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ABSTRACT: Mesoporous tetragonal RE:YPO, nanophosphors (RE =
Eu, Ce, Tb, and Ce + Tb) with a lenticular morphology, narrow size
distribution, and high surface area have been prepared by an homogeneous
precipitation procedure consisting of aging, at low temperature (80—120
°C) in a microwave oven, ethylene glycol solutions containing only
yttrium acetylacetonate and phosphoric acid. This synthesis method
involves important advantages such as its simplicity, rapidness (reaction
time = 7 min), and high reaction yields. The mechanism of nanoparticle
growth has been also addressed finding that the lenticular nanoparticles

are formed through an ordered aggregation of smaller entities, which

explains their porosity. In all cases, the doping levels were systematically varied in order to optimize the nanophosphors
luminescence. All optimum nanophosphors presented a high luminescence quantum yield (QY). In particular, for the Eu and Tb
doped systems, the obtained QY values (60% for Eu and 80% for Tb) were the highest so far reported for this kind of
nanomaterial. The morphological, microstructural, and luminescent properties of these nanophosphors and their dispersibility in

water make them suitable for biomedical applications.

B INTRODUCTION

Rare earth (RE) based phosphors have been attracting much
attention during the past decade owing to the important
advantages that they present when compared with other
available luminescent materials (quantum dots or organic dyes),
such as low toxicity, photostability, high thermal and chemical
stability, high luminescence quantum yield, and sharp emission
bands. Among these phosphors, those consisting of a rare earth
phosphate (REPO,) (RE = La, Ce, Gd, or Y) matrix doped
with RE cations find important applications, especially in
optoelectronic (fluorescent lamps," plasma display panels,” light
emitting diodes,> oxygen sensors’) and biomedicine (cell
labeling,® detection of biomolecules,® drug delivery”). For most
of these applications, particles with uniform shape and narrow
size distribution are highly desirable. For example, for
fluorescent lamps and PDP devices, uniform spherical particles
in the sub-micrometer size range are preferred, since they can
be more densely packed, which results in a better resolution
and brightness.® It has been also established that for biosensing,
the ideal phosphor must consist of water dispersible nano-
particles with a spherical shape and a high luminescence
efficiency,” whereas for drug delivery, a high surface area and a
mesoporous structure is also required.” The availability of
uniform phosphors with a different particle size and shape is
also required for fundamental studies dealing with the effects of
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these morphological characteristics on the luminescence
efficiency, whose origin still remains unclear."

A large variety of procedures for the synthesis uniform
REPO,-based nanophophors with different morphologies and
sizes have been recently developed, most of them involving
monoclinic LaPO, as a host matrix. For the RE:YPO, system,
fewer methods have been reported'®™'"'? which require, in
most cases, high reaction temperatures (180 °C), long aging
times (from several hours to days), and the addition of
dispersing or capping agents (oleic acid, oleylamine, ethyl-
enediamine tetraacetic acid, sodium dodecyl sulfate, citrate,
glycerol).

In this paper, we report a very simple and fast (7 min)
procedure for the synthesis of mesoporous tetragonal RE:YPO,
nanophosphors with a lenticular morphology, narrow size
distribution, and high surface area, which are suitable for
biomedical applications. This method is based on a
homogeneous precipitation process conducted at rather low
temperature (80—120 °C) in ethylene glycol (EG) solutions
containing only phosphoric acid (H;PO,) and RE acethylacet-
onate (RE(acac);). It should be noted that mesoporous
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RE:YPO, structures have been previously prepared only by Luo
et al. who used a commercial mesoporous silica template, which

was further removed by HF treatment, resulting in mesoporous

particles with irregular morphology and size.”

Different doping cations were selected to cover a broad range
of the visible spectrum: Eu®" (red emitting), Tb*" (green
emitting), and Ce®" (blue emitting). It should be noted that
whereas the Eu and Tb systems have been previously
addressed, this is the first report dealing with the structural
(CE solubility limit) and luminescent properties of Ce:YPO,
nanophosphors. We also extended our synthesis procedure to
the synthesis of Ce,Tb:YPO, nanoparticles for the first time in
this system aimin§ to increase, through a well-known energy
transfer process,l‘ the Tb*" green luminescence, which is
usually weak since the electronic transitions within the 4"
configuration of Tb*" are strongly forbidden. In all cases, the
doping levels were systematically varied in order to obtain
nanophosphors with optimized luminescent properties.

B EXPERIMENTAL SECTION

Reagents. Yttrium(III) acetylacetonate hydrate (Y-
(CsH,0,)yxH,0, Alfa Aesar, 99.9%), cerium(III) acetylacetonate
hydrate (Ce(CiH,0,)yxH,0, Aldrich), europium acetylacetonate
hydrate (Eu(CsH,0,)yxH,0, Alfa Aesar, 99.9%), terbium acetylacet-
onate hydrate (Tb(C;H,0,);«H,0, Alfa Aesar, 99.9%), orthophos-
phoric acid (H;PO,, Aldrich, 85%), and ethylene glycol (EG, Fluka,
<99.5%) were used as received.

Synthesis of Samples. The typical procedure for the synthesis of
the YPO, samples was as follows. Weighted amounts of Y(acac); were
dissolved in EG under magnetic stirring while heating at low
temperature (~75 °C) to favor dissolution. Then, these solutions
were cooled to room temperature and the desired amount of
phosphoric acid was admixed. After homogenization, the final
solutions (total volume = 10 cm®) placed in tightly closed reactors
were heated from room temperature to the target value in a microwave
oven (Sineo MDS-8), using a heating rate of 14 °C min™". After the
desired temperature was reached, the solutions were aged up to 1 h,
unless otherwise specified. For comparison, some experiments were
also carried out using a conventional oven for heating. The resulting
dispersions were cooled down to room temperature, centrifuged to
remove the supernatants, and washed twice with ethanol and once
with double distilled water. Finally, the precipitates were dispersed in
water. For some analyses, the powders were dried at room
temperature.

For the synthesis of the RE-doped YPO, phosphors, we proceeded
as described above for the case of undoped YPO, but incorporating
the desired amount of the doping cation precursor to the starting
Y(acac), solution.

Characterization. Particle shape was examined by transmission
(TEM, Philips 200CM) electron microscopy. Particle size distributions
were obtained by counting several hundreds of particles from the TEM
micrographs, and by dynamic light scattering (DLS, Malvern,
Zetamaster) using water dispersions. High angle annular dark field
(HAADF) scanninlg transmission electron microscopy (STEM)
tomography studies'” were also performed to characterize the three-
dimensional morphology of the particles and their porosity. The
HAADF-STEM images were acquired on a JEOL 2010 field emission
gun transmission electron microscope operated at 200 kV. For the
tomography studies, a single tilt series of HAADF-STEM images was
recorded over a wide angular range (from —68° to +70°) every 2°
using a Fischione Ultra-Narrow Gap tomography holder. Images were
aligned sequentially using Inspect 3D. Reconstructions were
performed with Inspect 3D using an iterative routine (SIRT), which
constrains the reconstructed volume to best match the original images
when reprojected back along the original tilt directions. Voxel
projections and surface rendering (after a segmentation process
when needed) were undertaken using Amira software.

636

The quantitative composition of the samples was analyzed by
inductively coupled plasma atomic emission spectroscopy (ICP-AES,
Horiba Jobin Yvon, Ultima 2). The crystalline structure of the
prepared samples was assessed by X-ray diffraction (XRD, Panalytical,
XPert Pro). Unit cell parameters were determined from the XRD data
(collected at intervals of 0.03° (26) for an accumulation time for
interval of 10 s) by Rietveld refinement using the XPert HighScore
Plus software. The starting parameters were taken from Ni et al.'* To
gain additional information on the structural features of the
synthesized nanoparticles, they were also characterized by high
resolution transmission electron microscopy (HRTEM, Philips
200CM). The digital diffraction patterns (DDP) were obtained from
the HRTEM images using Digital Micrograph software.'®

The infrared spectra (FTIR) of the nanophosphors diluted in KBr
pellets were recorded in a Jasco FT/IR-6200 Fourier transform
spectrometer. Thermogravimetric analyses (TGA) were performed in
air at a heating rate of 10 °C min™’, using a Q600 TA Instrument. BET
specific surface area was measured in a Micromeritics ASAP 2010
apparatus with nitrogen at 77 K. Before measurements, the samples
were heated under vacuum at 150 °C for 2 h.

The excitation and emission spectra of the samples dispersed in
water (0.5 mg cmi ) were recorded in a Horiba Jobin-Yvon Fluorolog3
spectrofluorometer operating in the front face mode. The photo-
luminescence quantum yield (QY), defined as the ratio between
photons emitted and absorbed by the suspensions, was determined by
an absolute method. The used set up consisted of an integrating
sphere (Labsphere) with its inner face coated with Spectralon,
attached to the spectrofluorometer.’® A nonfluorescent sample
consisting of undoped YPO, nanoparticles having morphological
characteristics similar to those of the analyzed RE:YPO, sample was
used in all cases to mimic the scattering properties of the latter.
Spectral correction curves for sphere and emission detector were
provided by Horiba Jobin-Yvon. Lifetime measurements were obtained
under pulsed excitation at 532 nm by using the second harmonic of a
Nd:YAG laser (Spectra Physics model DCR 2/2A 3378) with a pulse
width of 10 ns and a repetition rate of 10 Hz. The fluorescence was
analyzed through an ARC monochromator model SpectraPro 500-i
and then detected synchronously with an EMI-9558QB photo-
multiplier and recorded by a Tektronix TDS420 digital oscilloscope.

The CIE color coordinates were calculated from the emission
spectra considering a 2° observer. The photographs showing the
luminescence of the nanophosphors either in powdered form
deposited on Millipore filters or in water dispersions were taken
under illumination with ultraviolet radiation (4 = 254 nm) filtered
from a Hg discharge lamp.

B RESULTS AND DISCUSSION

Synthesis and Characterization of Undoped YPO,
Nanoparticles. It has been well documented that the
formation of uniform particles by precipitation in solution
requires a homogeneous process, which can be achieved, for
example, through a slow and controlled release of the
precipitating anions or cations in the reaction medium."”” We
selected the latter strategy using RE(acac); as precursors, which
in solution, can be decomposed on heating, thus liberating the
RE® cations.'® If phosphate anions are present in these
solutions, this decomposition process drives the precipitation of
REPO,. EG was selected as the solvent because such RE
precursors are not water-soluble and mainly because polyols
have been amply shown to be suitable solvents for the synthesis
of nanomaterials, since they may act not only as solvent but
also as complexing and/or capping agent, thus limiting particle
growth.'” Finally, we used a microwave oven for heating
because it has been shown that this heating source usually
involves much shorter reaction times and higher reaction yields
than those involved in a conventional heating procedure.*’
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According to the classic theory of precipitation developed by
LaMer and Dinegar,”' it is well-known that another requisite
for the precipitation of uniform particles is the separation of the
nucleation and growth processes, which only occurs under a
precise set of experimental conditions (reagents concentration,
temperature, and aging tirne).17 To establish such conditions,
we performed a systematic study of the effects of the
experimental parameters on the morphological characteristics
of the precipitates, first addressing the undoped YPO, system,
for simplicity.

We found that the aging of 0.02 mol dm™ Y(acac), and 0.15
mol dm™ H,PO, solutions in EG at 120 °C using the
microwave oven resulted in the nanoparticles shown in Figure

Figure 1. TEM micrograph of the YPO, sample obtained by aging at
120 °C for 60 min, a 0.02 mol dm™ Y(acac); and 0.15 mol dm™>
H;PO, solution in ethylene glycol.

1, which as indicated by XRD (Figure 2) consisted of tetragonal
YPO, (JCPDS No 1-84-335). It would seem from the TEM
picture that this sample is composed by a mixture of spherical
and elongated particles. However, the higher contrast of the
elongated particles suggests a homogeneous lenticular
morphology so that the apparently spherical particles are in
fact oblate spheroids lying with their shorter axis normal to the
TEM grid plane, whereas those apparently elongated laid with
their shorter axis almost parallel to such a plane. This
suggestion was confirmed by the electron tomography
experiment which permits to reconstruct the 3D shape of the
object and gives an unique information of the inside of the
reconstructed nanoparticle. Thus, the surface rendered
representations of the segmented reconstructed volume of a
single nanoparticle at two different projections shown in Figure
3 (up) evidenced unambiguously the lenticular shape of the
nanoparticles. In this figure, a very rough surface and some
pores are also observed. When cutting the reconstructed
volume with a slice using Amira program (Figure 3, down), an
internal mesoporous structure with a pore diameter of ca. 4 nm,
became also clear. A movie (in mpg format) showing the full
dynamic tomogram is available as a web enhanced object. In
agreement with such internal porosity, the BET surface area
measured for this sample was much higher (145 m? g™') than
that calculated (~14 m* g') assuming smooth spheres of
tetragonal YPO, (density = 4.28 g cm™).

These YPO, nanoparticles were also free of organic
contamination as clearly indicated by FTIR spectroscopy.
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Figure 2. X-ray diffraction patterns obtained for the YPO, sample
shown in Figure 1 and for the Eug,sYy;5PO, Cey;Y,oPOy,,
Tby,YsPO,, and CegsTbysYooPO, samples prepared as described
in Table 2.

Figure 3. Surface rendered representations of the segmented
reconstructed volume of a single nanoparticle at two different
projections (up) and transverse slice from the reconstructed
tomogram (down).

Thus, their IR absorption spectrum (Figure 4) only displayed
several bands at <1300 cm '}, corresFonding to vibrations
associated with the phosphate groups,''® along with a weaker
absorption at 1640 cm™' due to the bending vibrations of
adsorbed water and a very broad feature at about 3415 cm™!
mainly attributable to the stretching O—H vibration of the
water molecules.”> Nevertheless, the possible contribution to
the latter band of OH ™ anions of different origin cannot be
neglected.”” In fact, the TGA curve measured for this sample
(Figure S1, Supporting Information) showed a 6% weight loss
in the 25—200 °C range, due to the release of absorbed water,
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Figure 4. Infrared spectrum obtained for the YPO, sample shown in
Figure 1 and for the Euy,5Y,,5PO, Cey;YoPO, Tby,YsPO, and
CeosTbgosYooPO, samples prepared as described in Table 2.

followed by a similar (5.6%) loss between 200 and 800 °C,
which might be associated to such OH groups.

The mean diameter of the particles estimated from the TEM
images was 115 + 17 nm, whereas their mean thickness was 48
+ 13 nm (axial ratio ~ 2.4) (Table 1). It should be noted that
this thickness was obtained from the particles with ellipsoidal
appearance assuming that they laid with the shorter axis
completely parallel to the grid surface. Therefore, the given
value is rather approximated and likely higher than the real
thickness. Particle size distribution evaluated for aqueous
dispersions of this sample by DLS (Figure S) resulted in a
mean particle diameter (117 + 65 nm) very similar to the
longest particle dimension obtained from the TEM micro-
graphs (115 + 17 nm), which manifested the absence of
agglomerates and therefore the good dispersibility of the YPO,
nanoparticles in water.

The reagents concentrations were found to be a key factor
determining the size of the lenticular nanoparticles. Thus, when
the yttrium precursor concentration was raised from 0.001 to
0.06 mol dm™ (solubility limit of Y(acac); in EG), keeping
constants the other experimental conditions, the mean diameter
of the lenticular particles decreased from 227 + 27 to 92 + 14
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Figure S. Particle size distribution obtained by DLS for the YPO,
sample shown in Figure 1.

nm, in spite of the observed enhancement of the reaction yield
from 75 to 90% as increasing the Y(acac); concentration
(Table 1).

Such high values of the reaction yield, which are associated
with the use of microwave-assisted heating,20 are an additional
advantage of the synthesis procedure developed in this work.
Particle size could be also tailored by varying the amount of
H;PO, added to the starting solutions. Thus, for a Y(acac),
concentration of 0.005 mol dm™, an increase of the mean
diameter from 66 + 8 to 161 + 24 nm resulted when the
phosphoric acid concentration was raised from 0.05 to 0.25 mol
dm™ (Table 1). At much higher H;PO, concentrations (1 mol
dm™3), agglomerates consisting of irregular particles were
detected, whereas at <0.01 mol dm >, only a slight turbidity was
observed due to a gel-like precipitate. The aging temperature
(in the range 80—150 °C) did not have an important effect on
the morphological characteristics of the nanoparticles (Table
1). However, the heating mode was found to be a key factor for
the preparation of uniform dispersions. Thus, heating the above
solutions for 1 h in a conventional oven yielded ill-defined
precipitates that did not evolve to uniform particles even after a
prolonged aging up to 24 h (Figure S2, Supporting
Information).

To explain the above-described effects of the different
experimental parameters on the morphological characteristics

Table 1. Morphological Characteristics of the Particles Precipitated after Aging, at Different Temperatures for 60 min, EG
Solutions Containing Different Concentrations of Y(acac); and H;PO,”

[Y(acac);] mol-dm™ [H;PO,] mol-dm™ temperature °C shape
0.060 0.15 120 lenticular
0.020 0.15 120 lenticular
0.005 0.15 120 lenticular
0.001 0.15 120 lenticular
0.005 0.01 120 gel-like
0.005 0.05 120 lenticular
0.005 0.25 120 lenticular
0.005 1.00 120 irregular
0.005 0.15 80 lenticular
0.005 0.15 150 lenticular
“The reaction yield is also included.
638

diameter nm thickness nm axial ratio reaction yield %

92 + 14 56 £ 13 1.6 90

11§ + 17 48 + 13 2.4 74

134 + 17 52 +£17 2.6 77
227 + 37 117 £ 17 19 75

66 + 8 33+3 2.0 48

161 + 24 54 £21 3.0 87

139 + 19 62 + 15 22 77

129 + 16 44 £ 11 2.9 70
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of the precipitated particles, their mechanism of formation was
investigated.

Growth Mechanism of the YPO, Nanoparticles. The
rough surface and mesoporosity of the lenticular YPO,
nanoparticles (Figure 3) seem to indicate that they were
formed through an ordered aggregation of smaller subunits
(primary particles), as it has been previously reported for many
other colloidal systems.”> Such an aggregation process is
energetically favored because the formation of larger entities
greatly reduces the interfacial energy of the small primary
particles.

The HRTEM micrograph taken from a single particle lying
with the longest dimension parallel to the grid plane and the
DDP spots obtained from this HRTEM image (Figure 6a),

Figure 6. HRTEM images and DDP patterns for the YPO, sample
shown in Figure 1, showing its polycrystalline character (a) and a
single crystalline domain (b).

supported such suggestion and gave additional information on
the structural features of the lenticular nanoparticles. Thus, the
HRTEM picture clearly shows the presence of several
crystalline domains within the particle with a small
misorientation deviating from the perfect alignment between
crystallites. In agreement with this observation, the DDP
obtained for this area of the nanoparticle showed elongated
spots, which corresponded to an interplanar distance of 3.4 A.

The orientation of the crystallographic axes of the tetragonal
YPO, structure in the building units could be determined from
HRTEM and the DDP spots obtained for the single domain
(Figure 6b). Thus, two sets of perpendicular planes with an
interplanar distance of 3.4 A are clearly observed in the
HRTEM image, which correspond to the 020 and 200 planes of
the tetragonal YPO, phase (JCPDS No 1-84-335), indicating
that the crystallographic ¢ axis was perpendicular to the shorter
dimension of the lenticular nanoparticle. Consequently, the
whole set of spots observed in the DDP corresponded to the
[001] zone axis of such structure. This finding indicates that the
primary particles preferentially attach through theirs crystalline
faces parallel to the c axis. Such directional aggregation has been
previously observed for some other colloidal systems, usually
being attributed to a preferential adsorption of ligands on
specific crystal faces, which only leaves the clean faces available
for attachment.”** In our case, the only species with complexing
ability are those resulting from the decomposition of the
acetylacetonate precursor and EG, which were not present in
the final nanoparticles (Figure S). However, they could have
been weakly adsorbed on the surface of the initially formed
primary particles and desorbed during the aggregation process,
as suggested for other systems.**

Aiming to observe how the aggregation process proceeded,
we examined the precipitates after different aging times.
However, it was found that after 7 min (time required to
reach 120 °C at the selected heating rate), the lenticular
nanoparticles were already formed, with a size similar to the
final value (Figure S3, Supporting Information) indicating that
nanoparticles formation was extremely fast, which is another of
the most important advantages of the herein reported
microwave-assisted synthesis method. This reaction rapidness
would explain the effects of the heating method on the
morphology of the precipitated particles. Thus, at such a high
reaction kinetic, the solutions heating rate becomes an essential
factor, since a rapid heating, as that associated with microwave
irradiation,”® would favor a single nucleation event and
therefore the formation of uniform particles, whereas a slower
heating rate, as that involved in a conventional heating, would
give a chance for heterogeneous nucleation. To observe
intermediate precipitation products, we had to decrease the
aging time to 2 min when the temperature reached in the
solution was 57 °C, finding that, even at this low temperature
and short aging time, the precipitate already contained some
lenticular particles of about 100 nm along with tiny and
irregular entities (Figure S3, Supporting Information), which
could be considered as the primary particles. This formation
mechanism is summarized in Figure 7.

4 caxis
o AAMMAAMAL

PRIMARY PARTICLES
{NUCLEATION + GROWTH)

MERGING

SURFACE
RESTRUCTURING

MESOPOROUS
LENTICULAR NANOPARTICLE

Figure 7. Schematic diagram of the mechanism of formation of the lenticular YPO, mesoporous nanoparticles.
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Table 2. Nominal (nom) and Experimental (ICP) Y/RE, Eu/RE, Tb/RE, and Ce/RE (RE =Y + Eu + Tb + Ce) mol Ratios (%)

of the RE-Doped YPO, Lenticular Nanoparticles

sample Y/RE Nom. Y/RE ICP Eu/RE Nom.
Eug g5Y09sPO4 95 95.9 S
Eug10Y090PO4 90 91.4 10
Eug5Y085PO4 85 86.5 15
Eug5Y075PO, 75 76.8 25
Thbo 0sY0.9sPO4 95 95.6
Tbo.10Y090PO4 90 90.1
Tbo.15Y0ssPO4 85 84.7
Tbo0Y0.30PO4 80 80.4
CeosY09sPO4 95 94.9
Ce.10Y090PO4 90 90.6
Ceo.15Y0ssPO, 85 85.4
CegosTbgos Yo9oPOs 90 90.2
Ceg.10Tbgos YossPO4 85 85.7

Eu/RE ICP Tb/RE Nom. Tb/RE ICP Ce/RE Nom. Ce/RE ICP
4.1
8.6
13.5
23.2
S 44
10 9.9
15 18.3
20 19.6
S S.1
10 9.3
15 14.5
N 4.6 N S.1
S 44 10 9.9

The variations in particle size observed when varying the
concentration of reagents can be now explained, at least
qualitatively. It is obvious that the main factor determining an
aggregation process of colloidal entities is the balance between
attractive and repulsive forces. However, the reasons explaining
the ordered aggregation into uniform particles of a given size
are not so clear. Recently, Privman et al>* developed a
theoretical model, which is able to reproduce the size of the
secondary particles grown by aggregation when applied to
several test systems (gold or cadmium sulphide spheres). This
model involves several parameters such as supersaturation,
surface tension, and diffusion coefficient of solutes, which
determine the rate of primary particles generation and the
number of subunits per secondary particle. These authors
found that as the rate of primary particles generation increased,
the final particles were smaller, which is in agreement with the
decrease of particle diameter observed for our system as
increasing the yttrium precursor concentration since, according
to the theory of LaMer and Dinegar,”" the highest the Y>*
concentration, the highest the precipitation rate of primary
particles. Following the same reasoning, the particle size should
also increase by decreasing the phosphate concentration.
However, particle size decreased when the H;PO, concen-
tration was lowered from 0.25 to 0.01 mol dm™ (Table 1),
which could be due to the noticeable decrease of the
precipitation yield (from 87 to 48%) occurring when lowering
the HyPO, concentration (Table 1).

Synthesis and Characterization of RE-Doped YPO,
Nanophosphors. As shown in Table 2, for all doped samples,
the doping level was varied within a wide range to optimize the
emission properties of the nanophosphors. In the case of the
Ce, Tb codoped system, we kept constant the Tb content (Tb/
Y + Ce + Tb mol ratio = 5%) and varied the amount of Ce.
Table 2 also shows a rather good agreement between the
nominal and experimental composition of all samples, which
indicates that the kinetics of precipitation of all doping cations
was similar to that of Y**.

It is important to mention that for the Eu or Tb systems,
uniform nanoparticles with shape (Figure S4, Supporting
Information), size (Table 3), and crystalline structure (Figure
2) similar to those of the undoped YPO, sample were obtained
if the RE/Y + RE mol ratio was kept <25%. At a higher value of
this magnitude (35%), a mixture of lenticular nanoparticles and
nanowires was detected (Figure S4, Supporting Information).
Such heterogeneous samples were discarded for further studies.

640

Table 3. Particle Size of the RE-Doped YPO, Lenticular
Nanoparticles Measured from the TEM Micrographs and by
DLS

sample diameter nm  thickness nm  diameter (DLS) nm

Eug05Y09sPOs4 123 + 15 46 + 10

Eug10Y090PO4 125 + 19 67 + 8

Eug15Y045PO4 119 £ 21 42 + 13

Eug5Y075PO4 129 + 24 53 +22 123 + 38
Tbo sY09sPO4 110 + 20 46 + 17

Thy,10Y0.00P O, 117 + 17 49 + 5

Tbo15Y0,ssPO4 113 + 23 56 +9

Tbo.20Y050PO4 115 + 21 53 + 16 114 + 28
Ce05Y09sPOy 117 + 18 48 + 10

Ce.10Y090PO4 125 + 14 S0+7 120 + 34
Ceg15Y05sPO4 146 + 24 64 + 17

CeosTbos Yo90PO,4 121 £ 18 58 + 10 133 + 38
Cey10Tbgos YossPO4 128 + 19 72 + 14

For the Ce:YPO, system, the incorporation of a Ce amount
< 10% to the YPO, nanoparticles had no significant effects on
their shape (Figure S4, Supporting Information), size (Table
3), and crystalline structure (Figure 2). However, for a 15% Ce
content, the XRD pattern (Figure SS, Supporting Information)
of the resulting lenticular (Table 3) nanoparticles revealed the
presence of a weak reflection corresponding to monoclinic
CePO, (JCPDS No. 32-199) in addition to those of the
tetragonal phase, suggesting that the Ce®" solubility limit in
tetragonal YPO, is <15% (Ce/Y + Ce mol ratio). Such an
additional CePO, reflection was more evident for a sample
containing a higher amount of cerium (20%), which consisted
of a mixture of lenticular nanoparticles and bigger ellipsoidal
particles (Figure S4, Supporting Information), the latter
probably corresponding to the monoclinic phase.

A similar behavior was observed for the Ce,Tb codoped
YPO, samples; that is, uniform lenticular (Figure S$4,
Supporting Information) nanoparticles (Table 3) having
tetragonal structure (Figure 2) were obtained for a Ce content
<10%. For higher doping levels (15%), a mixture of ellipsoidal
and lenticular particles (Figure S4, Supporting Information)
was detected whose XRD pattern also showed a mixture of
tetragonal and monoclinic phases (Figure S7, Supporting
Information).

The comparison of the unit cell parameters measured for the
doped samples with those of the undoped nanoparticles (Table

dx.doi.org/10.1021/cg201358c | Cryst. Growth Des. 2012, 12, 635—645
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Table 4. Unit Cell Parameters and Unit Cell Volume
Measured for the RE-Doped YPO, Lenticular Nanoparticles

sample a=b(A) ¢ (A) V (A%
blank (YPO,) 6.8804(2) 6.0427(2) 286.0586
Etg05Y00sPO, 6.8861(4) 6.0449(5) 286.6395
Euy,15Y05sPO4 6.8952(3) 6.0552(4) 287.8898
Eug,5Y075sP0, 6.9084(3) 6.0634(4) 289.3818
Tby,05Y09sPOy 6.8832(6) 6.0431(8) 286.3144
Tby,15Y05sPO, 6.8869(5) 6.0477(7) 286.8426
Tby.20Y0.50PO4 6.8946(6) 6.0521(7) 287.6918
CeosY09sPO, 6.8914(4) 6.0492(6) 287.2906
Ceg10Y090PO, 6.9029(4) 6.0548(5) 288.5113
Ceg.05Tbo.0sY0.00PO, 6.8924(5) 6.0485(6) 287.3325
Ce10Tbgos YossPO4 6.9027(4) 6.0592(6) 288.7013

4) clearly demonstrated the incorporation of the RE cations
into the tetragonal YPO, lattice, since a progressive unit cell
expansion was detected as increasing the doping level, in
agreement with the highest ionic radius of Ce®" (1.14 A), Eu**
(1.07 A), and Tb*>" (1.04 A) when compared to that of Y**
(1.015 A).>*

The nanophosphors particles could be also well dispersed in
water, as indicated by the similitude between the values of
particle size resulting from DLS measurements (Figure S6,
Supporting Information) and those obtained from the TEM
micrographs (Table 3). In addition, they were not contami-
nated by organic species, as shown by their FTIR spectrum
(Figure 4) and presented a high BET surface area (for example,
84 m* ¢!, for the Euy,5Yy,sPO, sample).

Luminescent Properties. The emission spectra recorded
for the as-synthesized Eu:YPO, nanophosphors using an
excitation wavelength of 395 nm (direct excitation of the
Eu* ground state to a higher level of the 4f-manifold
("Fy°Lg)°) are shown in Figure 8.

i=2 o50

Intensity (a.u.)

T 1 1
75 600 650 675 725

Wavelength (nm)

Figure 8. Emission spectra (4, = 395 nm) obtained for Eu:YPO,
nanophosphors having different doping levels (S, 10, 1S, 25%). Insets:
enlarged view of the spectra showing the most intense emissions
(right) and photograph of the Euy,5Y,sPO,, phosphor deposited on a
Millipore filter, under UV (4 = 254 nm) irradiation (left).

As observed, all spectra displayed the emission bands due to
the 5D0—7F] (J =1, 2, 3, and 4) electronic transitions expected
for the Eu**cations in the tetragonal YPO, matrix,”*'®® having
the most intense emissions in the 580—620 nm region, which
are responsible for the strong orange-red luminescence (color
coordinates: x = 0.624, y = 0.373) (Figure S8, Supporting
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Information) observed for this sample (Figure 8, left inset and
Figure S9, Supporting Information). It is important to mention
that the relative intensity of the *D,-'F, emission band was
higher than that associated with the *Dy-'F; transition, which is
expected for Eu’* cations located in crystallographic sites
without an inversion center, as is the case for the Y>* site (D,
symmetry) in the YPO, tetragonal structure."® It must be also
noticed that in previous works conducted with Eu-doped YPO,
nanowires”> and mesoporous Eu:YPO, samples,” the max-
imum emission intensity was observed for an Eu content
between S and 7% since at higher doping levels, a decrease of
the emission intensity was detected as a consequence of the
concentration quenching effect.”> However, in our case, the
intensity of the emission bands increased by increasing the Eu
doping level within the whole studied Eu concentration range
(5—25%). Nevertheless, the values of the fluorescence quantum
yield (QY) included in Table S also suggested the presence of a

Table 5. Quantum Yield of the Lenticular RE-Doped YPO,
Nanophosphors Having Different Doping Levels”

sample QY (%)
Eug,05Y09sPO,4 62.9
Eug.10Y090PO4 61.1
Eug15Y045PO4 54.9
Eug,5Y075PO, 48.8
Tbo 0sY0.0sPO4 80.7
Tby 10Y0.90PO4 66.6
Tby,15Y0.8sPO4 44.8
CegosTboos Yo00PO4 29.5

“Excitation wavelengths: 395 nm for the Eu system, 351 for the Tb
system, and 320 nm for the Ce—Tb system.

certain concentration quenching process in our samples, since
they progressively decreased from 62.9 to 48.8% when the Eu
content was increased up to 25%.

To confirm such a suggestion, lifetimes of *D, Eu manifold
have been measured under the excitation provided by the
second harmonic of a pulsed Nd:YAG laser (4 = 532 nm).
This excitation efficiently populates the *D; multiplet ("F, —
D, transition) which then populates the D, state via
nonradiative relaxation,'® from where the different visible
emissions originate. It has been verified that the emission
spectra under this excitation are coincident with those obtained
after 395 nm excitation shown in Figure 8. The normalized
temporal decays of the °D, level, measured at 4, = 618 nm
(°D, — ’F, transition), for different Eu concentrations are
shown in Figure 9. The emission lifetimes have been evaluated
from these measurements as>®

T= foootl(t) dt//oool(t) dt

It can be observed that there is a monotonous decrease in the
emission lifetime which varies from 7 = (3.3 + 0.2) ms to 7 =
(1.8 £ 0.1) ms when europium concentration is increased from
5% to 25% respectively, as is depicted in the inset of Figure 9. It
also has been checked that the same values are obtained when
the decays are measured in the other luminescence bands
originated from the °D, Eu level. Consequently, it can be
concluded that concentration quenching is present in our
samples for doping levels above 5%, in agreement with the QY
values discussed above.
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Figure 9. Decay curves obtained for the D, — ’F, transition in the
Eu:YPO, samples having different Eu content, after excitation at 532
nm (°D; level). Inset: evolution of the lifetimes with Eu content.

Therefore, the most efficient Eu:YPO,, nanophosphor is that
containing a 5% of Eu (mole ratio). It is important to notice
that the QY of this sample is higher (~60%) than the highest
value ever reported for Eu:YPO, nanoparticles (40%)."'"

Additional information on the luminescent properties of the
Eu-doped nanophophors was obtained from the excitation
spectrum recorded by monitoring the most intense Eu’"
emission (618 nm), which is illustrated for the case of sample
Euyg05Y00sPO, (Figure 10).
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Figure 10. Excitation (top) and emission (bottom) spectra obtained
for the Euy,5Y,-sPO, nanophosphor.

This spectrum displayed a strong excitation band at 240 nm,
in addition to those corresponding to the direct excitation of
the Eu’ ground state to higher levels of the 4f-manifold
(between 270 and 400 nm),'%" which has been previously
attributed to a Eu—O charge transfer transition (CTB) caused
by electron delocalization from the filled 2p shell of O* to the
partially filled 4f shell of Eu*"."" As observed in Figure 10, the
intensity of the Eu®* emissions was considerably higher when
exciting through such CTB band than by direct excitation of the
Eu®* electronic levels (4., = 395 nm), which should be kept in
mind for the optimum performance of these nanophosphors.

Ce’" ions only have one electron in their 4f shell, which can
be excited to the 5d orbitals upon irradiation with UV radiation.
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The excitation spectrum obtained for our Cegys5Y(00sPO,
nanophosphor, by monitoring the most intense emission
band of Ce*" at 354 nm, consisted of two broad bands in the
230—350 nm region, centered at ~320 and ~252 nm (Figure

Excitation Emission
12
&d - F5,2
1 2

- I 5d’ - Fm
=
&
=
2 4f - 5d
[}
=
=

32")0 4(I)0 45"10 5(I)0 550
Wavelength (nm)

1 l ! T
225 250 275 300 325

Figure 11. Excitation spectrum (4., = 354 nm) obtained for the
Ceg0sY09sPO, nanophosphor (left) and emission spectra (1., = 252
nm) obtained for Ce:YPO, nanophosphors having different doping
levels (right). Inset: photograph of the Eug,sY,,sPO, phosphor
deposited on a Millipore filter, under UV (4 = 254 nm) irradiation.

11) as those previously reported for polycrystalline Ce:YPO,
(tetragonal) samples.”® To record the emission spectrum of our
nanophosphors, we used the excitation band at lower
wavelength (252 nm) for a better observation of all the
emission features of the Ce®* ion. As observed in Figure 11, the
emission spectra of the two samples displayed two broad bands
centered at 330 and 354 nm, corresponding to the transition
from the excited Sd' configuration to the *Fs/, and °F,, levels
of Ce* which originate a blue (x = 0.150, y = 0.082) (Figure
S8, Supporting Information) luminescence (Figure 11, inset).
The intensity of such emissions was found to decrease as the
Ce content increased from S to 10%, clearly manifesting a
concentration quenching effect so that the optimum Ce-doped
nanophosphor composition corresponded to the formula
Ceg05Y000sPOy4 The luminescence QY for this system could
not be measured due to the partial overlapping between the
excitation and emission bands (Figure 11).

The excitation spectrum obtained for the TbyosY,9sPO,
nanoparticles, monitored at the most intense Tb** emission
(542 nm)*™”* displayed several bands between 250 and 400 nm
(Figure 12), which have been attributed to f—f transitions
within the 4f° configuration of Tb®* (in the 300—400 nm
region)”’ and to 4f*—4f’Sd transitions (<300 nm).* In this
system, the Tb—O CTB, which must appear at lower
wavelength (144 nm), has been shown to be inefficient for
Tb* excitation.”® The emission spectra obtained for the Tb-
doped YPO, nanophosphors with different Tb content by
exciting at the wavelength of the most intense excitation band
(265 nm) are shown in Figure 12. As observed, all spectra
showed several bands in the 450—650 nm region, which arise
from the 5D4—7Fi- (J =6, 5, 4, 3) transitions of the Tb*" cations.
The green luminescence (x = 0312, y = 0.542) (Figure S8,
Supporting Information) observed for this system (Figure 12,
inset) is caused by the most intense emission at $42 nm. Figure
12 also shows that the intensity of the emissions increased as

dx.doi.org/10.1021/cg201358c | Cryst. Growth Des. 2012, 12, 635—645



Crystal Growth & Design

Emission

i=5

Intensity (a.u.)

1
650

T
625

Excitation

Intensity (a.u.)

T T T T T T
250 275 300 325 350 375 400

Wavelength (nm)

Figure 12. Excitation spectrum (4., = 542 nm) obtained for the
Tbg 0sY09sPO, nanophosphor (top) and emission spectra (4, = 265
nm) obtained for Tb:YPO, nanophosphors having different doping
levels (bottom). Insets: enlarged view of the spectra showing the most
intense emissions (right) and photograph of the Tbg1,Y0,PO4
phosphor deposited on a Millipore filter, under UV (1 = 254 nm)
irradiation (left).

the Tb content increased from S to 10%. However, a further
increase of the Tb concentration above 15% gave rise to a
decrease of the emissions intensity, manifesting a concentration
quenching effect, which was confirmed by the measurement of
the luminescence QY of the samples. Thus, the value of this
magnitude, which was found to be very high (~80%) for the
sample with the lowest doping level (TbysY(0sPO,), decreased
progressively for the more concentrated samples (Table S).
Therefore, the most efficient Tb doped nanophosphor is that
with a Tb concentration of 5%. It must be mentioned that
because of experimental limitations, the QY measurements
were conducted by direct excitation of Tb at the wavelength of
its most intense excitation band (351 nm) (Figure 12).

Finally, the excitation spectrum monitored at the main Tb
emission line at 542 nm for sample Ce 5 TbgosY(0sPO, (Figure
13) was quite similar to that of the Ce-doped systems (Figure
11) displaying two broad bands at ~320 and ~252 nm, which
confirmed the energy transfer from excited Ce** to Tb*".

The emission spectra (Figure 13) obtained for the Ce, Tb
codoped nanophosphors by exciting at the most intense
excitation band (320 nm) clearly showed the characteristics
emissions of Tb** (from 450 to 650 nm), already observed for
the Tb single doped system (Figure 14) along with a much
weaker band at 354 nm associated to the Ce ions (Figure 11),
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Figure 13. Excitation spectrum (4., = 542 nm) obtained for the
CegsTb 0sYosPO, nanophosphor (top) and emission spectra (4., =
320 nm) obtained for Ce,Tb:YPO, nanophosphors with different
doping levels (bottom). Inset: photograph of the CeysTbgo5Y(00PO,
phosphor deposited on a Millipore filter, under UV (4 = 254 nm)
irradiation.
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Figure 14. Comparison of the emission spectra obtained for the
CegosTb (05Y0oPO, and the TbyysY( PO, nanophosphors with their
optimum A,.

which indicated that the energy transfer from the latter to the
Tb cations was not complete. Nevertheless, this energy transfer,
as expected, gave rise to a remarkable increase of the green (x =
0315, y = 0.562) (Figure S8, Supporting Information) Tb
luminescence (Figure 13, inset and Figure S9, Supporting
Information) with respect to the most efficient Tb single doped
nanoparticles, as clearly evidenced in Figure 14. Figure 13 also
shows that the increase of the Ce content from S to 10% in the
codoped samples having a Tb** concentration of 5%, resulted
in a small decrease of the emissions intensity as a consequence
of a concentration quenching process. Therefore, the most
efficient Ce,Tb-doped YPO, composition is
CegosTbgsY09sPO4 The QY value obtained for this sample
by considering only the Tb emissions was 30% (Table $),
which is close to the average value reported for nanoparticles of
the amply studied Ce,Tb:LaPO, system.nb’29
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B CONCLUSIONS

Mesoporous tetragonal yttrium phosphate nanoparticles with
high surface area, variable mean size, narrow size distribution,
and lenticular shape can be synthesized by a very simple
homogeneous precipitation procedure consisting of aging at
low temperature (80—120 °C) ethylene glycol solutions
containing only yttrium acetylacetonate and phosphoric acid.
The synthesis process is very fast (7 min) and requires the use
of a microwave oven for heating. These lenticular nanoparticles
are formed through an ordered aggregation of smaller entities,
which attach through their crystalline faces parallel to the ¢ axis
of the tetragonal structure, thus explaining their porosity and
high surface area. This synthesis method can be also used to
prepare RE-doped YPO, nanoparticles (RE = Eu, Ce, Tb, and
Ce + Tb) with morphological and structural characteristics
similar to those of the undoped system. In all cases, the doping
level was optimized resulting in nanophosphors red (Eu), blue
(Ce), or green (Tb and Ce + Tb) luminescence with high
quantum yields. In particular, for the Eu and Tb doped systems,
the optimum nanophosphors presented the highest value of the
luminescence quantum yield (60% for Eu and 80% for Tb) so
far reported for this kind of nanomaterial. Because of their
morphological, microstructural, and luminescent properties as
well as because of their dispersibility in water and absence of
organic contamination, these nanophosphors are suitable for
biomedical application.
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TGA curve obtained for the lenticular YPO, nanparticles
shown in Figure 1 (Figure S1), TEM micrographs of the
particles obtained by heating in a conventional oven EG
solutions containing 0.02 mol dm™ Y(acac); and 0.15 mol
dm™ H;PO, for different periods of time (Figure S2), TEM
micrographs of the YPO, particles obtained by aging a 0.02 mol
dm™ Y(acac); and 0.15 mol dm™> H,PO, solution in ethylene
glycol, at 120 °C for different periods of time (Figure S3), TEM
micrographs of RE:YPO, nanophosphors (RE = Eu, Tb, Ce,
and Ce + Tb) with different doping levels (Figure S4), XRD
patterns of Ce-doped YPO, nanophosphors with different Ce
content (Figure SS), particle size distribution obtained by DLS
for the RE:YPO, nanophosphors (Figure $6), XRD pattern of
the Ceg;5TbgosYossPO, nanophosphor (Figure S7), CIE color
coordinates of the RE:YPO, nanophosphors (Figure S8),
photograph of the Eug,5Y,,PO, and CegosTbgosY00PO,
nanophosphors dispersed in water, under UV (4 = 254 nm)
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