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Abstract: Stable fluorescent nanoparticles have attracted much attention because of their remarkable photophysical
characteristics and potential uses in various areas including bioimaging, sensing, and photovoltaic devices. This study focuses
on the recent progress in the synthesis, characteristics, and potential uses of these materials. We present several synthesis
techniques, including the sol-gel and hydrothermal synthesis, template synthesis, and green synthesis. The photophysical
characteristics including quantum yield, emission spectra and photostability under various conditions are considered. In
addition, the possible uses in bioimaging, drug delivery, optoelectronics, and anti-counterfeiting are described. However, the
following issues are yet to be addressed; scalability, cost, and long-term stability of the systems. This review gives a perspective
on the present status of research and the future possibilities of long-lived luminescent nanomaterials in diverse technological
sectors.
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INTRODUCTION

Their extraordinary capacity to continue emitting light even after the excitation source has been withdrawn
has brought long-lasting luminescent nanomaterials, sometimes called persistent luminescent or afterglow
materials, a great deal of interest. There are a wide variety of potential uses for these materials due to their
exceptional optical characteristics; for example, in bioimaging, security, energy storage, optical displays,
and environmental sensing (Abdelrahman, 2020). A long-lasting luminous material may store excitation
energy and release it gradually over time, allowing for prolonged emission durations, in contrast to ordinary
phosphors that require continuous excitation to sustain light. The main idea behind materials that emit light
for an extended period of time is that certain crystallographic defect sites efficiently capture and release
excitation energy (Abdukayum, 2013). When excited, these flaws capture charge carriers, such as electrons
or holes. The stored charge carriers are released gradually upon thermal or optical stimulation, leading to
sustained light emission. The host material, dopants, and synthesis conditions are three of the many
variables that impact this phenomenon and, taken together, define the luminous characteristics of the
material (Abdukayum et al., 2014).

SYNTHESIS OF LUMINESCENT NANOMATERIALS

To make materials that can emit light for long periods of time, scientists use deliberately engineered
chemical and physical procedures to synthesize luminous nanoparticles. Optical devices, bioimaging, and
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anti-counterfeiting technologies all make use of these materials, which are frequently doped with transition
metal ions or rare earth ions (Afshani, 2021). How these materials are synthesized, which precursors and
dopants are used, and how the synthesis parameters are controlled are crucial to their efficacy. This section
delves more into the many synthesis processes, how important components are chosen, and the factors that
impact the synthesis process (Ai et al., 2018).

Methods of Synthesis

Sol-Gel Method: Because of its adaptability, ease of use, and capacity to generate very homogenous
materials at low temperatures, the sol-gel method has become one of the most favored approaches for
synthesizing luminous nanomaterials (Al-Qahtani, 2022). This process creates a gel-like network by
hydrolyzing and polycondensing inorganic salts or metal alkoxides in a solvent to create a sol, then a
colloidal solution. The last step in making the nanomaterial is drying and calcining the gel (Al-Senani
2022).

Advantages of the sol-gel method include:
e Control over particle size and morphology.
e Uniform distribution of dopants.
e High purity of the final product.

Time is of the essence, and there's always the chance of shrinkage or breaking due to the drying and
calcination processes (Anoop et al., 2013).

Hydrothermal Synthesis: The process of hydrothermal synthesis entails growing nanomaterials in sealed
reactors using water at high pressure and temperature. Without further calcination, this process is very
useful for producing crystalline nanomaterials.

Key features of hydrothermal synthesis include:
o The ability to synthesize a wide range of materials, including oxides, phosphates, and sulfides.
e Precise control over crystal structure and morphology.
e Eco-friendliness due to minimal use of organic solvents.

e The high-pressure environment and the need for specialized equipment make hydrothermal synthesis
a risky process.

Quick and efficient, combustion synthesis is another name for self-propagating high-temperature synthesis
(SHS). To create nanomaterials, an exothermic reaction is carried out between a fuel (such as urea or
glycine) and an oxidizer (such as nitrate salts) (Arroyo et al., 2021).

CHARACTERIZATION TECHNIQUES

The structural, optical, and elemental characteristics of persistently luminous nanoparticles may only be
understood by thorough characterization. By characterizing synthesized nanomaterials correctly, scientists
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may learn about the factors that influence their luminescence and assess their quality, efficiency, and
usefulness. This section delves into the methods usually used to characterize structural, optical, and
elemental nanomaterials that emit light for an extended period of time (Bonturim et al., 2018).

Structural Characterization

To establish a relationship between physical attributes and luminous properties, one must have a thorough
understanding of the morphology and structure of nanomaterials. Finding the crystal phase, measuring the
particle size, and studying the surface morphology are the main points of structural characterization (Bruno,
2015).

X-ray diffraction (XRD) is an essential technique for studying nanomaterials' crystal structures and
assessing their phase purity. Researchers can determine the presence of crystalline phases in a material by
examining the diffraction patterns produced by X-rays interacting with the atomic lattice. Unit cell
characteristics, crystal size, and potential flaws may be inferred from the location and strength of peaks. It
is common practice to use the Scherrer equation to determine the size of nanomaterial particles from their
peak broadening. Secondary phases can affect luminescence efficiency, and XRD can assist find them.
Unwanted secondary phases in rare-earth-doped nanomaterials, for example, might change emission
profiles or quench luminescence (Chahar et al., 2017).

Optical Characterization

Nanomaterials' light-emitting characteristics, including their decay kinetics, intensity, and emission
wavelength, are the primary focus of optical characterisation. When evaluating nanomaterials for potential
uses, these characteristics are of the utmost importance.

One of the most common ways to learn about the optical characteristics of luminescent nanomaterials is by
using photoluminescence (PL) spectroscopy. Scientists may study the spectral properties, such as the
bandgap, intensity, and wavelength of the emitted light, by measuring it after stimulation (Chan & Chang,
2022).

Key features of PL spectroscopy include:

Emission Spectra: Provides information on the wavelength and intensity of light emitted. For doped
nanomaterials, the emission wavelength often corresponds to transitions within the dopant ions, such as

rare-earth ions or transition metals.

Excitation Spectra: Identifies the optimal wavelength for excitation, which is crucial for applications like
LEDs and bioimaging.

Elemental and Compositional Analysis

To comprehend how nanoparticles emit light, one must know their elemental make-up and chemical
condition. Dopant presence and dispersion evaluation can be aided by elemental analysis methods.

Dispersive Energy Elements Analysis by X-ray Spectroscopy (EDX): This technique is commonly
employed with scanning electron microscopy (SEM) and transmission electron microscopy (TEM) for
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elemental analytical purposes. It provides quantitative and qualitative data on the elements present by
detecting X-rays released from a sample when attacked with an electron beam. Electron microscopy (EDX)
verifies the presence of dopants, including transition metal ions or rare-earth ions, in the host lattice of
luminous nanomaterials. Because it affects emission intensity and spectrum characteristics, precisely
controlling dopant concentration is crucial (Chen et al., 2020).

OPTIMIZATION OF LUMINESCENT PROPERTIES

Improving the performance and increasing the applications of long-lasting luminous nanomaterials relies
heavily on optimizing their luminescent characteristics. A number of variables, including synthesis
parameters, dopant concentration, particle size, and shape, impact these qualities, which include emission
intensity, afterglow length, and spectrum stability. Important methods and tactics for improving these
attributes are covered in this section (Chen et al., 2021).

Modifications to the Synthesis Settings: The crystalline structure, particle size, and defect density of
luminous nanomaterials are greatly influenced by synthesis factors such as pH, temperature, and reaction
time. To illustrate the point, crystallinity is improved at higher synthesis temperatures, leading to an
increase in luminescence intensity through the reduction of non-radiative recombination pathways.
However, luminescence can be quenched by particle agglomeration, which can occur at very high
temperatures. Since the pH controls the precipitation of host materials and dopants which in turn affects the
material's uniformity keeping an ideal pH throughout synthesis is also critical. Attaining the target particle
size and phase purity requires precise regulation of reaction time (Abdelrahman, 2020).

Constraint of Emission Characteristics by Concentration of Dopants: The emission properties of
luminous nanomaterials are highly dependent on the dopant choice and concentration. Dopants, such
transition metal ions (e.g., Mn?*) or rare-earth ions (e.g., Eu*"), alter the bandgap of the host material by
introducing certain energy levels, allowing for more efficient energy storage and transmission. Excessive
doping can cause concentration quenching, whereas an ideal dopant concentration increases luminescence
by providing an abundance of energy-trapping centres. Close interaction between dopants causes non-
radiative energy loss, which manifests as these phenomena. Therefore, in order to achieve a balance
between energy trapping and emission efficiency, the dopant concentration needs to be optimised with
great precision (Abdukayum, 2013).

Size and shape of particles have an impact: Surface area, defect density, and light absorption
characteristics are affected by particle size and shape, which in turn affect luminescence. Higher defect
concentrations, often seen in smaller particles, can serve as energy storage centres, lengthening the
afterglow duration. Nevertheless, non-radiative paths can be introduced by excessive flaws, which can
reduce the intensity of emissions. A material's morphology is also important; for instance, nanorods and
nanosheets might have anisotropic characteristics that improve emission efficiency and light scattering.
Recent developments in synthesis methods have made it possible to fine-tune the luminous characteristics
by controlling the size and shape of the particles (Abdukayum et al., 2014).

TUNING EMISSION PROPERTIES VIA DOPANT CONCENTRATION

Optoelectronics, sensing, imaging, and display technologies are just a few areas that may benefit greatly
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from luminescent nanomaterials if their emission characteristics could be fine-tuned. To accomplish this
control, one of the best ways is to strategically add dopants to the host matrix. The luminous characteristics
of nanomaterials, including emission wavelength, intensity, and decay period, may be greatly affected by
dopants, which are usually ions of rare-earth or transition metals. Here we'll have a look at how the

emission characteristics of luminous nanomaterials may be tuned by adjusting the dopant concentration
(Afshani, 2021).

1. Understanding Luminescence and the Role of Dopants

Photoluminescence (PL), electroluminescence (EL), and chemiluminescence are three forms of
luminescence, which is defined as the release of light from a substance upon absorption of light or energy.

The photoluminescence of luminous nanoparticles is a well-studied phenomenon. When a substance
absorbs light, it raises the energy level of an electron within the material, a process known as
photoluminescence. Light is released as the electron returns to its ground state, releasing the energy
difference. During synthesis, dopants are atoms or ions that are purposefully added to the host lattice of the
material. Their role as emission process centres is enhanced by the fact that the total optical behaviour may
be influenced by the dopant's characteristics. New electronic states inside the host material's bandgap are
introduced when dopant ions, usually in tiny numbers, are absorbed into the host material. The emission
spectra of the nanomaterials can be drastically altered by these states, which act as centres for charge
carrier recombination. The amount of dopant, the kind of dopant, the characteristics of the host material,
and the synthesis circumstances are some of the variables that affect the luminescence behaviour of doped
nanomaterials. The emission characteristics are most affected by the dopant concentration (Ai et al., 2018).

2. Effect of Dopant Concentration on Emission Properties

Intensity, emission wavelength, and material efficiency are three primary luminous attributes that are
affected by the dopant concentration in the host material. Isolation of the luminous centres occurs at low
dopant concentrations, and the interaction between the dopant and the host lattice largely determines the
emission characteristics of the nanomaterial. The overall emission characteristics are affected by a number

of complicated interactions that become more apparent as the dopant concentration increases (Al-Qahtani,
2022).

EFFECT OF PARTICLE SIZE AND MORPHOLOGY ON LONG-LASTING
LUMINESCENT NANOMATERIALS

Because of its exceptional optical characteristics including long-lasting luminescence, adjustable emission
spectra, and high quantum yield the production of luminous nanomaterials has attracted a lot of interest.
Bioimaging, optoelectronics, illumination, and environmental monitoring are just a few of the many
applications that benefit greatly from these characteristics. Particle size and shape are two of the several
parameters that affect the luminous behaviour of nanomaterials, which in turn affects their performance.
Here we investigate how the optical characteristics, stability, and possible uses of long-lived luminous
nanomaterials are impacted by particle size and shape (Al-Senani 2022).

1. Influence of Particle Size on Luminescence
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Compared to their bulk equivalents, nanomaterials have optical characteristics that vary with size.
Electronic structure, surface area, and total luminous behaviour are all significantly affected by particle

size.

The Effect of Quantum Confinement: When it comes to nanoparticles, the quantum confinement effect is
a major phenomenon. The electrical characteristics change when the size of the particle drops towards the
nanometre range because charge carriers (holes and electrons) are trapped inside the nanoparticle. As the
size of semiconductor nanoparticles decreases, the bandgap widens, causing a blue shift in the emission
spectra. This result is an inevitable byproduct of the dimensional reduction, which causes the material to
act more like a quantum dot and allows for more discrete electronic states. The magnitude of this impact is
proportional to the nanoparticle's size and the inherent characteristics of the material. As an illustration,
nanoparticles doped with rare earth elements, such europium (Eu**) or terbium (Tb**), tend to show more
intense luminescence when they are smaller. Reduced particle size improves energy transfer and radiative
recombination efficiency because smaller particles have a higher surface-to-volume ratio, allowing more
atoms to interact with dopant ions (Anoop et al., 2013).

Area of Surface and Defects on That Surface: Due to an increase in the number of surface atoms or
flaws, the surface area of nanoparticles rises as the particle size decreases. The effectiveness of
luminescence via non-radiative recombination can be reduced when certain surface states trap charge
carriers. A greater number of surface imperfections, which can quench luminescence or modify emission
characteristics, is characteristic of smaller nanoparticles. On the other hand, if the particles are coated or
passivated to minimise surface imperfections, the increased surface area can potentially lead to surface-
active sites that boost luminescence. For example, in nanomaterials doped with transition metals, the
presence of smaller particles may improve the transmission of energy from the host matrix to the dopant
ions, leading to increased luminescence (Arroyo et al., 2021).

2. Effect of Morphology on Luminescence

While nanoparticle size is obviously important, other morphological parameters, including form, aspect
ratio, and surface roughness, can have a substantial impact on the reflective qualities of these materials.

The distribution of electronic states and the way light interacts with a nanomaterial are both affected by its
form, which in turn affects its shape-dependent optical properties. Even though they share a same material,
the optical characteristics of nanospheres, nanorods, and nanosheets are very different. When contrasted
with isotropic nanoparticles, such as nanospheres, the anisotropic form of nanorods and nanowires causes a
greater aspect ratio, leading to distinct optical responses. Anisotropic luminescence, in which the emission
intensity varies with respect to the orientation of the nanorod with regard to the light source, is a common
property of nanorods, which are characterised by their elongated structure. Particularly in nanomaterials
doped with noble metals, the luminous efficiency is enhanced by the surface plasmon resonance effect,
which is particularly noticeable in anisotropic particles (Bonturim et al., 2018).

Nanosheets and nanoplates, like nanorods, typically exhibit improved luminous characteristics as a result of
their high surface-to-volume ratio. Nevertheless, nanosheet behaviour is very context dependent; namely,
how well energy is transmitted to the luminous centres is affected by the crystallinity of the material and
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the number of layers present. Irregularly shaped nanomaterials, such nanostars or nanocages, can alter their
emission characteristics due to their complicated surface patterns, which in turn impact light absorption and
scattering. Through the localised surface plasmon resonance (LSPR) phenomenon, nanostars' sharp edges
or points may concentrate electric fields, amplifying luminosity (Bruno, 2015).

CHALLENGES AND LIMITATIONS IN SYNTHESIS AND CHARACTERIZATION

Optoelectronics, bioimaging, and environmental monitoring are just a few of the many fields that could
benefit from better quality, more efficient, and longer-lasting luminescent nanomaterials, but there are still
many obstacles to overcome in their synthesis and characterization.

1. Scale-up and Reproducibility Issues

Scaling up from laboratory-scale synthesis to industrial-scale manufacturing is one of the main hurdles in
the synthesis of luminous nanomaterials. While several synthesis methods including sol-gel, hydrothermal,
and co-precipitation have proven successful in pilot studies, they encounter formidable challenges when
trying to mass-produce these materials. The qualities of the final nanomaterial might vary due to factors
such as environmental influences, changes in reaction circumstances (including temperature and pressure),
and variations in the quality of the precursors. When consistent optical performance over vast amounts of
material is required, this lack of repeatability between batches becomes a key restriction for the
commercialization of these materials (Chahar et al., 2017).

2. Controlling Particle Size and Morphology

Nanomaterials' optical and luminous capabilities are highly dependent on their size, shape, and
morphology. A major obstacle, however, is maintaining accurate and repeatable control over these
parameters. Temperature, concentration, pH, and solvent selection are synthesis parameters that
significantly affect nanoparticle nucleation and growth. Modifying these parameters even slightly can cause
the particles' size and shape to alter dramatically, which impacts the luminous qualities including quantum
yield, stability, and emission wavelength. As a result, creating materials with consistent and dependable
luminous behaviour becomes more challenging when trying to achieve size and shape homogeneity over
huge amounts of nanoparticles (Chan & Chang, 2022).

3. Dopant Incorporation and Control

Improving nanomaterials' luminous capabilities relies heavily on dopants, which present formidable
obstacles when it comes to incorporating and dispersing them inside the host material. Optimal
luminescence requires optimising the concentration of dopants, which is sometimes a challenging task in
and of itself. When there are too many dopants in a material, it might experience quenching effects, which
lower its luminescence efficiency due to non-radiative recombination of charge carriers. Dopants may also
alter the optical characteristics of a material by introducing crystal structural flaws. One of the most
challenging aspects of synthesis is finding the optimal concentration of dopant and stabilizing its integration
into the host matrix such that it does not impact the luminescence of the nanomaterial (Chen et al., 2020).

SCALE UP AND REPRODUCIBILITY ISSUES IN THE SYNTHESIS OF LONG-LASTING
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The vast array of uses for luminous nanomaterials, from bioimaging to optoelectronics, has piqued a lot of
interest in their production. But it's still not easy to take these materials from lab-scale to industrial-scale
manufacturing without sacrificing quality or performance. Problems with scaling up and with making
synthesis procedures repeatable are two main roadblocks in this process. Both of these things are vital for
making sure that dependable, large-scale production of luminous nanomaterials is possible. The
complexity, influence of synthesis factors, and possible solutions to the problems of scale-up and
reproducibility in the synthesis of long-lasting luminous nanomaterials are discussed in this section (Chen et
al., 2021).

1. Scale-up Challenges

Optimisation of Processes Improving the synthesis method for bigger batches is a major challenge when
trying to increase the production of luminous nanomaterials. It is possible to achieve high-quality results in
small-scale laboratory reactions by precisely controlling parameters like temperature, solvent
concentration, and reaction duration. Nevertheless, it is more and more challenging to keep the same levels
of control as these parameters are expanded to bigger volumes (Abdelrahman, 2020).

Problems in the Transfer of Energies: The larger surface area to volume ratio makes heat and mass
transport easier to control in small-scale systems. Nevertheless, these elements are increasingly difficult to
manage as the scale grows. In processes like hydrothermal synthesis, where internal temperature gradients
have a major impact on nanomaterial crystallisation, uneven heating can result in the creation of products
that are either poorly crystalline or have irregular shapes. Methods like as co-precipitation have a similar
challenge: large-scale homogenous reactant mixing can be difficult to achieve, leading to uneven nucleation
rates. These, in turn, impact the size and shape distribution of the synthesised nanomaterials (Abdukayum,
2013).

Availability of Reagents and Precursors: Small amounts of high-quality reagents are easily accessible at
the laboratory size, guaranteeing that the starting components are pure. Nevertheless, obtaining vast
amounts of very pure compounds becomes increasingly challenging and expensive as one scales up. The
quality of the final nanomaterials is greatly affected by the chemical purity of the precursors. This is
especially true for luminous applications, where the optical characteristics of the dopants must be exactly
achieved by accurate incorporation. The luminous characteristics of nanomaterials can be affected by
impurities or chemical compositional inconsistencies in large-scale batches. This can result in changes to
emission wavelengths, decreased quantum yields, or even a total absence of luminescence (Abdukayum et
al., 2014).

2. Reproducibility Issues

Laboratory experiments allow for fine-tuning of reaction parameters like temperature, duration, and
concentration to maximise nanomaterial quality. Nevertheless, it might be challenging to scale up while
keeping the reaction conditions consistent for each batch. Variability in the end result can be introduced by
factors such as changes in environmental temperature, small changes in reagent purity, and even
discrepancies in instrument calibration. The synthesis process becomes less repeatable when reaction
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conditions are not consistently met, which causes changes in particle size, shape, and luminous
characteristics (Afshani, 2021).

Variability from Batch to Batch: Consistent findings across batches is one of the main obstacles to
reproducibility. Variations in precursor stoichiometry, mixing speed, solvent content, and other synthesis
factors can cause nanomaterials with different sizes, shapes, and crystallinities. Consequently, it is
challenging to guarantee consistent performance across huge amounts of material since various batches
may display varied luminous qualities, including emission intensity or wavelength. Applications requiring
exact optical properties, such biosensors or display technology, might find this diversity in luminous
nanoparticles to be especially challenging (Ai et al., 2018).

CONCLUSION

Stable phosphorescent nanomaterials have attracted much attention because of their special characteristics
and versatility for use in different areas. The development of synthesis methods like template assisted
synthesis and green synthesis has helped in better control of size, shape and luminescence properties and
thus better material with high efficiency and stability. These materials possess high quantum yield and long
emission lifetime, and can be applied in various fields such as bioimaging and biosensing, optoelectronics,
and environmental monitoring. However, there are still some limitations in the application of these
materials, such as the problems of scale, cost, and environmental stability that need to be solved to promote
their application. Subsequent studies will probably be directed toward the development of multifunctional
applications, the discovery of new uses for the material, and the optimization of the environmentally
friendly fabrication processes. In conclusion, stable luminescent nanomaterials are promising, and their
further research will create a basis for new technologies in various technological and industrial fields.
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