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The synthesis of persistent luminescent materials usually requires a multi-step long time annealing at high tem-
peratures (>1200°C) in a resistive oven, causing a huge energy consumption. Also, to achieve reduced oxidation
states of emitter ions (e.g., Eu3* — Eu?* ), the H,(g) atmosphere is often used, which can be dangerous and
increase the costs of the process. Therefore, the development of a quick and new single-step green strategy, using
in-situ low-risk atmosphere (e.g., CO(g)) and a microwave-assisted solid-state (MASS) method has been encour-
aged. In this work, we present a single-step method to synthesize the compound Sr,MgSi,0,:Eu®*,Dy>* using
the MASS method and the results were compared with those prepared by a conventional ceramic method. The
luminescent material was prepared in 25 min of synthesis using carbon as a microwave susceptor and CO(g)
atmosphere source at the same time. A higher concentration of Eu?* emitter was identified by XANES in the
MASS method product, which has a significant effect on the luminescence efficiency, as well as an improvement
in the optical properties, leading to an emission 100 times more intense. Furthermore, to understand the Eu®*
reduction process under CO(g) atmosphere, we present here the innovative results of in-situ XANES analysis for
the Sr,MgSi,0,:Eu**,Dy>* material. Finally, the MASS method makes it possible to prepare the materials with
less than 5% of the ceramic method’s duration in time. The energy-saving and better-quality persistent lumines-
cent properties obtained in the MASS method provide viable applications on anti-counterfeiting markers, solar
cell sensitizers, and other luminescent technologies.

1. Introduction

Global energy consumption has been increased in the last decades,
mostly due to progressive technological developments. As a reflex, hu-
manity has increasingly intensified its efforts to supply this energetic
demand. However, global energy production is limited and, sometimes,
costs a considerable part of the natural environment. In this context, the
green chemistry principles that aim for sustainable approaches, assume
the pivotal point in contemporary science. Taking the cited limitations
into account, the development of efficient energy-saving methodologies,
such as microwave-assisted solid-state (MASS) synthesis, deserves spe-
cial attention. Recent researches point to a great improvement of func-
tional applied compounds, owing to microwaves electromagnetic field
interactions. Recently, a notable progressive optimization of persistent

luminescent materials has been reported, however, the full understand-
ing of microwave interaction remains unknown [1,2].

Persistent luminescent compounds are among the most promising
candidates for applications in the lighting conversion and energy stor-
age field. The singular capacity of emitting light for several hours (>24
h) after ceasing an irradiation source has been placed in these com-
pounds in a prominent position [3-10]. The discovery of this class of
functional materials has opened possibilities in several application ar-
eas such as anti-counterfeiting markers, emergency signs, luminescent
paints, radiation detectors, solar cell sensitizers, LED devices, and more
recently in biomedical diagnostics [2,7,11-15].

Generally, persistent luminescent materials consist of wide bandgap
energy (E,) inorganic host matrices, usually doped with divalent and
trivalent activator ions such as Eu2t, Pr3*, Eu3*, Tb3*, Cr3* or Ti3*
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Fig. 1. Schematic representation of (a) the cru-
cible setup, (b) the thermal insulator, (c) the
microwave oven, and (d) the resistive furnace
used during the syntheses [12,14].
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[2,4-9,15-19]. In particular, the spectroscopic features of Eu?* ion
are governed by the 4f-5d interconfigurational transitions, which are
strongly dependent on the lattice host ligand field. This optical prop-
erty allows the modulation of the Eu?* jon luminescent emission
from near-infrared (NIR) to ultraviolet (UV) by using different hosts.
Sr,MgSi,0,:Eu®*,Dy3+ is a promising compound that exhibits a high
persistent luminescence emission intensity in the blue region (4, : 470
nm). The chemical and structural stabilities under high humidity and
high temperatures are considered attractive features to produce mul-
tifunctional materials for applications under extreme conditions, such
as the mentioned ones. Besides, the blue persistent luminescence emis-
sion of this material presents a super long time duration (>24 h), which
potentializes its application possibilities [4,20,21].

The long emission time of persistent luminescence materials depends
on the energy storage in electron traps, i.e. positive ions (e.g. Dy>*) or
even lattice defects, most commonly formed by oxygen vacancies (V).
The Sr,MgSi,0,:Eu®*,Dy3* persistent luminescence mechanism can be
described as following: (i) the excitation energy can promote an electron
from the 4f7(8S, ,) ground state to 4f°5d! excited states of the Eu* ion;
(ii) the electron is transferred to the conduction band (CB) followed by
its storage in electron traps (Dy>* ions or Vs (i) absorbing thermal
energy, the electron can return to the CB, thus recombining with Eu®*
excited 4f55d! levels; (iv) lastly, the electron radiative decays to the
ground state 4f7 (887 2) of the activator ion leads to the emission of light
[12,17,22,23].

Despite the great potential of the disilicate materials, the most com-
mon preparation method involves high temperatures (>1100°C) com-
bined with several hours of annealing (>5 h) and H, reducing atmo-
sphere, which can represent explosion risks. This synthesis frequently
uses low-efficient resistive ovens, increasing the cost and the time of its
production. Therefore, new preparation methods are necessary to im-
prove luminescent characteristics and reduce the long annealing time
and high energy consumption required[14].

In this context, the microwave-assisted solid-state method (MASS) is
an attractive preparation methodology to quickly obtain polycrystalline
solid materials. The MASS method uses microwave electromagnetic ra-
diation to create rapid volumetric heating, resulting in short processing
times (up to 30 min) and low energy consumption compared with re-
sistive heating methods [14,24-26]. Equipment costs and accessibility

Resistive Furnace

are also advantages since it is possible to use a conventional domestic
microwave oven. However, microwave radiation interacts with most of
the precursor samples only at high temperatures [24,25]. Therefore, it is
necessary to use susceptor materials (e.g., SiC, CuO, Fe,O5 and activated
charcoal), which can absorb the microwave electromagnetic radiation
and convert it to thermal energy. The use of activated charcoal as a sus-
ceptor is particularly interesting due to its high heating efficiency and
the possibility to generate an in-situ reducing CO(g) atmosphere, which,
in this case, is responsible for the reduction process of Eu3* — Eu®*
necessary to the desired luminescent phenomenon.

In this work, we developed a single-step energy-saving synthesis
of persistent luminescence Sr,MgSi,0:Eu?*,Dy3* material using the
microwave-assisted solid-state (MASS) method. The material was also
prepared by the conventional ceramic method for comparison of struc-
tural, electronic and optical properties. In order to understand the role
of the MASS preparation method, the materials were fully characterized.

Besides, to comprehend the Eu3* — Eu2* reduction process under CO
atmosphere, we present here the first results of in-situ X-ray absorption
spectroscopy in the XANES region for Sr,MgSi,0,:Eu*,Dy3* material.
This study gives important insights on the dynamics of the formation of
the materials using resistive heating and, indirect understand the influ-
ence of microwave radiation in the synthesis.

2. Experimental
2.1. Material synthesis

The persistent luminescence Sr; ggMgSi;0,:0.01Eu?+,0.01Dy3* ma-
terial was prepared via the microwave-assisted solid-state (MASS)
and conventional ceramic methods. The material synthesized by
the MASS method was obtained using SrCO; (Synth, 99.9 %),
(MgCO3)4Mg(OH),+5H,0 (Sigma-Aldrich, 99.99 %), fumed SiO,
(Sigma-Aldrich, 99.8 %), Eu,05 and Dy,05 (CSTARM, 99.99 %) as start-
ing reagents. These reagents were mixed in an alumina mortar with ace-
tone to aid the homogenization, obtaining a powder mixture called raw
precursor. Then, 0.5 g of the precursor mixture was placed into a 3 mL
alumina crucible. The sample crucible was positioned into a 50 mL alu-
mina crucible containing 10 g of granular activated charcoal (Fig. 1a)
partially covered to create a local reducing atmosphere of CO(g), to pro-
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mote the conversion of Eu3* to Eu?*. The system was surrounded by
aluminosilicate thermal insulation to protect the oven (Fig. 1b) of high
temperature (~1350°C Supplementary Material (SM) Fig. S1) achieved
in this process. Finally, the precursors were heated in a domestic mi-
crowave oven (Electrolux MEF41, 1000 W maximum power and 30 L
of volume) (Fig. 1c) in a single-step synthesis for 15 min at 1000 W
immediately followed by 10 min at 900 W.

In the ceramic method’s preparation, 0.5 g of the raw precursor —
as prepared in the MASS method — was placed in a 3 mL alumina cru-
cible then pre-calcined in an EDG-7000 resistive furnace at 750°C for 2
h under static air atmosphere (Fig. 1d). The sample was homogenized
in alumina mortar and then placed in a similar charcoal-filled alumina
crucible arrangement previously described (Fig. 1a). Finally, the system
was calcined at 1150°C for 5 h. The heating programs used in MASS and
ceramic methods are detailed in SM Fig. S1. In order to compare the
photoluminescence properties, the Sr,MgSi,0,:Eu?*,Dy3* commercial
sample (Yada Luminescent Co. Ltd., YD-#7506) was used as a bench-
mark in the photoluminescence analysis.

2.2. Characterization

The thermal behavior of the physical mixture precursors used in ce-
ramic and MASS methods was investigated with TG/DTG and DTA anal-
yses simultaneously in a Netzsch STA 449 F1 Jupiter equipment by heat-
ing ca. 10 mg of each material in an aluminum oxide sample cup using
an identical empty cup as reference. The solid samples were heated up
to 1150°C in a 10°C min~! heating rate under 50 mL min~! CO(g) (or
synthetic air) atmosphere.

The infrared absorption spectra (FTIR) were recorded with an FTIR
PerkinElmer Frontier instrument in the spectral range of 400 to 2500
cm~! with a resolution of 4.0 cm~1. The powder samples were dispersed
into KBr pellets and measured collecting 32 scans each in transmission
mode.

The diffraction profiles were measured using synchrotron radiation
X-ray powder diffraction (SR-XPD) at the XRD1 beamline of the Brazil-
ian Synchrotron Light Laboratory, Brazilian Center for Research in En-
ergy and Materials, (LNLS-CNPEM), Campinas-SP, Brazil [27,28]. The
data were collected using Debye-Scherrer geometry and photon energy
of 12 keV with a 26 range from 3 to 120°. The detector system used was
a Mythen 24 k.

Rietveld analysis was performed considering the nominal
Sr; 9gMgSi,0,:0.01Eu?+,0.01Dy3®*  composition through TOPAS
v.6 software. SRM Si 640d from NIST was refined beforehand for
1.033155(1) A wavelength and zero-point determination to be used
in the refinements. The refined parameters were the scale factor,
background coefficients (10th polynomial), lattice parameters, atomic
positions, global atomic displacement factors, and occupancy for Sr2*
and 02" ions using the modified Thompson-Cox-Hastings as a profile
function. The CIF files used as starting models were Sr,MgSi,O, (ICSD
No. 261226) and SrSiO3 (ICSD No. 59308) for the materials prepared
by both methods. Besides, for the material prepared by the ceramic
method, Sr;MgSi;Og (ICSD No. 173780) was also considered.

The particle size distribution was investigated by nanoparticle track-
ing analysis (NTA) in a NanoSight NS300 (Malvern) equipment available
at the Mass Spectrometry Laboratory from the Brazilian Biosciences Na-
tional Laboratory (LNBio — CNPEM) using a 532 nm (green) laser source
and an sCMOS sensor to detect the Brownian motion of the particles.
The solid samples were prepared by dispersing 50 mg of the powdered
sample in 2 mL distilled water at room temperature and sonicated for
1 min. The dispersion was then diluted by a factor of 1000, once again
sonicated for 1 min, and then collected using a syringe pump in a con-
tinuous flow into the sample holder of the optical system. The analyses
were recorded using 25 FPS (frames per second), totalizing 5 videos of
1 min for each sample [29].

The scanning electron microscopy (SEM) images were registered us-
ing a Jeol JSM-6510 equipment of the Materials Engineering Depart-
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ment of Mackenzie Presbyterian University (campus Higiendpolis — Sao
Paulo-SP). The samples were prepared by dispersing the powder mate-
rials in isopropanol subsequently submitted to ultrasound for 10 min.
Then, 1 mL of the dispersion was deposited in a carbon stub cylinder
(1 x 1 cm), which was recovered with a gold layer using a sputtering.
The images were obtained in secondary electron mode (SEI) with 30 kV
acceleration voltage and 10 mm of work distance (WD).

The synchrotron radiation X-ray absorption spectroscopy (XAS) was
studied at the XAFS2 beamline at LNLS — CNPEM [30]. The X-ray Ab-
sorption Near-Edge Structure (XANES) measurements of the Eu element
were recorded at room temperature in the fluorescence mode around
the Eu-Ly; edge, aligned using Fe (7112 eV) and Eu,05 (6984 eV) as
references. The beamline is equipped with a Si (111) double crystal
monochromator and a 15-element Ge solid-state detector (SSD), result-
ing in 1.7 x 10~* (AE/E) energy resolution in the measured range (from
-100 to 100 eV of Ly; Fe absorption edge) [30].

The Eu*—Eu®* reduction process in the synthesis was studied
through the in-situ XANES analysis. The sample was prepared using
SrCO3, (MgCO3),Mg(OH)4+5H,0, fumed SiO, and Eu,O5 as start-
ing reagents and considering 10% of europium as dopant, meaning
Sry gMgSi, 0,:0.2Eu+. These reagents were mixed as described before
and the obtained powder was pre-calcined at 750°C for 2 h in a static
air atmosphere. The measurements were recorded at the DXAS beamline
[31] (LNLS - CNPEM) by heating the sample from room temperature up
to 1150°C under 100 mL min~! He:CO (95:5 %) atmosphere. The spectra
were collected in the transmission mode using a Princeton Instruments
PyLon2048F CCD detector around the Eu3* Ly; edge, which was aligned
in 6984 eV that is in agreement with the measurements performed at the
XAFS2 beamline.

The vacuum ultraviolet-ultraviolet (VUV)-UV excitation spectra
were recorded at room temperature from 4.2 to 8.2 eV, using a special
quartz slide (200 mm thick), with an 8.2 eV cut off to avoid the second-
order harmonics that come from the TGM beamline (LNLS — CNPEM)
[32,33]. The total emission signal was collected using an SR-UV-Vis op-
tical fiber (Ocean Optics) connected to an R928 photomultiplier (Hama-
matsu) and corrected using sodium salicylate (Synth) as the standard
Ref. [34]. A low-pass filter of 305 nm was used in front of the photo-
multiplier as an emission filter. The resolution in energy is AE/E = 700,
meaning 0.1 eV in the measured region [33,35].

The photoluminescence and persistent luminescence spectra were
measured on a Horiba Jobin Yvon Fluorolog 3 spectrofluorometer
equipped with mono- and double-grating monochromator (focal lengths
of 0.3 and 0.5 m, respectively) for excitation and emission (iHR320),
respectively. An OSRAM short-arc xenon lamp (450 W) was used as
the irradiation source, and a Synapse Horiba Jobin Yvon E2 V CCD30
(1024 x 256 pixels) was used as the detector. Persistent luminescence
decay curves were recorded on a SPEX Fluorolog-2 spectrofluorometer
equipped with two 0.22 m SPEX1680 double-grating monochromators,
a 450 W xenon lamp as the irradiation source, and photomultiplier de-
tector. All data were collected using the equipment set up at an angle of
22.5° (front face).

The thermoluminescence (TL) measurements were carried out using
a Risg TL/OSL-DA-20 luminescence reader (Institute of Physics, Univer-
sity of Sdo Paulo). The TL curves were recorded from 25 to 500°C, with
a 5°C s~! heating rate. The same amount of sample was added to a 9.7
mm diameter stainless steel plate for all the measurements. Each sample
was irradiated for 3 min using a 6 W Cole Parmer UV lamp (4 = 365
nm) with a delay of 3 min before starting the measurements.

3. Results and discussion
3.1. Thermal behavior and structural investigation
To understand the decomposition dynamics of the “raw precursor”

used in the synthesis of materials it was carried out TG/DTG and DTA
analyses under air atmosphere (SM Fig. S2). These thermal data indicate
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Fig. 2. (a) TG/DTG and (b) DTA curves of the raw precursors (after pre-

calcination) recorded at CO atmosphere (50 mL min~!) and 10°C min~! heating
rate.

the releasing of H,0(g) and CO,(g) molecules as described in the SM Ta-
ble S1 [36]. Therefore, to simulate the atmospheric environment of the
ceramic method, the TG/DTG analysis of the pre-calcined raw precursor
was carried out under CO(g) atmosphere (Fig. 2a). This analysis shows
a 16 % mass loss starting around 900°C, which is related to the elimi-
nation of CO,(g) arising from SrCO; starting reagent. The asymmetric
shape of the DTG curve (Fig. 2a) suggests a multistep decomposition in
this temperature region. This thermal behavior can be a consequence
of the exothermic formation of the materials’ crystalline phase, which
cannot be observed on the DTA curve (Fig. 2b) due to the endothermic
decomposition in the same region. The energy released on the crystal-
lization process may aid the endothermic decomposition, resulting in
an initial fast decomposition observed on the TG curve [37]. Although
the microwave heating implying a different decomposition pathway, the
high temperature achieved in the MASS method (1350°C) was enough
to result in a full decomposition of the carbonate precursors.

The FTIR absorption spectra of Sr,MgSi,0,:Eu?*,Dy3* material pre-
pared by MASS and ceramic methods are similar (SM Fig. S3), and the
main peaks are described in the SM Table S2. The absorption peaks at
621 and 1008 cm™! are assigned to the symmetric stretching of Si-Op—
Si and Si-O—Si (Og: non-bridge oxygen and Or: bridge oxygen) respec-
tively [37,38]. These bands indicate that the Sr,MgSi, O, disilicate host
is present in both synthetic methods. It is noteworthy that the CO32~ vi-
bration bands (698, 857, 1086, and 1486 cm™!) observed in the raw pre-
cursor are not present in the synthesized materials. This result confirms
that the carbonate precursors have been decomposed in both synthesis
processes.

The Sr,MgSi,0, host matrix has an Akermanite-type Ca,MgsSi, 0,
structure (Fig. 3) consisting of interconnected SiO, and MgO, tetra-
hedron sheets sharing an oxygen atom and held by eight coordinated
Sr?* interlayers with Cg low site symmetry [6,39,40]. The SiO, or-
thosilicate tetrahedrons are linked in pairs forming the Si,O, pyrosil-
icate groups [39]. The SR-XPD patterns of the Sr,MgSi,0,:Eu®*,Dy3+
materials (Fig. 4) show the formation of the tetragonal phase (PiZZlm
space group; No. 113; Z = 2) with a = b = 8.00771 A, ¢=5.17041 A
and « = 90° lattice parameters (obtained in the Rietveld refinement for
MASS method) [6]. The structural data indicate no major differences in
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[Si,0.]

Fig. 3. (a) Crystal structure of Sr,MgSi,0,:Eu?*,Dy>* in the perpendicular view
from the (100) plane and (b) isolated [(Sr,Eu,Dy)Og], [Si,O,] and [MgO,] units
designed on VESTA software [41] using PDF 01-075-1736 Ref.[40].
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the lattice parameters when compared with the data from their CIF Ref.
[40].

Based on the Rietveld refinement, 14.7 % of the SrSiO3 impu-
rity phase was quantified on Sr,MgSi,0,:Eu?*,Dy3+ material prepared
by the MASS method. Furthermore, 9.7 and 0.4 % of SrSiO; and
Sr;MgSi,Og phases were respectively determined to the material pre-
pared by the ceramic method. Since vacancies are expected, especially
for Sr, Mg, and O species, their occupations were refined. Considering
that the 02~ and Mg?* ions are too small for a precise calculation, the
result was obtained as the mean occupation between Sr sites (SM Table
S3). Although the light elements (such as O) are best probed using other
techniques such as neutron scattering, the reliability of the Rietveld re-
finement is confirmed by a good agreement between the experimental
data and the calculated model (Rwp < 10%) [42-44].

The remarkable match between Eu2+ (1.25 A, CN:8) and Sr?* (1.26
;\, CN:8) ionic radii confers a substitution without considerable lattice
distortions. On the other hand, the ionic radii difference between Dy3*
(1.027 A, CN: 8) and Sr2+ (1.26 A, CN:8) is higher than the limit of
solid solubility given by Vegard’s law (size difference <15%). However,
the low doping concentration provides a suitable substitution for these
species. The Dy3+ charge compensation in this material creates defects
such as interstitial 02~ and, more probably, the Sr®* vacancies which are
represented by Kroger—Vink notation in the Egs. (1) and (2): [6,36,45]

SroMgSir O

Dy,0; " =" 2Dy, +20% + 0! )
SroMgSir O

Dy,0; " =7 2Dy, +305 + VI @)

where V(! represents Sr2* vacancies and O/’ interstitial 02~ ions. More-
over, intrinsic defects are expected at high-temperature syntheses such
as Schottky defects caused by SrO and MgO volatilizations, leading to
Sr2+, Mg+ and 02~ vacancies. Duan et al. showed by DFT calculations
that Mg?* vacancies are more probable to occur than the Sr2* ones. In
this case, despites the higher bonding energy of Mg-O compared with
Sr-0, the eight-fold coordination of strontium (SrOg) implies in more
energy to remove a Sr2* ion from eight surrounding 0%~ ligands than a
Mg?2* ion from only four in a tetrahedrally coordinated site (MgO,) [46].
The positive oxygen vacancies (V;) are particularly interesting due to
its capacity to act as an electron trap energetically close to the bottom
of the conduction band (CB). The 29 Schottky pair formation is an en-
dothermic reaction with positive entropy variation, once the breaking
of Sr—-0, Mg-0, and Si-O bonds is not compensated by the formation of
the gaseous oxides. Thus, the use of high temperature favors the ther-
modynamics of this process, especially when combined with reducing
atmospheres. The very slow vacancy formation kinetics leads to long
annealing periods when classical heating methods are used. In this con-
text, the MASS preparation method presents as an innovation method-
ology due to the influence of the electrical field of the microwaves on
the material, making possible the reduction of synthesis time.

Another essential parameter of persistent luminescent materials is
the particle size, mainly because it can cause influences on the electronic
and structural properties of these materials, such as their bandgap en-
ergy, spectroscopic behavior, and superficial defect distribution [12].
Using a powerful technique of frame-by-frame video-recording (SM
Video S1), called Nanoparticle Tracking Analysis (NTA), it is possible
to identify specific particle sizes and statistically create the cumulative
size distribution (D9, Dsg, and Dgq) of the powder samples with high
precision. The NTA measurements of Sr,MgSi,0,:Eu?*,Dy3+ material
prepared by MASS and ceramic methods were carried out in dynamic
conditions to avoid decantation artifacts and to allow the most extensive
range of collected sample size, creating better statistic data (Fig. 5a,b).

Considering the raw precursors used in the MASS and ceramic meth-
ods as the same mixture of metal oxides and carbonates, the morpho-
logical properties differences will only depend on the thermal treatment
used on each methodology. Taking into account that the powder samples
were treated at high temperatures, in a resistive furnace as well as via
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Fig. 5. NTA particle-size distribution (a,b) and SEM morphological analyses
(c,d) of the Sr,MgSi,0,:Eu?*,Dy>* materials obtained via MASS and Ceramic
methods, respectively.

microwave-assisted heating, particles with bigger sizes are commonly
formed, whether agglomerates or even aggregates, as can be observed
in SEM images (Fig. 5c,d).

The NTA curve shows the narrow distribution shape of the mate-
rial prepared by the ceramic method (Fig. 5a), indicating that the long
annealing period (5 h) at high temperature (1150°C) yields to the uni-
formization of particles sizes, with the D5 fraction value corresponding
to 153 nm. This result indicates the well-sintered particles due to a long
time of ceramic synthesis, confirmed by the SEM images (Fig. 5c).

However, the NTA curve of the material prepared by the MASS
method shows a large particle size distribution with D5y = 181 nm
(Fig. 5b). It also shows that larger particles are formed with the MASS
method. In this case, the heating rate and rapid synthesis time do not
allow the homogenization of particle sizes, and as shown in SEM images
(Fig. 5d), the particles keep the plaque-like shape morphology charac-
teristic of the carbonate precursors.

3.2. Europium valence and spectroscopic properties

The persistent luminescence mechanism of Sr,MgSi,0,:Eu?*,Dy3+
material depends on the trapping of excited electrons from the divalent
europium activator ion. Thus, the concentration of the Eu?* ion can di-
rectly affect the persistent luminescence properties, increasing the dura-
tion of light-emitting after ceasing the excitation source. Therefore, the
X-ray absorption near edge structure (XANES) spectroscopy was used to
determine the qualitative proportion between the different Eu oxidation
states. The XANES spectra of Sr,MgSi,0,:Eu®*,Dy3+ material prepared
by MASS and ceramic methods (Fig. 6) exhibit two absorption peaks
centered at 6975 and 6984 eV assigned to the Eu?* and Eu3* Ly edges,
respectively [47]. The Ay, 3, reduction parameter is determined by
the ratio between the areas under the curves in their absorption spectra
(Fig. 6). These results indicate that both divalent and trivalent species
are present in the material prepared by MASS and ceramic methods.

As can be seen from the XANES spectrum of the material prepared by
the ceramic method (Fig. 6b), the Eu3* absorption band area is bigger
than that to the Eu* ion (Ay, 3, = 0.66). This result indicates that the
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Fig. 6. X-ray absorption spectra in the XANES region of the

Sr,MgSi,0,:Eu?*,Dy>* material prepared by (a) MASS and (b) ceramic
methods. The ratio of divalent and trivalent europium species (A,, 3,) was
calculated from the deconvoluted curves using the integrated area of their
respective peaks.

trivalent europium concentration is dominant for the material synthe-
sized in the conventional furnace. Since the ceramic method requires
a long time to be completed, the Eu?* re-oxidation phenomenon may
take place, probably because the CO(g) atmosphere is not continuously
generated by activated charcoal, during the whole process. The reduc-
tion of CO(g) concentration is critical during the cooling process, once
the CO(g) formation decays with the decreasing temperature [48,49].
Considering that the thermal inertia of resistive furnace is higher than
the microwave oven, this process may be most prominent in the ceramic
method. Besides, the CO(g) atmosphere reduces mostly the surfaces of
the material, while the inner remains with a considerable amount of
Eu3* species.

Differently, the MASS route using microwave dielectric heating in-
duces a rapid formation of material where the CO(g) atmosphere is
generated during the whole process, which keeps the Eu®* species sta-
ble leading to a higher reduction ratio Ay, /3,) = 2.51 (Fig. 6a). Also,
microwave radiation can increase the CO(g) conversion from the ac-
tivated charcoal [48] and also induces the enhancement of ionic dif-
fusion rate through the material, bringing the Eu3* ions to the sur-
face, thus improving the reducing process [50]. Therefore, considering
these effects and the higher temperature achieved on the microwave
oven, the MASS method is more efficient in producing Eu®* species in
Sr,MgSi,0,:Eu®*,Dy3+ compared to the conventional ceramic method.

Another advantage of the X-ray absorption technique is the possi-
bility to realize the in-situ measurements during the chemical reaction,
allowing the study of the Eu3* + e~ — Eu?* reduction process in the
material synthesis. Therefore, the in-situ XANES spectra were recorded
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through monitoring the Eu Lj; edge during the heating of the pre-
calcined raw precursor under He:CO (95:5 %) atmosphere (Fig. 7a). The
in-situ XANES spectra carried out in the temperature interval from 30 to
800°C show only the absorption peak at 6984 eV assigned to the Eu®*
ion. Above 800°C, the absorption peak at 6978 eV is observed indicat-
ing the start of the Eu®* — Eu?* reduction process. This in-situ analysis
reveals that the reduction process increases with the temperature rising
from 800 to 1150°C.

Moreover, monitoring the Eu?* absorption peak evolution at 6978
eV gives information about the reduction process during the material
synthesis (Fig. 7b, green line). The derivative curve (Fig. 7b, black
line) shows an increase of reduction rate with the maximum at 920°C,
leading to a decreasing rate up to 1000°C. Despite the changing of
CO(g) concentration which can barely affect the thermal behavior ob-
served in the TG/DTA analysis, it is possible to correlate the increase
of reduction with the decomposition of SrCO5 around this temperature
(Fig. 2a). The carbonate decomposition releases CO4(g), hindering the
interaction of Eu3* ions with CO(g) atmosphere. According to TG data
(Fig. 2a), the strontium carbonate decomposition process is completed
at 1000°C, where is observed reduction rate stabilization up to 1020°C.
After 1110°C, the reduction rate becomes insignificant, suggesting that
the Eu?* formation equilibrium has been reached.

The excitation spectra of the Sr,MgSi,O,:Eu’*,Dy3+ material pre-
pared by MASS and ceramic methods (Fig. 8a) present four broad ab-
sorption bands convoluted in the region from 275 to 470 nm, assigned
to Eu?t 417(8S,,,)—~4f%5d! transitions. The excitation band in the visi-
ble range from 400 to 470 nm is of technological interest since it allows
the persistent luminescence materials to be excited with sunlight and
conventional blue LEDs. It is worth noting that the excitation spectra
were collected monitoring the emission wavelength at 520 nm, aiming
to record the full profile of the excitation band (275 - 460 nm) with no
influence of the incident light source.

The emission spectra of the materials (Fig. 8b) show a broadband
(430 to 550 nm) centered in 470 nm assigned to 4f55d'—4f’(8S, ;)
transition of the Eu?* ion. Moreover, the low intensity peaks at 613
nm are assigned to the hypersensitive >Dy,—’F, transition of the Eu3*
ion (Fig. 8b, inset). The lowest emission intensity of this intraconfigu-
rational of the material prepared by the MASS method indicates a more
efficient Eu3* — Eu?* reduction, which is corroborated by XANES data
(Fig. 6).

The bandgap energy information of the material was obtained by
synchrotron radiation in the vacuum-UV region. The VUV excitation
spectra (Fig. 8c) show one absorption band at 5.4 eV, which corre-
sponds to the Eu?* 4{7(8S,,,)—~4f°5d! transitions. The highest inten-
sity absorption band centered at 7.1 eV is assigned to the transition
from the valence band, composed mainly by O (2p), Si (3p), and Sr (4p)
orbitals of the host, to unoccupied Sr (4d) orbitals of the conduction
band [6,51,52]. The bandgap energies of material prepared by MASS
and ceramic methods were determined by the derivative method from
the absorption curves, resulting in the equivalent value of 6.9 + 0.1 eV
(Fig. 8¢) [9].

It is noteworthy that after UV irradiation, the excited electron can be
stored in the host lattice defects, such as V,, or into the Dy3+ cations,
temporarily creating Dy>* as recently proven by Joos et al. [53]. The
charge carrier transfer from traps to the conduction band is governed
by thermal energy (kT). Thus, thermoluminescence measurements are
generally used to determine the defects energy levels and their concen-
trations. Although the TL intensity depends on the defect concentrations,
accurate measurements of traps in terms of energy is a tough task, which
will not be addressed in this work [54]. Besides, the TL intensity mainly
shows the activated trap concentrations, i.e., the traps that received a
charge carrier from an emitting center. It means that even the mate-
rial with plenty of traps, but without enought emitting centers, can still
exhibit very low-intensity TL glow curves. Our material was prepared
with the same amount of Dy3+, which acts as the main trap. The TL glow
curves (Fig. 8d) exhibit an intense emission band around 100°C, which
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Fig. 7. (a) In-situ X-ray absorption spectra in
the XANES region of the Sr; ¢MgSi,0,:0.2Eu?*

~._ Raw Precursor

"\ pre-cal. 750 °C - 2 h (air)

CO(g) 5 % : He(g) 95 %
b in-situ

N
o

- E: 6978 eV

Intensity - L, Eu?" (Arb. Units) T

[ Eu®* +e — Eu?*

Intensity (Arb. Units)

L Eu?* L, absorption

I Raw Precursor
| pre-cal. 750 °C - 2 h (air)
CO(g) 5 % : He(g) 95 %

raw precursor in the function of the tempera-
ture under He:CO 95:5 % atmosphere and (b)
evolution of Eu?*-Ly;; edge absorption peak in-
tensity (6986 eV).

Derivative dl(L,Eu?")/dT

7010 30 200 400

600 800 1000

6960 6970 6980 6990 7000 1150
Energy (eV) Temperature (°C)
N : g ) ' d F g - ' J : . Fig. 8. Luminescence analyses of the
' (a) Excitation 1 - (b) Emission ——MASS | St,MgSi,0,:Eu?* Dy** material prepared
:geArzfniC' i _x.(:;r:‘mici by MASS and ceramic methods: (a) excita-
e 296 NM tion, (b) emission, and (¢) VUV synchrotron
Aem: 520 NM - r radiation excitation spectra, and (d) thermolu-

Intensity (Arb. Units)

Eu?*

41%5d" - 47 (°s, )

Eu?

47'(,s,,,) — 4f5d"

Norm. Intensity (Arb. Units)

minescence (TL) glow curves.

275 300 325 350 375 400 425 450 450 500

550 600 650

700
Wavelength (nm) Wavelength (nm)
Energy (eV)
8,0 7.5 70 65 6,0 50 45
) : ‘ : ‘ ‘ 50,0 ‘ ‘ . ‘ ‘ ‘ ‘ :

@| (C) VUV Excitation —MASS +  |(d) Thermoluminescence S miniiirad.
z - i =] 3 min delay
c - Ceramic 1< ,
=) 40,01 - . i i
s /N Derivative Ceramic ) Loy [ Commercial
zr // s\ 0 - Derivative MASS | £ 40 i~ MASS
< E =30, {—— Ceramic
£ < | £ 30 i—— Sr,MgSi,0,:Eu**-
5 5 < 0,0 i
-— © AV 20 o
= P 41(S,,) > 4F5d" *(%‘2
E Eu?* ‘G:J 1,0 (Ceramic, no Dy**)
S =100 / x100
z - 0.0 = —

‘\‘ 100 200 300 400 500|

160 180 200 220 240 260 50 100 150 200 250 300 350 400 450 500

Wavelength (nm)

is often observed in the most efficient persistent luminescent materials
reported in the literature [2,22,34,36,37,55-65].

The material obtained with the MASS method exhibits higher in-
tensity at this optimal region than the glow curve of ceramic method
material, suggesting a higher concentration of activated traps with low
energy (shallow defects) involved in the emission process. Considering
the persistent luminescence spectra registered through 5 min after ceas-
ing the irradiation (SM Fig. S4), the same 4f°5d!—4{’ (%S, ,,) band is
observed with no differences during the decay, indicating that only the
Eu?* ion acts as the emitter ion on persistent luminescence mechanism.
Moreover, comparing the Dy-codoped and the Sr,MgSi,0,:Eu®* mate-
rials is possible to conclude that the major contribution of the trapping
mechanism comes from Dy3+ ions.

Since Dy3* nominal concentration is the same in all samples, the
highest TL intensity (and consequently longest persistent luminescence
decay time) is not governed only by this type of defect concentration.
The amount of emitting centers i.e. the reduced Eu?* species is the main
responsible for populating the traps, which are probably not fully acti-
vated in ceramic prepared material.

Several features must be considered to the persistent luminescence
decay time, for example, the purity of the material, particle size, or
even the formation of dopant clusters. Fig. 9a shows the persistent lu-

Temperature (°C)

minescence decay times of the material prepared by MASS and ceramic
methods. Despite the persistent luminescence decay time via luminance
measurements is recommended, the comparison between the materials
is possible using the high efficient commercial Sr,MgSi,0,:Eu®*,Dy3*
sample (Yada Luminescent Co. Ltd., YD-#7506) as a benchmark. It is
possible to observe that the material prepared by the MASS method
exhibits higher emission intensity compared to that prepared by the
ceramic method (~100 times) in the persistent luminescence decay
time interval up to 120 min. Considering that the electron trapping/de-
trapping process depends mainly on the dopant Eu?* emitter center and
co-dopant Dy3* trap, it is expected that the persistent luminescence phe-
nomenon will be strongly affected by effects induced by the prepara-
tion method. The higher reduction process efficiency of Eu®* ions pro-
vided by the MASS method results in more Eu®* emitter species, which
is confirmed by the XANES analysis (Fig. 6). Therefore, a higher di-
valent europium concentration may corroborate with the improvement
of the persistent luminescence emission duration time. Besides, it was
demonstrated by TL curves (Fig. 8d) that this material also presents a
higher concentration of activated traps arising from the Dy3* ion, which
contributes to an increasing of the persistent luminescence emission
time. These features lead to a longer persistent luminescence decay time
(Fig. 9a) for the MASS material.
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The optical behavior of the material prepared via MASS and ceramic
methods can be compared to its commercial reference as visualized in
Fig. 9b. The blue emission was confirmed by the persistent lumines-
cence emission spectra (SM Fig. S4). Finally, the microwave-assisted
solid-state synthesis was considered an efficient substitute to prepare
the well-established Sr,MgSi,0,:Eu?*,Dy3* with high efficient persis-
tent luminescence.

4. Conclusion

The SryMgSi,0,:Fu?*,Dy3* material was successfully prepared by
the single-step MASS method using microwave dielectric heating, lead-
ing to considerable advantages, such as rapid synthesis (less than 5 %
of ceramic synthesis time), low-cost infrastructure, energy-saving ap-
proach, and improvement of optical properties of final product.

Furthermore, a significant enhancement of Eu?* concentration in the
host matrix was achieved by the MASS method, due to the CO(g) local
atmosphere generation and faster ionic diffusion rate promoted by the
microwave radiation interaction.

The in-situ XANES analysis elucidated the temperature dependence
of the Eu®* — Eu?* reduction, showing that this process starts mainly
above 900°C, influenced by the thermal decomposition of the raw pre-
cursor. The presence of the Eu?* species in the host matrix is pivotal
due to its charge donner role in the energy storage of the persistent lu-
minescence phenomenon.

Moreover, the increase of the TL emission band at 100°C in the ma-
terial prepared by the MASS method indicates a higher concentration
of activated traps, due to the presence of Dy3* ion that works on the
improvement of persistent luminescence duration at room temperature.

The excitation spectra show a broad absorption band from UV to
visible range (from 220 to 450 nm), which is crucial to development of
new solar radiation harvesting energy technologies. The emission spec-
tra show a broadband centered in the blue region (4., = 470 nm) as-
signed to Eu?* 4{65d'—4f’(8S, ;) transitions. Therefore, the material
prepared by the MASS method showed a strong enhancement of per-
sistent luminescence duration time, corroborating with XANES and TL
results. Lastly, microwave-assisted solid-state synthesis could be turned
into a fast and efficient single-step way to prepare high-quality persis-
tent luminescence materials for applications as emergency signs, anti-
counterfeiting markers, and solar cell sensitizers.

Supplementary materials

Additional details of the heating setup of ceramic and MASS meth-
ods, as well as basic characterization of the Sr,MgSi,O,:Eu?*,Dy>* ma-
terials can be viewed in the Supplementary material.

Data availability

The raw/processed data required to reproduce these findings cannot
be shared at this time as the data also forms part of an ongoing study.
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Fig. 9. (@) Decay time glow curves of
Sr,MgSi,0,:Eu?*,Dy3* prepared by MASS
and ceramic methods and their correspondent
commercial material (Yada Luminescent Co.
Ltd.,, YD-#7506) excited with 396 nm and
monitored at 470 nm and (b) photographs
of all samples taken using a digital camera
to show the blue persistent luminescence
emissions after 3 min of irradiation with 365
nm UV lamp.
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