Ceramics International 43 (2017) 8276—-8283

Contents lists available at ScienceDirect

CERAMICS

INTERNATIONAL

N\
e

Ceramics International

journal homepage: www.elsevier.com/locate/ceramint TR

Tunable photoluminescence of nanostructured LaPO4:Eu’*/Tb>*
synthesized via a microwave-assisted ethylene glycol route

@ CrossMark

R.S. de Oliveira?, B.S. de Brito?, J. Kulesza”, S. Alves-Jr”, B.S. Barros®*

2 Institute of Chemistry, Federal University of Rio Grande do Norte, Campus Universitario Lagoa Nova, 59072-970, Natal, RN, Brazil

b Department of Fundamental Chemistry, Federal University of Pernambuco, Av. Prof. Moraes Rego, 1235 - Cidade Universitaria, 50670-901, Recife, PE,
Brazil

¢ Department of Mechanical Engineering, Federal University of Pernambuco, Av. Prof. Moraes Rego, 1235 - Cidade Universitaria, 50670-901, Recife, PE,
Brazil

ARTICLE INFO ABSTRACT

Keywords: Nanostructured phosphors LaPO4:Eu®*/Tb3" were prepared via a combined approach using microwave heating
Photoluminescence and a bifunctional solvent (ethylene glycol) acting as both microwave absorber and capping agent. The
Lanthanum phosphate synthesized samples were characterized by X-ray diffraction (XRD), attenuated total reflectance Fourier
Lanthanides transform infrared spectroscopy (ATR-FTIR), transmission electron microscopy (TEM) and photoluminescence
Elti};}rlloex:vilsyCOI (PL) measurements. All samples crystallized in a monoclinic monazite-type structure. Electron microscopy

analysis revealed a hierarchical organization of self-assembled seed crystals of lanthanum phosphate into
nanoparticles that, in turn, gave rise to sponge-like aggregates. The co-doped samples exhibited self-activated
blue luminescence from the host matrix, as well as red and green emissions due to the presence of Eu®* and
Tb* ions, respectively. Furthermore, the spectroscopic analysis indicated energy transfer from terbium to

europium ions.

The synthetic route described here is efficient to prepare nanomaterials with advanced optical properties,
which exhibit a potential for applications in photonics, sensing and biolabelling.

1. Introduction

Lanthanide-based luminescent materials have attracted much
attention in the last decades, particularly in the field of biomedicine,
where they have been used as biomarkers [1,2]. The use of lanthanides
in biomarker materials is especially attractive due to their unique
spectroscopic properties, such as long-living luminescence, large
Stokes shifts and narrow high-intensity emission bands due to their
4£-5d and 4f-4f electronic transitions [3,4].

Among various materials, nanostructured oxides have frequently
been reported as good host matrices for lanthanide ions, acting as
activators and conferring luminescent properties to these materials [4—
12]. Lanthanide-doped phosphate nanomaterials have shown interest-
ing luminescent properties and biocompatibility - two crucial issues
that should be considered for biological and medical applications
[13,14].

In particular, lanthanum phosphate (LaPO,) has been described as
a suitable host matrix for lanthanide ions, such as Eu®* and Tb®",
among others [3,15-17]. Also, the co-doping approach can be used to
prepare compounds with tunable and multicolor emission [15,16].
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Nevertheless, some important factors such as particle size, morphol-
ogy, and state of agglomeration, may affect the luminescent properties
or even limit their biomedical applications [18,19]. The most fre-
quently reported methods for the preparation of LaPO, doped with
different lanthanide ions are the solid-state reactions [20], wet-
chemical synthesis [21], sol-gel [22], self-combustion [23] and hydro-
thermal method [24]. However, those methods are often inefficient in
controlling the morphology and the particle size of obtained materials.

Microwave-assisted solvothermal synthesis in ethylene glycol is a
fast and quite simple alternative for the preparation of nanoscale
materials, including lanthanides-doped metal phosphates. This syn-
thetic route is particularly attractive due to the double function of
ethylene glycol, which acts as both a solvent and a capping agent,
preventing the particle growth [25-28].

The aim of this study was to synthesize nanostructured materials
displaying tunable photoluminescence properties dependent on the
dopant concentration and excitation wavelength. The results demon-
strate the effectiveness of microwave irradiation and ethylene glycol
(EG) in the particle growth control.

Furthermore, such nanostructured materials exhibit a set of proper-
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ties required for application as biomarkers.
2. Material and methods

The reagents: La(NO3)3.6H,0 (Vetec, 99%), Th,O- (Sigma-Aldrich,
>99%), Eu,0Os; (Sigma-Aldrich, >99%), Na,HPO, (ProQuimicos,
99%), NaOH (ProQuimicos, 97%), and ethylene glycol, EG (Vetec,
99.5%) were used as raw materials without further purification.

Nanocrystalline lanthanum phosphates were synthesized by a
microwave-assisted solvothermal method using ethylene glycol as both
solvent and capping agent. The adapted synthesis procedure is a
modified version of that described by Patra et al. [29]. The procedure
to obtain the co-doped sample Lag 93Eug 911Tbg.050PO4 was as follows:
in a beaker, 11 mg (0.0147 mmol) of Tb40- and 1.9 mg (0.0055 mmol)
of Eu,03 were treated with the mixture of 4 mL of HNO3 and 6 mL of
H>0 at 90 °C and kept under stirring until complete solvent evapora-
tion. Then, to the beaker containing generated in situ europium and
terbium nitrates, 402.6 mg (0.93 mmol) of La(NO3)3.6H,0 in 11 mL of
EG were added, and the reaction mixture was stirred for 10 min at
room temperature. Subsequently, 142 mg (1 mmol) of Na,HPO, and
40 mg (1 mmol) of NaOH were added. Next, the precursor solution was
sealed in a Teflon reactor and exposed to microwave irradiation in a
commercial oven (Panasonic model NN-S62BK, 2.45 GHz, 1000 W).
Syntheses were performed using 10% of maximum oven power for
10 min, reaching at the end the temperature of reaction of 140 °C. After
cooling down to room temperature, the precipitate was collected by
filtration, washed with ethanol five times and then dried in an oven at
70 °C for 10 min. Six samples with the following compositions: LaPOy,
Lag.o3Eug,07P04, Lag.osTho.o7POs, Lag.o3Eug.006Tho.064PO4, Lag.os
Ello.011Tb().059PO4, Lao.ggEUQ.017Tb0_053PO4 were prepared using the
appropriate amount of reagents.

The as-prepared powders were characterized by X-ray diffraction
(XRD) on a diffractometer SHIMADZU model XRD-6000, using Cu Ka
radiation and operating at 40 kV and 30 mA. The powder diffraction
patterns were recorded between 10 and 80° at steps of 0.02°. The
microstructure analysis was performed by scanning electron micro-
scopy (SEM) using a microscope Hitachi Tabletop model TM300.

The transmission electron microscopy (TEM) was performed on a
Tecnai 20 electron microscope with an acceleration voltage of 200 kV.

The attenuated total reflectance Fourier transform infrared spectro-
scopy (ATR-FTIR) experiments were carried out on a Bruker Vertex
70/v spectrometer. Photoluminescence (PL) excitation and emission
spectra were collected at 293 K on a Fluorolog Horiba Jobin Yvon
spectrofluorometer.

3. Results and discussion

As outlined in the introduction, the microwave-assisted solvother-
mal method, using ethylene glycol as both solvent and a capping agent,
may be efficient in the preparation of nanostructured lanthanide/
phosphate-based materials.

Fig. 1 shows the powder diffraction patterns of pure and doped
lanthanum phosphates, as well as simulated pattern generated from
the CIF file COD no 9001647 [30]. The CIF file corresponds to the
LaPO, crystallized in the monazite-type structure with a monoclinic
unit cell, space group P21/c. As can be seen from Fig. 1, the
experimental and simulated patterns are in good agreement.
However, diffraction peaks present significant broadening, suggesting
small average crystallite size and/or relatively low crystallinity.

The effects of the reaction time and post-calcination on the particle
size and shape were investigated. The samples synthesized within the
reaction time of 10, 20, 40 and 60 min present very similar X-ray
diffraction patterns with broad peaks (Fig. 2a—b). We assume that the
reaction time has a little effect on the particle growth and, as expected,
the small particle size may be attributed to the use of ethylene glycol as
a capping agent. The samples prepared within 10 min and calcined at
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Fig. 1. X-ray diffraction patterns of the as-synthesized samples compared to the
simulated LaPO, pattern.
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Fig. 2. X-ray diffraction patterns of Lag 93Eu¢ 006 Tbo.064PO4 synthesized within reaction
times of (a) 60 min, (b) 40 min, (¢) 20 min, (d) 10 min, synthesized within reaction a
time of 10 min and further calcined for (e) 30 min and (f) 120 min, and (g) simulated
pattern of LaPO,.

600 °C for 30 and 120 min exhibit narrow diffraction peaks, suggesting
the decomposition of the capping agent, thus allowing the particle
growth independently on the time of reaction (Fig. 2c—d).

TEM images and size distribution histograms of as-synthesized and
calcined samples are shown in Fig. 3. The as-synthesized sample
presents two distinct nanocrystalline morphologies (Fig. 3a). In the
region bounded by a white line, aggregates of seed crystals of LaPO,
can be observed; whereas arrows indicate nanoparticles of LaPO, as a
secondary monocrystalline morphology. Fig. 3b shows the nanoparticle
size distribution for this sample with an average of 20 nm. This
histogram was constructed on the basis of several images with the
total count of 167 nanoparticles, ignoring the seed crystal regions.

Despite the impossibility of measuring the seed crystal sizes based
on these images, it seems that they are significantly smaller than
nanoparticles, what may explain peak broadening in the XRD patterns.

Fig. 3c shows TEM image of the as-synthesized sample after
calcination at 600 °C for 120 min. Comparing Fig. 3a and c, there is
no apparent difference in the size and shape of nanoparticles. The
nanoparticle size distribution for this sample presented an average of
24 nm (Fig. 3d). The histogram was built by analyzing several images
with the total count of 344 nanoparticles. It is worth noting the
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Fig. 3. TEM micrographs (left) and histograms showing nanoparticles size distribution (right) of Lag.93Eu0.006Tbo.064PO4; as-prepared sample (a—b), calcined sample (c—d).

presence of traces of seed crystals in this sample (see the inset in
Fig. 3c¢).

These results suggest the rapid nucleation of seed crystals, which
posteriorly self-assemble to form aggregates. It is well known that the
particle aggregation provides lower surface energy in a solvent, and it is
characteristic for small particles, including seed crystals [31]. Seed
crystals in an aggregate also tend to rotate and contact with their
neighbors by sharing the same facet in a process known as Oriented
Attachment (OA) [31,32]. The oriented seed crystal aggregates can be
regarded as mesocrystals, and they diffract as single-crystals
[31,33,34].

However, the diffraction patterns revealed in Fig. 1 show extremely
broad peaks, suggesting that the seed crystals are not oriented in those
aggregates. Apparently, the reaction time of 10 min is not enough to
orientate the seed crystals (Fig. 3a). Furthermore, the post-calcination
step promotes the formation of LaPO, nanospheres through coales-
cence and recrystallization of the seed crystals.

The ATR-FTIR spectra of the obtained powders are represented in
Fig. 4. The spectra show a sharp band at around 1000 cm™ with a
shoulder band at 950 em™! which are assigned to the P-O symmetric
stretching vibrations. Four bands observed at 532, 556, 573 and
613 cm™ can be attributed to the asymmetric bending vibrations of
O-P-0O bonds [17,35,36]. This spectrum is consistent with the C; site
symmetry of PO,> anion in the monoclinic LaPO, structure according
to Hezel and Ross [37].

Bands corresponding to solvent molecules H>O and EG may also be
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Fig. 4.ATR-FTIR spectra of the samples (a) Lago3Eup017Tboos3POs, (b)
Lag 93Eu0,011Tbo.0s9PO4,  (€)  Lao.93Eu0.006Tbo.06aPOs, (d)  Lago3Thgo7PO4,  (e)
Lag 93Eu0,07P04, (f) LaPO, as-synthesized and (g) Lago3Euo.006Ibo.0s4PO4 dried at
90 °C for two hours.

visible in the IR spectra of all prepared samples. A broad band at
around 3300 cm™! and 1636 cm™ can be attributed, respectively, to
the stretching and bending vibrations of O-H group, indicating the
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presence of coordinated water molecules in all samples [24,37].
However, bands corresponding to alcohol O-H group may also occur
in the region of a spectrum around 3300 cm™ overlapping bands of
water O-H bonds.

It is well known that liquid water has three normal vibration modes
at 3490, 3280 and 1644 cm™, corresponding to asymmetric stretching,
symmetric stretching, and bending of the O—H bonds, respectively. The
peaks are significantly shifted in comparison to the bands of vapor
water due to the presence of hydrogen bonds between molecules in a
liquid state. The main stretching bands in liquid water are shifted to
lower wavenumbers (from 3756 to 3490 cm™! and from 3652 to
3280 cm™!, respectively), whereas the bending band wavenumber
increases (from 1595 to 1644 cm™) [38,39]. In the IR spectra of
prepared samples, those bands are slightly shifted to lower wavenum-
bers (3346, 3251 and 1641 cm™, respectively) in comparison to the
literature data for liquid water. This observation may indicate that
water molecules are coordinated in the structure of prepared samples.

The bands at around 2953 and 2880 cm™! can be related to the
stretching, asymmetric and symmetric C-H vibrations of the alkyl
groups of the ethylene glycol (EG) used as a solvent in the synthesis.
The corresponding bending vibrations of the C-H groups of EG may be
observed at around 1450 and 725 cm™'. A band at around 885 cm™!
may be attributed to the stretching C-C vibration of ethylene glycol,
confirming the presence of the solvent in all samples [40]. The band
corresponding to the stretching vibration of the C—O alcohol bond that
usually occurs in a spectrum region between 1260 and 1050 cm ™! is not
clearly visible here due to the superposition of bands of phosphate
groups.

The band at 2356 cm™' may correspond to the asymmetric stretch-
ing vibration of CO, probably adsorbed from the air. The bending
vibration normally observed at around 666 cm™! is not visible here, due
to the superposition of bands from EG and phosphates.

SEM micrographs of the as-synthesized samples are shown in
Fig. 5a—d. The images reveal soft porous agglomerates of small
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Fig. 6. PL excitation and emission spectra of Lag o3Eug.07PO4 (), Lag.o3Tbg.07PO4 (b)
and LaPOy (c).

particles with a sponge-like microstructure. Apparently, both doped
and undoped samples show the same kind of microstructure. It seems
that the presence of lanthanide cations did not affect the microstruc-
ture of the prepared powders.

Fig. 6 shows the excitation and emission spectra of LaPO,,
Lag.o3Eug o7PO4 and Lago3Tbg o7PO4 recorded in the solid state at
room temperature.

The excitation spectrum of Lag 93Eug 07PO4 acquired by monitoring
emission at 615 nm is depicted in Fig. 6a (dashed line). Sharp peaks
can be easily identified with the most intense one at 394 nm assigned to
the "Fy—°L¢ transition of Eu®*. Furthermore, this spectrum also
exhibits two broad bands of low intensity. The first one, with a

Fig. 5. SEM micrographs of the as-synthesized (a) LaPO,, (b) Lag93Eu¢,07PO4, (¢) Lag.93Tbg07PO4 and (d) Lag 93Eu0,.011Tbg.050PO4.
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maximum at 273 nm, is attributed to the charge-transfer state from 0%
to Eu®'. The second band, with a maximum at about 455 nm, is
assigned to the self-activated luminescence of the host matrix. The
emission spectrum obtained under excitation at 394 nm exhibits the
transitions 5D0—>7F0,1,2’3,4 of Eu3+(Fig. 6a, solid line). Strong emission
peaks observed at 580-598 nm (°Dg—’F;) and 605-627 nm
(°Dy—"F,) are assigned to the magnetic and electric dipole transitions,
respectively. It is well known that the intensity ratio of these emission
peaks indicates the symmetry of the local site where the europium ion
is embedded [41-44].

The transition °Dy—’F», which is sensitive to the coordination
environment, has a higher intensity than the non-sensitive *Dy—"F;
transition. This intensity difference strongly indicates that Eu®* ions
occupy a low symmetry site without an inversion center. The presence
of the strongly forbidden ®Dy—"F, transition supports this statement
[45,46].

The excitation spectrum of Lago3Tbgo,PO4 was obtained by
monitoring emission at 542 nm (Fig. 6b, dashed line). The observed
sharp peaks are assigned to the 4f—4f transitions of Tb**. The strongest
one located at 376 nm corresponds to the "Fg—°Gg, *Dj transitions.
The emission spectrum obtained under excitation at 376 nm is shown
in Fig. 6b (solid line). Four narrow and intense peaks corresponding to
the characteristic transitions of Tb®** (°D4—7Fs543) can be easily
identified [47-49]. The °D4—"F, ; and °D4—"F, transitions also appear
as low-intensity peaks at around 646 and 675 nm, respectively.
Furthermore, this sample shows a broadband at 390-500 nm with a
maximum at 437 nm, assigned to the self-activated luminescence of the
host matrix.

Fig. 6¢ clearly depicts the occurrence of the self-activated lumines-
cence of LaPO,4. A broad band with a maximum at about 384 nm
dominates the excitation spectrum (dashed line). However, due to the
large band gap of 6.4 eV (194 nm) in the monoclinic LaPO, structure
[50], the existence of intermediate bands or localized levels in the
forbidden zone (band gap) is possible, what has been previously
reported in Eu®"/Li* co-doped phosphates [51,52]. The emission
spectrum (solid line) shows a blue-greenish broad band with a
maximum at around 480 nm under excitation at 400 nm. The inter-
mediate bands in the gap region of the host (LaPO,) are related to the
matrix interaction with adsorbed species (COs>, H,0) or a capping
agent (EG) [51]. It is also possible that CO,.™ radicals resulted from the
bond cleavage of EG during the synthesis are trapped within the
formed lattice or interstitial positions, which results in the formation of
luminescent centers [53,54]. This phenomenon would give rise of
photoluminescence with a short lifetime through a strong electron—
photon coupling [55].

Tunable luminescent properties may be conferred to inorganic host
matrices by co-doping with different lanthanide ions. It is also possible
to control these properties by varying the concentration of a dopant or
the excitation wavelength. Fig. 7 shows excitation spectra of Eu®*/Tb3*
co-doped LaPO,4 with different lanthanide concentrations. By monitor-
ing the Dy—7F, transition of Eu®* at 615 nm, the spectra reveal the
characteristic transitions of terbium, as well as the intense "Fy—°Lg
transition of europium. These results indicate the efficient energy
transfer from Tb>* to Eu®*, but not from Eu®* to Tb>*.

The emission spectra of the co-doped samples under excitation at
255, 376 and 394 nm, together with the decay curves, are displayed in
Fig. 8. In all spectra, a broad blue emission band assigned to the self-
activated luminescence of the matrix can be observed. Furthermore,
under excitation at 394 nm (Fig. 8a), the spectra illustrate sharp
emission peaks of Eu®" corresponding to the Do—"Fg 234 transi-
tions. Comparing Fig. 8b and c, the emission peaks of both Th** and
Eu®* jons can be visible, which confirms the energy transfer from Th>*
to Eu®*. It is worth noting that, under excitation at 255 nm, the
Lag.o3Eu0,017Tbo.055P04 and Lag 93Eu0,011Tbg.050PO4 samples have al-
most identical spectra, with the °D,—7F5 transition of Tb3* of low-
intensity compared to emission peaks of Eu®*.
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However, as we can see from the spectrum of
La()lggEll()_()()éTb()‘()64PO4, the intensity of the 5D4—>7F5 transition in-
creases as terbium and europium concentration grows and decreases,
respectively, indicating that the energy transfer from the Tb®* to Eu®*
ions is very efficient.

The luminescent decay curves of co-doped samples were recorded
(Fig. 8d). All curves were fitted by using a bi-exponential decay
equation:

1(1) = Aexp™"™ + Ayexp™'™ €h)

where I is the luminescence intensity at time t, A; and A, are the fitting
constants, and t; and T, are the short- and long-decay exponential
components, respectively. In addition, the average lifetimes (t,,) were
calculated by using Eq. (2), and the values are presented in Table 1.

T, = AT} + AT/AT + AyT,) )

A bi-exponential decay suggests that lanthanide ions are allocated
in two different environments. However, there is only one kind of
lattice site in the LaPO, structure, normally occupied by La, where
europium and terbium ions can be embedded. Therefore, the observed
lifetimes t; and 1, are most probably related to lanthanide ions on a
surface and in the core of particles, respectively [51]. Furthermore, it
should be mentioned that the surface contribution to the lifetime
becomes meaningful only for small particles where the content of
atoms at the surface is comparable to that in the core. This statement is
supported by TEM results, which display mesostructures formed by
agglomerates of seed crystals with extremely small size.

By inspecting data in Table 1, it appears that lifetimes measured by
monitoring emission at 615 nm increase with increasing Eu®* content
reaching a maximum value and then decrease. When the °D,—"F;
transition of Tb3" is monitored (542 nm), lifetimes decrease with
increasing europium content, which may confirm the efficient energy
transfer from Tbh%* to Eu®* ions [56].

Fig. 9 presents the energy level diagrams of the Tb®* and Eu®" ions
in the LaPO,4 host matrix, as well as the proposed energy transfer
process. The excitation process occurs from the ground state of terbium
418 ("F¢) to the excited state °D5 upon UV light irradiation (376 nm).
Subsequently, the electron decays to the lower-localized terbium
excited state °D, via multiphonon relaxation (MR). Then, the electron
returns to the ground state, generating the terbium emissions
(°D4—"Fe,5.4) or transfers this energy to excited energy levels of Eu®*
by cross-relaxation followed by the relaxation to the emissive ®Dy
(Eu®*) level. Finally, radiative decays from °D, (Eu®") level to "Fy_4
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Fig. 8. PL emission spectra, Aexe=394 nm (a), 376 nm (b), 255 nm (c) and the luminescence decay curves of the co-doped samples (d).

Table 1

Short- and long-decay exponential components and the average lifetimes.

Sample Aem (nm) T, (ms) T, (ms) Tqe (mS)
Lap.93Eu0.006Tho.064PO4 615 0.61289 2.03149 1.57853
Lap.03Eu0.011Tho.050PO4 615 2.59430 0.64129 2.20484
Lag 93Eu0.017Tb0,053P04 615 1.58828 0.27712 1.51203
Lay.93Eu0.006Tho.064PO4 542 0.82181 2.70502 2.17676
Lap.03Eu0.011Tho.050PO4 542 1.83361 0.38316 1.71454
Lag.03Eu0,017Tbo.053P04 542 0.22376 1.64601 1.52778

levels give rise to the orange-red emissions.

It is known that, in general, the transfer of energy between
lanthanide ions is nonradiative, which occurs through dipole-dipole
or electric dipole-quadrupole interactions. In this process, there is no
emission or absorption of photons, but there is an energy transfer (ET)
from the donor to the acceptor level by the interaction of electronic
clouds of the species.

As can be seen from the emission spectra, the photoluminescent
properties of prepared powders are strongly dependent on the type and
concentration of dopants, which affect not only the emission intensity
but also their color. To study the effects of the dopant species and their
concentration on the color of the photoluminescent emissions, the
chromatic coordinates (CIE 1931 and field of view 2 degrees) were
calculated by using the program SPECTRA LUX [57].

Fig. 10 shows the CIE diagram, pointing out the colors exhibited by
the synthesized samples. These results reveal that the luminescent
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Fig. 9. Energy level diagrams of Th®>" and Eu®* ions in the LaPO, host matrix and the
related energy transfer process.

properties of the studied system may be tuned and the color control can
be achieved by changing both the Eu®*/Tb®*' molar ratio and the
excitation wavelength. It seems possible to tune the color between blue-
greenish and red, and probably to reach the white.
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Fig. 10. Chromaticity diagram and color coordinates of synthesized powders.

The combination of all factors, such as the possibility of color
tuning, small particle size, and simplicity of the synthetic route used,
indicates the high viability of these materials in biomedicine, more
specifically, in the field of labeling and sensing.

4. Conclusions

In summary, we have presented the fast approach, using micro-
wave-assisted heating and ethylene glycol, for the synthesis of nanos-
tructured LaPO,:Eu®"/Tb%*. The analysis by X-ray diffraction and
electron microscopy indicated the rapid nucleation of seed crystals
with the monoclinic unit cell, which posteriorly self-assemble, forming
nanostructured aggregates.

It was noted that the post-calcination step at 600 °C led to the
formation of nanoparticles with a size of around 25 nm. A photo-
luminescence with tunable color properties was achieved, and it was
found to be dependent on the Eu®*/Tb®* molar ratio and the excitation
wavelength. The chromatic coordinates suggest that the color observed
can be tuned from red to blue-greenish and even to white due to the
blue self-activated luminescence originating from intermediate bands
in the gap region. The results reveal that these materials exhibit
interesting morphological and optical properties, which opens a large
window for advanced applications such as biolabeling and sensing.
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