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ARTICLE INFO ABSTRACT

Yo.9Lng 1VO4 nanophosphors with Ln=Eu, Dy and Er samples were prepared by hydrothermal synthesis and
covered with silica (SiO,) by the Stober method using different reaction times. The synthesized samples were
Si0, investigated by X-ray diffraction (XRD), Fourier-transform infrared (FTIR) spectroscopy, transmission electron
Core-shell . microscopy (TEM) and photoluminescence spectroscopy (PL). XRD patterns show diffraction maxima
Optical properties compatible with a zircon-type structure where more intense reflexions are observed in the XRD pattern of
Yo.0Erp VO, sample. FTIR spectra of YgoLng;VO4@SiO, samples reveal absorption bands which can be
attributed to Si-O-Si and O-Si-O stretching bands and Si-O bending vibration. In all cases, TEM micrographs of
Yo.9Lng 1 VO, phosphors show spherical nanoparticles. Nanoparticles agglomerates covered by a silica were
found in TEM micrographs of Yo 9Lng ;VO,4@SiO- samples. The thickness of the silica coating is dependent on
the reaction time. PL measurements show variation of the emission intensity related to the different thickness of
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the silica coating.

1. Introduction

Yttrium orthovanadate (YVO,4;) has been used as a host for
lanthanide ions (such as Eu®*, Nd®*, Er®*, among others) based on
their high absorption coefficient in the UV range leading to strong
emissions of different colors [1-4]. The phonon energy in the YVO,
host excited under UV radiation can be efficiently transferred from the
excited vanadate to the luminescent center (rare-earth cations) thereby
overcoming the low absorptions of parity forbidden 4f-4f transitions
[4].

Over the years, different investigations have been carried out to
synthesized nanopowders of lanthanide-doped YVO, in order to
improve the luminescence emission intensity of these oxides [5-9].
The study of these materials is motivated by their potential applications
such as cathode ray tube displays and high-pressure mercury lamps
[10], amplifiers for optical telecommunications [11], diode-pumped
solid state lasers [12] or biological labels [13]. In the latter case,
lanthanide-doped YVO, nanopowders could be used as a biological
labelling due to their low toxicity and wide range of emission [7-9,13].

Different wet chemistry methods have been used for the synthesis
of trivalent lanthanide-doped YVO, powders with a nanometric size
such as combustion of aqueous solutions [14], co-precipitation reac-
tions [15], hydrothermal and solvothermal methods [16-18] or
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colloidal routes [19]. In general, nanoparticles have surface defects
that cause a reduction in the intensity of their luminescence emission.
Occasionally, core-shell structures have been used to correct the
problem caused by defects present on the surface of luminescent
nanoparticles [20].

Lanthanide-doped luminescent nanoparticles have been covered
with silica using the well-known Stéber method [21] or the reverse
microemulsion method. Silica is usually used as a coating material due
to its high chemical stability, optical transparency, easily controllable
shell thickness, low cytotoxicity and biocompatibility [9,22]. These
materials are of great interest in diagnostic analysis because of their
potential to be used as luminescent probes in different biological fields
such as immunoassaying, DNA sequencing and clinical diagnosing
[23—27]. In fact, nanophosphors covered with silica in the range of 20—
200 nm sizes can avoid renal filtration, leading to prolonged residence
time in the bloodstream for better observation of diseased tissues [22].

As previously described by several authors [1,2,28], nanophosphors
spherical morphology is needed to obtain high brightness and a high
resolution due to its corresponding high packing densities and low light
scattering. In addition, in lanthanide-doped nanomaterials both phos-
phors size and shape and the silica coating thickness may affect
luminescence quantum efficiency, energy transfer processes [33,34]
and the intensity of luminescent emission. The synthesis of
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Ln®>*:YVO,@SiO, has been described in some references [9,29,30].
However, in some cases luminescent nanoparticles not completely
covered have been obtained [31,32].

In this paper, we report the study of Yy¢Lng;VO,; and
YooLng1VO4@SiO, samples. YooLng;VO, nanophosphors with
Ln=Eu, Dy and Er were prepared by hydrothermal synthesis. These
samples were covered with silica (SiO»). The influence of different
covered reaction time on the coating and the luminescent emission
intensity of the samples was assessed.

2. Materials and methods

YooLng VO, samples with Ln=Eu, Dy and Er were prepared by
hydrothermal synthesis under acid conditions. These cores were
covered with silica by the Stober method [21]. Yttrium, europium,
dysprosium and erbium nitrate (Y(NO3);-6H>0, Eu(NO3)3-6H50,
Dy(NO3)3-xH»0, Er(NO3)3-6H50, 99.9% Strem Chemicals) as well as
ammonium vanadate (NH4VO3, 99% Aldrich, analytical grade) were
used as starting materials. Tetraethyl orthosilicate (TEOS, Merck) was
used for the samples coating.

2.1. Hydrothermal synthesis of Y.oLng VO,

Stoichiometric amounts of the starting materials were dissolved in
30 mL of deionized water. The resulting mixtures were stirred during
20 min and subsequently placed in a Teflon-lined stainless steel
autoclave. The autoclave was heated at 433 K during 24 h and cooling
down at room temperature. The obtained precipitates were collected by
decantation and washed with deionized water twice. Finally, the result
products were dried at 373 K during 1 h.

Due to as previously reported the crystallinity of the samples is
related directly to the emission intensity [2,35] the obtained powders
were heated at 873 K during 3 h in order to obtain higher crystallinity.
All the synthesized powders show a light yellow color.

2.2. Synthesis of Yy.oLng ;VO,@SiO,

Yo.9Lng 1 VO, powders were dispersed in 50 mL of deionized water,
150 mL of ethanol and 5 mL of ammonia (32%) assisted by a sonicator
for 5 min. Then, 1 mL of TEOS was added slowly under magnetic
stirring. In order to analyze the effects of the covered reaction time in
the samples the reaction was carried out during 6 and 18 h. The
resulting white powders were separated by centrifugation and washed
twice with a deionized water/ethanol solution. The synthesis process of
Yo.0Lng;VO,@SiO> samples is illustrated in the Fig. 1. Samples
composition, notation and synthesis conditions are summarized in
Table 1.

2.3. Characterization

The structural characterization of the synthesized samples was
evaluated by X-ray diffraction (XRD) and Fourier Transform infrared
(FTIR) spectroscopy. XRD patterns were collected on a Philips X Pert
PRO MPD diffractometer using Cu K; radiation. Step scans of 0.04° (20)
in the range 10°-70° with a counting time of 1s for each step were
employed. FTIR spectra of all samples were recorded on a Prestige-21
Fourier Transform spectrophotometer using the KBr pellet technique
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Fig. 1. Outline of the nanocomposites generation process.
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Table 1
Characteristics of all cores and nanocomposites obtained.

Samples composition  Samples Reaction time of the silica
notation coating
Yo.9Eup VO, EuC —
Yo.0Eu0.1VO4,@SiO» EuS6 6h
Yo.0Eu0.1VO4@SiO» EuS18 18h
Yo0.9Dy0.1VO4 DyC —
Y0.9Dyo0.1VO4@SiO2 DyS6 6h
Y0.9Dyo.1VO4@SiO» DyS18 18h
Yo.0Ero,1VO4 ErC —
Yo.0Erp1V04@8Si0, Ersé 6h
Yo.9Ero.1VO4@8SiO, Ersis8 18h
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Fig. 2. XRD patterns of Yo oLng1VO,4 samples.

Table 2
Crystallographic parameters and average particle size of Yo oLng1VO,4 samples.

a=>b(A) c Q) c/a D (nm)
EuC 7.124(5) 6.269(4) 0.88 55
DyC 7.123(7) 6.268(8) 0.88 78
ErC 7.118(2) 6.258(2) 0.88 83

within the frequency range 4000—400 cm™ . The morphological charac-

terization was carried out by transmission electron microscopy (TEM)
using a JEOL JEM 2100 instrument operating at 200 kV. For TEM
observations, the samples were dispersed in n-butanol and drops of the
corresponding suspensions were deposited on carbon-coated copper
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Fig. 3. Comparative FTIR spectra of Yo oLng;VOy4 and Yo oLng;VO,@SiO, samples with Ln: (a) Eu®*, (b) Dy>* and (c) Er®*.

grids. TEM-energy dispersive spectroscopy (EDS) analyses were carried
out by using an OXFORD INCA instrument. Photoluminescence (PL)
measurements were carried out using an excitation source, consisting in
an unfocussed pulsed laser beam of about 50 femtosecond time duration
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at a repetition rate of 1kHz, centered at 333 nm and 4 mW. This is
produced by an optical parametric amplifier (OPA) pumped by the
fundamental laser radiation from an amplified Ti: sapphire femtosecond
laser system delivering 40 fs, 3.6 mJ centered at 800 nm.
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Fig. 4. TEM micrographs of samples: (a) EuC, (b) DyC and (c) ErC.

Table 3
Percentages determined by EDS microanalysis in Y oLng ;VO4 samples.

Sample Eu (%) Dy(%) Er(%) V(%) Y (%)

EuC 4.39 - - 49.95 45.66

DyC - 4.26 - 49.49  46.25

ErC - - 4.48 50.22  45.30

In theoretical composition 5 5 5 50 45
(%)

3. Results and discussion
3.1. X-ray diffraction (XRD)

Fig. 2 shows a comparison of XRD patterns of Y, 9Lng1VO,4 with
Ln=Eu, Dy and Er samples. All observed diffraction maxima can be
indexed on the basis of a tetragonal symmetry of space group I41/amd
and Z=4, compatible with a zircon-type structure [JCPDS file 00-017-
0341]. No secondary peaks have been observed within the sensitivity of
the experimental system used, which indicates the purity of the
obtained samples. In addition, these results reveal that Ln®* cations
have been incorporated into YVO, host.

Differences in the intensity of the diffraction maxima can be
observed in Fig. 2 where more intense reflections in the XRD pattern
of the ErC sample while less intense maxima of EuC XRD pattern were
found.

Cell parameters of YgoLng;VO, samples are given in Table 2.
Slightly lower lattice parameters were obtained for the ErC sample and
practically similar for EuC and DyC samples. The differences obtained
in the are in good agreement with the corresponding Shannon radii of
Ln>* cations in the environment of eight coordination in the zircon-
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type structure (r (Er®") =1.004 &; r (Eu®") =1.066 A; r (Dy>*)=1.027 &)
[36]. Despite of this, the c/a ratio keeps constant and equal to 0.88 in
all cases.

An estimation of the average crystallite size of the Yo 9Lng;VO4
synthesized samples was carried out using the Scherrer formula:
Dpz=0.89-A/B1/2-cos0, where Dy, is the crystallite size, 0.89 is the
shape factor assuming spherical particles, 0 is the Bragg”s angle, B is
the full-width at half-maximum (FWHM) of the experimental peaks
(determinate from the (200), (112), (312) and (101) diffraction
maxima) and A the X-ray wavelength. The average crystallite size is
also shown in Table 2. Largest particles were found for ErC sample and
smaller for EuC samples in good agreement with the crystallinity
observed in the XRD patterns.

3.2. FTIR spectroscopy

Comparative FTIR spectra of Yg9Lng VO, and Y 9Lng ;VO4@SiO»
samples are shown in Fig. 3.

Several absorption bands are observed in the 400-2000 cm™
frequency range. FTIR spectra of YgoLng;VO, samples show slight
bands peaked at around 450 cm™! which can be associated with the
vibrations of Y/Ln3"-O bonds [37-39]. The higher absorption bands
centered around 830 cm™' can be assigned to the antisymmetric
stretching mode of V-O bonds present in the VO, units, visible in
the range 780-855 cm ™' [40—42]. Finally, the observed band peaked at
1630 cm™! can be attributed to H,O bending vibration [43] from the
adsorbed water in the KBr reagents used in the preparation of the
pellets.

New absorption bands can be clearly appreciated in the FTIR
spectra of YgoLng1VO4@SiO, samples which can be associated with
the stretching vibration modes of the Si-O-Si (1100 cm™) and the O-

1
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v

Fig. 5. TEM images (left) and EDS analysis (right) of samples: (a) EuS6, (b) DyS6 and (c) ErS6 samples.

0.2 gm

Fig. 6. TEM micrograph of ErS18 sample.

Si-0 (1220 em™!) silica bonds [44,45] revealing the presence of SiO- in
the prepared samples. In addition, an increase in the intensity of the
absorption bands at 450 cm™ is observed in the FTIR spectra of
YooLng ;VO4@SiO, samples. This increment can be explained due to
the overlap of the rocking vibration modes of the Si-O bonds which
appear at 458 cm™! [45,46]. Moreover, the Si-O bending vibration
modes usually centered at 830 em™! [45,46] are masked in the intense
bands of the spectra and they are not visible in the obtained spectra.

3.3. Transmission electron microscopy (TEM)

Fig. 4 exhibits TEM micrographs of Yy ¢Lng;VO4 samples. In all
cases, spherical particles agglomerated can be appreciated revealing
the nanocrystalline nature of the synthesized powders. Measurements
carried out in up to 80 particles reveal average crystallite sizes of 50, 75
and 80 nm for EuC, DyC and ErC samples, respectively. These values
are in agreement with the obtained by XRD using the Scherrer formula.
EDS microanalysis carried out in different areas of the images yield
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atomic ratios (see Table 3) which also are in good agreement with the
nominal compositions.

Fig. 5 shows TEM images of EuS6, DyS6 and ErS6 samples. The
corresponding EDS analyses are also shown in Fig. 5. Particles
agglomerates with a total and homogeneous covered of silica with a
thickness of a 0.1 um were found in all cases. EDS spectra confirms the
presence of the different atoms in each sample. The additional signals
observed of carbon (C) and copper (Cu) are due to the carbon-coated
copper grids used for the measurements.

As an example, a TEM micrograph of the ErC18 sample is shown
Fig. 6. Nanoparticles aggregates with a homogeneous silica coating of
0.25 um can be appreciated. The obtained results confirm that a longer
of the coating reaction time of the increases the silica covered of the
synthesized samples.

3.4. Photoluminescence spectroscopy (PL)

A comparison of PL emission spectra and their enlargement of the
Yo.9Lng 1VO4 and Yy 9Lng ; VO,@SiO, samples are shown in Fig. 7. The
corresponding assignations are also included in Fig. 7. The main peaks
are peaked at in the range 580—680 nm and can be attributed to the 4f-
4f intraionic transitions of Eu** ion (°D; — “Fy), Dy** ion (*Fg; —
6H15/2 and 6H13/2) and Er3+ ion (2H11/2 and 483/2 - 4115/2) in a D2d
symmetry site, as expected from the substitution of Y>* by Ln®* in the
YVO, host [47-55].

A significant increase of the PL emission intensity of EuS6, DyS6
and ErS6 samples can be observed. Contrary, a decrease of the
emission intensity was found in PL spectra of EuS18, DyS18 and
ErS18 samples. Nanomaterials with nanometric particle size exhibit
high density of surface defects. These defects provide non-radiative
recombination channels for electrons and holes, leading to a reduced
quantum yield of the nanophosphors [56]. When luminescent nano-
particles are covered with a homogeneous silica coating lead to enhance
of the luminescent emission related to structural defects or an
increased surface reactivity [57,58]. On the other hand as also been
reported [59,60] the decrease in the PL emission intensity of EuS18,
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Fig. 7. Comparative (a) and elongated PL spectra (b) of Yo 9Lng VO, cores and Yo 9Lng;VO4@SiO» nanocomposites.

DyS18 and ErS18 samples can be explained due to the presence of
silanol groups acting as luminescence quenchers. Our results illustrate
that a control over the silica coating in the Ln®*: YVO,4 samples can
have both favorable and unfavorable effects on the PL emission
intensity.

Fig. 8 shows the calculated CIE chromaticity coordinates of all
samples investigated. EuC, EuS6 and EuS18 show a red emission
located at (0.664, 0.327), (0.658, 0.333) and (0.599, 0.346). The yellow
emission of DyC, DyS6 and DyS18 samples are located at (0.434,
0.492), (0.398, 0.449) and (0.428, 0.480), respectively. Finally, the
green emission of ErC, ErS6 and ErS18 samples are located at (0.266,
0.662), (0.271, 0.702) and (0.282, 0.665), respectively.

Fig. 9 exhibits, as an example, the red bright-light of EuC, EuS6 and
EuS18 powders without and under UV irradiation. In addition, Fig. 10
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show the pink bright-light of a solution of EuS6 sample dispersed in
water without and under UV irradiation. Quantum dots (QDs) semi-
conductor nanoparticles have been extensively used as luminescent
labels of imaging because to its unique optical properties such as
narrow emission and wide range absorption and long decay lifetimes
[61,62]. However, there are considerable restrictions to the effective
use of quantum dots (QDs) in bio-applications such as water disper-
sivity, toxicity and the stability of the QDs in biological environments
[62,63]. These results exhibit that the samples investigated could be
use as luminescent probes.

4. Conclusions

Yo.0Lng 1 VO4 nanophosphors with Ln=Eu, Dy and Er were synthe-
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Fig. 10. Dispersed water solution of the EuS6 sample without (a) and under UV
irradiation (b).

sized by hydrothermal synthesis under acid conditions. The obtained
phosphors were covered with silica (SiO2) to originate Yo 9Lng;VO,@
Si0, samples. XRD patterns of the Yy 9Lng VO, samples show diffrac-
tion maxima compatible with a zircon-type structure. Yy oLng;VO4
FTIR spectra reveal several absorption bands assignable to Ln-O and Y-

O vibration modes while FTIR spectra of Yy 9Lng ;VO4@SiO> samples
show new absorption bands which can be attributed to Si-O-Si and O-
Si-O stretching bands and Si-O bending vibrations. In all cases,
YooLng1VO4 TEM images show nanoparticles with a spherical mor-
phology. TEM micrographs of YgoLng;VO,@SiO, samples reveal
nanoparticles agglomerates with a total and homogeneous silica coat-
ing. Different coating thickness as a function of covered reaction time
was found. Both Y, oLngVO,4 and Yg oLng ;VO,@SiO, obtained sam-
ples exhibit strong luminescence emission. PL intensity is greater in the
samples covered with a slight silica thickness as a result of a surface
defects reduction. Yg9Lng;VO,4 and YgoLngVO4@SiO, synthesized
samples of both powder and solution emit bright light under UV
irradiation evidencing their usefulness as luminescent probes.
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