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Flexible translucent persistent luminescent films
based on Sr,MgSi,O:Eu?*,Dy>* cellulose ether
compositesy
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Persistent luminescent materials are present in several recent studies on new applications and novel pro-
perties. In this work, we demonstrate, for the first time, the production of translucent flexible persistent
composites based on SrzMgSiZO7:Eu2+,Dy3+ (SMSO) into cellulose ether matrix film. The composite was
successfully prepared through a new optimized route of co-precipitation and microwave-assisted anneal-
ing followed by (3-aminopropyl)triethoxysilane (APTES) coating and dispersion in hydroxypropyl methyl-
cellulose (HPMC). The SMSO@APTES/HPMC films show persistent luminescence emission at 475 nm
(blue) and high transmittance in the visible range. To understand the fine distribution of the nanoparticles
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in the matrix, we have investigated their structure and dispersion by using Synchrotron Radiation X-ray flu-
orescence mapping and Scanning Transmission X-ray Microscopy. This innovative composite could bring
new perspectives for the class of persistent luminescence materials, enhancing technologies in progress
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1. Introduction

The persistent luminescence phenomenon, in which light
energy is stored in a solid-inorganic material, might be known
mainly for its glow-in-the-dark characteristics, but it is much
more complex than the visual charm. In this phenomenon,
during irradiation (e.g., sunlight, UV, X-ray, etc.), the material’s
charge carriers (electron or holes) are trapped in defects.
The stored energy is then released under a thermal stimulus,
which bleaches the defects, resulting in persistent light emis-
sion that can last for minutes, hours, or days.'™

Since the re-discovery of the phenomenon by Matsuzawa
et al. in 1996° and the synthesis of SrAl,04:Eu®*",Dy*" green-
emission crystals, new materials have been designed and
developed with different emission centers, emission wave-
lengths, and afterglow endurance.”” The most common and
well-known applications for this phenomenon are signaliza-
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throwing light on new applications never perceived.

tion (safety and exit signs) and decoration. Poelman et al.'®

reported a recent review that summarizes several applications
that are either currently applied or are promising and con-
sidered challenges. Amongst these applications, persistent
luminescent materials are promising to be used on extreme-
condition thermometers, AC LEDs, road marking, solar energy
harvesting solutions, photocatalysis, and bio-applications (bio-
imaging and phototherapy).” "

The progress of new applications based on Persistent
Luminescent Materials (PLM) depends highly on the develop-
ment of new materials with specific characteristics, such as
particle size (e.g., bio-applications), chemical resistance (e.g.,
energy harvesting), and bright emission that could be per-
ceived by the human eye (e.g., safety signs).””'> With that in
mind, the development of new translucent/transparent PLM
would bring light to current application researches, facilitate
the development of challenging applications, and possibly
open the doors for new ideas in this research field. However,
the production of translucent materials requires particles with
homogeneous dimensions in the nanoscale in order to dimin-
ish the light scattering phenomenon. The main challenge in
synthesizing persistent nanomaterials is that, in order to
thermodynamically favor the defect formation and the creation
of a proper crystalline field and phase, high temperatures are
required, which leads to sintering of the powdery materials.
Besides, PLM based on Eu®" ions require a strong reducing
environment, which normally is achieved with reducing atmos-
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pheres at high temperatures. For example, the reduction
process of Eu** in Sr,MgSi,O, with 5% CO atmosphere is
efficient only at temperatures above 900 °C."?

Translucent and flexible persistent luminescent materials
are seldom reported in the literature. Considering that, this
study presents a new translucent persistent luminescent com-
posite based on Sr,MgSi,0,:Eu*",Dy*" (SMSO) and hydroxypro-
pyl methylcellulose (HPMC). The narrow size distribution of
SMSO particles prevented the film from becoming opaque.
Due to the unprecedent characteristics of these materials,
opacity, persistent luminescence time and Synchrotron
Radiation X-ray fluorescence nanomapping analyses allowed
better understanding of the composites’ characteristics.

2. Experimental section
2.1. Sr,MgSi,0,:Eu**,Dy** nanoparticle synthesis

To obtain the SMSO nanoparticles, a co-precipitation method
of synthesis was carried out. Sr(NO3), (Sigma Aldrich 99.99%),
MgCl, (Sigma Aldrich 99.99%), Eu,0; (99.999% Quingdao
Xinguanya Mining Industry Co.), Dy,03; (99.999% Quingdao
Xinguanya Mining Industry Co.), and Na,SiO; (99.99% Merck)
were used as starting materials. Eu(NO3); and Dy(NO3); solu-
tions were prepared using concentrated HNO; and distilled
water. Then, 25 mL of an aqueous solution containing the
cations of interest was obtained by mixing Sr(NOs), (63 mmol
L"), MgCl, (33 mmol L"), Eu(NO3); (0.7 mmol L"), and Dy
(NO3); (2.8 mmol L™"). The solution was added dropwise (at a
rate of 1 drop per second) into the precipitant solution (25 mL
Na,Si0; 0.1 mol L™") at room temperature, under vigorous stir-
ring. The obtained solid was then centrifuged for 5 min under
9000 rpm and washed several times with EtOH/H,O (1 : 1) solu-
tion to remove the excess of soluble nitrates, chlorides, and
silicates. The precipitate was dried at 100 °C in a laboratory
drying oven for 2 hours and then heated in a microwave oven
for 30 min at 1000 W, which leads to temperatures close to
1200 °C." Activated carbon was used as microwave susceptor
to generate heat and produce a local reducing CO(g) atmo-
sphere. This reducing atmosphere is provided to obtain Eu**
from the oxidized state of Eu®*. A full schematic setup of the
microwave setting used can be found in the work of Merizio
etal™

APTES coating was applied by adding 400 pL of (3-amino-
propil) triethoxysilane (APTES) in a suspension containing
SMSO (100 mg) in ethanol (10 mL). This mixture was stirred
for 24 h at room temperature. APTES is known to create silica-
like shells with terminal amino-groups on the oxide surface,
improving the dispersibility of the particles while protecting
them from water, without quenching the luminescence pro-
perties.'* After the stirring period, the SMSO@APTES solids
were dried under vacuum at room temperature.

2.2. Preparation of SMSO@APTES/HPMC thin films

For the preparation of the films, different amounts of
SMSO@APTES (0, 1, 5, 10, 50, or 100 mg) were added to 5 mL
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of 10 g L™" HPMC solution. The mixture was vigorously stirred
at room temperature for 30 min, cooled at 5 °C and kept at
this temperature for 1 hour. Cooling process is needed to elim-
inate the air bubbles formed during the dispersion. The solu-
tion was cast on a circle-shaped silicone rubber mold. The
films were finally obtained after 24 h drying at 50 °C (Fig. 1)."®
The amount of SMSO®@APTES in the films was normalized by
the area of the substrate (10 cm?), resulting in films with

nominal SMSO concentration of 0, 1, 5, 10, 50, and 100 g m™>.

2.3. Characterization

X-ray diffraction of the obtained SMSO@APTES material was
carried out in a Bragg-Brentano XRD (Brucker D2 PHASER)
using Cu Ka radiation (4 = 1.5406 A) in the range of 10-60°
(20), integration of one second for each 0.5° step. Fourier-
Transformed Infrared (FTIR) spectra were measured within the
4000 to 650 cm™" wavenumber range using a Cary 630 (Agilent)
spectrometer coupled with the ATR module. The ATR detection
diamond was cleaned with 100% v/v isopropanol, and back-
ground spectra were registered before every acquisition. SEM
images were captured by a JEOL JSM-740 1F Field Emission
Scanning Electron Microscope. Emission, excitation, and per-
sistent luminescent spectra were registered in an Edinburgh
FLS 980 at room temperature, using a 450 W Xe-lamp as
irradiation source. Transmittance spectra of SMSO/HPMC
films were carried out in a Shimadzu UV-1601PC spectrophoto-
meter, ranging from 200 to 800 nm at room temperature.
The X-ray fluorescence (XRF) mapping and the Scanning
Transmission X-Ray Microscopy (STXM) were carried out at the
Carnauba beamline from the CNPEM-Sirius Synchrotron facil-
ity (Campinas-SP, Brazil). For these measurements, the films
were mounted on aluminum frames at room temperature and
ambient pressure with excitation energy of 9.656 keV. The
STXM was measured using a Photodiode AS04-105A Alibava,
and the XRF measurement used a Vortex SDD, 4 elements,
Hitachi. The XRF and STXM data were treated using PyMCA as
reported by Solé et al.'®
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Fig. 1 Schematic diagram of SMSO@APTES thin-film preparation. The
steps include (a) the SMSO@APTES particle (blue circle); (b) suspension
in HPMC solution; (c) H bond interaction between SMSO@APTES and
HPMC; (d) photograph of the suspension SMSO@APTES/HPMC; (e)
photographs of the resulting translucent film under room and UV-light.

This journal is © The Royal Society of Chemistry 2022
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3. Results

3.1. Composite characterization

The crystalline phase purity of SMSO@APTES was confirmed
by XRD measurements, which showed the formation of the
expected crystalline phase, Sr,MgSi,O,. The presence of the
APTES coating did not contribute to the XRD pattern
(Fig. S1}). Furthermore, its presence on the particles’ surface
is demonstrated by the FTIR spectrum, which exhibits a band
at 3400 em™', typical of NH, stretching, indicating that the
amine-groups are present after the coating procedure'”°
(Fig. S27).

The SMSO@APTES SEM images show well-dispersed par-
ticles (Fig. 2a and b) with mean size of 245 + 84 nm (Fig. 2c).
This homogenous distribution without large aggregates is due
to the co-precipitation process and the rapid annealing by the
microwave process, which avoids significative crystal growth
and sintering. This is confirmed by the SEM images of SMSO
before microwave (MW) treatment, after MW treatment, and of
SMSO@APTES (Fig. S3a-ct). It is observed only a small
increase in the mean size with annealing (204 to 245 nm) and
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Fig. 2 (a) SEM images of SMSO@APTES particles with x15000
maghnification and (b) X35 000 magnification. (c) Histogram for particle
size distribution obtained by image analyses using ImageJd software
routine.
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nearly no difference with APTES coating (263 nm) (Fig. S3d-
£1).

The SMSO@APTES particles stayed well suspended during
the time prior to casting the film, even without stirring
(Fig. 3a). The cast films showed appreciable flexibility and
translucency that visually started to decrease at concentrations
higher than 10 g m™>, becoming completely opaque at 100 g
m~? (Fig. 3b). Pictures of 1 ¢ m™> (Fig. 3c and d), 10 g m™2
(Fig. 3e and f) and 100 g m~? (Fig. 3g and h) films show their
translucent and persistent luminescence aspects. One might
see that the luminescence also increases visually with the con-
centration, as expected. The thickness of the films also
increases at higher concentrations, ranging from ca. 25 pm for
the 0-10 ¢ m™2 range to 105 pm for the 50-100 ¢ m™> range.
This increase happens because the substrate used has a
limited area and increasing the total volume (film and par-
ticles) leads to a thickness growth.

In order to quantify the translucency, the transmittance
spectra of the films, ranging from 200 nm to 800 nm, were
registered (Fig. 4a). The mean transmittance values in the
visible range (400 nm-700 nm) were calculated and presented
in Fig. 4b. The maximum transmittance (80%) of the compo-
site is represented by the curve of 0 g m™> (HPMC pure film).

Fig. 3 (a) Images of SMSO@APTES/HPMC suspensions, varying from 0
to 100 g m~2. (b) (upper row) Thin films under room light, (bottom row)
thin films under UV-light excitation source (365 nm). Pictures under
room light of (c) 1 g m™2, (d) 10 g m~2, and (e) 100 g m~2 films. Persistent
luminescence of (f) 1 g m™2, (g) 10 g m™2, and (h) 100 g m~2 films.
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to the pure HPMC film. Increasing the concentration up to
10 g m~ leads to an abrupt decrease of the mean visible trans-
mittance, which reaches its lowest value at the concentration
of 100 ¢ m™?, as the material is visually opaque and allows
almost no transmittance (0%).

The microscopic study of nanomaterial dispersion in cell-
ulose-based composites is a hard task, as stated by Oksman
and Moon,”® due to the low contrast in TEM images, requiring
staining procedures with high atomic number compounds like
uranyl acetate. Besides, analyses like SEM and AFM are limited
to surface characterization. Scanning Transmission X-Ray
Microscopy and X-ray mapping were performed in a 4™ gene-
ration Synchrotron Radiation facility. This new tool character-
izes the distribution and integrity of the nanoparticles within
the HPMC matrix, using a monochromatic X-ray beam
with 500 x 200 nm spot size. Scanning Transmission X-Ray
Microscopy was registered simultaneously with the X-ray
Fluorescence mapping (Fig. 5).

The STXM images were registered under irradiation energy
of 9.656 keV, which is above the L-edges of the doping ions
and Sr, and above K-edge of Al, Si, Mg, and O. The image of
the 1 ¢ m™> film in low magnification show a homogeneous
absorption all over the film. Since the size of the X-ray beam is
close to the size of the nanoparticles, it is only possible to have
a good definition of larger structures. At higher magnifi-
cations, one can also observe a small aggregate of ca. 6 pm
size. The formation of aggregates might occur during the film
casting, since some water pockets may be created, thus
accumulating the nanoparticles which aggregate during the
drying process.

Dalton Trans.
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Fig. 5 (a) STXM of SMSO@APTES/HPMC 1 g m~2 film at 9.656 keV. (b—
d) XRF mapping of SMSO@APTES/HPMC 1 g m~2 film at (b) Eu L« (5.845
keV); (c) Dy La (6.495 keV); (d) Eu and Dy La lines under 9.656 keV
excitation.

X-ray fluorescence mappings (Fig. 5b-d) were created inte-
grating the area of Europium and Dysprosium La lines from
the XRF spectra in each pixel (Fig. S4t). First, it is observed
that the entire film presents a well-distributed signal of Eu and
Dy, indicating that most of the nanoparticles are non-aggre-
gated and well dispersed. Even in the higher magnification
image (100 nm pixel size), one can observe fluorescence
signals homogeneously dispersed in the order of a few pixels
around the agglomerate. For the 10 g m™> film (Fig. S51) a
similar aspect is observed with a higher concentration of par-
ticles, while for the 100 ¢ m™> (Fig. S67), the fluorescence
signal shows that the nanoparticles occupy almost all the
empty film spaces leading to an opaque composite.

The excitation spectra of SMSO and 10 g m~
SMSO@APTES/HPMC composites (Fig. 6) exhibit the broad
bands attribute to Eu** 4f”(®S,,,) — 4f®5d"(>D) transitions with
the maximum at ca. 350-360 nm. The film spectrum also exhi-
bits a band at ca. 300 nm, similar to the excitation spectrum of
the pure HPMC film (Fig. S7t). The emission spectra exhibit
the Eu®" 4f°5d"(°D) — 4f7(S,,,) transitions with the maximum
at 475 nm. The narrowed emission band in the composite
spectrum might be due to a more rigid environment around

2
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Fig. 6 (left) Excitation spectra of SMSO and SMSO@APTES powders
and 10 g m™2 SMSO@APTES/HPMC film at room temperature, with
emission at 475 nm. (right) Emission spectra of SMSO and SMSO@APTES
powders and 10 g m~2 SMSO@APTES/HPMC film at room temperature,
under 350 nm excitation.

the nanoparticles, leading to smaller vibronic influence on the
emission.

The persistent luminescence decay times of the composites
(compared to the photomultiplier sensitivity) were measured
after 5 min of irradiation at 350 nm, monitoring the emission
at 475 nm. In order to compare their persistent times, all
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Fig. 7 (a) Persistent Luminescence decay time of SMSO@APTES/HPMC
thin films. (b) Relationship between concentration of SMSO on SMSO/
HPMC thin film and their persistent luminescent period until fading.
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measurements were done with the same size of the film
sample, and the luminescence was measured until the signal
was comparable to the background of the detector (Fig. 7a).
The persistent decay time increased with increasing nano-
particle concentration from 0 to 10 g m™~2, achieving approxi-
mately 90 minutes. This is expected since the absolute
number of stored charge carriers is dependent on the mass of
the persistent luminescence material.>* At higher concen-
trations (50 and 100 g m~?) there is no considerable increase
in the decay time, which is possibly caused by shadowing
effects when the materials concentration is too high and most
of the powder will not be excited, leading to no persistent
luminescence, as pointed out by Van der Heggen et al’'
Finally, the persistent luminescence emission spectra is
similar for SMSO, SMSO@APTES and SMSO®@APTES/HPMC
materials (Fig. S87).

Comparing the persistent luminescence time with the
mean opacity in visible range (Fig. 7b) one can observe that
they follow similar trends, in which there is a significant
increase in the time and the opacity for the films ranging from
0 to 10 g m 2. For higher values there is no significant change
on the persistent luminescence duration and the opacity. The
small changes in the persistent luminescence decay shapes are
mainly due to different amount of stored charge carriers in the
films, which influences the intensity vs. time curve shape as
described earlier by Brito et al.*

4. Conclusions

In summary, Sr,MgSi,0,:Eu*",Dy*" nanoparticles were success-
fully obtained through a new route based on co-precipitation
with microwave-assisted annealing, and produced the first flex-
ible and translucent persistent composite based on HPMC
matrix. The study of the distribution of the nanoparticles in
the film was only possible though the use of Synchrotron
Carnauba beamline techniques, STXM and XRF mapping.
Upon UV-light irradiation, the SMSO@APTES/HPMC films pre-
sented a bright blue emission, which lasted for approximately
90 minutes after ceasing the irradiation source on the 10 g m™>
composition. Notably, increasing the concentration of nano-
materials on the composites extended the afterglow duration
with the drawback of increasing the opacity of the film. The
10 g m~? composition showed an enduring persistency with an
appreciable transmittance in the visible range. Therefore, this
proof of concept to produce translucent persistent films
represents a promising strategy for solving challenging appli-
cations in the field of PLM, such as light-harvesting and
composition for new greenhouse installations, which would
have a grid consumption to obtain light for photosynthesis
processes.
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