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ARTICLE INFO ABSTRACT

Keywords: Structural, morphological and spectroscopic characterization of the Eu®*-doped Y,(MoQ,); red phosphor in-
Europium(III) corporated with Au nanoparticles (Au NPs) synthesized via Pechini's method is reported in the present study. In
Molybdates order to evaluate the Au NPs and Eu®" ions influence on the molybdate structure, the Y,(MoO,)s,
Luminescence

Y5(MoO,)s:Eu® ", Y5(M0O4)s/Au and Y»(MoO4)s:Eu* /Au samples were produced and fully investigated. All
samples obtained at relatively low temperature, i.e., 650 °C, show molybdate as the unique phase with high
crystallinity assisted by both Eu®** ions and Au NPs. Water molecules detected in the molybdate structure
probably are distorting MoO,4, YOs and EuOg polyhedra similarly to the Au NPs incorporated in the same lattice.
These Au NPs are spherical-shaped with a diameter near to 46 nm and they are located on the molybdate particle
surface. The Eu®*-doped phosphors, with or without the presence of Au NPs, exhibit intense red luminescence
characteristic of the Eu®>* ion inserted in low-symmetry sites. However, the Au NPs increase the radiative
emission rate and absolute quantum yield of the Eu®>* ®D, emitter state due to the excitation field enhancement
caused by the local surface plasmon resonance absorption effect of gold nanoparticles, which was confirmed by
diffuse reflectance measurements. Finally, the Eu®>* quantum efficiency enhancement to 92% played by the gold

Au nanoparticles

nanoparticles and the high red color purity qualify the obtained phosphor for photonic applications.

1. Introduction

Nowadays, the combination of Au nanoparticles (Au NPs) and
phosphors has attracted a lot of attention in the photonic field due to
their applicability as drug delivery, diagnosis, therapeutics, and fluor-
escent probes in the detection of metal ions, small molecules, and
biomacromolecules. [1-5] This wide field of applications comes from
the synergism between the phosphor luminescence and the AuNPs
properties, such as good conductivity and favorable biocompatibility
[6]. Therefore, in the present study, the Y5(MoO4)s:Eu®* /Au composite
is introduced aiming to combine both phosphor's and Au NPs properties
which can provide bifunctionalities for high sensitivity/resolution
fluorescence imaging and high quality in the detection of different
molecules [7].

Eu®™ ion, in its turn, is a well-know red activator due to its emission
lines that arise from the °D, excited level to the "Fy_¢ ground states.
[8-10] Besides the efficient emission, the Eu®>* ion can also act as
structural probe because its main emission lines are sensitive to the
crystalline field around the metal ion [11]. Usually, the Eu®" ion is

inserted in a host matrix such as oxides [12] or silicates [13] in order to
enhance the Eu®" absorptivity due to the sensitization effect played by
the matrix. In this context, yttrium molybdate, Y,(MoO,)s, is a suitable
host for the Eu®>* ion due to its low relative phonon frequency, high
thermal and electrical stability, high UV absorption of the MoO,
groups, and the similar radii between Y3* and Eu®" ions. [14,15] The
synthesis of Y5(MoOg)3:Eu®™ phosphor via solid-state [14] or co-pre-
cipitation [16] methods are already reported in the literature; however,
to date, no reference has been found on the use of the Pechini's method
to obtain such material. In this way, the Pechini method was chosen in
this present study for the preparation of the red phosphor
Y,(M0O,)3:Eu®™ based on the fact that it is a simple, and low-cost
methodology, that allows good structural and stoichiometric control in
the synthesis of high purity metal oxide particles. [17,18].

Metallic nanoparticles, as already mentioned, have been intensely
used as active component in biosensors or drug delivery systems.
[19,20] In this field, Au NPs have been highlighted because of their
optical properties dependent on shape and size, and due to their
quantum confinement effects [21]. For instance, due to their relative
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inertia and surface Plasmon absorption bands in the visible and near-
infrared spectral regions, Au NPs have been used as SERS (surface-en-
hanced Raman scattering) substrates [22]. To the best of our knowl-
edge, there is no report in the literature about the Y,(MoO4)s:Eu®* /Au
composite synthesis. Furthermore, there is a challenge to be overcome
in the synthesis of phosphors incorporated with gold nanoparticles in
relation to the shape and size control of the metallic nanoparticles
during the calcination step. Thus, the aim of this study is to synthesize
the Y,(MoOg4)s:Eu®"/Au composite applying an adapted Pechini
methodology, in order to evaluate the effects of the Eu®>* ions and Au
NPs in the structural, morphological, and luminescent properties of the
produced composite.

2. Material and methods
2.1. Experimental

Rare earth oxides, (Y,03 and Eu,03, 99.99%, Sigma-Aldrich), am-
monium molybdate tetrahydrate ((NH4)sMo0,024.4H50, 99.9%, Sigma-
Aldrich), gold (III) chloride trihydrate (HAuCl,.3H,0, Sigma-Aldrich),
D-sorbitol (C¢H;406: 99%, Sigma-Aldrich), anhydrous citric acid
(CeHgO7: 99.5%, Fluka Analytical), and nitric acid, (HNOj, 65%,
VETEC) were used as starting materials without further purification.

Y2(M004)3, Y2(M0O,4)3:Eu®", Y5(MoO,)3/Au and Yo(MoO,)3:Eu®t/
Au powders were synthesized based on the modified Pechini's method
reported to the preparation of Y,05:Eu®* phosphors [23,24] however,
in the present case, using sorbitol as complexing agent instead of
ethyleneglycol. The percentage of 2 at% of Eu®>" in relation to Y>* ions
was chosen to provide phosphors with good and comparable light-
emitting properties [25]. Therefore, rare earth nitrate solutions (pre-
pared by dissolving stoichiometric amounts of the rare-earth oxides in
HNO3) were added in citric acid (molar ratio of citric acid to rare earth
of 3:1) in order to obtain 0.5 g of the final powder. The mixture was
kept upon mechanical stirring until the acid dissolution at 80 °C for
10 min, and then stoichiometric amounts of ammonium molybdate
tetrahydrate were added. At this moment, the solution acquired a
yellow color. After 10 min, stoichiometric amounts of sorbitol (molar
ratio of sorbitol to rare earth of 2:1) was added. After 20 min, just in the
case of Y5(M0O4)s/Au and Y,(MoOg4)s:Eu®* /Au samples preparation,
the gold (III) chloride trihydrate (in weight percent of 2 wt% in relation
to 0.5g of the final powder) was added. The solution was heated at
120 °C under mechanical stirring for 1 h until the polymeric resin for-
mation. The polymeric resin was submitted to a pre-calcination at
400 °C for 5h. After this treatment, the partial decomposition of the
resin took place, yielding the so-called puff (expanded resin). This
material was ground in a mortar and sieved in a 325-mesh sieve. Then,
the powder was heated again at 650 °C in air atmosphere for 5h [26].
The Y5(MoO4)s:Eu®*and the undoped matrix were also synthesized in
order to evaluate the gold and europium impacts in the molybdate
structure.

2.2. Characterization

Powder X-ray diffraction (XRD) was carried out in a SHIMADZU
XDR-6000 diffractometer, step size of 0.02°, Cu Ka; radiation
A = 1.5406 A. The crystallite size of the samples was calculated via
Scherrer's method [27], equation (1).

= KA
8, cosé

(€Y

Where Bp is the width at half maximum in radians of a reflection peak;
k is a constant that depends on the reflection symmetry, which usually
is given as 0.9; ¢ is the grain size, and A is the X-ray wavelength in
nanometer.

The thermal profile of the samples was checked through
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thermogravimetry (TG) and differential scanning calorimetry (DSC)
using a TA Instruments, model SDT Q600, and heating ramp of 10 °C/
min. The thermal treatment was performed from 25°C to 1000 °C,
under a nitrogen atmosphere (100 mL/min). The vibrational profile of
the samples was monitored by Fourier transform infrared spectroscopy
(FTIR) in KBr pellets by using a SHIMADZU IRAFFINITY-1 spectro-
photometer and by Raman spectra obtained in a RENISHAW IN-VIA
spectrometer equipped with a LEICA DMLM optical microscope. The
morphology was checked by scanning electron microscopy (SEM)
measurements by using a CARL ZEISSEVO LS15 microscope and by
transmission electron microscopy (TEM) in a JEOL microscope, JEM-
2100 model. The samples were also characterized by UV-Vis diffuse
reflectance measurements in a PERKIN ELMER LAMBDA 1050 spec-
trophotometer in order to evaluate the band gap of the phosphors
through a graphic of (ahv)" versus the energy of the incident photon
(h), where n has a value equal to 2 for direct transition and 0.5 for
indirect transition [28]. The a value is the ratio of the scattering and
absorption coefficients according to the Kubelka-Munk's approximation
[29], equation (2), where R is the reflectance observed for the different
incident energies.

K (1-R)?

S 4R

B (2)

Photoluminescence (PL) spectroscopy, at room temperature, for all
produced phosphors were measured under continuous Xe lamp (450 W)
excitation in a HORIBA JOBIN YVON FLUOROLOG-3 spectro-
fluorimeter equipped with an excitation and emission double mono-
chromator and a photomultiplier R 928 HAMMATSU. The slits were
placed at 2.0 and 0.5 nm for excitation and emission, respectively. The
emission decay curves were carried out in a phosphorimeter equipped
with Xe (5 J/pulse) lamp. The Judd-Ofelt intensity parameters Q» and
Q, were estimated for all Eu®>* phosphors from the emission data by
using equations (3) and (4) [30], where {(°Dy||U*||’F,) represents the
square reduced matrix elements which values are equal to 0.0032 to Q,
and 0.0023 to Q4 [30]; h is the Planck's constant, e is the electron
charge, c is the speed of light in vacuum, ¢, is vacuum permittivity
constants. Ao; can be estimated by the equation Ag; = 14.65 n® in s !
[31], where n is the refractive index, equal to 2.031 for the molybdate
[32]. I is the integrated area under the 5D0—>7Fj transitions in the
emission spectra. X is the Lorentz local field correction equal to n
(n*+2)%/9.

Io—j hvy_
Agp = Agj = Ag————
To—y hvy_j 3)
Io_: 3
Z Q}LSDOHU(}‘”PF}Z — AOILhVO—l 3he j-ioi3
=24 Iy h,V()_j 64 e v x (4)

The emission decay curves were used to estimate the emission
lifetime (t) that were applied to evaluate the Eu®** quantum efficiency
(new- The quantum efficiency is calculated by applying equation (5),
where A..q and A,;.q are the radiative and the non-radiative rates for an
emitting level, respectively.

Arad

n= ——7 .
Arad + Anrad

)
The A,,q4 rate was estimated by equations (3) and (6), and the A;aq
from equation (7).

Arad = ZAO—j
7 (6)

1
Aptal = ; = Ayad + Anrad

)

Finally, the absolute emission quantum yield values (QY) were
measured at room temperature by using a UV-NIR absolute PL quantum
yield spectrometer C13534 from Hamamatsu under continuous Xe lamp
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Fig. 1.Powder X-ray diffraction patterns of
Y5(M004)3, Y2(M0O4)s/Au, Yo(MoO4)s:Eu®*(2%) and

(a) {

Y5(M004)5:Eu®* (2%)/Au prepared by the Pechini's
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(150 W). The emission quantum yield is given by Equation (8), where
NEm and Nups are the number of photons emitted and absorbed by the
sample, respectively; I32"P" and I7%¥" are the emission intensities with
and without a sample, respectively, in the wavelength interval (A;,\5);
and I3 and 19" are the integrated intensities of the excitation
radiation measured with and without a sample, respectively, in the
excitation wavelength interval (A3,\4) [33].

A A

o= New _ S e Ui ™ ) — Tga ™™™ (1)dA
- Naps Tl L(Isample(i) _ IReference(/-t))dA
A3 he ¥ Ex Ex (8)

3. Results and discussion

All synthesized samples exhibit X-ray diffraction patterns, Fig. 1 (a),
primarily corresponding to a monophasic material identified from the
JCPDS database as belonging to orthorhombic Y5(M0O4)3 (Pp,) (JCPDS
28-1451) structure [34]. Regarding the limit of detection of this tech-
nique, no diffraction peaks characteristic for the europium, yttrium, or
molybdate oxides are detected, which corroborate for the fact that Eu®*
ion is inserted into the Y»(Mo0O,)s lattice. The background noise ob-
served in the XRD patterns is correlated to the molybdate hygro-
scopicity [35]. When Au or Eu®" are present in the system, the dif-
fraction peaks coincide exactly with the standard card, as shown in
Table 1, indicating that both Eu®>* and Au NPs are favoring the matrix
crystallization.

The orthorhombic Y5(MoO,)3 is composed by corner-sharing YOg¢
octahedra and MoO, tetrahedra as represented in Fig. 1 (b). Each YOgq

Table 1
Interplanar distance (d), intensity ratio (I/Ip), half-width (FWHM) and crys-
tallite size (¢) for the three most intense plans of Yo(MoO4)3 powders.

Samples 20 (°) d (A) /1o FWHM & (nm)
Y,(MoO4)3 18.0 4.89 0.45 0.255 46
25.4 3.50 1 0.214 63
31.4 2.84 0.63 0.294 41
Y5(MoO4)3:Eu’* (2%) 18.0 4.91 0.43 0.267 43
25.4 3.49 1 0.226 58
31.4 2.84 0.55 0.416 26
Y5(M0O4)3/Au 18.0 4.91 0.45 0.297 38
25.4 3.49 1 0.270 44
31.4 2.84 0.57 0.461 23
Y,(MoO4)3:Eu®* (2%)/Au 18.0 4.91 0.45 0.305 38
25.4 3.52 1 0.252 49
31.4 2.86 0.61 0.441 24
JCPDS 28-1451 18.0 4.91 0.3 - -
25.4 3.52 1 - -
31.4 2.85 0.7 - -
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octahedron is connected to six MoO,4 polyhedra, and each MoO,4 poly-
hedron is bonded to four YOg octahedra [26]. Also, the polyhedra are
slightly distorted, with Y-O bond distances lying between 2.17 and
2.31 A and Mo-O bond distances between 1.66 and 1.84 A [26]. All
samples doped with Eu®* or incorporated with Au have crystallite size
smaller than the undoped sample, as shown in Table 1. Samples in-
corporated with Au exhibit crystallite size even smaller than that of the
Eu®*-doped ones, suggesting that Au decreases the crystallite size of
Y,(M0Oy)s. Eu®*-doped samples exhibit a crystallite size decrease,
themselves, due to the reduction of the strain in the molybdate network
caused by the doping since Eu®" is smaller than Y** ions [37]. After
the Au NPs incorporation, in turn, the gold particles stay on the surface
of the molybdate particles inhibiting their growth, a fact that will be
confirmed ahead by TEM images.

The TG curves of the as-prepared powder molybdates, Fig. 2 (a),
show an intense weight loss at 100 °C, due to the water loss. A similar
behavior, but in the range between 60 and 120 °C, was observed in
some other hygroscopic phases, such as YoW30;5 [38], EraWs0;2,
Yb,W30,,, and LuW30;, [39]. While the TG heating curves of
Y,(M0O,); with Eu®* and Au have just one loss weight at 100 °C, in the
Y2(Mo004)3TG heating curve, a second loss weight at 200 °C is observed.
B.A. Marinkovic et al. (2005) [40] reported a similar behavior and at-
tributed it to the presence of two differently bonded water species in the
Y>(MoO,4)3; matrix. Furthermore, from 100 °C, the sample weight in-
creases for all samples. A similar behavior was verified in the study of
B.A. Marinkovic, but this peculiar characteristic for this system is not
well-known in the literature yet [40]. From TG measurements, it is
possible to evaluate the water amount in each sample, which is nearly
to 3mol by 1 mol of Y,(MoO,)s. This pattern corresponds to the tri-
hydrate, Y5(Mo00O4)3.3H,0, which has been previously reported in the
literature [40]. The DSC curves, Fig. 2 (b), show an endothermic peak at
100 °C assigned to water evaporation, in accordance with TG mea-
surements. Displacement at the water outlet temperature for the un-
doped Y,(MoO4); matrix can be related to the presence of two differ-
ently bonded water species.

According to the TG and DSC results, the Yo(MoO4)3 powder is ra-
ther hygroscopic. B.A. Marinkovic et al. showed that the water mole-
cules occupy microchannels with diameter around 5 A along c-crystal-
lographic directions in Y;(MoO4)s structure, leading to a negative
thermal expansion in Y»(MoO,4)s [38]. Furthermore, M. Wu et al.
showed that the water absorption reduces the Y-Mo bond distance,
shortening the Y-O-Mo bond angle and consequently reducing the solid
volume [41].

Results achieved through FTIR and Raman spectroscopy for mo-
lybdate samples are shown in Fig. 3. FTIR spectra, Fig. 3(a), reveal a
band at about 1000 - 700 cm ™! assigned to the symmetric stretching
mode of M-O bonds and a second band at 1612 cm ™! assigned to O-H
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Fig. 2. Themogravimetry (TG) (a) and differential scanning calorimetry (DSC) (b) analysis for Y,(MoO,)s, Yo(MoO4)s/Au, Yo(MoO,)s:Eu®*(2%) and

Y,5(M004)5:Eu®* (2%)/Au powder obtained from the calcination at 650 °C.

bond in H,O molecules. No shifts were observed for vibrational modes
referring to M-O bond in FTIR spectra when the four samples are
compared, indicating that gold is not inserted in the molybdate net-
work. If gold was inserted into Y®* sites in the molybdate lattice, it
would be expected shifts in the vibrational modes of O-M bonds, since
the ionic radius of Au and Y** are very different, leading to distortions
in the matrix network and changes in the Y-O bond lengths. Already in
the case of Eu®>* and Y*™, the ionic radii are very close and such dis-
placements are not expected, confirming that Eu®* ions are replacing
Y3+,

In the Raman spectra, Fig. 3(b), the stretching modes of the
[Mo0O,]1? " tetrahedra can be found in the range of 800-980 cm !, and
the deformation modes are situated between 200 and 400 cm ™! [42].
The three broad Raman bands around 945, 830, and 340 cm ™! can be
identified as symmetric stretching (v1), asymmetric stretching (v3), and
symmetric (v2) bending phonon modes of the [Mo0O,]? tetrahedra, re-
spectively [43]. Also, the absence of Eu,O5 vibrational modes confirms
that Eu®" ions are inserted in the Y,(MoO,); lattice. Three samples
show the same spectral profile and only the Eu®*-doped and in-
corporate with Au sample show a different spectral profile, which is
directly related to [MoO4]> polyhedra symmetry changes. T. Schleid
et al. demonstrated that the [Mo0,4]1% polyhedra has Cs symmetry [44].
Also, according to G. Busca [42], the [Mo0O,41* polyhedra can have a C;
symmetry. In this case, one symmetric stretching and three asymmetric
modes can be detected in the Raman spectrum, with the symmetric
mode at higher energy. For Y5(MoO4)3:Eu (2%)/Au sample, we assume
that the peak at 953 cm ™! in the Raman spectrum is the symmetric one,
and those at 864, 813, and 795 cm ™! are the asymmetric modes. Also,

F—Y,(Mo0,)/Au
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~

”
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the intensity decrease of the band at 350 cm ™ is due to the lowering of
the MoQ,4 symmetry. [42,44] In this way, when the Eu®>* ion and Au are
present in the host, it is occurring a symmetry lowering of the
[MoO4]>~ polyhedral since the C; point group is less symmetric than
the C one. Changes in the [MoO,4]? polyhedra symmetry will also in-
fluence in modifications in the YOq and EuO¢ polyhedra.

The surface morphology of the molybdates was evaluated through
SEM, Fig. 4. For all four samples, particle aggregates are observed. The
blocks consist of particles with grain sizes around 1126, 879, 995 and
994nm for Y,(MoO4)s, Y5(M0O4)3:EudT(2%), Y»(MoO4)s/Au and
Y5(M00.,4)3:Eu® " (2%)/Au respectively, and oriented growth is not ob-
served. R. Krishnan et al. [45] and S. F. Wang et al. [46] found similar
profiles for (Nag 5Gdg 5)MoO4:Eu®* and Y,(MoQ,)s:Eu®™ respectively.
In our case, particles with some agglomeration are characteristic of the
Pechini's method, which typically yield particles with high grain size in
the form of particle agglomerates. Eu®*-doped or incorporated with Au
samples exhibit particle size smaller than that of the undoped matrix,
which is related to the crystallite size decrease verified by XRD data.
The particle contours visualized by SEM images are agglomerates of
nanocrystallites, thus, if the nanocrystallite size decreases when the
molybdate is incorporated with Au NPs or doped with Eu®", the par-
ticle size is expected to decrease equally.

Fig. 5 shows the TEM images of Y5(M00.4)3:Eu® ™ (2%)/Au particles.
The viewed particles are agglomerated as in the SEM images and three
regions with different image contrast are observed. In each region, it
was performed energy-dispersive spectroscopy (EDS) analysis, Figure
S1. It can be noticed in the region A atomic planes with an interplanar
spacing of 0.345nm corresponding to the diffraction plane of the

——¥,(Mo0,)/Au

—— Y(MoO,)-Eu®' (2%)/Au (B)
——Y,(Mo0,),:Eu’"(2%)
——Y,(Mo0,),

Wavenumber / cm’’

Fig. 3. FTIR (a) and Raman (b) spectra for Yo(M0O4)3, Y2(M0O4)3/Au, Y5(M0O4)5:Eu®* (2%) and Y,(MoO4)s:Eu® ™ (2%)/Au powders.
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2(MoO,): EuFTA:

-

Fig. 4. SEM images for Y5(M0Oy,)s, Y2(Mo04)3:Eu®* (2%), Yo(M004)s/Au and Yo(M0O4)s:Eu®* (2%)/Au powders.

Y>(MoO,)3 phase at 25.40°. The well-defined diffraction pattern image
suppresses any doubt that the XRD measurements can give about the
molybdate crystallinity. Through EDS measurement, the elements Y,
Mo, and O are detected in the A region, indicating that the particle
corresponds to Y,(MoO,4)s with high crystallinity. In the B region, as
just Au atoms are detectable through EDS, it is feasible to say that the
spherical particles correspond to Au, with an average diameter near
46 nm. Besides that, the spherical particle shows interplanar spacing of
0.30nm corresponding to the (1 1 0) plane of the cubic Au phase
(JCPDS-04-0784) [47]. In the C region, Au, Y, Mo and O are observed,
which probably means that this region corresponds to Au particles in-
side the Yo(Mo0O,)5 particle or even on the particle surface, but seen by
a superior angle.

Diffuse reflectance spectra of all samples were acquired in the
UV-Vis region, Fig. 6. The strong absorbance at around 567 nm due to
plasmon resonance of gold detectable only in the samples where Au was
inserted indicates that these metal nanoparticles are effectively in-
corporated in the Y5(MoO,4); matrix [48]. The Au NPs plasmon re-
sonance band arises from the mutual oscillation of free electrons on the
Au NPs surface, creating a dipole with a resonance frequency in the
visible spectra region [49]. The diffuse reflectance spectra also exhibit a
strong and sharp absorption in the higher energy region with the
maximum near to 225nm related to transitions of the valence band

Normalized Relfectance
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Bt
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Fig. 5. TEM images of Y,(Mo0O,)5:Eu®* (2%)/Au composite (a) Au NP region (b), magnification in the Y5(Mo0O,); particle (c), and magnification in the Au NP region

(d).
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(VB) and conduction band (CB) that correspond to the band gap of the
material and to the Eu®*-0%* and Mo®*-0% charge transfer bands. The
band gap values of the molybdate powders were estimated by the Ku-
belka-Munk's approximation considering direct transitions as shown in
Figure S2. The direct transitions are chosen due to their better adjust-
ment than that of indirect transitions, as shown in Figure S3. In the
obtained plots viewed in Figure S2, the curve extrapolation to the zero
ordinate value provides the band gap energy estimative. Also, by the
Kubelka-Munk's approximation, it was possible to separate the band
gap transition and the charge transfer bands in the DR spectra, as shown
in Figure S3. The calculated bandgap value for the undoped molybdate
is 3.49eV and it is in accordance with the value reported in the lit-
erature by R. Velchuri et al. [50] For the other samples, the band gap
value decreases to 2.45 eV, 2.80 eV, and 2.90 eV when Au NPs, Eu®™"
ions, and Au NPs/Eu®" are added in the system, respectively. This band
gap reduction is associated with the particle size decrease, as shown by
SEM images, and to the presence of Au and Eu®* energy levels that lie
between the VB and CB. When the particle size decreases, the surface
area enhances, increasing the surface defect concentration in the
system, due to unfiled Mo, Y and/or Eu®" sites. These surface defects
lead to the arising of electronic levels that lie between the VB and CB,
decreasing the molybdate band gap. Also, the electronic levels that
come from Eu®* and Au NPs will lead to changes in the band gap,
justifying the band gap value changes in the doped or incorporated
samples.

The undoped samples excited under 294 nm exhibit a broad band in
the red region, as shown in the emission spectra at room temperature,
Fig. 7. Some authors have assigned this red emission to defects on the
molybdate structure surface [51-53] and to the existence of molybdate
group lacking an oxygen ion [54]. This defects can be interpreted as
being Frenkel like defects (oxygen ion shifted to the inter-site position
with simultaneous creation of vacancy) in surface layers of the prepared
Y>(MoO,)s particles. [52,55].

The excitation and emission spectra at room temperature of the
Eu®"-doped molybdate phosphors are viewed in Fig. 8. Both excitation
spectra show a broad band with a maximum at about 271 nm assigned
to the Eu®*-0% charge transfer (CT) band and to the 0*-Mo®* CT band
which dominates the excitation profile, Fig. 8 (a), as well as narrow and
week lines related to the Laporte forbidden Eu® ™ f-f transitions, which is
responsible for their lower intensities. The broad intense band in the
deep-UV region is a sum of the Eu®*-0% CT band and the energy-

——Y,(M0O,),
——Y,(M0O,) /Au

A

€
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Normalized intensity

T T T L] 1
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Fig. 7. Room-temperature emission spectra under 294nm excitation of the
undoped Y»(MoO,); particles prepared by Pechini's method with and without
Au NPs.
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transfer from molybdate groups to Eu®* ions in the molybdate network.
In fact, the literature shows that it is not easy to distinguish both bands
in the excitation spectra [56].

The corresponding emission spectra using the 270 nm excitation in
the CT band shown in Fig. 9(b) displays a set of transitions from the
Eu®™ 5D, excited level to the 7F0,1,2,3,4 ground levels in the red region.
No emission band corresponding to molybdate group is detectable
which clearly suggests that the energy absorbed by the MoO, group is
transferred to Eu®* levels. The emission spectra are mainly dominated
by the hypersensitive °Dy—’F, transition characteristic of Eu®>" ions in
low symmetry sites. Besides that, the presence of *>Dy—"F,, transition in
the emission spectra indicates that the Eu®* ion is inserted in a site
without inversion center since this transition, according to symmetry
selection rules, is only allowed when the Eu®" is occupying sites
without inversion center [57]. As shown via XRD, the Eu®™ ions are
replacing the YOg octahedra in the molybdate lattice; these polyhedral
are distorted and as consequence, there is no inversion center in the
EuOg polyhedra, justifying the Eu®* low symmetry sites.

The Eu®* ®Dy—"F, (0-0) transition is forbidden but its selection
rules are relaxed when the Eu®™ ion is inserted in a site without in-
version center. Furthermore, just one component for each Eu®>* non-
equivalent site is expected. In fact, only one component for the 0-0
transition can be seen in the emission spectra for both samples, con-
firming that Eu®* is occupying just one site without inversion center.
Already the Eu®* 0-2 transition is a pseudo-quadrupole transition with
a maximum of 5 components for each Eu®* site. In this case, at least
five components can be seen in the emission spectra for both samples.
However, for the Au NPs-incorporated molybdate, these components
are not well-defined and probably it is related to the decrease of Eu®*
site symmetry caused by Au NPs.

The CIE (International Commission on Illumination) chromaticity
diagrams obtained for both Eu®*-doped phosphors (see Figure S4,
supplementary material) show 100% of red color purity at 270 nm
excitation and (x; y) CIE coordinates equal to (0.67; 0.32) and (0.66;
0.33) for the Eu-doped and Eu-doped/Au molybdates, respectively.

The A,.q values (Table 2) calculated from the emission spectra and
equation (3), and (6) are directly related to the radiative process from
the Eu®* °Dy emitter level to the ground levels, and they increase when
the Au NPs are inserted in the system. On the other hand, the non-
radiative losses decrease for the Au incorporated sample. This Eu®™*
emission improvement played by Au NPs can be attributed to the ex-
citation field enhancement caused by the local surface plasmon re-
sonance absorption effect of Au nanoparticles [58]. It is well-known in
the literature that noble metal NPs can enhance the Eu®* luminescence
and it can be explained by the radiating plasmons (RPs) model [59].In
Fig. 9 it is been shown an illustration of this model in the molybdate
structure [59].First of all, the stimulation of light on the Au NPs surface
causes a local surface charge density increase, leading to the emergence
of a high localized electromagnetic field around the Au NPs, which
penetrates into the phosphor. Finally, this strong electromagnetic field
increases the luminescence emission by changing the crystal field
around the activator ions. [49,60].

The absolute QY values measured are 10% and 5% for the Eu-doped
molybdate with and without Au NPS, respectively, as summarized in
Table 2, confirming that the Au NPs are truly favoring the Eu®™"
emission. The absolute QY values are relatively low when compared to
other Eu®*-red classic phosphors as Y,05:Eu" (19%) [61], but the
values are comparable to other molybdate phosphors [62]. Also, to the
best of our knowledge, this is the first time that the QY value is reported
for the Eu®*-doped Y,(MoO4); phosphor.

The Q5 and Q4 Judd-Ofelt intensity parameters were calculated for
the Eu-doped samples using the emission spectra shown in Fig. 8 and
equations (3) and (4), and the data are summarized in Table 2. The Q,
parameter is correlated to Eu>* site distortions due to changes in the
Eu-O bond angles since the electric dipole ®Dy—’F, transition is de-
pendent on the Eu®* local symmetry [62]. In this way, the relative
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Fig. 8. Room-temperature excitation (a) and emission spectra (b) of the Y2(M004)3:Eu3+ particles prepared by Pechini's method. The insert in Figure (b) represents
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Table 2

Experimental Judd-Ofelt intensity parameters (Q,, Q4), lifetime (t) values obtained from a monoexponential fitting in the decay curves shown in Figure S5, radiative
(Aaq) e nonradiative (A, aq) rates obtained from the emission spectra and equations (3), (4) and (6), Eu®™ °D, level quantum efficiency (n) obtained from equations
(5)-(7), and emission quantum yield (QY) at 270 nm excitation for the Eu“—doped molybdates.

Q,/pm? Q,/pm? ©/ms Araa/s ! Anrad/s ! /% QY/%
Y5(MoO4):Eu®* 12.4 6.80 0.61 1444 195 88 5
Y2(MoO4)3:Eu®* /Au 15.3 8.4 0.53 1754 132 92 10
intensity of this hypersensitive transition increases with the decrease of pure red emission under 270 nm excitation, and quantum efficiency of
Eu®" local symmetry directly influencing the Q, values [30]. Already 92% make the Y,(MoO4)3:Eu®" /Au composite a potential candidate to
the Q4 parameter is not directly influenced by the Eu®* local symmetry, photonic applications as a red-light converter.
but indeed with the electron density of the ligands (L) around Eu®t,
which value decreases with the increase of the electron density of the Acknowledgements
ligand. Therefore, larger values of €24 suggest a high covalence between
Eu®"-L bonds [63]. The relatively high Q, values for the samples sug- The authors are thankful to the Brazilian agencies FAPESP, CNPq
gest that Eu®>* ions are inserted in low symmetry sites, and it is in and CAPES for the financial research support. Airton Germano Bispo-Jr
agreement with the structural study since Eu®>* ions are replacing the is particularly grateful to the Sao Paulo Research Foundation (FAPESP)
Y3* ions in octahedral-distorted YO, polyhedra. Furthermore, the for the award of some scholarships (Grant No.2012/13876-9, 2015/
water molecules present in the lattice cause distortions in molybdate 10394-1, and 2016/20421-9). Laboratério de Microscopia Eletronica de

structure, leading to distortions in the EuOg polyhedra. The gold na- Varredura (FCT-UNESP), High Resolution Microscopy Multiuser
noparticles are lowering the Eu®* site symmetry since the Q, increase Laboratory (LabMic/UFG), research group in sol-gel (UNIFRAN),

when the system is incorporated with Au. This observation is in ac- Laboratério de Filmes Nanoestruturados (FCT-UNESP), Laboratério
cordance with Raman measurements. Multiusuario de Anélises Quimicas (IQ/UNESP - Araraquara), and

On the other hand, the low Q, values suggest that the Eu-O bond are Laboratério de Materiais CerAmicos (LaMaC, FCT-UNESP). LD Carlos
predominantly ionic yet there is a Q4 value increase when the Au NPs from CICECO-Aveiro Institute of Materials (University of Aveiro) is
are inserted in the matrix, indicating an enhancement in the Eu-O bond acknowledged for the quantum yield measurements.

covalence degree. In fact, L. Wang et al. [64] confirm the ionic nature of

the Y-O bond and as the Eu®* is replacing Y** ions in the molybdate Appendix A. Supplementary data
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