¥ ® ROYAL SOCIETY
PP OF CHEMISTRY

PCCP

View Article Online

View Journal | View Issue

UV-A scintillation and persistent luminescence
from Ce- and Ce/Ho-doped YPO,4 nanoparticles
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Ce*- and Ce*'/Ho®"-doped YPO, nanoparticles were synthesized via a microwave-assisted
hydrothermal method to explore their potential as UV-A (320-400 nm) emitting nanoscintillators and
persistent luminescence nanophosphors. The as-prepared Ce-doped YPO, nanoparticles exhibited
nanoporosity, a median size of ~55 nm, and detectable Ce*" photoluminescence (PL) without the need
for high-temperature annealing. Post-synthesis annealing at 1100 °C markedly enhanced both the PL
yield and radioluminescence (RL) response, achieving ~37% of the RL intensity observed in a bulk
reference sample. This enhancement was accompanied by a moderate increase in particle median size
to ~68 nm and a loss of nanoporosity. Under X-ray excitation, the annealed nanoparticles
demonstrated fast scintillation with a main decay time of ~27 ns. Co-doping with Ho®" induced
persistent UV-A luminescence, supporting the roles of Ce3* as a deep hole trap and Ho®" as a shallower
electron trap. Optimal persistent luminescence was observed at nominal Ce/Ho concentrations of 0.5/
0.5 mol%. These findings highlight the dual-mode optical functionality of Ce- and Ce/Ho-doped YPO,
nanoparticles, offering rapid scintillation response and long-lasting emission, respectively. Combined
with the already reported structural stability, biocompatibility, and aqueous dispersibility of the YPO,
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nanoparticles, these materials are promising candidates for biomedical applications requiring sustained
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1. Introduction

The xenotime phase of YPO, is considered an attractive host
matrix for the design of inorganic phosphors, as it demon-
strates a high capacity for incorporating dopant ions, particu-
larly lanthanide ions (Ln*") with similar oxidation states as the
host Y** ions. Furthermore, one of its major advantages lies in
its physico-chemical robustness: it is chemically stable, non-
hygroscopic, and highly resistant to thermal degradation.’
Because of these attributes, Ln**-doped YPO, crystals and
microcrystalline powders have been initially proposed for a
range of applications, including plasma display panels,® laser
host materials,® and scintillators.*” As a single crystal, the Ce**-
doped YPO, scintillator does not achieve the highest light
yields compared to benchmark crystals like Lu(,_,)Y,Si,05:Ce
(LYSO)* or Gd;Al,Gaz0,,:Ce (GAGG).° It also exhibits lower
density (p = 4.5 g cm ®) and an effective atomic number
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UV-A emission in deep tissue environments.

(Zegr ~ 16) than top-performing scintillators for X-ray or PET
imaging such as Bi Ge;O;, (BGO),” LYSO,® or Gd,SiOs:Ce
(GSO).° Nevertheless, YPO,:Ce remains an attractive scintillat-
ing material due to its physico-chemical robustness and its
30 ns-fast scintillation response time.>'® Furthermore, its Zg
can easily be increased by shifting to LuPO,.

On the other hand, the presence of a single crystallographic
site in the xenotime structure of YPO, has established it as a
perfect model host for systematically investigating and predict-
ing the energy level positions of Ln*" and Ln** lanthanide ions
relative to the valence and conduction bands of the matrix, as
shown in Fig. $2." These insights have significantly advanced
the understanding of the optical behaviour of lanthanide-
doped YPO,. In particular, they enable the prediction and
interpretation of electron and hole trapping processes that
precede radiative recombination at Ln*" or Ln** centers.'*™*
In the past, we have applied this knowledge to the rational
design of novel X-ray-activated, red-emitting persistent phos-
phors based on YPO,:Pr’ Ln®" (Ln = Nd**, Dy**, Ho*", or
Er**)."® In these systems, Pr** serves both as a stable hole trap
and as a red emitter through the 'D, — *H,, *P, — *Hg, and
*Py — °F, 4f>-4f transitions. Meanwhile, co-doping the YPO,
host matrix with trivalent lanthanide ions such as Nd**, Dy*",
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Ho®', or Er’" introduces shallow electron traps, which are
directly responsible for the occurrence of persistent lumines-
cence at room temperature. Among the studied co-dopants,
Ho®" was found to be the most effective, producing the most
intense and longest-lasting persistent luminescence.'® Simi-
larly to Pr’*, Ce®", according to thermally stimulated lumines-
cence (TSL) results, is capable of acting as a deep hole trap
while emitting in the UV-A range through its 5d-4f
transitions.'*® Therefore, a tailored combination of Ce*" and
Ho*" dopants in the YPO, host matrix should enable the
induction of persistent luminescence at room temperature in
UV-A, underscoring the potential of YPO, not only as a scintil-
lating material but also as a UV-A persistent phosphor.

In the past 10-15 years, various synthesis routes have been
developed to produce YPO, in nanoparticle form. Notably,
nanoscale YPO, has attracted significant interest due to its
low toxicity, excellent biocompatibility, and high dispersibility
in aqueous media,'® making it well-suited for applications such
as luminescent bioprobes in biomedical imaging and
diagnostics.”*>* Reported synthesis techniques include sol-
gel,”® polyol,>* and hydrothermal methods, with***® or without
the use of organic additives,">*’" as well as solvothermal
methods.>” Depending on the synthesis conditions, YPO,
nanoparticles can crystallize in three main structural phases:
two hydrated forms—hexagonal rhabdophane (YPO,-0.8H,0)
and monoclinic churchite (YPO,-2H,0O)—and one anhydrous
YPO, form, the tetragonal xenotime phase. The latter is often
preferred due to its high stability and low coordinated water
content, which helps minimize luminescence quenching.?***
Notably, this stable tetragonal phase can be directly obtained in
nanocrystalline form through appropriate synthesis methods.
Among these, hydrothermal and solvothermal synthesis meth-
ods stand out as simple, low-temperature, cost-effective, and
high-yield routes that offer good control over particle morphol-
ogy, size, crystal structure, and crystallinity. Even more advan-
tageous is the microwave (MW)-assisted hydrothermal method,
which enables rapid reactions, high reproducibility, and
enhanced uniformity in particle size and shape.**?*

Among the recent studies on luminescent doped YPO,
nanoparticles, Eu**- and Tb**-doped YPO, has been the most
extensively investigated, consistently demonstrating efficient
photoluminescence (PL) in the visible range.!®?%2628731,36-39
As a result, they have been considered promising for biomedi-
cal applications such as cell labeling, molecular detection, and
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bioimaging, as well as for optoelectronic devices, display tech-
nologies, and LEDs. In contrast, Ce** doping has been less
explored, as it yields an emission in UV-A. In the few available
studies, Ce*" has primarily been used as a sensitizer to enhance
the PL of Tb** or Eu** under UV excitation,***>** and only
rarely has Ce®* been reported as the sole emitter.>

In this study, we developed photoluminescent YPO,:Ce nano-
particles using a water-based, and environmentally friendly synth-
esis route based on MW-assisted hydrothermal treatment. To
evaluate their potential as nano-scintillators emitting in the UV-
A range, we demonstrated that a subsequent thermal treatment at
1100 °C significantly enhanced the scintillation yield under X-ray
excitation, while preserving the nanoparticulate morphology.
Building on these results, we introduced a Ho** co-doping strategy
to engineer a nanoparticle platform capable of exhibiting persis-
tent luminescence in the UV-A region. Such a nano-platform could
be valuable for emitting UV-A deep within biological tissues to
trigger biorthogonal photoclick reactions.*’

2. Experimental

Mono-doped YPO,:Ce** and co-doped YPO,:Ce**,Ho*>* nanopow-
ders with varying Ce and Ho contents were synthesized using a
MW-assisted hydrothermal method. Stoichiometric amounts of
aqueous solutions of Y(NOs);-6H,O (Merck, 99.8% pure),
Ce(NO3);-6H,0 (Merck, 99.99% pure), and Ho(NO3);-5H,0
(Merck, 99.9% pure) were mixed with HzPO, (Thermo, 85%
pure) and heated by microwave irradiation in a Discover SP
system for 30 minutes at 120 °C. The reaction mixture was
centrifuged using an Allegra 64R at 20 000 rpm, and the obtained
powder was washed twice with ethanol and distilled water before
being dried overnight at 70 °C. Selected samples were subse-
quently annealed in a tubular furnace at 1100 °C for 5 hours
under air flow. The names and synthesis conditions of the
prepared samples, labelled with the prefix “MW”, along with
their Ce and Ho contents relative to the total rare-earth (RE)
cation concentration, are summarized in Table 1.

For comparison, mono-doped YPO,:Ce** and co-doped
YPO4:Ce**,Ho®" “bulk” powders were synthesized via a solid-
state reaction (SSR) method. Stoichiometric amounts of Y,O3
(Merck, 99.99% purity), CeO, (Alfa Aesar, 99.99%), Ho,O3
(Merck, 99.999%), and NH,H,PO, (Thermo, 98%) were weighed
and thoroughly mixed in an agate mortar. The resulting powder

Table 1 Nominal and experimental (determined by ICP-OES spectroscopy) Ce/RE and Ho/RE (RE = Y + Ce + Ho) molar ratios (%) of the prepared

lanthanide-doped yttrium phosphate samples

Sample Nominal Ce/  Exp. Ce/ Nominal Ho/  Exp. Ho/
name Synthesis method Host RE RE RE RE
MW-AP MW-assisted hydrothermal synthesis YPO, 0.5 0.24 — —

MW-1 MWe-assisted hydrothermal synthesis followed by annealing 0.24 — —

MWwW-2 at 1100 °C 0.40 0.5 0.59
MW-3 0.42 1 1.11
MW-4 0.42 2 1.89
SSR-1 SSR at 1400 °C 0.3 0.35 — —

SSR-2 SSR at 1100 °C Y(PO3); 0.5 NA — NA
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was pelletized and subjected to a first thermal treatment in a
muffle furnace at 400 °C for 10 hours. After cooling, the pellets
were ground, pelletized again, and annealed a second time in a
tubular furnace at 1400 °C for 4 hours under argon flow. The
sample names, prefixed “SSR,” along with their synthesis
conditions and Ce and Ho contents relative to the total RE
cation content, are summarized in Table 1.

Inductively coupled plasma-optical emission spectrometry
(ICP-OES) analyses were performed using an iCap 7400 Duo
Thermo Fisher equipment. Compounds were digested in hot
nitric acid using a Katanax X-600 fluxer prior to dilution for
analysis.

X-ray diffraction (XRD) studies were performed using a
PANalytical X'Pert Powder analytical diffractometer mounted
in a Debye-Scherrer configuration and equipped with a copper
cathode (/ = 1.5418 A). The diffractograms were recorded in the
20 range of 15°-75° with a 0.03° step size and a scan speed of
1.2° min~".

Fourier-transform infrared spectroscopy (FT-IR) spectra
were recorded using a Spectrum Two FT-IR spectrometer used
in ATR mode in the range of 4000 cm™" to 400 cm ™.

Scanning electron microscopy (SEM) measurements were
conducted on a Hitachi S4800 instrument under an excitation
voltage ranging from 0.5 to 8.0 kV, depending on the surface
charging of each powder. Powdered compounds were deposited
on double-sided conducting carbon tape and then platinum-
metallized by sputtering under vacuum.

Transmission electron microscopy (TEM) was performed on
a JEOL 1200EX transmission electron microscope, using an
accelerating voltage of 120 kV.

Nitrogen adsorption and desorption isotherms were
recorded at 77 K using a Micromeritics 3Flex apparatus after
outgassing the samples overnight at 150 °C (10~ Torr). The
Brunauer-Emmett-Teller (BET) method was used to calculate
the specific surface areas of the samples, and the pore size
distributions were calculated using the Barrett-Joyner-Halenda
(BJH) method.

Room temperature PL spectra were recorded on a FLS920P
spectrofluorometer with a xenon lamp (450 W) as the excitation
source. The powders were loaded into a 1 mm-thick sample
holder, which was sealed with a quartz window to keep the
powder in place even in a vertical orientation. In this configu-
ration, the sample surface was vertical, while the incident
excitation beam was horizontal. The beam always illuminated
the same sample area at a 45° angle of incidence.

Luminescence decay times were measured using two different
excitation sources. For UV excitation, a DeltaDiode DD-325 from
Horiba, emitting at 325 nm, was used. The excitation beam was
spectrally cleaned with a bandpass optical filter centered at
326 nm (ref. 326FS01, Andover Corporation). For X-ray excitation,
a pulsed diode DeltaDiode-405L from Horiba, emitting at 405 nm,
was used to illuminate the photocathode of an X-ray tube (model
N5084, Hamamatsu) operated at 35 kV. In both cases, the excita-
tion repetition rate was set to 500 kHz. The emitted light was
collected through a shortpass filter at 350 nm (ref. 350SC01,
Andover Corporation). Detection was performed using a PMA-C
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photomultiplier tube (PicoQuant). Time-resolved measurements
were carried out using a PicoHarp 300 time-correlated single
photon counting system (PicoQuant), set with a time resolution
of 256 ps per channel. Each decay curve was recorded over a time
window of 2 ps.

Radioluminescence (RL) spectra were measured using a
miniX2 X-ray source from Ametek, equipped with a tungsten
anode (ref. MNX2-911-W), operated at 50 kV and 200 pA, as the
excitation source. No X-ray filters were used. The emitted light
was collected using a UV optical fiber coupled to a Shamrock
SR-500i-D2 imaging spectrograph (Andor). A 149 lines/mm
grating, blazed at 300 nm, was used for spectral dispersion.
The system was equipped with a Newton EMCCD detector
(Andor).

Persistent luminescence decays were measured using a
home-built setup inside a Siemens D5000 X-ray diffractometer
(Cu anode, unfiltered, operated at 40 kv, 40 mA), yielding an
estimated air kerma rate of 15 Gy min~" at the position of the
sample. Approximately 5 mg of powder was deposited and
compacted in the central round-shaped part (5 mm in diameter
and 2 mm in depth) of an aluminum sample holder. An optical
fiber was placed 4 cm above the powder and used for the
acquisition of RL spectra and persistent luminescence
intensity.** The spectra were collected using an AvaSpec-HERO,
195-980 nm fiber-coupled spectrometer from Avantes.

Thermally stimulated luminescence (TSL) measurements
were conducted in the same custom-built setup as for persis-
tent luminescence measurements. The powders were incorpo-
rated into a PDMS layer and mounted in a Linkam FTIRSP600
heating and cooling stage equipped with a Kapton window at
the top side and a quartz window at the bottom side. The
samples were irradiated for 5 minutes at 83 K prior to TSL

recording. Heating was carried out at a rate of 30 K min™".

3. Results and discussion
a. YPO,:Ce compounds

A YPO,:Ce sample was synthesized via the MW-assisted hydro-
thermal method described in the experimental section, with a
nominal Ce content of 0.5% relative to the total RE cation
content (RE = Y + Ce). The nominal concentrations of precur-
sors introduced in the MW reactor are reported in Table S1. The
as-prepared (AP) sample was designated as MW-AP. Half of the
sample was subsequently annealed at 1100 °C and is referred to
as MW-1 (Table 1). ICP-OES analysis of MW-1 revealed an actual
cerium concentration of 0.24% (£ 0.04), substantially lower
than the nominal value. This discrepancy suggests incomplete
incorporation of cerium into the YPO, host lattice, likely due to
the significant mismatch between the ionic radii of Ce** (1.143 A
in eightfold coordination) and Y** (1.019 A). The unincorporated
Ce was likely removed during the washing steps. For compar-
ison, a YPO,:Ce bulk powder was synthesized via a solid-state
reaction, also described in the experimental section, with a
nominal Ce content of 0.3%. This sample, labelled SSR-1 in

This journal is © the Owner Societies 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cp02667a

Open Access Article. Published on 30 October 2025. Downloaded on 3/3/2026 7:01:56 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Table 1, exhibited a measured Ce content of 0.35% (£ 0.04) by
ICP-OES analysis.

The XRD patterns of the three cerium mono-doped sam-
ples—MW-AP, MW-1, and SSR-1—are shown in Fig. 1(a). All
three exhibit the characteristic diffraction peaks of xenotime,
the tetragonal crystal phase of anhydrous YPO, (zircon-type
structure) with space group I4,/amd (ICDD PDF n° 84-0335).*>
Recent studies on hydrothermal and solvothermal synthesis
have demonstrated that key structural properties, including the
degree of crystallinity (amorphous vs. crystalline),?® the nature
of the crystal phase (tetragonal YPO,, monoclinic YPO,-2H,0,
and hexagonal YPO,-0.8H,0),>**® as well as the morphology
and density of the nanoparticles,” can be effectively tuned
by varying specific synthesis parameters. These parameters
include pH, temperature, reaction time, solvent type, and the
presence or absence of additives. Specifically, low pH condi-
tions promote the crystallization of the anhydrous tetragonal
phase at relatively low temperatures—for example, 130 °C for
Th-doped YPO, under hydrothermal conditions**—whereas
higher pH values tend to favour the formation of the hydrated
hexagonal phase.>” In this work, we optimized our synthesis
parameters to 120 °C, 30 minutes, and pH = 0.9. As confirmed
by XRD, these conditions successfully yielded the tetragonal
anhydrous YPO, phase. Although no secondary phases were
detected in the diffractogram of the as-prepared sample (MW-
AP), annealing led to the appearance of minor impurity peaks at
20 = 21.8° and 24.4° in MW-1. These peaks are attributed to
yttrium polyphosphate, Y(PO3); (ICDD PDF n° 36-0255), a
crystalline phase characterized by a lower Y/P ratio than that
of YPO, (Y/P = 1), which tends to be formed in sol-gel synthesis
methods as well.”® This observation might suggest that a
portion of the yttrium, which is nominally introduced into
the reaction medium, is lost during the final washing steps of
the powder. As shown in the zoomed-in view of Fig. 1b, the
diffraction peaks of the hydrothermal samples are noticeably
broader than those of the solid-state sample. Using the Scherrer
formula, we estimated a crystallite size of approximately 29 nm
(£2 nm) for MW-AP. Annealing (MW-1) increased the crystallite
size slightly to 35 nm (+3 nm), indicating that the crystalline

a) b)
mw-ap| | i
l | SSR-1 i ‘\
1 Py N N A LA d
YPO, (ICDD PDF n°84-0335) |
| || Ll 1 1
| Y(PO5); (ICDD PDF n°36-0255) |
N . | -
T T T T T T T T T T
20 30 40 50 60 70 20 22 24 26
2001 2001

Fig.1 (a) XRD patterns of cerium-doped yttrium phosphate samples
prepared by MW-assisted hydrothermal synthesis and by SSR. (b) Enlarged
views.
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domains grew only marginally during the annealing process of
the sample prepared through hydrothermal synthesis. Interest-
ingly, the solid-state sample exhibited a relatively small crystal-
lite size of 59 nm (£3 nm), which is attributed to the
particularly poor sinterability previously reported for YPO,.**

Fig. 2 presents the FT-IR spectra of the three cerium mono-
doped compounds. In all samples, two sharp bands at 519 cm™*
and 638 cm ' are attributed to the antisymmetric bending
vibrations of the O-P-O group, while the band near 980 cm ™"
corresponds to the antisymmetric stretching vibration of the
PO, group.”””® In MW-AP, the band at 1640 cm™ " and the
broad absorption between 2500 and 3600 cm™ ' are associated
with the bending and stretching vibrations of O-H groups,
respectively.>® These features indicate the presence of surface
hydroxyl groups in the as-prepared sample, which are effectively
suppressed by the annealing process, as evidenced in the MW-1
spectrum.*

Fig. 3 shows SEM (a, c and e) and TEM (b, d and f) images of
MW-AP (a and b), MW-1 (c and d), and SSR-1 (e and f). The
particle sizes of MW-AP and MW-1 were determined from TEM
image analysis of a total of 277 and 291 particles, respectively.
The size distributions were plotted as histograms using a bin
width of 5 nm and subsequently fitted with the standard log-
normal function typically used for particle growth analysis.
These histograms, along with the fitted functions and corres-
ponding fitting parameters, are presented in Fig. 3(g) and (h),
for MW-AP and MW-1 respectively. The deduced median parti-
cle sizes are 55.5 nm and 68.5 nm, for MW-AP and MW-1,
respectively, with standard deviations of 16.3 nm and 21.4 nm.
The as-prepared sample exhibits lenticular and round-shaped
YPO, nanoparticles with a median particle size of 55.5 nm,
consistent with the crystallite size of ~33 nm estimated from
the Scherrer formula. These morphologies align with previous
studies reporting particle shapes ranging from cuboids and
nanorods to nano-bullets and rice grains, which can be tuned
by parameters such as temperature, pH, and holding time
during synthesis.”**%*" From the SEM images, an average
particle size of ~60 nm was evaluated, which agrees well with
the TEM results and the Scherrer crystallite size. Following
annealing, the median particle size increases moderately

100 =—
90 O-H bending O-H stretching
§ 80 -
8 70
c
S 60+
&
@ 50—
©
= 404 MW-AP
30 (PO,)*~ stretching — MW-1
(PO4)*~ bending — SSR-1
20— T T T T T T
500 1000 1500 2000 2500 3000 3500 4000

Wavenumber [cm~!]

Fig. 2 FTIR spectra of cerium-doped yttrium phosphate samples pre-
pared by MW-assisted hydrothermal synthesis and by SSR.
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Fig. 3 SEM (a), (c) and (e) and TEM images (b), (d) and (f) of the following
cerium-doped yttrium phosphate samples: MW-AP (a) and (b), MW-1 (c)
and (d), SSR-1 (e) and (f). Size distribution of MW-AP (g) and MW-1 (h).

(+ 23%) relative to the as-prepared sample from 55.5 nm to
68.5 nm, accompanied by a marked increase in aggregation.
The TEM-derived size of 68.5 nm is consistent with SEM
observations (~ 70 nm). XRD analysis also revealed an increase
in crystallite domain size (+21%) from 29 nm to 35 nm.

A magnified view in Fig. 3(b) highlights the mesoporous
structure of individual nanoparticles, showing pores approxi-
mately 2-5 nm in size. This distinctive feature has been already
observed in hydrothermal or solvothermal syntheses of
YPO,.'9?%3%31:42 Along with annealing, the morphology under-
goes a significant transformation: nanoporosity disappears and
densification occurs. The particles adopt more well-defined
geometrical shapes, often appearing octagonal. TEM images also
reveal the presence of internal closed cavities within individual
nanoparticles. This unusual feature has previously been reported
in tetragonal YVO, nanoparticles synthesized hydrothermally.*®
The formation of these cavities may follow a mechanism similar
to the coarsening process observed in crystalline nanoporous
metals, which involves void bubble formation.*”
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Fig. 3(e) and (f) present SEM and TEM images, respectively,
of SSR-1, revealing a microstructure that is markedly different
from those of the other two samples. The solid-state reaction
product consists of rectangular cuboid particles measuring a
few hundred nm in length.*® TEM analysis (Fig. 3(f)) confirms a
fully agglomerated, non-porous structure, composed of 59 nm-
large crystallites, according to XRD, and consistent with mate-
rials synthesized by solid-state methods.

Physisorption measurements for MW-AP and MW-1 display
nitrogen adsorption isotherms, shown in Fig. 4(a), that further
confirm the presence of porosity. For MW-AP, a sharp increase
in adsorbed N, at low relative pressure (P/P,) indicates the
presence of nanopores (diameters < 2 nm)—an effect that is
absent in the isotherm of MW-1, suggesting nanopore loss
upon annealing. At higher relative pressures (P/P, > 0.8), both
MW-AP and MW-1 exhibit hysteresis loops, which point to a
certain degree of mesoporosity that diminishes after annealing.
BJH analysis, presented in Fig. 4(b), reveals a shift in pore size
distribution, with average pore sizes increasing from ~15 nm
to ~30 nm post-annealing. This change is attributed to inter-
particular porosity and is consistent with the particle growth
observed with TEM during thermal treatment. These findings
are supported by the high specific surface area measured for
MW-AP (142 m?> g '), which aligns closely with previously
reported values (~145 m® g~') for similar mesoporous lenti-
cular YPO, nanoparticles.>® After annealing, MW-1 shows a
reduced specific surface area of 59 m* g™,

The combination of N, physisorption data and TEM imaging
confirms the presence of both intrinsic nanopores and inter-
particular mesoporosity in the as-prepared samples. The
observed nanoporosity is typically attributed to a crystallization
mechanism under hydrothermal/solvothermal conditions,
where nucleation begins within nanosticks that aggregate into
nanobundles. This process results in nanoporous particles with
oblong morphologies such as lenticular, rice grain, or rod-like
shapes.’®*®> When combined with sufficient luminescence,
such microporosity can be advantageous for biomedical appli-
cations—particularly for drug delivery, as has been demon-

strated in previous studies.*>°
1e-2
200 20
= a) MW-AP b)
= — MW-1 —
150 - 1.5
o €
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Fig. 4 Nitrogen adsorption—desorption isotherms (a) and pore-size dis-
tribution curves (b) of cerium-doped yttrium phosphate samples prepared
by MW-assisted hydrothermal synthesis.
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Fig. 5 PL excitation (dashed green) and emission (solid green) spectra, together with RL emission spectra (magenta) of YPO,4:Ce samples prepared by (a)
SSR and by MW-assisted hydrothermal synthesis (b) after and (c) before annealing. For comparison, PL excitation and emission spectra of the Y(PO3)3:Ce

sample are shown in grey in panel (b) and (c).

Normalized PL excitation and emission spectra are pre-
sented in Fig. 5. The emission spectrum of SSR-1 exhibits the
characteristic doublet of Ce*", corresponding to the transition
from the lowest 5d excited state to the spin-orbit split *F-,, and
’F5,, levels (Fig. 5(a)). These emission bands peak at 331 nm
and 355 nm, respectively, reflecting an energy separation of
2040 cm ™, consistent with the expected splitting of the Ce®* 4f
ground state. The excitation spectrum reveals two bands
centred at 250 nm and 323 nm, attributed to transitions from
the 4f states of Ce®" to the two lowest 5d excited states in
YPO,:Ce.”" The annealed sample prepared via hydrothermal
synthesis exhibits similar PL emission and excitation features
as SSR-1 (Fig. 5(b)). However, a variation in the intensity ratio of
the doublet peaks of the PL emission spectrum is observed
between SSR-1 and MW-1. This discrepancy is attributed to a
slightly higher cerium content in the solid-state compound, as
revealed by ICP-OES analysis of the samples (see Table 1). The
increased Ce*" concentration enhances self-absorption effects,
hence attenuating the intensity of the shorter-wavelength peak
(see Fig. S3 for evidence of the self-absorption effect). Addi-
tionally, a weak and broad excitation band is observed between
270 nm and 320 nm in MW-1. This feature is assigned to Ce*"
ions incorporated within the Y(POj3); impurity phase evidenced
by XRD, as shown in Fig. 1. To validate this hypothesis, a
Y(PO3);:0.5%Ce sample (SSR-2) was synthesized. Its measured
PL excitation and emission spectra, shown in grey in Fig. 5(b)
and (c), support this assignment (see also Fig. S1). The same
weak and broad excitation band between 270 and 320 nm is
also observed in Fig. 5(c) for the as-prepared sample. Although
no impurity peaks of Y(POj3); are visible in its XRD pattern, we
attribute this feature to Ce** emission from a poorly crystallized
Y(PO3); phase, whose diffraction peaks are likely too weak and
broadened to be detected. In Fig. 5(c), the as-prepared hydro-
thermal sample displays similar spectral features to the
annealed one, though with broadened bands and a different
intensity ratio between the excitation bands at 250 nm and
323 nm. These differences are attributed to a wider distribution
of local environments for Ce®" ions. Such a distribution may
result from the highly mesoporous nature of the material,
which increases the likelihood of Ce®* ions residing near the

This journal is © the Owner Societies 2025

surface in distorted environments, or alternatively from the
reduced crystallinity of the as-prepared sample.”” For quantita-
tive comparison, the PL emission intensity under 254 nm excita-
tion was integrated over the 300-425 nm range for all three
samples. As expected, SSR-1 exhibits the strongest luminescence.
MW-1 retains approximately 60% of this intensity, while the as-
prepared sample reaches about 30%. The improvement of
luminescence yield after annealing the as-synthesized nano-
particles is also observed in other compositions and is often
assigned to a decrease in quenching defects.>® For comparison,
YPO,:Ce nanoparticles reported in the literature and synthesized
via sol-gel or polyol routes typically showed no observable Ce*"
emission unless subjected to thermal treatment at 900 °C.>***
This comparison highlights the effectiveness of the hydrother-
mal synthesis route. Furthermore, the mesoporous architecture
of the as-prepared sample might contribute positively by pro-
moting multiple light scattering within the nanocrystals, thereby
enhancing the absorption efficiency of the excitation light.>*>*
Luminescence decay curves under pulsed UV-LED excitation
at 325 nm are shown in Fig. 6(a). This excitation wavelength
directly promotes Ce®" to its first excited 5d state, without
involving energy transfer to or from the host matrix (see energy
band diagram in Fig. S2). As a result, the recorded decay profiles
reflect the intrinsic luminescence dynamics of Ce*" ions occupy-
ing the eight-fold coordinated D2d symmetry sites of Y**. Both
SSR-1 and MW-1 exhibit nearly mono-exponential decay beha-
viour. However, to enable consistent comparison with other
samples—particularly the co-doped ones presented in Section
3b—all decay curves were fitted using a multi-exponential
model, with the number of components i left unconstrained.
Details of this Laplace fitting procedure are provided in the
Supplementary Information. From these fits, effective lifetimes
(tefr) weighed by amplitudes A; were extracted using the relation:

Z A,‘ < Ti
1
Toff = ——=——
eff Z A;
i
The fitted decay curves and the corresponding t.¢ values are

shown in Fig. S4. The effective lifetimes obtained for SSR-1 and
MW-1 are 17.3 ns and 21.8 ns, respectively. These values are in
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Fig. 6 Luminescence decay curves of cerium-doped yttrium phosphate
samples prepared by MW-assisted hydrothermal synthesis and by SSR
under (a) pulsed optical excitation at 325 nm and (b) X-ray excitation. The
dashed grey line represents the instrument response function (IRF).

good agreement with the previously reported decay time of
approximately 25 ns for Ce®* in bulk YPO, under UV excita-
tion.10 The observed decrease in teff from the nanoparticles
(MW-1) to the bulk powder (SSR-1), while maintaining an
approximately monoexponential decay profile, cannot be
explained by known quenching mechanisms. In fact, the trend
is opposite to what would typically be expected in the presence
of such phenomena. We attribute this behavior of the emitter
to variations in the effective refractive index of the surrounding
medium. As described by Henderson and Imbusch,’® the
radiative lifetime 7,,4 is proportional to f(n), a function of the
refractive index n, defined as:

1/1

f@ﬁﬂ(ﬁ#+@)z

In the case of nanoparticles, it is necessary to consider an
effective refractive index that incorporates the influence of the
surrounding medium. This concept has been validated in various
doped inorganic nanoparticles such as Y,05:Eu®” and LuAG:Ce.>®
Importantly, it has been demonstrated that the surrounding
medium can influence the optical properties up to distances of
100-150 nm from the emitting centre, significantly exceeding the
typical size of the nanoparticles themselves.”> For a composite
system comprising two intermixed media, a possible approach is
to approximate the effective refractive index n.g by:>’

neff(x) = XNpano t (1 - x)'nmed

where x is the filling factor, representing the volume fraction of
the nanoparticle material. Assuming the surrounding medium
is air (n = 1) and adopting a refractive index of 1.8 for YPO,,*
we find that a filling factor of approximately 85% is needed to
reproduce the experimentally observed ratio of effective decay
times (Tegrmw-1/Tetfssr1 = 1.26). In addition to the intrinsic
nanoscale effects, this reduced effective refractive index may
also reflect the presence of the closed porosity observed by TEM
in the nanoparticle samples (Fig. 3(d)).

The as-prepared hydrothermal sample (MW-AP) shows a
reduced lifetime of 15.0 ns compared to its annealed
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counterpart (MW-1). This decrease in lifetime indicates a
quenching mechanism that aligns with the observed decrease
of the PL light yield in MW-AP relative to MW-1. In addition, the
ratio of effective decay times observed between the as-prepared
and thermally treated samples suggests that the expected
quenching should be approximately 30%. However, under
continuous-wave excitation at 254 nm, we observed an intensity
ratio of 50%. This discrepancy might indicate that, in addition
to quenching, a fraction of cerium ions in the as-prepared
sample are inactive and could be Ce** ions.*"

Normalized RL spectra under continuous X-ray excitation
are presented in Fig. 5(a) and (b) for the SSR-1 and MW-1
samples, respectively, alongside their corresponding PL emis-
sion spectra obtained under 254 nm excitation. Although the
MW-AP sample exhibited a detectable RL signal, its poor scin-
tillation yield led to a weak signal-to-noise ratio and is therefore
not shown here. For the same reason, the X-ray induced decay
time has not been measured. For both SSR-1 and MW-1, the RL
spectra display the same characteristic 5d-4f transitions
observed in the PL spectra. However, self-absorption effects are
notably more pronounced under X-ray excitation, owing to the
greater penetration depth of X-rays and hence the longer optical
pathlength for the generated emission to escape the sample (Fig.
S3). As a result, the short-wavelength component of the emission
doublet is systematically diminished in intensity.

Integration of the RL signals over the 300-425 nm range
reveals a performance disparity between the solid-state and
hydrothermal synthesis routes. Specifically, MW-1 achieves
only 37% of the RL intensity of SSR-1, while MW-AP yields a
mere 0.2%. These findings indicate that unannealed hydro-
thermal YPO,:Ce nanoparticles exhibit extremely limited scin-
tillation efficiency and are therefore unsuitable as nano-
scintillators in their as-prepared form. Considering that the
MW-AP sample exhibits a PL yield approximately half that of
the MW-1 sample, the significantly reduced yield under X-ray
excitation suggests that the electrons and holes generated
through the multiplication processes do not efficiently reach
the Ce®" ions. This effect is likely due to strong carrier trapping
in the untreated nanoparticles, which presumably contain a
high density of defects at the surface.

Luminescence decay times under pulsed X-ray excitation are
shown in Fig. 6(b) for SSR-1 and MW-1. Compared to excitation
at 325 nm, the decay profiles for both samples exhibit notable
differences: a weak rise time flattens the decay curve within the
first 10-20 ns, and an additional minor slow decay component
appears beyond ~ 100 ns. Furthermore, a very flat component
is visible beyond 200 ns in the decay curves shown in Fig. S4.
This flat component contributes to a slightly elevated baseline
preceding ¢ = 0, as its timescale exceeds the 250 kHz repetition
period of the pulsed X-ray source. Effective lifetimes of 25.1 ns
for SSR-1 and 27.3 ns for annealed MW-1 are extracted from the
fits (see Fig. S4). They are longer than their UV-excited counter-
parts, which exhibited lifetimes of 17.3 ns and 21.8 ns, respec-
tively. These extended lifetimes under X-ray excitation are
consistent with values reported in the literature, i.e. a ~30 ns
scintillation decay time for YPO,:Ce single crystals under

This journal is © the Owner Societies 2025
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gamma excitation® and a ~33 ns decay time observed in
YPO,:Ce bulk powders under beta excitation.’ In the scintilla-
tion process, X-rays generate free electrons in the conduction
band and free holes in the valence band. In an ideal scintillator,
these carriers, after thermalization, directly transfer their
energy to luminescent centres, resulting in light emission. In
our YPO,:Ce samples, both the observed rise time and the
presence of longer decay components suggest the involvement
of additional intermediate energy trapping processes.’>®® Previous
studies on YPO,:Ce have identified such trapping mechanisms
evidenced by two TSL peaks: one around 100 K, attributed to hole
trapping at certain Ce®" sites and electron trapping at others, and
another at 195 K, associated with intrinsic defects in the YPO, host
lattice.®®® These traps hinder the immediate transfer of energy to
the emitting Ce®* centres. Thermal detrapping from the 100 K and
195 K traps, via either band-assisted mechanisms or thermally
activated tunnelling, may contribute to the observed slow decay
component. Conversely, the delayed rise time might be explained
by athermal or thermally assisted tunnelling from closely spaced
defect or dopant pairs.

b. YPO,:Ce,Ho compounds

Building on predictions from the energy level scheme of
lanthanides in YPO, (Fig. S2), we previously developed
YPO,:Pr**,Ho®" that exhibited the longest persistent lumines-
cence in the red region among several YPO,:Pr’*,Ln** com-
pounds (Ln = Nd**, Dy*, Ho®", or Er*"). Given that Ce’", like
Pr’*, has its ground state situated well above the valence band
maximum, it is also anticipated to serve as an efficient hole trap
and recombination centre under X-ray excitation. Supporting
this, Moretti et al.®® reported long-lasting phosphorescence in
YPO,:Ce**)Nd>" single crystals. Their systematic study showed
that for a nominal Ce*" concentration of 0.1%, increasing the
Nd*" content from 0.01 to 0.1 and subsequently to 0.5 mol%
resulted in a proportional enhancement of persistent lumines-
cence intensity. Inspired by these findings and with the aim of
optimizing persistent luminescence in Ce-doped YPO, nano-
particles, we synthesized a series of Ce,Ho co-doped samples in
which the Ho®" concentration exceeded that of Ce®". Specifi-
cally, samples with nominal Ho®' contents of 0.5%, 1%, and
2%, designated as MW-2, MW-3, and MW-4, respectively, were
prepared (Table 1). Notably, according to the ICP results, Ho co-
doping appears to promote the incorporation of Ce, resulting in
a Ce content closer to the nominal value than that observed in
the monodoped samples. These co-doped materials displayed
similar PL spectral profiles to the mono-doped compounds
(Fig. S5). Their relative PL intensities are presented in Fig. 7(a)
as a function of their experimental Ho content determined by
ICP-OES (Table 1). Increasing the Ho>" concentration from
nominal 0 to 2% led to a systematic decrease in both PL and
RL yields. It is worth noting that the RL spectra were measured
immediately after the X-ray source was turned on, ensuring that
no charging effects were involved.

Luminescence decay measurements under 325 nm excitation
for the series of co-doped samples are presented in Fig. 7(b).
Unlike MW-1, which exhibits an almost mono-exponential decay,
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Fig. 7 Relative luminescence yields (a) and effective lifetimes (c) under
optical (254 nm for continuous PL and 325 nm for pulsed decay measure-
ments) and luminescence decay curves under pulsed optical (b) and X-ray
(d) excitation of YPO,4:0.5 mol% Ce, x mol% Ho samples with nominal
contentx = 0 (MW-1), 0.5 (MW-2), 1 (MW-3), and 2 (MW-4). In (a), the value
of 1 corresponds to the PL and RL yields of SSR-1 (x = 0).

the co-doped samples MW-2, MW-3, and MW-4 show increas-
ingly quenched decay profiles as the Ho*" concentration
increases. Corresponding fits, obtained using the same metho-
dology applied to the mono-doped compounds, are shown in
Fig. S6. The effective lifetimes, plotted in Fig. 7(c), decrease with
rising Ho®" content, consistent with the decrease in PL yield.
This quenching is likely due to non-radiative energy transfer
from excited Ce*" ions to neighbouring Ho>" ions. As reported by
others,® these Ho®>* ions are non-emissive at room temperature
in YPO,. This can be explained by an energy resonance between
the emitting levels of Ho>" and the phonon energies of the YPO,
host matrix.°® Thus, once excited via energy transfer from Ce*",
the Ho®>" ions completely transfer their energy to phonons, which
dissipate it non-radiatively. As the Ho concentration increases,
more Ce*" ions are quenched.

Decay measurements under X-ray excitation for the (Ce,Ho)
co-doped samples are presented in Fig. 7(d). Consistent with
the observations under 325 nm excitation, these co-doped
compounds exhibit increasingly non-exponential decay beha-
viour and progressively shorter effective lifetimes as the Ho*"
concentration increases (Fig. 7(c)). Furthermore, under X-ray
excitation, a flat decay component emerges at times longer than
60 ns in the co-doped samples (Fig. S4), leading to a noticeable
increase in the background signal before ¢ = 0, compared to
excitation at 325 nm. Thermal detrapping from the 100 K and
195 K traps, whether through band-assisted mechanisms or
thermally activated tunnelling, and from the 325 K trap (elec-
tron trapping at Ho**)** through thermally assisted tunnelling
probably contributes to this flat decay component.
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Finally, persistent luminescence measurements were carried
out for the four samples with varying Ho®>" concentrations. The
compounds were subjected to 10 minutes of continuous X-ray
irradiation, during which RL spectra were recorded every five
seconds. Following the cessation of irradiation, measurements
continued at the same interval for an additional 20 minutes.
The RL and persistent luminescence signals, integrated over
the 300-425 nm range, are plotted as a function of time in
Fig. 8. The mono-doped sample MW-1 exhibits almost no
detectable persistent luminescence. In contrast, co-doping with
0.5% Ho®>" (MW-2) enabled intense persistent luminescence
after the irradiation period, confirming predictions regarding
the role of Ho®*" in shallow electron trapping and delayed
recombination in YPO,:Ce,Ho. This result is in agreement with
the expected electron trapping at Ho®" sites in bulk YPOg:-
Ce,Ho.°" This trapping, continuously followed by thermally
activated detrapping, also accounts for the progressive increase
in RL intensity observed during the charging period in MW-2,
the latter being the resultant intensity of RL plus a growing
persistent luminescence.®® Note that the mono-doped sample
exhibits a slightly decreasing RL signal, which may indicate a
minor degradation process, although this is beyond the scope
of the present study.

Increasing the Ho concentration to 1% and 2% had a
significant detrimental effect on persistent luminescence. The
persistent luminescence not only became less intense, due to
quenching effects already observed in PL and RL, but also
exhibited a faster persistent luminescence decay, as evidenced
in the inset of Fig. 8.

To gain further insight into this behavior, thermally stimu-
lated luminescence (TSL) measurements were performed on
the same four samples after X-ray irradiation at 83K (Fig. 9).
The cerium mono-doped sample MW-1 exhibits a single domi-
nant peak at 185 K. The co-doped sample with 0.5% Ce and
0.5% Ho (MW-2) shows, in addition to the 185 K peak, also a
second peak at 335 K together with a continuously increasing,
broad TSL intensity starting at 85 K that returns to zero after the
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Fig. 8 Time evolution of RL (0—600 seconds) and persistent lumines-
cence (>600 seconds) intensities in YPO4:0.5 mol% Ce, x mol% Ho
samples with nominal Ho content x = 0 (MW-1), 0.5 (MW-2), 1 (MW-3),
and 2 (MW-4). Inset: Circles and crosses show persistent luminescence
intensity at t = 610 s and t = 700 s, respectively, expressed as a % of the RL
intensity at t = 600 s.
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Fig. 9 TSL of YPO4:0.5 mol% Ce, x mol% Ho samples with nominal Ho
content x = 0 (MW-1), 0.5 (MW-2), 1 (MW-3), and 2 (MW-4) recorded at a
heating rate of 30 K min™! after irradiation for 5 min at 83 K.

high-temperature peak. The TSL spectra of MW-1 and MW-2
closely resemble those of their bulk counterparts previously
reported.®® These features have been attributed to two distinct
electron-trapping mechanisms at different defect sites, while
holes are deeply trapped at the luminescence center Ce**
(Ce** + h* — Ce*"). The low-temperature peak at 185 K arises
from electron trapping at an intrinsic defect of the host-lattice.
In contrast, the continuous intensity increase observed over 85—
370 K as well as the high-temperature peak at 335 K are both
associated with electron trapping at Ho>* (Ho>* + e~ — Ho*").
Their detrapping mechanisms, however, differ: the peak at
335 K is associated with recombination after crossing the
energy barrier for detrapping, while the continuous intensity
located at lower temperatures is linked to a thermally assisted
tunneling process through the barrier. When the Ho content is
increased to 1% (MW-3) and 2% (MW-4), the TSL intensity
below 300 K increases and shifts to lower temperatures, while
the high-temperature peak at 335 K, giving rise to PERL at room
temperature, disappears. This indicates that thermally assisted
tunneling becomes increasingly dominant, whereas the path-
way over the energy barrier is progressively suppressed. In this
scenario, Ho>" electron traps are emptied at progressively lower
temperatures via tunneling, leaving no electrons available for
the higher-temperature TSL peak at 335 K. As the Ho content
increases, the total TSL intensity increases as well, indicating
an increase in the trap concentration up to a concentration of
1% Ho. Finally, at a concentration of 2% Ho, the total TSL
Intensity decreases, most likely due to some quenching effect.
However, the higher defect concentration reduces the distance
between trapping sites, thereby enhancing the probability of
tunnelling at the cost of a strongly reduced intensity in the high
temperature TSL peak at 335 K which is detrimental for the
PERL." We demonstrate that low Ho concentrations are hence
better for applications requiring PERL at room temperature.

Conclusions

We successfully synthesized nanoporous, photoluminescent
Ce-doped YPO, nanoparticles, with an initial median diameter
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of approximately 55 nm, using a hydrothermal method. Sub-
sequent thermal annealing at 1100 °C significantly enhanced
their luminescence by densifying the structure—reducing
nanoporosity and increasing the particle size slightly to
~68 nm. After annealing, the nanoparticles demonstrated
notable scintillation properties, with a radioluminescence yield
reaching 37% of that observed in a bulk reference sample
synthesized via a solid-state reaction. They also exhibited a fast
radioluminescence decay time of 27 ns, along with a slight rise
time and a minor slow-decay component. Additionally, co-
doping with holmium ions (Ho®*) at a nominal concentration
equal to that of cerium (0.5%) imparted persistent lumines-
cence in the UV-A spectral range. Owing to the favourable
biocompatibility and aqueous dispersibility of the YPO, host
matrix, these multifunctional nanoscintillators hold strong
potential for biomedical applications. Whether utilized in fast
scintillation or persistent luminescence modes, they offer a
promising platform for the localized delivery of energetic UV-A
emission deep within living tissues, for instance to trigger a
photoclick reaction.®”
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