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Controlling persistent luminescence in 
nanocrystalline phosphors
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Xiaogang Liu    1,3,4 

Persistent luminescent phosphors can store light energy in advance 
and release it with a long-lasting afterglow emission. With their ability 
to eliminate in situ excitation and store energy for long periods of time, 
they are promising for broad applications, including background-free 
bioimaging, high-resolution radiography, conformal electronics imaging 
and multilevel encryption. This Review provides an overview of various 
strategies for trap manipulation in persistent luminescent nanomaterials. 
We highlight key examples in the design and preparation of nanomaterials 
with tunable persistent luminescence, particularly in the near-infrared 
range. In subsequent sections, we cover the most current developments  
and trends concerning the use of these nanomaterials in biological 
applications. Moreover, we assess their advantages and disadvantages 
compared with conventional luminescent materials for biological 
applications. We also discuss future research directions and challenges, 
such as insufficient brightness at the single-particle level, and possible 
solutions to these challenges.

Persistent luminescence is an optical process by which luminescent 
materials emit light for minutes or even hours after excitation ceases. 
Its mystical properties, first documented in the early 17th century, 
have fascinated researchers ever since1–3. Recently, various persistent 
luminescent phosphors at the nanoscale, such as ZnGa2O4:Cr3+ and 
lanthanide-doped fluorides, have been explored4–6. The delayed emis-
sion of persistent luminescent nanophosphors and their small physical 
dimensions make them highly desirable for applications ranging from 
optical data storage to medical imaging and biological applications7–9. 
Compared with conventional organic dyes and quantum dots, persis-
tent luminescent phosphors enable long-term luminescence detec-
tion without in situ excitation, which attenuates autofluorescence10. 
Suppression of background noise drastically improves detection sen-
sitivity and image resolution for bioimaging. Moreover, downscaling 
phosphors with proper surface functionalization to the nanoscale can 
improve colloidal stability and biocompatibility, increase cell targeting 
efficiency and expand bioapplication opportunities. More importantly, 
light attenuation and scattering in the optical window are markedly 

reduced, making near-infrared persistent luminescent nanomaterials 
attractive for deep-tissue imaging.

Persistent luminescence
In most photoluminescent events of organic systems, fluorescence 
occurs when a chemical entity in the excited state radiates energy 
through allowed optical transitions on a timescale of less than tens of 
nanoseconds11. Unlike transitions between excited singlet states and 
the ground state (S0), phosphorescence is characterized by an intersys-
tem crossing (ISC) to an energy state with higher spin multiplicity (T1), 
resulting in delayed emission. The transition from T1 to S0 still occurs, 
although it is spin forbidden, but it usually occurs over hundreds of 
microseconds12. The design of molecular structures and control of 
aggregation behaviour can result in phosphorescence lasting hundreds 
of milliseconds or even tens of seconds at room temperature13. Fur-
thermore, charge separation and recombination strategies have been 
used to generate hours-long persistent luminescence from organic sys-
tems14–16. The luminescence lifetime of inorganic phosphors is usually 
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and slow de-trapping of charge carriers, leading to tens of hours to 
days of persistent luminescence.

In recent decades, scientists have studied the origin of persistent 
luminescence in inorganic phosphors19. Although several theoretical 
models have been proposed, including electron trapping/discharge, 

measured in tens of nanoseconds for allowed electronic transitions 
(for example, 5d–4f in Ce3+)17; however, the lifetime can be prolonged 
to tens of milliseconds for parity-forbidden transitions (for example, 
f–f in Tb3+)18. For inorganic persistent luminescent phosphors, the 
ultra-slow persistent emission is induced by high-efficiency trapping 

Box 1

Principles of long persistent luminescence in inorganic and 
organic systems

In an inorganic persistent luminescent system (a), the persistent 
luminescence process is typically initiated by direct excitation 
of doped activators or by transitions between the host valence 
band (VB) and conduction band (CB). The pumping source varies 
from low-energy excitation including by UV, visible and NIR, to 
high-energy ionizing irradiation such as by X-rays. Upon excitation, 
doped activators can be activated (step 1) so that electrons pumped 
to higher energy levels that overlap with the conduction band may 
diffuse to electron traps (step 2). However, not all trapping processes 
involve the conduction band. Shallowly trapped electrons can be 
easily transferred back to the conduction band at room temperature 
and then captured by activators to generate luminescence (steps 3 
and 4). By contrast, deeply trapped electrons find escape relatively 
difficult. Before traps are emptied, persistent luminescence can 
usually be rejuvenated by external stimuli, such as heating, light 
irradiation and mechanical force (step 5).

Since the shallow-trap-based discharge is fast and sustains short 
persistent luminescence, a quantum tunnelling (QT) model for deeply 
trapped electrons has been proposed to explain the ultralong (tens of 
hours) persistent luminescence (step 6). Although electrons serve as 

primary charge carriers, hole traps could coexist with electron traps 
in most host matrices. Photoexcitation-induced holes in activators 
can be captured and released by hole traps via migration across the 
valence band (steps 7 and 8). Energy transfer (ET) between different 
types of emitters can be used to expand the spectrum of a given 
persistent luminescent phosphor (steps 9–11).

In addition to activators, the host matrix can usually be activated 
to generate electrons in the conduction band and holes in the 
valence band upon UV excitation (step 12). These charge carriers are 
subsequently captured by the corresponding traps (steps 13 and 14)  
and gradually released to doped activators (steps 3 and 8) to trigger 
persistent luminescence (step 4). Compared with visible light 
excitation, UV irradiation with a photon energy greater than the host 
bandgap usually induces much stronger persistent luminescence.

NIR-chargeable persistent luminescent systems can be 
constructed by integrating NIR-excitable up-conversion phosphors. 
With NIR illumination, up-conversion-integrated phosphors can be 
activated, and NIR photons absorbed by sensitizers (step 15) are 
up-converted and stored (step 16) in activators. Finally, the stored 
energy is transferred non-radiatively to persistent luminescent 
activators (steps 17 and 18), triggering persistent luminescence. 
Additionally, X-rays can produce abundant electron–hole pairs 
through the Auger effect and Compton scattering. These excitons 
can be trapped by defects such as colour centres to trigger persistent 
luminescence (step 19).

Hours-long persistent luminescence can also be achieved in 
organic systems (b(i)). As with the inorganic persistent luminescent 
system, photoactivation (step 1) of a blended organic donor/
acceptor system can create photoinduced ionized states (step 2) 
and charge-separated states (step 3). Importantly, the long-lived 
charge-separated intermediate states can accumulate and diffuse 
throughout the matrix. Finally, the gradual recombination of the 
radical anions and radical cations generates an exciplex emission 
(step 4) through transitions from the lowest unoccupied molecular 
orbital (LUMO) of the acceptor to the highest occupied molecular 
orbital (HOMO) of the donor, producing hours-long persistent 
luminescence.

In addition, a generic approach has been developed to 
transform ordinary fluorescent agents into long-lasting luminescent 
nanoparticles, which relies on a cascade photoreaction within the 
particles to store energy (b(ii)). Upon excitation, a photosensitizer 
that serves as an initiator of persistent luminescence can be 
populated to its triplet states through (ISC) and then trigger the 
generation of singlet oxygen (1O2). Then, the singlet oxygen can 
be absorbed by a 1O2-reactive molecular substrate to form an 
unstable chemiluminescent intermediate. Lastly, the energy of 
the intermediate can be gradually absorbed by a fluorescent 
agent, which works as a persistent luminescent relay unit through 
chemically initiated electron exchange, resulting in hours-long 
persistent luminescence.
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hole trapping/discharge and quantum tunnelling, it is likely that these 
processes coexist in many persistent luminescent systems (Box 1).

In principle, many kinds of crystal imperfections, such as vacan-
cies, interstitial ions, impurities and dopants, can act as electron traps 
with a broad energy distribution in depth. Energy transfer has been 
widely used to achieve tunable luminescence in phosphors, especially 
to the near-infrared (NIR) region. As for the pumping source, ultra-
violet–visible (UV–Vis) light is the most widely used source to charge 
persistent luminescent phosphors; however, persistent luminescent 
phosphors that can be charged with deep-red and even NIR light sources 
are highly desirable for biological applications. Lanthanide-based 
photon up-conversion has been developed to realize anti-Stokes emis-
sion upon NIR excitation. During the up-conversion process, incident 
low-energy photons are typically absorbed by lanthanide sensitizers 
and then transferred to proximal activators, followed by sequential 
populations in higher excited states20. Consequently, the activators 
emit high-energy photons in the UV–Vis region, which can be used to 
charge persistent luminescent phosphors. Importantly, X-rays have 
negligible scattering and a large penetration depth, making them an 
alternative source for persistent luminescence generation.

Trap manipulation for persistent luminescent 
phosphors
Intrinsic lattice point defects are widely considered responsible for 
charge carrier trapping, and multiple types of defects usually coexist in 
a phosphor (Fig. 1a). To illustrate, during material synthesis, cation and 
anion vacancies can be generated simultaneously in a stoichiometric 
ratio to maintain charge neutrality. These defects, termed Schottky 
defects, are randomly distributed in the host matrix. Meanwhile, 
ions can also migrate into interstitial sites, leaving vacancies to form 
Frenkel defects. In addition, antisite defects can form in weakly ionic 
compounds when cations and anions exchange positions. In addi-
tion to traps formed during synthesis, codoping with foreign ions 
has proven to be a practical approach to introducing traps that can 
greatly influence persistent luminescence. Many strategies have been 
explored to manipulate lattice defects, including aliovalent substi-
tution, non-stoichiometric synthesis, lanthanide ion codoping and 
sintering atmosphere tuning. Beyond controlling the trap state by 
chemical means, persistent luminescence can be tuned by altering 
charging temperature and power. X-ray irradiation has also been shown 
to be efficient in creating electron/hole traps by displacing anions in 
lanthanide-activated fluorides.

Aliovalent substitution
By substituting lattice ions with ions of different valence, positively and 
negatively charged defects can be created as electron and hole traps 
with broad depth distribution that determines emission intensity and 
duration (Fig. 1b). For instance, the aliovalent substitution of Al3+ by 
Ge4+ and Mn4+ in a LaAlO3 lattice resulted in persistent NIR luminescence 
that lasted for more than 20 hours21. Apart from acting as activators, 
high-valence Mn4+ ions can occupy octahedral sites of Al3+ ions and 
produce positively charged defects (MnAl°). Meanwhile, aliovalent sub-
stitution may create other types of defects, including positively charged 
AlI° interstitials (I, interstitial atom; °, positive charge) and VO° vacancies 
(V, vacancy; O, oxygen atom), as well as negatively charged VAl′ and VLa′ 
vacancies (′, negative charge). In addition to generating electron/hole 
traps, aliovalent substitution can tune the local crystal field around the 
activators by varying the concentration of aliovalent dopants, resulting 
in trap redistribution and varied activator–trap interactions22.

Non-stoichiometric synthesis
Non-stoichiometric compounds exhibit unique electrical or chemi-
cal properties due to the presence of particular defects; such com-
pounds have found tremendous applications in solid-state electronic 
devices23. Such non-stoichiometry can be augmented by tuning the 

ionic stoichiometry of precursors (Fig. 1b), which has been shown to 
be effective in improving the optical performance of persistent lumi-
nescent phosphors24. For example, non-stoichiometric synthesis can 
generate Zn vacancies to trap holes in Zn2.94Ga1.96Ge2O10:Cr3+/Pr3+, which 
significantly increases the intensity and duration of NIR emission25. 
Similarly, non-stoichiometric synthesis can modulate the local crystal 
field by distorting the crystal lattice and modulating the coordination 
number of activators.

Lanthanide codoping
Lanthanide ions can be codoped into host materials to introduce extra, 
well-controlled trap states for the storage of charge carriers26. Using 
photoelectron spectroscopy data, the host-referred binding energy dia-
gram can be established, providing the relative position of lanthanide’s 
ground state with respect to the conduction band and valence band 
of the host material (Fig. 1c). Importantly, the shapes of double-zigzag 
lanthanide energy level curves can be easily reconstructed by referenc-
ing the host-referred binding energy value with Eu3+ (ref. 27). YPO4 is 
frequently used as a host material for lanthanide doping to generate 
persistent luminescence28. For divalent lanthanides with ground states 
within the host bandgap (such as Pr2+, Nd2+, Dy2+ and Tm2+), their triva-
lent lanthanides can serve as electron acceptors. Notably, the large 
energy intervals between the conduction band and the ground state 
of Sm2+ and Yb2+ imply that doping with Sm3+ and Yb3+ leads to deep 
traps. In a similar way, host-referred binding energy diagrams have 
been used to analyse and predict persistent luminescence tuning for 
many lanthanide-codoped phosphors.

Selection of sintering atmosphere
For persistent luminescent phosphors prepared by high-temperature 
annealing, the sintering atmosphere can substantially affect their 
performance (Fig. 1d). Generally, a higher concentration of oxygen 
vacancies can be expected in a non-oxidizing atmosphere. These oxy-
gen vacancies act as efficient electron traps below the conduction 
band minimum and provide persistent luminescence in many host  
materials29. For example, the persistent red luminescence of 
Ca2SnO4:Gd3+/Eu3+ phosphors sintered in a vacuum lasted much longer 
than those prepared in air. Moreover, persistent luminescence can be 
enhanced under a reducing atmosphere that favours the formation 
of oxygen vacancies in the host. Researchers found that CaTiO3:Cr3+ 
phosphors with NIR afterglow can be prepared only in a reducing atmos-
phere, indicating the crucial role of the annealing atmosphere in the 
synthesis of long-lived phosphors30.

Temperature management
The kinetics of trap filling and release are inherently complex, mainly 
due to the simultaneous occurrence of filling and release processes. 
Compared to the charging process, shallow traps are much more likely 
to be depopulated. Therefore, charging at different temperatures can 
affect trap filling (Fig. 1e)31. At low temperatures above the thermal 
barrier for charging, traps can be filled at different depths because 
shallow traps are stable against weak thermal stimulation. As tem-
perature increases, charge carriers in shallow traps become unstable, 
whereas deeply trapped charge carriers are only slightly perturbed. 
A further increase in temperature eliminates deep traps, reinvigor-
ating luminescence intensity. For those phosphors in which shallow 
and intermediate traps are largely depleted after heating, diminished 
luminescence intensity and duration are observed when the tempera-
ture is lowered. By contrast, slightly increased luminescence can be 
obtained for phosphors that are charged at low temperatures with 
well-preserved shallow traps.

Pump power variation
During the charging process, trap filling and release coexist. When 
the excitation intensity varies, the thermoluminescence spectrum of 
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Fig. 1 | Common defects and strategies for trap manipulation in persistent 
luminescent materials. a, Possible point defects in inorganic host materials. 
Note that these defects may act as electron (e–) or hole (h+) traps to affect 
luminescence kinetics. b, Trap generation in crystal lattices by aliovalent 
substitution and non-stoichiometric synthesis. C, cation. c, Generation of charge 
carrier traps at targeted depths by codoping with lanthanide ions in YPO4.  

CB, conduction band; VB, valence band. d, Luminescence modulation of 
persistent luminescent materials by annealing in different atmospheres.  
e,f, Control of trap filling by manipulation of charge temperature (T) and power 
density, respectively. g, X-ray irradiation can displace small anions and generate 
anion vacancies and interstitials that act as electron and hole traps, respectively. 
These displacements are reversible to some extent.
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persistent luminescent phosphors does not vary appreciably, result-
ing in almost constant occupation of different traps. However, dif-
ferent excitation wavelengths produce significantly different trap 
filling and de-trapping capabilities for a certain phosphor, resulting 
in different trap occupancy situations32. For example, in the case of 
LaMgGa11O19:Cr3+ phosphors, upon 450 nm blue light-emitting diode 
(LED) charging, trapped charge carriers can partially escape from 
traps by absorbing the energy of the 450 nm photons, which leads to 
photon-induced trap depletion33. Therefore, low-power pumping at 
450 nm cannot charge persistent phosphors because photon-induced 
de-trapping outperforms trapping (Fig. 1f). By contrast, the trapping 
rate can exceed the release rate when pumping at high power. This 
leads to charge carrier saturation and intense, long-lasting persistent 
luminescence.

X-ray photon bombardment
Bombardment with high-energy photons can displace small anions 
from their lattice to interstitial sites, creating anion Frenkel defects. 
Therefore, creating traps by high-energy photon irradiation instead 
of tuning synthesis parameters could be an efficient approach for trap 
manipulation. Recently, researchers found that X-rays can create elec-
tron and hole traps in lanthanide-doped fluorides, enabling highly effi-
cient persistent luminescence in these nanosized phosphors (Fig. 1g)6,34. 
Experimental characterization and theoretical simulation show that 
fluoride anions are displaced to interstitial sites by high-momentum 
X-ray photons during elastic collisions. Importantly, the resulting fluo-
ride vacancies and interstitials can act as electron/hole traps, triggering 
hours-long persistent luminescence from doped lanthanide activators. 
Notably, these displaced fluoride ions can diffuse back to their original 
sites, and this process can be facilitated by heating or light irradiation.

Luminescence spectral tuning
NIR-emitting phosphors can provide autofluorescence-free imag-
ing in deep tissue with improved spatial resolution. To extend this 
toolkit and improve imaging depth and resolution, strategies such 
as activator selection, host variation and cascade energy transfer by 
codoping long-wavelength emitters can be applied to phosphor devel-
opments in the second (NIR-II, 1,000–1,350 nm) and even third (NIR-III,  
1,500–1,800 nm) optical windows.

Activator selection
Transition metals, such as Mn2+, Bi2+, Ni2+ and Cr3+, are commonly used 
as activators to generate persistent red/NIR luminescence with great 
flexibility in spectral tuning (Fig. 2a)35–37. For example, many Cr3+-doped 
phosphors emit at 696 nm, especially with spinel ZnGa2O4 as the 
host38,39. Mn2+-activated phosphors emitting in the spectral range of 
560–820 nm have been developed in the photonic glass of calcium 
aluminium germanate40. In addition, Bi2+-activated SrSnO3 phosphors 
emit strongly at around 800 nm (ref. 41). Remarkably, persistent lumi-
nescence can be extended into the 1,000–1,600 nm range when host 
materials are activated with Ni2+ (ref. 42). Importantly, as a unique 
class of persistent luminescent emitters, trivalent lanthanide activa-
tors can cover almost the entire deep-UV–vis–NIR region. Recently, 
NaYF4 nanocrystals with Er3+, Ho3+, Nd3+ or Tm3+ activators have been 
developed as efficient persistent luminescent NIR nanophosphors 
that enable long-term bioimaging and tracking with extremely high 
signal-to-noise ratios when charged with X-rays6.

Host variation
For Ln3+ activators with 4f electrons shielded by 5s and 5p electrons, 
their luminescence mediated by the 4f–4f transition is insensitive to 
variations in the crystal field43. However, luminescence stemming from 
4f n–4f n–15d1 transitions is more sensitive to variations in the crystal 
field and could exhibit a large spectral shift when the host is changed. 
A representative example is the change of the host from Sr2MgSi2O7 

to SrAl2O4, which results in a large redshift of the Eu2+ luminescence 
from blue to green44. Since all d electrons are exposed to the lattice 
environment, transition metal activators mediated by d–d transi-
tions are sensitive to the surrounding crystal field. For instance, the 
persistent luminescence spectrum of ZnGa2O4:Cr3+ shows a typical 
Cr3+ emission peak at 696 nm (2E→4A2)4, whereas in an inverse spinel 
host, Zn2SnO4:Cr3+, a broadband emission from 800 nm to 1,200 nm 
(4T2→4A2) dominates. What’s more, Ni2+ with a 3d electron configuration 
(ref. 8) is an excellent activator, glowing in the NIR-II and even NIR-III 
windows. For example, the stepwise substitution of Ga by Zn and Sn in 
Zn1+ySnyGa2−x−2yO4:Ni2+ can shift the broadband NIR luminescence from 
1,300 nm to 1,500 nm (ref. 42).

Cascade energy transfer
By coupling donor and acceptor activators, the energy of donor acti-
vators can be efficiently transferred to adjacent acceptor activators, 
enabling persistent NIR luminescence (Fig. 2c)45. Taking advantage of 
the broadband persistent luminescence of activators and the multiband 
absorption of lanthanide ions, most Ln3+ activators can be coupled to 
generate persistent NIR luminescence. Ce3+ and Cr3+ are frequently 
used as donors for coupling with Yb3+, Nd3+ and Er3+ activators46,47. 
Efficient energy transfer from Ce3+ and Cr3+ to Ln3+ activators leads 
to persistent luminescence in the NIR-II and NIR-III ranges. To further 
enhance the persistent NIR luminescence, Ce3+ and Cr3+ donors are 
usually codoped with Ln3+ activators to form tri-activated systems48. 
The energy-transfer-mediated strategy for developing persistent lumi-
nescent NIR phosphors is quite robust and will contribute substantially 
to biological applications, especially if energy donors can be activated 
with deep-red or even NIR light.

Spectral multiplexing
Conventional persistent luminescent phosphors typically exhibit 
emission from only one type of doped activator. Recently, alkaline 
rare-earth fluoride nanocrystals were found to be efficient persistent 
luminescent nanophosphors upon X-ray irradiation6,32. Benefiting 
from their high feasibility in epitaxial multishell growth, multiple lan-
thanide activators can be integrated into a single nanoparticle with 
a core–multishell configuration (Fig. 2d). Since different activators 
can be well isolated in different layers, cross-relaxation between them 
can be largely minimized, leading to strong persistent luminescence 
from multiple activators simultaneously. Importantly, both the codo-
pant combination and the doping concentration can be customized, 
which greatly enriches the multiplexing capability of these core–
multishell nanophosphors. For example, by doping Nd3+, Ho3+ and 
Er3+ separately in different spatial regions, a spectrally multiplexed 
nanophosphor can be prepared to exhibit intense NIR afterglow from  
all activators6.

Luminescence enhancement
Persistent luminescent phosphors, especially at the nanoscale, usually 
feature low emission intensity due to severe surface quenching and a 
limited number of emitters. Consequently, an exposure duration of sev-
eral seconds is usually required to capture images in a completely dark 
environment. Apart from the usual post-annealing treatment, surface 
passivation has also proven effective in minimizing surface quench-
ing. Recently, organic dyes have been adopted as antennas to boost 
the light collection capacity of persistent luminescent phosphors. 
Moreover, enhancement of the local electromagnetic field through 
surface plasmon resonance can also enhance persistent luminescence.

Post-annealing
Although some phosphors exhibit persistent luminescence with-
out post-annealing, most phosphors show no afterglow when the 
post-annealing step is omitted (Fig. 3a). Despite significant enhance-
ment, post-annealing often leads to agglomeration. This agglomeration 

http://www.nature.com/naturematerials


Nature Materials | Volume 22 | March 2023 | 289–304 294

Review Article https://doi.org/10.1038/s41563-022-01468-y

has long been considered the major challenge in the development of 
bright nanophosphors. Recently, molten salt post-annealing was devel-
oped to synthesize monodisperse and bright persistent luminescent 
ZnGa2O4:Cr3+ nanophosphors with minimal agglomeration49. Mixing 
persistent luminescent nanomaterials with molten salts (NaNO3 and 

KNO3) ensured good spatial isolation between adjacent nanomaterials 
during annealing, resulting in significantly enhanced luminescence 
with well-preserved morphology. Similarly, a SiO2 surface coating was 
developed as an alternative to achieve spatial separation and reduce 
agglomeration50.
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Fig. 2 | General strategies for tuning persistent luminescence in the UV, 
visible and NIR regions. a, Activator screening is efficacious in modulating 
persistent luminescence from the UV to the NIR region. b, Variation in host 
materials can tune the surrounding crystal field and exert control over 
luminescence profiles. The inset illustrates that a change in crystal field can affect 

the emission spectrum. c, Emission wavelength can be expanded by cascade 
energy transfer (inset schematic) between lanthanide activators. d, Doping 
different activators in a core–multishell nanoparticle can achieve persistent 
luminescent multiplexing at the single-particle level. CR, cross-relaxation.
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Surface passivation
Since a large portion of emitters is exposed at the surface, nanophos-
phors suffer from surface quenching and exhibit lower brightness than 
their bulk counterparts. Surface passivation of Zn1.2Ga1.6Ge0.2O:Cr3+ 
nanophosphors with Zn1.2Ga1.6Ge0.2O or SiO2 can effectively enhance 
the brightness and duration of persistent luminescence (Fig. 3b)51. In 
addition, growing a NaYF4 layer on the surface of CaF2:Dy nanoparticles 
can largely boost persistent luminescence5. This enhancement can be 
further improved by increasing the thickness of the passivation layer. 
Moreover, surface passivation with a SiO2 layer is convenient for most 
persistent luminescent nanophosphors. However, the high phonon 
energy of the Si–O bond may act as an additional quenching source, 
resulting in limited performance enhancement.

Dye sensitization
Dye sensitization has been demonstrated to enhance the lumines-
cence of lanthanide-doped up-conversion nanocrystals52. Because 
of the large absorption cross-sections (~10–16 cm2) of organic dyes, 
dye sensitization can significantly enhance the light-harvesting 
capacity. For example, 5-carboxytetramethylrhodamine can be used 
as an organic antenna and modified on the surface of ZnGa2O4:Cr3+ 
nanomaterials53. Due to the spectral overlap between the emission of 
5-carboxytetramethylrhodamine and the absorption of Cr3+ activators, 
the excitation energy absorbed by the antenna can be transferred to 
Cr3+ ions (Fig. 3c). Despite the enhanced persistent luminescence, dye 
sensitization to nanophosphors could introduce additional difficulties 
in surface modification for specific biological applications. Therefore, 
more effort should be devoted to molecular engineering when using 
this approach.

Surface plasmon resonance
Due to the intense light absorption and scattering of noble metal 
nanoparticles, surface plasmon coupling has been widely used for 
optoelectronic control54. As a result of the confinement of surface 

plasmons in nanoparticles, resonance peaks can be fine tuned from 
the visible to the NIR range by controlling the morphology, chemical 
composition and geometric structure of the nanoparticles (Fig. 3d). 
Surface plasmons can contribute to luminescence enhancement in two 
ways: (1) enhancing the light absorption of the host lattice and activa-
tors and (2) facilitating the radiative decay of the activators. To enhance 
persistent luminescence, the first strategy is usually used because the 
overlap between the resonance band and the absorption region of the 
phosphor benefits light harvesting and subsequent charge carrier gen-
eration. For example, the persistent luminescence of Sr2MgSi2O7:Eu2+/
Dy3+ phosphors can be augmented up to an order of magnitude by 
surface deposition of sub-5 nm Ag or Cu nanoparticles55,56.

Synthesis of persistent luminescent 
nanomaterials
Scientists have long considered post-annealing as a prerequisite for per-
sistent luminescence, and almost all phosphors are habitually calcined, 
regardless of the synthesis method. However, this notion was revised 
in 2015 when ultrasmall ZnGa2O4:Cr3+ nanoparticles (~6 nm) exhibited 
intense, deep-red, persistent luminescence without post-annealing57. 
Annealing-free nanophosphors offer great flexibility in surface func-
tionalization and great utility for biological applications. Although a 
long afterglow can be observed in these materials without calcination, 
calcination treatment can further improve their performance. In recent 
years, some new approaches for the synthesis of persistent luminescent 
nanomaterials have been developed (Table 1).

Template method
Mesoporous silica nanospheres (MSNs) are widely used for prepar-
ing uniform luminescent nanomaterials. For example, monodisperse 
SiO2@SrMgSi2O6:Eu2+/Dy3+ nanophosphors with a well-preserved mor-
phology were prepared using MSNs (from 50–500 nm) as templates58. 
Similar approaches have also been used for the synthesis of various 
nanophosphors, such as SiO2@ZnGa2O4:Cr3+ and SiO2@Gd3Ga5O12: 
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Fig. 3 | Common strategies to improve persistent luminescence of 
nanophosphors. a, Post-annealing increases the density of trap states (DOTS). 
Inset, transmission electron microscopy image of ZnGa2O4:Cr3+ nanoparticles 
after molten-salt-assisted annealing. b, Inert shell passivation minimizes 
the loss of luminescence induced by surface quenching. Inset: transmission 

electron microscopy images of CaF2:Dy3+ core and CaF2:Dy3+@NaYF4 core–shell 
nanoparticles. c, Dye sensitization boosts light collection through Förster 
resonance energy transfer (FRET). d, Surface plasmon resonance creates electric 
hotspots with high field intensity. Panels reproduced with permission from:  
a, ref. 49, Wiley; b, ref. 5, American Chemical Society.
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Cr3+/Nd3+ (ref. 59). Importantly, the template method enables the 
functionalization of drugs and photosensitizers for diagnostics and 
therapeutics in nanomedicine. Although size-tunable, monodisperse 
nanophosphors can be obtained using the template method, the overall 
size of the phosphors is determined by the chosen template, which 
is usually larger than 100 nm and is not ideal for biological applica-
tions. In addition, the nanochannels in silica nanospheres are typically 
annealed at low temperatures to prevent collapse, resulting in lim-
ited enhancement of luminescence. Surfactant-assisted self-assembly 
has been developed as an advanced bottom-up strategy to construct 
mesoporous metal oxide nanostructures, including TiO2 and Al2O3 
(ref. 60). Considering their high mechanical stability at high tempera-
tures, we believe that these mesoporous metal oxides can serve as 
next-generation nano-templates.

Coprecipitation and thermal decomposition
Coprecipitation and thermal decomposition are common approaches 
for synthesizing metal oxide and fluoride nanoparticles61. Researchers 
have found that lanthanide-doped fluoride nanoparticles synthesized 
by these methods can emit intense persistent luminescence after X-ray 

excitation62. By using a non-coordinating high-boiling-point solvent 
(1-octadecene) as the primary solvent and oleic acid as a passivating 
ligand to prevent agglomeration, precursors such as lanthanide acetate 
and trifluoroacetate are precipitated or decomposed at high tempera-
ture (~300 °C) to form highly monodisperse nanocrystals. The size of 
the nanoparticles can be tuned from sub-10 to 100 nm by controlling 
parameters such as temperature, reaction time and host composition. 
The emission band from the UV to the NIR region can be well controlled 
by selecting different lanthanide dopants34,63. Importantly, core–shell 
structures can be easily prepared by epitaxial growth to enable multi-
colour emissions at the single-particle level5,6.

Pulsed laser ablation method
A pulsed laser can deliver a large amount of energy in a high concen-
tration to the target in a liquid (for example, water, acetone, ethanol 
or ethyl acetate), creating a high impact pressure on target surfaces 
to produce nanoparticles with the same chemical composition as the 
bulk target. This low-cost top-down method to reduce bulk targets to 
the nanoscale has already been used to produce persistent luminescent 
nanoparticles64. For example, ablation of a SrAl2O4:Eu2+/Dy3+ pellet 

Table 1 | Synthetic tactics for persistent luminescent nanomaterials

Synthetic strategy Host:dopants Excitation 
source

Emission 
(nm)

Post-treatment Morphology Refs.

Sol–gel processing Ca0.2Zn0.9Mg0.9Si2O6: Eu2+/Dy3+/Mn2+ X-rays/UV 690 1,050 °C for 10 h; wet 
grinding

Nanoparticle 
(50–100 nm)

85

Zn2.94Ga1.96Ge2O10: Cr3+/Pr3+ UV 695 1,000 °C for 3 h; wet 
grinding

Nanoparticle (~50 nm) 25

ZnGa2O4:Cr3+ UV 695 Microwave-assisted 
combustion; grinding

Nanoparticle (6 nm) 86

Solvothermal/hydrothermal 
treatment

ZnGa2O4:Cr3+ UV 695 750 °C for 5 h Nanoparticle 
(40–100 nm)

67

ZnGa2O4:Cr3+ UV 696 Post-annealing free Monodisperse 
nanoparticle (~9 nm)

4

ZnGa2O4:Cr3+ UV 695 Post-annealing free Monodisperse 
nanoparticle (~7 nm)

73

Template method SrMgSi2O6: Eu2+/Dy3+ UV 467 900 °C for 3 h Tunable and uniform 
nanoparticle 
(50–500 nm)

58

ZnGa2O4:Cr3+ UV 696 600 °C for 2 h Uniform nanoparticle 
(~150 nm)

59

ZnGa2O4:Cr3+/Sn4+ UV 695 1,000 °C for 4 h Spherical nanoparticle 
(~90 nm)

87

ZnGa2O4:Cr3+ UV 696 800 °C for 2 h Carbon sphere 
template, hollow 
nanoparticle (~50 nm)

88

Coprecipitation/thermal 
decomposition

NaLuF4:Tb3+@NaYF4 X-rays 492, 547 Post-annealing free Uniform nanoparticle 
(~25 nm)

32

NaYF4:Er3+@NaYF4 X-rays 1000-1700 Post-annealing free Tuneable and 
uniform nanoparticle 
(20–100 nm)

6

CaF2:Dy3+@NaYF4 X-rays/UV 480, 575 Post-annealing free Uniform nanoparticle 
(20–50 nm)

5

Spatially isolated post-annealing ZnGa2O4:Cr3+ UV 695 Molten salt-assisted 
post-annealing at 
650 oC for 6 h

Uniform nanoparticle 
(5–15 nm)

49

ZnGa2O4:Cr3+@SiO2 UV 695 SiO2 shell-assisted 
post-annealing at 
850 oC for 3 h

50–100 nm SiO2 
spheres containing 
multiple ~10 nm 
ZnGa2O4:Cr3+ 
nanoparticles

50

Laser ablation Ca2Si5N8:Eu2+/Tm3+ UV 610 Post-treatment free Nanoparticle (~5 nm) 65

ZnGa2O4:Cr3+ UV 695 Post-treatment free Nanoparticle (2–5 nm) 64
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target in acetone or ethanol with a 1,064 nm pulsed neodymium-doped 
yttrium–aluminum–garnet (Nd:YAG) laser at 10 Hz produced 
SrAl2O4:Eu2+/Dy3+ nanoparticles (~7.5 nm) with a narrow size distribu-
tion. Interestingly, the morphology of the produced nanophosphors 
can be controlled well by adjusting parameters such as pulse energy, 
laser wavelength, pulse frequency and pulse width. Moreover, persis-
tent luminescent ZnGa2O4:Cr3+ and Ca2Si5N8:Eu2+/Tm3+ nanophosphors 
have also been prepared using this technique64,65.

Biological applications
The great successes of the past decade in developing persistent NIR 
luminescent nanophosphors (Table 2) have opened new opportuni-
ties for traditional phosphors. Compared with organic dyes, quan-
tum dots and lanthanide-doped up-conversion nanocrystals, imaging 
using persistent luminescent nanophosphors has enabled the com-
plete elimination of biological autofluorescence and photodamage  
(Table 3). Moreover, the high photostability and flexibility in sur-
face functionalization of these nanophosphors facilitate their rapid 
development in applications, especially in high-sensitivity biosensing, 
long-term monitoring of cell activity and theranostics.

Since persistent luminescent nanophosphors can store absorbed 
photoenergy, and because the luminescence intensity varies as a func-
tion of time after excitation is terminated, the definition of quantum 
yield for conventional luminescent materials does not apply to persis-
tent luminescent phosphors. Upon UV excitation, an absolute quantum 
yield of ~10% has been reported for NIR-emitting persistent lumines-
cent nanophosphors (Zn1.25Ga1.5Ge0.25O4:Cr3+/Yb3+/Er3+)66. However, 
for an accurate assessment of the photon conversion capability of 
persistent luminescent materials, long-term time-resolved absorp-
tion (or reflection) and emission spectra should be recorded using an 
integrating sphere.

Although slightly inferior to organic persistent luminescent mate-
rials in terms of biocompatibility and luminous intensity, nanocrystal-
line persistent luminescent materials have great advantages in the 
following aspects.

 (1) Crystalline nanophosphors have much higher photostability, 
and photobleaching could be eliminated.

 (2) Emission wavelength can be tuned to the NIR-II and NIR-III rang-
es by rational doping.

 (3) The performance of these nanophosphors is not affected by the 
surrounding biochemical environment, such as oxygen content.

 (4) Mixing and encapsulation of multiple components are not re-
quired, which enables ultrasmall physical dimensions (smaller 
than 10 nm).

 (5) Crystalline nanophosphors can be activated by X-rays for 
deep-tissue imaging.

Autofluorescence-free biosensing
Using NIR as the excitation source, lanthanide-doped up-conversion 
nanocrystals have been extensively employed for background-free bio-
sensing. However, due to their low conversion efficiency, high-power 
laser illumination is required. Time-gated luminescence detection has 
proven effective in increasing sensitivity by blocking short-lived auto-
fluorescence. However, this technique complicates instrumentation. 
Because luminescence persists for hours, the time-gated technique 
can be applied to long-lived luminescent nanophosphors that avoid 
time-resolved spectroscopy8. As illustrated in Fig. 4a, a strong auto-
fluorescence of the mouse would significantly mask the fluorescence 
signal from nanophosphors. The imaging contrast over an emitting 
region with persistent luminescent nanophosphors can be greatly 
enhanced if the autofluorescence is removed after excitation ceases. 
For example, by comparing the in vivo imaging of ZnGa2O4:Cr and 
commercial quantum dots with similar emission spectra (emitting 
at 705 nm) in living mice, researchers found that the signal-to-noise 
ratio is highly in favour of persistent luminescent nanomaterials, with 
a signal-to-noise ratio increasing from ∼17 for quantum dots to 186 
for ZnGa2O4:Cr nanoparticles following intramuscular injection67. 
What’s more, the signal-to-noise ratio can be improved to ~1,000 when 
X-ray-activated NIR-emitting NaYF4:Nd nanoparticles (1,064 nm emis-
sion) are used for imaging6.

In 2011, a persistent luminescent nanomaterial was reported 
to mediate autofluorescence-free biosensing using a luminescence 
turn-on approach. Through electrostatic interaction, conjugates of 
α-fetoprotein antibody and gold nanoparticles were bound to the 
surfaces of polyethyleneimine-functionalized Ca1.86Mg0.14ZnSi2O7

:Eu2+/Dy3+ nanophosphors, and the persistent luminescence of the 
latter could be quenched by the former through efficient energy trans-
fer. The presence of α-fetoprotein resulted in the desorption of gold 

Table 2 | Details of representative persistent NIR luminescent nanomaterials

Host:dopants Excitation source Exposure time Emission (nm) Duration Refs.

ZnGa2O4:Cr3+/Sn4+@MSNs UV (6 W, 254 nm for 
5 min)

60 s (subcutaneous injection, 
(2 mg ml−1), 60 μl)

696 >2 h 89

SiO2@Zn0.6Ca0.4Ga2O4:Cr3+/Yb3+ UV (6 W, 254 nm for 
10 min)

1 s (chicken breast, 0–7 mm) 696, 980 >2 h 90

NaYF4:Er@NaYF4;
NaYF4:Nd@NaYF4;
NaYF4:Ho@NaYF4;
NaYF4:Tm@NaYF4

X-rays (~200 Gy) 10 s (intravenous injection, 
0.2 mM, 15 μl)

800, 980, 1,525
860, 1,064
1,180
1,190, 1,475

>72 h 6

Zn2Ga3Ge0.75O8:Cr3+/Nd3+ X-rays (0.55 Gy)
Visible (635 nm, 5 min)

Not available (<2.5 cm pork 
tissue)

696, 1,067 >16 h 91

Zn2Ga2Sn0.5O6:Yb3+/Ni2+ UV (254 nm for 5 min) Not available 1,350 5min 92

MgGeO3:Mn2+/Yb3+/Li+ UV (6 W, 254 nm for 
5 min)

60 s (intravenous injection, 
10 μg ml−1)

680, 980 >7 h 93

Y3(Al/Ga)5O12:Ce3+/Cr3+/Nd3+ Visible (410 nm, 3 W for 
10 min)

3 s (0–20 mm chicken breast) 508, 860, 1,064 >1 h 94

LaGaO3:Sb3+/Cr3+ X-rays (0.37 Gy) 60 s (intravenous injection, 
200 μl, 2 mg ml−1)

750 >500 h 95

CaSnO3:Bi3+ Visible (700 nm, 3 mW 
cm−2 for 30 min)

N.A. 810 >1 h 96

GdAlO3:Cr3+/Sm3+ UV (254 nm for 5 min) 60 s (intravenous injection, 
200 μl, 1 mg ml−1)

732 >0.5 h 97

http://www.nature.com/naturematerials


Nature Materials | Volume 22 | March 2023 | 289–304 298

Review Article https://doi.org/10.1038/s41563-022-01468-y

nanoparticles and triggered persistent luminescence, and a detection 
limit of 410 ng l–1 was measured68. What’s more, microbial metabolism 
can also be monitored using persistent luminescent nanoprobes. 
Recently, persistent luminescent Zn2GeO4:Mn@Fe3+ nanoprobes have 
been designed for real-time and dynamic monitoring of Fe(III) respi-
ration metabolism69. Since Fe3+ can be reduced to Fe2+ by electrons 
transmitted across the cell membrane of microorganisms during Fe(III) 
respiration, the Fe3+-induced persistent luminescence quenching of 
Zn2GeO4:Mn@Fe3+ can be gradually relieved, and the ratio of Fe2+ to 
Fe3+ can be indicated by the luminescence intensity.

Despite the improved detection sensitivity, the continuous decay 
of persistent luminescence during data acquisition usually leads to 
unavoidable measurement errors. Because signal fluctuations caused 
by instrument performance and changes in the external environment 
can be effectively eliminated by self-calibration of the internal refer-
ence signal, ratiometric fluorescence sensing has attracted consider-
able interest to further improve biosensor performance (Fig. 4b). By 
coupling persistent luminescent nanomaterials with rhodamine B, 
the detection limit of ratiometric biosensing for prostate-specific 
antigen, for example, can reach 90 ng l–1 (ref. 70). Although this value 
is still below the commercially available immunoassay (<50 ng l–1)71, 

much brighter persistent luminescent nanomaterials could improve 
performance significantly. Importantly, minimizing the light dose 
enables the biosensing of photosensitive analytes using persistent 
luminescent nanomaterials with high accuracy.

Long-term, real-time, deep-tissue imaging
Persistent NIR luminescence can be recorded continuously for several 
minutes after excitation ceases, and luminescence can be recovered 
repeatedly upon NIR stimulation, allowing long-term data acquisition. 
However, when electrons in deep traps are exhausted, NIR stimulation 
no longer works. Therefore, to completely remove the time limitation 
for imaging, nanophosphors that allow on-site charging over multiple 
cycles should be developed (Fig. 4c). To this end, lanthanide ions such 
as Yb3+/Er3+ were integrated into nanophosphors to trigger persistent 
luminescence for bioimaging upon NIR excitation (150 mW cm–2 at 
980 nm); however, the luminescence intensity was limited by the low 
up-conversion efficiency (<1%)72. For Cr3+-activated nanophosphors 
that benefit from the broad excitation band from 350 to 650 nm, 
these phosphors can be recharged with white LEDs60,73,74, and multi-
cycle imaging at a tissue depth of ~10 mm has been demonstrated. 
Compared to visible or NIR light, X-rays have a higher photon energy 

Table 3 | Main features of luminescent nanomaterials for bioapplications

Nanophosphors Size (nm) Photochemical 
stability

Toxicity Excitation Emission Lifetime Absolute 
quantum 
yield

Bioconjugation SNR Refs.

Organic dyes <1 Low 
(insufficient for 
high-light flux 
applications)

Low to high UV–Vis–NIR Vis–NIR-II 1–10 ns 50–100% Easy (the best 
choice for 
fine structure 
labelling)

Low (<50) 98

Fluorescent 
proteins

~5 Low (higher 
than organic 
dyes)

No UV–Vis Vis–NIR 
(<900 nm)

1–100 ns 10–80% Easy Low (<50) 99,100

Aggregation- 
induced emission 
luminogens

<10 Fair Low UV–Vis Vis–NIR-II 1–20 ns <90% Easy Low (<50) 101–103

Room-temperature 
Phosphorescence 
nanomaterials

Sub-10 
to larger 
than 
100

Fair Low UV–Vis Vis–NIR 
(<900 nm)

Tens to 
thousands of 
milliseconds

<50% Easy High (>400, 
large 
redshift)

13,104

Organic long 
persistent 
luminescence 
systems

10–100 Fair Low UV–Vis Vis–NIR 
(<900 nm)

Tens of 
minutes

1–50% 
upon 
excitation 
in N2

Need 
encapsulation. 
Suitable for 
tissue-level 
imaging.

Ultrahigh 
(even higher 
than 1,000)

14–16

Carbon dots <10 High and 
blinking

Low UV–Vis Vis–NIR 
(<750 nm)

Nanoseconds 
to 
milliseconds

Sub-10% to 
80%

Moderate 
easy (easy 
for surface 
modification)

Low (<10) 105,106

Quantum dots 2–10 High and 
blinking

High (heavy 
metal leakage 
can be 
reduced with 
coating)

UV–Vis-NIR UV–Vis–
NIR-III

10–100 ns  
(nulti- 
exponential 
decay)

Sub-10% to 
near unity 
(strong 
absorption)

Moderate 
easy (easy 
for surface 
modification)

Moderate 
(<50)

106,107

Fluorescent 
nanodiamonds

2–20 Ultrahigh Low 
(biocompatible 
coating is 
possible)

UV–Vis Vis–NIR 
(500–
850 nm)

~25 ns 70–80% Moderate 
easy (easy 
for surface 
modification)

High 
(microwave 
modulation- 
assisted 
imaging)

108,109

Upconversion 
nanoparticles

10–50 Ultrahigh Low 
(biocompatible 
coating is 
possible)

NIR UV–Vis–
NIR-II

Sub-10 μs 
to tens of 
milliseconds

<10%  
(power 
dependent)

Moderate easy 
(high flexibility 
in surface 
modification)

High  
(~100, depth- 
dependent)

110

Inorganic 
persistent 
luminescent 
nanomaterial

5–100 Ultrahigh Low (can be 
well coated)

X-rays–UV–
Vis–NIR 
(Suitable for 
deep-tissue 
imaging)

UV–Vis–
NIR-III

Up to tens of 
hours

Hard to 
define 
(<25% upon 
excitation)

Moderate easy 
(high flexibility 
in surface 
modification)

Ultrahigh 
(up to 1,000, 
depth- 
dependent)

6,66,111
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and much lower attenuation efficiency in living tissue. For example, 
ZnGa2O4:Cr3+ nanophosphors could be imaged underneath 20 mm of 
deep tissue for multicycle imaging after charging with X-rays (45 kV, 
0.5 mA, 5 min)63. Recently, it was demonstrated that lanthanide-doped 
NaLnF4 nanocrystals containing activators such as Er3+, Tm3+, Ho3+ and 
Nd3+ can emit persistent luminescence in the NIR-I and NIR-II regions 
after X-ray irradiation (Fig. 4d)6. By oral administration and intravenous 
injection of these NIR-emitting nanophosphors, systemic circulation 
of nanophosphors in multiple organs can be unambiguously recorded 
over hours with a high signal-to-noise ratio (Fig. 4e).

Theranostics
Integration of deep-tissue autofluorescence-free bioimaging with 
emerging therapeutic techniques offers great opportunities for in vivo 
disease diagnosis and therapeutic efficacy monitoring. Rational sur-
face functionalization confers nanophosphors with high stability in 
biological media, low cytotoxicity and improved targeting (Fig. 4f(i))75. 
For instance, polyethylene glycol and silica coatings can significantly 
enhance the systematic distribution of nanophosphors74. Moreover, 
tumour-targeting agents, such as peptides and folic acid, can be conju-
gated with phosphors to enhance their targeting. Flexibility in surface 
functionalization allows the development of persistent luminescent 
nanophosphors for drug loading and image-guided chemotherapy 
(Fig. 4f(ii)). For example, coating NIR-emitting nanophosphors with 
liposomes enables the encapsulation of antitumour drugs such as pacli-
taxel. After intravenous injection, these drug-loaded nanocomposites 
can accumulate in the tumour and enable effective cancer therapy76. 
Importantly, upon LED charging, the evolution of the nanocomposite 
distribution, especially at the tumour site, can be monitored continu-
ously without autofluorescence for more than 24 hours.

Apart from chemotherapeutic agents, photosensitizers could 
also be coupled with nanophosphors to construct nanoplatforms for 
photodynamic therapy62,77. Through non-radiative energy transfer or 
reabsorption, photosensitizers integrated into the nanoplatform can 
be activated by absorbing energy from adjacent nanophosphors (Fig. 
4f(iii)). Cytotoxic radicals and reactive oxygen species (ROSs) are then 
generated incessantly to kill cancer cells78. In photodynamic therapy 
with deep-red or NIR rechargeable nanophosphors, therapeutic effi-
cacy can be significantly improved in deep tissue by repeated charging. 
However, although the use of persistent luminescent nanophosphors 
can avoid overheating and tissue damage from long-term in situ irra-
diation, the formation of cytotoxic radicals and ROSs is reduced due 
to the much lower photon flux.

As an extension of photodynamic therapy, photosensitizers with a 
high NIR-photon-to-heat conversion efficiency can be integrated with 
persistent luminescent nanophosphors to construct nanoplatforms for 
photothermal therapy (Fig. 4f(iv)). When illuminated with NIR light, the 
incident photons can be efficiently used by photothermal agents and 
cause a local temperature increase to above 50 °C to kill cancer cells. By 
mapping persistent luminescence, the targeted delivery of nanophos-
phors and their distribution after therapy can be clearly determined.

X-ray imaging
Lanthanide-doped NaLuF4 nanocrystals can emit luminescence for up 
to 30 days after irradiation with X-rays (50 kV, 1 mA, 10 min)32. Various 
lanthanide activators can be used to tune the colour of the persistent 
luminescence from blue to red. NaLuF4:Tb(15 mol%)@NaYF4 nano-
phosphors exhibit the brightest luminescence and disperse well in a 
polydimethylsiloxane substrate. Upon X-ray irradiation, the pattern 
containing the structural information of a particular object can be 
stored by these long-lived persistent nanophosphors. When heated, 
the rapid release of the trapped charge carriers produces persistent 
luminescence that allows imaging of highly curved electronic circuit 
boards with a digital camera (Fig. 4g). Moreover, the high flexibility 
of lanthanide-activated long-lived phosphors in colour tuning has 

found applications in multiplexed optical data storage34. Since lan-
thanide activators have fingerprint-like emission bands covering the 
deep-UV to NIR-II range, the storage capacity of these phosphors can 
be significantly extended by printing multiple layers, each with dif-
ferent activators79.

Photochemical tissue bonding in clinical settings has recently 
emerged as a new application of persistent luminescent materials in 
addition to biosensing, imaging and theranostics80. Upon UV light 
charging, ZnS:Ag,Co particles were used as persistent light sources, and 
their green luminescence can be efficiently absorbed by the Rose Bengal 
molecules in conjugates of hyaluronate and Rose Bengal that are widely 
distributed in the collagen layer. Through interaction between activated 
Rose Bengal molecules and collagen, collagen-free radicals can be gen-
erated to initiate the formation of covalent bonding between collagen 
molecules and facilitate tissue bonding. Since persistent luminescent 
materials can work without in situ excitation, they are capable of pho-
tochemical tissue bonding in deep tissues (even at centimetre levels).

Future perspectives
Although we have succeeded in producing ultrasmall and uniform 
nanophosphors, significant challenges still lie ahead to harness the 
effects of persistent luminescence for technological applications. It is 
not essential for in vitro biosensing to use small persistent luminescent 
nanophosphors. However, in practical imaging applications, smaller 
particles (<10 nm) are often employed for more precise labelling of 
cellular structures. In addition, it is highly desirable to prepare per-
sistent luminescent nanophosphors with a large number of traps to 
store excitation energy and achieve near-unity light yield with minimal 
non-radiative loss.

One of the current priorities is to expand the synthetic toolbox for 
persistent luminescent nanophosphors beyond ZnGa2O4:Cr3+ phos-
phors and their derivatives. We also need to explore strategies to pre-
serve nanophosphor morphology during annealing. In addition, we 
need to continue to search for new synthesis protocols that no longer 
require post-annealing.

Another challenge for bioimaging applications is the low persis-
tent luminescence intensity, especially at the single-particle level. The 
photon flux of a single nanophosphor can quickly drop far below the 
detection limit after an excitation pulse, making real-time tracking in 
living cells challenging. Compared with shallow traps, deep traps have 
a much lower thermally stimulated release rate. Therefore, photon flux 
from deep traps was very limited for detection. Since those deep traps 
can be efficiently pumped to fill shallow traps upon NIR stimulation, 
a short but strong persistent luminescence from newly filled shallow 
traps can be sustained by intermittent light stimulation. A high density 
of shallow traps is necessary to accommodate charge carriers extracted 
from deep traps, and it is also critical to achieving a high density of deep 
traps to counteract the depletion caused by intermittent excitation. For 
this reason, it is quite important for the community to develop practical 
approaches for customizing the trap depth and density.

To complement experimental characterization techniques, quan-
tum mechanical calculations such as density functional theory have 
proven useful for identifying and characterizing defects in a wide 
range of materials when combined with a thermodynamic formal-
ism81,82. Calculable parameters, including the defect formation energy, 
the thermodynamic transition level and the position of defect levels 
with respect to the host conduction band minimum and valance band 
maximum, can provide additional perspectives for understanding 
the complex kinetics of charge carrier trapping and discharge pro-
cesses. By employing existing computational and experimental data 
as input, emerging artificial intelligence techniques, such as machine 
learning, could be used to reveal the structure–property correlation, 
facilitating the optimization of existing persistent luminescent materi-
als and the development of novel alternatives with improved optical 
performance83.
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Another long-standing problem is that all persistent luminescent 
nanophosphors feature inefficient charging with visible and NIR light. 
In addition to developing phosphors with narrow bandgaps, hetero-
junction materials may provide a solution to this problem. By sensitiz-
ing persistent luminescent nanophosphors with Vis–NIR sensitizers, 
such as quantum dots with large absorption cross-sections, efficient 
harvesting of deep-red and even NIR illumination is possible due to 
interfacial exciton charge transfer from surface-bound sensitizers to 
nanophosphors.

As with luminescent nanomaterials such as up-conversion nano-
particles and quantum dots, imaging applications with persistent 
luminescent nanomaterials are currently limited to small animals. 
Human imaging applications of persistent luminescent nanomateri-
als are limited to very shallow depths under the skin because of strong 
light attenuation. The ability to emit persistently after excitation makes 
these materials highly promising for theranostics or photoreactions 
in deep tissues where X-rays can be effective. However, because nano-
materials are frequently over 10 nm in size, they cannot be rapidly 
excreted through kidneys via urine, but rather must go through hepa-
tobiliary clearance in an extremely inefficient manner84. Therefore, 
the ultimate goal of the community is to develop persistent lumines-
cent nanomaterials characterized by an ultrasmall size (<5 nm) and a  
strong afterglow.
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