like Ti;C, QDs improved charge
mobility and compensated for the intrinsically low electrical
conductivity of the MOF. Their small size and high surface area
increased the number of exposed active sites and enhanced N,
adsorption, which is a key step in photocatalytic N, reduction.
The Tiz;C, QDs also broadened the optical absorption range and
improved light capture, further increasing photocatalytic effi-
ciency. These effects indicate a cooperative interaction between
MQDs and the MOF matrix that promotes separation and
transport of photogenerated charge carriers. Despite this
progress, studies on MQD-based photocatalysts for nitrogen
fixation remain limited.*®

Future work should focus on clarifying key mechanistic
steps, especially the direction of charge flow and the alignment
of electronic bands at the heterojunction interface, using
advanced characterization methods such as femtosecond tran-
sient absorption spectroscopy and Kelvin probe force micros-
copy. The influence of surface terminations and defect sites on
MQDs during N, activation also requires detailed study because
these features may enable control over catalytic selectivity and
activity. Issues of scalable synthesis and operational durability
under reaction conditions must also be addressed to advance
these materials toward practical application.*

4.3. MQDs in electrochemical energy storage

MQDs have also demonstrated clear benefits in electrochemical
energy-storage systems, particularly in supercapacitors, where
rapid charge and discharge depend on fast electron and ion
movement. Their very small particle size and large surface area
allow efficient contact with the electrolyte, and their high elec-
tronic conductivity supports fast charge transport. When MQDs
are incorporated into MXene-based electrodes, they reduce the
tendency of nanosheets to restack, expose a larger fraction of
active surface atoms, and generate open channels that facilitate
ion diffusion.*® Additionally, MQDs perform well in 2D-0D
hybrid electrodes, where they enable mixed charge-storage
behaviour involving electrical double-layer capacitance and
fast faradaic reactions. According to recent studies, MQD-
modified electrodes show improved rate capability and long-

term cycling stability because the QDs increase ion
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accessibility and reduce diffusion resistance. Beyond super-
capacitors, MQDs have also been applied in lithium-sulfur and
sodium-ion batteries to suppress unwanted side reactions and
improve interface stability.*® For example, MQDs anchored onto
carbon hosts can effectively trap polysulfides, helping to
maintain a stable electrode surface and enhance cycling
performance.

4.3.1. MQDs in supercapacitors. MQDs have emerged as
a key platform for next-generation electrochemical energy-
storage systems because reducing MXenes to the quantum-dot
scale increases the fraction of edge atoms, shortens ion-
diffusion pathways, and enhances surface reactivity, which
together lead to higher charge storage and improved retention.
These structural features are well suited for supercapacitor
operation, which mainly occurs through two charge-storage
mechanisms: electric double-layer capacitors (EDLCs) and
pseudocapacitors. In EDLCs, charge is stored by the physical
adsorption of electrolyte ions at the electrode surface, resulting
in excellent cycling stability but limited energy density. In
contrast, pseudocapacitors store charge through fast and
reversible redox reactions, which provide higher capacitance
but can reduce long-term stability. Therefore, designing elec-
trode materials that can effectively combine both charge-
storage mechanisms remains an important challenge.®”

In MQDs, the very small particle size allows ions to move
more quickly and speeds up surface redox reactions. At the
same time, surface groups such as -OH, -F, and -O make the
material more hydrophilic, which helps it interact better with
aqueous electrolytes. These surface groups play an important
role in charge storage and also provide active sites for electro-
chemical reactions. As industrial activity and the use of elec-
tronic devices continue to grow, the need for efficient and
sustainable energy-storage systems is increasing. Although
these advances improve daily life, they also intensify environ-
mental pressures linked to fossil-fuel depletion, climate
change, and electronic waste. Addressing this situation requires
materials that combine low environmental impact with strong
electrochemical performance."*® Supercapacitors have drawn
attention because they offer fast charge-discharge processes,
high power density, and long cycle life. Carbon-based porous
materials have commonly been used as electrodes for EDLCs,
and transition-metal oxides and sulfides have served as the
main candidates for pseudocapacitors. However, many of these
materials show low electronic conductivity or slow ion trans-
port, which restricts attainable energy density. MQDs address
several of these limitations by increasing capacitance and rate
performance, while reducing the transport and conductivity
issues seen in conventional porous carbon and oxide-based
electrodes.”

4.3.2. MQDs in batteries. MQDs have also attracted atten-
tion as electrode materials for rechargeable batteries because
they allow fast ion transport, form stable interfaces, and offer
high charge-storage capacity. In lithium-ion batteries (LIBs),
which are widely used commercially, the performance is still
restricted by graphite anodes with a theoretical capacity of only
372 mA h g7, creating a need for alternative anode materials
with higher capacity. In lithium-sulfur batteries, MQDs help
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reduce the polysulfide shuttle effect, control redox reactions,
and stabilize the electrode-electrolyte interface, leading to
better capacity retention and longer cycle life. In addition, using
MQDs in hybrid or composite electrodes improves mechanical
stability and overall electrochemical performance.'*

In addition to Li-S batteries, MQDs have demonstrated
potential in alternative rechargeable battery systems. In
sodium-ion batteries (SIBs), Zhang et al. prepared TizC,T,
nanodots by a red-phosphorus-assisted ball-milling method
and demonstrated their effectiveness as anode materials,
achieving a sodiation capacity of 600 mA h g at 100 mA g~ *
with stable cycling over 150 cycles due to improved conductivity
and structural stability. More recently, MQDs have been applied
in zinc-air batteries (ZABs). For example, Han et al. reported
a hybrid electrode consisting of Ti;C, MQDs, NiFe-LDH, and
NG, yielding a power density of 113.8 mW cm ™2, comparable to
commercial Pt/C catalysts. These results indicate that MQDs
can support battery chemistries beyond lithium-based systems.
MQDs also help reconcile fast charge-discharge operation with
high energy storage because their nanoscale size promotes
rapid ion and electron movement, and their adjustable surface
terminations and defect sites influence redox activity and long-
term stability. Together, these characteristics position MQDs as
promising materials for high-performance rechargeable
batteries.»***

4.3.3. MQDs in advanced energy storage. Beyond conven-
tional supercapacitors and batteries, MQDs are also being
examined in newer energy-storage technologies. Their adjust-
able surface chemistry and high electrical conductivity allow
them to form stable interfaces and efficient electron-transport
pathways in hybrid electrode structures. In zinc-ion and
aluminium-ion batteries, MQDs have been shown to improve
charge-transfer behaviour and preserve electrode integrity
during extended cycling. They are also being investigated for
solid-state and flexible energy-storage devices, where they can
enhance ion mobility and mechanical robustness by creating
interconnected conductive networks within the electrode or
electrolyte. These early findings suggest that MQDs can
contribute to a broad range of advanced storage systems, as
their fast ion and electron response and adaptable surface
characteristics offer practical routes for designing durable,
high-performance, and flexible energy-storage devices.'**

5. Toward industrially relevant MQD-
based energy systems

Recent studies indicate that MQD-based materials are begin-
ning to reach performance levels that are relevant for use in
hydrogen production, photocatalysis, and electrochemical
energy storage. These advances arise from improvements in
catalytic behaviour, better stability under working conditions,
and growing attention to synthesis routes that can be extended
beyond small-scale laboratory experiments. In HER, MQDs help
reduce the required overpotential by combining good electrical
conductivity with a large number of accessible active sites and
efficient charge transport at the nanoscale. For instance, very
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small Ti;C,T, MQDs, with sizes of about 1-6 nm, provide polar
surface sites and favourable electronic states that bring the AGy
close to zero, in line with the Sabatier principle.'*® However,
achieving practical hydrogen production also requires meeting
strict performance and durability standards. These include
achieving overpotentials below 100 mV at 10 mA cm ™2, main-
taining current densities of 500-1000 mA cm > in proton
exchange membrane water electrolyzer (PEMWE),'** reducing
platinum-group metal loadings to below 0.5 mg cm 2, and
ensuring long operational lifetimes approaching 80000 h.'*
MQD-containing catalysts are beginning to approach these
standards. For example, a Mo,TiC,~Ptyxc catalyst delivers an
overpotential of 13 + 3.6 mV at 10 mA cm™ > using an ultralow
platinum loading of 36 ug cm ™~ and maintains stable operation
for 8700 h at 200 mA cm™>.* Similarly, Ru-CoP/MXene-based
catalysts reach industrially relevant current densities of 1.0
and 2.0 A ecm 2 at cell voltages of 1.75 and 1.88 V in anion
exchange membrane water electrolyzer (AEMWE) systems.*®”
Apart from hydrogen evolution, MQD-based photocatalysts
are also showing good progress toward practical CO, reduction.
Some systems report CO, conversion of about 40-50% with
faradaic efficiencies above 90%.*> MQD-metal oxide composites
produce much higher alcohol yields than metal oxides alone,
showing that MQDs help improve charge separation and
surface reactions. In addition, several MQD-based materials
give CO and CH, yields that are 1.3 to 2 times higher than those
of standard TiO,/g-C;N, photocatalysts. Despite these advances,
challenges related to oxidation stability and incomplete mech-
anistic understanding continue to limit independent large-scale
deployment.’® In photocatalytic water splitting, MQD-based
materials have shown performance close to that of noble-
metal catalysts, even though they use low-cost components.
For example, hydrogen evolution rates of up to 7.52 mmol g *
h™" have been reported for MQDs ZnIn,S,/Ti composites, and
Ti;C, QD-modified systems show up to 98-fold improvement
compared with bare TiO,. Some MQD-based systems also ach-
ieve stable overall water splitting, with both hydrogen and
oxygen produced continuously for extended periods. In certain
cases, water oxidation currents of about 3 mA cm™? at 1.23 V
versus RHE are maintained for several hours, indicating good
operational stability.®® In addition to catalytic applications,
MQDs have also been explored for electrochemical energy
storage. MQD-modified electrodes show high capacitance and
good energy density, with areal capacitances above 2000 mF
cm? and energy densities close to 90 uW h cm™>. Fibre-shaped
and asymmetric MQD-based supercapacitors further exhibit
high volumetric capacitance, good mechanical stability, and
stable cycling over 10 000 charge-discharge cycles. These results
indicate that MQDs can support flexible and wearable energy-
storage devices operating over a wide temperature range.'”
Improving performance in these applications depends
largely on how the materials are designed and modified. For
instance, controlling -O and -OH rich surface terminations
through fluorine-free or thermal synthesis routes have been
shown to influence surface reactivity in a useful way. In some
systems, adding isolated metal atoms can adjust hydrogen-
binding strength, and incorporating elements such as
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niobium enhances electrical conductivity. Structural defects
and vacancies may also be useful because they generate and
stabilise active sites rather than serving only as lattice imper-
fections. In addition to these individual strategies, combining
MQDs with other materials, such as layered MoS,, has been
shown to increase oxidation resistance and reinforce interfacial
interactions."*®"** Together, these findings indicate that MQD-
based materials are moving beyond laboratory studies and are
beginning to demonstrate practical potential for scalable
energy-conversion and storage applications.

6. Challenges and future prospects

Although interest in MQDs has grown quickly, several issues
still restrict their reliable use in practical systems. A major
challenge is achieving precise control over surface chemistry at
the quantum-dot scale. Most MQDs are produced through
multistep etching routes that use fluorine-containing reagents,
which generate mixed surface terminations and uneven defect
distributions. As a result, MQDs synthesized under similar
conditions often show significant variation in stability and
catalytic performance, making reproducibility difficult. This
situation highlights the need for fluorine-free and scalable
synthesis methods that provide better control over particle size,
surface functional groups, and defect density.>*

Stability under realistic operating environments is another
central concern. Because MQDs are extremely small and contain
many exposed edge sites, they are more chemically reactive than
their 2D MXene counterparts. This high reactivity increases
their vulnerability to oxidation, aggregation, and surface
reconstruction when exposed to air, moisture, or electrolyte
solutions. Although strategies such as surface passivation,
ligand protection, composite formation, and controlled oxida-
tion have been shown to slow down degradation, most studies
only examine stability over relatively short time periods. The
long-term behaviour of MQDs during continuous operation is
still not well understood, and systematic durability studies are
needed before these materials can be confidently applied in real
devices.

In addition to stability issues, the reaction mechanisms of
MQDs remain insufficiently clarified. Theoretical studies
suggest that quantum confinement, surface terminations, and
defect states can create distinct active sites and adjustable
electronic structures. However, direct experimental confirma-
tion of these predictions is still limited. In many cases, the
identity of the active sites and the pathways of charge transfer
during catalysis or energy storage are inferred rather than
directly observed. Wider use of in situ and operando character-
ization techniques, combined with theoretical modelling, will
be essential to establish clear structure—performance relation-
ships that are specific to MQDs, rather than extrapolated from
bulk or 2D MXenes.

Beyond materials design and basic mechanism studies, the
use of MQDs in real technologies also depends on how their
performance is measured. At present, results reported for MQD-
based catalysts and energy-storage devices vary widely from one
study to another. This is mainly because different testing
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conditions and evaluation methods are used. Adopting
common testing procedures and clear benchmarks would make
it easier to compare results and identify real improvements. At
the same time, scalable and environmentally friendly synthesis
methods are needed if MQDs are to be used in large-area
devices or for long periods of operation. Overall, MQDs
demonstrate considerable potential as quantum-confined
materials, but practical implementation will require more
precise control over synthesis, improved long-term stability,
and a clearer understanding of how structural features influ-
ence performance. Moreover, progress in these areas will help
move MQDs from laboratory studies toward practical applica-
tions in energy conversion, storage, and related fields.
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