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Materials that emit ultraviolet C (UVC) or ultraviolet B (UVB) radiation
are essential in domains such as environmental surveillance, public
health, and optoelectronic technologies, owing to their elevated
photon energy and distinct optical characteristics. However, the
development of innovative persistent luminescent phosphors exhibit-
ing emission within the UVC or UVB spectral range continues to pose a
considerable challenge. Herein we present a novel Pr**-doped Na,Sr-
Si,O¢ phosphor featuring a cyclosilicate framework, which exhibits
sustained photon emission in the UVC and UVB regions, alongside
luminescence in the red spectral range. The Na,SrSi,Og:Pr¥* phosphor
demonstrates pronounced and long-lasting UVC, UVB and red persis-
tent luminescence following X-ray excitation, underscoring its effec-
tiveness for utilization in both dark and bright environments.
Moreover, the incorporation of smaller ionic radius co-dopants such
as Mg?* or Ca?* effectively enhances the red emission intensity of the
phosphor. In contrast, the introduction of the larger ionic radius co-
dopant Ba®* not only enhances the content of UVC emission but also
improves the overall luminescent efficacy. As the content of Ba®*
increases, the phosphor exhibits a spectral transition from UVC to UVB
within the ultraviolet region. Notably, the applications of this phos-
phor were assessed in bright-field and dark-field imaging, showcasing
its considerable potential for high-contrast monitoring in bright day-
light, and advanced optical marking technologies. This work advances
the development of visible-to-invisible persistent luminescent materi-
als and offers a good example of engineering the cyclosilicate
matrices for luminescence spectrum tuning.

1. Introduction

Persistent luminescence (PersL) is a unique optical phenom-
enon in which a phosphor continues to give light emission for a
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Unlocking triple-band persistent luminescence:
invisible UVC-UVB and visible red emission through
structural modulation of Na,SrSi,Og:Pr>*

2 Dirk Poelman €2 and Eugeniusz Zych®

New concepts

Materials that emit ultraviolet-C (UVC), or ultraviolet-B (UVB) radiation
are pivotal in fields such as environmental monitoring, public health, and
optoelectronic technologies, due to their high photon energy and unique
optical properties. However, current strategy to make a persistent lumi-
nescent phosphor emitting within the UVC or UVB spectral regions
remains a big challenge. In this study, we present the unprecedented
triple-band persistent luminescence spanning the UVC, UVB, and visible
red spectral regions through engineering of Na,SrSi,Os cyclosilicate
matrices. The incorporation of smaller ionic radius ions markedly
enhances the intensity of red emission. In contrast, the addition of larger
ionic radius ions not only elevates the UVC emission output but also
boosts the overall luminescent efficiency. Moreover, with an increasing
content of Ba>', the phosphor exhibits a luminescent transition from UVC
to UVB within the ultraviolet spectrum. The performance was assessed in
both bright-field and dark-field imaging applications, indicating promis-
ing prospects for advanced optical marking technologies.

long period (seconds, minutes, or even hours) after stopping
the external excitation source. Persistent phosphors in visible
and near-infrared spectral ranges have been extensively inves-
tigated over the past decade, both in the scientific community
and industry."™ The combination of transition metals (Cr*",
Mn**, Mn**, Mn®", Fe’", Ni*") or rare earth metals (Eu>*, Ce*",
Eu*", Dy**, Tb*", Sm®", Pr**) with a variety of host matrices of
different crystal structures (perovskite, double perovskite, gar-
net, spinel) has provided a well-established and abundant
platform for a carefully chosen visible-to-near-infrared emitting
persistent phosphor in demand.®™"?

Unlike visible photons, high-photon energy of ultraviolet
(UV) radiation offers unique advantages in a wide field of view,
such as invisible imaging markers in bright environments and
sterilization."* ™" PersL at the high-energy spectral domain
(ultraviolet C, UVC, and ultraviolet B, UVB) plays an irreplace-
able role in medical disinfection, photodynamic therapy,
photocatalysis, daylight glowing tags and X-ray dosimetry."”™*°
For example, UVB, ranging from 280 to 315 nm, exhibits unique
effectiveness against skin disorders and diseases such as
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vitiligo, eczema, and psoriasis. UVB is also gaining increasing
attention in biomedicine for its role in promoting the synthesis
of vitamin D in human bodies. UVC (covering the 200 and
280 nm range of wavelengths), as a component of sunlight,
cannot reach the Earth surface due to the total absorption by
the ozone layer. This makes UVC radiation vital in concealed
communication, solar-blind optical tagging and high-contrast
background-free imaging.>>*' Both UVC and UVB radiations
play important roles in many critical applications including
printing, coatings, resins, labeling, dynamic tracking and anti-
counterfeiting.**>* UVC photons facilitate efficient sterilization
and high-level optical information storage functionalities.**?® The
above-mentioned unconventional applications are beyond the
expectations from traditional persistent phosphors giving visible
light emission."®*’

However, the limited number of high-efficiency UVC and/or
UVB persistent phosphors has become a drag on these promis-
ing applications. Moreover, rare-earth-based UV emitting mate-
rials are usually restricted to single-wavelength profiles, which
hinders the exploration of new applications. UV phosphors
capable of contributing also visible luminescence are expected
to be a promising approach for multi-functionality which opens
a broader range of possible novel and emerging applications.
However, designing novel persistent phosphors with UVC-UVB
dual bands or UVC-UVB-visible triple bands remains a
challenge.?®*° Difficulties in UVC-UVB material development
are foreseeable and come from many aspects. For instance,
seeking emission bands at different quite well spread wave-
lengths often implies an increase in the number of luminescent
centers. This necessitates the use of co-doping strategies to
introduce more luminescent ions, thereby increasing the com-
plexity of material design and its synthesis. Additionally, both
an appropriate matrix and an efficient emitting center are
required. A matrix with a sufficiently broad bandgap (>5 eV
if UVC emission is to be generated) and suitable crystal field
environment is necessary to ensure the small Stokes shift to
prevent thermal quenching and self-absorption of the emitted
light. Moreover, the occurrence of UVC or UVB emissions relies
on a preferable energy location of the excitation transitions,
which is associated with principal composition, lattice struc-
ture, and crystal field control.*® Furthermore, the number of
intrinsic defects in the vicinity of the luminescent centers, the
nature of traps and the probability of the charge carriers
trapping-detrapping should be considered and managed for
persistent luminescence to occur. There is a complex interplay
and tradeoff among the selected matrix, trapping centers and
emitters, which relates to the probability of radiative transitions in
the desired UV range, nonradiative relaxation, or the presence of
sharp-line intra-configurational transitions of lanthanide ions
(typical 4f* — 4f" transition).'®*"

Pr**-activated UVC phosphors have been extensively studied
before 2020°*7* and several Pr*‘-activated UVC persistent
phosphors and their daytime tracking capabilities were
reported after 2020.'®'®?3® The advancement of Pr’**-doped
UVC PersL phosphors has accelerated significantly in recent
years, leading to the emergence of a variety of materials. In the
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present work, a series of Pr’*-doped cyclosilicate-based UVC-
UVB-red triple-band persistent phosphors (Na,SrSi,Og:Pr’*) has
been successfully synthesized. This phosphor exhibits intense
UVC, UVB and red afterglow lasting over 30 minutes. Alongside
thorough spectral analyses, trapping and detrapping processes
have been comprehensively studied using a set of X-ray charging
and thermoluminescence (TL) measurements to understand the
underlying triple-band luminescence mechanisms. By manipulat-
ing the host composition via the partial substitution of Sr sites
with Mg/Ca/Ba ions, triple-band PersL and emission variations are
carefully investigated. The triple-band PersL covering both invi-
sible and visible spectral regions offers new perspectives in the
readout of encrypted optical information, bright-field surveillance,
and tagging applications.

2. Results and discussion

The trigonal crystal structure of Na,SrSi,O¢ belongs to the R3m
space group, characterized by lattice parameters of a = b =
10.697 A, ¢ =13.493 A, « = § = 90°, y = 120° and a cell volume of
V = 1337.357 A.*” This structure is classified as a cyclosilicate
comprising hexameric rings (SigO;5)'>~ arranged around an
axis.*®*° The connectivity among these rings is facilitated by
four symmetry-independent M sites, occupied by sodium and/
or strontium ions. The alkali and alkaline earth metal atoms
are coordinated with six oxygen ligands, as illustrated in Fig. 1a.
Due to the similarities in the valence state and the ionic radii of
Pr’* (0.99 A, CN = 6) and Sr** (1.18 A, CN = 6)," it is likely that
the Pr’* ion occupies the lattice position of Sr** in the Na,Sr-
Si,O structure rather than those of Na* (1.02 A, CN = 6). Si*" s,
obviously, too small (0.26 A, CN = 4) to be substituted by this
dopant. The large charge mismatch possibly prevents or at least
hinders substitution Na* with Pr*",

The phase purity and compositions of the synthesized
phosphor were assessed using powder X-ray diffraction (XRD)
measurements. The XRD pattern for Na,SrSi,0:1.5%Pr’" is
presented in Fig. 1b and is typical for other Pr concentrations.
All observed diffraction peaks align with the standard Na,Sr-
Si,O6 phase (PDF no. 01-074-3938), confirming that incorpora-
tion of Pr** ions does not alter the phase of the Na,SrSi,O¢ host.
To evaluate the morphology and homogeneity of the sample,
scanning electron microscopy (SEM) images and energy-
dispersive X-ray spectroscopy (EDS) elemental mapping of
Na,SrSi,04:1.5%Pr>" were obtained, as shown in Fig. 1c and
d. The particles display non-uniform shapes, having diameters
that vary between 1 and 5 pm. EDS elemental mapping identi-
fied signals for Sr, Si, O, and Na, as well as a less intense signal
for Pr. These elements are evenly spread throughout the
sample. The results are consistent with the anticipated
chemical composition, and the uniform distribution of these
elements indicates that the produced Na,SrSi,Og:Pr** phosphor
is of a single cyclosilicate phase.

We subsequently explored the photoluminescent charac-
teristics of the Na,SrSi,Oq:Pr*" phosphor. The Pr’* ion pos-
sesses exceptionally unique and diverse energy levels, enabling

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (a) Crystal structure of Na,SrSi,Og and the occupation sites of Pr¥* ions; (b) XRD patterns of Na,SrSi»Og:1.5%Pr* phosphors; (c) EDS spectrum of
the material; (d) SEM and EDS mapping images of NaZSrSiZOG:l.S%F‘r3+ phosphor. A scale bar of 10 um was used in EDS mappings.

it to generate a variety of luminescent features across ultraviolet,
visible, and infrared radiation depending of host lattices. When
excited by 245 nm UV irradiation, Na,S1Si,06:1.5%Pr*" exhibits
triple photoluminescence (PL) bands in the UVC, UVB, and red
spectral regions, as illustrated in Fig. 2a. The emission peaks
observed at 269 nm (UVC) and 310 nm (UVB) are attributed to the
efficient inter-configurational transitions of Pr’* ions from the
lowest 4f5d state to the 3H4,5,6, and 3F2,3,4 levels, whereas the peak
at 610 nm is due to transitions from the 'D, to the *H, level.'®*
The above assighment needs more explanation. In the red part of
spectrum one can expect emission from 'D, overlapping with
luminescence from P, to different Pr’* levels, mainly to *Hs and
%F, 3,4 Typically, for unambiguous assignment the lines in red one
need to take advantage of time resolved emission spectroscopy
(TRES), as emission from 'D,, being both spin- and parity-
forbidden lasts one or sometimes two orders of magnitude longer
than luminescence from >P,, which are spin-allowed. In the case
of Na,SrSi,0q:Pr’*’, we may assume that the red luminescence
related to *P, level must be of very low intensity at most. This
conclusion comes from the fact that the bluish-green lumines-
cence around 480 nm, resulting from *P, — °H, transition, is
almost completely depleted. Consequently, also the transitions
from this level in the red part have to be very weak. In such
circumstances, the TRES experiments are not needed to state that
the red luminescence of Na,SrSi,O4:Pr’* results from 'D, level of
Pr** and possible contribution from *P, is negligible. The photo-
luminescence excitation (PLE) spectrum monitoring the UVC
emission at 269 nm is shown in Fig. S1.

Generally, Pr** displays two main types of luminescent
transitions: the intra-configurational transitions from 4f> to

This journal is © The Royal Society of Chemistry 2025

4f* and the inter-configurational transitions from 4f5d to 4>, as
demonstrated in Fig. 2b. The latter, being a fast-decaying
emission, was often investigated for scintillation purposes
upon excitation with X- or y-rays. Notably, like some other
phosphors, Na,SrSi,O¢:Pr’* can be efficiently excited by stan-
dard ultraviolet light sources raising electrons from the *H,
ground level to 4f'5d" state.*>** This results in intense 5d — 4f
UVC luminescence and the less intense red emission from 'D,,
as already seen in Fig. 2a. Analyzing the published data for Ce-
doped Na,SrSi,04, its bandgap is larger than 6 eV.*° It is ideal
for facilitating the electronic transitions of Pr** and prevents a
low-temperature 5d — 4f luminescence quenching of the
dopant, thus allowing for emissions in the visible light, UVB,
and UVC ranges.

We also present the two-dimensional PLE and PL spectra of
Na,SrSi,0q:Pr’* (Fig. 2c), demonstrating UVC and UVB emis-
sion across a range of excitation wavelengths. The XRD patterns
for the synthesized Na,SrSi,O6:x%Pr*" samples (where x = 0.25,
0.5, 0.1, 0.15, 0.2) are also presented in Fig. S2a. All observed
diffraction peaks correspond to the standard XRD patterns of
the Na,SrSi,O¢ host (PDF no. 01-074-3938), indicating that the
incorporation of the minor amount of Pr’** ions does not alter
the main phase of the Na,SrSi,O¢ matrix. The PL spectra for
Na,SrSi,04:x%Pr’" are presented in Fig. S2b, indicating that the
intensity of the 5d — 4f emission bands grow up to 1.5% of Pr
concentration and subsequently it declines. This may be taken
as a rough estimation of the optimal concentration for PL, but
not necessary for PersL.

Fig. 2d shows the steady-state radioluminescence of Na,Sr-
Si,06:1.5%Pr*" phosphor. Note that radioluminescence from
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Fig. 2 (a) UV-Vis emission spectrum of Na,SrSi,Og:Pr** phosphor under 245 nm excitation; (b) energy levels diagram of the Pr¥* 4f2_4f5d configuration,
showing possible excitation (upward arrow lines) and emission (downward arrow lines) transitions in the UV and visible light regions; (c) 2D PLE-PL plot of
Na,SrSi»Og:Pr3* phosphor in UV part of spectrum as a function of emission wavelength (1em) upon UV excitation with a variety of wavelengths (Zey);
(d) X-ray excited UV-vis emission spectra of Na,SrSi>O6:1.5%Pr>* phosphor; (e) images of the samples taken with a regular visible light camera, exposed
to daylight, 254 nm, and X-ray irradiation (top row), and images taken with a UV sensitive camera under the same conditions (bottom row).

*p, at about 490 nm is seen only as a residue again. The spec-
trum encompasses a wide range of wavelengths with clearly
seen (though less-intense than in PL) 5d — 4f in UVB and UVC
and the strongest red emission related to the relaxation of the
'D, level of Pr** ions. Thus, X-rays populate the "D, level more
effectively than it happens upon optical excitation at 245 nm.
We hypothesize that this phenomenon arises from the energy
disparity of the excitation source. Generally, the transitions
from 4f to 5d in Pr** usually follow selection rules, making such
transitions more allowed (i.e., having a higher transition prob-
ability). Conversely, f-f transitions (specifically, transitions
from 4f to 4f states) are typically considered forbidden or
exhibit diminished intensity due to their lower absorption
cross-section. Upon ultraviolet excitation, while f-f transitions
may present certain possibilities, the excitation to the 5d orbital
typically occurs at a more rapid rate, resulting in heightened
non-radiative energy dissipation, which consequently dimin-
ishes the observed intensity of f-f transitions. Conversely, the
circumstances alter when subjected to high-energy X-ray irra-
diation. The energy associated with X-rays is significantly
greater than that of ultraviolet radiation, leading to a more
potent excitation capability that can effectively promote elec-
trons to elevated energy states (for instance, beyond the 5d
level). The excited electrons have a high probability of under-
going relaxation transitions to the 'D, level, facilitating the
transition from 'D, to *H,, which in turn amplifies red light
emission. Moreover, we postulate that X-ray irradiation may
facilitate more intricate electronic transition mechanisms,
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incorporating the influences of lattice vibrations and the crystal
field, thus amplifying the f-f transition phenomena.

We acquired images of the sample illuminated by daylight,
254 nm ultraviolet radiation, and upon exposure to X-rays
utilizing a standard visible light camera as well as using a
UV-sensitive camera, as illustrated in Fig. 2e. The much stron-
ger orange luminescence upon X-rays compared to 254 nm
excitation is proved by the images. It appears from the spectra
and the images that the Na,SrSi,OqPr’* phosphor shows
potential for multimodal information readout and anti-counter-
feiting applications.

After cessation of X-ray irradiation, the Na,SrSi,O4:Pr**
phosphor exhibited long-lasting red and UVC-UVB emission.
Fig. 3a shows the persistent luminescence decay curve of the
Na,SrSi,06:Pr*" monitored at 608 nm after irradiation with
varying doses of X-rays. The intensity of the red afterglow
exhibited a rapid decline during the initial minutes, followed
by a gradual, practically single exponential, decay that persisted
until the end of the measurement period of 500 s. Remarkably,
even at the termination of the experiment, the afterglow
intensity was still approximately two orders of magnitude
greater than the baseline, indicating a robust and enduring
red afterglow. The decay curve of UVB persistent luminescence
of Na,SrSi,04:1.5%Pr*" phosphor monitored at 313 nm after
X-ray irradiation is given in Fig. S3. It presents a non-
exponential character. Furthermore, Fig. 3b presents the decay
profile of UVC afterglow from the Na,SrSi,Oq:Pr** phosphor,
as monitored at 269 nm following varying doses of X-rays.

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Decay curves of persistent luminescence for Na,SrSi»Og:1.5%Pr* phosphor monitored at 608 nm (a), or at 269 nm (b) after different does of
X-rays; (c) analysis of the cumulative UVC persistent luminescence decay intensity as a function of X-ray dose, obtained through the integration of the
persistent luminescence decay profile; (d) TL glow curves of Na,SrSi,Og:1.5%Pr3* phosphor after X-rays irradiations of varying doses.

The UVC afterglow demonstrated a pronounced intensity,
remaining easily recordable even at a minimal X-ray exposure
of 10 mSv, with the decay curve significantly surpassing the
ambient background levels. Kinetic of the UVC afterglow is
non-exponential.

Analysis of the cumulative persistent luminescence decay
intensity as a function of X-ray dose (shown in Fig. 3c), was
obtained through the integration of the UVC persistent lumi-
nescence decay profile (in Fig. 3b). It clearly shows that the
system is not saturated after 50 mSv dose. These results were
supplemented by thermoluminescence (TL) measurements to
learn on the carrier traps characteristics, their depths and
distribution. This is also an effective tool for assessing the
storage capacity of persistent and storage phosphors.**
Fig. 3d presents the TL glow curves of the Na,SrSi,Og:Pr’*
phosphor, subjected to varying irradiation doses under dark
conditions at ambient temperature.

This analysis provides insights into the distribution of
energy traps in Na,SrSi,06:1.5%Pr*". Each TL glow curve con-
sists of two prominent bands, with peaks located at approxi-
mately 66 °C and 194 °C. It is also observed that even with the
exclusion of TL background signals, such as black-body radia-
tion, the TL glow curve persists in ascending beyond 300 °C,
suggesting the presence of additional, yet deeper, trap(s) in the
system. With an increase in the X-ray dose, the low-temperature

This journal is © The Royal Society of Chemistry 2025

TL band (66 °C) peaks at the same temperature, whereas the
high-temperature TL band (194 °C) progressively moves to
higher temperatures though the shift is quite small and does
not exceed 7-8 degrees. This observation suggests some inter-
play between different traps within this phosphor. The depths
of the traps were estimated utilizing the modified trapping
energy eqn (1):*7

E=(—0.941Inf + 30.09)kTy,, (1)

where k is the Boltzmann constant, with a value of 8.617 x
107" eV K. E is the trap depth or activation energy, f is the
constant heating rate, and T, is the temperature of the
TL peak.

The low-temperature trap depth is approximately 0.88 eV.
At the dose of 10 mSv, the high-temperature trap depth
measures 1.21 eV and it increases to 1.23 eV as the irradiation
dose rises to 50 mSv. This trend suggests a continuous dis-
tribution of trap energies in the case of the TL around 195 °C in
Na,SrSi,O4:Pr** phosphor. Furthermore, we augmented the
thermoluminescence spectra of the sample following a ten-
minute exposure to X-ray irradiation, subsequently subjected to
thermal treatment at 300 °C (in Fig. S4). However, due to
detector limitations, detecting the UVC range poses challenges.
Nevertheless, by combining the PL and afterglow decay curves,
we can infer that the electrons captured during the X-ray
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charging process can be released through their respective
pathways (UV and visible emission). The TL results and the
discussed kinetic data of PersL indicate that Na,SrSi,O4:Pr**
can accommodate a substantial density of charge carriers and
possesses commendable storage capability for long-lasting
UVC, UVB and red persistent emissions. In contrast to tradi-
tional afterglow materials that are restricted to use in low-light
or dark field conditions, the Na,SrSi,Og:Pr** phosphor offers
significant advantages for high-precision optical marking appli-
cations across both bright and dark field environments, owing
to its capacity for simultaneous emission of UVC, UVB, and red
afterglow.

Fig. S5a and b display the survey XPS spectrum of the
Na,SrSi,04:Pr*" phosphor and the high-resolution XPS spec-
trum with fitting analysis for the oxygen species, respectively.
All constituents of the composition were accurately identified
within the comprehensive XPS profile, as anticipated. Oxygen
species fitting analysis shows that there are two distinct peaks
at 531.0 eV and 531.9 eV, attributed to lattice oxygen and
adsorbed oxygen, respectively.*®*® It is noteworthy that the
peak at 536 eV in the spectrum is attributed to the Auger peak
of Na.® The high-resolution XPS spectra with their corres-
ponding fitting curves for Sr 3d, Si 2p, and Na 1s are also
presented in Fig. S6. Furthermore, electron paramagnetic reso-
nance (EPR) spectroscopy confirmed the presence of oxygen
vacancies (in Fig. S7) showing EPR signal at g = 2.003 originat-
ing from unpaired electrons in the oxygen vacancies only after
exposure of the material to X-rays.>" This signal was hardly
recordable before irradiation with X-rays. This indicates that
the trapping-detrapping process in Na,SrSi,Og:Pr*" phosphor
is associated with filling the O-vacancies with excited electrons.
Since Pr*" can easily get converted to Pr', we may then
formulate the trapping process with eqn (2) for hole trapping
and eqn (3) for electron trapping using the standard Kroger-
Vink notation of defects:

Prg, + h* = Prg (2)
Ve e =V 6)

For phosphors exhibiting multiple emission bands, which is
the case of Na,SrSi,OqPr’’, it is essential to learn how to
manage the relationship among these emission features. Consi-
dering the competitive interaction among emission bands
(UVC, UVB, and red portions), we considered it important to
further examine the possibility of tuning their contributions by
varying the composition of the host lattice.

The selection of Pr** transitions is likely to occur when the
excited state of Pr** reaches the crossing point of two potential
energy parabolas (the 4f5d state and the next lower-lying °P; levels).
If there is a large activation energy gap (AE) between the bottom
of the excited state 4f5d and the crossing point, the phosphor
will more likely undergo radiative transitions in the form of UV
emission. Conversely, with the assistance of host phonons, the
excited electron may non-radiatively relax to the *P, state and
then radiatively decay emitting visible light. Alternatively,
it may further lose energy through *Py-to-'D, multi-phonon
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relaxation, eventually producing red phonons via the 'D, — *H;
transition.*”> Considering that the 4f5d energy level of Pr** is
sensitive to the changes in the ion environment symmetry, we
decided to replace some Sr with Mg, Ca, or Ba in the host
lattice.

A series of solid solutions Na,Sr;_,Mg,Si,O6:Pr** and
Na,Sr;_,Ca,Si,06:Pr’" were synthesized and Fig. S8 and S9
present their XRD patterns. When the value of x surpasses
0.2, a minor impurity phase emerges in these solid solutions,
which corresponds to Sr,SiO,. Consequently, our analysis will
be confined to the composition of Na,Sr;_,Mg,Si,O¢:Pr*" and
Na,Sr,;_,Ca,Si,06:Pr’" within the range of x = 0 to 0.2. The
emission spectra of Na,MgSi,O¢:Pr’", Na,CaSi,O:Pr**, and
Na,BaSi,04:Pr’" under UV excitation are shown in Fig. S10.
All three phosphors demonstrate ultraviolet luminescence with
the maxima moving from about 270 (for Mg composition) to
295 nm (Ba). The red luminescence appears within the 580-
680 nm range. Despite a slight alteration in the emission
wavelengths within the UV part, the spectra strongly corrobo-
rate that the cyclosilicate Na,MSi,O¢ (Where M represents an
alkaline earth metal) is a good host for Pr’* to generate
emissions in the UVC-UVB and red spectral regions. The
possibility to control of the Pr** UVC and UVB emissions ratio
is rarely documented.

Fig. 4a shows the emission spectra of Na,Sr; ,ngxSi206:Pr3+
phosphors upon excitation with 245 nm light. Incorporation of
Mg in place of Sr, adversely impacts the emission efficiency
of the Pr*", especially its 5d — 4f luminescence in UV.
The reduction in red emission intensity occurs at a slow pace.
Fig. 4b shows the results of analogous measurements of
Na,Sr;_,Ca,Si,06:Pr*. The alterations in the lattice dimen-
sions of the solid solution are illustrated in Fig. S8b, ¢ and
S9b, c. In comparison to strontium, the ionic radii of magne-
sium and calcium are comparatively smaller, resulting in lattice
contraction upon substitution, which subsequently leads to a
reduction in luminescent efficiency.

Also, in this composition, the UVC and UVB bands diminish
in intensity with Ca addition. The red light seems slightly less
intense when x increases. The integration of the emission
spectra for UVC, UVB, and red light results in the overall
emission intensities of the three bands (given in Fig. 4c-f).
The reduction in luminescence observed in the material follow-
ing the alloying with Mg®" or Ca®>* indicates that the resultant
changes in crystal structure reduce the activation energies (AE)
of 5d — 4f luminescence in both materials. Furthermore, the
UVB emission associated with Ca or Mg modification does not
present any distinct behaviors and generally shows the declin-
ing trend seen in UVC emissions. The comparative ratios of
overall emission intensities of UVC-to-red light and UVC-to-
UVB are illustrated in Fig. 4e and f for Mg- and Ca-co-
doped materials, respectively. In general, the observed depen-
dences for Mg and Ca co-dopants are similar, though a more
potent decrease of both ratios is seen for the Mg-containing
phosphors. The continuous decline in the ratio of the total
emission intensities of UVC to red light (Fig. 4e and f) distinctly
indicates an increase in the proportion of red light within the

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Emission spectra of (a) NasSri_,Mg,Si»O6:1.5%Pr’*, and (b) NaySr;_,Ca,Si»O6:1.5%Pr* phosphors (x = 0, 0.05, 0.1, 0.15, 0.2) under 245 nm
excitation; comparison of the triple-band intensity including the UVC, UVB, and red light regions for (c) Na,Sr;_,Mg,Si»Og:1.5%Pr*, and
(d) NaySr;_,Ca,Si>06:1.5%Pr* phosphors as a function of x; the ratio of total emission intensity in the UVC region to that in the red wavelength region
for (e) NaoSry_Mg,Si>06:1.5%Pr**, and (f) Na,Sr,_,Ca,Si>Og:1.5%Pr** phosphors as a function of x.

total emission, which is consistent with the initial design for
regulation.

Subsequently, Ba*>* cations, characterized by a greater ionic
radius compared to Sr**, were employed to modify the host
lattice composition. From the XRD pattern of Na,Sr; ,Ba,.
Si,06:Pr’* (Fig. S11a), it can be observed that a small amount
of an impurity phase comes into view when x = 0.35. Therefore,
we will only discuss the composition range of Na,Sr, ,Ba,.
Si,06:Pr** for 0 < x < 0.35.

Contrary to the case of Mg and Ca addition, the emission
spectra of Na,Sr;_,Ba,Si,OqPr’” under 245 nm excitation
(shown in Fig. 5a), present a significant increase of luminescent
intensity when Ba®" enters the host. This trend is observed for

This journal is © The Royal Society of Chemistry 2025

all three bands (Fig. 5b) up to x = 0.15. The overall enhance-
ment in luminescence intensity is attributed to the local
expansion of the crystal structure. The corresponding enlarged
regions in Fig. S11b and c (from 26 = 32.5° to 34° and from 25.6°
to 26.7°) reveal continuous lattice changes due to composi-
tional variations between the standard reference ends. As the x
content increases, all diffraction peaks gradually shift towards
smaller angles, resulting from the substitution of Ba*>* ions
(1.35 A, CN = 6) for Sr** ions (1.18 A, CN = 6), which leads to
lattice expansion. The lattice expansion increases the distance
between the ligands and the central ions (such as Pr’*), thereby
reducing the crystal field strength. Under the influence of a
weaker field, the energy level splitting of Pr** ions diminishes,
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Fig. 5 (a) Emission spectra of NaySr;_,Ba,Si»Og:1.5%Pr** phosphors (x = 0, 0.05, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35) under 245 nm excitation, with an inset
showing an enlarged view of the emission spectrum in the 580 nm to 650 nm range. (b) Comparison of emission intensity illustrating the growing trends
of UVC, UVB, and red radioluminescent emissions with x for NaZSrl,XBaXSizoe:1.5%Pr3+ phosphors. (c) The persistent luminescence decay curve of the
NaoSr,_Ba,Si»0g:1.5%Pr** phosphors (x = 0, 0.05, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35) monitored at 605 nm after 245 nm irradiation. (d) Radioluminescence
spectra of Na,Sr;_,Ba,Si,Og:1.5%Pr3* phosphors (x = 0, 0.05, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35) under X-ray excitation. (e) A radioluminescence intensity
comparison showing the trend of total emission intensity in the UVC, UVB, and red light regions with increasing x for Na,Sr,_,Ba,Si,Og:1.5%Pr**
phosphors. The persistent luminescence decay curve of Na,Sr;_,Ba,Si,0g:1.5%Pr** phosphors monitored (f) at 608 nm, (g) at 265 nm, and (h) at 303 nm,
after irradiation with X-rays. (i) Thermoluminescence (TL) glow curves of Na,Sr;_,Ba,Si»Og:1.5%Pr** phosphors (x = 0, 0.05, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35)

after exposure to X-rays.

potentially relaxing the selection rules for electronic transition
processes, thus increasing the probability of radiative transi-
tions. Additionally, the weak crystal field facilitates forbidden
transitions, which can enhance the efficiency of f-d transitions.
Moreover, the substitution of Sr** with Ba*' can alter the
symmetry of the local structure; since the transitions of rare
earth ions are highly sensitive to local symmetry, these changes
may directly affect the selection rules for Pr’*, increasing the
probability of radiative transitions and improving lumines-
cence efficiency.

A higher content of Ba also reduces the overall emission. For
example, up to x = 0.15, the effective enlargement of the site
where Pr*" goes with increasing Ba content seems to increase
the activation energy of the Pr** 5d — 4f luminescence quench-
ing. This might result from lower crystal field splitting of the 5d
orbitals due to some elongation of the Pr’*-0>" distances.
Furthermore, the progressively enhanced ratio of UVC to red
emission intensities (refer to Fig. S12) further reveals the
viability of augmenting UVC radiation transition probabilities

Mater. Horiz.

by elevating AE. When Ba”>* substitutes for Sr**, the introduc-
tion of a larger ion leads to distortion and expansion of the
crystal structure, affecting the coordination environment and
the relative arrangement of atoms. This results in a reduction of
the splitting of the Pr** 4f5d energy levels, indicating that the
interactions driven by the surrounding environment become
weaker. This decreased splitting increases the energy difference
AE between the 4f5d state and the next lower *P; energy level,
thereby enhancing the UVC luminescence. A higher content of
Ba reduces the overall emission quickly. When the Ba** content
increases to above x = 1.5, a significant decrease in UVC
luminescence intensity occurs.

Fig. 5c presents the persistent luminescence decay curve
of the Na,Sr;_,Ba,Si,04:1.5%Pr** phosphors (x = 0, 0.05, 0.1,
0.15, 0.2, 0.25, 0.3, 0.35) monitored at 605 nm after 245 nm
irradiation. The afterglow intensity exhibits a gradual enhance-
ment with the increasing value of x, especially above x = 0.15.
This is true for all observed emissions, UVC, UVB, and the
red one.

This journal is © The Royal Society of Chemistry 2025
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Fig. 5d presents the radioluminescence spectra of Na,Sr;_,.
Ba,Si,04:Pr’**. As the content of Ba®' cations increases, the
Na,Sr, _,Ba,Si,06:Pr’" phosphors exhibit a progressive transi-
tion from emitting UVC radiation to generating UVB radiation.
When the value of x exceeds 0.25, the radioluminescence
exhibits a pronounced broad maximum at 300 nm, which is
around the long-wavelength peak of the 5d — 4f luminescence
of Pr*" when the host contains less Ba. Clearly, the significant
decrease in UVC luminescence intensity observed for x > 1.5
during UV excitation is attributed to the transition from UVC to
UVB luminescence.

Analysis of the trends in the radioluminescent emission
band intensities with changing x (Fig. 5e) indicates that with
an increase of Ba®* concentration the UVC band grows in
intensity up to x = 0.15 and then diminishes for yet higher x
values by about 50% to finally grow again. On the contrary, UVB
and red emissions grow quite systematically with increasing x.
Since the shape of the luminescence in the range of 5d — 4f
emission clearly changes with increasing x, getting system-
atically broader and losing the characteristic doublet structure,
we may assume that Pr’* occupies a number of distorted

(a) Visible camera
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PersL (254 nm OFF)

5 min 10 min 20 min 30 min 5 min 10 min 20 min

RL (X-ray ON)

PersL (X-ray OFF)
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TSL (300°C)
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symmetry sites — the effect of distortions resulting from Ba
entering the host lattice.

Fig. 5f-h illustrate the persistent luminescence decay pro-
files of Na,Sr; _,Ba,Si,06:Pr’" across the UVC, UVB, and the red
band following the X-ray exposure. The phosphors demonstrate
commendable afterglow characteristics across all three wave-
length domains. Yet, while the red persistent luminescence
grows systematically from x = 0 to x = 0.35 the UVC persistent
emission grows up to x = 0.15 to decrease for higher x. The UVB
afterglow is most significant for the highest x = 0.35. The
different dependence of UVC and UVB persistent luminescence
on x has a clear connection with the already discussed (see
Fig. 5d) changes in spectral distribution of the emission in UV
upon X-rays. The TL glow curves of Na,Sr,; _,Ba,Si,06:Pr*"
phosphors after X-ray irradiation (Fig. 5i) show a potent
increase in charge carriers trapping centers with increasing
Ba content. Initially, up to x = 0.1, the TL glow curve of the solid
solution shows minimal variations and low intensity of both
observed TL peaks, at about 65 °C and ~ 200 °C. However, when
x reaches and exceeds the value of 0.15, the TL peaks broaden,
their intensities quickly grow, and a new intense component

30 min 5 min 10 min 20 min 30 min

(b) UV camera

PL (254 nm ON)

RL (X-ray ON)

VII

PersL (X-ray OFF)

5 min 10 min 20 min 30 min 10 min

30 min 10 min 20 min 30 min

Fig. 6 (a) Images of red photoluminescence (I, 254 nm), red persistent luminescence (II, after 254 nm), red radioluminescence (lll, X-ray), red persistent
luminescence (IV, after X-rays) and red thermally stimulated luminescence (V) from patterns of star, bow knot, and Chinese characters for
Na,Sro g5Bag 155i206:1.5%Pr*" phosphors under 254 nm or X-ray irradiation (captured with a standard visible light camera). (b) Images of UV
photoluminescence (VI, 254 nm), UV radioluminescence (VII, X-ray) and UV persistent luminescence (VIlI, after X-ray) of stars, bows, and Chinese
characters for Na,Sro gsBag 155i-06:1.5%Pr** phosphors under 254 nm or X-ray irradiation (captured with a UV sensitive camera).
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peaking at about 120 °C develops. Consequently, beyond x =
0.25, the firstly separated TL peaks widen so severely that they
overlap forming a broad slightly structured TL band with
maximum around 75 °C and covering the range of 30-250 °C.
These data prove a progressively and quickly growing popula-
tion of trapped charge carriers and quite significant reconstruc-
tion of the carriers trapping sites leading to a growth of their
population and changes of their depths with x increasing from
0.1 to 0.35. TL fading was also performed in Na,Sr; ,Ba,
Si,06:Pr®" phosphors after X-ray irradiation (as displayed in
Fig. S13 and S14). TL glow curves were recorded with different
delay time after irradiation. The liberation of charge carriers
comes from both shallow traps (below 100 °C) and deeper traps
(100-300 °C). The detrapping from shallow traps is predomi-
nantly thermally activated. Conversely, the liberation from deep
traps can be attributed to both thermally activated processes
and quantum tunneling. Consequently, both shallow and deep
traps contribute to UV persistent luminescence.

Fig. 6 presents the luminescent patterns of a star, a bow
knot, and Chinese characters made from Na,Sr, gsBag 1551,06:
1.5%Pr’*" under varying excitation sources and bright-dark
conditions. Utilizing a standard visible-sensitive imaging
system (Fig. 6a), it is evident that in a low-light setting, the
luminance of the captured image progressively intensifies
when illuminated by a 254 nm light source at varying power
levels. The images are visible by the naked eye for 30 minutes,
even in the absence of the illumination source. Upon high-
energy X-ray irradiation, the intensity of the luminescent and
afterglow image is significantly augmented. Furthermore, after
irradiation the specimen with X-rays and letting it to terminate
afterglow at room temperature afterwards, and subjecting it to
a thermal treatment at 300 °C can induce a significant red
thermally stimulated luminescence. All these images of red
photoluminescence, red persistent luminescence, red radiolu-
minescence and red thermally stimulated luminescence can be
clearly seen from patterns of star, bow knot, and Chinese
characters, confirming the co-existence of multi-mode visible
luminescence. Moreover, the utilization of a UV-sensitive
imaging system (Fig. 6b) facilitates the precise identification
of UVC and UVB emissions under 254 nm or X-ray irradiations
with different powers, even in high intensity ambient light
conditions (bright daylight environments). The afterglow emis-
sion of UVC-UVB following X-ray irradiation can be continu-
ously assessed by monitoring variations in the luminescence of
the pattern. Consequently, the viability and demonstration of
UVC-UVB and red light imaging have been substantiated under
both bright-field and dark-field conditions, indicating the
significant potential of the phosphor for important practical
applications.

The emission spectra of the majority of persistent lumines-
cent materials are predominantly confined to the visible and
near-infrared wavelengths, necessitating the observation of
emission signals in dark conditions to avoid an interfer-
ence from ambient daylight. In contrast, Na,Sr, gsBag.1551,06:
1.5%Pr’" demonstrates significant potential for high-contrast
daylight-blind detection or imaging in both bright indoor and
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outdoor environments, owing to its UVC-UVB persistent lumi-
nescence that produce minimal background interference (since
solar UVC radiation is absent at the Earth’s surface). Further-
more, the synergistic effect of UVC-UVB and visible radiation in
triple luminescence allows considering applications for the
phosphor in anti-counterfeiting measures and data encryption
technologies.

3. Conclusion

We have developed a series of Pr’*-doped cyclosilicate-based
UVC-UVB-red triple-band persistent phosphor (Na,SrSi,Og:Pr’")
for the first time. This phosphor exhibits intense UVC-UVB and
red long afterglow lasting over 30 minutes. Alongside thorough
spectral analyses, trapping and detrapping processes have been
studied using a set of X-ray charging and thermoluminescence
measurements to understand the underlying triple-band lumines-
cence mechanisms. By manipulating the composition via the
partial substitution of Sr sites with Mg/Ca/Ba ions, triple-band
PersL and emission variations were carefully investigated. The
incorporation of smaller ionic radius dopants, such as Mg>" or
Ca”", effectively enhances the red emission intensity of the
phosphor. In contrast, the introduction of the larger ionic radius
dopant Ba®* not only enhances the fraction of UVC emission but
also improves the overall luminescent efficacy. Moreover, with the
increasing content of Ba>", the phosphor accomplishes a lumines-
cence evolution from UVC to UVB within the deep ultraviolet
spectrum, thereby adjusting the probabilities of the two radiative
transitions. Notably, the applications of this phosphor were
assessed in bright-field and dark-field imaging, showcasing its
considerable potential for high-contrast monitoring in bright
daylight, anti-counterfeiting applications, and advanced optical
marking technologies. This work advances the development of
persistent luminescence materials presenting combined visible
and invisible emissions and appears a good example of engineer-
ing the cyclosilicate matrices for luminescence managing.

4. Experimental section
4.1. Materials preparation

The phosphor with the composition NaZSrSiZOG:Pr3+ was
synthesized using conventional high-temperature solid-state
reactions. The raw materials of Na,COj3; (99.99%, Aladdin), Sr,CO3
(99.99%, Aladdin), SiO, (99.99%, Aladdin), and Pr,0; (99.99%,
Aladdin) were weighed according to their stoichiometric ratios.
These materials were mixed in an agate mortar for 30 minutes
and then pressed into discs 13 mm in diameter using a 15-ton
dry pressing machine. The formed samples were heated in a
tube furnace (KTL1700-80, Nanjing Laibu Tech) at 1000 °C for
4 hours, with a heating rate of 300 °C per hour. After heating,
the samples were allowed to cool naturally to room temperature
overnight. Finally, the cooled samples were ground again to
obtain a homogeneous powder for further analysis. Na,Sry_,-
Mg, Si,O¢:Pr*" (x = 0.05, 0.1, 0.15, 0.2, 0.25), Na,Sr;_,Ca,Si,O¢:
Pr** (x = 0.05, 0.1, 0.15, 0.2, 0.25) and Na,Sr;_,Ba,Si,Og:Pr**
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(x = 0.05, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35) were prepared in the
same manner.

4.2. Structural characterization

The phases and purity of the samples were analyzed using an
X-ray diffractometer (D8 ADVANCE, Bruker, Germany) with Cu
Kol radiation (1.5406 A) at a tube voltage of 40 kv and a current
of 40 mA. Scanning was conducted at a speed of 2.4° per minute
within a 26 range of 10° to 80°. The resulting XRD patterns were
compared against standard reference patterns for Na,SrSi,Os
(PDF no. 01-074-3938). Scanning electron microscopy (SEM)
images were obtained using an FEI Quanta 650 FEG. Electron
paramagnetic resonance (EPR) spectra were collected with
a Bruker ESR 5000 spectrometer (X-band at about 9.6 GHz).
An X-ray photoelectron spectrometer (AXIS Supra by Kratos
Analytical Inc., using monochromatized Al Ko radiation (hv =
1486.6 eV, 150 W) as X-ray source with a base pressure of
10~° torr) was applied to collect the XPS spectra.

4.3. Photoluminescence and photoluminescence excitation
characterization

A high-resolution spectrofluorometer (FS5, Edinburgh Instru-
ments, UK) with a monochromated 450 W Xenon lamp was
utilized to measure the photoluminescence (PL), photolumi-
nescence excitation (PLE), and 2D PL-PLE spectra at room
temperature. All spectra were automatically adjusted for detec-
tor response (PL) and incident radiation intensity (PLE).

4.4. Persistent luminescence decay characterization and
thermoluminescence characterization

The measurement of X-ray excited luminescence and persistent
luminescence decay curves was conducted using a spectro-
fluorometer (FLS1000, Edinburgh Instruments, UK) fitted with
an X-ray tube (the anode type is tungsten, with an adjustable
voltage of 4 to 70 kv and a maximum power of 12 W, TUB00154-
SA-W06, MOXTEK Inc., USA). Before each decay experiment, the
samples were allowed to stabilize in the testing environment for
a few minutes until the emission intensity returned to back-
ground levels, ensuring accurate comparisons. The thermolu-
minescence experiments were conducted using a custom-made
measurement system, which included a dark chamber, various
light sources (software-controlled X-ray tube and 254 nm UV
lamps with a power of 1 W, 2 W, 3 W, or 4 W), a TL heating
platform (SLO8, Rongfan Technology, China), and a R928
photomultiplier tube (Hamamatsu Photonics, Japan). During
the TL measurement, a constant heating rate of =1 °C s " was
employed. A thermal cleaning was performed before each
experimental cycle to empty carriers from all related traps.
Photographs of the samples were captured using a visible-
light-sensitive camera (Canon T5i), while UVC-UVB lumines-
cence images were recorded with a UV CCD camera (ARTCAM-
UV, ARTRAY CO., LTD, China). This UV-sensitive CCD camera
effectively captures UVC-UVB luminescence in the range of
230-320 nm, displaying UVC-UVB radiation as a white image,
with brightness proportional to the emission intensity.

This journal is © The Royal Society of Chemistry 2025
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