Open Access Article. Published on 04 June 2026. Downloaded on 6/15/2026 10:49:54 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

ROYAL SOCIETY
OF CHEMISTRY

(3

RSC Advances

REV' EW View Article Online

View Journal | View Issue

W) Checkfor updates Heteroatom-doped MXene quantum dots for
selective transition metal ion sensing: from atomic-
level design to intelligent and deployable platforms

Cite this: RSC Ad\v., 2026, 16, 30369

Enas Daoud,? Bakr Imad Najm,> Omayma Salim Waleed,® Maharshikumar B. Shukla,®
Rekha M. M.,° Y. Sasikumar,’ Vipasha Sharma,® Ahmed Aldulaimi”
and Sharmin Smaeilpour

Heteroatom-doped MXene quantum dots (MQDs) have emerged as promising fluorescent nanoplatforms
for the selective detection of transition metal ions such as Fe**, Cu?*, Zn®*, and Mn®*. Their tunable
electronic structure, high quantum yield, and versatile surface chemistry enable precise modulation of
optical properties and binding interactions with metal ions. This review provides a comprehensive
overview of recent advances in the design and application of heteroatom-doped MQDs for transition
metal ion sensing. Particular emphasis is placed on atomic-level engineering strategies, including
dopant—host  electronic  coupling, defect—-dopant synergy, single-atom doping, selective
functionalization at edge versus basal-plane sites, and multi-element doping (e.g., S, P, B, and halogens).
These structural modifications enable tailored control over charge distribution, redox activity, and
coordination environments, thereby improving sensitivity and ion selectivity. Beyond conventional
fluorescence quenching mechanisms, emerging sensing strategies are also discussed, including
ratiometric detection, stimuli-responsive probes, multimodal sensing systems integrating optical,
electrochemical, and visual signals, and logic-gated or data-assisted sensing approaches designed to
improve analytical reliability in complex matrices. Representative sensing behaviors are highlighted, such

as redox-mediated quenching for Fe®* and Cu?*, fluorescence enhancement for Zn®*, and dual-
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Accepted 20th May 2026 emission ratiometric recognition for Mn<". Finally, current challenges—including synthesis scalability,

selectivity in competitive environments, matrix interference, and translation toward deployable sensing
DOI: 10.1039/d6ra02353c devices—are critically evaluated, and future directions for portable sensing platforms and intelligent

rsc.li/rsc-advances analytical systems are discussed.

1. Introduction

Transition metal ions, including Fe**, Cu®*, Zn**, and Mn*",
play pivotal roles in environmental ecosystems, biological
processes, and industrial applications.'® These ions are essen-
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Traditional analytical techniques, such as atomic absorption
spectroscopy (AAS), inductively coupled plasma mass spec-
trometry (ICP-MS), and electrochemical methods, offer high
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limiting their applicability in real-time, on-site scenarios.'***
Fluorescence-based sensors have emerged as promising alter-
natives due to their simplicity, rapid response, and compati-
bility with portable devices."*'> However, conventional
fluorescent probes, including organic dyes and semiconductor
quantum dots (QDs), suffer from limitations such as photo-
bleaching, toxicity, poor selectivity in complex matrices, and
insufficient tunability for multi-ion discrimination.*®"

In this landscape, MXene quantum dots (MQDs)—ultra-
small, zero-dimensional derivatives of two-dimensional MX-
enes—have garnered substantial attention as next-generation
fluorescent nanomaterials.’®'® MXenes, a family of transition
metal carbides, nitrides, or carbonitrides with the general
formula My, )X, T, (where M is a transition metal, X is carbon/
nitrogen, and T, denotes surface terminations), exhibit excep-
tional properties including high electrical conductivity, hydro-
philic surfaces, and tunable bandgaps. When downsized to
quantum dots via exfoliation or bottom-up synthesis, MQDs
inherit these attributes while gaining quantum confinement
effects, leading to bright photoluminescence (PL), high
quantum yields (QYs), and excellent photostability. Unlike
traditional QDs (e.g., CdSe or InP), MQDs are composed of
earth-abundant elements, offering biocompatibility and
reduced toxicity, making them suitable for bioenvironmental
applications.”®?* The rich surface chemistry of MQDs, charac-
terized by abundant functional groups (-OH, -O, -F), enables
facile modification for targeted sensing.

It is important to distinguish MQDs from their bulk or two-
dimensional MXene counterparts. While bulk MXenes
primarily exhibit metallic conductivity and layered structures
with relatively uniform electronic behavior, MQDs possess
ultrasmall dimensions typically below 10 nm. At this scale,
strong quantum confinement and a high density of edge and
defect sites significantly modify their electronic structure,
surface chemistry, and photoluminescence properties. These
size-dependent effects generate discrete energy states and
enhanced surface reactivity, which are key factors enabling
MQDs to function as highly sensitive platforms for
fluorescence-based ion sensing.

Heteroatom doping represents a transformative strategy to
enhance the sensing capabilities of MQDs. By incorporating
non-metal elements such as nitrogen (N), sulfur (S), phos-
phorus (P), boron (B), or halogens into the MQD lattice,
researchers can precisely modulate electronic structure, charge
distribution, and surface reactivity.>*** This atomic-level engi-
neering shifts MQDs from passive emitters to active recognition
platforms. For instance, N-doping introduces electron-donating
states, enhancing PL efficiency and creating coordination sites
for metal ions, while S-doping imparts redox-active properties
for selective quenching. Co-doping (e.g., N + S) synergistically
amplifies these effects, enabling emergent behaviors like
ratiometric responses.®** Such modifications address key
challenges in transition metal ion sensing: achieving nano-
molar sensitivities, discriminating between ions with similar
redox potentials, and maintaining robustness in interferent-
rich matrices.
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The evolution of MQD-based sensors has progressed from
basic intensity-based quenching to sophisticated paradigms.
Early designs focused on static fluorescence modulation, where
ion coordination disrupts radiative recombination, leading to
“turn-off” signals. However, these are susceptible to environ-
mental artifacts. Recent advancements emphasize ratiometric
architectures, where dual-emission channels provide self-
calibration, mitigating fluctuations in probe concentration or
excitation intensity. Stimuli-responsive systems further intro-
duce adaptability, allowing reversible “on-off” cycles in
response to pH or competing analytes.”””** Multimodal inte-
gration—combining optical, electrochemical, and visual
outputs—enhances versatility, while logic-gated and sequential
recognition encode chemical events as computational opera-
tions, suppressing false positives in multi-ion environments.
Data-integrated platforms, leveraging machine learning for
pattern analysis, foreshadow intelligent sensing ecosystems.>**°

Performance analyses underscore the efficacy of heteroatom-
doped MQDs for specific ions. For redox-active Fe*" and Cu*",
amino-functionalized Tiz;C, MQDs achieve quenching-based
detection with limits of detection (LODs) in the low nano-
molar range, suitable for environmental thresholds. Zn**
sensing exploits “turn-on” enhancement via excited-state
stabilization, offering selectivity over quenching-prone ions.
Mn>" detection benefits from dual-emission ratiometry,
providing robust quantification in mineral waters. Emerging
Nb,C-based MQDs expand material diversity, combining
sensing with bioimaging.®** Selectivity engineering, via
masking agents or differential signal patterns, addresses
competitive binding, while portability trends—test strips and
smartphone readers—facilitate field deployment.

Despite these strides, challenges persist. Synthesis scal-
ability remains limited by batch variability and high-energy
processes, hindering commercial viability. Fundamental selec-
tivity boundaries arise from overlapping ion affinities, necessi-
tating computational-guided design. Matrix robustness under
variable conditions (e.g., pH, salinity) demands further opti-
mization. Future directions include IoT integration for contin-
uous monitoring, biocompatible formulations for in vivo
sensing, and multifunctional devices for simultaneous multi-
ion analysis.>**

This review examines heteroatom-doped MQDs as promising
platforms for selective transition metal ion sensing. It inte-
grates atomic-level design strategies—dopant-host coupling,
defect synergy, single-atom precision, spatial doping control,
and multi-element expansion—with advanced recognition
paradigms, including ratiometric, stimuli-responsive, multi-
modal, logic-gated, sequential, and intelligent data-driven
systems. Ion-specific performance for Fe**, Cu®**, Zn®**, and
Mn*" is assessed, alongside selectivity enhancement in complex
matrices and pathways to portable, deployable formats. Key
challenges in scalability, matrix robustness, selectivity limits,
and integration are evaluated, while future directions such as
computational optimization, IoT networks, and bioanalytical
multifunctionality are outlined. This work synthesizes recent
high-impact progress to guide the evolution of MQD-based
technologies in environmental monitoring, water quality, food
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safety, and biomedical applications. This review primarily
focuses on advances in MXene quantum dots reported during
the period 2021-2026, highlighting the most recent develop-
ments in heteroatom doping strategies and sensing applica-
tions, while selectively citing earlier studies to provide essential
background for the field.

Several recent reviews and studies have examined MQDs
from different perspectives. Previous works have mainly
focused on multifunctional water remediation combining
photocatalysis, electrocatalysis, and fluorescence sensing,* as
well as nitrogen-doped MQDs emphasizing mechanistic fluo-
rescence, electrochemical, and electrochemiluminescence
sensing platforms.”” Other studies have investigated engi-
neered MQDs for energy-related applications such as micro-
supercapacitors rather than selective sensing.” In contrast,
the present review provides a broader design-oriented frame-
work that systematically correlates heteroatom doping beyond
nitrogen, atomic-level structural engineering, and advanced
recognition paradigms—including ratiometric, multimodal,
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and logic-gated sensing—specifically for selective transition
metal ion detection. This integrated structure-mechanism-
performance perspective distinguishes the scope of this review.

2. Atomic-level design strategies for
heteroatom-doped MQDs: beyond
conventional doping concepts

2.1. Dopant-host electronic coupling in MQDs: tailoring
local electronic environments

The incorporation of heteroatoms into MQDs introduces
profound modifications to their local electronic environments,
extending far beyond simple bandgap tuning. At the atomic
scale, dopant-host interactions alter charge density distribu-
tions, local work functions, and orbital hybridization patterns.
Unlike bulk MXenes, MQDs exhibit pronounced quantum
confinement and high edge-to-surface ratios, amplifying the
electronic influence of individual dopant atoms. As a result,
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(@) XPS survey spectrum, (b) high-resolution C 1s, (c) O 1s, (d) Ti 2p, (e) N 1s, and (f) FT-IR spectra of N-Ti,C MQDs, revealing dopant—host

electronic coupling and defect-stabilization effects through preservation of Ti—C bonding and nitrogen-induced localized electronic states. This
figure has been reproduced from ref. 38 with permission from American Chemical Society, copyright 2021.
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heteroatom doping in MQDs should be understood as a local-
ized electronic coupling phenomenon rather than a homoge-
neous bulk modification.****

From a materials design perspective, the electronic role of
dopants is governed by their electronegativity, valence config-
uration, and coordination preferences relative to the parent
MXene lattice. Substitutional dopants can introduce localized
donor or acceptor states, while interstitial or surface-anchored
dopants may act as charge polarization centers. These effects
lead to spatially heterogeneous electronic landscapes within
a single MQD, creating regions with distinct redox potentials
and electron affinity. Such heterogeneity is particularly relevant
for transition-metal ion interactions, as it dictates preferential
adsorption and coordination sites at the nanoscale.*

Importantly, dopant-host coupling in MQDs is strongly
size-dependent. As MQD dimensions approach the exciton
Bohr radius, even low dopant concentrations can dominate
electronic behavior. This sensitivity necessitates precise
control over dopant placement and concentration, shifting the
design paradigm from average composition toward atomistic
precision. Emerging synthetic approaches increasingly aim to
regulate dopant-induced electronic anisotropy, enabling
rational control over MQD reactivity without relying on post-
synthetic functionalization.’”*®* This atomic-level under-
standing forms the foundation for next-generation MQD
design strategies.

Panels (1a) and (1d) provide clear spectroscopic evidence
that nitrogen incorporation modifies the electronic interaction
between dopant atoms and the Ti,C host lattice. The XPS survey
spectrum (Fig. 1a) shows a decrease in oxygen-related signals
together with stronger Ti and C contributions, indicating that
the Ti,C framework remains largely preserved during the
doping process. This observation suggests that nitrogen incor-
poration occurs without extensive oxidation of the MXene
structure. The Ti 2p spectrum (Fig. 1d) further supports this
interpretation, where the dominant Ti-C peaks confirm the
integrity of the Ti-C lattice, while only weak Ti-O features are
observed. The preservation of Ti-C bonding together with the
presence of nitrogen indicates that dopants interact electroni-
cally with the Ti,C lattice rather than forming separate oxide
phases. Consequently, nitrogen atoms introduce new electronic
states within the MQD structure, modifying the local charge
distribution and strengthening dopant-host electronic
coupling within the quantum-confined lattice.

2.2. Defect-dopant interactions: engineering active sites
through coupled structural imperfections

In MQDs, intrinsic defects such as vacancies, edge termina-
tions, and lattice distortions are not merely unavoidable
imperfections but powerful design elements when coupled with
heteroatom doping. Defect-dopant interactions can stabilize
otherwise unfavorable dopant configurations and create syner-
gistic active sites with enhanced chemical reactivity. The
reduced dimensionality of MQDs magnifies these interactions,
making defect engineering a central strategy rather than
a secondary consideration.***
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Atomic vacancies, particularly metal or carbon vacancies,
can act as anchoring centers for heteroatoms, lowering the
formation energy of doped structures. When a dopant occupies
a vacancy-adjacent site, local coordination symmetry is di-
srupted, leading to asymmetric charge redistribution. This
asymmetry can induce localized dipole moments and strain
fields, both of which strongly influence surface chemistry.***
Such coupled defect-dopant motifs often exhibit electronic
states within the bandgap, enabling fine control over charge
transfer processes.

Edge defects play an even more prominent role in MQDs due
to their high proportion relative to basal planes. Edge-selective
doping strategies exploit the undercoordinated nature of edge
atoms to introduce heteroatoms with minimal lattice disrup-
tion. The resulting edge-confined active sites combine struc-
tural flexibility with electronic tunability, offering a versatile
platform for controlled interactions with external species.****
From a design standpoint, the deliberate coupling of defects
and dopants represents a shift from defect minimization
toward defect utilization, enabling the creation of function-
specific MQDs with tailored atomic architectures.

Fig. 1b and c provide insight into how dopants interact with
defect-rich regions formed during quantum dot generation. The
reduced intensity of C-O components in the C 1s spectrum
(Fig. 1b), together with the simplified O 1s profile dominated by
Ti-O and C-Ti-(OH), bonds (Fig. 1c), indicates that defect-
induced oxidation pathways are effectively suppressed. Given
the high density of undercoordinated sites created as Ti,C
MXenes are converted into MQDs, these observations suggest
preferential dopant interaction with defect-adjacent sites,
stabilizing them against further structural degradation.

The FT-IR spectrum in Fig. 1f, in conjunction with the N 1s
spectrum (Fig. 1e), further supports the formation of coupled
defect-dopant motifs. Vibrational signatures associated with
C-N and N-H groups indicate that nitrogen-containing func-
tionalities are selectively anchored at defect-prone surface
regions. Rather than acting as passive surface terminations,
these dopant-modified sites actively reshape the defect land-
scape, converting intrinsically reactive imperfections into elec-
tronically stabilized motifs. This behavior exemplifies defect
utilization rather than defect elimination.

Fig. 2 illustrates the synthetic pathway leading to the
formation of N-doped MQDs from Ti;AlC, MAX precursors and
provides mechanistic insight into how defect-dopant coupling
emerges during the process. The LiF/HCI etching step selec-
tively removes Al layers, producing Ti;C, MXene sheets rich in
surface terminations and structural imperfections that act as
chemically active sites. Subsequent ultrasonic exfoliation and
chemical functionalization with APTES introduce nitrogen-
containing groups that preferentially interact with under-
coordinated atoms and vacancy-adjacent regions generated
during MXene delamination. These defect-rich regions provide
energetically favorable anchoring environments for dopant
incorporation, enabling the stabilization of nitrogen function-
alities within the evolving MQD structure. During the hydro-
thermal cutting process that converts aminated nanosheets into
quantum dots, the high density of edges and lattice

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Schematic synthesis of N-doped MQDs from TizAlC, highlighting defect formation and dopant incorporation during quantum cutting.
This figure has been reproduced from ref. 44 with permission from Elsevier, copyright 2025.

discontinuities further amplifies defect availability, promoting
the formation of coupled defect-dopant motifs. As a result,
nitrogen dopants become integrated within defect-proximal
sites rather than randomly distributed on pristine lattice
domains, illustrating how structural imperfections formed
during MQD generation can be actively utilized to engineer
chemically stable and electronically tunable active sites.

2.3. Single-atom and low-concentration doping regimes:
precision engineering at the quantum limit

As MQDs approach ultrasmall dimensions, traditional concepts
of bulk or even surface doping become inadequate. In this
regime, single-atom or ultra-low-concentration doping emerges
as a powerful strategy for precision engineering. A single
heteroatom can dominate the electronic and chemical behavior
of an entire MQD, effectively acting as an atomic-scale func-
tional unit embedded within the host lattice. Single-atom
doping introduces discrete electronic states that are highly
localized yet strongly coupled to the quantum-confined host.
These states can serve as well-defined charge trapping or
transfer centers, offering unparalleled control over electronic
dynamics.*>*

Unlike higher dopant concentrations, which may introduce
disorder or nonradiative recombination pathways, single-atom
dopants preserve structural integrity while enabling targeted

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

functionality. This balance is particularly attractive for appli-
cations requiring high selectivity and reproducibility. From
a synthetic standpoint, achieving single-atom doping in MQDs
demands stringent control over precursor chemistry and reac-
tion kinetics. Advances in bottom-up synthesis, precursor-
limited growth, and in situ coordination control are making
such precision increasingly feasible.”®** The resulting MQDs
challenge conventional compositional descriptors, as their
properties cannot be averaged over dopant distributions.
Instead, they necessitate atom-by-atom design logic, posi-
tioning single-atom-doped MQDs at the frontier of quantum
materials engineering.

Fig. 3 provides structural and electronic evidence illustrating
how ultrasmall MQDs create a suitable platform for precision
engineering in the single-atom or ultra-low-concentration
doping regime. Panel (a) outlines the synthesis pathway,
where selective etching of the Al layer from Ti,AIC generates
Ti,CT, MQDs decorated with surface functional groups. This
process not only delaminates the layered precursor but also
produces nanoscale domains enriched with chemically active
surface sites. The TEM image in panel (b) shows highly
dispersed MQDs with an average diameter of approximately
3 nm. At this dimension, the entire particle essentially operates
within the quantum confinement regime, where the electronic
structure becomes highly sensitive to atomic-scale perturba-
tions. Consequently, the introduction of even a single

RSC Adv, 2026, 16, 30369-30394 | 30373
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Fig. 3 Structural and electronic characterization of Ti,CT, MQDs. (a) Schematic of HCl-etching synthesis route. (b) TEM image and size
distribution (~3 nm). (c) HRTEM showing lattice spacing of MQDs. (d) XPS spectra confirming removal of Al and formation of Ti—C bonds. (e) FTIR
revealing surface functional groups. (f and g) Density of states of Ti,AlC and Ti,C MQDs showing Ti-3d dominated states near the Fermi level. This
figure has been reproduced from ref. 69 with permission from Wiley Online Library, copyright 2023.

heteroatom or a very small number of dopants can significantly
influence the electronic behavior of the whole quantum dot,
highlighting why such ultrasmall MQDs are promising hosts for
atomically precise doping strategies.

Panels (c)-(g) further clarify the structural integrity and
electronic characteristics that enable such precision engi-
neering. The HRTEM image in panel (c) reveals well-defined
lattice fringes corresponding to the (104) plane, indicating
that the crystalline framework remains intact despite the
extreme size reduction. Maintaining this structural order is
essential because single-atom dopants interact strongly with the

30374 | RSC Adv, 2026, 16, 30369-30394

host lattice and their influence depends on well-defined local
coordination environments. XPS spectra in panel (d) confirm
the removal of Ti-Al bonds and the formation of Ti-C bonds,
while FTIR analysis in panel (e) verifies the presence of surface
functional groups such as -O and —-OH. These groups can serve
as coordination anchors that stabilize isolated heteroatoms or
dilute dopant species. Finally, the density of states calculations
in panels (f) and (g) show that Ti 3d orbitals dominate near the
Fermi level, implying a high sensitivity of the electronic struc-
ture to local atomic modifications. Such sensitivity suggests that
even a single dopant atom could introduce localized electronic

© 2026 The Author(s). Published by the Royal Society of Chemistry
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states capable of modulating charge transfer dynamics. Never-
theless, it is important to note that while Fig. 1 establishes the
structural and electronic framework conducive to single-atom
doping, it does not directly visualize isolated dopant atoms;
techniques such as HAADF-STEM or EXAFS would be required
for definitive confirmation.

2.4. Edge versus basal-plane doping: spatial control of
chemical reactivity

The spatial distribution of dopants within MQDs critically
determines their chemical behavior. Edge and basal-plane
doping represent two fundamentally distinct design
approaches, each imparting unique structural and electronic
characteristics. Given the dominance of edge sites in MQDs,
selective edge doping offers a means to maximize functional
efficiency while minimizing lattice perturbation.***

Edge-doped MQDs typically exhibit enhanced chemical
accessibility due to the lower coordination numbers and higher
surface energy of edge atoms. Dopants introduced at these sites
can interact directly with the surrounding environment, facili-
tating rapid and selective binding events. In contrast, basal-
plane doping tends to induce more subtle electronic modula-
tion, influencing long-range charge transport and overall elec-
tronic stability.*>*” The choice between edge and basal-plane
doping thus reflects a strategic trade-off between localized
reactivity and global electronic control.

Recent advances emphasize spatially resolved doping strat-
egies that combine both approaches within a single MQD. By
independently tuning edge and basal-plane dopant pop-
ulations, researchers can decouple reactivity from stability,
enabling multifunctional MQDs.*”*® This level of spatial control
underscores the evolution of MQD design from compositional
tuning to architectural engineering at the atomic scale.

2.5. Beyond nitrogen: expanding the dopant chemical space
in MQDs

While nitrogen has been the most extensively explored dopant
in MQDs, reliance on a single dopant limits the achievable
property space. Expanding the dopant chemical palette to
include sulfur, phosphorus, boron, and halogens introduces
new dimensions of electronic and chemical control. Each
heteroatom offers distinct electronegativity, size, and bonding
characteristics, enabling tailored interactions that cannot be
achieved through nitrogen doping alone. Multi-element and co-
doping strategies further enrich this design space by intro-
ducing cooperative effects between different dopants. Such
interactions can lead to emergent properties arising from
dopant-dopant coupling, including enhanced charge polariza-
tion or selective site activation.***°

Importantly, the reduced dimensionality of MQDs amplifies
these cooperative effects, making them particularly sensitive to
dopant combinations. Moving beyond nitrogen-centric designs
aligns MQD research with broader trends in quantum materials
and single-atom catalysis. By embracing chemical diversity and
atomic precision, heteroatom-doped MQDs can be engineered
as customizable platforms rather than fixed compositions. This

© 2026 The Author(s). Published by the Royal Society of Chemistry
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shift is essential for unlocking their full potential in advanced
functional systems.*>*

Panel (A) in Fig. 4 schematically illustrates the controlled
incorporation of chemically distinct dopants into Tiz;C, MQDs
via an electrochemical etching strategy, highlighting the
expansion of the dopant chemical space beyond nitrogen.* In
this system, nitrogen and chlorine are introduced through
independent electrochemical pathways, selectively interacting
with the carbon framework and titanium peripheries, respec-
tively. Such spatially differentiated dopant incorporation
demonstrates that MQDs can accommodate multiple hetero-
atoms with distinct electronegativity and bonding preferences
within a single quantum-confined architecture. This co-doping
strategy exemplifies how dopant diversity enables deliberate
modulation of local electronic environments, moving MQD
design beyond single-element doping toward chemically
programmable systems.

Panel (B) in Fig. 4 conceptually depicts the cooperative action
of Cl and N dopants in regulating interfacial reactivity, serving
as an example of emergent behavior arising from dopant-
dopant coupling. Rather than acting independently, the coex-
istence of dopants with contrasting electronic character gener-
ates complementary charge redistribution pathways, enhancing
the interaction of MQDs with reactive species. From a materials
design perspective, this illustrates how co-doping can produce
functionalities that are not accessible through nitrogen doping
alone, underscoring the importance of expanding the dopant
palette in MQDs.

Fig. 5 presents an integrated overview of the major atomic-
level design strategies employed in heteroatom-doped MQDs.
Unlike conventional compositional modification approaches,
these strategies emphasize precise regulation of local electronic
environments, defect distributions, and spatial dopant posi-
tioning within quantum-confined architectures. Dopant-host
coupling and defect-dopant synergy collectively modulate
charge redistribution and coordination behavior, while single-
atom doping enables highly localized electronic control with
minimal lattice disruption. In parallel, edge-selective and basal-
plane doping introduce distinct reactivity and stability profiles,
allowing decoupling of surface activity from global electronic
transport. Multi-element co-doping further expands the acces-
sible chemical space through cooperative electronic interac-
tions between heteroatoms. Collectively, these atomic-level
engineering approaches provide the structural and electronic
foundation for enhanced selectivity, sensitivity, and multi-
functionality in transition-metal ion sensing applications.

Table 1 provides a comparative overview of advanced atomic-
level engineering strategies employed in heteroatom-doped
MQDs. Rather than representing simple compositional modi-
fication, these strategies enable precise regulation of local
electronic environments, defect distributions, and spatial
dopant organization within quantum-confined architectures.
Dopant-host coupling, defect-mediated electronic modulation,
single-atom doping, and spatially selective edge/basal-plane
engineering collectively govern charge redistribution, coordi-
nation behavior, and interfacial reactivity. In parallel, co-doping
and chemical diversification strategies expand the accessible
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Fig. 4 (A) Schematic illustration of the electrochemical fabrication of chlorine and nitrogen co-doped TizC, MXene quantum dots with spatially
differentiated dopant incorporation. (B) Conceptual representation of cooperative dopant-induced interfacial reactivity enabled by multi-
element doping. This figure has been reproduced from ref. 52 with permission from Elsevier, copyright 2021.

Open Access Article. Published on 04 June 2026. Downloaded on 6/15/2026 10:49:54 PM.

L
= o Dopant—Host Coupling e Defect-Dopant Synergy e Single-Atom Doping
o i « Defects (vacancies,
& f{ y edges) anchor dopants 4 4 4 4 * lIsolated single dopant
o i3 Pl 2
5 \‘ Yr atom in the lattice
= * Enhances charge Jx U Py
(\“/z \AK’ K 1 localization n — * Maximized atomic
utilization
\‘ * Creates highly active ,‘ I;
Density of states sensing sites x + Uniform electronic
(") Vacan Dopant lati d high
* Heteroatom incorporation (N, S, P, B, etc.) = Y @ Dop: Yy e "“°d‘{ ation and higl
e © © o o stability

* Modulates electronic structure and band gap
* Alters charge density and surface polarity

o Edge vs. Basal Plane Selectivity

[e] c

t » g o > 2 o
Moo S iy [N S %« Edgesites:more defects, @ @ @ & @ * Codopingwithmultiple
a0 e o, on  higher reactivity, 5_'~'°"8 ‘ g H H H heteroatoms (e.g., N, S;
- v 2 1 coordination with ions P,B; N,P,S)
4 99 o~ OH ’ - ﬂ g H H B o .
HO ‘ + Basal plane: higher ( ;‘\'p d * Synergistic regulation
‘ ? OH  stability and excellent ’\ N\ }!\ . of electronic structure
Ho electronic transport Heteroatom-Doped 4 & &8 = ,
p‘ S OF v o W % * Abundant active sites
‘ r » Synergistic contribution MXene Quantum Dot 9 o o o o and improved sensing
Edge sites Basal plane to selectivity performance

Fig. 5 Schematic illustration of atomic-level engineering strategies in heteroatom-doped MQDs, highlighting dopant—host coupling, defect—
dopant synergy, single-atom doping, edge versus basal-plane selectivity, and multi-element co-doping for tuning electronic structure, active
sites, and selective transition-metal ion recognition.

30376 | RSC Adv, 2026, 16, 30369-30394 © 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ra02353c

View Article Online
RSC Advances

Review

£1anoe [eotwayd Y3y uonezinn j10dsuen OTUOIIII[ SAON PIBNUIIPIP Zuidop Zuidop
15-6¥ pue A1[Iqels snosuenuwIs 309Jop 9A1II[S pue f1anoear pajdnosag A[TeIn3oayoIy [eseq/a8pa pare3aidas paajosa1 Afreneds
Aiqedes
uonIudooar anheue UONeZI[Iqe)S UOE[NPOW [8}IqI0 [ennsIauI uonerodioour uorsuedxa
AT pue xopa1 papuedxy [ermonmns aaneiadood UQALIP-A)1ATIE39U0N02[ /Teseq/a3pa S ‘d ‘g ‘uadoreH [eSTWaYD WO0Je0INIH
JIo1ABY(q 3UISUIS PIoUBYUD Zurdnod oruonos[ uonezrrejod paulquod SUI2)SAS Zuidop
75-0S pue [euondUNJINIA juedop-juedoq a31e1 ONSI3IOUAS [eseq + 23pa S+d‘d+N‘S+N -0D JUIWR[R-NNIA
[01U0d
UOISSTW pue AIIqeIs UOTIOISIP uonernpouw j1odsuer) Zuidop
0S-L¥ JIUOII0J[O pIoue Uy 90117€[ [BWIUIIA o1U0103[0 d8ueI-3uot uorL3aI 2013e] [eseg suejd-reseq wiojrun Burdop ouerd-feseqg
SJUSWIUOIIAUD JTUIOJ.
uonudoodar PaleuIpI00dIdpUN A1A130€01 20BJINS pUB SW0Je0119Y
9b-€¥ uor 9[qIssadoe pue pidey sytordxg Arsuap a8reyo [eoo] y3IH S991S 293p2 AON pauguoo-23pd Zurdop aanoares-23pa
aoueeq A1anoea1/AIIqels UONeZI[Iqe)S
soudosaurwnjojoyd P2IsISSe-102J9p pue uone[npow ouerd Teseq uornerodioour urdop
£r-0F pasoaduug uonedaidde paonpay pueq 21U013939[2 auIg Apueurwopaid d/S/N amn[iq UOTIBIIUIIUOI-MO]
Buisuas UOTIBUIqUIOdI
pajjonuod-uorsaid [ewrrurw yIm Arideyur S97€1S JIUOIII[D uonerodioour
6€-L€ PUE 2A1399]9s-B1[N [eINIONIS SUTBIUTEIN PazI[ed0] 2321981 uo1321 [eseq 10 a3pa WI0Je0INAY PIE[OST durdop woye-a13urs
Kisuap
SUOT [e}9UI-UONISURIT) SOIIS 2ATIOR [OLI 93reyd sImowrwse pue $3109J2p urdop
9e-v¢ pIemo) Aruyje pasueyuyg -109JaP JO UONRZI[IqRIS uoneurio a[odip pazi[eso 93pa pue saouBIRA S/N P21BIDOSSE-AOUBIRA A319u4s juedop-109JoQ
uonyeqinjiad paziesof
UOTRUIPIO0D UOT JANII[IS M YIOMIWRTJ UOTRZIPLIGAT] [BIIqI0 3urdop Tennsiaur Zurdnoo
£€-0¢ pue AI1A130€ XOpaI d[qeuny, 9011IE] SAAIISAId pUE UOINQINSIPaI 318D ouerd reseq + 28pq /reuonmmnsqns g ‘d ‘s ‘N o1u0I39372 1soy-juedoq
pEN| W00INO [BUONOUNG 9101 309J9p/[BINIONIIS 109139 OIUOII[D ATRWILI] urewop [eneds uoneindguod juedoq A3ayens udisa@

uonIUBO3I UOI |RISU-UONISURIY BAIIDS)9S 104 SO Padop-woieotaiay ul saibaielys Buliaauibus 19As)-DIWLO)e PaduURAPY T dqel

'90UB217 paModun 0'g uong LNy suowiwoD aaireas) e sepun pasusol|siapiesiyl |[EEGEEL ()
"INd 75:6%7:0T 9202/ST/9 U0 papeo|umod "920Z 8Unf* 0 UO Paus!|and (01l ss800y usdO

RSC Adv, 2026, 16, 30369-30394 | 30377

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


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ra02353c

Open Access Article. Published on 04 June 2026. Downloaded on 6/15/2026 10:49:54 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

electronic and redox landscape of MQDs, enabling tailored
recognition behavior toward transition-metal ions. Collectively,
these approaches illustrate the evolution of MQD engineering
from conventional bulk doping toward atomically program-
mable sensing architectures with tunable selectivity, stability,
and multifunctionality.

2.6. Atomic structures of MQDs and transition-metal ions:
structural basis for ion recognition

To further clarify the fundamental interactions underlying
transition-metal ion sensing, it is important to consider the
atomic structures of both MQDs and the target metal ions.
MQDs are typically derived from layered MAX phases (M,,+1AX,,),
where M represents an early transition metal (e.g:, Ti), A is an A-
group element (such as Al), and X denotes carbon or nitrogen.
After selective etching of the A layer, two-dimensional MXene
sheets such as Ti;C,T, or Ti,CT, are produced, where T,
represents surface terminations including -O, -OH, and -F.
When these sheets are further reduced to the quantum-dot
scale, the resulting MQDs retain the hexagonal metal-carbon
framework while exhibiting abundant edge sites and surface
functional groups.

At the atomic level, the lattice structure consists of
transition-metal layers sandwiched with carbon atoms, forming
strong Ti-C bonds that provide structural stability and elec-
tronic conductivity. Surface terminations and edge defects
introduce additional coordination sites capable of interacting
with external species.”®? These chemically active sites play
a central role in ion recognition because they can coordinate
with metal ions through electrostatic attraction, surface
complexation, or electron-transfer processes.

Transition-metal ions such as Fe*', Cu®**, Zn*', and Co**
possess partially filled d orbitals and well-defined coordination
geometries. Their electronic configurations enable strong inter-
actions with electron-rich surface groups on MQDs, particularly
oxygen- or nitrogen-containing functional groups introduced
through heteroatom doping. At the nanoscale interface, these
ions may form coordination complexes with dopant atoms or
surface ligands, leading to measurable changes in fluorescence,
charge transfer, or electrochemical response.***

Therefore, understanding the atomic structures of both
MQDs and transition-metal ions provides essential insight into
the mechanisms of selective ion recognition. The interplay
between the quantum-confined MXene lattice, surface func-
tional groups, and the coordination chemistry of transition-
metal ions ultimately governs sensing sensitivity and selec-
tivity in heteroatom-doped MQD systems.

3. Emerging recognition paradigms in
MQDs: from static fluorescence signals
to intelligent sensing systems

3.1. From intensity-based readouts to information-rich
ratiometric recognition architectures

Conventional fluorescence-based sensing strategies have

historically relied on single-channel intensity changes as the
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primary analytical signal. While straightforward, such
approaches are inherently vulnerable to environmental fluctu-
ations, probe concentration variations, and instrumental
instability. In response, ratiometric recognition architectures
have emerged as a transformative paradigm for MQD-based
sensing systems. These architectures generate two or more
correlated optical signals, enabling internal calibration and
enhanced analytical robustness.>*™*

Ratiometric systems encode recognition events as signal
ratios rather than absolute intensities, significantly improving
accuracy in complex matrices. In the context of MQDs, this
paradigm can be implemented through dual-emission systems,
energy transfer cascades, or coupling MQDs with secondary
emissive species. Importantly, the ratiometric concept is not
merely a signal-processing upgrade but a fundamental shift in
how recognition information is represented and interpreted. By
converting chemical interactions into multidimensional optical
outputs, these systems increase information density per
sensing event.>**’

Beyond analytical reliability, ratiometric architectures
enable discrimination between closely related analytes by
exploiting differential modulation of multiple channels. This
capability is particularly relevant for transition-metal ions,
which often exhibit overlapping coordination behavior. By
designing recognition systems that respond along orthogonal
optical axes, MQD-based platforms can transcend the selectivity
limitations of single-signal probes. At a systems level, ratio-
metric recognition aligns MQD sensing with broader trends in
analytical chemistry toward self-referenced and error-tolerant
measurement strategies.>*" As sensing environments become
increasingly complex—ranging from environmental samples to
biological fluids—the transition from intensity-based to
information-rich readouts represents a critical evolutionary step
for MQD-enabled recognition technologies.

The panels in Fig. 6 illustrate the analytical performance of
the MQD-based photoelectrochemical (PEC) aptasensor and
highlight how signal modulation can encode recognition events
with high reliability. Panel (A) shows the photocurrent
responses obtained at different concentrations of lincomycin
(Lin), where the gradual increase in signal reflects the sensitive
interaction between the target molecule and the MQD-based
sensing interface. This concentration-dependent modulation
demonstrates how chemical recognition can be translated into
measurable electronic outputs. Panel (B) presents the corre-
sponding calibration relationship between photocurrent and
the logarithm of Lin concentration, revealing a wide linear
detection range and an ultralow detection limit, which indicates
the high sensitivity of the sensing platform. Meanwhile, panel
(C) evaluates the selectivity of the system by comparing the
response to Lin with several structurally related antibiotics,
confirming that the sensor maintains a highly specific response
even in the presence of potential interferents. Finally, panel (D)
demonstrates the operational stability of the aptasensor under
repeated light on/off cycles, showing negligible signal degra-
dation. Collectively, these results illustrate how MQD-integrated
sensing architectures convert molecular recognition into
reproducible and information-rich signal outputs, a key

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Analytical performance of the PEC aptasensor. (A) Photocurrent responses at different Lin concentrations. (B) Calibration curve of
photocurrent versus logarithmic concentration of Lin. (C) Selectivity evaluation against interfering antibiotics. (D) Stability test under repeated
illumination cycles. This figure has been reproduced from ref. 60 with permission from Elsevier, copyright 2022.

requirement for the development of robust and advanced
recognition systems.

3.2. Adaptive and stimuli-responsive recognition systems:
toward dynamic sensing behavior

Traditional sensing platforms are typically static, designed to
respond once to a specific analyte under fixed conditions. In
contrast, adaptive and stimuli-responsive recognition systems
introduce dynamic behavior into MQD-based sensing, allowing
the system to adjust its response based on external or internal
stimuli. This paradigm draws inspiration from biological
recognition processes, where sensing is inherently context-
dependent and reversible. Adaptive recognition systems can
modulate their sensing performance in response to factors such
as pH, ionic strength, competing species, or sequential analyte
exposure.®>** Rather than being sources of interference, these
variables become integrated control parameters that shape the
sensing outcome. In MQD-based platforms, such adaptability
enables multi-stage recognition processes, where one stimulus
activates or deactivates sensitivity toward another target.
Stimuli-responsive behavior also enables reversible and
reusable sensing systems. By designing recognition architec-
tures that can switch between “on,” “off,” or intermediate
states, MQD-based probes can perform multiple sensing cycles
without structural degradation. This dynamic capability is

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

particularly attractive for real-time monitoring applications,
where continuous or repeated measurements are required. At
a conceptual level, adaptive recognition represents a departure
from single-analyte detection toward system-level responsive-
ness. MQDs serve not only as signal transducers but as integral
components of responsive networks that process environmental
information.®*® This shift elevates MQD sensing from a passive
measurement tool to an active analytical system capable of
decision-making based on changing conditions.

3.3. Multimodal recognition strategies: integrating optical,
electrochemical, and visual outputs

As sensing challenges grow more complex, reliance on a single
transduction mode is increasingly insufficient. Multimodal
recognition strategies address this limitation by integrating
multiple signal outputs—such as optical, electrochemical, and
visual responses—within a single MQD-based platform. These
systems leverage complementary detection modalities to
enhance confidence, versatility, and user accessibility. In
multimodal architectures, MQDs often act as a central recog-
nition element capable of interfacing with diverse signal path-
ways. Optical signals may provide high sensitivity, while
electrochemical responses offer quantitative precision and
compatibility with portable devices. Visual outputs, such as
color changes or test-strip readouts, enable rapid and

RSC Adv, 2026, 16, 30369-30394 | 30379
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instrument-free detection.®”*® The convergence of these modes
creates layered information channels that reinforce analytical
conclusions.

Importantly, multimodal recognition does not simply repli-
cate the same information across different outputs. Instead,
each modality can be tailored to respond to distinct aspects of
the recognition event, such as concentration range, kinetics, or
competing species. This functional differentiation enhances the
analytical depth of MQD-based systems and reduces ambiguity
in real-world applications. From a translational perspective,
multimodal strategies bridge the gap between laboratory-scale
performance and field deployment. By accommodating both
high-end instrumentation and low-resource settings, MQD-
based multimodal sensors align with global trends toward
decentralized and user-friendly analytical technologies. This
versatility positions MQDs as adaptable platforms rather than
single-purpose probes.®”*

Fig. 7 illustrates how the CPB-MXN quantum-dot composite
operates as a platform capable of integrating optical excitation
with electrical signal readout, highlighting the principles of
multimodal recognition architectures. Panel (a) presents the
device configuration used to probe the photoelectrical behavior
of the QD films. The current-voltage curves in panel (b) show
that individual CPB and MXN QD films exhibit weak electrical
conductivity and limited photocurrent under illumination,
indicating inefficient carrier transport and rapid recombination
within isolated nanocrystals. In contrast, the CPB-MXN
composite device in panel (c) displays markedly enhanced
conductivity and a pronounced photocurrent response when
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illuminated. This behavior suggests efficient interfacial charge
separation and transfer between CPB and MXN domains, which
creates a conductive pathway that converts optical excitation
into measurable electrical output. The dynamic photocurrent
switching observed in panel (d) during repeated illumination
cycles further confirms the reversible and stable photoresponse
of the composite system. Together, these observations demon-
strate how MQD-based hybrid structures can couple optical
stimulation with electrical transduction, providing comple-
mentary signal channels that enhance detection reliability and
analytical versatility. Such integration of photonic and elec-
tronic responses exemplifies the operational principle of
multimodal sensing platforms, where different output modali-
ties reinforce the interpretation of the same recognition event.

3.4. Logic-gated and sequential recognition systems:
encoding chemical events as logical operations

Logic-gated recognition systems represent a conceptual leap in
chemical sensing, transforming MQD-based platforms into
information-processing devices. In these systems, chemical
inputs—such as the presence of specific ions or stimuli—are
treated as logical variables that produce defined outputs based
on Boolean or multi-valued logic rules. This approach enables
highly selective recognition through combinatorial decision-
making rather than single-response thresholds. Sequential
recognition architectures further extend this concept by
requiring ordered input events to generate a measurable
output. Such systems can discriminate analytes not only by
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(a) Device architecture of the CPB-MXN QD photodetector; (b) /-V characteristics of CPB and MXN QD films in dark and under illu-

mination; (c) enhanced photocurrent response of the CPB—MXN composite device; (d) time-dependent photocurrent switching during repeated
light on/off cycles. This figure has been reproduced from ref. 71 with permission from American Chemical Society, copyright 2020.
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identity but also by interaction sequence, offering a powerful
means of suppressing false positives. MQDs are particularly
well-suited for these architectures due to their fast response
times and compatibility with multiple signal modulation
mechanisms.***

Logic-gated recognition is especially valuable in environ-
ments containing multiple potential interferents. By encoding
selectivity into logical conditions rather than relying solely on
chemical affinity, MQD-based systems achieve higher specificity
under realistic conditions. This strategy mirrors computational
principles, effectively embedding basic information processing
within the sensing material itself. At a broader level, logic-based
recognition reflects the convergence of sensing and computa-
tion. MQD platforms capable of executing logical operations
blur the boundary between analytical chemistry and molecular
information science, opening pathways toward intelligent
sensing systems that respond selectively based on predefined
decision rules.*>”*

Fig. 8 illustrates a sequential recognition process in which
MQDs operate as a fluorescence transduction platform
responding to two chemical inputs in a logic-like manner. As
shown in panel (a), the FL intensity of MQDs is rapidly
quenched upon the introduction of Ni**, indicating the
formation of a coordination interaction that suppresses emis-
sion. When histidine (His) is subsequently introduced, the
fluorescence signal recovers due to the stronger complexation

View Article Online

RSC Advances

between Ni** and His, which disrupts the Ni**~MQD interac-
tion. This stepwise signal modulation demonstrates a sequen-
tial sensing mechanism in which the final output depends on
the ordered introduction of two chemical species. Panel (b)
further shows that the fluorescence recovery increases
progressively with raising His concentration, reflecting the
quantitative responsiveness of the system. The corresponding
calibration curve in panel (c) confirms a linear relationship
between fluorescence recovery and His concentration within the
tested range, highlighting the analytical capability of the
recognition architecture. Finally, panel (d) evaluates the selec-
tivity of the system against other essential amino acids,
demonstrating that significant fluorescence recovery occurs
only in the presence of His. Together, these results exemplify
how MQD-based sensing platforms can encode chemical events
as ordered signal transformations, consistent with the princi-
ples of sequential and logic-gated recognition systems.

3.5. Toward intelligent and data-integrated recognition
platforms using MQDs

The future of MQD-based recognition lies in the integration of
sensing systems with data analytics and intelligent decision
frameworks. Rather than treating recognition as an isolated
measurement, emerging platforms aim to contextualize MQD
signals within broader data streams, enabling pattern recogni-
tion, anomaly detection, and predictive analysis. Intelligent
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Fig.8 Sequential fluorescence recognition of histidine using MQDs. (a) Time-dependent fluorescence response after sequential addition of Ni2*
and His. (b) Fluorescence recovery of Ni®*~MQDs at different His concentrations. (c) Calibration curve of fluorescence recovery versus His
concentration. (d) Selectivity of the sensing system toward His over other amino acids. This figure has been reproduced from ref. 72 with

permission from American Chemical Society, copyright 2021.
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recognition systems can leverage temporal signal evolution,
multivariate outputs, and historical data to enhance reliability
and interpretability. MQDs, with their tunable and multiplexed
response capabilities, provide rich datasets well-suited for
algorithmic analysis. This synergy enables the transition from
threshold-based detection to data-driven recognition
models.”7*

Such integration is particularly relevant for continuous
monitoring applications, where large volumes of data must be
processed in real time. By coupling MQD-based sensors with
computational tools, sensing platforms can adapt detection
strategies dynamically, identify trends, and issue actionable
outputs rather than raw signals. Ultimately, the evolution
toward intelligent recognition systems redefines the role of
MQDs in sensing technologies. They become components of
adaptive analytical ecosystems rather than standalone probes.
This paradigm shift aligns MQD research with broader move-
ments toward smart materials and autonomous sensing
infrastructures.””®

Table 2 summarizes the evolution of MQD-based recognition
systems from conventional single-channel fluorescence probes
toward adaptive, multimodal, and data-integrated sensing
architectures. Traditional intensity-based sensing provides
operational simplicity but remains highly susceptible to envi-
ronmental fluctuations and matrix-dependent interference.
Emerging paradigms, including ratiometric, stimuli-
responsive, multimodal, logic-gated, and sequential recogni-
tion systems, overcome these limitations by introducing self-
calibration, dynamic signal modulation, and multidimen-
sional analytical outputs. In parallel, intelligent data-integrated
platforms combine MQD-generated signals with computational
processing, enabling predictive analysis and autonomous
sensing behavior. Collectively, these developments demonstrate
the transformation of MQDs from passive fluorescence trans-
ducers into programmable and information-rich sensing
systems capable of selective, adaptive, and real-time chemical
recognition under complex operating conditions.

4. Transition-metal ion recognition
using heteroatom-doped MQDs:
performance metrics and
application-oriented analysis

Although a wide range of sensing platforms—including carbon
quantum dots, graphene-based materials, organic fluoro-
phores, and metal-organic frameworks—have been explored
for detecting transition-metal ions such as Fe**, Cu®*, Zn>", and
Mn®>*, the present review specifically focuses on MQD-based
sensing systems due to their unique optical properties and
tunable surface chemistry.

4.1. High-sensitivity recognition of Fe*" ions: redox-active
MQD platforms for environmental monitoring

Iron(m) ion detection remains one of the most mature and
analytically demanding application areas for MQD-based

© 2026 The Author(s). Published by the Royal Society of Chemistry
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fluorescent sensors, owing to the strong redox activity of Fe**
and its widespread environmental relevance. MQD platforms
functionalized with heteroatom-containing surface groups
demonstrate a remarkable ability to convert Fe*'-surface
interactions into measurable fluorescence responses across
broad concentration ranges, enabling both ultra-trace detection
and routine environmental monitoring.”””®

In amino-functionalized TizC,T, MQDs, Fe*" recognition is
dominated by redox interactions between the highly oxidizing
Fe*' ions and the electron-rich MQD surface. These interactions
lead to efficient fluorescence quenching, producing a highly
sensitive analytical signal with linear behavior spanning nano-
molar to micromolar concentrations.”” Detection limits in the
low nanomolar regime position such platforms well below
regulatory thresholds for drinking water, making them partic-
ularly suitable for early-warning monitoring of iron contami-
nation. The wide dynamic range further supports their
applicability across diverse environmental conditions, from
pristine water sources to industrial effluents.

Alternative MQD-based Fe*" sensing strategies rely on elec-
trostatic and aggregation-induced quenching effects rather
than direct redox coupling. MQDs prepared through solvent-
regulated ultrasonic routes exhibit rapid fluorescence suppres-
sion upon Fe*" exposure, attributed to ion-induced aggregation
processes that disrupt emissive pathways.”® Although these
systems typically operate with micromolar detection limits,
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their rapid response kinetics and straightforward preparation
protocols offer distinct practical advantages. Such characteris-
tics are especially valuable for screening-level analyses or on-site
testing scenarios where operational simplicity and speed are
prioritized over extreme sensitivity. Taken together, these
complementary approaches illustrate the adaptability of
heteroatom-doped MQDs for Fe®" monitoring. Redox-active
platforms emphasize sensitivity and trace-level detection,
while aggregation-driven systems favor robustness and ease of
deployment.’>” This performance diversity highlights how
MQD-based Fe®" sensors can be strategically selected or engi-
neered to meet specific analytical objectives across varied
environmental monitoring contexts.

4.2. Cu*' ion detection via fluorescence quenching and
ratiometric amplification

In this subsection, MQD-based sensing strategies for the
detection of Cu®" ions are discussed. Copper(n) ion detection
represents a critical analytical task due to the ion's catalytic
activity, biological relevance, and frequent presence in natural
and industrial water systems. Heteroatom-doped MQD plat-
forms demonstrate that Cu®* can be sensitively detected
through both direct fluorescence intensity modulation and
more advanced ratiometric signal amplification strategies,
enabling flexible adaptation to different analytical
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Fig.9 Fluorescence sensing performance of N-doped MQDs toward Fe

Cu?* concentration (uM)

3* and Cu?* ions. (A and C) Fluorescence emission spectra of N-MQDs

recorded at 330 nm in the presence of increasing concentrations (0-500 uM) Cu®* ion, respectively. (B and D) Linear relationship between

normalized fluorescence quenching efficiency ((Fo — F)/Fo) and metal io
the low-concentration range. This figure has been reproduced from ref.
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requirements.”*® Amino-rich, covalently nitrogen-doped MQDs
exhibit pronounced fluorescence quenching upon Cu** coor-
dination, providing a simple yet effective sensing modality.”
This response remains linear over a wide concentration window
extending from submicromolar to several hundred micromolar
levels, covering concentration ranges relevant to environmental
regulation and industrial discharge monitoring. Detection
limits well below guideline values ensure adequate sensitivity,
while the incorporation of masking strategies enables reliable
discrimination against competing metal ions in complex
aqueous matrices. The demonstrated compatibility with real
water samples confirms the operational relevance of this
intensity-based sensing approach.

As illustrated in Fig. 9A and C, the fluorescence emission of
N-MQDs shows quenching behavior in the presence of Cu®*
ions; the same sensing platform was also reported to respond to
Fe*’, indicating its multi-ion detection capability. With
increasing metal ion concentration from 0.5 to 500 uM, the
emission intensity decreases monotonically, indicating efficient
interaction between the paramagnetic metal ions and the
emissive states of the MQDs. In the case of Cu®’, this strong
quenching response is attributed to the formation of stable
coordination complexes between Cu”* ions and amino func-
tionalities introduced through nitrogen doping.*>** Such coor-
dination facilitates non-radiative electron or energy transfer
processes, effectively depleting the excited-state population and
suppressing fluorescence emission, consistent with a charge-
transfer-assisted quenching mechanism.

Quantitative analysis of the sensing performance, shown in
Fig. 9B and D, reveals a robust linear relationship between the
normalized fluorescence quenching efficiency ((F, — F)/F,) and
Cu*" concentration over the 0.5-100 uM range. The low detec-
tion limit of 0.15 uM underscores the high sensitivity achieved
through heteroatom doping, which enhances both the intrinsic
fluorescence intensity of the MQDs and their affinity toward
Cu** ions. Compared with undoped MQDs, the aminated N-
MQDs display significantly amplified quenching responses,
highlighting the critical role of surface electronic structure and
functional group engineering in regulating metal ion-MQD
interactions. These results align well with the broader frame-
work of fluorescence modulation and signal amplification,
demonstrating how tailored MQD platforms enable reliable,
selective, and ultrasensitive Cu®>' detection
environments.

In contrast, ratiometric MQD-based Cu** sensors encode ion
recognition as a ratio between two fluorescence emissions,
significantly enhancing analytical robustness.** By decoupling
the analytical signal from absolute intensity values, ratiometric
amplification minimizes the influence of external variables
such as excitation fluctuations, probe concentration variations,
and photobleaching. As a result, detection limits are pushed
into the nanomolar range, representing a substantial improve-
ment in sensitivity and reliability compared to single-channel
fluorescence probes.

From a performance perspective, intensity-based quenching
sensors offer simplicity, broad dynamic ranges, and ease of
implementation, making them suitable for routine monitoring

in aqueous
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applications. Ratiometric systems, while more complex, provide
superior sensitivity and measurement stability, particularly in
challenging or variable sample environments. Together, these
complementary strategies establish heteroatom-doped MQDs
as versatile and competitive platforms for Cu** detection across
laboratory and real-world analytical scenarios.

4.3. Zn*" recognition through fluorescence enhancement
and sequential signal modulation

Zinc(u) ion detection presents a unique challenge in transition-
metal sensing due to its fully filled d-orbitals and minimal
participation in redox processes. Conventional fluorescence
quenching strategies, which rely on electron-transfer or redox
interactions, often produce weak or non-selective signals when
applied to Zn**. Nitrogen-doped-MQDs overcome this limita-
tion by employing fluorescence enhancement as the primary
transduction mechanism, converting subtle coordination-
induced electronic perturbations into strong emissive outputs.

In this system, Zn*>* coordination induces a pronounced
fluorescence “turn-on” response, with linear detection behavior
in the low micromolar range. The enhancement mechanism
stems from stabilization of the excited-state electronic structure
of the MQDs, promoting radiative recombination and sup-
pressing non-radiative decay. This approach contrasts with
conventional quenching-based sensors and allows Zn”>" to be
detected with minimal interference from quenching-prone
transition metals. The resulting analytical signal is highly
sensitive, with low detection limits and good reproducibility
across repeated measurements, demonstrating the robustness
of the fluorescence enhancement strategy.**

A notable advancement of this platform is its sequential
“off-on-off” modulation capability. After initial Zn*"-induced
fluorescence enhancement, secondary analytes can modulate
the emission reversibly, enabling multi-step sensing applica-
tions. This feature allows selective secondary detection without
compromising Zn>" quantification, which is particularly
advantageous in complex sample matrices such as environ-
mental waters and food extracts. By exploiting the reversible
nature of coordination interactions, the platform integrates
both primary detection and functional adaptability.*”**

The system's practical utility has been validated in real-world
matrices, highlighting the potential of fluorescence
enhancement-based MQDs for operationally relevant Zn**
sensing. Compared to redox- or quenching-dominated plat-
forms, this strategy provides superior selectivity in mixed-metal
environments, where non-redox ions would otherwise fail to
produce measurable or distinguishable signals. Overall, the
approach illustrates how diversifying signal transduction
modes broadens the functional capabilities of MQD-based
sensors, establishing a pathway for analytically challenging
ions to be detected with high fidelity.

4.4. Mn”" detection using ratiometric dual-emission MQD-
based probes

Manganese(u) detection poses a particular analytical challenge
due to the weak perturbation it induces in fluorescence-based

© 2026 The Author(s). Published by the Royal Society of Chemistry
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systems. As Mn”* is neither strongly redox-active nor a potent
quencher, single-emission intensity measurements are prone to
signal drift, matrix effects, and limited sensitivity. Ratiometric
dual-emission MQD platforms address these limitations by
generating an internal reference signal alongside the Mn*'-
responsive emission, producing a self-calibrating, highly robust
analytical output. In this configuration, Mn>" coordination
triggers a new emission band, while a separate, metal-
insensitive emission serves as a reference. The ratio of these
two intensities provides a linear and concentration-dependent
signal across the low micromolar range, with detection limits
extending into the nanomolar regime. This self-normalizing
behavior enhances quantitative reliability and mitigates inter-
ference from environmental variability, probe concentration
fluctuations, and excitation instability, which are common
limitations of single-channel sensors.®

The ratiometric approach also confers superior selectivity in
complex ionic matrices, where competing divalent cations or
varying ionic strength might otherwise compromise detection.
Testing in commercially available mineral waters confirmed
both high selectivity and reproducibility. Importantly, the
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platform can be translated into visual and portable formats,
such as test strips, enabling rapid on-site analysis without the
need for sophisticated instrumentation. This combination of
sensitivity, selectivity, and deployability addresses the growing
demand for practical water quality monitoring tools. From
a design perspective, ratiometric MQDs exemplify how hetero-
atom doping and engineered emission properties can overcome
intrinsic sensing limitations of chemically inert or weakly
interacting metal ions. By leveraging dual-emission behavior
and internal referencing, these systems maintain analytical
fidelity while broadening applicability beyond laboratory
conditions.’* The Mn** platform thus establishes a generaliz-
able framework for incorporating ratiometric signal strategies
into next-generation MQD-based metal ion sensors.

Fig. 10 systematically illustrates the design rationale and
analytical robustness of the dual-emission ratiometric MQD-
based probe (MQDs-EDTA-Eu*’-DPA) for Mn>" detection.
Optimization of experimental parameters reveals that both Eu**
concentration and solution pH critically govern sensing
performance. As shown in Fig. 10A, the ratiometric response
toward Mn>" is maximized at a Eu®* concentration of 100 uM,
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where balanced emission intensities enable optimal signal
contrast. Meanwhile, Fig. 10B and C demonstrate that near-
neutral pH conditions favor stable and reproducible detection
of Mn*" ion, justifying the use of PBS buffer at pH 7.0 for
subsequent measurements. This optimization step is essential
for ensuring that ratiometric outputs reflect genuine metal—-
probe interactions rather than environmental fluctuations.

Under UV excitation at 265 nm, the probe exhibits two well-
resolved emission bands: a blue emission at 445 nm originating
from the MQDs and a red emission at 616 nm associated with
the Eu**-DPA complex (Fig. 10D). Upon addition of Ca”>* ions,
the red Eu**-centered emission is selectively attenuated while
the MQD emission remains invariant, yielding a visually
discernible color transition from red to light blue (inset of
Fig. 10D). The resulting linear relationship between Itgi6/Iraas
and Ca®" concentration (Fig. 10E) confirms the role of the MQD
emission as an internal reference channel, highlighting the self-
calibrating nature of the ratiometric strategy.

In contrast, Mn>" detection proceeds through a distinct dual-
modulation pathway. As shown in Fig. 10G, coordination
between Mn>" ions and DPA ligands induces the emergence of
a new purple emission band at 380 nm, attributed to the Mn>*-
DPA complex, while the Eu**-based emission at 616 nm is
gradually suppressed. This dual-emission evolution produces
a clear color change from red to purple (inset of Fig. 9G) and
enables construction of a highly linear ratiometric calibration
curve based on Ig;50/Ire16- The low detection limit in the nano-
molar regime underscores the effectiveness of ratiometric
amplification in overcoming the inherently weak fluorescence
perturbation typically associated with Mn”" ions.

Selectivity studies further validate the analytical reliability of
this platform. As depicted in Fig. 10F and I, common coexisting
ions defined in drinking water and natural mineral water
standards induce negligible interference in the ratiometric
response. This resistance to matrix effects, combined with
internal referencing and visually distinguishable fluorescence
changes, exemplifies how dual-emission MQD architectures can
deliver high-fidelity Mn** sensing under realistic conditions.

4.5. Composition-engineered MQDs: structure-property
correlations in Nb,C-based systems

The development of Nb,C-based MQDs introduces critical
material diversity in the MQD field, which has traditionally
focused on TizC,-derived systems. Sulfur and nitrogen co-
doping of Nb,C MQDs yields bright green fluorescence, stable
photophysical characteristics, and robust coordination
behavior toward Cu®* ions. This material choice demonstrates
that high-performance transition-metal ion sensing is achiev-
able beyond Ti-based MQDs and highlights the role of MXene
composition in tuning electronic structure and surface chem-
istry. Cu®" detection using Nb,C MQDs occurs in the low
micromolar range, offering sufficient sensitivity for biological
and environmental applications. While the detection limits may
not reach the extreme nanomolar values reported for some Ti-
based systems, the Nb,C MQDs provide complementary
advantages: excellent photostability and biocompatibility.** The
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sustained fluorescence under prolonged excitation allows inte-
gration into bioimaging workflows, enabling dual functionality
in ion sensing and cellular imaging.

The platform exemplifies a performance balance that
extends MQD applicability beyond ultra-trace detection. By
engineering MXene composition and heteroatom dopants, the
sensing system achieves a combination of moderate sensitivity,
functional stability, and application versatility. This approach
underscores the importance of tailoring MQD materials to meet
multi-dimensional requirements, such as compatibility with
biological environments, optical robustness, and simultaneous
analytical and imaging capabilities.*>>* Overall, Nb,C MQDs
highlight a strategic route for expanding MQD-based sensors to
alternative transition-metal targets, demonstrating that mate-
rial diversity can unlock multifunctional sensing performance.
These findings reinforce the broader potential of heteroatom-
doped MQDs to serve as flexible, tunable platforms for selec-
tive transition-metal ion recognition, bridging environmental
and bioanalytical applications.

As shown in Table 3, the differences in analytical perfor-
mance among heteroatom-doped MQD-based sensors, particu-
larly in terms of detection limit, are closely related to their
structural design, surface chemistry, and signal-output mode.
Sensors exhibiting nanomolar-level LODs generally benefit
from stronger and more specific interactions between the target
metal ions and the doped MQD surface. In this context,
heteroatom doping creates defect-rich active sites and modu-
lates the electronic structure of MQDs, which enhances charge
transfer and fluorescence responsiveness upon metal-ion
binding. At the same time, surface functional groups such as
amino, hydroxyl, or sulfur-containing moieties improve coor-
dination affinity and contribute to higher selectivity. Table 3
also indicates that sensing platforms based on FRET or ratio-
metric fluorescence often achieve superior sensitivity compared
with conventional single-intensity quenching systems, because
they reduce background interference and improve signal
precision. Therefore, lower detection limits are not determined
by a single factor, but rather by the synergistic combination of
dopant engineering, interfacial recognition chemistry, and
advanced signal transduction strategies.

In addition, the ion selectivity observed in different MQD-
based sensing systems originates from several structural and
chemical factors associated with the quantum dots. The speci-
ficity toward particular metal ions is largely governed by the
composition of the MQDs, the type of heteroatom dopants, and
the surface functional groups introduced during synthesis.
Heteroatom doping can tailor the electronic structure and
create defect-rich active sites that preferentially interact with
certain metal ions through charge transfer or coordination
processes. At the same time, surface functional groups such as
amino, hydroxyl, sulfur-containing, or carboxyl moieties
provide coordination environments with different binding
affinities for specific ions. The synthetic methodology also plays
an important role because it controls particle size, defect
density, dopant distribution, and surface termination of MQDs.
Consequently, variations in synthesis conditions and surface
chemistry lead to distinct host-guest interactions with target
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ions, enabling MQD sensors to achieve selective detection of
different metal ions across various sensing platforms.

4.6. Selectivity engineering in multi-ion environments:
competitive binding, masking strategies, and signal
discrimination

While MQD-based sensors have demonstrated excellent sensi-
tivity toward individual transition-metal ions, maintaining
reliable selectivity in complex multi-ion environments remains
a critical challenge. Environmental, food, and biological
samples typically contain multiple metal ions with comparable
coordination behavior, including Fe**, Cu®**, Zn*', and Mn>".
Under such conditions, selective recognition cannot rely solely
on the intrinsic affinity between a single ion and the MQD
surface but instead emerges from the overall sensing strategy
and chemical environment.

One widely adopted approach involves masking strategies,
where specific reagents selectively complex interfering ions and
reduce their effective participation in the sensing process. By
suppressing competing interactions, masking agents reshape
the ionic environment encountered by MQDs and improve
discrimination toward the target analyte.”®®° This strategy
reflects the practical reality that many transition metals exhibit
overlapping coordination chemistry, making perfectly exclusive
binding difficult to achieve at the material level.

Another emerging route involves differential signal modula-
tion. In these systems, different metal ions produce distinct
optical responses, such as fluorescence quenching, enhance-
ment, wavelength shifts, or the generation of secondary emission
bands. Rather than relying on a single binary response, MQD
probes can therefore generate response patterns that allow
discrimination between ions based on their optical fingerprints.

Although simultaneous multi-ion detection using MQD
platforms is still relatively limited, these strategies provide
practical routes for operating MQD sensors in complex ionic
matrices. Approaches such as masking, ratiometric normaliza-
tion, sequential sensing protocols, and controlled reagent
addition can collectively improve analytical selectivity. Conse-
quently, selectivity engineering is increasingly viewed not only
as a property of the MQD material itself but also as a function of
the overall sensing workflow and measurement design.

4.7. Toward deployable MQD-based sensing platforms:
portability, visual readouts, and application-oriented
integration

A growing direction in chemical sensing research is the tran-
sition from laboratory-optimized probes toward sensing plat-
forms that can operate in practical environments. For
heteroatom-doped MQD-based sensors, this transition
involves extending performance evaluation beyond conven-
tional analytical metrics such as detection limits and linear
ranges. Increasingly, factors including portability, operational
simplicity, visual interpretability, and stability under variable
conditions are becoming essential for practical deployment.
Visual and semi-quantitative detection strategies represent
an important step toward field-applicable sensing. In several
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MQD-based systems, fluorescence responses can be translated
into colorimetric or visually discernible outputs, enabling rapid
screening without sophisticated instrumentation.”** Test-strip
formats, paper-based analytical devices, and simple fluores-
cence readouts have been explored as preliminary approaches
for on-site detection, demonstrating the potential of MQDs for
portable sensing platforms.

At the same time, achieving reliable performance under real
environmental conditions requires robustness against fluctua-
tions in pH, ionic strength, temperature, and sample compo-
sition. Such robustness is often achieved through system-level
design, including protective matrices, internal referencing
strategies, and controlled sensing environments. These devel-
opments highlight that practical sensing performance depends
not only on the MQD material itself but also on the overall
integration of the sensing platform.

Although fully deployable MQD-based sensing devices are
still limited, current studies illustrate early steps toward
portable and application-oriented systems. Continued integra-
tion of MQDs with simple analytical formats, portable detection
tools, and application-specific workflows is expected to facilitate
their transition from laboratory demonstrations to practical
sensing technologies for environmental monitoring, food safety
assessment, and bioanalytical screening.

4.8. Critical assessment and remaining challenges in MQD-
based metal ion sensing

Despite the rapid progress in heteroatom-doped MQD plat-
forms for transition-metal ion detection, several fundamental
challenges remain that limit their broader analytical deploy-
ment. One persistent issue concerns the reproducibility of MQD
synthesis. Variations in precursor chemistry, etching condi-
tions, and post-synthetic functionalization can lead to signifi-
cant batch-to-batch differences in particle size, defect density,
and surface termination. These structural variations directly
influence fluorescence behavior and ion-binding affinity,
potentially affecting analytical reliability.

Another challenge involves selectivity in complex matrices.
While many MQD sensors demonstrate excellent selectivity
under controlled laboratory conditions, real environmental and
biological samples often contain multiple competing ions,
organic molecules, and fluctuating physicochemical parame-
ters. Under such circumstances, nonspecific interactions or
matrix-induced fluorescence perturbations may reduce analyt-
ical accuracy.***® Consequently, strategies such as ratiometric
detection, masking agents, and internal referencing are
increasingly employed to mitigate interference effects.

Long-term stability also represents an important consider-
ation for practical applications. MQDs may undergo gradual
surface oxidation, ligand detachment, or photobleaching
during prolonged storage or repeated measurements. These
processes can alter fluorescence intensity and sensing response
over time, highlighting the need for improved surface passiv-
ation and protective matrices.

Finally, although MQD-based sensors have achieved impres-
sive detection limits in laboratory studies, translation into
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scalable and field-deployable devices remains limited. Integra-
tion with portable sensing formats, standardized synthesis
protocols, and robust validation in real-world samples will be
essential for advancing MQD technologies toward routine envi-
ronmental and bioanalytical monitoring. Addressing these
challenges will help bridge the gap between promising laboratory
demonstrations and reliable practical sensing systems.

4.9. Comparison of MQD-based sensors with other
fluorescent nanosensors

Fluorescent nanosensors based on carbon dots, graphene
quantum dots, semiconductor quantum dots, and metal-
organic frameworks have been extensively explored for metal
ion detection due to their tunable optical properties and high
sensitivity. Carbon and graphene quantum dots typically exhibit
good water solubility, low toxicity, and stable photo-
luminescence, which makes them attractive for environmental
and biological sensing. Semiconductor quantum dots provide
strong fluorescence emission and narrow emission bands,
enabling highly sensitive detection; however, concerns
regarding toxicity and long-term environmental impact have
limited their broader analytical applications.*”** Metal-organic
framework-derived fluorescent systems also offer high surface
area and adjustable coordination environments, which can
enhance analyte interaction and signal transduction.

Within this broader landscape, MXene-derived quantum
dots present a distinct class of fluorescent nanomaterials
characterized by abundant surface terminations, strong elec-
tron transfer capability, and versatile chemical tunability. These
features facilitate efficient interactions with metal ions through
surface functional groups and defect sites, often leading to
pronounced fluorescence quenching or enhancement
responses. Compared with many conventional nanosensors,
MQDs can provide rapid signal transduction and flexible
surface modification through heteroatom incorporation,
enabling selective recognition of specific metal ions.

Despite these advantages, MQD-based sensing systems are
still developing compared with more established fluorescent
nanomaterials. Several studies have reported excellent sensi-
tivity and promising selectivity toward targeted ions, yet
systematic comparisons across different nanomaterial plat-
forms remain relatively limited.**"** Therefore, placing MQD-
based sensors within the broader family of fluorescent nano-
sensors helps clarify their emerging role, highlighting both
their unique advantages and the areas where further optimi-
zation and comparative evaluation are still required.

5. Critical perspectives and future
directions: scalability, selectivity limits,
and real-world deployment of MXene
QD-based sensors

MQDs have emerged as a versatile platform for transition-metal

ion sensing due to their tunable surface chemistry, heteroatom-
doping potential, and unique photophysical properties. Despite
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significant advancements in laboratory-scale demonstrations,
several critical challenges remain for translating MQD-based
sensors into practical environmental, biomedical, and indus-
trial applications. Addressing these challenges requires
a multifaceted perspective encompassing synthesis scalability,
fundamental limits of selectivity, and integration into real-
world deployment strategies.**”®

In addition to these broader perspectives, several funda-
mental bottlenecks continue to limit the practical imple-
mentation of MQD-based ion sensing systems. One key
challenge is batch-to-batch reproducibility during MQD
synthesis, where slight variations in precursor composition,
etching conditions, or heteroatom incorporation can signifi-
cantly alter particle size, defect density, and surface functional
groups. These structural variations often translate into incon-
sistent fluorescence responses and ion-binding behavior,
complicating quantitative sensing. Another concern is long-
term stability. MQDs may undergo gradual oxidation, surface
ligand rearrangement, or photobleaching during storage and
repeated measurements, potentially leading to signal drift over
time. Furthermore, although many MQD probes demonstrate
excellent selectivity under controlled laboratory conditions,
their performance can deteriorate in complex matrices con-
taining competing metal ions, organic ligands, and fluctuating
physicochemical parameters. These limitations highlight the
importance of standardized synthesis protocols, systematic
stability evaluation, and robust selectivity engineering to ensure
reliable analytical performance in practical sensing
environments.

A major constraint in current MQD research is the scalability
of synthesis. Most high-performance sensors rely on hydro-
thermal, ultrasonic, or chemical exfoliation protocols optimized
for milligram-scale production. While these approaches
produce monodisperse, heteroatom-functionalized MQDs with
high quantum yields, their translation to gram- or kilogram-
scale quantities remains underexplored. Batch-to-batch vari-
ability, precursor costs, and reaction reproducibility are signif-
icant hurdles. For instance, nitrogen-doped Ti;C, MQDs
achieve ultralow detection limits for Fe** through surface redox
interactions, yet the reproducibility of amino-functionalization
in large batches remains uncertain. Emerging strategies, such
as continuous-flow hydrothermal reactors or automated
ultrasound-assisted synthesis, offer potential routes for scale-up
while maintaining particle uniformity and surface chemistry
fidelity. However, systematic studies quantifying the trade-offs
between throughput, quantum yield, and doping efficiency are
still scarce.®*® Addressing these synthesis bottlenecks is
essential for enabling industrial-scale production and wide-
spread deployment of MQD-based sensors.

Equally critical is the fundamental selectivity limit of MQD
systems. While heteroatom doping—such as N-, S-, or co-
doping—provides tunable coordination sites for target ions,
real-world samples present highly complex ionic matrices.
Competitive binding, ion pairing, and nonspecific interactions
can significantly alter fluorescence responses, particularly for
chemically inert ions like Zn®" or Mn>". Traditional strategies
often rely on masking agents, ratiometric normalization, or
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sequential detection protocols to enhance selectivity. Yet, these
approaches have inherent limitations: masking agents may
themselves interfere under multi-component conditions, and
ratiometric readouts may not fully compensate for subtle matrix
effects. Furthermore, the chemical design of MQD surfaces
often faces trade-offs between selectivity and quantum yield,
where extensive functionalization can quench emission or
destabilize colloidal suspensions.”*> A critical future direction
involves integrating computational design and machine-
learning-assisted screening to predict optimal heteroatom
arrangements and binding motifs. This would allow rational
tuning of surface sites for maximal selectivity against specific
ion panels, rather than relying solely on empirical optimization.

In addition to machine-learning-assisted materials
screening, density functional theory (DFT) calculations can
provide critical atomic-level insights into the sensing behavior
of heteroatom-doped MQDs. Computational studies can eluci-
date how dopant identity, concentration, and spatial distribu-
tion influence electronic band structures, charge-density
redistribution, adsorption energies, and metal-ion binding
affinity. For example, DFT-derived density of states (DOS)
analysis may reveal how N- or S-doping introduces localized
electronic states near the Fermi level, thereby facilitating charge
transfer interactions with transition-metal ions such as Fe*" or
Cu**. Similarly, adsorption-energy calculations can help iden-
tify preferential ion-binding sites and predict selectivity trends
under competitive conditions. Integrating DFT analysis with
experimental fluorescence and electrochemical observations
would significantly strengthen mechanistic interpretation and
support the rational design of MQD sensing architectures with
optimized selectivity, stability, and electronic performance.

Beyond the current strategies, several material-level
approaches could further enhance the sensing performance of
MQD-based platforms. A particularly promising direction
involves precise engineering of heteroatom distribution and
defect structures within the MQD lattice. Instead of relying on
random doping, future research could focus on controlled co-
doping or the creation of single-atom active centers that
generate highly selective coordination environments for specific
transition-metal ions. Such atomic-scale design can signifi-
cantly strengthen charge-transfer interactions between MQDs
and target ions, leading to amplified fluorescence modulation
and improved analytical sensitivity. Additionally, systematic
control of MQD size distribution, edge termination, and surface
passivation may enhance quantum yield and photostability,
both of which are critical parameters for achieving ultralow
detection limits. Integrating computational modeling and
machine-learning-guided material design could further accel-
erate the discovery of optimized MQD structures with tailored
electronic properties and selective binding motifs.

At the sensing architecture level, future research should also
prioritize the development of advanced signal-transduction
strategies that overcome the limitations of conventional
single-intensity fluorescence quenching. Ratiometric fluores-
cence systems, fluorescence lifetime-based sensing, and FRET-
mediated energy transfer platforms can significantly improve
analytical accuracy by minimizing background interference and
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environmental fluctuations. Moreover, constructing hybrid
nanostructures—such as MQD-metal nanoparticle, MQD-
polymer, or MQD-MOF composites—may enhance sensitivity
through synergistic electronic and plasmonic interactions.
These innovations could enable multiplexed ion detection and
real-time monitoring in complex matrices. In this context,
integrating MQD sensing elements with portable analytical
devices and IoT-enabled platforms may facilitate automated
data acquisition and continuous environmental monitoring,
transforming MQD-based probes from laboratory demonstra-
tions into intelligent sensing systems capable of large-scale,
real-world deployment.

Operational robustness and matrix adaptability constitute
another essential axis for real-world deployment. Laboratory-
based demonstrations often use buffered aqueous solutions
or minimal ionic backgrounds, which do not reflect the vari-
ability encountered in drinking water, industrial effluents, or
biological fluids. MQD performance under varying pH, ionic
strength, temperature, and organic content is highly sensitive,
potentially leading to false positives or signal drift. Recent
trends highlight dual-emission ratiometric probes, sequential
“off-on-off” signal modulation, and test-strip formats as
promising strategies for maintaining reliable readouts across
variable conditions.*®”® However, systematic evaluation under
standardized protocols is limited. Future research should
establish performance benchmarks that incorporate environ-
mental variability, mimicking real matrices to assess robust-
ness and reproducibility comprehensively.

Future research on MQD-based ion sensing should move
beyond general performance improvement and focus on several
concrete development directions. One promising approach is
the controlled engineering of MQD surface terminations and
heteroatom doping to regulate charge transfer interactions with
specific metal ions, enabling more predictable sensing
responses. Another important direction involves designing
MQD composites with polymer matrices, porous substrates, or
microfluidic platforms to improve probe stability and facilitate
integration into portable sensing devices. Additionally,
systematic studies that correlate MQD structure, surface
chemistry, and fluorescence behavior are needed to clarify
sensing mechanisms and guide rational sensor design. The
development of standardized synthesis protocols may also
improve reproducibility and allow more reliable comparison
between studies. Finally, expanding investigations toward
complex environmental and biological matrices will be essen-
tial for validating the practical applicability of MQD-based
fluorescent probes under realistic analytical conditions.

A critical frontier lies in deployable sensor architectures that
bridge laboratory performance with field applicability. Portable
platforms, including lateral-flow devices, microfluidic chips,
and smartphone-assisted fluorescence readers, are gaining
attention. Visual readouts derived from colorimetric conversion
of MQD fluorescence or ratiometric dual-emission systems offer
low-cost, user-friendly options suitable for decentralized
monitoring. Integrating MQDs with solid supports, polymer
matrices, or paper-based substrates can improve colloidal
stability and facilitate practical handling. Nevertheless,

30390 | RSC Adv, 2026, 16, 30369-30394

View Article Online

Review

maintaining sensitivity and selectivity during immobilization
remains challenging, particularly when heterogeneous matrices
alter diffusion kinetics or binding equilibria.**** Advances in
surface engineering, encapsulation chemistry, and device inte-
gration are therefore critical to achieve scalable, reliable, and
user-oriented detection platforms.

Biocompatibility and multifunctionality represent an addi-
tional dimension, especially for applications intersecting
biomedical imaging and ion detection. Certain Nb,C- and
Ti;C,-based MQDs demonstrate dual utility in live-cell imaging
and metal ion sensing, highlighting their potential for simul-
taneous diagnostic and monitoring applications. However, the
long-term cytotoxicity, metabolic clearance, and biodistribution
of heteroatom-doped MQDs remain largely unexplored. Future
studies must systematically quantify biocompatibility while
optimizing emission efficiency, surface passivation, and func-
tional stability. The convergence of sensing and imaging
applications could redefine the scope of MQD technologies,
enabling simultaneous environmental and biological moni-
toring in a single platform.

From a broader perspective, data-driven integration and
multiplexing will likely dictate the next generation of MQD-
based sensors. The ability to discriminate between multiple
ions within complex matrices using multidimensional fluores-
cence readouts, combined with real-time analytics, offers a path
toward smart sensing networks. Pattern recognition, fluores-
cence lifetime mapping, and FRET-based ratiometric encoding
could enhance selectivity and provide simultaneous multi-ion
detection.””®" Furthermore, combining MQD sensing plat-
forms with IoT-enabled devices could allow automated,
continuous monitoring, providing actionable environmental or
biomedical insights.

While heteroatom-doped MQDs demonstrate exceptional
promise for selective transition-metal ion detection, translating
laboratory performance into practical, scalable, and reliable
technologies requires addressing several critical challenges:
scalable synthesis, fundamental selectivity limits, environ-
mental robustness, device integration, and multifunctional
applicability. Advances in automated synthesis, rational surface
design, ratiometric and sequential signaling, portable device
engineering, and smart analytics collectively define the future
trajectory of MQD-based sensors.””® By systematically inte-
grating these strategies, the field can progress from high-
performance proof-of-concept studies to next-generation
analytical tools capable of real-world environmental moni-
toring, biomedical diagnostics, and industrial quality control,
positioning MXene QDs as a cornerstone of emerging quantum-
dot-based sensing technologies.

6. Conclusion

Heteroatom-doped MQDs have demonstrated remarkable
versatility and performance in selective transition-metal ion
sensing, spanning Fe**, Cu®>*, Zn®>*, Mn**, and beyond. Through
strategic surface engineering, including nitrogen, sulfur, or co-
doping, MQDs can convert metal-ligand interactions into
highly sensitive and tunable fluorescence responses. Redox-
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active ions, such as Fe’" and Cu*", benefit from quenching or
ratiometric signal amplification, while chemically inert ions,
such as Zn** and Mn?", can be monitored via fluorescence
enhancement or dual-emission ratiometric mechanisms. These
diverse transduction modes expand the analytical scope of
MQDs, enabling performance in complex matrices, environ-
mental water, food samples, and even cellular imaging contexts.

Critical challenges remain in scalability, matrix adaptability,
and real-world deployment. Laboratory-optimized MQDs must
overcome synthesis reproducibility limitations, maintain
selectivity under competitive binding conditions, and integrate
into portable, user-friendly devices for field applications. Future
research should emphasize rational heteroatom placement,
multidimensional signal interpretation, and system-level engi-
neering, including test-strip, microfluidic, and IoT-integrated
platforms. Overall, MQDs represent a next-generation sensing
platform that wunites sensitivity, selectivity, and multi-
functionality. By addressing current limitations and leveraging
material diversity, MQD-based sensors are poised to transition
from proof-of-concept studies to robust, deployable analytical
tools, with broad implications for environmental monitoring,
water quality assessment, and biomedical diagnostics. Their
tunable optical properties, modular design, and adaptability
firmly establish heteroatom-doped MQDs as a leading tech-
nology in advanced ion sensing research.
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