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optical properties
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In the present work, a series of Eu?-doped Srs(PO,4)sCl powders with varying Eu content was synthesized
by the molten salt method in an air atmosphere. The self-reduction of Eu®* to Eu?* occurred during the
phase transformation of starting Sr3(PO4),:Eu to Srs(PO4)sCl:Eu in molten SrCl,. The synthesis conditions
were optimized in terms of reaction temperature, time, and precursor-to-flux ratio. The optical properties
of the obtained materials were investigated through photoluminescence, thermally stimulated lumine-
scence, and persistent luminescence decay measurements. Regardless of the Eu concentration, the
resulting powders possessed a dominating Eu?*-related broadband emission with a maximum at 445 nm;
however, significantly weaker emission in the red region was also detected, suggesting incomplete
reduction of Eu®* to Eu?*. Minor emission tunability was achieved by varying the excitation wavelength,
which allows for the elimination of Eu®* emission. The analysis of trap properties indicated the presence
of two types of traps. Although all obtained E, values were deep, a weak persistent luminescence signal of
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1. Introduction

The Eu®* ion is one of the most frequently used activators in
luminescent materials due to its exceptional optical properties,
which include broad excitation and absorption bands, as well
as intense broadband emission, originating from the dipole
and spin allowed 4f°5d' — 4f” transitions."”> Moreover, the
local coordination environment has a significant effect on the
emission of Eu®' ions, resulting in the matrix-dependent
luminescence covering a broad spectral range from blue to
infrared.” Due to these properties, Eu**-doped materials have
been widely investigated for applications in white light-emit-
ting diodes, scintillators, long afterglow phosphors, etc.*®
Most frequently, Eu**-activated phosphors are synthesized
in a reducing atmosphere, which is caused by the need to
convert Eu ions from trivalent to divalent oxidation state.
However, some specific matrices allow the reduction of Eu®*" to
Eu®" in the air atmosphere, which is defined as Eu self-
The self-reduction phenomenon has several
requirements for the matrix, which usually include: (I) the
absence of oxidizing ions in the host compound; (II) the Eu**

reduction.”
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Eu?* can be detected for several hours after X-ray irradiation.

dopant replaces a divalent cation in the host; (III) the substi-
tuted cation has a similar radius to that of Eu*>"; and (IV) the
host material has a crystal structure, based on tetrahedral
anion groups ([SiO,]*”, [PO4*~ or [AlO,]>7, etc.).® Obviously,
the self-reduction strategy offers multiple advantages over the
use of reducing environment in terms of lower price, safer and
easier handling; however, the choice of suitable hosts is
limited. Although the self-reduction of Eu®" is most frequently
incomplete, resulting in mixed-valence materials, in some
cases, this fact can be considered as an advantage, e.g., realiz-
ing a dual-emitting material with tunable luminescence.’
Tuning the emission by varying excitation wavelength, temp-
erature, or pressure can result in selective or simultaneous
emission of Eu”*/Eu®" species. Such materials can be used for
anti-counterfeiting or luminescent thermometry and
manometry.'*™?

Sr5(PO,);Cl is a perfect candidate for realizing Eu®*" to Eu**
self-reduction since this host meets all the above-mentioned
matrix requirements. Moreover, the ionic radii of Sr*" and Eu*"
(1.26 A and 1.25 A for VIII-fold coordination, as expected in
Sr5(P0O,);Cl, respectively) are almost identical.’® Srs5(PO,);Cl
belongs to the family of apatite-structure materials, known for
their structural flexibility and ability to adopt both isovalent
and aliovalent ions."*"> For this reason, many alkaline earth
apatite-type phosphors were previously developed by doping
the matrix with various rare-earth ions.”'®™*° The synthesis of

This journal is © The Royal Society of Chemistry 2026
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Eu”*-doped Sr5(PO,);Cl is also described in the literature;
however, the reported synthesis conditions and resulting lumi-
nescent properties vary significantly. Although most studies
combine the conventional solid-state reaction method with a
reducing H, or CO atmosphere,*° there are few reports on
the synthesis of mixed-valence Eu-doped Srs5(PO4);Cl in
air.>®® For instance, Deng et al. reported Eu®" emission in
Sr5(PO,)sF,Cl;_, solid solutions synthesized in air; however,
the spectral range corresponding to Eu®*" emission was not
shown.”” Mixed-valence Sr5(PO,);Cl:Eu was previously syn-
thesized by Chen et al. by the solid-state reaction method in
air.”® The observed Eu**/Eu’" emission was concentration-
dependent, allowing for the achievement of tunable lumine-
scence by varying Eu content. A wet-chemical approach to the
synthesis of Eu®>"-doped Sr5(PO,);Cl was demonstrated in a very
few works. Song et al. used hydrazine as a reducing agent under
hydrothermal conditions.>® The ratio of Eu** and Eu®* emission
was dependent on the hydrazine concentration, chemical reac-
tion duration, and excitation wavelength. Zou et al. employed a
solvothermal approach using various organic additives, which
malkes the reason for Eu®" reduction unclear.*

In the present work, we report the synthesis of Eu**-doped
Sr5(PO,4);Cl by the molten salt method in an air atmosphere.
The self-reduction of Eu*" to Eu®>* occurred during the phase
transformation of Sr;(PO,),:Eu precursor to Sr5(PO,);Cl:Eu in
molten SrCl,. The luminescent properties of the resulting
materials were studied in terms of steady-state and kinetic
luminescence, thermally stimulated luminescence, and per-
sistent luminescence decay measurements.

2. Experimental

2.1. Synthesis

The synthesis of Sr5(PO,);Cl:Eu powders was performed by a
two-step procedure. In the first step, a series of Sr3(PO,),
powders with different amounts of Eu*" was synthesized by the
co-precipitation method, followed by high-temperature anneal-
ing. The Eu doping level (0.1, 0.25, 0.5, 1.0, and 2.0 mol%) was
calculated with respect to Sr** ions. Sr(NO;), (>99%, Roth),
(NH,4),HPO, (>98%, Roth), and Eu(NO;);-6H,0 (99.9%, Acros
Organics) were used as starting materials. For the synthesis,
the appropriate amounts of Sr(NO3), and Eu(NO;);-6H,0 were
dissolved in 50 mL of deionized water to obtain a solution
with a total concentration of metal ions of 0.6 M. In parallel,
(NH,4),HPO, was dissolved in 50 mL of deionized water in a
separate beaker to obtain a 0.4 M solution. The pH value of
the phosphate solution was adjusted to 10 with ammonia solu-
tion (NH,OH, 25%, Roth). The solution of metal nitrates was
rapidly added to the (NH,),HPO, solution, resulting in the for-
mation of white precipitates. The obtained precipitates were
aged for 10 min, filtered, washed with deionized water to
remove residual counterions, and dried in an oven at 80 °C
overnight. The resulting powders were ground in an agate
mortar and annealed in a furnace in air at 1100 °C for 5 h at a

heating rate of 5 °C min™".
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In the second step, Sr3(PO4),:Eu was converted to
Sr5(PO,);Cl:Eu by the molten salt method. For the synthesis,
1 g of Sr(PO,4),:Eu was thoroughly mixed with SrCl, (>95%,
Thermo Scientific) at a mass ratio of 1:2, respectively. The
obtained mixture was transferred into the corundum crucible,
covered with a lid, heated in air to 1000 °C at a rate of 5 °C
min~", and annealed at this temperature for 1 h. After the
annealing procedure, the furnace was cooled down naturally.
The melts were washed with hot deionized water to dissolve
residual SrCl,. Finally, the products were dried in an oven at
80 °C and ground in a mortar. The Sr5(PO,);Cl:Eu samples in
the text are denoted according to the nominal Eu content in
Sr3(PO4),:Eu precursors.

2.2. Characterization

Powder X-ray diffraction (XRD) data of the synthesized
powders were obtained using a Rigaku MiniFlex II diffract-
ometer (Cu-K,, 4 = 1.5419 A) working in the Bragg-Brentano
(6/20) geometry. The data were collected within the 10-60° 26
angle range with a 5° min™" scan speed.

Fourier transform infrared (FTIR) spectra were taken in the
4000-400 cm™' range wusing a Bruker ALPHA-FTIR
spectrometer.

Raman spectra were recorded by a combined Raman and
scanning near-field optical microscope WiTec Alpha 300 R
equipped with a 532 nm excitation laser source.

The morphology of the synthesized powders and elemental
distribution were studied by scanning electron microscopy
(SEM) with coupled energy-dispersive X-ray spectroscopy (EDX)
using a FlexSEM 1000 II microscope.

The Eu content in the synthesized products was quantified
by inductively coupled plasma optical emission spectrometry
(ICP-OES) using a PerkinElmer Optima 7000DV spectrometer.
The samples prior to analysis were dissolved in 5% nitric acid
(HNO;, Rotipuran® Supra 69%, Roth).

The photoluminescence excitation (PLE) and photo-
luminescence emission (PL) spectra were measured using the
Edinburgh Instruments FLS980 spectrometer equipped with
double excitation and emission monochromators, a 450 W Xe
arc lamp, a cooled (—20 °C) single-photon counting photomul-
tiplier (Hamamatsu R928P), and mirror optics for the powder
samples. The PL spectra were corrected using a correction file
obtained from a tungsten incandescent lamp certified by NPL
(National Physics Laboratory, UK). The excitation spectra were
corrected by a reference detector. PL decay curves were
measured using the same Edinburgh Instruments FLS980
spectrometer.

For PL decay measurements, a picosecond pulsed diode
laser from Edinburgh Instruments (EPL-405) was used as an
excitation source (4ex = 405 nm).

Quantum yields (QY) were determined using a Teflon-
coated integrating sphere and a barium sulfate (BaSO, for
white standard DIN 5033, Merck) as a white standard.*

Thermally stimulated luminescence (TSL) glow curves and
spectra, along with persistent luminescence decay measure-
ments, were conducted using the Lexsyg research TSL/OSL
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reader (Freiberg Instruments GmbH), equipped with a photo-
multiplier tube R13456 from Hamamatsu and an Andor
SR-303i-B spectrometer paired with a DV420A-BU2 CCD
camera. For irradiation sources, a VF-50 J/S X-ray tube (40 kV,
0.5 mA, tungsten anode) or a Q-switched short-pulsed UV laser
DTL-389QT (263 nm) from the Laser-Compact Group was
employed. The system operated with a linear heating rate of
1 °C s~ Isothermal afterglow decay was measured at 25 °C. To
eliminate any effects from previously stored energy, the
samples were preheated to 300 °C prior to each measurement.
Room-temperature EPR spectra were measured using a
Bruker ELEXSYS-II E500 CW-EPR spectrometer operating at X-
(9.834 GHz) and Q- (34.01 GHz) microwave frequency bands
and 1 mW microwave power. The magnetic field modulation
amplitude was 0.1 mT with a 100 kHz modulation frequency.
An X-ray tube operated at 45 kV and 10 mA for 30 min was
used to investigate the radiation-induced radicals in the
samples. Afterwards, the irradiated samples were isochronally
annealed in an air atmosphere, maintaining each temperature
step for 10 min, using a custom-built furnace. EPR spectra
simulations were performed using EasySpin software.*”

3. Results and discussion

The XRD pattern of Srz(PO,), precursor doped with 1 mol% of
Eu is shown in Fig. S1 as a representative. As seen, the diffrac-
tion peaks match very well with the standard XRD data of
rhombohedral Sr3(PO,),. The PL spectra of Eu-doped Sr3(PO,),
powders are shown in Fig. S2. Evidently, under a 270 nm exci-
tation, the spectra are dominated by sharp emission lines
ranging from orange to the NIR region and associated 4f-4f
transitions in Eu®" ions, specifically D, — "F,_¢.>* Only insig-
nificant emission related to Eu** was observed, indicating that
Eu ions in the precursor are primarily found in a trivalent
state, and a low degree of Eu reduction was achieved during
the synthesis of Sr3(PO,),. This observation agrees well with a
previous study by Szyszka et al., who reported a weak Eu self-
reduction in sol-gel derived Srs3(PO,),, resulting in a co-exist-
ence of mixed-valence Eu ions.>*

The synthesis of Sr5(PO4);Cl:Eu*" was optimized, aiming to
maximize the level of Eu self-reduction and obtain materials
with the lowest Eu®" contribution to the PL spectra. The syn-
thesis conditions were optimized in terms of reaction tempera-
ture, time, and precursor-to-flux ratio using a Sr3(PO,), precur-
sor doped with 0.1 mol% of Eu. The XRD patterns, normalized
PL and PLE spectra of Sr5(PO,);Cl:Eu powders synthesized at
temperatures from 900 to 1100 °C are shown in Fig. S3. Single-
phase materials were obtained in all cases; however, the
sample synthesized at 900 °C demonstrated the most intense
Eu®" emission, while the difference between the other 2
samples was insignificant. The reaction time in the range from
1 to 10 h did not affect the phase purity (Fig. S4a) and the
Eu®*/Eu®" emission ratio; all the PL spectra were virtually the
same (Fig. S4b). Finally, the influence of the precursor-to-flux
ratio in the range from 1:1 to 1:10 was investigated. It turned
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out that the precursor-to-flux ratio did not affect the phase
purity of the final products, and the single-phase materials
were obtained in all cases (Fig. S5a). On the other hand, the
intensity of Eu** emission increased with an increase in flux
content (Fig. S5b). Based on the obtained results, a final series
of Srs(PO,);CL:Eu samples with varying Eu content was
synthesized.

Fig. 1a shows the XRD patterns of Sr5(PO4);Cl:Eu*" powders
obtained by the molten salt synthesis. While the main diffrac-
tion peaks match very well with the standard XRD data of hex-
agonal Sr5(PO4);Cl, with a P63;/m space group (#176), an
additional peak was observed at ca. 30° for the samples with
higher Eu concentrations starting from 0.5 mol%. The inten-
sity of this peak correlated with the amount of Eu in the start-
ing material; an increase in Eu content corresponded to an
increase in intensity. This peak cannot be ascribed to potential
secondary phases such as Sr3(PO4),, EuPO,, EuOCl, or
Eu,OClg. The impurity phase was identified as monoclinic
Eu,0; (PDF-5 #00-034-0072), and the peaks at 14.85° and
29.95° correspond to the (—201) and (—402) planes, respect-
ively. The molten salt method is known for its ability to stabil-
ize metastable materials;®>> moreover, it was shown that mono-
clinic Eu,O; crystals can be grown from NaF flux.*® We also
repeated the synthesis several times; however, the results were
reproducible in terms of the presence of the extra peak.

Vibrational spectroscopy was further employed to confirm
the crystal structure and verify the purity of the synthesized
powders. The FTIR spectra are shown in Fig. 1b in the spectral
range from 1400 to 400 cm ™, since there were no absorption
bands in the rest of the spectra. The spectra match well with
the results presented in the literature;**?” four groups of
bands are clearly seen. The absorption bands in the range
from ca. 1110 to 958 cm™' belong to the asymmetric P-O
stretching mode (v3) of the phosphate tetrahedra, while the
band centered at 946 cm™" is ascribed to the symmetric P-O
stretching mode (v). The two bands in the range from ca. 615
to 500 cm ™" are attributed to the O-P-O bending mode (v,) of
PO, units, and the band centered at 459 cm™ is ascribed to
the v, O-P-O bending mode. FTIR spectroscopy did not
demonstrate any significant differences between the samples
based on the Eu content; moreover, the presence of any impur-
ity phase was not detected. This suggests that the impurity
phase detected by XRD does not belong to phosphate
materials. The Raman spectra of the samples are given in
Fig. 1c. Four groups of bands can be seen in all spectra, which
agrees with the results of FTIR spectroscopy. The signals
observed in the ranges of 400-460, 560-620, and
1010-1080 cm™" are ascribed to the v,, v,, and v; vibrational
modes of the phosphate group, respectively.”> The most
intense band centered at 955 cm™' corresponds to the v,
vibrational mode.

The representative SEM images of the synthesized samples
are shown in Fig. 2a-c. It is seen that the powders consist of
polygonal particles with clearly visible facets. The observed
morphology is characteristic of apatite-structure materials pre-
pared by the flux method.*®?° The size of the particles varied

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 XRD patterns (a), FTIR spectra (b), and Raman spectra (c) of Sr5(PO,4)3Cl:Eu powders containing different amounts of Eu.

Fig. 2 SEM images of Sr5(PO,4)sCl:Eu powders containing 0.1 mol% (a), 0.25 mol% (b), and 2 mol% (c) of Eu; EDX mapping of Srs(PO4)sCl:0.25%Eu

(d=i).

in the range from approximately 1 to 6 pm. The amount of Eu
did not influence the shape and the size of the obtained par-
ticles. Fig. 2d-i demonstrate the EDX mapping of the
Sr5(PO,)5Cl:0.25%Eu sample. The results confirmed uniform
distribution of all elements; there were no visible regions with

This journal is © The Royal Society of Chemistry 2026

high content of particular elements and the absence of others.
However, a closer examination of the SEM images of the
samples with a higher Eu content revealed the presence of
some plate-like particles. EDX mapping confirmed that these
particles do not contain Sr, P, and Cl and can be attributed to
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Eu,0; (Fig. S6). This type of particle was observed exclusively
in samples containing the impurity phase and goes hand in
hand with the results of XRD analysis. The oriented shape of
Eu,0; particles can explain the relatively high intensity of the
impurity peaks in the XRD patterns due to preferred orien-
tation (Fig. 1a).

The phase conversion from starting Sr3(PO,),:Eu to final
Sr5(PO,);CL:Eu occurred in molten SrCl,, which provides a sig-
nificant excess of the Sr** ions in the reaction medium. It is
reasonable to suggest that Sr** ions compete with the Eu ions
for the site occupancy in the crystal lattice of Sr5(PO,4);Cl
during the crystallization process, which could lead to “wash
out” and incomplete transfer of Eu from precursor to the
product. Elemental analysis of Sr5(PO,);Cl:Eu powders was per-
formed by ICP-OES in order to determine the doping level
experimentally. It should be noted that the Sr/P ratio in
Sr3(PO,), and Srs5(PO,);Cl is 1.5:1 and 1.67:1, respectively.

Table 1 Results of ICP-OES analysis of Sr5(PO4)sCl:Eu powders

Determined Eu
content in Sr5(PO,);Cl:Eu

Nominal Eu content
in Sr5(PO,);Cl:Eu

Nominal Eu content
in Sr3(PO,),:Eu

View Article Online
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Such a difference suggests that a fraction of Sr** ions required
to form Sr5(PO,);Cl is absorbed from the flux, since the
amount of phosphate ions is fixed. The same behavior was pre-
viously demonstrated for converting amorphous calcium phos-
phate with a Ca/P ratio of 1.5: 1 to Cas(PO,);Cl in molten KCI-
CaCl,.*® The difference between the Sr/P ratio in the starting
and final materials also reduces the percentage of Eu ions in
the final material compared to the precursor, e.g., 1 mol% of
Eu in Sr3(PO,), corresponds to 0.898 mol% in Sr5(PO,);Cl. The
ICP-OES analysis results (Table 1) indicate that the actual Eu
content in the product is very close to the theoretical values,
and the Eu loss in the form of Eu chloride or other water-
soluble side-products during the phase conversion is insignifi-
cant. It is worth noting that ICP-OES provides the concen-
tration of elements in the bulk material and does not prove
the presence of all Eu ions in the Sr5(PO,);Cl matrix. Moreover,
the actual (Sr + Eu)/P ratio in Sr5(PO,);Cl:Eu should be slightly
lower than 1.67 : 1 due to the substitution of Sr** ions by alio-
valent Eu’", forming Sr*>* vacancies.

The PLE spectra of Srs(PO4);CL:Eu samples for A, =
455 nm are shown in Fig. 3a. The observed spectra are typical
of Eu”* and consist of the broad bands with a maximum at
approximately 270 nm. The highest intensity was observed for

(mol%) (mol%) (mol%) the sample doped with 0.25% Eu, while the lowest intensity

0.10 0.090 0.042 was observed for the sample with the highest Eu content. The

8:;5) 8:?}2 g:i; spectra of the samples with higher Eu content (1% and 2%)

1.0 0.90 0.88 also demonstrate a slight decrease in intensity at 362 and

2.0 1.8 1.77 394 nm, which is associated with the typical excitation bands
(a) —— Experimental data (C)
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Fig. 3 PLE spectra (a); PL spectra. Inset: images of Sr5(PO,4)sCl:Eu under 254 nm irradiation (b); spectral deconvolution of the PL spectrum (c); nor-
malized PL spectra under varying Ae, (d); normalized PL spectra under excitation wavelengths characteristic of Eu®* (e); and decay curves (f) of

Sr5(PO4)sCl:Eu powders.
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of Eu’". This indicates the presence of Eu’* ions and the co-
existence of both oxidation states. The PL spectra of the
samples excited at 270 nm (Fig. 3b) are dominated by a broad
band centered at 445 nm, which is attributed to the [Xe]4f°5d"
— [Xe]af” transition of Eu**.”> The most intense emission was
observed for the Srs(PO,);Cl:0.25%Eu sample, followed by a
decrease in intensity with an increase in Eu content, possibly
due to concentration quenching. The same effect at relatively
low Eu** concentrations has been reported for Sr5(PO,4);CL:Eu**
in a previous work.® The calculated FWHM values were 37 nm
regardless of Eu content. While the PL spectra are dominated
by Eu®" emission, the emission of Eu’* is also seen in the
range from ca. 575 to 710 nm due to the overlap of the
excitation spectra of Eu®>" and Eu®*' ions. The emission lines
centered at around 591, 616, and 698 nm correspond to the
°Dy — F1, °Dy — 'F,, and °D, — 'F, intraconfigurational
[Xelaf® — [Xe]af® transitions of Eu®" ions, respectively.*' As
seen, the Eu*"/Eu’* emission intensity ratio decreased with an
increase in Eu concentration. A possible reason is concen-
tration quenching of the Eu** emission, whereas concentration
quenching of Eu®" was not achieved. Analogical observation
for Sr5(PO4);CL:Eu***" system was previously reported by Chen
et al.”® Moreover, a similar effect was observed for other Eu*'/
Eu**-containing inorganic matrices, including ecrystalline
materials and glasses.*>** The calculated QY values varied in
the range from 6% to 42% being the highest for the sample
with 0.1% of Eu and the lowest for 2% of Eu (Table S1).

The shape of the emission band of Eu*" is asymmetrical,
suggesting the presence of Eu®** ions in multiple crystallo-
graphic sites. The deconvolution of the PL spectrum with 2
Gaussian components resulted in good agreement between
the cumulative fit and the experimental data (Fig. 3c). The
presence of 2 sub-spectra centered at 21357 cm™"' (468 nm)
and 22 456 cm ™" (445 nm) correlates well with the crystal struc-
ture of Sr5(PO,);Cl, having 2 inequivalent Sr sites.?>

The emission of materials doped with mixed-valence Eu
ions can be tuned by selecting a specific excitation wavelength.
In some cases, this approach allows for the excitation of only
one or both Eu species, resulting in the tunable emission.****
Moreover, this approach enables tuning of emission in
materials where Eu®>* ions occupy multiple crystallographic
sites.”® Fig. 3d shows normalized PL spectra obtained under
systematically varying excitation wavelength with a step of
10 nm. In our case, under a particular excitation wavelength, it
was possible to eliminate the emission from Eu®" species (e.g.,
330-350 nm), whereas in general, the spectral changes were
insignificant, as reflected in negligible Eu** emission band
broadening and minor fluctuations in the Eu**/Eu®" emission
ratio. As expected, such variations did not result in a percepti-
ble shift of the CIE coordinates (Fig. S7).

The quantification of Eu”* and Eu’" in mixed-valence
materials is challenging, especially in the case of low doping
levels. A direct comparison of the emission intensities of Eu**
and Eu’* ions is unsuitable due to the different types of tran-
sitions that occur in these ions. Previously, for this purpose,
Deren et al. employed magnetic susceptibility measurements;*®

This journal is © The Royal Society of Chemistry 2026
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however, we do not have the technical possibilities for such
measurements. We also measured the PL spectra under the exci-
tation wavelengths characteristic of Eu®" to see if the Eu** emis-
sion could prevail. Fig. 3e demonstrates the PL spectra of the
Sr5(PO,)5Cl:0.25%Eu sample under excitation at 361, 374, 380,
and 393 nm. Evidently, a broadband emission of Eu®*" domi-
nated the spectra in all cases, and the emission of Eu®" in the
580-710 nm range constituted only 0.74%-2.9% of the entire
emission, depending on the ... This observation suggests that
the majority of Eu ions exist in the reduced divalent state.

Fig. 3f shows the PL decay curves of Sr5(PO,);Cl:Eu powders
when the samples were excited at 405 nm, and the emission was
monitored at 445 nm. The single-exponential decay model can
be applied to the PL decay curves of all samples. The calculated
PL lifetime values (r) were independent of Eu content and
varied only insignificantly from 527 to 534 ns, which is compar-
able with previously published data.”® Overall, it can be con-
cluded that the room temperature photoluminescent properties
of our synthesized materials agree well with those of
Sr5(PO,);CL:Eu*" prepared in a reducing atmosphere in terms of
emission spectral shape, position, and PL lifetime values.*>*°

The self-reduction of Eu in alkaline-earth metal phosphates
is usually explained by the charge compensation model.”?%*
According to this model, during the non-equivalent substi-
tution in the crystal lattice, two Eu®" ions replace three M**
ions, which results in the simultaneous formation of two types
of defects: (I) two Euy, defects with a single positive charge
and (II) one M** vacancy with a double negative charge to keep
the neutrality of the material. These negatively charged
vacancies act as electron donors, while positively charged Eu**
defects act as electron acceptors. The interaction of the defects
leads to the reduction of Eu** ions to the divalent state, which
is further protected from the oxidizing air atmosphere by the
phosphate framework. Such a mechanism can be reasonably
suggested for the Sr5(PO,);CL:Eu system investigated in the
present work and can be described by the following equations:

3Sr*" + 2Eu*t — V" 5 + 2Eug, (1)
V" g — Vg, +2e” (2)
2Eug, + 2e” — 2Eug, (3)

It is worth noting that some parallel processes related to
the formation of oxygen defects can influence the degree of
self-reduction.?®*®*° In the case of Sr5(PO,);Cl, the formation
of chlorine-related defects also cannot be excluded; however it
needs further investigation.

The temperature-dependent luminescent properties of
Sr5(PO,4);Cl:0.25%Eu in the 77-500 K range were further inves-
tigated (Fig. 4). The PLE spectra recorded at 77 K and 500 K at
emission wavelength of 455 nm have the same shape with the
maxima more expressed at low temperature (Fig. 4a). With an
increase in the temperature the PL spectra demonstrated three
trends associated with the intensity, emission maximum and
FWHM values of the Eu**-related emission (Fig. 4b). The inten-
sity decreased with increasing temperature due to the thermal
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Fig. 4 Temperature-dependent PLE spectra (a); PL spectra (inset — normalized PL spectra) (b); FWHM and normalized integrated intensity values
(c); and CIE 1931 chromaticity coordinates (d) of Sr5(PO4)3Cl:0.25%Eu sample (1ex = 270 nm).

quenching. At 400 K, the integrated emission intensity consti-
tuted 73% and 87% of those at 77 and 300 K, respectively. In
parallel, the linear increase in the FWHM values from 24 nm
at 77 K to 47 nm at 450 K was observed (Fig. 4c). The emission
maximum was stable at 449 nm in the temperature range from
77 to 150 K, followed by the gradual blue shift at higher temp-
eratures down to 440 nm at 500 K. These results go hand in
hand with the CIE 1931 chromaticity diagram (Fig. 4d), where
color coordinates shift towards the center of the diagram with
the temperature increase as a result of emission spectra
broadening.

It is evident that exposing Srs5(PO,);Cl:Eu samples to ioniz-
ing radiation, such as X-rays or UV light, generates delocalized
charge carriers that can become trapped in localized defect-
induced energy levels within the band gap, known as charge
traps. Charge traps temporarily capture and hold charge car-
riers, preventing them from recombining or conducting freely.
The trap properties of materials are typically characterized by
TSL measurements and analysis. Fig. 5a presents the TSL glow
curves of the Sr5(PO,);Cl:0.1%Eu sample after irradiation with
X-rays and UV light. Regardless of the irradiation source, two
distinct glow peaks are observed with T, values near 110 °C
and 190 °C, indicating the presence of at least two types of
charge traps. These two peaks were consistently detected

2630 | Dalton Trans., 2026, 55, 2624-2634

across all studied samples (Fig. S8). In most cases, the number
of discrete TSL peaks corresponds to the number of trap types
in the material.® The TSL emission spectra corresponding to
both glow peaks exhibit the characteristic broadband blue
luminescence of Eu**, with no detectable emission from Eu®".
However, when the X-ray exposed sample is heated to 255 °C,
Eu*" luminescence bands around 600 and 700 nm appear
(Fig. 5b). In contrast, the UV-irradiated sample shows no signs
of Eu®* emission, although it is worth noting that the overall
luminescence intensity in this high-temperature range is sig-
nificantly weaker than at the TSL peak temperatures. The
differences could be explained by both the formation of X-ray-
induced charge traps near Eu®" or the partial ionization of
Eu®* to Eu®*" during the excitation.

For further investigation of trap properties, an X-ray irra-
diated Srs5(PO,4)3;Cl:0.1%Eu sample was selected. The widely
recognized Tmax—Tswop and initial rise analysis (IRA) techniques
were applied, and the results are illustrated in Fig. 6. These
methods are analytical approaches in TSL used to determine
the number of trap types and the activation energy (E,) of
charge traps in materials by examining how glow peaks shift
under controlled preheating-cooling-TSL cycles. The methods
are detailed elsewhere.”’ ™ As expected, the Tia—Tswop PlOt
(blue dots, Fig. 6¢) indicates the presence of two types of traps.

This journal is © The Royal Society of Chemistry 2026
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However, the determined E, values (red squares, Fig. 6¢) are
less conclusive. The deep trap with Tj,,c = 190 °C is character-
ized as a discrete trap with an activation energy value of
approximately 1.45 + 0.10 eV. Meanwhile, the shallow trap with

This journal is © The Royal Society of Chemistry 2026

Tmax = 110 °C cannot be defined by a single E, value and
gradually varies from 0.93 to 1.34 eV with increased preheating
temperature (Tgop). This suggests that the T, = 110 °C glow
peak does not correspond to a discrete trapping site and is
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more likely associated with a quasi-continuous trap distri-
bution. The appearance of trap distributions is anticipated in
the case of the same type of trap in a highly disordered
site.”*> Although all obtained E, values are somewhat deep, a
persistent luminescence signal of Eu** can be detected for
several hours after X-ray irradiation (Fig. S9).

EPR spectra measurements were performed to gain
additional insights into the charge trapping processes in
Sr5(PO,);CLEu. As shown in Fig. 7a, paramagnetic radiation-
induced radicals form upon X-ray irradiation. The EPR spec-
trum recorded at Q-band microwave frequency (Fig. 7b) high-
lights the anisotropy in signal shape, indicating anisotropy of
the g-factor. The experimental spectra recorded at both micro-
wave frequencies can be simulated using electronic spin S = 1/2
with g; = 2.0038 + 0.0005, g, = 2.0018 + 0.0005, and g =
1.9999 + 0.0005. Various types of radicals in phosphate
materials have been identified based on unpaired spin S inter-
action with magnetic 'H, N, or *'P nuclei.’*™° However, as
no EPR spectrum hyperfine structure could be resolved in our
case, such assignments are unlikely. The determined g-factor
values are similar to those reported for CO, -type radicals in
different hosts.>® It could be possible that a trace amount of
carbon-containing impurities, such as carbonates, could lead
to the formation of similar defects in Sr5(PO,4);Cl.
Furthermore, thermal annealing in the 100-150 °C range
(Fig. 7c) is correlated with the first peak observed in TSL glow
curves (Fig. 5), which signifies the role of detected radicals in
optical processes of the material.

In summary, the molten salt synthesis offers a relatively
simple route for the preparation of Eu**-doped Sr5(PO4);Cl,
demonstrating an efficient Eu self-reduction. Although a limit-
ation in terms of Eu doping level was observed, potentially it
could be overcome by changing the flux composition by
adding alkali metal chlorides, thereby reducing the percentage
of SrCl,. The use of mixed flux in its turn could also lead to
the synthesis of Sr5(PO,);Cl:Eu®" at significantly lower temp-
eratures. Photoluminescent characteristics of the obtained
materials were comparable to those of Srs(PO,);CL:Eu®" syn-
thesized in a reducing atmosphere. The efficient Eu** emis-
sion, combined with slightly tunable photoluminescence and

2632 | Dalton Trans., 2026, 55, 2624-2634

persistent luminescence, shows the potential of Sr5(PO,);Cl for
practical applications.

4. Conclusions

Sr5(PO,);CLEU*" powders were successfully synthesized in an
air atmosphere from Sr;(PO,),:Eu®" precursors. The phase
transformation from Sr3(PO4),:Eu to Srs5(PO,4);CL:Eu was
achieved in molten SrCl, and accompanied by the self-
reduction of Eu®* to Eu*". Although the PL spectra of the syn-
thesis products were clearly dominated by the broadband
emission characteristic of Eu>", significantly weaker emission
in the red region was also detected and ascribed to Eu®",
suggesting an incomplete Eu reduction. It was found that the
Eu®*/Eu®" emission intensity ratio decreased with an increase
in Eu concentration. Overall, the photoluminescent properties
of the synthesized materials agreed well with those reported in
literature for Srs(PO,);CL:Eu®" prepared in a reducing atmo-
sphere in terms of emission spectral shape, emission
maximum, and the PL lifetime. The investigation of trap pro-
perties indicated the presence of two types of traps in the
materials. Although all obtained E, values were deep, a weak
persistent luminescence signal of Eu** can be detected for
several hours after X-ray irradiation. The results of EPR spec-
troscopy confirmed the formation of paramagnetic radiation-
induced radicals and agreed well with the results of TSL.
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