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a b s t r a c t

The synthesis of efficient nanosized persistent luminescence materials remains a challenge for the
community. Paradoxically, due to the dependence of the point lattice defects and the persistent lumi-
nescence efficiency, the control of the defect formation, favorable when the materials are prepared at
high temperatures, normally leads to particle growth and sintering. In this work, efficient nanosized rare
earth doped disilicates Sr2MgSi2O7:Eu

2þ,Dy3þ were synthesized via three different wet-chemical
methods taking advantages of the microwave-assisted reduction process as a support step to produce
high-quality polycrystalline materials. The crystallite size of the sample showed to be smaller when the
decomposition temperature of the precursors is higher and close to the phase formation energy. The
excitation VUV spectroscopy indicated that despite being nanocrystalline, the materials optical band gap
has just a small difference compared one to another. The reduction of Eu3þ to Eu2þ was successfully
obtained, since the f-d interconfigurational transitions of Eu2þ 4f65d1/4f7 emission were observed in
the blue region of the spectra. The persistent luminescence efficiency measured through its lasting decay
time was close to the commercial materials references and with the advantage of having size control
during the synthesis method that can lead to the size dependent applications of photonic materials.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Persistent luminescence is a class of luminescent phenomena
comprehending the emission of electromagnetic radiation in a
visible or NIR wavelength range for a prolonged period (from a
couple seconds to many hours) after the stoppage of irradiation.
Due to the imperfections that exist in any crystal structure, the
charge carriers coming from the irradiation process play an
important role in trapping-detrapping processes, increasing by this
way the duration of the persistent luminescence [1e3].

This particular case of thermostimulated luminescence phe-
nomenon has been observed over the past millennium and has
been extensively studied since Vincenzo Cascariolo's discovery of
the barite (BaSO4), a sulfate mineral which exhibit persistent
luminescence after its reduction process to BaS (named Bologna
stone) [4,5]. In this case, the emission came from the impurities of
Cuþ, which was both the activator and the defect generator for the
energy storage [5]. Through the history of the phosphors, some
compounds, spotted due their persistent luminescence efficiency,
including the Eu2þ-doped aluminates MAl2O4 (M ¼ Ca, Sr, Ba)
[6e9], which have been investigated since its discovery in 1996,
and the Eu-doped Rare Earth (RE)-codoped disilicates M2MgSi2O7
[1,7,10e13], known for their very long persistent emission. Recently,
a few compounds such as the gallates, stannates, oxysulfides, etc.,
have been developed to achieve a long-wavelength emission/
excitation (VIS-NIR) persistence [14e16]. These compounds are
widely applied as the materials for safety/emergency signs, road
luminescent paints, displays and theranostic applications sup-
ported by in-vivo biomarkers [5,17e20].

The synthesis methods of inorganic compounds play an
important role in determining fundamental characteristics of par-
ticles, such as particle morphology, porosity, crystallite size,
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homogeneity of composition, defects distribution, etc. Since the
solid-state reactions (i.e. ceramic method) are the easiest way to
prepare oxide materials, a huge amount of materials has been
prepared by heating the mixture of powdered raw precursors.
However, these methods require a long heat treatment at high
temperatures to form the desired product. This method normally
creates large particle agglomerates with irregular morphology and
heterogeneity, bringing disadvantages to photonic materials, once
the luminescent properties are strongly dependent on these pa-
rameters [1,18,19]. In the meanwhile, wet-chemical methods such
as sol-gel [20e23], combustion [1,24e26], hydrothermal [27e29],
co-precipitation [30e32], modified-Pechini [33e36] and so on,
show great potential to prepare nanoparticles with reasonable
control of parameters [18,37].

Particularly, the strontium magnesium disilicate
Sr2MgSi2O7:Eu2þ,Dy3þ has been widely studied due its chemical
stability [38] and very long persistent luminescence showing the
Eu2þ broad emission band centered around 460 nm (the blue re-
gion of the spectrum) [39,40]. The luminescence mechanism of
Eu2þ doped Sr2MgSi2O7 involves primarily the photoexcitation by
UVeVis radiation, promoting the electronic transitions 4f7(8S7/2)/
4f65d1 where the 4f65d1 excited state is partially overlapped with
the conduction band (CB) of matrix. Thus, charge carriers, i.e. the
excited electrons, can be delocalized to the conduction band and
trapped by lattice defects into the host crystal. Finally, these elec-
trons are thermally detrapped as a function of kbT recombining to
the emitting ion [1,37,38].

The aim of this study is to understand the influence of different
wet-chemical methods on the efficiency of disilicate
Sr2MgSi2O7:Eu2þ,Dy3þ nanoparticles. We have chosen the well-
known modified-Pechini method, the complexation method us-
ing citric acid and oxalic acid with two different routes and the
condensation method to prepare the material. Besides, we propose
a microwave-assisted reduction process to speed up and enhance
the conversion of Eu3þ to Eu2þ. In order to obtain the necessary
data to explain crystallographic, morphologic, chemical and spec-
troscopic properties, these materials were investigated by ther-
mogravimetric analysis (TG), X-ray powder diffraction (XPD),
nanoparticle tracking analysis (NTA), instrumental neutron acti-
vation analysis (INAA) and VUV-UV-visible luminescence
spectroscopy.

2. Experimental

2.1. Materials synthesis

Persistent luminescence nanoparticles of Sr2MgSi2O7:Eu2þ,Dy3þ

were prepared by three different wet-chemical routes: 1)modified-
Pechini method; 2) complexation method and 3) condensation
method, starting from the tetraethoxysilane (SiC8H20O4 - TEOS),
magnesium nitrate (Mg(NO3)2$6H2O), strontium nitrate (Sr(NO3)2)
and rare earth nitrates (R(NO3)3$6H2O, R ¼ Eu3þ and Dy3þ). For
these three methods, the ethanolic silica-based precursor solution
was stirred along with the alkaline and rare earth nitrate aqueous
solutions at 90 �C for 2 h, nitric acid and ammonium hydroxide
were used to adjust the pH of the mixture to around 4. After a clear
and translucent liquid was obtained, the solution was maintained
in stirring at 70 �C for 15 h until a complete sol-gel reaction
occurred. The Condensation method samples corresponds to this
initial solution without any other reagent. For the Pechini method,
samples were prepared by amixing the proportion of 60:40 of citric
acid (C6H8O7 - 99.5%, Sigma-Aldrich) and ethylene glycol (C2H6O2 -
99.8%, Sigma-Aldrich) into the initial solution described above. The
metal ions and citric acid ratio varied as (1:1), (2:3) and (1:2).
Finally, for the Complexation method, samples were prepared by a
mixture of either citric acid or oxalic acid (C2H2O4 - 99%, Merck)
with the initial solution using (1:2) of metal ions-complexation
agent ratio. For all the methods, after the mixing, all solutions
were stirred once again for another 2 h at 90 �C until the viscous gel
became homogeneous. Then, the product was heat-treated at
300 �C for 2 h in a resistive furnace. The powder precursors were
ground with a ceramic mortar and then calcined in alumina cru-
cibles at different conditions, from 700 to 1200 �C for 1 and 5 h in
air. Finally, the Sr2MgSi2O7:Eu3þ,Dy3þ powders were reduced in a
domestic microwave oven (Electrolux MEF41, 1000 W) using
granular coal as the susceptor/reducing agent, at 700 W for 15 min.
The scheme of the microwave-assisted reduction process used in
this work is shown in Supplementary Fig. S1 and was previous well
described by Pedroso et al.(2016) [19].

2.2. Characterization

Powder precursors of each synthesis method, before the calci-
nation process, were studied via thermogravimetric analysis [41].
Thermal decomposition behavior, expressed by the mass losses as a
function of the temperature, was carried out using a TGA-51H
(Shimadzu) equipment. The raw precursors were heated using a
platinum crucible, from 25 up to 1100 �C with a 10 �C.min�1 rate,
and a static air environment was used to simulate the furnace
conditions during calcination process.

X-ray powder diffraction (XPD) [42] was carried out in a Rigaku
Miniflex II diffractometer using a graphite monochromator with Ka
Cu radiation source (l ¼ 1.5418 Å). The polycrystalline sample
patterns were scanned continuously in 2q between 15 and 60� with
a step of 0.02� and 1 s of integration time per point. The samples
were prepared on a glass sample holder and measured at room
temperature for all heat-treatment, calcination and reduction
conditions, indicating the effect of the phase transition through the
thermal processes of the material. The mean crystallite size of the
samples after calcination and reduction processes were determined
via mathematical correlation of the most intense (121) peak profile
of the main Sr-åkermanite phase (well-adjusted by a Pseudo-Voigt
function) into the Scherrer equation. The instrumental broadening
corrections weremade using the (222) peak of Y2O3 as the standard
reference [43].

The nanoparticle tracking analysis (NTA) [44] was carried out
with a NanoSight NS300 (Malvern) equipment using a 532 nm
(green) laser source and a sCMOS sensor to detect the Brownian
motion of the particles. The samples were dispersed in water at
room temperature, sonicated during 1 min and collected using a
syringe pump in a continuous flow into the sample holder of the
optical system. Themeasurements were record with 25 FPS (frames
per second), totalizing 5 videos of 1 min each one for each sample.

Elemental distribution within the particles were analyzed by
Energy Dispersive X-Ray (EDX) under Scanning Transmission
Electron Microscopy (STEM) using a FEI -Titan microscope oper-
ating at 300 kV. High-Angle Annular Dark Field (HAADF) images
were captured by a Fischione Model 3000 ADF detector. EDX
spectra were collected by using a FEI SuperX quad windowless
detector based on silicon drift technology with a solid angle of 0.7
steradian for about 15 min.

The concentration of rare earth elements present into the
Sr2MgSi2O7:Eu2þ,Dy3þ powders was obtained via Instrumental
Neutron Activation Analysis (INAA) [45e47] carried out at the IEA-
R1 Nuclear Research Reactor (located on the Research Reactor
Center at IPEN-CNEN/SP). The samples were irradiated with a
thermal neutron flux of 1013 cm�2 s�1 during 8 h, then a Canberra
HPGe detector model GC2018 coupled to the Canberra DSA 1000
digital spectral analyzer was used to identify and quantify 153Eu and
164Dy radionuclides through the correspondent gamma ray decay.
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The luminescence spectra (excitation and emission) and the
persistent luminescence decay time were measured on a SPEX
Fluorolog-2 spectrofluorometer using two 0.22 m SPEX1680
double-grating monochromators, a short-arc xenon lamp (450 W)
as the irradiation source and a photomultiplier tube detector. Prior
to the persistent luminescence decay time experiments, the sam-
ples were irradiated with 360 nm wavelength and then the emis-
sion was monitored at 460 nm. All the measurements were
collected from powder pressed onto a sample holder placed at an
angle of 22.5� (front face) at room temperature.

The synchrotron radiation spectroscopic studies were per-
formed at the Brazilian Synchrotron Light Laboratory, Brazilian
Center for Research in Energy and Materials, (LNLSeCNPEM),
CampinaseSP, Brazil. The X-ray Absorption Near-Edge Structure
(XANES) measurements of Eu element was measured at room
temperature using the XAFS2 beamline. The data was collected in
the fluorescence mode at room temperature on the Eu-LIII edge
using the Si(111) double crystal monochromator with a 15-element
Ge solid state detector (SSD). The energy resolution DE/E was
1.7�10�4 and the measured energy range was from 100 eV both
before and after the edge. VUVeUV excitation spectra were recor-
ded at room temperature from 4.2 to 8.2 eV, using a special quartz
slide (thickness 200 mm), with an 8.2 eV cutoff (Act Ion - Tecnologia
Científica). This filter was used to avoid the second order harmonics
that come from the TGM beamline [48]. Signal was collected using
an optical fiber connected to the R928 photomultiplier (Hama-
matsu) and corrected using sodium salicylate as the standard
reference [49]. A low-pass filter of 305 nmwas used in front of the
photomultiplier as an emission filter. The resolution in energy is
DE/E ¼ 700, giving ca. 0.05 eV in the measured region.

3. Results and discussion

3.1. Thermal stability, phase and size analysis

The thermal stability of the disilicates synthesized in this work
was evaluated according to their weight loss as a function of
Fig. 1. Thermal decomposition behavior of as-synthesized powder of Sr2MgSi2O7:Eu3þ,Dy3

oxalic acid (e), condensation method of TEOS precursor (f) and their respective first deriva
temperature via thermogravimetric analyses. The thermogravi-
metric profile of all the samples has an initial stage of mass loss up
to 100 �C corresponding to the desorption events of water mole-
cules on the surface of the particles, mainly due humidity.

The samples prepared via modified-Pechini method (Fig. 1aec)
using different metal-citric acid ratios have a major loss of mass
event around 480 �C related to the combustion/oxidation of the
organic moiety, thus the loss of mass was proportional to the citric
acid content in each ratio used. There is no other mass loss event
present at higher temperatures, indicating that the thermal sta-
bility is achieved at low-temperature range. It means that an oxide
structure is found above 550 �C for all Pechini prepared samples
when the weight losses are not bigger than 4.5%. For the citric acid
complexation method (Fig. 1d) there are two weight loss stages at
387 and 476 �C, corresponding to the decarboxylation processes of
metal citrates and the decomposition of the carbonates by the
formation of the oxide products [50]. Using oxalic acid as
complexation agent (Fig. 1e), the first thermal decomposition of the
possible oxalates is indicated by a multi-step stage of weight loss
between 400 and 600 �C, followed by the formation of carbonates
[51]. Then the oxide formation is reached at around 1050 �C. In the
case of condensation method (Fig. 1f), a not well-defined inter-
mediate stage related to the volatilization of the compounds from
the non-stoichiometry condensation reaction of the TEOS can be
observed up to 700 �C, when a major step of weight loss starts
determined by the nitrates decomposition. Further details on the
thermal events can be checked on the Supplementary Fig. S2. All
the detailed assessment of the weight loss events for all the sam-
ples are summarized in Table 1.

Considering the phase formation kinetics of the disilicate,
despite the high energy of phase transition, when the decomposi-
tion of the organic moiety takes place at lower temperatures, the
materials prepared through Pechini and Citric acid methods, after
being heated at 1000 �C, present majority Sr-åkermanite phase
(shown in Fig. 2aeb). In the case of the oxalic acid and condensa-
tion methods, following the behavior observed in the TG data
(Fig. 1e and f, respectively), even post-calcined at 1000 �C,
þ prepared by Pechini methods (aec), complexation method using citric acid (d) and
tive curves indicating the inflection points.



Table 1
Weight loss events and their onset temperatures (Tonset) of each TG step analyzed.

Synthesis method Step range analyzedj Weight loss (%) Main released compounds

Ti (�C) Tf (�C) DTonset (�C)

Pechini (1:1) 25 149 124 4.39 H2O(v)
a

361 477 116 12.12 H2O(v) and CO(g)
a

477 516 39 34.16 CO(g) and CO2(g)
a

516 915 399 3.73 CO2(g)
a

915 1000 85 0.76
Pechini (2:3) 25 164 139 4.5 H2O(v)

a

359 472 113 9.6 H2O(v) and CO(g)
a

472 544 72 43.46 CO(g) and CO2(g)
a

544 925 381 2.37 CO2(g)
a

925 1000 75 0.87
Pechini (1:2) 25 144 119 5.03 H2O(v)

a

346 468 122 15.75 H2O(v) and CO(g)
a

468 542 74 43.61 CO(g) and CO2(g)
a

542 719 177 1.72 CO2(g)
a

719 913 194 0.68
913 982 69 2.09

Citric acid 25 192 167 6.24 H2O(v)
b,c,d

330 476 146 21.55 H2O(v) and CO(g)
b,c,d

476 481 5 18.65 CO(g) and CO2(g)
b,c,d

481 683 202 8.07 CO2(g)
b,c,d

683 895 212 0.72
895 1000 105 1.08

Oxalic acid 25 97 72 4.3 H2O(v)
e,f,g

452 509 57 9.4 CO(g) and CO(g)
e,f,g

509 535 26 2.28 CO(g) and CO(g)
e,f,g

535 578 43 9.48 CO(g) and CO2(g)
e,f,g

578 969 391 2.74 CO2(g)
e,f,g

969 1061 92 12.1
Condensation 25 209 184 4.23 H2O(v)

h,i

416 668 252 6.81 H2O(v) and CO(g)
h,i

668 843 175 29.27 NOx (g)
h,i

843 950 107 1.03 CO2(g)
h,i

References on thermal decomposition compounds released:
a Ref. [52].
b Ref. [53].
c Ref. [50].
d Ref. [54].
e Ref. [51].
f Ref. [55].
g Ref. [56].
h Ref. [57].
i Ref. [58].
j Parameters of TG analysis were obtained by the extrapolated onset temperature (Tonset) shown in details on Support information (Fig. S1).
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crystallographic phase is not the pure disilicate one as shown in
Supplementary Figs. S3 (e and f). This also reflects on the phase
purity after 1200 �C followed by microwave dielectric heating
(Fig. 3) where the products of the oxalic acid and condensation
methods exhibit some impurity phase peaks mainly at 22.8, 27.4,
29.8, 31.1 and 32� (2q) and related to (Sr/Mg)SiO4 and cristobalite
phases formed in high temperatures, according the phase diagram
of alkaline silicate glass materials. Besides that, two peaks located
around 32.8 and 44� might be related due the presence of a high-
temperature stable carbonate phase that is also verified in the
FTIR spectra (Supplementary Fig. S4), exhibiting a characteristic
band at ca. 1450 cm�1 that can be assigned to the asymmetric
stretching vibrations n3 of carbonate ions [59,60].

One great advantage of the wet-chemical methods to prepare
inorganic materials is the possibility to control some synthesis
parameters that allow you to engineer desirable characteristics in
your material such as particle size and different morphologies.
Thus, the particle size distribution determined by nanoparticle
tracking analysis technique (Supplementary Fig. S5) indicates that
the powder obtained via all the methods in this work are com-
prehended between 10 and 400 nm, taking into account the pres-
ence of agglomerates and aggregates for those large sizes due the
nature of the charge distribution on the surface and around the
particles (described by the zeta potential).

Owing to the small size of the particles, we decided to compare
the crystallite size and its particle sizes determined by NTA (Fig. 4).
The estimation of the crystallite size was made using the mathe-
matical approach of the Scherrer equation, considering the
instrumental broadening as indicated in Experimental section.

It is possible to identify that the condensation method particles
have a broader size distributionwhile the Pechini method yielded a
sharper distribution in terms of the range between D10 and D90
fractions. Further investigation may lead a maneuvering to a better
control of the agglomerate stabilization that creates larger particle
sizing to D90 fraction of the size distribution. In the meanwhile, is
expected for the Pechini method the narrow distribution since all
the organic moiety leaves the precursor at lower temperature and
the Sr-åkermanite phase starts to be formed beforewhen compared
with the Oxalic acid or the Condensation method. With the main
phase being formed at lower temperatures, the thermodynamics
plays a key role allowing the crystal growth mechanism. In the case
of the condensation method, the Sr2MgSi2O7 crystals are formed
only at higher temperatures and there is not enough time for the
particle growth, leading to a broad size distribution. However, this



Fig. 2. Overall crystal structure of Sr2MgSi2O7:Eu3þ,Dy3þ phosphor in their perpendicular view from the (100) plane (a), a “top” view from the (001) plane showing the rare earth
coordination positions and a detailed view of individual atoms and their bond lengths and angles in an 8-coordination site occupied by Sr2þ, Eu2þ,3þ and Dy3þ ions (c) and the
tetrahedral sites occupied by the Si4þ and Mg2þ ions (d) into the Sr-åkermanite structure.

Fig. 3. X-ray powder diffraction data of Sr2MgSi2O7:Eu3þ,Dy3þ phosphors prepared by Pechini, complexation and condensation methods after a thermal treatment at 300 �C for 2 h,
post-calcined at 1200 �C for 5 h in static air atmosphere and microwave-assisted reduction process. The (121) peaks used to determine crystallite sizes are detailed in the window on
the right.
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method yielded the smallest particles as indicated by the D50
fraction of the size distribution.

With respect to the size of the periodicity of the lattice, it is
interesting to observe the correlation between the size of crystallite
determined by the Scherrer method and the mean size distribution
of the particles expressed through the D50 fraction of the NTA data
for each sample (Fig. 4 e purple line/dots). In this case, there is a
tendency in producing small particles and consequently small
crystallites during its nucleation process. The samples obtained by
the Condensation method compared with those obtained via
Pechini method showed the smallest crystallite size.
Fig. 5 shows the HAADF images alongside its elemental mapping
of the RE elements (Eu and Dy) for the Pechini (Fig. 5, top) and
Condensation (Fig. 5, bottom) methods. The elemental maps show
spatial distribution of the elements and depicts RE dopants more
likely to be found at the edge of the particles. This indicates possible
segregation of rare earths to the grain boundaries during the
Pechini synthesis. Observation of the grain boundaries at high-
resolution requires dose-efficient electron microscopy techniques
due to the electron beam sensitive nature of the sample. It is
important to notice here that the elemental maps show a homo-
geneous distribution of the chemical species other than the



Fig. 4. Particle size distribution of Sr2MgSi2O7:Eu3þ,Dy3þ phosphors obtained by NTA
and expressed through its D10, D50 and D90 fractions (a) and the samples crystallite
sizes for each kind of synthesis methods determined via Scherrer equation.
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dopants (Supplementary Fig. S6).

3.2. Luminescence properties and persistent luminescence behavior

In solid state spectroscopy, two factors are crucial for the
luminescent behavior of doped materials. The first aspect to
consider is if all the dopants used in the synthesis are introduced
within the final product. The second one is to determine the
valence states of the dopant ions after the synthesis process ends.
Only taking care of these two points, we can start to understand the
atomic/electronic levels of the macroscopic events. Considering the
need to know the efficiency of the low levels of doping used during
the synthesis, the Instrumental Neutron Activation Analysis (INAA)
(Supplementary Fig. S7) was used to measure the dopant
Fig. 5. 2D-elemental mapping of Sr2MgSi2O7:Eu2þ,Dy3þ particles (Eu-La and Dy-La monito
methods.
concentration in the sample after the calcination process at
1200 �C. The results obtained correspond to the nominal stoichi-
ometry of both Eu and Dy dopant concentrations prior to the
synthesis. In the case of the oxidation state of the dopants, only
Dy3þ is stable, whereas, according to XANES data (Fig. 6c), both
Eu2þ and Eu3þ states are possible to be found at substitutional
positions of the Sr 8-coordinated sites (Fig. 2c) in the crystal
structure even after the microwave-assisted reduction process. The
tetrahedral sites (Fig. 2d) occupied by Mg2þ and Si4þ are too small
to accommodate such a big ionic radius of RE elements, following
the Goldschmidt tolerance factor (t) and Vegard's law to stabilize
itself as a substitutional dopant with 8-fold coordination.

Independently on the concentration ratio of Eu3þ related to the
Eu2þ, when both valences are present in a host lattice, the Eu2þ blue
emission is dominant as shown in Fig. 6aeb due to two main rea-
sons: i) the Eu2þ 4f65d1/4f7 interconfigurational transition is
parity allowed, thus exhibiting higher intensity than the 4f6/4f6

intraconfigurational parity forbidden transitions of Eu3þ and ii) the
allowed Eu2þ transitions have much faster lifetime (ms) compared
to the Laporte forbidden Eu3þ ones (ms), thus suppressing the
characteristic red emission of Eu3þ, as observed in some aluminates
too [40].

The emission spectra of the materials prepared by different
methods, calcined at 700, 1000 and 1200 �C, and microwave-
assisting reduced have a broad profile (Fig. 7, right) with mainly
the Eu2þ 4f65d1/4f7 emission present with maximum at 460 nm.
It means that after the microwave dielectric heating, independent
on the first furnace heating temperature, Eu3þ is reduced to Eu2þ

(at least partially) (Fig. 6c). The similarity on the emission spectra
profiles for all the samples (Fig. 7, right) indicate that Eu2þ occupies
the same symmetry site surrounded by the crystal field of the Cs
point group of the Sr2þ site in the Sr2MgSi2O7 host lattice.

The excitation spectra of all samples (Fig. 7, left) exhibit a broad
absorption band with maximum around 360 nm, attributed to the
Eu2þ 4f7/4f65d1 transition. This band is very broad due to mainly
two reasons: i) the splitting of 5d1 state of Eu2þ which occupies a
very low symmetry site, allowing the presence of up to 5 spectro-
scopic terms and ii) the very efficient process of persistent
ring distribution are shown) synthesized by Pechini (top) and Condensation (bottom)



Fig. 6. Luminescence spectra of Sr1.98MgSi2O7:0.01Eu2þ,0.01Dy3þ nanophosphor recorded at room temperature of the sample prepared via Pechini (1:2) method, calcined at
1200 �C/5 h before (a) and after (b) microwave-assisted reduction process, the XANES spectrum was recorded at Eu LIII-edge of the sample after reduction process (c) indicating the
presence of Eu2þ species.
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luminescence in this host lattice that broadens the excitation
spectra [20].

The emission spectra of the 700 �C calcined samples show a
secondary band as a shoulder in the region around 600 nm for the
oxalic acid and condensation methods (Fig. 7a). Since at 700 �C the
decomposition of these precursors is not complete the microwave
heating not only reduces the europium ions but also decomposes
the organic moiety at a reducing atmosphere, which might influ-
ence the formation of a secondary phase such as Sr2SiO4:Eu2þ. This
band is less pronounced at the 1000 �C heated oxalic acid sample,
almost absent for the 1000 �C condensation method (Fig. 7b) and
almost completely absent for 1200 �C oxalic acid and condensation
samples (Fig. 7c), indicating that the smaller the quantity of organic
and intermediate phases, the higher and purer will be the emission
spectra due to the Eu2þ interconfigurational transition in
Sr2MgSi2O7 host.

Finally, it is possible to observe that the emission intensity dif-
ference of the samples prepared with different methods decrease
with increasing heating temperature, especially for the methods
where the decomposition takes place at higher temperatures. This
might be related to the crystallite size of the samples, since as
discussed above, the particle size is smaller when the microwave
heated samples do not have the final crystal structure, which is the
case of the oxalic acid and condensation methods. One can observe
that at 700 �C (Fig. 7a), these two methods yields the most intense
emission, but when the samples were heated at 1200 �C and
reduced via microwave-assisted method (Fig. 7c), the emission
intensity difference became too small to quantitatively compare
with one another.

The Synchrotron Radiation VUV excitation spectra (Fig. 8)
measured at the TGM beamline of the Brazilian Synchrotron Na-
tional Laboratory shows a subtle increase of the band gap energy of
the calcined (at 1200 �C) and reduced samples. The optical band
gap energy of the materials in this work was determine using the
maxima of the first derivative curves, the mathematical adjust-
ments are shown in Supplementary Fig. S8. The maxima band gap
energies measured were about 7.10(5) eV to the oxalic and
condensation methods, similar to the values found in the literature



Fig. 7. Luminescence spectra (PL excitation e left, lem. 460 nm; PL emission e right,
lex. 360 nm) of Sr1.98MgSi2O7:0.01Eu2þ,0.01Dy3þ nanophosphors recorded at room
temperature of the samples prepared via Pechini, complexation and condensation
methods, calcined at 700 �C/1 h (a), 1000 �C/1 h (b) and 1200 �C/5 h (c) and reduced by
microwave-assisted process.

Fig. 8. Band gap energy of Sr1.98MgSi2O7:0.01Eu2þ,0.01Dy3þ nanophosphors prepared
by different wet-chemical routes defined by the mathematical adjustments of syn-
chrotron radiation UV-VUV excitation spectra using the first derivative method.
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[20]. The lower band gap energies were determined for the Pechini
and citric acid methods. The similarity between the band gap of all
samples indicate that they have particles with sizes larger than
tenths of nanometer, showing just a weak quantum effect in the
band gap values due to their physical sizes, since it is still possible to
observe an increase of the band gap energies with the decrease of
the particle size. The band gap transition in this system corresponds
to the transition between the filled O(2p) states from the valence
band (VB) to the Sr(5s) empty states from the conduction band (CB).

The persistent luminescence decay curves (Fig. 9aec) show that
all the samples present considerable persistent luminescence time,
visible even after 2 h after ceasing the irradiation source (Fig. 9d).
The same behavior observed for the emission intensity difference
(Fig. 7) where higher intensities for oxalic acid and condensation
method for the samples calcined at the lowest temperature (700
�C), and similar to one another for those calcined at 1200 �C were
observed in terms of the persistent luminescence decay times. At
1000 �C heating (Fig. 9a), the sample prepared via oxalic acid
method exhibits persistent luminescence intensity one order of
magnitude higher than the Pechini method samples, which is the
least efficient material for this heat-treatment condition. However,
when the 1200 �C samples are compared (Fig. 9b), the difference in
the persistent luminescence efficiency is smaller, indicating that
once the decomposition and phase formation temperatures are
reached, the samples prepared via different methods start to
behave similarly. Besides, one might observe that the samples
prepared at 1200 �C are more efficient than the 1000 �C (Fig. 9c).
This optical feature occurs due to the higher heating temperature,
that favors the lattice defect formation, increasing its concentra-
tion. The defect formation is favored at high temperatures because
it is as an endothermic process (creating vacancy sites require
breaking ionic or, in some cases, covalent bonds in the solid state)
with positive entropy variation (gaseous compounds are formed)
[61]. Since the point defect concentration (e.g. oxygen vacancies) is
related to the energy storage efficiency in persistent luminescence
materials, the samples calcined at high temperatures (i.e. 1200 �C)
will trap more electrons into their lattice defects, promoting a
longer persistent luminescence emission process.

The materials prepared with the wet-chemical methods heated
at 1200 �C followed by the microwave dielectric treatment showed
a longer duration of the persistent luminescence than the solid-
state prepared material (Fig. 9c) and similar behavior than the



Fig. 9. Decay of persistent luminescence. (a) of Sr1.98MgSi2O7:0.01Eu2þ,0.01Dy3þ nanophosphors prepared by different wet-chemical routes calcined at 1000 (a) and 1200 �C (b), the
comparison between the upper and lower limits of group of samples for each calcination setup and with two references prepared by solid-state reaction (Sr2MgSi2O7:Eu2þ,Dy3þ lab
made and commercial ones expressed by the blue and orange dots, respectively) (c) and the pictures of the samples (S1 e Pechini 1:1; S2 e Pechini 2:3; S3 e Pechini 1:2; S4 e Citric
acid; S5 e Oxalic acid; S6 e Condensation method sample) in the dark as a function of the persistent decay time (d) registered with a professional camera in a manual setup to
exposure of 2 min, aperture of f4 and ISO 2000. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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commercial SrAl2O4:Eu2þ,Dy3þ and Sr2MgSi2O7:Eu2þ,Dy3þ phos-
phors. In addition, these preparation methods present the advan-
tage to have a higher particle size control, good stoichiometry and
the lowest cost due to the reduction of the time and reagents
(without H2(g) consumption) to obtain the desired composition via
microwave-assisted reduction process.
4. Conclusions

In summary, the wet-chemical routes experimented in this
work proved to be an excellent pathway to obtain size controllable
efficient persistent luminescence nanomaterials, which is desirable
to the application process of the photonic materials such as the
bioimaging technologies. The size control of the particles can be
tuned by changing the parameters of synthesis or even the
condensation precursors, following the empirical observation that
demonstrated the higher the decomposition temperature of the
precursor (close to the phase formation energy), smaller the final
particle after the proper heat-treatments. This temperature is
necessary to create more point defects that help the energy storage
mechanisms of persistent luminescence phenomenon. The
Sr2MgSi2O7:Eu2þ,Dy3þ wet-chemical prepared nanophosphors
showed efficiency close to two very well-known solid-state com-
mercial materials, with the advantage of having nanosized parti-
cles, which are more effective for several applications that depend
on dispersion, interaction or biocompatibility, such as luminescent
paints, security signs and biotracers.
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