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Abstract Aim:  The aim of this study is to highlight the emerging and advanced applications of quantum dots 
(QDs) beyond their conventional use, emphasizing their role in modern electronics, healthcare, 
energy systems, food safety, and smart materials
Methods: This work is based on an extensive literature survey of recent research articles, reviews, 
and technological reports focusing on the optical, electronic, nonlinear, and thermoelectric properties 
of quantum dots. The collected data were systematically analyzed to understand how size-dependent 
properties of QDs enable their integration into diverse applications such as photodetectors, display 
technologies, biosensors, solar devices, and wearable healthcare systems.
Result and Discussion: Quantum dots exhibit exceptional size-dependent optical and electronic 
properties that significantly enhance device performance across multiple sectors. In photodetectors, 
QDs improve sensitivity over a wide spectral range, while in QLED displays they provide high colour 
purity and energy efficiency. In the food industry, QD-based sensors enable rapid and accurate 
detection of pathogens, pesticides, and spoilage markers, improving food safety. Their incorporation 
into solar windows and photovoltaic glass allows sustainable energy generation without loss of 
transparency. In wearable healthcare devices, QDs facilitate real-time and non-invasive monitoring of 
vital biomarkers. Additionally, their nonlinear optical properties support advances in laser technology 
and optical communication, and their thermoelectric behavior contributes to efficient waste heat 
recovery and thermal management. These findings demonstrate the versatility and multifunctionality 
of quantum dots.
Conclusion:   Quantum dots represent a powerful class of nanomaterials with broad and 
transformative potential. Their unique physicochemical properties enable innovative applications 
across electronics, healthcare, energy, and smart materials. Continued research and technological 
development are expected to further expand their practical implementation, making quantum dots 
key components in next-generation sustainable and high-performance devices.
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1. Introduction

Quantum dots (QDs) are semiconductor nanocrystals 
that exhibit extraordinary optical and electronic 
properties due to their quantum confinement 
effects. These effects arise when the dimensions of 
the material are reduced to a scale smaller than the 
exciton Bohr radius, leading to discrete energy levels 
and tunable properties that are strongly dependent 
on size, shape, and composition. Since their discovery 
in the early 1980s by Alexey Ekimov and Louis Brus, 
QDs have revolutionized the fields of nanotechnology 
and material science, establishing themselves as 
indispensable tools for a wide array of applications, 
ranging from optoelectronics to biomedicine and 
environmental science. [1]

The nanoscale size of QDs allows for precise control 
over their bandgap, resulting in size-dependent 
absorption and emission spectra. This unique property 
makes them highly attractive for use in technologies 
such as quantum dot-based light-emitting diodes 
(QLEDs), photovoltaic devices, and advanced imaging 
systems. Moreover, their exceptional photostability 
and brightness have made them ideal candidates 
for bioimaging, drug delivery, and theranostics in 
biomedicine. [2]

The journey of QDs began with the groundbreaking 
work of Alexey Ekimov, who first observed size-

dependent optical properties in glass matrices 
c o n t a i n i n g  q u a n t u m - s i z e d  s e m i c o n d u c t o r 
particles. Subsequently, Louis Brus expanded this 
concept by synthesizing colloidal quantum dots in 
solution, providing a foundation for understanding 
their electronic and optical behaviors. Over the 
decades, advancements in synthesis techniques 
and characterization methods have enabled the 
development of QDs with precise control over size, 
shape, and surface chemistry. [3]

Graphical Abstract

Figure 1: Classification of Quantum Dots
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1 . 1 .  S i g n i f i c a n c e  i n  M o d e r n  S c i e n c e  a n d 
Technology
Quantum dots have become one of the most studied 
and versatile nanomaterials due to their vast potential 
in multiple disciplines:  

1. Optoelectronics: The ability to fine-tune their 
emission spectra makes QDs a cornerstone for high-
performance displays, lasers, and light-harvesting 
devices. QLEDs, for instance, offer superior color 
accuracy and energy efficiency compared to traditional 
OLEDs.  

2. Biomedicine: QDs have transformed bioimaging 
by offering brighter,  more stable fluorescence 
compared to conventional dyes, enabling long-term 
imaging of cells and tissues.  

3. Quantum Computing and Photonics: The unique 
quantum properties of QDs have made them promising 
candidates for quantum dots as qubits, a key element 
in quantum information processing.  

4. Environmental Applications: QDs have been 
deployed in sensors for detecting heavy metals, 
pollutants, and other toxic substances, as well as in 
photocatalytic processes for water purification and 
pollutant degradation.  [4]

1.2. Current Challenges
Despite their tremendous potential, the widespread 
adoption of QDs faces several hurdles:  

• Toxicity Concerns: Many QDs are composed of 
heavy metals such as cadmium and lead, raising 
environmental and health concerns. Research into 
non-toxic alternatives, such as carbon-based and 
perovskite quantum dots, is ongoing.  

•  S c a l a b i l i t y :  A c h i e v i n g  u n i f o r m i t y  a n d 
reproducibility in QD synthesis on a commercial scale 
remains a challenge.  

• Cost Efficiency: Reducing production costs while 
maintaining high-quality QDs is critical for their 
integration into mainstream applications.[5] This 
review aims to provide a comprehensive analysis 
of quantum dots,  exploring their fundamental 
properties, synthesis techniques, and characterization 
methods. It delves into their diverse applications, 
evaluates challenges related to toxicity and scalability, 
and highlights recent advancements and future 
directions in QD research. By integrating knowledge 
from various fields, this review seeks to offer a 
holistic understanding of quantum dots and their 
transformative potential across science and technology.

2. Fundamental Properties of Quantum Dots

Quantum dots (QDs) are unique due to their nanoscale 
dimensions and quantum confinement effects, which 
impart exceptional optical, electronic, and physical 
properties. These characteristics have made QDs a 
central focus of research in nanotechnology. Below, we 
discuss the fundamental properties that define QDs.

2.1. Quantum Confinement Effect
The quantum confinement effect is the hallmark 
of  QDs.  It  occurs when the dimensions of  the 
semiconductor nanocrystal are smaller than the 
exciton Bohr radius (the average distance between an 
electron and its hole in the bulk material). This results 
in the confinement of charge carriers (electrons and 
holes) in all three spatial dimensions, leading to:

•  D i s c r e t e  E n e r g y  L e v e l s :  U n l i k e  b u l k 
semiconductors with continuous energy bands, QDs 
exhibit discrete energy levels akin to those of atoms. 
This gives them the nickname "artificial atoms."

• Size-Dependent Energy Gap: As the size of the QD 
decreases, the band gap increases due to the increased 
kinetic energy of the confined carriers.

Example: A bulk CdSe crystal emits red light, but 
as its size decreases to the quantum dot scale, the 
emission shifts to green or blue, demonstrating the 
size-dependent optical properties.

Mathematically, the energy of confined states can be 
approximated using the particle-in-a-box model

En=(n^2 h^2)/〖8ml〗^2 
where En is the energy of the one dimension n-th 

state, h is Planck's constant, m is the effective mass of 
the particle, and L is the confinement dimension. [6]

2.2. Size-Dependent Optical Properties
The quantum confinement effect directly impacts the 
optical properties of QDs, allowing for:

• Tunable Absorption and Emission: QDs can absorb 
and emit light at specific wavelengths depending on 
their size. Smaller QDs emit at shorter wavelengths 
(blue shift) ,  while  larger QDs emit  at  longer 
wavelengths (red shift).

• Enhanced Fluorescence: QDs exhibit high quantum 
yield, brightness, and photostability compared to 
traditional fluorophores.

This tunability makes QDs ideal for applications in 
light-emitting diodes (LEDs), lasers, and bioimaging. 
[7]

2.3. High Surface-to-Volume Ratio
The small size of QDs results in a large fraction of 
atoms residing on the surface, leading to:
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• Surface Dominance: Surface states significantly 
influence the optical and electronic behaviour of QDs. 
These states can act as trap sites for charge carriers, 
affecting the photoluminescence efficiency.

• Surface Passivation: To mitigate surface effects, 
QDs are often coated with a shell  material  or 
passivated using organic ligands to improve stability 
and performance. [8]

2.4. Band Gap Tuning
QDs offer the ability to tune their band gap energy 
through changes in:

• Size: Smaller QDs have larger band gaps, emitting 
higher-energy light.

• Composition: Different materials (e.g., CdSe, PbS, 
InP) have intrinsic band gaps that can be adjusted by 
alloying or doping.

• Shape and Structure: Nanorods, nanowires, or 
core-shell structures provide additional flexibility in 
band gap engineering.

This property is pivotal for tailoring QDs for specific 
applications such as photovoltaics or photodetectors. 
[9]

3. Synthesis Techniques of Quantum Dots

Quantum dots (QDs) are typically synthesised 
using several different methods that vary in terms 
of complexity, scalability, material types, and the 
quality of the resulting QDs. Each method allows 
control over the size, shape, composition, and surface 
characteristics of the QDs, which ultimately influences 
their optical and electronic properties. Below are 
the primary synthesis techniques for quantum dots, 
explained in detail:

3.1. Colloidal Synthesis
Colloidal synthesis is the most common and widely 
used method for producing quantum dots, particularly 
for applications in optoelectronics and biomedicine. 
It involves the growth of QDs in a solvent, where the 
precursor materials are dissolved, and QDs nucleate 
and grow into nanoparticles.

•  Preparation of  Precursors:  Soluble metal 
precursors (such as cadmium salts for CdSe QDs or 
indium salts for InP QDs) are dissolved in an organic 
solvent (e.g., oleylamine, trioctylphosphine).

• Nucleation and Growth: The precursor solution 
is heated to a certain temperature, typically between 
100°C and 300°C, which induces nucleation of QDs. The 
growth of the QDs is controlled by the temperature, 
time, and concentration of the precursors. The size and 

shape of the QDs depend on these growth parameters.
• Surface Ligand Passivation: After synthesis, ligands 

(organic molecules) are added to stabilize the QDs and 
prevent aggregation. These ligands are also critical for 
the optical properties and biocompatibility of QDs.

• Purification: The QDs are purified through 
techniques such as centrifugation or solvent extraction 
to remove unreacted precursors and by-products. [10]

3.2. Vapor-Phase Methods
Vapor-phase synthesis methods are more suitable for 
large-scale production and are typically used to make 
high-quality QDs for applications that require high 
purity and uniformity, such as in optoelectronics.

• Chemical Vapor Deposition (CVD): In this process, 
gaseous precursors react at a heated substrate, leading 
to the deposition of QDs on the substrate's surface. 
CVD can produce high-quality, thin films or monolayers 
of QDs, particularly useful for creating large-area 
devices. 

• Low-pressure CVD (LPCVD): Operates under lower 
pressures and is used to produce uniform coatings of 
QDs on substrates.

• Metal-Organic CVD (MOCVD): Uses metal-organic 
compounds as precursors and is particularly effective 
for fabricating compound semiconductor QDs (e.g., 
GaAs, InP).

• Molecular Beam Epitaxy (MBE): A highly precise 
method where molecular beams of elemental materials 
are directed onto a heated substrate under ultra-high 
vacuum conditions. The material condenses and forms 
QDs on the surface. MBE is used for growing highly 
ordered and monodisperse quantum dots. [11]

3.3. Solvothermal and Hydrothermal Methods
Solvothermal and hydrothermal synthesis methods 
involve the reaction of precursors in a solvent at high 
temperature and pressure, often using an autoclave. 
These methods are particularly useful for producing a 
variety of different types of QDs, including those with 
complex core-shell structures.

• Solvothermal Synthesis: Involves the use of a high-
temperature solvent (typically an organic solvent) 
to promote the formation of QDs. The solvent allows 
for better control over the nucleation and growth 
processes.

• Hydrothermal Synthesis: Similar to solvothermal 
synthesis, but water is used as the solvent. This 
method is commonly employed for synthesizing 
semiconductor QDs like CdS and ZnS, which have high 
stability in aqueous environments.

Preparation of Precursor Solution: Metal salts (e.g., 
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cadmium chloride) are dissolved in a solvent (either 
organic for solvothermal or water for hydrothermal).

Autoclave Reaction: The precursor solution is sealed 
in an autoclave, and the reaction is conducted at high 
temperature (typically 150°C to 300°C) and pressure 
for several hours.

Cooling and Purification: After the reaction, the QDs 
are cooled, and purification steps are performed to 
remove by-products. [12]

3.4. Emerging Synthesis Techniques
Several innovative methods are emerging in the 
synthesis of quantum dots, focusing on improving 
s c a l a b i l i t y,  r e d u c i n g  c o s t s ,  a n d  e n h a n c i n g 
environmental sustainability. These methods also 
aim to fine-tune the size, morphology, and surface 
characteristics of QDs for specific applications.

• Microfluidic Synthesis: This technique uses 
microfluidic devices, which allow for precise control 
over the flow rates, temperature, and precursor 
concentrations during QD synthesis. Microfluidics 
offer the advantage of continuous, high-throughput 
production with excellent size control and scalability.

• Electrochemical Synthesis: In this method, 
quantum dots are synthesized through electrochemical 
reactions at electrodes. This process is environmentally 
friendly and enables the production of QDs under mild 
conditions. Electrochemical methods are particularly 
useful for producing metal chalcogenide QDs.

• Green Synthesis (Biological or Green Chemistry 
Approaches): In these methods, natural materials 
such as plant extracts or microorganisms are used as 
both reducing agents and stabilizers for QD synthesis. 
These approaches are environmentally friendly and 
can potentially reduce the toxic by-products associated 
with traditional synthesis methods. [13]

3.5. Challenges in QD Synthesis
While significant progress has been made in the 

synthesis of quantum dots, several challenges remain:
• Size Control: Achieving precise size control across 

large batches of QDs is difficult, and slight variations 
in size can result in substantial changes to their optical 
and electronic properties.

• Uniformity: Ensuring uniformity in shape and 
composition, particularly in large-scale production, 
remains a challenge.

• Surface Defects: The presence of surface defects 
can negatively impact the performance of QDs by 
reducing photoluminescence and stability. Surface 
passivation strategies are essential but can be difficult 
to optimize.

• Scalability: Some of the high-quality synthesis 
techniques (e.g., MBE and CVD) are not easily scalable, 
and efforts to scale these methods while maintaining 
quality are ongoing.

The synthesis of quantum dots is a rapidly advancing 
field, with several techniques available for producing 
QDs with specific sizes, shapes, and compositions. 
Colloidal synthesis remains the most versatile and 
commonly used method, offering a good balance of 
control over the properties of QDs and scalability for 
various applications. Vapor-phase and solvothermal 
methods are ideal for high-purity, thin-film QDs, while 
emerging techniques such as microfluidics and green 
synthesis offer the potential for more sustainable and 
large-scale production. The ongoing development of 
synthesis strategies will continue to drive the evolution 
of QDs and their application in next-generation 
technologies. [14]

4. Characterization Methods of Quantum 
Dots

Characterizing quantum dots (QDs) is crucial for 
understanding their size, shape, composition, optical 
properties, and overall performance for specific 
applications. Since the properties of QDs are highly 
dependent on their size, composition, and surface 
characteristics, a range of advanced characterization 
techniques are employed to precisely analyze these 
attributes. Below are the primary methods used for 
characterizing quantum dots, categorized based on 
their focus: optical, structural, compositional, and 
advanced techniques.

4.1. Optical Characterization
Optical characterization techniques are used to 
study the light absorption, emission properties, and 
photophysical behaviour of quantum dots. These 
methods are critical in understanding the electronic 
transitions within QDs and their performance in 
optoelectronic applications such as LEDs, solar cells, 
and bioimaging. [15]

4.1.1. UV-Visible (UV-Vis) Spectroscopy
UV-Vis spectroscopy measures the absorption of 
light by QDs in the ultraviolet and visible regions of 
the spectrum. When a QD absorbs light, electrons 
are excited from the valence band to the conduction 
band. The absorption spectrum provides insight into 
the band gap and size-dependent properties of QDs. 
The absorption peaks in the UV-Vis spectrum shift to 
shorter wavelengths as the QD size decreases (blue-
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shift), and the spectrum reveals important information 
about the electronic transitions. [16]

4.1.2. Photoluminescence (PL) Spectroscopy
PL spectroscopy measures the emission properties 
of QDs after they absorb photons and subsequently 
re-emit them as light. After light excitation, the QD 
undergoes radiative recombination, emitting photons 
at specific wavelengths that depend on the QD’s size 
and composition. PL spectra provide information 
on the QD’s emission wavelength, quantum yield, 
photostability, and efficiency. The emission spectrum 
typically shows a narrow, size-dependent peak that 
can be tuned by altering the QD’s size and composition. 
[17]

4.2. Structural Analysis
Understanding the structural integrity and morphology 
of QDs is critical for ensuring their functionality and 
reproducibility in applications.

4.2.1. X-ray Diffraction (XRD)
XRD is used to study the crystalline structure of QDs. 
It provides information on the size and quality of the 
crystal lattice. The diffraction patterns can also give 
insights into the crystal phase (e.g., cubic or hexagonal) 
and the strain within the QD material. [18]

4.2.2. Transmission Electron Microscopy (TEM)
TEM provides high-resolution images of individual 
QDs, allowing for precise determination of their size, 
shape, and crystallinity. TEM is particularly valuable 
for studying the internal structure and morphology of 
QDs at the nanoscale. [19]

4.2.3. Scanning Electron Microscopy (SEM)
SEM offers a lower resolution compared to TEM but 
is useful for imaging QD ensembles or thin films. 
It provides information on the surface topography 
and can be used to study the morphology and size 
distribution of QDs. [20]

4.3. Compositional Analysis
Determining the elemental composition and purity 
of quantum dots is essential for ensuring that their 
properties match the desired specifications for specific 
applications.

4.3.1. X-ray Photoelectron Spectroscopy (XPS) 
XPS analyses the surface chemical composition of QDs 
by measuring the binding energies of core electrons. It 
can provide detailed information about the oxidation 
states of elements, surface contaminants, and the 
chemical environment of the elements in QDs.

4.3.2. Energy Dispersive X-ray Spectroscopy (EDS)
EDS is often used in conjunction with TEM or SEM 
to detect and quantify the elements present in QDs. 
It provides compositional mapping and is useful for 
identifying elemental distributions at the nanoscale. 

4 . 3 . 3 .  I n d u c t i v e l y  C o u p l e d  P l a s m a  M a s s 
Spectrometry (ICP-MS)
ICP-MS is used for accurate and sensitive quantification 
of metal content in QDs, including trace elements. It is 
particularly useful for determining the concentration 
of toxic metals like cadmium. [21]

4.4. Advanced Characterization Techniques
In addition to traditional methods, several advanced 
techniques have emerged for detailed analysis of 
quantum dots, particularly for evaluating their 
performance in complex applications.

4.4.1. Single-Particle Fluorescence Spectroscopy
This technique allows the study of the behaviour of 
individual QDs in real-time, providing insights into 
their photophysical properties, including blinking 
behaviour and quantum yield at the single-particle 
level.

4.4.2. Raman Spectroscopy
Raman spectroscopy can be used to probe vibrational 
modes in QDs and their surface interactions. This is 
particularly useful for studying the effects of surface 
modification and the chemical environment around 
the QDs.

4.4.3. X-ray Absorption Spectroscopy (XAS)
XAS provides information about the local electronic 
structure and coordination environment of atoms in 
QDs, which can reveal details about the bonding and 
chemical states of the QD surface and core.

4.4.4. Cryogenic Electron Microscopy (Cryo-EM)
Cryo-EM is a technique used to study the three-
dimensional structures of QD materials at extremely 
low temperatures, preserving their native states 
without the need for staining or dehydration.

4.4.5. Photoelectron Spectroscopy in the Ultraviolet 
(UPS)
UPS is used to investigate the electronic structure 
of QDs, especially the energy levels and surface 
states that influence their electronic properties and 
interaction with light.

4.4.6. Surface Plasmon Resonance (SPR)
SPR is used to study the interaction of QDs with 
biomolecules or other substances, making it useful for 
applications in sensing, biosensing, and diagnostics.



Chinese Journal of Applied Physiology  e20260010/2026 © 2026. The Author(s).

Multifunctional Quantum Dots: A Review of Emerging Roles in Technology and Sustainability Shaikh et al.�

Characterization of quantum dots is essential for 
understanding their behaviour and ensuring they meet 
the specifications required for various applications. 
Optical, structural, compositional, and advanced 
characterization techniques provide complementary 
information that can help improve the design, 
synthesis, and performance of quantum dots in diverse 
fields such as optoelectronics, biomedicine, and 
environmental sensing. [22]

5. Applications of Quantum Dots

5 . 1 .  A p p l i c a t i o n s  o f  Q u a n t u m  D o t s  i n 
Optoelectronics
Quantum dots (QDs) have revolutionized the field of 
optoelectronics due to their unique optical properties, 
such as size-tunable light emission, narrow bandwidth, 
high photoluminescence efficiency, and ability to be 
engineered for specific wavelengths. These properties 
make QDs ideal candidates for various optoelectronic 
applications, ranging from displays and lighting to 
solar cells and photodetectors. Below, we delve into 
the most significant optoelectronic applications of 
quantum dots in detail:

5.1.1. Quantum Dot-based Light Emitting Diodes 
(QLEDs)
Quantum dot-based light-emitting diodes (QLEDs) 
use quantum dots to produce light in a highly efficient 

manner. QDs are integrated into the device's emissive 
layer, where they emit light when an electric current 
is applied. Because the light emission of QDs is highly 
tunable with size (size-dependent emission), they can 
emit light across the entire visible spectrum, which 
makes them ideal for use in displays and lighting.

• Television and Monitors: Quantum dot-based 
displays (QLED TVs) provide enhanced colour 
accuracy, brightness, and contrast compared to 
traditional LCD and OLED technologies. The precise 
colour tuning of QDs leads to high-quality 4K or even 
8K displays.

• Mobile Devices: The use of QDs in mobile screens 
provides more vivid colours and higher energy 
efficiency, improving the viewing experience on 
smartphones, tablets, and wearables.

• Large-scale Displays: QDs also find applications 
in large-format displays, such as those used for digital 
signage and advertising, where bright, high-quality 
displays are needed. [23]

5.2 Applications of Quantum Dots in Biomedicine
Quantum dots  (QDs)  are  nanomaterials  with 
unique optical properties, including size-dependent 
fluorescence, high brightness, and photostability, 
making them valuable in biomedical applications. Key 
areas include:

5.2.1. Bioimaging and Diagnostics
• Fluorescence Imaging: QDs are used as probes for 

Figure 2: Biomedical application of Quantum Dots
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high-resolution imaging of cells, organs, and tumors. 
Their tunable emission allows for multiplexed imaging 
of multiple targets simultaneously.

• In Vitro Diagnostics: QDs enhance the sensitivity 
of immunoassays and genetic tests by detecting 
biomarkers, proteins, and nucleic acids with high 
precision.

5.2.2. Therapeutic Applications
QDs are explored for targeted drug delivery and 
therapy, including vaccine development. Despite their 
promise, addressing toxicity and biocompatibility 
is essential for clinical use. Quantum dots hold 
great potential to revolutionize diagnostics, disease 
treatment, and personalized medicine. [24]

5.3. Applications of Quantum Dots in Drug 
Delivery and Therapy
Quantum dots (QDs) offer unique nanoscale properties 
that make them highly effective in drug delivery and 
therapy. Key applications include:  

5.3.1. Targeted Drug Delivery
Functionalized QDs deliver therapeutic agents 
specifically to target cells, enhancing efficacy while 
reducing side effects.  

5.3.2. Photothermal Therapy (PTT)
QDs convert near-infrared light into localized heat, 
enabling non-invasive cancer treatment by destroying 
targeted cells.  

5.3.3. Photodynamic Therapy (PDT)
QDs conjugated with photosensitizers generate 
reactive oxygen species upon l ight  exposure, 
destroying cancer cells, bacteria, or viruses.  

5.3.4. Gene Editing and Silencing
QDs act as carriers for CRISPR-Cas9 or RNA-based 
therapies, allowing precise genetic modifications or 
silencing of disease-causing genes.  

5.3.5. Combination Therapy
QDs serve as dual-function agents for drug delivery 
and imaging, enabling real-time monitoring of 
treatment and drug distribution.  

Quantum dots hold significant potential  for 
advancing therapeutic strategies, though challenges 
like biocompatibility and safety must be addressed for 
clinical adoption. [25]

5.4. Applications of Quantum Dots in Quantum 
Computing and Photonics
Quantum dots (QDs) play a crucial role in advancing 
quantum computing and photonics due to their unique 

quantum mechanical properties.  

5.4.1. Quantum Computing
• Qubits: QDs serve as solid-state qubits, using 

electron spin or charge states for encoding quantum 
information.  

• Quantum Gates: QDs enable operations like 
superposition and entanglement, essential for 
quantum algorithms.  

• Quantum Dot Arrays: Arrays facilitate multi-qubit 
interactions and scalable quantum circuits.  

• Challenges: Decoherence and scalability remain 
hurdles, but advancements in materials and isolation 
techniques are addressing these issues.  [26]

5.4.2. Quantum Photonics
• Single-Photon Source: QDs generate single photons 

on demand, critical for quantum communication, 
cryptography, and networks.  

• Entangled Photons: QDs produce entangled 
photon pairs for secure communication protocols like 
quantum key distribution (QKD).  

• Quantum Dot Lasers: Provide efficient, tunable 
light sources for quantum technologies.  

• Photodetectors: QDs enhance photon detection 
across various wavelengths, supporting advanced 
photonic systems.  

• Quantum Repeaters: QDs aid in overcoming 
photon loss, enabling reliable long-distance quantum 
communication and forming the backbone of the 
quantum internet.  

Quantum dots are transformative in these fields, 
with potential to revolutionize quantum technologies, 
though challenges like decoherence and integration 
into scalable systems persist. [27]

5 . 5 .  A p p l i c a t i o n s  o f  Q u a n t u m  D o t s  i n 
Environmental Sensing and Remediation
Quantum dots (QDs) are versatile nanomaterials with 
unique optical and electronic properties, making 
them highly effective for environmental monitoring, 
remediation, and sustainability efforts.

5.5.1. Environmental Sensing and Detection
QDs provide highly sensitive and specific methods for 
detecting pollutants in air, water, and soil.

• Heavy Metals: QDs functionalized with specific 
ligands detect metals like mercury, lead, and arsenic 
through fluorescence changes.

• Water Quality Monitoring: QDs detect organic 
contaminants, pesticides, and effluents at trace levels.

• Air Quality Monitoring: QD-based sensors identify 
gases such as NO₂, SO₂, and VOCs in urban and 
industrial environments.
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• Soil Contaminants: Detect toxic chemicals like 
PCBs and pesticides in agricultural and industrial soils.

Advantages: High sensitivity, real-time monitoring, 
and cost-effectiveness. [28]

5.5.2. Photocatalysis for Environmental Remediation

QDs act as photocatalysts to degrade pollutants using 
light-driven reactions.

• Organic Pollutants: QDs generate reactive oxygen 
species (ROS) to break down dyes, pesticides, and 
industrial chemicals in wastewater.

• Water Purification: Remove contaminants like 
bacteria, viruses, and toxic chemicals.

• Heavy Metals: Convert or adsorb heavy metals, 
reducing their toxicity.

• Air Purification: Oxidize pollutants like NOx gases 
and VOCs in air filtration systems. [29]

5.5.3. Solar Energy Conversion and Sustainability
QDs enhance clean energy production through 
advanced solar technologies.

• Quantum Dot Solar Cells (QDSCs): Absorb 
light across a broader spectrum, improving energy 
conversion efficiency.

• Photovoltaic Enhancements: Embed QDs in solar 
cells for better light absorption and cost reduction.

• Photoelectrochemical Cells: Drive water splitting 
for hydrogen fuel production, promoting renewable 
energy.

Quantum dots offer transformative solutions for 
environmental sensing, remediation, and sustainable 
energy, providing highly efficient, sensitive, and cost-
effective approaches to address global environmental 
challenges. [30]

5.6. Quantum Dots in Sensing and Detection 
Applications
Quantum dots (QDs) are nanoscale semiconductor 
particles with unique optical properties, such as 
fluorescence and size-dependent emission, making 
them powerful tools for sensing and detection in 
various fields. Key applications include:

5.6.1. Environmental Sensing
• Detect heavy metals (Hg, Pb, Cd, As), organic 

pollutants, pesticides, and air pollutants (NO₂, SO₂, 
VOCs) with high sensitivity and real-time monitoring 
capabilities.

• Example: Functionalized QDs detect mercury in 
water by fluorescence changes, enabling trace-level 
detection. [31]

5.6.2. Biological Sensing and Diagnostics
• Detect disease biomarkers (e.g., cancer markers 

like HER2), pathogens (e.g.,  E. coli),  DNA/RNA 
sequences, and enable real-time cellular imaging.

• Example: QDs conjugated with antibodies can 
detect specific pathogens in medical diagnostics. [32]

5.6.3. Food Safety and Agriculture
• Ensure food safety by detecting foodborne 

pathogens (e.g., Salmonella, Listeria), pesticide 
residues, and soil health indicators.

• Example: QDs measure fluorescence changes to 
detect pesticide residues on fruits and vegetables. [33]

5.6.4. Gas Detection
• Monitor hazardous gases (e.g., NO₂, CO₂, ammonia) 

for air quality and industrial safety using QDs' 
fluorescence responses.

• Example: QDs functionalized for NO₂ detection 
e m i t  f l u o r e s c e n c e  t h a t  c o r r e l a t e s  w i t h  g a s 
concentration. [34]

5.6.5. Security and Defense
• Detect chemical warfare agents, explosives, and 

hazardous materials with portable and rapid QD-based 
sensors.

• Example: QDs sense explosives like nitroglycerin 
by fluorescence quenching upon interaction.

Quantum dots provide innovative solutions for 
addressing global challenges in health, safety, and 
environmental protection through advanced sensing 
technologies. [35]

5.7. Photocatalysis Applications of Quantum Dots 
(QDs)
Quantum dots (QDs) are emerging as highly effective 
photocatalysts due to their size-dependent electronic 
and optical properties, wide light absorption spectrum, 
and ability to generate reactive oxygen species (ROS). 
Their applications span environmental remediation, 
solar energy conversion, hydrogen generation, carbon 
capture, and decontamination.

5.7.1. Environmental Remediation
Organic Pollutants: QDs degrade dyes, pesticides, and 
pharmaceuticals in water through ROS generation, 
breaking them into less toxic byproducts.

Water Purification: Functionalized QDs remove 
toxic metals and pathogens, providing efficient water 
treatment. 

E x a m p l e :  C d S e  Q D s  d e g ra d e  h a l o g e n a t e d 
hydrocarbons in water under UV light. [36]

5.7.2. Solar Energy Conversion
Quantum Dot Solar Cells (QDSCs): QDs like PbS 
enhance solar cell efficiency by absorbing a broader 
light spectrum.
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Photocatalytic Water Splitting: QDs (e.g., CdSe) split 
water into hydrogen and oxygen, enabling renewable 
hydrogen fuel production.

CO₂ Reduction: QDs (e.g., InAs) convert CO₂ into 
fuels like methane or methanol under solar irradiation. 
[37]

5.7.3. Hydrogen Generation
Water Splitting: QDs (e.g., CdTe) generate hydrogen 
through visible light absorption and electron-hole pair 
creation.

Enhanced Efficiency: Co-catalysts like platinum are 
combined with QDs to optimize hydrogen production. 
[38]

5.7.4. Carbon Capture and Utilization (CCU)
QDs (e.g., Ag₂S, Cu₂O) reduce CO₂ into value-added 
products like methane, methanol, or formic acid, 
contributing to sustainable fuel production and 
greenhouse gas mitigation. [39]

5.7.5. Decontamination and Disinfection
Water Disinfection: QDs (e.g., ZnO) generate ROS to 
eliminate pathogens in contaminated water.

Surface Sterilization: QDs (e.g., CuS) provide 
antimicrobial effects by producing ROS under UV light.

Quantum dots have revolutionized photocatalysis 
with applications addressing critical global challenges 
in pollution, renewable energy, and greenhouse gas 
reduction. Their versatility and efficiency make them 
a promising solution for sustainable development and 
environmental protection. [40]

5.8. Emerging Applications of Quantum Dots (QDs)
Quantum dots (QDs) are revolutionizing multiple 
industries due to their size-dependent electronic 
properties and efficient photoluminescence. Key 
emerging applications include:

• Photodetectors: QDs enhance imaging systems, 
night vision, and NIR/UV light detection with high 
sensitivity.

• LEDs and Displays: QDs improve QLED displays 
with vibrant colors and energy efficiency, enabling 
advancements in flexible and high-resolution screens.

• Food Safety Sensors: QD-based biosensors detect 
pathogens, pesticide residues, and spoilage indicators 
in food.

• Solar Windows: QDs in transparent photovoltaic 
g lass  convert  sunl ight  into  e lectr ic i ty  whi le 
maintainning visibility, ideal for green building 
designs.

• Wearable Health Devices: QDs enable real-time 
monitoring of biomarkers and vital signs through non-
invasive biosensors in patches or smartwatches.

• Nonlinear Optical Devices: QDs enhance lasers, 
signal processing, and optical communication with 
tunable light emission and harmonic generation.

• Thermoelectrics: QDs convert waste heat into 
electricity, improving energy efficiency and enabling 
advanced thermal management.

These versatile applications highlight QDs' potential 
to drive innovation in energy, electronics, healthcare, 
and materials science. [41]

6. Toxicity and Environmental Concerns 
of Quantum Dots (QDs)

Quantum dots (QDs) are nanoscale semiconductor 
materials with promising applications in biomedicine, 
electronics, and energy technologies. However, 
concerns about their toxicity and environmental 
impact stem from their unique properties, such as 
their small size, high surface area, and the use of 
potentially toxic materials like cadmium (Cd) and lead 
(Pb).

1 .  He av y  M e t a l  Lea c h i n g :  Q Ds  c a n  re l e a se 
toxic metals (e.g., Cd, Pb), causing organ damage, 
neurotoxicity, and genotoxic effects.

2. Reactive Oxygen Species (ROS): QDs exposed to 
light can generate ROS, leading to oxidative stress, 
inflammation, and cellular damage.

3. Surface Reactivity and Charge: Charged QDs 
interact with biological systems differently; positively 
charged QDs may cross barriers like the blood-brain 
barrier, increasing toxicity.

4. Size and Surface Area: Smaller QDs penetrate cells 
more easily and exhibit higher reactivity, increasing 
their disruptive potential.

5 .  B i o m o l e c u l e  Ad s o r p t i o n :  Ad s o r p t i o n  o f 
biomolecules onto QD surfaces may enhance or 
diminish toxicity depending on surface interactions. 
[42]

6.1. Biocompatibility Strategies
•  S u r f a c e  P a s s i v a t i o n :  C o a t i n g  Q D s  w i t h 

biocompatible materials like polyethylene glycol (PEG) 
to prevent toxic leakage.

• Using Safer Materials: Alternatives like silicon-
based or graphene quantum dots reduce toxicity risks.

• Core-Shell Structures: Encapsulating toxic cores 
with protective shells (e.g., CdSe/ZnS) to minimize 
metal leakage.

• Size Control and Functionalization: Tailoring QDs 
for targeted delivery reduces off-target effects.

• Biodegradable QDs: Designing QDs that degrade 
safely minimizes long-term toxicity. [43]
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6.2. Environmental Concerns
1. Toxicity in Ecosystems: QDs in aquatic and 

terrestrial environments can harm organisms, 
bioaccumulate, and disrupt ecosystems.

2. Persistence and Bioaccumulation: Toxic QDs can 
remain in the environment, accumulating in soil, water, 
and food chains.

3. E-Waste and Disposal: Improper disposal of 
QD-containing materials releases hazardous metals, 
contaminating air, soil, and water.

4. Green Synthesis: Sustainable production methods 
using non-toxic materials and solvents aim to reduce 
environmental risks.

Quantum dots offer immense technological potential 
but pose significant health and environmental risks, 
primarily from heavy metals, ROS generation, and 
environmental persistence. Ongoing research focuses 
on safer designs, biocompatibility strategies, green 
synthesis, and responsible disposal practices to ensure 
sustainable use while minimizing harm. [44]

7. Recent Advances and Future 
Directions of Quantum Dots (QDs)

7 . 1 .  R e c e n t  A d v a n c e s  i n  Q u a n t u m  D o t s 
Applications

7.1.1. Hybrid Quantum Dots
• Core-shell hybrid systems improve photostability 

and biocompatibility.
• Organic-inorganic hybrids (e.g., graphene QDs) 

enhance energy storage and sensor applications. [45]

7.1.2. Perovskite Quantum Dots (PQDs)
• PQDs offer high efficiency in solar cells and 

optoelectronics.
• Their excellent luminescence properties make 

them suitable for QLEDs and displays. [46]

7.1.3. AI and Machine Learning in QD Development
• AI accelerates QD design, optimizing synthesis and 

discovering new materials.
• High-throughput screening identifies ideal QD 

compositions for specific applications. [47]

7.1.4. Advanced Surface Functionalization
• Biofunctionalized QDs enable targeted drug 

delivery and theranostics.
•  S u r f a c e  l i g a n d  e n g i n e e r i n g  e n h a n c e s 

biocompatibility and reduces toxicity.[48]

7 . 2 .  Fu t u r e  D i r e c t i o n s  o f  Q u a n t u m  D o t s 
Applications

7.2.1. Quantum Computing and Communication
• QDs as quantum bits (qubits) could advance 

quantum computing with scalable, error-resistant 
systems.

• Their role in quantum key distribution (QKD) 
could enable ultra-secure communication. [49]

7.2.2. Renewable Energy and Sustainability
• Quantum dot solar cells and photocatalysts hold 

promise for more efficient, cost-effective energy 
solutions.

• QDs can facilitate hydrogen production through 
photocatalytic water splitting. [50]

7.2.3. Personalized Medicine
• QDs enable early disease detection and monitoring 

with highly sensitive imaging probes.
• Targeted drug delivery using QDs can improve 

precision medicine with reduced side effects. [51]

7.2.4. Environmental Monitoring and Remediation
• QD-based sensors can detect pollutants with high 

sensitivity, aiding in real-time monitoring.
• QDs are being explored for photocatalytic water 

purification and pollution reduction.
Quantum dots are driving innovation across 

various fields, including electronics, healthcare, and 
sustainability. Their tunable properties, coupled with 
advancements in synthesis and functionalization, 
position them as key enablers for future technologies 
i n  q u a n t u m  c o m p u t i n g ,  r e n e w a b l e  e n e r g y, 
personalized medicine, and environmental solutions. 
[52]

8. Conclusion

Quantum dots (QDs) are nanomaterials with unique 
size-dependent optical and electronic properties, 
making them highly versatile for applications in 
optoelectronics, biomedicine, renewable energy, 
environmental monitoring, and quantum technologies. 
Their tunable characteristics enable advancements in 
displays, solar cells, drug delivery, and sensors, while 
ongoing research addresses challenges like synthesis 
complexity, scalability, and toxicity. Innovations 
in green chemistry,  core-shell  structures,  and 
biocompatible designs are reducing environmental 
impact and enhancing their suitability for medical 
and industrial use. With emerging applications in 
quantum computing, AI-driven materials research, and 
sustainable energy solutions, QDs hold transformative 
potential to revolutionize industries and contribute to 
a sustainable technological future.
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