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Perovskite quantum dots (PQDs) are a transformative platform for ultrasensitive heavy metal ion detection,
leveraging high photoluminescence quantum yield (PLQY, 50-90%), narrow emission spectra (FWHM 12—
40 nm), tunable bandgaps, and defect-tolerant optoelectronic properties. This review is the first systematic
evaluation of PQD-based nanosensors for detecting Hg?*, Cu?*, Cd?*, Fe®*, Cr®*, and Pb?*, elucidating key
mechanisms like cation exchange, electron/hole transfer, Forster resonance energy transfer, and surface
trap-mediated quenching. Advanced synthesis methods, including hot-injection, ligand-assisted
reprecipitation, and microwave-assisted techniques, enable precise control over size, crystallinity, and
surface chemistry. Lead-based PQDs (e.g., CsPbXs) achieve limits of detection (LODs) as low as 0.1 nM
with rapid response times (<10 s), while lead-free variants (e.g., CszBixXg, CsSnXz) offer eco-friendly
alternatives with enhanced aqueous stability. PQD@MOF composites and ratiometric designs enhance
selectivity in complex matrices, surpassing carbon quantum dots and semiconductor QDs in sensitivity
and versatility. Applications include industrial wastewater remediation, lubricant quality control, and
environmental compliance, ensuring ecosystem protection and product integrity. This seminal work
addresses challenges like aqueous instability, Pb toxicity, scalability, and matrix interference,
benchmarking PQDs against alternative nanomaterials. Future directions include comparisons with other
nanoparticles, multiplexed sensing platforms, and sustainable lead-free innovations. By integrating
fundamental insights with practical applications, this review establishes PQDs as a high-impact paradigm

for advancing heavy metal ion sensing in industrial and environmental contexts, guiding innovations in
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1. Introduction

Heavy metal ion contamination in environmental, industrial,
and biological systems poses significant risks to ecosystems,
human health, and industrial processes due to their toxicity,
persistence, and bioaccumulation.’” Elements such as mercury
(Hg*"), copper (Cu**), cadmium (Cd*"), iron (Fe*"), chromium
(Cr®"), and lead (Pb*>*) are prevalent pollutants in industrial
wastewater, lubricants, and natural water bodies, necessitating
robust detection methods to ensure environmental compliance
and product integrity.*® Traditional sensing technologies,
including atomic absorption spectroscopy,”® inductively
coupled plasma mass spectrometry,”® and electrochemical
methods,"** offer high sensitivity but are often hindered by
high costs, complex instrumentation, and limited portability,
making them less suitable for real-time or on-site applica-
tions.”' In response, nanomaterial-based nanosensors have
emerged as promising alternatives, offering rapid response,
portability, and cost-effectiveness.” Among these, perovskite
quantum dots (PQDs) have garnered significant attention due to
their exceptional optoelectronic properties, positioning them as
a transformative platform for heavy metal ion detection.'®"”
PQDs, characterized by the general formula ABX; (where A is
a monovalent cation, B is a divalent metal cation, and X is
a halide anion), exhibit unique attributes that make them ideal
for sensing applications.”®*® Their high photoluminescence
quantum yield (PLQY, 50-90%), narrow emission spectra (full
width at half maximum (FWHM) 12-40 nm), and tunable
bandgaps enable ultrasensitive detection with high color purity
and specificity. These properties arise from quantum confine-
ment effects at nanoscale dimensions (2-10 nm), which result
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in discrete energy levels and enhanced oscillator strengths.”***
Additionally, PQDs possess large absorption coefficients (10° to
10° ecm™') and fast radiative recombination rates, facilitating
efficient light harvesting and stable fluorescence signals critical
for detecting analyte-induced changes. The structural versatility
of PQDs allows compositional tuning through substitutions at
the A, B, or X sites, enabling tailored optical and electronic
properties for specific sensing needs.*** Lead-based PQDs,
such as CsPbX; and CH;NH;PbX;, are renowned for their
superior PLQY and tunable emission across the visible spec-
trum, while lead-free variants, such as Cs3;Bi, Xy and CsSnXj,
address toxicity concerns, offering eco-friendly alternatives with
improved stability in aqueous environments.*

The detection of heavy metal ions using PQDs relies on their
ability to undergo fluorescence quenching or enhancement
triggered by interactions with analytes. Mechanisms such as
cation exchange, electron transfer, and Forster Resonance
Energy Transfer (FRET) underpin these responses, driven by the
high surface-to-volume ratio and defect-tolerant nature of
PQDs.?*?* For instance, the ionic radius similarity between Pb**
and Hg>" facilitates rapid cation exchange in lead-based PQDs,
leading to efficient quenching, while electron transfer domi-
nates in interactions with transition metal ions like Cu®" or
Fe’*.'7?' Surface ligands, such as oleylamine or poly(-
ethylenimine) (PEI), play a critical role in modulating selectivity
and sensitivity by passivating defects and mediating ion-PQD
interactions. Advanced synthesis methods, including hot-
injection, ligand-assisted reprecipitation,
assisted techniques, enables precise control over PQD size,
crystallinity, and surface chemistry, directly impacting their
sensing performance.”

and microwave-
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Fig. 1 Overview of PQD-based nanosensors for heavy metal ion detection, highlighting structure, performance, integration strategies, and

comparison with other quantum dots.
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The industrial relevance of PQD-based nanosensors lies in
their ability to address critical monitoring needs in sectors such
as chemical processing, wastewater treatment, and lubricant
quality control.>**” Their high sensitivity and rapid response
times make them suitable for detecting trace contaminants in
real-time, ensuring compliance with stringent environmental
regulations and maintaining product quality. However, chal-
lenges such as the aqueous instability of lead-based PQDs,
toxicity concerns, and scalability of synthesis methods must be
addressed to facilitate widespread adoption. Emerging strate-
gies, including the development of lead-free PQDs, advanced
encapsulation techniques, and computational modeling, offer
pathways to overcome these limitations, paving the way for
practical implementation.**>*

This review provides the first comprehensive analysis of
PQD-based nanosensors for heavy metal ion detection,
systematically exploring their structural, optical, and mecha-
nistic foundations. It covers diverse PQD types, including lead-
based (e.g., CsPbBr;) and lead-free (e.g., Cs;Bi,Bry) systems,
their synthesis methods, and their advantages and limitations
for sensing applications. The review evaluates sensor perfor-
mance, focusing on sensitivity, selectivity, and limits of detec-
tion (LODs) ranging from sub-nanomolar (e.g., 0.1 nM for Cu**
in organic solvents) to micromolar levels, depending on the ion
and matrix. Integration with stable matrices like metal-organic
frameworks and ratiometric sensing designs enhances perfor-
mance in complex industrial and environmental matrices. By
comparing PQDs with other nanomaterials, such as carbon QDs
and traditional semiconductor quantum dots, and addressing
both fundamental and applied aspects, this work aims to guide
future research, fostering innovations to improve the sensi-
tivity, selectivity, and scalability of PQD-based nanosensors for
diverse heavy metal ion detection applications (Fig. 1).

2. Fundamentals of perovskite
quantum dots

2.1.
dots

Structural and optical properties of perovskite quantum

PQDs are nanoscale semiconductor materials characterized by
the general formula ABXj;, where A is a monovalent cation (e.g.,
Cs", methylammonium (MA"), or formamidinium (FA")), B is
a divalent metal cation (e.g., Pb*>*, Sn**, or bismuth (Bi**)), and X
is a halide anion (e.g., C1™, Br, or I"). The crystal structure of
PQDs typically adopts a cubic, tetragonal, or orthorhombic
lattice in 3D ABX; forms, depending on the composition and
temperature.®”** In this 3D structure, the B cation is coordi-
nated octahedrally by six X anions, forming interconnected
[BXs]'™ octahedra that create a three-dimensional framework,
with A cations occupying cuboctahedral voids for charge
neutrality. This extended connectivity enables efficient charge
transport and high PLQY (50-90%). In contrast, 0D/2D deriva-
tives like A;B,X, (e.g., Cs3Bi,Xo) feature isolated [B,X,]*~ dimers
or layered structures with reduced octahedral connectivity,
resulting in stronger quantum confinement, broader emission
spectra (FWHM ~40-60 nm), and typically lower PLQY (20-
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50%), which impacts sensitivity in sensing applications due to
increased defect states.'>*®* The structural versatility of
perovskites enables compositional tuning at A, B, or X sites to
modulate properties critical for heavy metal ion detection.

The stability of the perovskite lattice is governed by the
Goldschmidt tolerance factor (t), defined as:

VA+rX

- \/Z(VB-H’X)

where ry, rg, and ryx are the ionic radii of A, B, and X ions,
respectively. A tolerance factor between 0.8 and 1.0 ensures
a stable 3D cubic structure, while lower values favor 0D/2D
phases. For instance, CsPbBr; (¢ = 0.81) adopts a cubic 3D
structure at room temperature, offering high optical efficiency,
whereas Cs;Bi,Bry (t < 0.8) forms a 0D layered structure,
enhancing aqueous stability but reducing radiative
efficiency.’>***

The optical properties of PQDs are dominated by quantum
confinement effects due to their nanoscale dimensions (2-10
nm), resulting in discrete energy levels and size-dependent
bandgaps. This confinement enhances oscillator strength,
leading to high PLQY (50-90% for 3D ABX3; 20-50% for 0D/2D
A3B,X,) and narrow emission spectra (FWHM 12-40 nm for 3D;
broader for 0D/2D). For example, 3D CsPbBr; emits green light
at ~520 nm with FWHM ~20 nm, ideal for selective sensing,
while 0D Cs;Bi,Bry shows blue emission (~450 nm) with higher
stability in polar media.**?*** The bandgap can be tuned by size
or halide composition; smaller PQDs or Cl-rich 3D variants
exhibit wider bandgaps (~3.0 eV for CsPbCls), while I-rich 3D
forms have narrower ones (~1.7 eV for CsPbl;). 0D/2D struc-
tures often display wider effective bandgaps due to confine-
ment. PQDs possess large absorption coefficients (10° to
10° cm ') and fast radiative recombination rates, with defect
tolerance minimizing non-radiative losses—more pronounced
in 3D forms where defects lie within bands.>***

The surface chemistry of PQDs significantly influences their
properties. PQDs are capped with ligands like oleylamine (OAm)
or oleic acid (OA), which passivate defects and enhance
stability. In 3D ABXj, ligands primarily provide steric protec-
tion, while in 0D/2D A;B,Xo, they also mitigate interlayer defects
for better aqueous sensing.'®*® Exciton dynamics in PQDs
feature short radiative lifetimes (1-10 ns) and high binding
energies (20-100 meV), enabling sensitive energy transfer for
detection. The high surface-to-volume ratio amplifies ion
interactions, with 0D/2D structures showing enhanced trap
states for quenching but potentially slower kinetics compared
to 3D forms.'*?*

2.1.1. Crystal structure and compositional flexibility. A
tolerance factor between 0.8 and 1.0 typically ensures a stable
cubic perovskite structure, while deviations may lead to
tetragonal or orthorhombic phases, impacting optical and
sensing performance. For instance, CsPbBr; adopts a cubic
structure at room temperature, offering high symmetry and
optical efficiency, whereas CH;NH;PbBr; may transition to
a tetragonal phase under certain conditions, affecting its pho-
toluminescence stability.>»** The ability to substitute halides
(e.g., C1” for Br™) or cations (e.g., Sn*>* for Pb>") allows precise

(1)
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control over the lattice parameters, enabling tailored bandgap
energies and emission properties.

2.1.2. Quantum confinement and optical properties. The
optical properties of PQDs are dominated by quantum
confinement effects due to their nanoscale dimensions (2-10
nm), which result in discrete energy levels and size-dependent
bandgaps. This confinement enhances the oscillator strength,
leading to high photoluminescence quantum yields (PLQY),
often exceeding 50-90%, and narrow emission spectra with full
width at half maximum (FWHM) values of 12-40 nm. For
example, CsPbBr; PQDs emit green light at ~520 nm with
a FWHM of ~20 nm, ensuring high color purity ideal for
sensing applications.*>*® The bandgap can be tuned by adjust-
ing the particle size or halide composition; smaller PQDs or
those with higher Cl content exhibit wider bandgaps (e.g,
~3.0 eV for CsPbCl;), while larger PQDs or I-rich compositions
have narrower bandgaps (e.g., ~1.7 eV for CsPbl;). PQDs
possess large absorption coefficients (10° to 10° cm ™), enabling
efficient light harvesting, and fast radiative recombination rates
due to their direct bandgap nature. Their high defect tolerance,
where defect states often lie within the conduction or valence
bands rather than the bandgap, minimizes non-radiative
recombination, enhancing PL efficiency.?**** This property is
critical for sensing, as it ensures strong and stable fluorescence
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signals responsive to analyte-induced changes, such as
quenching or enhancement.

Panel (a) demonstrates the PLQY of PQDs as a function of
ligand amount (10* v/v%), comparing solution and film states,
with PLQY values reaching up to 90%, reflecting the high
oscillator strength and quantum confinement effects due to
their nanoscale dimensions (2-10 nm).> This high PLQY, often
exceeding 50-90%, is attributed to the discrete energy levels and
size-dependent bandgaps, enhancing color purity with narrow
emission spectra (FWHM 12-40 nm). Panel (b) presents time-
resolved PL decay curves for pristine PQDs and those treated
with PLAP at concentrations of 5 x 10%, 1 x 10°, and 2 x 10 v/
v%, showing varied decay rates, which indicate tunable radia-
tive recombination influenced by ligand-induced changes,
aligning with the fast recombination rates and high absorption
coefficients (10° to 10° cm™ ") typical of direct bandgap PQDs.
Panel (c) displays PL spectra of PQDs at temperatures of 100 °C,
120 °C, 140 °C, 160 °C, and 180 °C, with emission peaks ranging
from 493 to 530 nm, illustrating how temperature affects the
bandgap and emission intensity due to quantum confinement
and defect tolerance, where defect states within the bands
minimize non-radiative recombination for stable fluores-
cence.”* The narrow FWHM (~20 nm for CsPbBr; at ~520 nm)
ensures high color purity, critical for sensing applications.
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(a) PLQY of PQDs as a function of ligand amount in solution and film, (b) time-resolved PL decay curves for pristine PQDs and PLAP-

treated PQDs at different concentrations. Reprinted with permission from ref. 20. Copyright 2018, Royal Society of Chemistry. (c) PL spectra of
PQDs at various temperatures, and (d) absorbance spectra of PQDs at different temperatures. Adapted with permission from ref. 21. Copyright

2017, Elsevier.
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Panel (d) shows absorbance spectra under the same tempera-
ture conditions, revealing shifts in the absorption edge (e.g,
~3.0 eV for CsPbCl; to ~1.7 eV for CsPbl;) due to size or halide
composition tuning, highlighting the large absorption coeffi-
cients and efficient light harvesting, which support responsive
fluorescence signals for analyte detection (Fig. 2).

2.1.3. Surface chemistry and ligand effects. The surface
chemistry of PQDs significantly influences their optical and
sensing properties. PQDs are typically capped with organic
ligands, such as oleylamine (OAm) or oleic acid (OA), which
passivate surface defects, enhance colloidal stability, and
prevent aggregation. The ligand type and density affect the
PLQY and environmental stability. For instance, long-chain
ligands like OAm provide steric stabilization but may hinder
analyte access in sensing applications, reducing sensitivity.
Conversely, shorter or zwitterionic ligands can improve ion
accessibility while maintaining stability in polar media.'®*
Surface defects, if unpassivated, can act as non-radiative
recombination centers, lowering PLQY and affecting sensing
selectivity.®® Ligand exchange strategies, such as replacing OAm
with zwitterionic molecules, have been explored to enhance
water compatibility for aqueous sensing.

2.1.4. Exciton dynamics and sensing relevance. The exciton
dynamics in PQDs, characterized by short radiative lifetimes (1-
10 ns) and high exciton binding energies (20-100 meV),
contribute to their sensitivity in sensing applications. The
strong excitonic effects enable efficient energy transfer mecha-
nisms, such as FRET or electron transfer, when PQDs interact
with metal ions. For example, the presence of heavy metal ions
like Cu®* or Hg”* can induce fluorescence quenching through
electron transfer or ion exchange, providing a measurable
signal for detection."**® The high surface-to-volume ratio of
PQDs amplifies these interactions, making them highly

View Article Online
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responsive to low analyte concentrations, often achieving LOD
in the nanomolar range.

2.2. Types of perovskite quantum dots

PQDs can be broadly classified into lead-based and lead-free
variants, each with distinct structural, optical, and practical
characteristics. Lead-based PQDs, such as CsPbX; and CHj;-
NH;PbX;, are the most studied due to their superior optical
properties, while lead-free PQDs, such as Cs;Bi,Xy and CsSnX;,
are gaining attention for their reduced toxicity and environ-
mental compatibility.>*”

2.2.1. Lead-based perovskite quantum dots. Lead-based
PQDs, including inorganic CsPbX; (X = Cl, Br, I) and organic-
inorganic hybrids like CH;NH;PbX; or FAPbXj;, are renowned
for their high PLQY (up to 90%), narrow emission spectra, and
tunable bandgaps (1.7-3.0 eV). The lead cation (Pb**) in the B-
site contributes to strong spin-orbit coupling, resulting in
a direct bandgap and efficient radiative recombination. CsPbX;
PQDs are fully inorganic, offering enhanced thermal and
chemical stability compared to hybrids. For example, CsPbBr;
exhibits robust green emission (~520 nm) and is widely used for
detecting ions like Cu®" and Cd>" due to its high sensitivity to
quenching mechanisms.*® Organic-inorganic hybrids, such as
CH;NH;PbBr;, incorporate organic cations like methyl-
ammonium, which increase lattice flexibility but reduce
stability under moisture or heat due to the volatility of the
organic component. The halide composition in lead-based
PQDs enables precise optical tuning, with CsPbCl; emitting
blue (410 nm), CsPbBr; green, and CsPbl; red (680 nm). Mixed-
halide systems like CsPb(Br/Cl); allow continuous spectral
adjustment, vital for ratiometric sensing.’** However, Pb>"
toxicity poses challenges, necessitating stringent handling and

Lead-Based PQDs || Lead-Free PQDs ||Doped/Hybrid PQDs
/ Cs,Bi,X, Elanged
: ‘ﬁﬁ emission
|‘ | S 5 .)3)5;}) « Ratiometric
¢ sensing (Cr#¥
« high PLQY * Lower toxicity
« Narrow emission » Moderate stability
« Sensitivity to ion « Broad emission i 2
quenching <&
CsSnX « Enhanced | cy6*
CsSnX, ] * emission
+ « Ratiometric
& stability

Fig. 3 Classification of PQDs into lead-based, lead-free, and doped/hybrid types, highlighting their structural features, optical properties, and

sensing capabilities for heavy metal ion detection.
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disposal protocols for environmental and biological sensing
applications.

2.2.2. Lead-free perovskite quantum dots. Lead-free PQDs,
such as Cs3Bi,Xo, CsSnX;, or MASnX;, are developed to address
the toxicity concerns of lead-based counterparts. These mate-
rials replace Pb** with less toxic metals like Bi** or Sn>'.
Cs;Biy Xy PQDs adopt a layered or dimer structure rather than
the standard ABX; perovskite lattice, resulting in lower PLQY
(typically 20-50%) and broader emission spectra (FWHM ~40-
60 nm).* Despite these limitations, they offer improved envi-
ronmental stability and are suitable for detecting ions like Cu**
or Cr*" in aqueous media. CsSnX; PQDs, while promising,
suffer from rapid oxidation of Sn>* to Sn**, leading to reduced
stability and PL efficiency.?” Doping strategies, such as incor-
porating Eu®*" or Mn?*, enhance the optical properties and
stability of lead-free PQDs, making them viable for eco-friendly
sensing applications.

2.2.3. Doped and hybrid perovskite quantum dots. Doping
PQDs with transition metal ions (e.g., Mn>", Eu*") or forming
hybrid structures (e.g., CsPbBr;-MXene) introduces additional
functionalities. Mn>"-doped CsPbCl; PQDs exhibit dual emis-
sion (excitonic and dopant-induced), enabling ratiometric
sensing for improved accuracy. Hybrid structures, such as
CsPbBr; encapsulated in metal-organic frameworks (MOFs) or
combined with MXene, enhance stability and sensitivity by
providing a protective matrix or facilitating charge transfer.*
These advanced PQDs are particularly effective for detecting
multiple analytes, including heavy metal ions, in complex
matrices (Fig. 3).

2.2.4. Comparison of PQD types. The diverse classes of
PQDs exhibit distinct optical, structural, and stability charac-
teristics, making them suitable for various sensing applica-
tions. Lead-based PQDs offer superior PLQY and tunable
emission but are hindered by toxicity and environmental
concerns. In contrast, lead-free PQDs prioritize eco-friendliness
and stability, albeit with compromised optical performance.
Doped and hybrid PQDs combine enhanced stability and mul-
tifunctionality, enabling advanced sensing capabilities in
complex environments. The below table summarizes their key
properties to facilitate a comparative understanding (Table 1).

2.3. Synthesis methods and their impact on sensing
performance

The synthesis strategy employed for PQDs plays a critical role in
determining their particle size, crystallinity, surface chemistry,
and ultimately their performance in sensing applications.
Controlled synthesis influences the PLQY, surface defect
density, ion accessibility, and stability in aqueous media—key
parameters governing their suitability for detecting heavy metal
ions. This section systematically discusses five major synthesis
methods, highlighting their operational principles, advantages,
and limitations, as well as their implications for sensor
performance.

2.3.1. Hot-injection method. The hot-injection method is
one of the most widely used and precise techniques for
synthesizing high-quality PQDs. Typically, cesium oleate is

© 2025 The Author(s). Published by the Royal Society of Chemistry

Table 1 Comparative overview of perovskite quantum dot types and their properties
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rapidly injected into a hot solution (140-200 °C) containing
a lead halide precursor (e.g., PbBr,) dissolved in a non-
coordinating solvent (e.g., octadecene) along with ligands
such as oleic acid (OA) and oleylamine (OAm), under an inert
atmosphere (e.g., N, or Ar). The sudden introduction of the
cesium source induces burst nucleation followed by controlled
growth, yielding monodisperse nanocrystals with tunable sizes
(2-8 nm) and high crystallinity. This technique allows precise
control over the halide composition (Cl, Br™, I") and particle

View Article Online
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efficient fluorescence quenching mechanisms such as cation
exchange or electron transfer, with LODs reaching sub-
nanomolar levels for ions like Cu®>" and Hg>". However, the
method requires rigorous control of reaction parameters and
inert conditions, limiting scalability and water stability unless
surface modification or encapsulation is performed.

2.3.2. Hydrothermal and solvothermal synthesis. Hydro-
thermal (aqueous-based) and solvothermal (organic solvent-
based) methods involve sealing precursors in an autoclave

@
Q
& size, enabling direct tuning of bandgap and emission wave- and heating to elevated temperatures (100-200 °C) and pres-
pr length. PQDs synthesized by hot-injection typically exhibit sures for several hours. These methods are particularly well-
E PLQYs above 80% and low surface defect densities.***” These suited for the synthesis of lead-free PQDs, such as Cs;Bi,X, or
S . . L . oo
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) microwave-assisted synthesis technique; (

b) ligand-assisted reprecipitation method.
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high-pressure environment promotes better ligand coordina-
tion, resulting in nanocrystals with moderate crystallinity and
PLQYs in the range of 50-70%. Moreover, these methods yield
PQDs with enhanced water stability, essential for applications
in aqueous sensing.*®* Nevertheless, they often require longer
reaction times and complex equipment setups, which can
impede throughput and reproducibility.

2.3.3. Room-temperature precipitation. This method
represents the most accessible and energy-efficient approach to
PQD synthesis. It typically involves mixing cesium and lead
halide salts in low-boiling point solvents such as ethanol or
water under ambient conditions. While advantageous for rapid
and low-cost production, this approach generally yields PQDs
with larger sizes (8-15 nm), poor crystallinity, and high surface
defect densities. These features reduce the PLQY (30-50%) and
make the resulting nanocrystals less suitable for high-sensitivity
detection. Nonetheless, this method finds utility in preliminary
screening studies or applications where ultra-trace detection is
not required.*>** It is particularly appealing in resource-limited
settings where access to sophisticated equipment is restricted
(Fig. 4).

2.3.4. Microwave-assisted synthesis. Microwave-assisted
synthesis employs dielectric heating to rapidly and uniformly
heat reaction mixtures, enabling accelerated nucleation and
growth of PQDs. Typically, lead halide and cesium precursors
are combined with coordinating ligands and subjected to
microwave irradiation for short durations (minutes), resulting
in highly crystalline PQDs with size ranges of 3-10 nm and
PLQYs between 60-85%. The homogeneous temperature profile
minimizes thermal gradients and suppresses defect formation,
contributing to enhanced stability and sensitivity. Microwave
synthesis is particularly effective for generating PQDs used in
ratiometric sensing, such as dual-emission systems for Fe** and
Cr®" detection.’>* However, the method requires specialized
microwave reactors and may present challenges in scaling for
industrial use.

2.3.5. Ligand-assisted reprecipitation. LARP is a room-
temperature, scalable approach ideal for cost-effective PQD
production. In this method, precursors (e.g., CsX and PbX,) are
dissolved in a polar solvent such as N,N-dimethylformamide
(DMF) and rapidly injected into a non-polar solvent like toluene
or hexane containing capping ligands (e.g., OA, OAm). The
difference in solubility induces supersaturation and instanta-
neous nucleation of PQDs. Although LARP-synthesized PQDs
typically have broader size distributions (5-12 nm) and
moderate PLQY (50-70%), the process is simpler and better
suited for large-scale production. The nature and concentration
of ligands significantly affect the colloidal stability, ion acces-
sibility, and defect passivation.**** By incorporating hydrophilic
or zwitterionic ligands, water compatibility is improved,
enabling application in aqueous sensing environments.
However, LARP products often require post-synthetic treat-
ments (e.g., ligand exchange, encapsulation) to enhance long-
term stability and minimize surface defects (Fig. 5).

Table 2 provides a comparative overview of commonly used
PQD synthesis techniques, highlighting key physicochemical

© 2025 The Author(s). Published by the Royal Society of Chemistry

Table 2 Comparison of synthesis methods for PQDs and their impact on heavy metal ion sensing performance
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Water
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properties and their implications for heavy metal ion detection
sensitivity and stability.

3. Mechanisms of heavy metal ion
detection

The detection of heavy metal ions using PQDs leverages their
unique optoelectronic properties, including high PLQY, narrow
emission spectra, and tunable bandgaps, to achieve sensitive
and selective responses to analyte interactions. These responses
primarily manifest as changes in PL intensity, such as
quenching or, less commonly, enhancement, driven by specific
physical and chemical interactions between PQDs and metal
ions.>**® This section explores the fundamental mechanisms
underlying these interactions, including cation exchange, elec-
tron transfer, FRET, surface trap-mediated quenching, and
charge transfer complex formation. The critical role of surface
ligands in modulating selectivity and sensitivity is also di-
scussed, alongside theoretical insights from computational
methods, such as density functional theory (DFT) and molec-
ular dynamics (MD) simulations, to elucidate the electronic and
structural factors governing these mechanisms. The focus is on
the fundamental processes, avoiding overlap with sensor
performance or applications, which are reserved for subsequent
sections.

3.1. Fluorescence quenching and enhancement
mechanisms

The interaction of heavy metal ions with PQDs typically results
in fluorescence quenching, where PL intensity decreases due to
the creation of non-radiative recombination pathways, or, in
rare cases, enhancement, where PL intensity increases due to
passivation of surface defects. These changes stem from alter-
ations in the electronic structure, surface chemistry, or energy
transfer dynamics of PQDs, driven by distinct mechanisms.*"*

3.1.1. Cation exchange. Cation exchange is a dominant
mechanism in lead-based PQDs, such as CsPbX; (X = Cl, Br, I)
or CH3;NH;PbX;, where heavy metal ions replace the B-site
cation (typically Pb>") at the PQD surface. This substitution
disrupts the perovskite lattice, introducing defects or mid-gap
states that facilitate non-radiative recombination, leading to
fluorescence quenching. For example, Hg** ions, with an jonic
radius (110 pm) close to Pb>* (119 pm), readily replace Pb** in
CH;NH;PbBr3;, causing lattice strain and quenching PL within
seconds due to rapid ion exchange kinetics.” The selectivity of
this mechanism depends on the ionic radius, charge, and
coordination chemistry of the analyte, making it highly effective
for Hg?* detection over other ions like Zn** or Na™. In lead-free
PQDs, such as Cs;Bi,X,, cation exchange is less prevalent due to
the higher stability of Bi**, limiting this mechanism's applica-
bility.*® The efficiency of cation exchange is also influenced by
surface ligand density, which can either facilitate or hinder ion
access to the lattice.”

Panel (a) in Fig. 6 presents a TEM image of CH;NH;PbBr;
QDs, revealing their nanoscale dimensions and uniform
distribution, with a scale bar of 50 nm, consistent with the 2-

40346 | RSC Adv, 2025, 15, 40338-40367
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10 nm range where quantum confinement effects dominate.>
Panel (b) shows the size distribution analysis, indicating an
average diameter of 5.3 & 0.5 nm, which influences the discrete
energy levels and size-dependent bandgap, enhancing photo-
luminescence properties critical for sensing applications. These
structural characteristics support the cation exchange mecha-
nism, where the surface accessibility of Pb** (ionic radius 119
pm) facilitates rapid ion substitution by analytes like Hg>* (110
pm), disrupting the lattice and introducing defects. Panel (c)
displays UV-vis absorption and photoluminescence emission
spectra of CH;NH;PbBr; QDs, with an absorption edge around
520 nm and a sharp emission peak at 510 nm, reflecting the
high oscillator strength and narrow FWHM (12-40 nm) due to
quantum confinement. The inset photograph confirms the
green emission, which is quenched upon Hg*" exchange due to
non-radiative recombination induced by lattice strain. Panel (d)
presents XRD patterns of CH;NH;PbBr; QDs in the absence and
presence of Hg>", showing peak shifts that indicate lattice
disruption and mid-gap states formation, highlighting the
selectivity and rapid kinetics of cation exchange for Hg>*
detection over other ions. Panel (e) illustrates the evolution of
fluorescence spectra of CH;NH;PbBr; QDs with increasing Hg”*
concentrations (0 to 1000 nM), showing a progressive quench-
ing of the 510 nm emission peak, consistent with cation
exchange disrupting the perovskite lattice and enhancing non-
radiative recombination. Panel (f) provides a linear fitting
curve of I,/I versus Hg®" concentration (0-100 nM), with
a correlation coefficient (R*> = 0.994), demonstrating the sensi-
tivity and selectivity of this mechanism for Hg®" detection,
influenced by ionic radius compatibility and surface ligand
density that modulates ion access.

3.1.2. Electron transfer. Electron transfer occurs when
heavy metal ions interact with the PQD surface, enabling the
transfer of electrons from the conduction band of the PQD to
the ion's unoccupied orbitals or vice versa, creating non-
radiative recombination pathways that quench fluorescence.
For instance, Cu®>* ions, with their partially filled d-orbitals, act
as electron acceptors in CsPbBr; PQDs, reducing PL intensity by
accepting electrons from the conduction band.®* This mecha-
nism is particularly effective for transition metal ions like Cu*",
Fe**, or Cr®", whose redox potentials align with the PQD's band
structure, facilitating efficient electron transfer.®*® The
quenching efficiency depends on the energy level alignment
between the PQD's conduction band and the ion's orbitals, as
well as the accessibility of the PQD surface, which is modulated
by ligands. Electron transfer is more pronounced in organic
solvents, where ligands like OAm allow ion access, but may be
limited in aqueous media due to ligand barriers.**

3.1.3. Forster resonance energy transfer. FRET involves
non-radiative energy transfer from the excited state of a PQD
(donor) to a heavy metal ion or a nearby acceptor molecule,
resulting in fluorescence quenching. FRET requires spectral
overlap between the PQD's emission and the acceptor's
absorption spectrum, as well as proximity within 10 nm. For
example, in a ratiometric sensor, CsPbBr; PQDs transfer energy
to gold nanoclusters in the presence of Cu®*, quenching the
PQD's green emission (~520 nm) while enhancing the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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patterns with/without Hg®*, (e) fluorescence changes with varying Hg?",
59. Copyright 2017, Elsevier.

nanocluster's emission due to spectral overlap.®* FRET is highly
sensitive but less selective, as multiple analytes may induce
similar energy transfer effects, necessitating careful sensor
design to ensure specificity.®® The efficiency of FRET depends on
the dipole-dipole coupling strength, which is influenced by the
PQD's emission properties and the ligand-mediated distance
between the PQD and the acceptor.*®

3.1.4. Surface trap-mediated quenching. Surface trap-
mediated quenching occurs when heavy metal ions interact
with surface defects or trap states on PQDs, such as uncoordi-
nated halide ions or underpassivated cation sites, creating non-
radiative recombination centers that quench fluorescence. For
instance, Fe*" ions bind to surface defects on CsPbBr;—CsPb,Brs
PQDs, forming trap states that capture excitons and reduce PL
intensity.*” This mechanism is particularly relevant for PQDs
with high surface-to-volume ratios, where defects are more
prevalent. In lead-free PQDs like MASnBr;, surface trap-
mediated quenching is enhanced by the interaction of ions

© 2025 The Author(s). Published by the Royal Society of Chemistry

(f) Io/1 vs. Hg?* (0-100 nM) linear fit. Reprinted with permission from ref.

like Cr®" with undercoordinated Sn*" sites, leading to efficient
quenching.®® The extent of quenching depends on the defect
density and ligand passivation, which can either suppress or
amplify trap-mediated effects. Surface modification with
ligands like APTES can reduce defect density, mitigating non-
specific quenching and enhancing selectivity.®”

3.1.5. Charge transfer complex formation. Charge transfer
complex formation involves the creation of a transient complex
between the PQD surface and a heavy metal ion, leading to
fluorescence quenching through the formation of a charge
transfer state. This mechanism is driven by the coordination of
metal ions with surface ligands or lattice ions, forming
a complex that alters the electronic structure of the PQD. For
example, Cu®" ions can form coordination complexes with
amine groups on CsPbBr; PQDs, creating a charge transfer state
that quenches PL by redirecting excitons to non-radiative
pathways.®® This mechanism is particularly effective for ions
with strong coordination abilities, such as Cu®>" or Cd*", and is
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enhanced in heterostructures like CsPbBr;-Ti;C,T, MXene,
where the MXene facilitates charge transfer.” The stability and
quenching efficiency of the complex depend on the ligand's
coordination strength and the ion's electronegativity.

Panel (a) in Fig. 7 presents absorbance spectra of CsPbBr;
QDs (black line), MXN QDs (dark yellow), and CsPbBr; QD-
Ti3C,T, QD (CPB-MXN) composites, showing distinct absorp-
tion edges influenced by the formation of charge transfer
complexes, where heavy metal ions coordinate with surface
ligands, altering the electronic structure [ref. 70]. Panel (b) in
Fig. 7 displays tau plots of the CPB-MXN composite compared to
pure CsPbBrj, indicating faster decay rates due to charge
transfer states that redirect excitons to non-radiative pathways.
Panel (c) shows steady-state PL spectra at 410 nm excitation for
the CPB-MXN composite with varying MXN concentrations (0.8
x 1073, 1.6 x 1073, 2.8 x 103 M), revealing a 4 nm blue shift
and quenching, consistent with the transient complex forma-
tion that enhances non-radiative recombination, particularly
with ions like Cu®" coordinating with amine groups. Panel (d)
provides a schematic diagram of the CPB-MXN band alignment,
illustrating the energy levels where the charge transfer state
forms, with a vacuum level at —3.1 eV and a bandgap of 2.4 eV
for CPB, facilitating efficient charge transfer in heterostructures
like CsPbBr;-Ti;C,T, MXene. This alignment supports the
quenching mechanism driven by strong coordination abilities
of ions such as Cu®* or Cd*", enhanced by the MXene's role in

40348 | RSC Adv, 2025, 15, 40338-40367

facilitating charge transfer. The stability and efficiency of this
quenching depend on the ligand's coordination strength and
the ion's electronegativity, aligning with the mechanism's
effectiveness in altering the PQD's electronic structure for
sensing applications.

3.2. Role of surface ligands in selectivity and sensitivity

Surface ligands, such as OAm, OA, PEI, hydroxypropyl chitosan,
or APTES, are critical in modulating the selectivity and sensi-
tivity of PQD-based detection. Ligands passivate surface defects,
stabilize colloidal dispersions, and mediate ion-PQD interac-
tions, influencing the efficiency of quenching or enhancement
mechanisms. Long-chain ligands like OAm and OA provide
steric hindrance, reducing non-specific interactions and
enhancing selectivity for ions like Hg*" or Cu®", which penetrate
the ligand shell through coordination or ion exchange.®* For
example, OAm-capped CsPbBr; PQDs exhibit high selectivity for
Cu®" due to the ion's ability to coordinate with amine groups,
facilitating electron transfer or complex formation.®> However,
dense ligand layers may reduce sensitivity by limiting ion
access, particularly in aqueous media. Hydrophilic or zwitter-
ionic ligands, such as hydroxypropyl chitosan, improve water
compatibility and ion accessibility, enhancing sensitivity for
ions like Cr®".”* PEI-modified MASnBr, PQDs introduce
chelating groups that selectively bind Fe®", forming stable
complexes that enhance quenching specificity.*®

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Dynamic ligand exchange, where metal ions displace weakly
bound ligands, exposes the PQD surface, amplifying quenching
through cation exchange or trap-mediated mechanisms. For
instance, Cd*>" detection with CsPbBr;-CsPb,Brs PQDs is
enhanced by ammonia hydroxide, which reduces ligand density
and increases surface accessibility.”> Conversely, strongly
bound ligands like APTES improve stability and selectivity for
Fe** by minimizing non-specific interactions.®”

3.3. Theoretical insights

Theoretical studies, particularly DFT calculations using func-
tionals like PBE or HSEO06 for accurate band structures, provide
quantitative insights into the electronic, structural, and kinetic
changes induced by heavy metal ions in PQDs. For cation
exchange, DFT simulations of Pb>" substitution with Hg>* in
CH;NH;PbBr; reveal the formation of mid-gap states posi-
tioned 0.5-1.0 eV below the conduction band (CB, typically at
—3.5 eV vs. vacuum), which promote non-radiative recombina-
tion by increasing the rate constant from ~10” s~ * (pristine) to
~10° 577, as evidenced by shortened PL lifetimes from 10 ns to
~2 ns.”® The thermodynamic rationale is rooted in a favorable
Gibbs free energy change (AG =~ —20 to —25 kJ mol '), calcu-
lated from the low lattice distortion energy due to similar ionic
radii (Pb*>": 119 pm; Hg”*": 110 pm) and a reduced activation
barrier (~0.2 eV), enabling rapid exchange kinetics on the order
of seconds in organic solvents. This mechanism is particularly
selective for Hg>", with AG more negative than for mismatched
ions like Zn>* (AG > —10 k] mol '), aligning with experimental
quenching efficiencies >90%.%

Similarly, for electron transfer, Cu®" binding to CsPbBr;
surfaces reduces the bandgap by shifting the CB edge down-
ward by 0.3-0.4 eV (from —3.8 eV to —4.1 eV), facilitating effi-
cient electron donation from the PQD CB to Cu** unoccupied d-
orbitals (LUMO at ~—4.0 eV), with transfer rates ~5 x 10"
s '—significantly faster than other mechanisms like FRET
(~10% s71).2 Thermodynamically, this is driven by a AG = —15
to —18 kJ mol ', arising from redox potential alignment (Cu®*/
Cu' E° = 0.15 V vs. NHE, matching PQD CB at ~—0.5 V), which
lowers the energy barrier for charge separation and enhances
quenching in transition metal detections. In lead-free Cs;Bi,-
Bro, DFT indicates Cu®' interactions with Bi*' sites create
shallow trap states at 0.2-0.3 eV above the valence band (VB at
—5.5 eV), increasing non-radiative rates to ~8 x 10° s~ with
aAG = —12 to —14 k] mol ', though kinetics are slower due to
higher lattice rigidity (activation energy ~0.4 eV) compared to
lead-based systems.® This highlights a trade-off: lead-free PQDs
offer eco-friendly thermodynamics but reduced kinetic effi-
ciency for aqueous sensing.

Bandgap effects are central to all detection mechanisms,
where metal ions shift band edges and alter recombination
pathways. For surface trap-mediated quenching, Fe®" ions
induce a redshift in the bandgap of CsPbBr;-CsPb,Brs by 0.15-
0.2 eV (from 2.4 eV to 2.2 eV), driven by strong electrostatic
binding (energy ~ —1.5 to —2.0 eV), which creates defect states
and reduces radiative lifetimes from 10-15 ns to 1-3 ns, corre-
sponding to rate increases to 6 x 10° s~.*” Thermodynamically,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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AG = —19 kJ mol " favors trap formation due to Fe** coordi-
nation with underpassivated Br~ sites, making this mechanism
kinetically slower than electron transfer but highly selective in
aqueous matrices with pH-dependent interferences. DFT also
elucidates ligand roles, showing that ligand-metal coordination
(e.g., OAm or PEI with Cu®") lowers electron transfer barriers by
0.3-0.5 eV, increasing rates by 10-100-fold and AG by —5 to
—10 k] mol ™" through stabilized charge-separated states.” This
is particularly relevant for ratiometric designs, where FRET
efficiencies reach 60-70% with dipole-dipole distances <
10 nm, but kinetics lag (~10® s') due to spectral overlap
requirements (>50% emission-absorption match) and less
negative AG (~—10 k] mol ™) compared to direct transfer.

MD simulations further model ion kinetics, revealing that
diffusion through the ligand shell (e.g., oleylamine chains ~ 1-
2 nm thick) is rate-limiting, with diffusion coefficients ~5 x
10 "% to 10 ° m* s " and residence times ~10-100 ps, affecting
overall response times (seconds in experiments).”* Compara-
tively, electron transfer exhibits the fastest kinetics (10" s,
low barriers) and most negative AG for rapid, sensitive detection
of transition metals like Cu®'; cation exchange offers interme-
diate rates (10° s~") with high thermodynamic stability for Hg**-
specific sensing; while trap-mediated and FRET mechanisms
provide tunable selectivity but slower dynamics (10° s™) due to
defect/spectral dependencies. These quantitative metrics, vali-
dated by hybrid DFT-MD approaches, guide rational PQD
design—e.g., ligand engineering to optimize barriers or doping
to align band edges—for enhanced sensitivity (sub-nM LODs)
and selectivity in diverse matrices.

4. PQD-based nanosensors for heavy
metal ion detection

PQDs have emerged as highly effective platforms for detecting
heavy metal ions, leveraging their exceptional optoelectronic
properties, including high PLQY, tunable emission wave-
lengths, and large surface-to-volume ratios. These attributes
enable the development of sensors with superior sensitivity and
selectivity, particularly for industrial applications where precise
detection of heavy metal contaminants is critical.">*® This
section reviews the design of PQD-based nanosensors for
specific heavy metal ions, evaluates their performance metrics,
compares lead-based and lead-free PQDs, explores strategies for
enhancing sensor performance, and details their applications
in industrial settings for heavy metal detection. The focus is on
practical sensor design and performance, distinct from the
mechanistic insights covered previously, ensuring a compre-
hensive and application-oriented analysis tailored to the
detection of heavy metal ions.

4.1. Design of PQD-based nanosensors for specific heavy
metal ions

The design of PQD-based nanosensors is tailored to detect
specific heavy metal ions, including Hg**, Cu**, Cd**, Fe’*", Cr*,
and Pb**, by exploiting ion-specific interactions with the PQD
surface or lattice. For Hg”" detection, CH;NH;PbBr; PQDs have
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been developed with a limit of detection (LOD) of 0.124 nM,
capitalizing on their high PLQY (50.28%) and efficient surface
interactions that lead to fluorescence quenching.*® The sensor
design leverages the chemical affinity of Hg** for the perovskite
lattice, enabling rapid and selective detection in organic media.
Cu”* detection is a focal point, with CsPbBr; PQDs achieving an
LOD of 0.1 nM in organic solvents like hexane, benefiting from
fast response times (<10 s) and high selectivity over competing
ions such as Na* or Zn®".%2 The design incorporates ligands like
OAm to facilitate ion access in non-polar environments. Cd**
detection is achieved using CsPbBr;—CsPb,Br; PQDs modified
with ammonia hydroxide, which reduces ligand density to
enhance surface accessibility, resulting in an LOD of 10° M.”
This modification improves sensitivity in aqueous media, crit-
ical for industrial wastewater analysis. Lead-free PQDs, such as
MASNBr;, are designed for Fe* and Cr®" detection, achieving
nanomolar sensitivity through tailored ligand systems like PEI,
which forms selective complexes with these ions.®® Cs;Bi,Brg
PQDs are engineered for Cu®" detection in aqueous environ-
ments, achieving an LOD of 98.3 nM due to their high photo-
stability and ligand-assisted interactions.®® For Pb*" detection,
CsSnX; PQDs are optimized for non-aqueous media like lubri-
cants, achieving an LOD of 3.5 nM through synthesis methods
that enhance PL stability.” These designs highlight the
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adaptability of PQDs to diverse ions and matrices, driven by
tailored material compositions and surface chemistries.

Fig. 8a shows the PL intensity of Cs;Bi,Bro PQDs at varying
Cu®" concentrations (0 to 1200 nM), with a clear quenching
trend, reflecting the high PLQY (50.28%) and efficient surface
interactions that enable a low LOD of 0.1 nM in organic solvents
like hexane, as designed for Cu** detection. Panel (b) presents
a fitting curve for PL intensity versus Cu®>" concentration,
demonstrating a linear range of 0-1200 nM with an R* of
0.99105, highlighting the sensor's selectivity and rapid response
(<10 s) over competing ions like Na* or Zn*", facilitated by
ligands such as OAm. Panel (c) displays time-resolved fluores-
cence spectra at varying Cu®* concentrations, showing decay
time reductions that underscore the fast ion-specific interac-
tions with the PQD lattice, aligning with the tailored design for
heavy metal ion sensing. Panel (d) illustrates the PL responses
(Fo/F) of the probe to different metal ions (Zn**, Mg**, Sn**,
Mn**, Ni**, Pb*", In**, Cu®"), with Cu®" exhibiting the highest
quenching efficiency (Fo/F = 3.5), confirming the sensor's
selectivity and nanomolar sensitivity (LOD 0.1 nM) for Cu®" in
organic media. This design leverages the chemical affinity of
Cu®" for the perovskite surface, enhanced by ligand-assisted
interactions, consistent with the adaptability of PQDs like Cs;-
Bi,Br, for aqueous detection (LOD 98.3 nM) or CH;NH;3;PbBr;
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241
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Fig. 8 (a) PL intensity of Cs3Bi,Bre PQDs at different Cu?* concentrations, (b) calibration curve of PL intensity versus Cu?* concentration, (c)
time-resolved fluorescence profiles with varying Cu* levels, (d) PL responses of the sensor to various metal ions. Adapted with permission from

ref. 60. Copyright 2023, MDPI.
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for Hg>* (LOD 0.124 nM), and CsSnX; for Pb** (LOD 3.5 nM) in
non-aqueous matrices, showcasing tailored surface chemistries
for diverse ion-specific applications.

4.2. Performance metrics of PQD-based sensors

The performance of PQD-based nanosensors is evaluated
through key metrics: sensitivity, selectivity, LOD, and linear
detection range, all of which are critical for their practical
application in industrial and environmental settings. These
metrics are heavily influenced by the matrix in which detection
occurs (e.g., organic solvents like hexane, aqueous solutions, or
complex media like seawater and wastewater), necessitating
standardized calibration protocols, blank measurements, and
interference assessments to ensure reproducibility and
comparability.

Sensitivity is defined as the change in PL intensity per unit
analyte concentration (AI/AC, typically in a.u./nM). Lead-based
PQDs, such as CsPbX; (X = Cl, Br, I), exhibit high sensitivity due
to their strong fluorescence (PL quantum yield, PLQY, 50-90%)
and large absorption coefficients (10° to 10° e¢cm ™). For
instance, CsPbBr; PQDs detect Cu®" in hexane with a sensitivity
of ~10% a.u./nM across a linear range of 0-1200 nM, calibrated
using Stern-Volmer plots (Io/I vs. [Cu>*]) with blank hexane
solutions to correct for background fluorescence.® In aqueous
matrices, sensitivity often decreases due to matrix effects; for
example, Cs;Bi,Br, in seawater shows a sensitivity of ~10% a.u./
nM for Cu®", attributed to ionic strength (e.g., 0.6 M NaCl) and
pH variations (pH 7.5-8.5), requiring calibration with seawater
blanks.®

Selectivity is achieved through specific interactions between
PQDs and target ions, such as cation exchange for Hg*" or
chelation for Fe**, minimizing interference from common ions
like K*, Na*, or Ca®". For example, CH;NH;PbBr; PQDs selec-
tively detect Hg”" in organic solvents with >95% selectivity over
Zn** and Mg?*, confirmed through interference tests where
competing ions caused <5% PL change.” In complex matrices
like wastewater (pH ~ 6.5, high Ca®*"/Mg?"), selectivity may drop
to ~80% unless ligand modifications (e.g., polyethylenimine,
PEI) enhance ion-specific binding.®® Calibration protocols
incorporate blank measurements in the respective matrix to
establish baseline PL and interference tests to quantify selec-
tivity (e.g., PL quenching <10% for non-target ions).

LOD varies significantly with matrix and calibration meth-
odology. In organic solvents like hexane, where ionic interfer-
ences are minimal, LODs reach sub-nanomolar levels (e.g,
0.1 nM for Cu*" with CsPbBr;, determined via Stern-Volmer
with 3g/slope, where ¢ is the standard deviation of blank hexane
fluorescence®). In contrast, aqueous matrices like seawater or
wastewater yield higher LODs (e.g., 98.3 nM for Cu** with Cs;-
Bi,Br, in seawater, calibrated via linear I,/I fitting with seawater
blanks and interference tests showing ~15% quenching from
Ca**/Mg>" (ref. 60)). Complex matrices introduce challenges like
ionic strength, pH fluctuations, and organic matter, which
elevate LODs; for instance, wastewater (COD ~ 200 mg L)
increases LODs to ~500 nM for Fe*" with MASnBr; due to
competing quenching.®® Ratiometric sensors, such as CsPbBr;

© 2025 The Author(s). Published by the Royal Society of Chemistry

Table 3 Summary of LODs and performance metrics for PQD-based sensors

Linear range Ref.

Blanks/interferences Selectivity

Calibration protocol

Matrix

LOD

Ion

PQD type

0-1200 nM 62

>95%

Hexane blanks; <5% quenching

Stern-Volmer (3a/slope)
by Na*, zn**

0.1 nM Hexane

Cu2+

CsPbBr;
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paired with Au nanoclusters, mitigate matrix effects by using
dual-emission ratios, achieving LODs of ~1 nM for Cu®" in
aqueous systems with calibration against blank water and <10%
interference from Na'/K".**

Linear detection range typically spans 10~ to 10> M,
depending on the matrix and PQD type. In organic solvents,
CsPbBr; detects Cu®" linearly from 0-1200 nM, with high R
(>0.99) in Stern-Volmer plots.”> In seawater, Cs;Bi,Bro main-
tains linearity from 0-1000 nM but requires ligand passivation
to counter matrix interferences.®® Wastewater matrices narrow
the range (e.g., 10-500 nM for Fe** with MASnBr;) due to pH and
organic matter effects, calibrated via time-resolved decay to
isolate analyte-specific quenching.®®

To standardize comparisons across studies, Table 3
summarizes LODs, matrices, calibration protocols, blank
measurements, interference tests, selectivity metrics, and linear
ranges. Organic solvents generally yield lower LODs and wider
ranges due to reduced interferences, while aqueous and
complex matrices require robust calibration (e.g., matrix-
matched blanks) and ligand strategies to maintain perfor-
mance. These insights guide sensor optimization for specific
applications, such as trace metal detection in environmental
monitoring.

4.3. Comparison of lead-based and lead-free PQDs for heavy
metal ion detection

Lead-based PQDs, such as CsPbX; (X = Cl, Br, I) and CH3NH;-
PbX;, are highly effective for detecting heavy metal ions due to
their superior optoelectronic properties, including high photo-
luminescence quantum yield and narrow emission spectra.
These attributes enable ultra-low LODs, often below 10 nM, for
ions like Hg** and Cu®'. For instance, CH;NH;PbBr; PQDs
achieve an LOD of 0.124 nM for Hg**, with rapid response times
(<10 s) and high sensitivity, making them suitable for environ-
mental monitoring.”® Similarly, CsPbBr; PQDs in organic
solvents detect Cu®>" with an LOD of 0.1 nM, leveraging OAm
ligands for enhanced specificity.**

The characterization of CsPbBr; PQDs, as depicted in Fig. 9,
provides a comprehensive analysis of their structural and
optical properties.®® Panels (a) and (f) present the absorption
and PL spectra, respectively, showing a strong absorption peak
around 510 nm and a corresponding PL emission peak, indi-
cating the high optical quality of the PQDs dispersed in hexane
under daylight and 365 nm UV lamp irradiation. The inset
images in (a) visually confirm the uniform dispersion, while
panel (b) offers a TEM image with a high-resolution TEM
(HRTEM) inset, revealing a lattice spacing of 5.8 A, consistent
with the cubic phase of CsPbBr;. These structural insights
underscore the PQDs' crystallinity and potential for optoelec-
tronic applications. Elemental composition and -crystallo-
graphic structure are further elucidated in panels (c) and (d).
Panel (c) displays the energy-dispersive X-ray spectroscopy
(EDS) spectrum with an inset table detailing the atomic
percentages (Cs: 20.2%, Pb: 34.83%, Br: 45.15%), confirming
the stoichiometric ratio of the PQDs. Panel (d) shows the XRD
pattern, matching the PDF # 54-0752 reference for the cubic
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phase, which aligns with the HRTEM findings and validates the
phase purity of the synthesized CsPbBr; PQDs. These results
highlight the material's compositional integrity and crystalline
order, critical for its performance in heavy metal ion detection.

The comparison of CsPbBr; PQDs with and without Cu®*
ions is illustrated in panels (e) and (f). Panel (e) exhibits
absorption spectra of CsPbBr; PQDs at different Cu®>* concen-
trations (0, 50, 100 nM), showing a gradual decrease in
absorption intensity with increasing Cu®', indicative of ion-
induced quenching. Panel (f) compares the PL spectra of pris-
tine CsPbBr; PQDs and those with Cu-oleate, revealing
a significant PL intensity drop upon Cu”" addition, with an inset
showing elemental ratios post-incubation. This quenching
behavior is key to achieving ultra-low LODs, such as 0.1 nM for
Cu®", as noted in the context of environmental monitoring
applications. Panels (g) and (h) provide additional spectro-
scopic and kinetic data. Panel (g) presents the EDS spectrum of
CsPbBr; aggregates with an inset table (Br: 48.35%), Cs: 18.64%),
Pb: 31.81%), confirming the elemental composition after Cu®*
interaction. Panel (h) displays time-resolved PL decay curves at
different Cu®>" concentrations (0, 50, 100 nM), with average
lifetimes decreasing from 80.84 ns to 60.92 ns, reflecting
enhanced non-radiative recombination due to Cu®". These
kinetic changes correlate with the rapid response times (<10 s)
and high sensitivity observed in lead-based PQDs for detecting
heavy metal ions like Cu**, reinforcing their efficacy in practical
sensing applications.

These systems excel in applications requiring high sensi-
tivity, such as industrial solvent analysis. However, lead-based
PQDs face significant challenges due to the toxicity of Pb*",
which limits their use in environmentally sensitive applica-
tions. Their stability in aqueous media is often poor, necessi-
tating advanced stabilization techniques. For example, CsPbBr;
PQDs encapsulated in PCN-333(Fe) MOFs achieve an LOD of
1.63 nM for Cu®" with improved stability and a 6.5-fold PL
enhancement, suitable for water quality monitoring.”® Encap-
sulation in ZIF-8 MOFs further extends stability to 15 days in
aqueous solutions, with an LOD of 2.64 nM for Cu®**.” Phase
transfer methods using OAm also enable aqueous detection of
Cu”', though complex synthesis and lead toxicity remain
barriers to scalability.®

Lead-free PQDs, such as Cs3;Bi, X, and MASnBr;, offer envi-
ronmentally friendly alternatives with enhanced stability in
aqueous environments, critical for applications like wastewater
and seawater analysis. Eu**-doped Cs;Bi,Br, PQDs detect Cu**
with an LOD of 98.3 nM in seawater, benefiting from high
photostability and moisture resistance.”® Cs3Bi,Cly PQDs,
passivated with hydroxypropyl chitosan, achieve an LOD of 0.27
uM for Cr®" in wastewater, supported by ligand-enhanced
sensitivity.”* These lead-free systems are ideal for eco-friendly
industrial applications, particularly in marine and environ-
mental monitoring. Despite their environmental advantages,
lead-free PQDs typically exhibit lower PLQY (20-50%) and
broader emission spectra, leading to higher LODs compared to
lead-based systems. For example, MASnBr; PQDs with PEI
ligands detect Fe** and Cr®* in the nanomolar range but face
stability challenges in harsh conditions.®® CsSnX; PQDs achieve

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.9 Characterizations of CsPbBrs; PQDs: (a) absorption and PL spectra, inset: images under daylight and 365 nm; (b) TEM and HRTEM inset; (c)
EDS spectrum, inset: elemental ratios; (d) XRD pattern; (e) absorption spectra with Cu?*; (f) PL spectrum with Cu-oleate; (g) EDS of aggregates,
inset: ratios; (h) time-resolved PL decay, inset: lifetimes. Adapted with permission from ref. 62. Copyright 2018, Royal Society of Chemistry.

a low LOD of 3.5 nM for Pb** in organic solvents, yet Sn>*
oxidation limits their long-term stability.” These trade-offs
make lead-free PQDs less competitive for ultra-sensitive appli-
cations but valuable for sustainable contexts.

Single-ion detection systems, such as CH;NH;PbBr; for Hg**
(ref. 59) and CsSnX; for Pb*',”® provide high selectivity for
specific heavy metal ions, making them suitable for targeted

© 2025 The Author(s). Published by the Royal Society of Chemistry

applications like lubricant quality control. In contrast, multi-
ion sensors, such as Eu*"-doped Cs;Bi,Clg/Cs3Bi,Cly for Cu**
and Fe** (LODs of 6.23 pM and 3.6 uM)*® or MASnBr; for Fe**
and Cr®*,*® offer broader applicability but often at the expense of
higher LODs. Ratiometric designs, like Mn**-doped CsPbCl, for
Cu® (LOD 22.12 nM),* improve specificity in complex matrices
through dual-emission signals. Lead-based PQDs are preferred
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for applications demanding ultra-high sensitivity and rapid
response, such as industrial solvent monitoring, but require
advanced stabilization to overcome toxicity and aqueous
instability. Lead-free PQDs excel in eco-friendly applications,
particularly in aqueous environments like wastewater treat-
ment, despite their lower sensitivity. Single-ion sensors offer
high specificity, while multi-ion and ratiometric sensors
provide versatility for complex systems. Future advancements
should focus on enhancing the PLQY of lead-free PQDs,
improving stability through novel ligands, and integrating
computational tools to optimize sensor design for industrial
scalability (Table 4).

4.4. Strategies for enhancing sensor performance

Several strategies have been developed to optimize the perfor-
mance of PQD-based sensors, addressing limitations in
stability, sensitivity, and selectivity for heavy metal detection.

4.4.1. Surface passivation and ligand engineering. Surface
passivation with tailored ligands enhances stability and selec-
tivity. Hydroxypropyl chitosan-passivated Cs;Bi,Cly PQDs
improve selectivity for Cr®" by facilitating ion coordination,
achieving an LOD of 0.27 uM in aqueous media.”* APTES-coated
CsPbBr;-CsPb,Brs PQDs enhance Fe®* detection by reducing
non-specific interactions, with an LOD of 10> M and
a response time of 8 s.°” Poly(ethylenimine) ligands in MASnBr;
PQDs introduce chelating groups, improving Fe** selectivity
through stable complex formation, critical for industrial fluid
analysis.®® These ligand designs optimize ion accessibility while
maintaining PQD stability.

4.4.2. Encapsulation in stable matrices. Encapsulation in
robust matrices, such as metal-organic frameworks (MOFs) or
silica, protects PQDs from environmental degradation while
maintaining analyte accessibility. CsPbBr; PQDs encapsulated
in ZIF-8 MOFs achieve an LOD of 2.64 nM for Cu®* and retain
stability in water for 15 days, suitable for industrial wastewater
monitoring.” PCN-333(Fe) MOF encapsulation enhances
CsPbBr; stability, achieving an LOD of 1.63 nM for Cu®* with
a 6.5-fold PL enhancement.” Silica-encapsulated CsPbBr;@-
SiO, systems support ratiometric Cu®" detection with high
stability in aqueous environments, ideal for industrial applica-
tions.** These matrices balance protection and sensitivity,
enabling robust sensor performance.®!

4.4.3. Doping with metal ions. Doping with metal ions like
Mn>" or Eu®" enhances PL stability and enables advanced
sensing modalities. Mn”>*-doped CsPbCl; PQDs exhibit dual
emission for ratiometric Cu®" detection, achieving an LOD of
22.12 nM with a PLQY of 52.48%." Eu**-doped Cs;Bi,Bre PQDs
detect Cu®*" and Fe®" with LODs of 6.23 uM and 3.6 uM,
respectively, benefiting from improved photostability and
polychromatic emission.*® Doping introduces additional emis-
sion bands, enhancing detection accuracy in industrial
settings.®

4.4.4. Ratiometric and visual sensing approaches. Ratio-
metric sensing improves accuracy by using dual-emission
signals to mitigate environmental noise. CsPbBr; PQDs
combined with Au nanoclusters enable ratiometric Cu®*

© 2025 The Author(s). Published by the Royal Society of Chemistry
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detection, with visual color changes enhancing usability in
industrial quality control.** Cs;Bi,Cly, PQDs facilitate visual
detection of Cr®" at 0.27 uM through distinct PL changes, suit-
able for on-site industrial monitoring.”™

4.5. Industrial applications of PQD-based nanosensors for
heavy metal detection

PQD-based nanosensors have demonstrated significant poten-
tial in industrial settings for detecting heavy metal ions in
various matrices, ensuring quality control and preventing
contamination. These applications are particularly relevant in
industries such as chemical processing, manufacturing, and
waste management, where heavy metal pollutants pose signifi-
cant risks to product integrity and environmental safety. CsSnX;
PQDs are highly effective for detecting Pb>" in lubricants and
organic solutions, achieving an LOD of 3.5 nM through opti-
mized synthesis methods that enhance PL stability.” Their
design leverages the high compatibility of lead-free PQDs with
non-aqueous media, making them ideal for monitoring indus-
trial fluids used in machinery and automotive applications. The
rapid response time (<15 s) and high selectivity over competing
ions like Zn** or Ca** ensure reliable detection of trace Pb",
which is critical for maintaining lubricant quality and pre-
venting equipment corrosion.” The robustness of CsSnX; PQDs
in organic solvents, combined with their eco-friendly compo-
sition, positions them as a sustainable solution for industrial
monitoring.

CsPbX; PQDs are employed to detect Cu®" in organic solvents
used in chemical processing, achieving a detection range of 2 x
1077 to 2 x 10 ° M. Their high PLQY (up to 90%) and sensitivity
make them suitable for monitoring trace Cu®" in solvents used
for catalysis or material synthesis, where even low concentra-
tions can affect product quality.” For instance, Cu®*" contami-
nation in organic solvents can catalyze unwanted side reactions,
and PQD-based nanosensors provide a rapid and precise
method to ensure solvent purity. The use of OAm ligands in
these systems enhances selectivity by facilitating Cu®>" coordi-
nation, minimizing interference from other metal ions.** In
industrial wastewater treatment, Cs;Bi,Br, PQDs are utilized to
detect Cu®* with an LOD of 98.3 nM, leveraging their high
photostability and resistance to aqueous degradation.* These
lead-free PQDs are particularly valuable in monitoring effluent
streams from metal plating or electronics manufacturing,
where Cu®>* contamination is a common concern. Their ability
to function in aqueous environments without significant PL
degradation makes them suitable for continuous monitoring
systems, ensuring compliance with environmental regula-
tions.®® Additionally, hydroxypropyl chitosan-passivated Cs;-
Bi,Cly PQDs detect Cr®" in wastewater with an LOD of 0.27 uM,
offering a visual detection method that is practical for on-site
industrial applications.” The distinct PL changes induced by
Cr®" enable rapid identification of contamination, facilitating
timely remediation.

CsPbBr;—-CsPb,Brs; PQDs, modified with
hydroxide, are applied to detect Cd>" in industrial effluents,
achieving an LOD of 10~°® M. These sensors are designed for

ammonia
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wastewater from industries like battery manufacturing, where
Cd** is a prevalent pollutant. The ammonia hydroxide modifi-
cation enhances surface accessibility, improving sensitivity in
aqueous media, which is critical for real-time monitoring of
industrial discharge.”” Similarly, APTES-coated CsPbBr;—
CsPb,Br; PQDs detect Fe*" with an LOD of 10> M, suitable for
monitoring iron contamination in industrial fluids used in steel
production or chemical synthesis.®” The high stability of APTES
coatings ensures reliable performance under harsh industrial
conditions. Ratiometric sensing systems, such as CsPbBr; PQDs
paired with Au nanoclusters, are employed for Cu®" detection in
industrial solvents, providing visual color changes that enhance
usability for on-site quality control.** These systems are partic-
ularly valuable in industries requiring rapid, non-invasive
detection methods, such as petrochemical processing, where
Cu®" contamination can degrade product performance. The
dual-emission signals improve accuracy by mitigating environ-
mental noise, ensuring precise quantification.**

5. Comparative analysis with other
sensing materials for heavy metal ion
detection

This section evaluates PQDs against alternative sensing mate-
rials, including carbon quantum dots (CQDs), graphene
quantum dots (GQDs), traditional semiconductor quantum
dots (e.g., CdS, CdTe, ZnS-based), and metal-organic frame-
works (MOFs), for detecting heavy metal ions. The comparison
emphasizes performance metrics such as limit of detection
(LOD), selectivity, PLQY, synthesis complexity, and applicability
in environmental and industrial contexts. By benchmarking
PQDs against these materials, their unique strengths, limita-
tions, and synergistic potential are highlighted, ensuring
a distinct perspective from prior mechanistic, design, and
application discussions.

5.1. Comparative analysis of PQDs and nanomaterials for
heavy metal sensing

Detecting heavy metal ions in environmental, industrial, and
biological matrices requires materials with high sensitivity,
selectivity, and practical applicability. PQDs, CQDs, GQDs,
semiconductor quantum dots, and MOFs each offer distinct
properties for this purpose. CQDs, derived from carbon-based
precursors, feature surface functional groups (e.g, NH,,
COOH) that enhance metal ion interactions, making them eco-
friendly and suitable for aqueous environments.*»* GQDs,
a subset of CQDs, leverage surface plasmon resonance (SPR) for
detection, offering high stability in water.** Semiconductor QDs
like CdS and CdTe provide tunable optical properties but are
limited by toxicity.***® MOFs, often paired with luminescent
nanomaterials, enhance stability and selectivity through their
porous structures.’®® Table 5 provides a comprehensive
comparison of these materials' performance metrics, including
LOD and PLQY, across various detection environments.

CQDs, synthesized via hydrothermal or microwave methods,
typically exhibit PLQY of 20-50% and LODs of 5-35.8 nM for
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ions like Pb®>" and Hg”* in water samples.®>** Their broad
emission spectra limit sensitivity compared to PQDs. GQDs,
with similar PLQY (20-30%), achieve LODs of 16.32 nM for Hg>*
using SPR, but their pyrolysis-based synthesis is less scalable.?
Semiconductor quantum dots, such as CdTe, offer higher PLQY
(50-60%) and LODs of 50-179.5 nM, but cadmium toxicity and
complex synthesis hinder their use.***®* MOFs, while not
inherently luminescent, enhance the performance of embedded
fluorophores, though their fabrication is intricate.”®®” PQDs
combine high PLQY, narrow emission, and moderate synthesis
complexity, making them versatile for both organic and
aqueous applications. The choice of material depends on the
application context. CQDs and GQDs excel in eco-friendly
aqueous detection, while semiconductor QDs suit high-
sensitivity needs despite toxicity concerns. MOFs enhance
stability but require complex integration. PQDs offer a balanced
profile of sensitivity, tunability, and adaptability, positioning
them as a leading platform for heavy metal detection across
diverse matrices.

5.2. Advantages of PQDs for heavy metal ion detection

PQDs, particularly lead-based variants like CsPbX; and CHjs-
NH;PbX;, exhibit exceptional optical properties, including high
PLQY and narrow emission spectra, enabling ultra-low LODs
(e.g., 0.124 nM for Hg>" with CH;NH;PbBr;).*® This optical
precision supports ratiometric sensing, as seen in Mn**-doped
CsPbCl; (LOD 22.12 nM for Cu®), enhancing accuracy in
complex matrices.®® Their tunable bandgap, adjusted via size or
halide composition, allows tailored detection, such as CsPbBr;
achieving an LOD of 0.1 nM for Cu®* in hexane through OAm
coordination.®> Lead-free PQDs, like Cs;Bi,Bro:Eu®’, offer
comparable performance (LOD 98.3 nM for Cu**) with reduced
toxicity, ideal for aqueous environments like seawater.®® Their
rapid response times (<10 s) stem from efficient quenching
mechanisms, such as cation exchange for Hg>* detection with
CH;NH;PbBr;, outperforming CQDs' slower responses.’”®
Integration into MOFs, as with CsPbBr;@PCN-333(Fe) (LOD
1.63 nM for Cu®"), enhances aqueous stability, making PQDs
suitable for industrial wastewater monitoring.”® Table 5 high-
lights these advantages, showing PQDs' superior LODs and
versatility compared to other materials. PQDs' compatibility
with organic solvents (e.g., hexane, lubricants) and aqueous
media via phase-transfer techniques (e.g., oleylamine-modified
CsPbBr;, LOD 0.5 nM for Cu®**) broadens their industrial
applicability.* In contrast, GQDs are limited to aqueous
systems, and CdS QDs struggle with selectivity in complex
matrices.***® The combination of high PLQY, tunability, and
rapid response positions PQDs as a leading choice for high-
performance heavy metal detection.

5.3. Limitations of alternative sensing materials

CQDs, despite their eco-friendliness, are constrained by lower
PLQY (20-50%) and broader emission spectra, reducing sensi-
tivity. For example, CQDs from blue crab shells achieve an LOD
of 5 nM for Pb>*, but their PLQY (50%) is lower than CsPbBr;'s
(81%).9>%* Their need for complex surface functionalization to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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enhance selectivity increases synthesis complexity.”** GQDs,
with PLQY of 20-30%, achieve an LOD of 16.32 nM for Hg”",
significantly higher than PQDs' 0.124 nM, and their pyrolysis
synthesis is less scalable.**** Semiconductor QDs like CdS and
CdTe offer PLQY of 50-60% and LODs of 50-179.5 nM, but
cadmium toxicity limits their environmental applications.®***
Their multi-step synthesis is more complex than PQD hot-
injection or LARP methods, and selectivity often requires
multiple capping agents.*®” MOFs, while enhancing stability
when paired with PQDs, lack intrinsic luminescence and
require intricate fabrication, limiting standalone use.”®”® Table
5 underscores these limitations, showing higher LODs and
synthesis challenges for alternative materials compared to
PQDs' superior performance.

5.4. Synergistic approaches combining PQDs with other
nanomaterials

Combining PQDs with MOFs, CQDs, or metal nanoclusters
creates synergistic systems that enhance detection perfor-
mance. Encapsulation in MOFs, such as CsPbBr;@PCN-333(Fe)
(LOD 1.63 nM for Cu**) or CsPbBr;@ZIF-8 (LOD 2.64 nM),
improves aqueous stability and analyte accessibility, ideal for
wastewater monitoring.”*”® These composites leverage MOF
porosity and PQD optical properties, overcoming the aqueous
instability of lead-based PQDs. Hybrid systems with CQDs or Au
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nanoclusters enable ratiometric sensing, as seen with CsPbBr;
and Au nanoclusters for visual Cu®?' detection via FRET,
enhancing accuracy in industrial solvents.** CsPbBr;/PMMA
fiber membranes achieve an LOD of 10> M for Cu?*',
combining PQD fluorescence with polymer matrix stability.®®
Doping with Eu®*" or Mn*", as in Cs;Bi,Bre:Eu®" (LOD 98.3 nM
for Cu®"), enhances PLQY and selectivity in aqueous
settings.®>® These synergistic approaches address PQD limita-
tions, offering performance superior to standalone CQDs or
semiconductor quantum dots.

The provided figure illustrates key optical and energetic
properties of Eu**-doped Cs;Bi,Br, PQDs combined with PeQD.
Panel (a) presents the excitation spectra monitored at 446 nm
and 620 nm, revealing distinct peaks at 365 nm and broader
emissions influenced by Eu®" doping, with emission wave-
lengths at 446 nm and 620 nm corresponding to transitions
from the conduction band to the valence band and specific Eu**
energy levels (°D, — ’Fj). This highlights the enhanced PL
properties due to Eu*" incorporation, which boosts PLQY and
selectivity, as noted for Cs;Bi,Bro:Eu®" with an LOD of 98.3 nM
for Cu®*. Panel (b) depicts the energy level diagram, showing the
alignment of Eu®* levels (°D, to °D, and “F, to "F¢) with the
conduction and valence bands of Cs;Bi,Br,, facilitating efficient
ET and FRET mechanisms that underpin the improved detec-
tion performance in hybrid systems. Panels (c) and (d) further
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Fig. 10 (a) Excitation spectra of Eu®* (8.6 mol%)-doped Cs3Bi,Brg:PQDs at 446 and 620 nm. (b) Energy level diagram of Eu**-doped Cs3Bis-
Bro:PQDs. (c) Time-resolved PL decay at 446 nm and 620 nm (°Dg — F)) for undoped and Eu®* (1.6-11.3 mol%)-doped samples. (d) Energy
transfer efficiency from CssBi,Bre:PQDs to Eu** vs. concentration (inset: 446 nm decay constants). Reprinted with permission from ref. 89.

Copyright 2019, American Chemical Society.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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elucidate the concentration-dependent behavior of Eu’*
doping. Panel (c) shows the decay time () at 446 nm decreasing
from 3.5 ns to 1.5 ns with increasing Eu®" concentration (0-
12%), indicating enhanced non-radiative energy transfer to Eu**
ions, as supported by the inset's reverse exciton emission decay
constants. Panel (d) quantifies the ET efficiency (ngr) and
coefficient («), peaking at 0.7 and 0.6, respectively, at 12%
doping, alongside a bar graph of ngr, which underscores the
optimal doping level for maximizing PLQY and sensing accu-
racy in aqueous environments. These findings reinforce the
synergistic potential of Eu**-doped PQDs with nanomaterials
like MOFs or CQDs, enhancing stability and detection limits as
demonstrated in systems like CsPbBr;@PCN-333(Fe) and
CsPbBr;/PMMA fiber membranes (Fig. 10).

5.5. Benchmarking PQD performance against established
sensors

PQDs consistently outperform alternative sensors in key
metrics. For Hg>", CH;NH;PbBr; achieves an LOD of 0.124 nM,
surpassing CdTe/CdS/ZnS (16.32 nM) and GQDs (16.32 nM) due
to efficient cation exchange.®** For Cu®*, CsPbBr; reaches an
LOD of 0.1 nM, compared to CdS (179.5 nM) and CulnS,/ZnS (63
nM), leveraging rapid quenching mechanisms.***® Lead-free
Cs;Bi,Cly detects Cr®* at 0.27 uM, competitive with CdTe (100
nM), with added eco-friendliness.”** PQDs' selectivity,
enhanced by tailored ligands and doping, matches or exceeds
that of CdTe and CdS, which require complex functionaliza-
tion.*>** Their moderate synthesis complexity (hot-injection,
LARP) contrasts with the multi-step processes of CdTe/CdS/
ZnS or GQDs.*** PQDs' versatility across organic and aqueous
environments, particularly when integrated with MOFs, posi-
tions them as a robust platform for industrial and environ-
mental monitoring, outperforming alternative materials in
sensitivity and applicability.

6. Challenges, future directions, and
pathways to industrial adoption

PQDs have emerged as a transformative platform for heavy
metal ion detection, offering exceptional sensitivity, tunable
optical properties, and versatility across diverse matrices.
Despite their promise, several challenges hinder their practical
implementation and scalability, particularly in environmental,
industrial, and biomedical applications. Addressing these
obstacles is essential to fully harness the potential of PQDs for
detecting heavy metal ions such as Hg*", Cu®*, cd**, Fe**, Cr*,
and Pb**, This section delineates the primary challenges asso-
ciated with PQD-based nanosensors and proposes future
directions to overcome these limitations, paving the way for
advanced, reliable, and commercially viable detection systems.

6.1. Challenges in PQD-based heavy metal ion detection

6.1.1. Stability in aqueous and humid environments. The
instability of PQDs, particularly lead-based variants like CsPbX;
and CH;NH;PbX;, in aqueous and humid environments
remains a significant barrier. Exposure to moisture can degrade
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the perovskite lattice, leading to phase transitions or decom-
position that diminish PLQY and sensing performance.**** For
instance, CH;NH;PbBr; PQDs exhibit reduced stability due to
the volatility of organic cations, limiting their use in aqueous
media such as wastewater or biological fluids.** While encap-
sulation in matrices like metal-organic frameworks (MOFs) or
silica enhances stability, as seen with CsPbBr; @ZIF-8 (stable for
15 days in water),” these approaches increase synthesis
complexity and may compromise analyte accessibility, reducing
sensitivity for ions like Cu®>" or Cr®*.”®”° Lead-free PQDs, such as
Cs;Bi, Xy, offer improved moisture resistance but often at the
cost of lower PLQY (20-50%), impacting detection limits.**”*
Achieving robust stability without sacrificing optical perfor-
mance remains a critical challenge for practical applications in
industrial effluents and environmental monitoring.

6.1.2. Toxicity concerns of lead-based PQDs. The toxicity of
lead-based PQDs, such as CsPbX; and CH3;NH;PbXj;, poses
significant environmental and health risks, particularly in
applications involving water quality monitoring or biomedical
diagnostics. The release of Pb** jons during degradation can
contaminate the tested matrix, rendering these PQDs unsuit-
able for eco-sensitive applications.”®*> Although lead-free alter-
natives like Cs;Bi, X, and CsSnX; mitigate toxicity concerns,
their lower PLQY and stability issues, such as Sn** oxidation in
CsSnXj3, limit their competitiveness.®®”® For example, Cs;Bi,-
Bry:Eu®" achieves an LOD of 98.3 nM for Cu®" in seawater, but
its PLQY (42.4%) is significantly lower than that of CsPbBr;
(81%).°* Balancing toxicity reduction with high sensitivity and
stability is a pressing challenge for widespread adoption.

6.1.3. Interference from coexisting ions and complex
matrices. Selectivity in complex matrices, such as industrial
wastewater or biological fluids, is hindered by interference from
coexisting ions (e.g., Na*, K¥, Ca®") and organic species. While
ligands like OAm or PE enhance selectivity for specific ions like
Cu”" or Fe*", non-specific interactions can lead to false positives
or reduced sensitivity.*>*® For instance, CsPbBr; PQDs show
high selectivity for Cu** in hexane but face challenges in
aqueous environments with multiple ions, where LODs increase
from 0.1 nM to 0.8 uM.”” Ratiometric designs, such as CsPbBr;
with Au nanoclusters, mitigate some interference through dual-
emission signals, but their complexity limits scalability.®
Developing sensors that maintain high selectivity in real-world,
multi-ion environments is a critical hurdle.

6.1.4. Scalability and reproducibility of sensor fabrication.
The scalability of PQD synthesis and sensor fabrication remains
challenging due to batch-to-batch variations in size, crystal-
linity, and ligand passivation. Methods like hot-injection yield
high-quality PQDs with PLQY > 80%, but their high-
temperature, inert-atmosphere requirements limit large-scale
production.®* Ligand-assisted reprecipitation (LARP) is more
scalable but produces PQDs with broader size distributions and
lower PLQY (50-70%), affecting reproducibility in sensing
applications.”® For example, variations in ligand density can
alter ion accessibility, impacting the LOD for Cu®" detection.®!
Additionally, integrating PQDs into stable matrices like MOFs
or polymers increases fabrication complexity, posing challenges
for cost-effective, industrial-scale production.”®”® Ensuring

© 2025 The Author(s). Published by the Royal Society of Chemistry
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consistent ~ sensor  performance  across large-scale
manufacturing is essential for commercial applications.

6.1.5. Lack of standardization for commercial and regula-
tory applications. The absence of standardized protocols for
PQD-based sensor design, calibration, and validation hinders
their regulatory approval and commercial adoption. Variations
in synthesis methods, ligand types, and detection conditions
lead to inconsistent performance metrics, complicating
comparisons across studies. For instance, LODs for Cu®*
detection range from 0.1 nM (CsPbBr; in hexane) to 6.23 uM
(Cs;BiyClg:Eu®*" in aqueous media), reflecting diverse testing
environments and sensor designs.®**® Regulatory frameworks
for environmental and biomedical applications require stan-
dardized testing conditions and safety assessments, particularly
for lead-based PQDs, which face scrutiny due to toxicity
concerns.” Establishing universal standards for PQD-based
nanosensors is critical to ensure reliability and compliance in
practical settings.

6.2. Future directions for PQD-based sensors

To overcome the aforementioned challenges and advance PQD-
based nanosensors for heavy metal ion detection, innovative
strategies and interdisciplinary approaches are needed. The
following directions outline opportunities to enhance stability,
sensitivity, selectivity, and scalability, aligning with the
demands of industrial, environmental, and biomedical
applications.

6.2.1. Development of stable and eco-friendly lead-free
PQDs. Advancing lead-free PQDs, such as Cs;Bi, Xy, CsSnX;, or
double perovskites (e.g., Cs,AgInClg), is crucial to address
toxicity and stability concerns. Enhancing the PLQY of lead-free
PQDs through doping with ions like Eu*" or Mn*" can improve
sensitivity, as demonstrated by Eu**-doped Cs;Bi,Brs (LOD
98.3 nM for Cu®").*® Novel synthesis methods, such as
microwave-assisted or solvothermal approaches, can improve
crystallinity and reduce defects, enhancing PLQY and stability
in aqueous environments.” Exploring new compositions, such
as germanium-based or antimony-based perovskites, could
yield environmentally benign PQDs with optical properties
comparable to lead-based systems, enabling sustainable appli-
cations in wastewater and seawater monitoring.

6.2.2. Advanced encapsulation and surface engineering.
Innovative encapsulation strategies can enhance PQD stability
without compromising analyte accessibility. Hybrid matrices
combining MOFs with polymers or silica, such as CsPbBr;@-
PCN-333(Fe) (LOD 1.63 nM for Cu*"), offer robust protection
and high sensitivity.”® Developing stimuli-responsive coatings
that allow selective analyte penetration could further improve
selectivity in complex matrices. Ligand engineering, such as
using zwitterionic or multidentate ligands, can enhance water
compatibility and ion-specific interactions, as seen with
hydroxypropyl chitosan-passivated Cs;Bi,Cl, for Cr®" detec-
tion (LOD 0.27 uM).”* Machine learning-guided ligand design
can optimize surface chemistry, predicting ligand-ion inter-
actions to enhance selectivity and sensitivity for ions like Fe**
or Cd*".

© 2025 The Author(s). Published by the Royal Society of Chemistry
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6.2.3. Integration with advanced detection platforms.
Integrating PQD-based nanosensors with advanced platforms,
such as microfluidics or smartphone-based systems, can
enhance portability and real-time monitoring capabilities.
Microfluidic devices can enable precise control over sample
delivery, improving detection consistency in industrial effluents
or biological fluids. For example, CsPbBr;-CsPb,Brs PQDs
integrated into microfluidic chips could detect Cd** with high
reproducibility.”” Smartphone-based sensors, leveraging PQD
fluorescence for visual or ratiometric detection, offer cost-
effective solutions for on-site monitoring in industrial
settings, as demonstrated by CsPbBr;-Au nanocluster systems
for Cu®".** These platforms can democratize access to high-
sensitivity  detection, particularly in resource-limited
environments.

6.2.4. Machine learning and computational approaches.
Machine learning (ML) and computational modeling, such as
DFT and molecular dynamics (MD), can optimize PQD sensor
design. ML algorithms can predict optimal PQD compositions
and ligand configurations for specific ions, reducing experi-
mental trial-and-error. For instance, DFT studies have eluci-
dated Hg”"-induced mid-gap states in CH;NH;PbBr;, guiding
sensor optimization.** ML-driven analysis of quenching mech-
anisms can enhance selectivity by identifying ion-specific
interactions in complex matrices, improving performance for
multi-ion detection.®* Computational simulations can also
model ion diffusion kinetics, informing ligand designs that
balance stability and sensitivity, critical for detecting low-
concentration ions like Pb** in lubricants.”

6.2.5. Standardization and scalable fabrication. Establish-
ing standardized protocols for PQD synthesis, sensor calibra-
tion, and performance evaluation is essential for commercial
and regulatory acceptance. Developing scalable synthesis
methods, such as continuous-flow hot-injection or automated
LARP systems, can improve reproducibility and reduce costs.
For example, microwave-assisted synthesis offers rapid,
uniform nucleation, suitable for large-scale production of
Cs;3Biy Xy PQDs.” Standardizing performance metrics, such as
LOD and linear range, across diverse matrices (e.g., organic
solvents, wastewater) will facilitate comparisons and regulatory
approval. Collaborative efforts between researchers, industry,
and regulatory bodies can establish guidelines for PQD-based
sensors, ensuring safety and reliability in applications like
industrial wastewater treatment.

6.2.6. Multi-ion and multiplexed detection systems.
Developing PQD-based nanosensors capable of detecting
multiple heavy metal ions simultaneously will enhance their
utility in complex industrial and environmental matrices. Multi-
ion sensors, such as Eu*"-doped Cs;Bi,Cls/Cs;Bi,Cly for Cu**
and Fe*" detection (LODs 6.23 pM and 3.6 uM), demonstrate the
potential for multiplexed systems.*® Ratiometric designs with
dual-emission PQDs, such as Mn**-doped CsPbCl;, can improve
accuracy by mitigating interference, ideal for industrial solvents
or effluents.®® Combining PQDs with other nanomaterials, like
CQDs or metal nanoclusters, can enable multiplexed detection
with visual readouts, enhancing usability in real-time quality
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control.** Future research should focus on optimizing these
systems for simultaneous detection of ions like Hg>*, Cu**, and
Cr®", addressing the needs of diverse applications.

6.2.7. Eco-friendly and biocompatible sensor designs. To
address regulatory and environmental concerns, future PQD-
based nanosensors should prioritize eco-friendly and biocom-
patible designs. Lead-free PQDs with enhanced PLQY and
stability, such as doped Cs;Bi, Xy or Cs,AgInCls, can replace
toxic lead-based systems in biomedical and environmental
applications.®® Biocompatible ligands, such as peptides or
polysaccharides, can improve safety for biological fluid analysis,
enabling detection of heavy metals in clinical settings. For
instance, integrating Cs;Bi,Cly with biocompatible coatings
could enable Fe** detection in blood samples with minimal
toxicity.” These advancements will broaden the applicability of
PQD-based sensors, aligning with global sustainability goals.

6.3. Commercialization pathways and industrial integration

The transition of perovskite quantum dot (PQD)-based nano-
sensors from laboratory research to industrial applications
requires strategic pathways to ensure scalability, cost-
effectiveness, and seamless integration into existing industrial
workflows. While PQD sensors demonstrate exceptional sensi-
tivity and selectivity for heavy metal ion detection, their
commercial adoption hinges on addressing economic, regula-
tory, and operational challenges, distinct from their technical
performance in specific applications.

6.3.1. Cost-effective synthesis and manufacturing. Scaling
up PQD synthesis for industrial use demands cost-effective
methods that maintain high PLQY and reproducibility. Tech-
niques like ligand-assisted reprecipitation (LARP) and
continuous-flow hot-injection offer scalable alternatives to
batch-based methods, reducing production costs while
ensuring uniform PQD quality.®® For instance, automating
LARP processes could lower the cost of producing lead-free
PQDs like Cs3;BiXo, making them economically viable for
large-scale environmental monitoring.*® Collaborative partner-
ships with chemical manufacturing industries can optimize
precursor sourcing and waste management, further reducing
costs. Additionally, developing modular synthesis platforms
that integrate quality control metrics, such as real-time PLQY
monitoring, can enhance batch consistency, addressing repro-
ducibility concerns for commercial production.

6.3.2. Integration into industrial monitoring systems.
Integrating PQD-based nanosensors into existing industrial
systems, such as continuous monitoring platforms for waste-
water treatment or quality control in chemical processing,
requires compatibility with automated and IoT-enabled infra-
structures. For example, embedding CsPbBr;@ZIF-8 sensors
into inline water quality analyzers can enable real-time detec-
tion of Cu®*" in industrial effluents, with data transmitted to
centralized control systems.” Developing plug-and-play sensor
modules that interface with standard industrial equipment,
such as spectroscopy units or microfluidic systems, can
streamline adoption. These modules should incorporate robust
encapsulation (e.g., MOFs or silica) to ensure stability under
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harsh industrial conditions, such as high temperatures or

corrosive environments, without compromising analyte
accessibility.”®
6.3.3. Regulatory compliance and market readiness.

Achieving regulatory approval for PQD-based nanosensors
involves addressing safety and environmental concerns,
particularly for lead-based PQDs. Lead-free PQDs, such as Cs;-
Bi,Bro:Eu®", align better with environmental regulations due to
their reduced toxicity, making them more viable for markets
with stringent standards, such as the European Union's REACH
framework.*” Establishing standardized testing protocols for
sensor performance, including LOD, selectivity, and stability
under diverse conditions, is critical for regulatory acceptance.
Collaborations with regulatory bodies can facilitate the devel-
opment of certification pathways, ensuring PQD sensors meet
industry standards for applications in wastewater treatment,
chemical manufacturing, and environmental monitoring.
Market readiness also requires demonstrating long-term reli-
ability through field trials, such as deploying CsSnX; sensors in
lubricant quality control systems to validate performance over
extended periods.”

6.3.4. Economic viability and market differentiation. To
compete with established sensing technologies, such as carbon
QDs or semiconductor quantum dots, PQD-based nanosensors
must offer clear economic advantages. Their high sensitivity
(e.g., LOD of 0.1 nM for Cu®* with CsPbBr;) and versatility across
organic and aqueous media provide a competitive edge.®
Positioning PQD sensors as cost-effective solutions for high-
precision applications, such as detecting trace Pb*>" in lubri-
cants, can attract industries seeking to minimize equipment
downtime and contamination risks.”” Developing portable,
user-friendly devices, such as smartphone-integrated PQD
sensors for on-site Cu®>* detection, can target niche markets like
small-scale chemical processing or environmental consulting,
enhancing market penetration.®* Strategic partnerships with
sensor manufacturers and distributors can accelerate market
entry, leveraging existing supply chains to reduce time-to-
market.

7. Conclusion

This comprehensive review underscores the transformative
potential of PQDs as advanced platforms for heavy metal ion
detection, marking the first systematic evaluation of their
application in this domain. PQDs, with their high photo-
luminescence quantum yield, narrow emission spectra, and
tunable optical properties, offer unparalleled sensitivity and
selectivity for detecting ions such as Hg?*, Cu**, Cd**, Fe**, Cr*",
and Pb**. Their efficacy, driven by mechanisms like cation
exchange and electron transfer, is enhanced by advanced
synthesis methods and integration with stable matrices like
metal-organic frameworks. Lead-based PQDs achieve sub-
nanomolar detection limits, while lead-free variants address
environmental concerns, broadening their applicability. The
versatility of PQDs enables their use in industrial wastewater
treatment and lubricant quality control, ensuring compliance
with environmental regulations and product integrity. Despite
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these advancements, challenges such as aqueous instability,
toxicity of lead-based PQDs, and scalability of synthesis
methods remain. Future research should focus on developing
stable, eco-friendly PQDs through novel encapsulation tech-
niques and ligand designs, alongside computational modeling
to optimize ion-PQD interactions. Comparative studies with
other nanomaterials, such as carbon quantum dots, will further
elucidate their unique advantages. By addressing these chal-
lenges, PQDs can transition from laboratory innovations to
practical sensing solutions, offering rapid, cost-effective, and
portable detection for environmental and industrial applica-
tions. This review lays a foundation for advancing PQD-based
sensors, guiding researchers toward innovations that enhance
sensitivity, selectivity, and scalability, ultimately contributing to
sustainable monitoring of heavy metal ion contamination.
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