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Probing structural defects and X-ray induced
persistent luminescence mechanisms on rare
earth-doped strontium sulfide materials+
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Lucas C. V. Rodrigues (2 *®

Persistent luminescence is related to the existence of point defects in the crystal structure, which can be
induced by the insertion of dopant ions to create trap levels for charge carriers. Strontium sulfide (SrS) is a
promising host for X-ray activated phosphors due to its high luminescence yield and X-ray absorption
efficiency. While the mechanisms of UV- and visible light-induced luminescence in rare-earth doped SrS
have been previously explored, this work focuses on understanding X-ray induced mechanisms using syn-
chrotron radiation techniques. Extended X-ray absorption fine structure (EXAFS) analysis suggested that
rare-earth ions incorporate into the SrS lattice primarily as substitutional defects, with structural distor-
tions depending on the differences in ionic radii between Sr?* and RE?*/3*. X-ray absorption near edge
structure (XANES) spectra revealed the mixed-valence nature of Ce in SrS:Ce and SrS:Eu,Ce materials, and
also that X-ray irradiation triggers complex charge transfer processes. The X-ray excited optical lumine-
scence (XEOL) results showed that co-doped samples exhibited longer persistent luminescence decay
times than their single-doped counterparts due to the increased number of defects. These findings
provide new insights into the interplay between crystal defects and persistent luminescence in X-ray-acti-
vated phosphors, contributing to the design of more efficient materials for applications such as medical

rsc.li/dalton

1. Introduction

Point defects in crystalline materials govern a range of electri-
cal, optical and mechanical properties." Impurities, such as
dopant ions or foreign atoms, can introduce additional defect
sites that may alter the electronic structure of the material.
Such changes lead to the creation of new energy levels that can
trap charge carriers and are commonly used to tailor the
luminescence properties of materials for specific applications,
enhancing their efficiency.

Persistent luminescent materials emit light over long
periods of time after the excitation source has been removed.>
The mechanism that drives persistent luminescence consists
of a gradual release of charge carriers from trapping centers,
which are directly associated with lattice defects in a material.
These charge carriers, then, recombine at the luminescent
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imaging, optical information storage, and industrial sensing.

center, leading to significantly longer than expected lumine-
scence lifetimes.>*

Among diverse systems, alkaline earth sulfides are suitable
host lattices for luminescent materials. These hosts are ther-
mally stable and accessible and promote good sensitization of
lanthanide ions, thus yielding high luminescence efficiency.’
SrS is a highly efficient host for persistent luminescent
materials and also a potential X-ray absorber, which favors
X-ray induced optical (persistent) luminescence. Doped stron-
tium sulfide has been studied with the aim to optimize its
photonic properties and commercial viability for various
industrial and technological applications.® SrS:Yb>" (ref. 7),
SrS:Eu®’,Dy*" (ref. 8) and SrS:Eu**,Pr’* (ref. 9) have been
explored, especially to expand the possibilities of persistent
luminescence in the red and near infrared regions, with exci-
tation in the UV-visible range. The effects of the nanostructure
in SrS:Ce*",Sm®" materials on the improvement of their
luminescence properties were also investigated,'® as well as
the occurrence of photoluminescence (PL), optical stimulated
luminescence (OSL) and radioluminescence (RL), with their
probable mechanisms suggested. Persistent luminescence
mechanisms related to excitation by UV or visible radiation for
SrS:Eu®",Sm>®" have also already been proposed.'’ However, the
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processes occurring under X-ray exposure remain insufficiently
understood, particularly for single-doped compounds such as
SrS:Eu®*, SrS:Ce®’, and SrS:Sm>'. A deeper investigation is
needed to provide solid evidence on how the X-ray absorption
of individual rare-earth dopants affects emission intensities
and persistence. This work aims to address these gaps.

Recently, X-rays have been used as charging light in various
materials. Rare earth activated scintillators have been investi-
gated in the search for more efficient materials for medical
imaging, optical information storage, safety and industrial
applications.’®™* Recent studies on X-ray persistent phosphors
have been primarily focusing on biological applications, such
as bioimaging and photodynamic therapy (PDT). Persistent
luminescence, at first, has received significant attention for its
role in enhancing signal-to-noise ratios and enabling continu-
ous tracking in bioimaging without the need for an external
excitation source. However, its application in living systems
has been constrained by two major challenges: the short obser-
vation times and the limited tissue penetration depth of con-
ventional UV-visible excitation light required to activate per-
sistent luminescence in vivo. To overcome these issues, X-ray-
activated persistent luminescence nanomaterials are being
investigated in several works. For instance, ZnS:Cu®",Co**
nanoparticles were conjugated to the photosensitizer tetrabro-
morhodamine-123 (TBrRh123) and their persistent emission
successfully activated TBrRh123 for PDT. This approach not
only significantly reduced the required radiation dose but also
demonstrated effective cytotoxicity against PC3 human pros-
tate cancer cells.'"® Song and collaborators'” have used an
alternative strategy to design X-ray-excitable PDT systems. They
demonstrated that a photosensitizer, such as zinc(u) phthalo-
cyanine tetrasulfonic acid (ZnPcS,), can be covalently conju-
gated to ZnGa,0,:Cr’" (ZGO) persistent luminescence nano-
particles, resulting in a photodynamic therapy system (ZGO:
Cr/ZnPcS,). Notably, after cessation of X-ray irradiation, the
persistent luminescence emitted by ZGO continues to activate
the photosensitizer, thereby reducing the required X-ray
dosage and minimizing the associated side effects of X-ray
treatments. Furthermore, in the medical field, bioimaging
capabilities can be significantly enhanced by utilizing probes
that emit in the biological window I (650-980 nm) or nano-
particles emitting in the biological window II (1000-1600 nm).
These emission ranges enable deeper tissue imaging and
provide higher spatial resolution, making them particularly
advantageous for advanced imaging techniques.'® Photoclick
chemistry is also another application where X-ray activated per-
sistent phosphors, such as Gd**-doped NaYF,, are of interest,
since sustained high-energy output is required to drive the for-
mation of covalent bonds."® Beyond their applications in
biology, luminescent phosphors activated by X-rays offer a
wide range of potential uses, including anti-counterfeiting,
information storage, security, cryopreservation, and photocata-
lysis, which still requires further investigation.™

Regarding the experimental scope, the studies on X-ray
induced persistent luminescence focus on understanding the
intensity of the luminescence response that occurs as the exci-
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tation energy is scanned through a core absorption edge. The
combination of X-ray absorption near edge structure (XANES)
and X-ray excited optical luminescence (XEOL) aims to eluci-
date the dependence of excitation and emission spectra on the
X-ray energy employed, as well as the correlation between the
absorption edge and the excitation processes in the materials.
Given that X-ray absorption spectroscopy (XAS) is an element-
selective technique, this approach enables the identification of
specific atoms contributing to the X-ray excited emission
mechanism.>’

Given the role of extrinsic defects in driving the emission of
many persistent luminescent materials—such as strontium
sulfide—the exact nature of the defect formed by the incorpor-
ation of rare earth elements into the crystal structure remains
unresolved. Both substitutional and interstitial defects are
plausible, depending on the lattice parameters and the ionic
radius of the dopant. In this work, EXAFS analysis was
employed to investigate and propose the occurrence of substi-
tutional defects in rare-earth-doped SrS matrices. XANES and
XEOL measurements were also conducted to investigate elec-
tronic processes triggered by X-ray excitation, such as changes
in valence states and the radiative recombination of charge
carriers. This study provides new insights and perspectives for
advancing research on X-ray-induced persistent luminescence
in rare-earth-doped sulfide hosts.

2. Experimental

2.1 Synthesis using the microwave assisted solid-state (MASS)
method

Polycrystalline ~ SrS:1%RE*7**  and  SrS:1%Eu®’,2%RE*"
materials (RE: Eu**, Sm®" and Ce®") were prepared as reported
previously."" Stoichiometric proportions of the starting com-
pounds Eu,0; (CSTARM, 99.99%), Sm,0; (CSTARM, 99.99%),
CeO, (CSTARM, 99.99%), S (Sigma-Aldrich, 99.5%), and SrSO,
were thoroughly mixed and ground on an agate mortar.
Strontium sulfate was prepared by precipitation through the
SrCl, (99.0% Synth) and sulfuric acid (98.0% Reagen) reaction.
A sulfur excess of 10 mol% was also added to the precursor to
obtain a high purity material. The precipitate was filtered,
washed several times with distilled water and dried at 100 °C
for 24 h.

In the MASS synthesis, 12 g of granular activated carbon
(@:1-2 mm, Synth) was used as the microwave susceptor and
placed in an alumina crucible (50 cm®). A second alumina cru-
cible (5 cm®) containing 0.5 g of the precursor powder mixture
was surrounded by the susceptor inside the first crucible. Both
crucibles were partially covered with an alumina lid and then
placed into a cavity of aluminosilicate thermal insulation
bricks. Finally, the precursor powder was irradiated in a dom-
estic microwave oven (Electrolux MEF41, 2.45 GHz) using an
adjusted program of 12 and 10 minutes at 100% and 90%
power levels, respectively. The resulting material was gently
ground on an agate mortar and the heating step was repeated
following the same microwave oven program.**

This journal is © The Royal Society of Chemistry 2025
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2.2 Characterization

The crystal structure and phase purity of the materials were
verified with synchrotron radiation X-ray powder diffraction
(SR-XRD) measurements at the XRD1 beamline®' at the
Brazilian Synchrotron Light Laboratory (LNLS-CNPEM), with
26 from 5° to 120° in the Debye-Scherrer setup, using 12 keV
energy irradiation and a Mythen 24 k detector. Rietveld refine-
ments were performed using GSAS II software.>”

X-ray absorption near edge structure (XANES) studies were
performed to verify the oxidation states, as well as to correlate
the X-ray absorption processes with total luminescence inten-
sity. XANES data were recorded in the fluorescence mode
using a Ge 15 element fluorescence detector (Canberra) at the
LNLS-CNPEM XAFS2 beamline,® at the Eu, Sm and Ce L;,-
edges. The Sr L;-edge and S K-edge were measured at the SXS
beamline,”* in the total electron yield mode. All measurements
were performed at room temperature.

Extended X-ray absorption fine structure (EXAFS) measure-
ments were recorded in the transmission mode at the XAFS2
beamline around the Sr K-edge. The EXAFS data were analyzed
using multiple scattering theory as implemented by the
Demeter platform.>®

X-ray excited optical luminescence (XEOL) excitation and
emission spectra were recorded at the SXS beamline, simul-
taneously with XANES measurements, around the Sr L;-edge
and S K-edge. XANES data were recorded using the total elec-
tron yield (TEY) while the XEOL excitation data were collected
using a Hamamatsu photomultiplier R928 coupled with an
optical fiber and a Keithley 6514 detector. XEOL emission
spectra were collected using an Ocean Optics QE65000
spectrophotometer.

3. Results and discussion
3.1 Crystal structure and phase purity

Rare earth-doped strontium sulfide materials were successfully
synthesized through MASS synthesis. In this process, a redu-
cing atmosphere of CO (g) is generated from the oxidation of
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the microwave susceptor (granular carbon) during the heating
process. In addition to the desired SrS matrix, SrSO, and
SrCO; were also present in the obtained products. Surface oxi-
dation and hydrolysis due to air humidity are the major
responsible for sulfate impurities, whereas the CO (g) atmo-
sphere during the synthesis process is partially converted to
CO, (g), leading to strontium carbonate formation on the
surface of the samples. Analogous to what has been proposed
for oxysulfide matrices,?® the formation of sulfate-type bonds
may also occur during synthesis as microwave irradiation is
progressively increased. In this context, surface oxidation of
the particles within the furnace takes place, also contributing
to the formation of sulfate species. Rietveld refinements for
the SrS:RE** and SrS:Eu®’,RE®" SR-XRD patterns converged
properly (Fig. 1 exemplifies these results for SrS:Eu”*. For the
other samples, see Fig. S2-61). The obtained values for R, Ry,
and y* parameters can be seen in Table 1. The SrS crystal struc-
ture is face-centered cubic (Fm3m space group), in which Sr**
ions are located in octahedral sites surrounded by six sulfur
atoms. The phase fraction values related to sulfate and carbon-
ate impurities varied along the samples, and a minimum
phase purity of 81% for the desired SrS was obtained.

The cell parameters for SrS, SrSO, and SrCO; obtained
from Rietveld refinements are also consistent with those
reported in the literature.””>° The cell volume, as well as the
lattice constant, remained similar for all doped SrS materials.
Rare-earth oxides and also possible rare-earth side products
were not detected in these samples. Due to its low concen-
tration and similar ionic radii compared to Sr**, rare earth
dopants did not promote significant structural changes, able
to be detected by SR-XRD, in the SrS host.

3.2 EXAFS analysis and doping effects

Crystal defects are regions in real space where the microscopic
arrangement of ions differs from that of a perfect crystal.
Defects in general can be classified into line, surface or punc-
tual defects, the latter being of greater interest for persistent
luminescence mechanisms. For doped materials, extrinsic
defects are the major responsible for the creation of trap states
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Fig. 1 SR-XRD patterns and Rietveld refinement for the SrS:Eu?* material.

This journal is © The Royal Society of Chemistry 2025
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Table 1 Rietveld refinement results for strontium sulfide materials
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SrS:Eu* Srs:Sm** SrS:Ce®" SrS:Eu*',Sm** SrS:Eu’,ce*"
SrS fraction (wt%) 81.4 93.8 98.0 93.2 90.5
Lattice constant (A) 6.01907 6.01901 6.01912 6.01914 6.01908
Cell volume (A%) 218.07 218.06 218.07 218.07 218.07
SrSO, fraction (%) 15.6 0.7 1.4 0.3 2.3
SrCO; fraction (%) 3.0 5.5 0.6 6.5 7.2
R, (%) 7.93 6.26 9.23 8.502 9.02
Ryp (%) 6.50 5.08 6.64 5.56 5.36
1.08 0.98 2.02 1.47 1.56

in the band structure, which can capture charge carriers and
store energy from the incident radiation. In the co-doping of
persistent luminescent materials, several compounds, such as
CaAl,0,:Eu®" and SrMgSi,0,:Eu”’, have shown significant
increases in persistence time, by up to four orders of magni-
tude, with the inclusion of RE*" co-dopants.***' However, in
the case of SrS:Eu®*, luminescence decay times remain similar
across materials, regardless of the co-dopant, with the increase
in persistence time being limited to a maximum of sixfold.""
The application of EXAFS to the study of persistent lumine-
scence, in this work, involves the investigation of the local
structure of Sr in the doped SrS matrix, with the aim of finding
a correlation between persistent luminescence decay time and
disorder in the local atomic environment. The strontium atom
is inside an octahedral site, surrounded by six sulfur atoms,
and was chosen as the absorber.

Considering that there are different possibilities for the
types of defects formed in the doped SrS matrix, some models
were tested for the treatment of EXAFS spectra. Simulations
included the entry of a RE*"** ion in the Sr** site, as a substi-
tutional defect, with and without the formation of vacancies,
at different distances from the absorber; and the insertion of
RE>"** in the interstitial site of the SrS fcc structure.

The dimensions of the interstitial site are relevant to assess
the possibility of dopant insertion. Considering its geometry,
the fec crystal structure exhibits tetrahedral interstitial sites
(Fig. S17), in which a dopant ion would be coordinated by four
host atoms. The radius of the interstitial atom (r;), however,
may follow the relation r; = 0.225R with respect to the radius of
the host atom (R), as discussed in section S1 of the ESLT
Cation dopants are supposed to be coordinated by four sulfide
ligands (R = 1.840 A (ref. 32)), so their radii must be on the
order of 0.41 A. Therefore, the interstitial site is considerably
small to accommodate the insertion of a rare earth atom, and
this hypothesis was discarded.

In this work, the model used for the treatment of EXAFS
spectra supposes that the rare-earth dopant enters the site of
strontium as a substitutional defect. This assumption is
reasonable since the radii of Sr** and of RE*"*" are relatively
similar (1.180, 1.170, 1.020 and 1.010 A for Sr**, Eu**, Sm** and
Ce** with a coordination number of six, respectively®?). The for-
mation of vacancies, i.e., the absence of a Sr** or $*~ ion in the
SrS structure, was also tested considering charge compensation
and the presence of Schottky defects, but it did not contribute

6106 | Dalton Trans., 2025, 54, 6103-6116

to any changes in the quality of the obtained fits. Aiming to
work with the simplest possible model, the doping situation is
restricted to the entry of RE*"** in the Sr*' site, without any
other modification in the lattice. The position of the rare earth
ion with respect to the absorber was also investigated.

The Fourier transform data for doped SrS materials are
shown in Fig. 2b-f, as the real part of y(R) concentrated in the
region up to 6 A from the absorber. FEFF calculations were
performed over a cluster of 121 atoms, in which one Sr atom
was replaced by a rare-earth atom (Eu, Sm or Ce) for single-
doped SrS materials, and for co-doped structures, two Sr atoms
were replaced by Eu and a second rare-earth atom (Sm or Ce).
This procedure took into consideration the percentage of
doping in the samples, which was 1% and 2% for single-
doped and co-doped materials, respectively. Furthermore, the
strontium atom chosen to be replaced was the one closest to
the absorber (ie. in the second coordination sphere).
Replacing a Sr** ion with an RE*"" ion at greater distances
does not contribute significantly to the EXAFS signal, making
no difference to the fit. Therefore, all simulations associated
the doping process with the entry of the rare earth ion in the
site of a Sr”* ion in the second coordination sphere.

Single and multiple scattering paths relating Sr and S, as
well as a single scattering Sr-RE path, were adopted to
describe the data, so Sr-S bonds and Sr-Sr and Sr-RE dis-
tances are investigated (Fig. 3).

The results obtained from the theoretical model provided the
correlated Debye-Waller parameters (6°), corrected bond dis-
tances (R) and the a coefficient associated with each Sr-X inter-
action, seeking to compare the doping effects on the SrS host.
The a coefficient represents the expansion or the contraction of
bond lengths, thus acquiring positive or negative values. The
bond distances are directly proportional to @, and in the model
adopted for data processing, these variations were defined as

AR = a X Reft

where R refers to the effective lengths for the particular scat-
tering path considered. The correlated Debye-Waller parameters
bring information on bond disorder, which contains a dynamic
component, associated with the vibrations of the atoms in each
bond (and is a function of temperature) and static components
(associated with the defects present in the crystal lattice). The
EXAFS analysis showed that the behavior of the ¢ parameters
for Sr-S and Sr-Sr bonds follows the trend of a: as

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (a) XAS spectra of SrS:Eu®* at the Sr K-edge. (b—f) Fourier transform EXAFS spectra up to 6 A from the absorber (dot line) and the theoretical
model (solid red line), with the R window ranging from 1.5 to 5 A (gray region).

a)

b)

Fig. 3 Bond lengths probed using EXAFS spectra in the SrS crystal structure. Sr and S atoms are represented by blue and yellow balls, respectively.

(a) Sr---S bonds and (b) Sr---Sr or Sr---RE distances.

co-dopants are added to the structure, we have greater variations
in R values and an increase in the dispersion of Sr-X distances
(Fig. 4a and b). Considering the single-doped materials, SrS:Ce**
was the one with the highest values for @ and ¢ (Fig. 4c).
Furthermore, a direct correlation was observed between a and
the difference between the ionic radii of Sr*" and RE>"*": the
greater the difference between the radii of Sr** and the rare
earth substituent, the greater the parameters o> and « (Fig. 4d),

This journal is © The Royal Society of Chemistry 2025

which indicates a greater potential for network distortion, as
proposed in the literature.>® The correlated Debye-Waller para-
meters, as well as the variations in Sr-X distances, obtained by
analyzing the spectra of the five materials are listed in Tables 2
and 3.

The decreased Debye-Waller factor values in the EXAFS
analysis of doped materials can arise from various factors, typi-
cally related to the local structural environment and experi-

Dalton Trans., 2025, 54, 6103-6116 | 6107
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Fig. 4 (a—c) Comparison of Debye—Waller (%) and a parameters for each Sr—X path (X = S, Sr, Eu, Sm, Ce) in SrS materials. (d) Relation between Sr—
RE bond length variation and the difference in their crystal radii values.

Table 2 Variation in bond lengths in doped SrS materials. SW refers to a sulfide ligand in the first coordination sphere; RE1 and RE2 correspond to
the dopant and co-dopant, respectively

Material AR (St-sM)/A AR (Sr-RE1)/A AR (St-RE2)/A AR (Sr-St)/A

SrS:Eu®’ 0.0019 + 0.0008 —0.2439 + 0.0030 — 0.0026 + 0.0005
Srs:Sm>* 0.0095 + 0.0008 —0.3509 + 0.0020 — 0.0135 + 0.0008
Srs:e®t 0.0703 + 0.0120 0.3079 + 0.0080 — 0.0994 + 0.0050

SrS:Eu?’,sm**
SrS:Eu’’,Ce**

0.1693 + 0.0820
0.1665 + 0.0950

0.3521 + 0.0085
0.2039 + 0.0086

Table 3 Debye—Waller parameters related to each Sr—X path in doped SrS materials

0.1961 + 0.0030
0.3519 + 0.0086

0.2394 + 0.0120
0.2349 + 0.0920

Material o* (Sr-sM)/A? o* (ST-RE1)/A% o* (ST-RE2)/A% o* (Sr-Sr)/A?

SrS:Eu?* 0.025 + 0.010 0.006 + 0.001 — 0.027 + 0.002
Srs:sm** 0.014 + 0.005 0.003 = 0.001 — 0.015 + 0.002
Srs:Ce®* 0.046 + 0.030 0.007 + 0.002 — 0.063 + 0.004
SrS:Eu’,Sm*" 0.042 + 0.020 0.001 + 0.0005 0.001 + 0.0006 0.099 + 0.008
SrS:Eu?*,Ce®" 0.042 + 0.020 0.001 + 0.0006 0.001 + 0.0006 0.216 + 0.009
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mental conditions. In this study, the ¢* values for Sr-RE paths
were generally much lower than those for the first-shell Sr-S
paths. The most likely explanation is the higher atomic mass
of the lanthanide dopant relative to sulfur, which reduces
vibrational amplitudes and leads to lower 6> values. It is seen
that for co-doped materials, the values of AR (and, conse-
quently of «) are always positive for all bonds, indicating an
increase in interatomic distances due to the presence of a
greater number of defects. For single-doped materials,
especially when the dopants are Eu®>" or Sm*", there is a con-
traction of the Sr-RE distances, compared to what was pre-
dicted based on the structure of the host and considering the
entry of the dopant into the Sr** site, being represented by
negative values of a and AR. Sr-S"") bonds expanded in all
materials, which is a consequence of the higher charge to
radius ratio (Z/r) of RE*"** compared to Sr**, especially in the
cases of Sm*" and Ce®". In this context, the rare earth dopant
attracts the sulfur atoms closer towards it, shortening the RE-S
bond and stretching the Sr-S™ bond.

XAS and XRD are sensitive to different features of the pair
correlation function and thus are complementary in studying
the same system, even in well-ordered crystalline materials.
EXAFS provides details of the local structure that are inaccess-
ible to the diffraction Bragg scattering contribution, which
gives information on the average of the atomic arrange-
ments.>* Our analysis demonstrated structural changes that, at
first, had not been detected by XRD. When we verified the
lattice parameters, for all crystals, X-ray diffraction showed that
the insertion of RE>"*" into the SrS matrix maintained the
integrity of the structure, without significant distortions.
However, when locally probing the environment around a Sr
atom, considerable punctual changes were observed due to the
replacement of some atoms in the structure by RE***. When
simultaneously analyzing the increase in the background of
XRD data and the elevated Debye-Waller factor values for Sr-S
and Sr-Sr bonds, it is possible to infer the presence of amor-
phous impurities. The increase in the background at lower
angles is often associated with the presence of amorphous
phases, for which EXAFS is also sensitive. If only SrS and dis-
ordered SrS:RE phases were present, o> values would be
affected, but no changes would be detected in the XRD. In this
context, SrSO, impurities are the most probable contribution
to this amorphous phase. The model employed in this study
constitutes a first approximation of the system, in which the
EXAFS signal is assumed to originate exclusively from the SrS
matrix in the absence of impurities. Nevertheless, the
inclusion of Sr-O bonding contributions to the EXAFS signal
could potentially enhance the model’s accuracy, given the
detected presence of SrSO, and SrCO; in the samples.
However, considering the model’s simplicity and the relatively
low concentration of these impurities, their influence is not
expected to compromise the reliability of the obtained results.

3.3 Oxidation states and luminescence studies

XANES measurements around the Lz-edges of rare earth
dopants were performed for SrS:RE*”** and SrS:Eu®',RE*"

This journal is © The Royal Society of Chemistry 2025
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materials, and also for rare earth standards. The oxidation
states of the dopants were, initially, those related to the precur-
sors (CeO,, Eu,03 and Sm,03). Despite the use of a CO redu-
cing atmosphere during the synthesis, in which the presence
of Ce**, Eu®" and Sm>" is expected, both reduced and oxidized
species are possibly present in all materials. In addition, the
irradiation with X-rays creates free electrons that can be cap-
tured by Ln** to form Ln** in some hosts,*® while the oxidation
of Ln*" is also a possible pathway when high energy radiation
is applied. These behaviors demonstrate a certain complexity
regarding the response of lanthanide doped materials to
irradiation and compromise the reliability of the results
obtained by XANES, which is discussed in this work.

Fig. 5a and b show the X-ray absorption spectra around the
Ce Ls-edge for SrS:Ce and SrS:Eu,Ce materials. In these XANES
spectra, A and B-C features are related to tetravalent and triva-
lent Ce oxidation states (mixed valence), respectively, while the
D peak stands for the pre-edge region. Peaks B-C are related to
transitions belonging to the 2p4f'L5d* final state (Ce**, where
2p means a core hole in the 2p level, L means a hole in the
ligand and * means an excited electron). The A feature can be
interpreted as a transition whose initial state is 2p4f'5d* +
2paf®5d* (Ce*™ ). Thus, A and B are related to 2p4f’ —
2paf5d*  and  2p4af'L  —  2p4af’L5d*  transitions,
respectively.>®”

SrS:Ce and SrS:Eu,Ce materials both exhibit Ce mixed
valence. The multivalent nature of lanthanides allows the occur-
rence of charge transfer processes between two nonequivalent
lanthanide ions (metal-to-metal charge transfer - MMCT), as
well as charge transfer processes between two equivalent metals
(intervalence charge transfer — IVCT). The relative amounts of
Ce®" and Ce*" were estimated by analyzing the peak areas of the
four observed resonances, as indicated. In SrS:Ce XANES spectra
(Fig. 5a), one can observe that the tetravalent ion is in higher
concentration, while in SrS:Eu,Ce, the population of Ce*" is pre-
dominant over Ce** (Fig. 5b), which indicates, as a first hypoth-
esis, a possible Eu”* — Ce*" electron transfer process, once Eu®*
is observed at a higher concentration in the Eu L;-edge XANES
spectra (Fig. 5¢). This process would consist of a photoinduced
reversible reaction between Eu**-Ce*" and Eu*'-Ce®" metastable
states, as analogously reported for the Eu?"**-Sm*"** pair in the
CaF,:Eu*',Sm®" material.>®

Eu’t 4+ Ce*T= Eu®" + Cet

The forward reaction can be observed when the SrS material
is exposed to X-rays, while the backward reaction might occur
under thermal excitation at room temperature. Electrons are
assumed to be excited from the Eu** activator to the SrS con-
duction band and trapped by Ce*’, forming metastable Ce®*
centers, where energy is stored. Then, thermal energy excites
the trapped electrons from Ce®" back to Eu* through the con-
duction band; the backtransferred electrons are then captured
in an excited state of Eu*", which finally decays radiatively. In
this system, however, Ce** luminescence is not observed, so
the 4f°5d" — 4f” Eu®* emission dominates the XEOL spectra -

Dalton Trans., 2025, 54, 6103-6116 | 6109


https://doi.org/10.1039/d4dt02969k

Published on 06 March 2025. Downloaded by UNIVERSIDAD SAO PAULO (USP) on 2/13/2026 3:05:23 PM.

Paper
a)
2.0 T ! L =T : T =
SrS:Ce 1 | B 57215
Ce L;-edge ! ! ] ks
1 C 1 1 1
= 154 w(E) 1572285 ; i 7
[ o duwdE[E) 1 ; 1 1
‘9 | : 1 1
c 1 b : '
= 104 Celll: 46% " ' X 5
o 1 I I i
o Ce IV: 54% u 1 1
N ) LR | |
S 1 L
g 8 | |~—=1 A=654eV
| = 0 5 - 1 1 -
o I 1 |
z T A=11.19eV
o % o |
o
= 00 \ \ “.
L
I | 1 I
| | 1 1
0.5+ . I : . X i ]
5700 5710 5720 5730 5740 5750
Energy / eV
c)
6975.0 6983.0
2 T T T T
2 34 g i
I} u L;-edge
£ —m—Eu lll std
3 24 @ SrSEu -
N SrS:Ce,Eu
g —v— SrS:Sm,Eu
s 11
z
[T
=
T T T
0.5 4
w
2
W o0
2
o
-0.5 4
T T T
6960 6970 6980 6990 7000
Energy / eV

Fig. 5 XANES spectra for SrS materials and the associated derivatives at Lz-

which also occurs for other X-ray excitation energies, as dis-
cussed later. The presence of Ce** as a co-dopant in SrS:Eu*",
RE®" materials is known to reduce the persistence of Eu**
emission. The deeper energy levels of Ce®" relative to the band
structure of the SrS matrix favor the photoredox process, which
then competes with trapping and de-trapping mechanisms in
charge compensation defects. This competition may explain
the diminished performance of SrS:Eu®*,Ce®" as an energy
storage material.

Variations of this mechanism have been proposed for other
hosts and activator pairs,®® in which ab initio calculations
suggested that the wavelengths applied to induce the forward
reaction are associated with a direct excitation of the metal-to-
metal charge transfer (MMCT) band. In this regard, more
experiments are needed to elucidate this hypothesis, in which
it is considered that both forward and backward electron trans-
fers occur through the host conduction band and are related
to the persistent luminescent behavior in co-doped SrS
materials. In this context, the presence of RE*" co-dopants
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enhances defect formation through charge compensation but
does not introduce new traps for persistent luminescence at
room temperature. Another possibility for the increased Ce**
population in SrS:Eu,Ce with respect to SrS:Ce is that Eu (Z =
63) has a higher X-ray absorption cross-section than Ce (Z =
58). Therefore, the energy of the Ce Ls-edge used in the exci-
tation source favored the temporary oxidation of Eu*" to Eu®",
as a transition with a higher probability than 2p;/, — 5d of Ce.
Indeed, all SrS materials exhibited a large amount of Eu®",
demonstrated by the characteristic peak at 6979 eV. The pres-
ence of Eu®" could be detected by a shoulder at 6972 eV, which
is almost imperceptible for these samples. However, as
described below, the emission spectra for Eu-doped strontium
sulfide materials indicate the presence of the divalent ion,
with a wide band centered in 610 nm, due to the strong inter-
action between 5d orbitals from Eu®** and the sulfur ligands.
In addition, as previously reported,'* EPR experiments under
blue light irradiation demonstrated the suppression of the
Eu®" signal, which indicated its photooxidation to the Eu**

This journal is © The Royal Society of Chemistry 2025
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ion, as proposed for the persistent luminescence mechanism
in this material.

X-ray absorption spectra around the Sm L;-edge (Fig. 5d)
indicate only the presence of the Sm** ion, with the character-
istic peak at 6719 eV, for all SrS materials. The absorption edge
position of Sm in the Sm,0; standard, however, exhibited a 3
eV shift, likely attributable to calibration discrepancies in the
instrumentation. XANES measurements at the L;-edges of rare
earth dopants suggest, furthermore, that the process of
reduction during the synthesis was more effective for Ce-
doped materials than for Eu-doped SrS materials, despite the
temporary ionization of Ce** and Eu®" species by X-rays during
the measurements. Divalent samarium species were also not
detected, due to the lower Sm**/Sm>" reduction potential
(-1.55 eV (ref. 39)), even though CaS:Sm>" and several Sm**
doped phosphors are considerably stable.®™**

XANES and XEOL measurements were also recorded
around the Sr Lz-edge and S K-edge to elucidate excitation and
emission mechanisms (normalized curves, Fig. 6 and 7). The
interaction of the X-rays with matter occurs mainly through
three mechanisms, depending on the energy of the incident
photons and on the atomic number of the absorber: the photo-
electric effect, Compton scattering and pair production. The
first one is predominant at low energies (below 100 keV); thus
under the experimental conditions of this work, it is suitable
to consider it as the main X-ray interaction mechanism.
Photoionization of an atom by X-rays removes an inner shell
electron from the atom, leaving behind a perturbed ion whose
relaxation may take different routes, and may be accompanied
by strong electronic effects.*?

View Article Online
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Around the Sr L;-edge (Fig. 6a—c and 7a and b), it is seen
that for all strontium sulfide materials, the X-ray induced
luminescence decreases to a minimum at the edge (negative
XEOL), which suggests that the optical luminescence and the
X-ray absorption are competitive processes at Sr L;. X-ray fluo-
rescence and Auger emission are possible quenchers of
luminescence under these conditions.*?

For Sr$:Sm*" and SrS:Ce®*", one can observe that the pre-
edge region is associated with an increase in the luminescence
intensity (positive XEOL), which does not occur for SrS:Eu*",
SrS:Eu**,Sm>" and SrS:Eu”’,Ce®* materials. The pre-edge tran-
sitions around the Sr L;-edge may involve molecular orbitals
as the final states, which are a mixture of Sr(3d) and S(3p) orbi-
tals. Thus, the observed results for materials in which Eu®" is
the emission activator indicate that the luminescence mecha-
nisms in these cases are not favored by Sr(2p) — Sr(3d)/S(3p)
transitions, contrasting with the observed results for SrS:Ce*
and SrS:Sm**, where the pre-edge region coincided with an
intense maximum in the XEOL spectra. However, sample
thickness is a crucial parameter that can also influence the
pre-edge signal, primarily through self-absorption and non-
linear absorption effects, potentially leading to misinterpreta-
tion of the data.

The XANES spectra at the sulfur K-edge (Fig. 6d-f and 7c, d)
are very sensitive to the oxidation state with a range of 15 eV
between reduced sulfur compounds (such as sulfides or metal
complexes) and sulfur in the oxidation state +VI as sulfate.
Furthermore, several types of sulfur compounds have a unique
pattern of transitions on the absorption edge, which makes
sulfur K-edge XANES very suitable to qualitatively determine
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Fig. 6 XANES and XEOL spectra of single-doped SrS materials at the (a—c) Sr Lz-edge and (d—f) S K-edge.
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Fig. 7 XANES and XEOL spectra of co-doped SrS materials at the (a and b) Sr Lz-edge and (c and d) S K-edge.

the speciation of sulfur compounds in samples with simple or
complex compositions.***> For SrS materials, it can be con-
sidered that the observed edges at 2470 and 2482 €V are associ-
ated with >~ and SO,”” species. Thus, around the S K-edge, it
is seen that all strontium sulfide materials exhibited a negative
XEOL at the sulfate edge, which is reasonable since SrSO, is
an undesirable impurity and is not the emitting matrix. For
SrS:Ce** and SrS:Sm** materials, the sulfide edge is associated
with a positive XEOL, as expected for doped SrS, in which the
sulfur oxidation state is —2. However, for strontium sulfide
materials where Eu®" is the activator center (SrS:Eu”*, SrS:Eu*",
Sm*" and SrS:Eu®,Ce*"), even at the sulfide edge, a decrease in
the X-ray induced luminescence is observed, thus indicating
that the excitation at the sulfur K-edge leads to competitive
processes instead of optical luminescence. The main reason
for this - at first — unexpected behavior is the position of Eu>*
excited states related to the SrS band structure. The energy
levels of Ce** and Sm** fundamental and first excited states
are below that of Eu®>" and also inside the SrS bandgap. Thus,
considering the discussed scintillation mechanism, the recom-
bination step at the Eu®" center is not favored once its 5d" (e,

6112 | Dalton Trans., 2025, 54, 6103-6116

and t,,) bands are overlapped with the SrS conduction band,
where the electron secondary ionizations and other decay
routes are possible under X-ray irradiation.

3.4 XEOL and X-ray induced persistent luminescence

The emission spectra of doped SrS materials provide a com-
parison between excitation at different energies (Sr L;-edge
and S K-edge). Fig. 8a shows the normalized emission spectra
of SrS:Sm** under excitation at the pre-edge and post-edge and
at the absorption edge of Sr and S. A wide band centered at
500 nm, related to the emission of defects, and also 4f-4f
intraconfigurational Sm>* transitions can be observed (4G5/2 —
°H,, J = 5/2, 7/2, 9/2 and 11/2) at 515 nm, 600 nm, 650 nm and
700 nm. The emission spectra are all identical under different
X-ray excitation energies; thus, it is possible to conclude that
the X-ray absorption process interferes only with the intensity
of luminescence if XEOL is positive or negative, but not with
the energies of Sm*" emissions. Emission spectra of SrS:Ce’*
are shown in Fig. 8b, along with the emission spectra of SrS:
Eu”* in Fig. 8c, which also remained unchanged under the
different energies around Sr L; and S K-edges, corroborating

This journal is © The Royal Society of Chemistry 2025
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the hypothesis that the activation of the emitting ion with
X-ray irradiation is not selective for the rare-earth transitions,
acting only on the intensity of luminescence. Although XANES
spectra indicated the presence of Eu®*, the XEOL spectra of

This journal is © The Royal Society of Chemistry 2025
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SrS:Eu*" exhibit only 4f°5d" — 4f” Eu** emission, which is a
wide band at 618 nm, redshifted by the nephelauxetic effect
between Eu®* 5d orbitals and sulfide ligands in the SrS matrix.
The Eu®*/Eu** reduction potential (—0.34 eV (ref. 39)) is, there-
fore, compatible with the reducing conditions applied in the
synthesis process (AE° = 1.33 eV for CO (g) - CO, (g) reac-
tion*®). In Fig. S12,1 the emission spectra of SrS:Eu®",Ce**
demonstrate, for all excitation energies, a wide band centered
at 617 nm, related exclusively to 4f°5d" — 4f” Eu®>" emission,
without the contribution of Ce®" 4f-5d transitions, indicating
an energy transfer mechanism, in which Ce*" emission is sup-
pressed by the presence of Eu*" in the SrS matrix. Analogously,
a suppression of Sm*" 4f-4f transitions was observed for the
SrS:Eu”",Sm>®" material (Fig. S131), whose emission spectra
also show the wide 4f°5d' — 4f” Eu®*' emission band, for all
X-ray excitation energies.

Fig. 9 shows the results of the study about X-ray induced
persistent luminescence for the discussed materials around
the S K-edge (2440, 2470, 2480 and 2550 eV excitation ener-
gies). The light output was registered while the samples were
excited with X-rays for 300 seconds - charging phase, in which
the emission intensity reaches its maximum - and also after
the excitation source was switched off, in which a gradual
decay - related to the release of charge carriers — was observed.
It is possible to notice that all SrS materials presented persist-
ent luminescence behavior under X-ray irradiation; however,
no changes were observed in the luminescence decay curves
with the different excitation energies, which indicates that the
excitation mechanism remains the same at these regions.
Despite the variations in total XEOL on S*~ and SO,>~ absorp-
tion edges, as discussed, the increase or decrease in light
emission probably refers only to emission intensity, and not to
the electron trapping in the SrS materials. Furthermore, the
high X-ray flux at the beamline results in the trapping pro-
cesses occurring almost entirely, which become almost inde-
pendent of the absorption cross section. Consequently, while
the emission intensity is energy dependent, the persistent
luminescence decay time remains unaffected.

Around the Sr L;-edge, however, with excitation at the pre-
edge, edge and post-edge regions, a decrease in persistent
luminescence duration was observed when the materials were
excited with energy equivalent to the L;-edge (1940 eV), in
which the luminescence decay is faster (Fig. 10). As shown in
section 3.3, all SrS materials exhibited negative XEOL at this
energy; therefore, this process negatively influences electron
trapping, not only the light emission intensity. On comparing
all SrS materials, when excited at both Sr L;- and S K-edge
regions, co-doped SrS:Eu®",Sm’* and SrS:Eu”*,Ce®” materials
exhibited longer persistent luminescence duration than single-
doped SrS:Eu”*, SrS:Sm’* and SrS:Ce® materials, as occurs
under excitation with visible and UV irradiation.

Despite the importance of crystal defects to persistent
luminescence, EXAFS results did not demonstrate a clear cor-
relation between the persistent luminescence decay time and
the observed distortions in SrS structure. Among single-doped
materials, SrS:Ce®* exhibited the highest Debye-Waller and
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Fig. 10 Persistent luminescence decay after excitation at 1800, 1940 and 2000 eV (pre-edge, edge, and post-edge regions of Sr Lz) of SrS materials
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alpha parameters - therefore, the most distorted structure with
respect to the predicted SrS pure host - while SrS:Eu** emis-
sion persists longer under both UV and X-ray irradiation. SrS:
Eu®",Ce*" is also the least efficient co-doped material, when
compared with other SrS:Eu®>",RE*" (RE: Sm, Er, Dy, Nd, Yb).®
However, the persistent luminescent behavior is related to
several factors, such as the quantity of defects in the crystal
structure that may act as electron or hole traps, and also to the
energy of the trap levels in the band structure. Therefore, it is
not possible to assume that the structural disorder observed in
EXAFS analysis for Ce-doped materials governs their photonic
performance or is responsible for the decrease in persistent
luminescence decay time.

As discussed, the creation of charge compensation defects
should be the main effect of co-doping, so the Ce*’**-co-
doped material was supposed to exhibit a longer persistent
luminescence decay time than SrS:Eu®',Sm’" - since in the
first case, the also present tetravalent ion would induce a
greater number of defects — which was not observed even with
the structural changes induced by the incorporation of Ce*". In
this context, it is possible to consider that the presence of
both Ce*" and Ce*", as probed by XANES, induces alternative
paths for de-excitation, which negatively impacts the persistent
luminescent behavior of Ce-doped SrS materials.

4. Conclusion

RE>"**-doped SrS materials were synthesized with high yields
through the microwave-assisted solid-state method. The
observed sulfate and carbonate impurities did not exceed 10%
in weight for most of the samples. In SR-XRD experiments, the
incorporation of rare-earth dopants did not promote detect-
able structural changes in the SrS host. EXAFS analysis,
however, demonstrated that when locally probing the environ-
ment around a Sr atom, considerable punctual changes were
observed due to the replacement of some atoms in the struc-
ture by RE*/**, Debye-Waller parameters and variations in
bond lengths were quantitatively obtained for all materials.
The direct correlation between the ionic radii differences and
the disorder parameters illustrates the importance of the simi-
larity of ionic radii in the substitutional process. The reliability
of EXAFS fittings supports the hypothesis that the rare earth
dopants are incorporated into the SrS structure as substitu-
tional defects. In RE Lz-edge XANES spectra, it can be seen
that both Ce®* and Ce** species are present in SrS:Ce and SrS:
Eu,Ce materials, and also that the population of trivalent Ce is
increased by the presence of Eu** in SrS:Eu,Ce. X-ray
irradiation promotes the temporary oxidation of Eu®>" and Ce**
species during these measurements, which is related to the
charging process in SrS persistent phosphors. By combining
XEOL and XANES spectra at the Sr L; and S K-edges, the con-
tribution of strontium and sulfur absorptions to the optical
luminescence intensity was investigated. The XEOL emission
spectra were identical under different X-ray excitation energies.
In the case of SrS:Eu”**,Sm>" and SrS:Eu®*,Ce*" materials, only

This journal is © The Royal Society of Chemistry 2025
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Eu?" transition is observed, which indicates the occurence of
energy transfer processes. Co-doped materials show longer
persistent luminescence decay times in comparison with
single-doped matrices, under excitation at both Sr L;- and S
K-edges, as a consequence of a greater number of defects.
Distortions and bond disorder in the SrS crystal structure did
not correlate with X-ray induced persistent luminescent behav-
ior, which involves the competition between trapping and de-
trapping processes, as well as the energy of trap levels as a
result of rare-earth doping.
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