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ABSTRACT: 

Persistent luminescence nanoparticles (PLNPs) are a kind of phosphors that can remain 

luminescent for seconds to several days after the stoppage of excitation. Lanthanides show the 

special capability to largely broaden the emission range and enhance the luminescence intensity of 

PLNPs due to their dense energy structure and unique electronic configurations. In the past 

decades, various methods have been developed for the synthesis of lanthanide-based PLNPs with 

excellent persistent luminescence properties, and the lanthanide-based PLNPs are widely studied 

in areas including biomedicine, energy, and information storage. In this review, we summarize the 

research progress in the synthesis of lanthanide-based PLNPs and outlined several typical 

synthesis methods. We discuss the fundamental concepts of preparation methods as well as the 

advantages and drawbacks of the typical synthetic approaches. Moreover, the current challenges 

and the potential solutions for the development of lanthanide-based PLNPs are also discussed in 

an attempt to provide strategies to further improve the optical properties of lanthanide-based 

PLNPs. We hope this review can contribute to the design of lanthanide-based PLNPs with desired 

properties and further promote their applications in biomedicine, energy, and information science. 

 

Keywords: lanthanide; persistent luminescence; nanoparticles; defects; bioimaging; rare earths 

  

Jo
urn

al 
Pre-

pro
of



1. Introduction 

Persistent luminescence is a phenomenon whereby luminescence can remain for a few seconds 

to several days after the excitation ceases, leading to the well-known glow-in-the-dark 

phenomenon. For example, the legendary luminous pearl in ancient China can emit bright 

persistent luminescence at night. In 1996, Matsuzawa developed the proverbial SrAl2O4:Eu2+,Dy3+ 

phosphor that displays a bright green persistent luminescence with decay time over 30 h after the 

cessation of UV light excitation.1 The persistent luminescence intensity of SrAl2O4:Eu2+,Dy3+ was 

10 times stronger than that of the commercially available ZnS:Cu2+,Co2+ persistent phosphor at the 

time. From then on, persistent luminescence has received massive attention. A great variety of 

persistent phosphors have been developed and persistent phosphors are widely used in areas such 

as emergency signage, luminous coatings, and defense.2 In the past years, the application potential 

of PLNPs has been extended to biomedicine. Persistent luminescence nanoparticles show unique 

advantages in biomedicine owing to their potent ability in eliminating autofluorescence 

interference and tissue scattering interference. Additionally, PLNPs are suitable for long-term 

bioimaging and bio-tracing due to their long-live luminescence. Many biosensing and bioimaging 

strategies with ultra-high signal-to-noise ratio and sensitivity have been developed based on the 

virtues of PLNPs.3‒6 Beyond biomedicine, PLNPs have also been applied in photocatalysis, solar 

cells, and information storage or encryption.7 The virtues of PLNPs in different research areas 

remain to be explored in the future. 

In the past five decades, lanthanide ions have been largely used to develop persistent phosphors 

with bright and durable persistent luminescence at different emission regions. Lanthanide ions 

possess ladder-like dense energy structures and they can produce narrow emissions ranging from 

UV to NIR-II region, which makes lanthanide ions the ideal emission center in phosphors.8‒13 

Moreover, lanthanide ions display similar charges and radii, suggesting that the doped lanthanide 

ion can be easily replaced by another one to realize significantly different emission wavelengths or 

intensities.8 An unprecedented advantage of lanthanide-doped persistent phosphors is the 

generation of strong persistent luminescence in the NIR region, particularly the NIR-II region. The 

NIR region falls into biological optical transparency windows ranging from NIR-I (650–950 nm), 

NIR-II (1000–1350 nm), to NIR-III (1500–1800 nm).3 At the very beginning, persistent 

luminescence was restricted to the UV-visible region until the expansion of using the lanthanide 

ions. With the rapid development of lanthanide-doped persistent phosphors, many researchers 

have reported the NIR persistent emission based on lanthanide doping. In a word, lanthanide ions 

are beneficial to broaden the emission range, strengthen the luminescence intensity and prolong 

the decay time of persistent phosphors. In the past years, the lanthanide-doped persistent 

phosphors are in rapid development and many newly emerged lanthanide-based PLNPs with 

unexplored applications have been reported.14–16 Several reviews focusing on persistent phosphors 

and their applications have been presented.3‒7 However, seldom reviews have focused on the 

synthesis methods of lanthanide-based PLNPs. 

Our group concentrated on the synthesis, surface modification, and biomedical applications of 

PLNPs.3,17‒21 Since the properties and applications of PLNPs are highly correlated with the 

synthesis protocols, this review aims to introduce the latest progress in the design and synthesis of 

lanthanide-based PLNPs. The typical PLNPs synthesis methods were summarized. The merits and 

drawbacks of the corresponding synthetic approaches were comprehensively reviewed. Also, the 

prospects and challenges in the controlled synthesis of lanthanide-based PLNPs were discussed. 
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We hope this review can offer instructions for the preparation of lanthanide-based PLNPs and 

further promote the applications of lanthanide-based PNLPs in biomedicine, energy, and 

information science. 

2. The persistent luminescence mechanism of lanthanide-doped PLNPs 

Figure 1. Lanthanide-based persistent luminescence phosphors with different emission 

wavelengths. Reprinted with permission from Ref. 2. Copyright 2018 Elsevier. 

Lanthanide-based persistent phosphors are usually composed of inorganic matrixes (known as 

hosts) and activator Ln3+ ions such as Eu2+, Dy3+, Tb3+, Sm3+, Nd3+, and Sm3+. The matrixes can 

be sulfides, alkaline earth aluminates, oxides, silicates, etc. (Fig. 1).2 The inorganic matrixes can 

provide a special crystal field to influence the energy levels of lanthanide ions, and the doping of 

the same lanthanide ions into different matrixes can easily produce significantly different 

persistent luminescence properties. Since the emergence of SrAl2O4:Eu2+,Dy3+, many kinds of 

lanthanide-doped SrAl2O4 persistent phosphors have been developed, as listed in Table 1.22‒32 

Among all the lanthanide ions, Eu2+ is the most common luminescence center in lanthanide-doped 

PLNPs (Table 2).33‒43 The strong crystal field of Eu2+ decreases the minimum emission level and 

results in tunable yellow, orange and red emissions, leading to the development of a large amount 

of Eu2+-doped persistent phosphors.44‒46 The general mechanism of persistent luminescence is 

illustrated in Fig. 2. Under UV excitation, the electrons in the valence band (VB) of 

lanthanide-doped persistent phosphors are pumped to the conduction band (CB). The abundant 

excited states of lanthanide ions that are close to the conduction band minimum (CBM), such as 

the 5d levels, can accept electrons from the CBM and further generate photoluminescence. 

Moreover, part of the excited electrons can be trapped by crystal defects in the persistent 

phosphors. After excitation ceases, the trapped electrons can be slowly thermally stimulated and 

further transferred to the excited states of lanthanide ions, leading to the generation of persistent 

luminescence.47 

Table 1 Summary of lanthanide-based persistent phosphors of SrAl2O4. The decay time is defined 

as the time when the luminance has decreased to 0.32 mcd/m2.48 

Host Dopants 𝝀emission  Decay time Synthesis method References 

SrAl2O4 

Eu2+,Dy3+,Tb3+ 513 nm 2743 s Combustion 22 

Eu2+,B3+,Dy3+ 508 nm >120 min Solid-state reaction 23 

Eu2+,(Ln) Ce3+, 

Pr3+,Tb3+ 
380 nm — Combustion 24 

Ho3+,Yb3+,Li+ 556 nm, 664 nm — Solid-state reaction 25 

Eu2+,Yb3+ 519 nm, 978 nm — Hydrothermal method 26 

Eu2+,Dy3+ 520 nm 30 h Solid-state reaction 1 

 Eu2+,Dy3+ 516 nm 16 h Hydrothermal method 27 

 

Eu2+,Dy3+ 517 nm >1500 s Combustion 28 

Eu2+,Er3+,Dy3+ 
525 nm, 649 nm, 

1530 nm 
>10 min Combustion 29 

Ce3+ 385 nm >10 h Solid-state reaction 30 

Eu2+ 513 nm 5 s Solid-state reaction 31 

Eu2+,Cr3+ 515 nm, 760 nm 1000 s Sol-gel-combustion 32 

 

Jo
urn

al 
Pre-

pro
of



Table 2 Known Eu2+-activated persistent phosphors.  

Host Dopants 𝝀emission  Decay time Synthesis method References 

(Sr,Ca,Ba)Al2O4 Eu2+,Dy3+ 520 nm to 500 nm 
1088.5 ms - 

219.91 ms 
Solid-state reaction 33 

Ca4(PO4)2O Eu2+,Y3+ 690 nm 2 h Solid-state reaction 34 

ZnAl2O4 Eu2+,Eu3+ 615 nm — Sol-gel synthesis 35 

CdSiO3 Mn2+,Eu2+ 587 nm >5 h Sol-gel synthesis 36 

BaMg2(PO4)2 
Eu2+,Ln3+ (Ln=Ce, 

Pr, Tb and Lu) 
435 nm, 543 nm — Solid-state reaction  37 

CaAl2O4 Eu3+/Eu2+,Nd3+ 450 nm 2 h Combustion  38 

Sr3Al2O6 Eu2+,Dy3+ 612 nm 20 min Sol-gel-microwave 39 

Zn2GeO4 Eu2+ 474 nm 198 s Solid-state reaction 40 

CaMgSi2O6 Eu2+,Mn2+,Pr3+ 685 nm 900 s Sol-gel synthesis 41 

CaS Eu2+,Dy3+ 650 nm 5 h Co-precipitation  42 

Sr3SiO5 Eu2+ 580 nm 7000 s 

Co-precipitation 

combined with 

solid-state reaction  

43 

 

 

Figure 2. Simplified persistent luminescence mechanism. Reprinted with permission from Ref. 46. 

Copyright 2019 Royal Society of Chemistry. 

 

3. Synthesis of lanthanide-based PLNPs 

Many methods have been developed for the synthesis of lanthanide-based PLNPs and each 

method has its merits and limitations. The solid-state reaction is the conventional synthesis 

method of lanthanide-based persistent phosphors and it involves the mixing of precursors and 

high-temperature annealing treatment.1 The advantages of the solid-state reaction include 

simplicity and the tendency to produce crystal defects at high calcination temperatures.49‒52 The 

produced crystal defects can trap the charge carriers during excitation, which leads to the 

generation or enhancement of persistent luminescence. However, the lanthanide-based persistent 

phosphors synthesized by the solid-state reaction are often blocky materials with large size, poor 

dispersibility and surface functionalization.53‒59 The biomedical applications require persistent 

phosphors to have small sizes, good dispersity and easy modification. To prepare lanthanide-based 

PLNPs with nano size and strong persistent luminescence, various methods have been developed, 

such as the sol-gel method, hydrothermal method, thermal decomposition method, co-precipitation 

method, template method and microwave-assisted method. We have summarized the basic 

synthesis principles of the synthesis methods for lanthanide-based PLNPs and evaluated their 

merits and limitations. A simple comparison of these methods including processing conditions, 

advantages and disadvantages is listed in Table 3. 

Table 3. Comparison of typical synthesis approaches for lanthanide-based PLNPs. 

Synthesis 

methods 

Specified 

temperature 
Reaction time Advantages Disadvantages 

Sol-gel Low (≤80 °C) ≤24 h Uniform morphology, good Long reaction time,  
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Luminescent properties,  

high productivity, 

great crystallinity 

Broad size distribution, 

agglomerated products, 

produce a large amount 

of gas 

Hydrothermal 

 

Moderate  

(≤300 °C) 

10–24 h Tunable size and 

morphology,  

cost efficient,  

great crystallinity 

Long reaction time,  

high pressure,  

excellent luminescent 

properties 

Thermal 

decomposition 

 

Moderate to 

high 

(100-800 °C) 

long reaction 

time 

High homogeneity and 

purity,  

good luminescent 

properties,  

great crystallinity 

Expensive set up,  

toxic by product,  

low product yield 

Co-precipitation 

 

Relatively low 

(≥150 °C) 

20 min to 24 h Uniform size and 

morphology, low cost,  

nontoxic reagent 

Long reaction time,  

poor crystallinity,  

poor luminescent 

properties  

Template 

 

Low 

(≤100 °C) 

3–10 h Simple operation, regular 

spherical morphologies, 

uniform size and 

morphology 

Poor luminescent 

properties,  

poor crystallinity,  

limited by templates 

Microwave 

 

Low 

(≤150 °C) 

≤20 min High productivity, 

fast, safe, and economic 

Poor luminescent 

properties,  

poor crystallinity 

 

3.1. Sol-gel method 

The sol-gel process is a wet-chemical technique that is widely used to synthesize nanoparticles. 

Compared to other wet chemical techniques, sol-gel is a well-established method and shows 

particular advantages in obtaining materials from chemically homogeneous precursors.60‒65 By 

controlling the state of the solution, the materials can be synthesized rapidly at a low temperature 

with an atomic-level mixing of reagents. Furthermore, the size, morphology and properties of the 

particles can be precisely controlled in the sol-gel reactions.66‒68 

 

Figure 3. (a) Time-dependent persistent luminescence spectra of Zn2.94Ga1.96Ge2O10:Cr3+,Pr3+ 

PLNPs; TEM (b) and high-resolution TEM (c) images of the PLNPs; (d, e) The persistent 

luminescence decay curves of ZnzGa1.96Ge2O10:Cr0.01Pr0.03 and Zn3Ga2-x-yGe2O10:CrxPry; (f) 

Persistent luminescence decay curve of the PLNPs. Reprinted with permission from Ref. 75. 

Copyright 2013 American Chemical Society. 

 

The main processes of sol-gel methods can be simply described in four steps: (1) synthesis of 

“sol” through hydrolysis and condensation of molecular precursors, (2) formation of gel via 

polycondensation, (3) suspending and drying the particles, and (4) annealing the products. The 

precursors used in the sol-gel synthesis reaction are generally metal salts or alkoxides. The 

suitability of metal salts or alkoxides for the sol-gel method lies in several factors, including the 
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electronegativity difference between the metal and oxygen, and the electronic effect of the 

alkyl/aryl chain on the stability of the alkoxy groups. Both of these two factors can affect the 

relative rates of hydrolysis and condensation, ultimately conducting gel structure through the 

degree of polymerization or oligomerization. Many other factors can also impact the rates of 

hydrolysis and condensation, such as solvents, acid or base catalysts, the ratio of water to alkoxide 

and the presence of chelating agents.69 

The sol-gel method has been largely used in the preparation of lanthanide-based PLNPs.41,70‒73 

Teixeira et al. prepared Eu3+,Ti3+/Ti4+ co-doped Y2O3 PLNPs by utilizing the coconut 

water-assisted sol-gel method and obtained nanoparticles with sizes in the range of 30–100 nm.74 

Yan et al. synthesized NIR-emitting Zn2.94Ga1.96Ge2O10:Cr3+,Pr3+ PLNPs with a persistent 

luminescence decay time of more than 15 d by a citrate sol-gel method. They showed that the 

co-doping of lanthanide Pr3+ can produce suitable Zn deficiency in host lattice and further led to 

the prominently enhanced persistent luminescence in the Zn2.94Ga1.96Ge2O10:Cr3+,Pr3+ PLNP. The 

PLNPs were promising for the long-term in vivo targeted tumor imaging after surface 

functionalization with PEG and c(RGDyk) peptide (Fig. 3).75 The controllability with various 

factors makes the sol-gel method an easy-performed method to produce PLNPs with narrow size 

distributions, high crystallinity and uniform morphology. 

 

3.2. Hydrothermal method 

The hydrothermal method refers to allowing the precursors to react under high temperature and 

high pressure in a sealed environment such as an autoclave or flow reactor.76‒83 With the system 

heated up and pressure rising, the precipitation occurs at the surface of the liquid phase as the 

solutions are perturbed. The nanoparticles are separated from the reaction solution through 

centrifuging and subsequent high-temperature annealing treatment is optional to increase the 

crystallinity of the nanoparticles. The properties of the nanoparticles can be easily regulated by 

changing the reaction parameters like annealing temperature, reaction time, pressure and pH 

values. The preparation of PLNPs by the hydrothermal method was realized by many researchers. 

Liu et al. synthesized Cr3+ and Er3+ co-doped zinc gallogermanate (ZGGO:Cr3+,Er3+) PLNPs with 

an average size of 60 nm using a similar hydrothermal method. The co-doping of Er3+ realized the 

NIR-III (~1540 nm) persistent luminescence due to the energy transfer from Cr3+ to Er3+. 

Local-tissue NIR persistent luminescence imaging can be easily obtained by single-step 980 nm 

radiation.84 Furthermore, they showed that an X-ray pre-irradiation followed by 980 nm light 

re-activation of the ZGGO:Cr3+,Er3+ PLNPs was promising to produce strong and durable NIR 

persistent luminescence, making the ZGGO:Cr3+,Er3+ PLNPs valuable in deep-tissue bioimaging. 

These studies show that the hydrothermal method is promising in the synthesis of 

lanthanide-based PLNPs with uniform size and easy surface functionalization. However, this 

method suffers from high-temperature reactions, a long reaction time, and low product yield. 

 

Figure 4. Afterglow decay curves of the ZGGO:Crx
3+,Ery

3+ ( x = 0 and 0.02; y = 0, 0.01, 0.02, 0.03, 

and 0.04) monitored at 1540 nm (a) and 696 nm (b); (c) Emission spectra of the ZGGO:Crx
3+,Ery

3+ 

(x = 0 and 0.02; y = 0, 0.01, 0.02, 0.03, and 0.04) afterglow nanoparticles; (d) Afterglow 

mechanisms after cessation of X-ray and/or NIR light irradiations based on the energy transfers 

between Cr3+ and Er3+. Reprinted with permission from Ref. 84. Copyright 2021 John Wiley and 

Sons. 
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3.3. Thermal decomposition method 

Despite high-temperature thermal decomposition being a young synthesis method for 

nanomaterials, there are a large number of lanthanide-based PLNPs with excellent properties 

prepared by this method. Miletto et al. have synthesized a series of hexagonal II-Type 

lanthanide-based Gd2-xRExO2CO3 (RE3+= Eu3+, Yb3+, Dy3+) PLNPs by thermal decomposition 

method. They showed that Yb3+ doped Gd-oxycarbonate displayed especially promising in 

biomedicine due to its strong NIR persistent luminescence.85 Recently, Liu et al. prepared 

NaGdF4:Yb/Tm@NaGdF4:Ce/Mn@NaYF4 multilayer PLNPs with a long-lived green emission.86 

In a typical synthesis protocol, the lanthanide precursors are mixed with oleic acid (OA), 

oleylamine (OM), and 1-octadacane (ODE). OA and OM can decrease the aggregation of PLNPs 

and further control the growth of nanoparticles, while ODE offers a high-temperature 

decomposition environment. The thermal decomposition system is heated under high temperatures 

(usually above 300 °C) and the precursors decompose to form the PLNPs. Owing to its relatively 

high-temperature treatment, the obtained lanthanide-based PLNPs usually have long persistent 

luminescence. Recently, Zhang et al. synthesized a series of X-ray-activated, lanthanide-based 

NaY(Gd)F4 PLNPs with an extremely long decay time of more than 45 d in the NIR-II region via 

the thermal decomposition method. The prepared lanthanide-based PLNPs have a tunable NIR-II 

persistent luminescence due to their core-shell structure. The PLNPs were applied in tumor 

imaging and the T/N ratio is up to quadruple higher than that of NIR-II fluorescence in 

signal-to-noise ratios. With the characteristics of tunable NIR-II persistent luminescence, nimble 

construction, controllable nanostructure and core-shell structure, the prepared lanthanide-based 

PLNPs have better encoding capacity, multilevel information encryption, higher contrast and 

resolution in deep tissue imaging.87 Han et al. have also developed a series of core−shell 

CaF2:Dy@NaREF4 PLNPs with various morphologies via the thermal decomposition method and 

found the CaF2:Dy@NaYF4 possessed enhanced persistent luminescence under both light and 

X-ray excitations.88 The thermal decomposition method could produce lanthanide-based PLNPs 

with high homogeneity, high crystallinity and narrow size distribution. Also, the synthesis process 

offers the possibility to synthesize ultra-small PLNPs with predefined optical properties for 

biomedical applications compared with the sol-gel or co-precipitation method.89 As a burgeoning 

method, the high-temperature thermal decomposition method has proved its irreplaceable value in 

the preparation of lanthanide-based PLNPs. 

 

Figure 5. Thermal decomposition synthesis of CaF2:Dy@NaREF4 core-shell PLNPs with various 

morphologies. TEM of CaF2:Dy@NaYF4:Ca (a), CaF2:Dy@NaGdF4 (b), CaF2:Dy@NaYbF4 (c) 

and CaF2:Dy@LiYF4 (d) core-shell PLNPs.Reprinted with permission from Ref. 88. Copyright 

2021 American Chemical Society. 

 

3.4. Co-precipitation method 

Co-precipitation is a simple method to obtain nanoparticles by adding the precipitant agent into 

the saturated solution of soluble precursors, usually metal precursors. This method relies on the 

solubility and compatibility of original materials since it involves simultaneous precipitation of 

precursors in solution.90‒98 The mixed precursor forms an unstable supersaturated solution in 

which the solid atoms aggregate into small nuclei. The small nuclei spontaneously grow into 
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crystals and primary products, followed by the aggregation of the primary particles into larger 

nanoparticles. Generally, alkaline compounds are used as precipitant agents, such as urea, sodium 

bicarbonate, sodium silicate and EDTA. Taking urea as an example, the soluble metals and urea 

are hydrolyzed to generate metal hydroxides and ammonia. The pH of the solution raises as the 

hydrolysis continues, which gives rise to the precipitation of metal hydroxides and the formation 

of nanoparticles. Commonly, the properties of nanoparticles can be regulated by lots of parameters 

like the concentration of precipitant agents, metal precursors, the temperature of co-precipitation 

and the complexing agent. 

Recently, Liu et al. have prepared a series of lanthanide-based NaLuF4:Tb@NaYF4 PLNPs with 

decay times of more than 30 d. They demonstrated an ultralong-lived X-ray trapping for 

flat-panel-free, high-resolution, three-dimensional imaging based on the prepared nanoparticles. 

They named this method X-ray luminescence extension imaging (Xr-LEI) due to its 

unprecedented characteristic to carry out radiography on highly curved 3D objects. They further 

studied the mechanisms of X-ray energy conversion through durable electron trapping and drew 

attention to the research in patient-centered radiography and imaging-guided therapeutics.16 

 

3.5. Template method 

The template method is also widely used to prepare different sorts of PLNPs.99‒105 Generally, a 

mixed ionic solution containing templates (usually mesoporous materials) is used as precursors. 

The impregnated templates are separated from the solution and dried, followed by annealing at a 

high temperature to produce nanoparticles with a narrow size distribution. Mesoporous silica 

nanospheres (MSNs) are the most commonly used template for the preparation of PLNPs. Chen et 

al. have prepared X-ray-charged, monodisperse porous zinc gallogermanates 

Zn3Ga2GeO8:Cr3+,Yb3+,Er3+ (mZGGOs) PLNPs with a uniform size distribution. These PLNPs are 

suitable for X-ray-induced bioimaging and photodynamic therapy, which can availably hinder the 

growth of orthotopic hepatic tumors (Fig. 4).106 Recently, Wang et al. have designed a large-pore 

MSN-templated strategy to prepare multifunctional hybrid mesoporous PLNPs nanoparticles 

(HMNPs) which integrated the NIR-persistent luminescence nanoparticles (Ga2O3:Cr3+,Nd3+), 

magnetic nanoparticles (Ga2O3) and radionuclides (68Ga). The HMNPs inherited the structure of 

large-pore MSN templates and possessed superb drug loading capacity. The DOX/Si-Pc-loaded 

HMNPs exhibited excellent tumor suppression ability, suggesting the potential of the HMNPs in 

multimodal imaging-guided chemotherapy and photodynamic therapy.107  

 

Figure 6. TEM image (a), high-resolution TEM image (b), nitrogen adsorption-desorption 

isotherms (c), and STEM-elemental mapping (d) of the mZGGOs PLNPs; (e) XRD patterns of 

ZGGO, mSiO2, and mZGGOs. Reprinted with permission from Ref. 106. Copyright 2020 John 

Wiley and Sons. 

 

3.6. Microwave-assisted method 

Microwave is a fast and efficient method in the synthesis of lanthanide-based PLNPs. Recently, 

microwave-assisted solid-state and sol-gel synthesis strategies have gained enormous attention 

from researchers. In the case of microwave irradiation, the precursor solutions are heated 

homogeneously to promote the uniform nucleation and growth of nanoparticles. The obtained 

particles are roughly identical compared to the products synthesized without microwave 
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assistance.108‒110 Hermi et al. synthesized Lu2O3:R3+,M (Pr, Hf; Eu; or Tb, Ca2+ ) PLNPs via the 

microwave-assisted solid-state method with less than 7% reaction time compared to solution 

synthesis methods. The Lu2O3:R3+,M PLNPs prepared by this method showed strong persistent 

luminescence with decay time ranging from 1100 s to 8 h after the UV excitation ceases. Besides, 

the adjustability of persistent luminescence offers the Lu2O3:R3+,M PLNPs promising applications 

in both solar cells and bioimaging.111 Due to the uniform and rapid heating of precursor solutions 

by microwave irradiation, microwave assistance can accelerate nucleation and crystal growth, 

significantly shortening the reaction time. For instance, Suresh et al. have prepared red-emitting 

near-spherical ZnGa2-xEuxO4 in just 10 min with microwave assistance.112 The microwave-assisted 

method is regarded as an appropriate way for the rapid synthesis of lanthanide-based PLNPs. 

 

3.7. Other methods 

Except for the above-mentioned methods, other methods such as the combustion method, 

23,113‒118 salt microemulsion method,119 molten salt-assisted method,120 electrospinning 

method,121,122 solvothermal method123,124 and laser ablation techniques125‒128 are also capable of 

preparing lanthanide-based PLNPs. Combustion is a rapid and easy process that makes full use of 

the exothermic reaction between metal nitrates and organic fuels (including urea, carbohydrazide 

or glycine). The energy generated by the combustion of organic dyes could maintain a high 

temperature (up to 1000 oC) for more than 60 s to enable the crystalization and growth of PLNPs. 

Huczko et al. have used the combustion method to synthesize a series of Y3Al5O12:Ce3+ PLNPs 

with a size less than 100 nm under the temperature of 900 oC.129 The rapidly produced high 

temperature by combustion can improve the energy storage ability of PLNPs due to the increased 

concentration of defects in the host lattice, as evidenced by the green-emitting SrAl4O7:Eu2+,Ln3+ 

(Ln3+= Dy3+, Pr3+ and Y3+) synthesized by Brito et al.130  However, the combustion method still 

has the disadvantages such as the lack of reproducibility and the uncontrollability of the process 

owing to the unpredictability of combustion, which usually leads to a broad range of particle size. 

Electrospinning is a well-established method in the preparation of one-dimensional 

nano/micro-fibers. Many PLNPs-embedded nano/micro-fibers with excellent mechanical 

toughness and large diameter to length ratio have been prepared with electrospinning technique. 

However, the fixed one-dimensional morphology makes it difficult for the electrospinning to 

become a universal or commercial method for the preparation of PLNPs with controllable 

properties. The laser ablation technique is an environment-friendly method for the preparation of 

PLNPs since it could obtain PLNPs in a fast and clean manner. Regardless, more effort is still 

required to improve the persistent luminescence properties, purity and morphology of the products 

obtained with the laser ablation technique. 

 

4. Discussion and prospects 

Generally, the excitation and emission wavelengths of lanthanide-based PLNPs are not 

correlated with the synthesis method. However, different synthesis methods can produce 

lanthanide-based PLNPs with significantly different crystallinity, defect density, particle size and 

morphology, which largely determines the luminescence intensity and quantum yield (QY) of the 

lanthanide-based PLNPs. The selection principle for the preparation of lanthanide-based PLNPs 

relies on the specific application area. For example, if bright persistent luminescence is needed for 

decoration or lighting, solid-state reactions are suggested since this method can produce 
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lanthanide-based PLNPs with strong emission intensity and high QY. The co-precipitation, 

hydrothermal method and thermal decomposition method can be used to synthesize PLNPs with a 

narrow particle size distribution, controllable morphology, good dispersibility and high 

crystallinity, which is suitable for biological applications such as bioimaging and cancer therapy. 

The available synthetic conditions may be another important consideration in selecting the 

synthesis method for practical application. For example, the hydrothermal and thermal 

decomposition methods require specific systems for satisfying the high-temperature reaction. 

Additionally, time efficiency is also important in the synthesis of PLNPs. The microwave-assisted 

synthesis is the most time-efficient among the described methods. 

Although some achievements have been made in the development of lanthanide-based PLNPs, 

there are still several problems that need to be solved. Firstly, achieving highly bright and 

long-lasting persistent luminescence is still a challenge for lanthanide-based PLNPs. Persistent 

luminescence of PLNPs is highly dependent on the size, phase, trap density, trap level, energy 

transfer pathways, etc. These parameters need to be rationally designed for improving the 

persistent luminescence properties of lanthanide-based PLNPs. Secondly, most lanthanide-based 

PLNPs are charged by UV light, which seriously limits their biomedical applications since UV 

light possesses poor tissue penetration and may cause serious tissue damage. There is a strong 

need to design lanthanide-based PLNPs that can be charged by light sources with deep tissue 

penetration for reactivation of the persistent luminescence signal in vivo. Recently, the studies on 

X-ray charged PLNPs provide reliable methods for the reactivation of the persistent luminescence 

in deep tissues. Thirdly, the emission wavelength of lanthanide-based PLNPs is usually located in 

the visible or NIR-I region. The abundant energy levels of lanthanide ions can offer enormous 

energy-transfer pathways for realizing NIR-II/III persistent emissions, even NIR-I-to-NIR-II/III 

persistent luminescence. Last but not the least, lanthanide-based PLNPs with sizes smaller than 10 

nm are necessary for clearance in biological systems. The synthesis of ultra-small PLNPs with 

bright persistent luminescence remains challenging. Advanced protocols for the synthesis of 

sub-10 nm lanthanide-based PLNPs by means including hetero-valence doping need to be 

explored in the future. 

 

5. Conclusions 

Lanthanide-based PLNPs are excellent luminescent materials with a broad emission range and 

ultra-long persistent decay due to the ladder-like energy structure of lanthanide ions and the 

abundant energy transfer pathways in the system. With the ongoing study toward the biomedical 

applications of lanthanide-based PLNPs in biomedicine, synthesis methods are in need to prepare 

lanthanide-based PLNPs with desired properties including size, surface functionalization, 

persistent luminescence intensity, emission wavelength, and decay time. In this review, we 

summarized several commonly used methods to prepare lanthanide-based PLNPs. The 

summarized methods such as the hydrothermal method and thermal decomposition method hold 

great promise in the controlled preparation of lanthanide-based PLNPs. Although some 

achievements have been made, there is still a strong need to enhance the brightness of the 

persistent luminescence after excitation ceases. Synthesis strategies that can fine-tune the crystal 

defects in lanthanide-based PLNPs need to be proposed to improve the persistent luminescence 

performance of PLNPs. In a word, the synthesis methods of lanthanide-based PLNPs are 

preliminarily mature and still stepping forward. 
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