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Abstract

In this paper, we report a simple and convenient method toward fabrication of YPO4:Eu®* with controlled crystal structures, morphologies and
enhanced luminescent intensity. By simply adding different organic additives during the hydrothermal process, tetragonal YPO4Eu®" and
hexagonal YPO, - 0.8H,O:Eu*" with nano-/microstructures can be obtained. Meanwhile, the possible formation mechanisms for products with
different structures and morphologies have been presented. Furthermore, the luminescent properties of YPO4:Eu with different structures and
morphologies were also studied and compared. We believe the method reported here could open a novel approach to rare earth phosphates with

multiple structures.
© 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Lanthanide compounds have been widely used as high-
performance luminescent devices, magnets, catalysts, time-
resolved fluorescence labels for biological detection, and
other functional materials based on the optoelectronic and
chemical characteristics resulting from the 4f shell of their
ions [1-6]. In modern chemistry and materials science, phase
control of nanocrystals is quite important in preparative
chemistry and materials science, because inherent nanocrystal
structures of materials play crucial roles in both physical and
chemical properties.

It is well known that the properties of a material depend on
nanostructures that can be tuned through the preparation methods.
So far, YPO,:Eu*" has been prepared by various methods, such
as sol-gel [7], hydrothermal [8], coprecipitation method [9], and
so on [10-12]. Among them, hydrothermal synthetic route allows
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to synthesize highly crystallized powders with a narrow particle
size distribution and high purity without further heat treatment at
high temperatures. Several research teams have used the hydro-
thermal method to synthesize YPO,, and found that the required
phase could not be obtained by changing the temperature and pH
of the solution, while can be obtained by adding organic additive.
For example, Lin et al. synthesized metastable zircon-type YPOy:
Eu nanocrystals at a low temperature using the trisodium citrate
(Cit’ ™) assisted hydrothermal method [13]. Mai et al. reported
the synthesis of YPO,:Eu*" architectures with organic acids and
amines as the additive [14]. However, all these methods can
singly control the shape or the crystal structure, whereas reports
about controlling both morphology and crystal structure simulta-
neously are extreme rare, and we believe such research is very
important because it can not only provide new methods for the
controllable preparation of rare earth orthophosphates, but also
help us further understand the effect of morphology and crystal
structure on the luminescent property.

In this paper, by using different organic additives in the
hydrothermal process, we prepared YPO,:Eu*" with controlled
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structures, morphologies, and luminescent property. It is found that
organic additives, such as citric acid, oxalate and ethylene diamine
tetraacetic acid (EDTA) favor the formation of hexagonal
YPO, - 0.8H,0O and can induce the formation of polymorph, such
as nanospheres, nansorods, and microprisms. Then we concentrate
on the luminescence properties of YPO4:Eu (8%) with different
structures and morphologies. The paper reports a simple method to
realize the selective synthesis of YPO,:Eu, which not only has
great theoretical significance in studying the phase transition
processes and the structure-dependent properties but also is very
important for their potential applications.

2. Experimental

In a typical synthesis process, 10 mL Y(NO3); (0.2 M) was
added into 20 mL aqueous solution containing a certain amount of
organic additive (citric acid, oxalate, and EDTA) to form the Y3 -
organic additive — complex. And then the pH of the solution was
rapidly adjusted to 8 by addition of NHj-H,O solution. After-
wards, NH4H,PO,4 (0.5 M, 6 mL) solution was added slowly to the
above solutions. After additional vigorous stirring for about
30 min, the solution was transferred into a stainless steel autoclave
with an inner Teflon vessel (volume, 50 mL). The autoclave was
sealed, maintained at a certain temperature for different times and
was naturally cooled to room temperature. After the reaction was
complete, the resulting solid product was centrifuged, washed with
deionized water and alcohol to remove ions possibly remaining in
the final products, and finally dried at 80 °C in air for further
characterization. In this way, the hexagonal YPO, was synthesized
by the solution with different Y/organic additive molar ratio.
YPO4:Eu (8%) samples were prepared by a similar procedure.

The powder X-ray diffraction (XRD) patterns were recorded
on a Rigaku D/max-2000 diffractometer with Cu Ka radiation
(A=1.5418 A). Infrared spectra of powders (FTIR) were
recorded in the range of 500-4000 cm™' on a Fourier trans-
form spectrometer. Scanning electron micrographs (SEM)
were taken on a JSM-6700F field-emission scanning electron
microscope (FE-SEM). Photoluminescence (PL) spectra were
recorded on a RF-5301PC with Xe lamp at room temperature.

3. Results and discussion
3.1. Structural analysis

Fig. 1 shows the XRD patterns of the as-synthesized YPO4:Eu
samples under hydrothermal treatment at 180 °C for 12 h without
additives (a) and with different additives: citt (b), oxalate (c), and
EDTA (d). It can be seen that all the samples are well crystalline,
and the sample prepared without additives shows diffraction peaks
that can be well indexed to dehydrated YPO, with tetragonal
xenotime structure (JCPDS File no. 84-0335). When the additive is
used, the structure of the sample is changed and the hexagonal
YPO, - 0.8H,O (JCPDS No. 42-0082) can be observed. Notice-
ably, no peaks of any other impurities are detected, which
demonstrates that pure phase products can be obtained by this
synthesis method, and the additive has a significant effect on the
crystal phases of the products.
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Fig. 1. XRD patterns of the as-synthesized YPO, samples under hydrothermal
treatment at 180 °C for 12 h without additives (a) and with different additives:
citric acid (b), oxalate (c), and EDTA (d).
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Fig. 2. IR spectra of the as-synthesized YPO, samples under hydrothermal
treatment at 180 °C for 12 h without additives and with different additives as
labeled.

The purity of the products was further examined through the
FT-IR measurements. The IR spectra of as-prepared YPO4:Eu
prepared under hydrothermal treatment 180 °C for 12 h with-
out additive and with additives (citric acid, oxalate, and
EDTA) are shown in Fig. 2. The peaks appearing at 531-
620 cm ™' and 957-1063 cm ™' correspond to the bending
vibrations (u4 region) and stretching vibrations (u3 region) of
PO;~ group, respectively [15-17]. No other phosphorus-
containing groups such as P,O3~ (typically located at 1265—
1267 cm™ ') are observed [18,19], showing that the as-
synthesized product has a high purity. The band around
1400 cm ' corresponds to the vibration of residual NO3
groups [20] originating from the starting reactants (LnNOj).
An absorption at 2350 cm ™' can be assigned to stretching
vibration of Y—O. Peaks centered at 1628 and 3482 cm '
belong to the bending and stretching vibrations of O—H group,
respectively.
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Fig. 3. SEM images of YPO, powders hydrothermally synthesized under hydrothermal treatment for at 180 °C for 12 h without additives (a) and with different

additives: citric acid (b), oxalate (c), and EDTA (d).

3.2. Morphology analysis

The morphologies of the as-prepared samples were examined by
the scanning electron microscope (SEM). As shown in Fig. 3a, the
obtained samples prepared at 180 °C for 12 h without any organic
additive are composed of nanoparticle, with the average diameter
ranging from 40 to 100 nm. After use of organic additive (other
reaction conditions are constant), the morphology of the as-
prepared samples would be rather different. When the citric acid
is used in the original hydrothermal environment, the sample
consists of spheres with the average diameter ranging from 80 to
200 nm can be observed (Fig. 3b). Noticeably, the sizes of the
samples obtained with citric acid are obviously larger than those
prepared without additive. When oxalate used as organic additive,
the obtained sample consists of nanorods with diameters of about
100 nm and length from 300 to 600 nm (Fig. 3c). When EDTA
was used as the organic additive, the obtained samples consist of
hexagonal microprisms (about 0.7—1.3 pm in diameter and 24 pm
nm in length) and nanorods (200 nm in diameter and 1 um in
length). These results demonstrate that the additive has a crucial
role in determining the morphology of the YPO, and different
morphologies can be realized through using different additives.

3.3. Effect of organic additives

For a better understand of the effect of additives on the
morphologies of the samples, a series of time and temperature
dependent experiments were carried out, and we find that both
the reaction time and temperature can play important roles in

Intentisy (a.u)
=%

2-Theta

Fig. 4. XRD patterns of YPO, powders hydrothermally synthesized under
hydrothermal treatment for at 180 °C with citric acid for different reaction
times (a) 2, (b) 6, (c) and 12 h; (d, e) XRD of samples prepared with citric
acid for 12 h at 120 °C and 180 °C, respectively.

controlling the morphology. Note that the crystal phase of the
obtained YPO,-0.8H,O retains the hexagonal structure at
different temperatures and reaction times. As shown in Fig. 4,
for the samples prepared with citric acid, with increasing the
reaction time and temperature, the intensity of the diffraction
peak is increased, indicating that higher temperature and long
reaction would be suitable for the fabrication of samples with
good crystal structures (the variation trend of samples prepared
with oxalate and EDTA is similar). Although reaction
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temperature and time have no effect on the crystal structures, the
effect on the sample morphology is remarkable. Fig. 5a—c shows
the SEM images of the products obtained at 180 °C with citric
acid as additive at different reaction times. When the reaction
time is about 2 h, small particles were formed with an average
diameter of about 50 nm (Fig. 5a). As the reaction time was
prolonged to about 6h, nanospheres with diameters ranging
from 50-100 nm can be observed, and the surfaces of the
spheres are coarse (Fig. 5b). Further increasing the reaction time
to about 12 h, the sizes of the spheres has increased, and the
surfaces become more smooth (Fig. 5c), indicating that the
samples with better crystalline can be obtained through increas-
ing the reaction time, which is in agreement with the XRD
results (Fig. 4a—c). Different froms the citric acid, when the
oxalate was used as the additive, the morphologies of the
samples can change from the nanoparticles to the nanorods as
the reaction time was increased. From Fig. 5d, it can be seen
that nanoparticles with size of about 20 nm can be formed at
short reaction time (=2 h). Increasing the reaction time to
about 6 h, nanorods with 50 nm in diameter and 100 nm in
length can be observed (Fig. 5e). Further increasing the reaction

time to about 12 h, both the diameter and the length of the
nanorods can be increased (100 nm in diameter and 300-—
600 nm in length) (Fig. 5f). Fig. 5g—i shows the SEM images
of the samples prepared with EDTA as the additive. At t=2 h,
spherical-like nanoparticles (Fig. 5g) with a mean diameter of
about 20-50 nm can be obtained. With the reaction proceeding
to 6 h, the regular and well-defined microprisms appear with an
average diameter of 0.7-1.3 pm and a length of 2—4 um.
Simultaneously, these microprisms are surrounded by a lot of
nanotablets (Fig. Sh). After 12 h of growth, the morphology and
size of the microprism have no apparent variation, while the
nanotablets gradually grown to nanorods (200 nm in diameter
and 1 pm in length), as shown in Fig. 5i. From the above, it can
be concluded that the reaction time has a crucial role in
determining the morphology. In addition to the reaction time,
the effect of reaction temperature on the sample morphology
was also investigated, and the trend of the variation is similar
with the reaction time.

On the basis of the above SEM observation, a possible growth
process is proposed, a simple and possible mechanism for the
formation of YPO,:Eu samples with different structures and

Fig. 5. SEM images of YPO, synthesized under hydrothermal treatment at 180 °C with different additives for different reaction time: (a, b, c) citric acid for 2 h, 6 h,
and 12 h, respectively; (d, e, f) oxalate for 2 h, 6 h, and 12 h, respectively; and (h, i, j) EDTA for 2 h, 6 h, 12 h, respectively.
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Fig. 6. Possible formation mechanisms of YPO, samples with different morphologies under hydrothermal condition prepared in the presence of additives.

morphologies under hydrothermal process are schematically
presented in Fig. 6. Without the usage of additive, tetragonal
phase would be favorable for YPO, nanoparticles due to its
intrinsic structure and isotropy nature [21] (Fig. 6a). When the
additives were used, the organic ligand can form Y**-additives
(Y3 —citric acid, Y *-oxalate and Y>'—EDTA) complexes
through stronger coordination interaction. According to LaMer's
model, the formation of such complexes could control the
concentration of free Y>* ion concentration in solution, and thus
help to control the nucleation and growth of the crystals in the
view of dynamic process [22]. Then under the hydrothermal
conditions the chelating of Y>*-additive complexes would be
weakened and an anion-exchange reaction between PO;~ and
additive would take place. This competition reaction gives rise to
the formation of YPO, nuclei. The strong steric hindrance of
ligand and repulsion between coordinating atoms forced YPO, to
crystallize in the hexagonal phase with lower symmetry [23]. In
additive to the crystal structures, the additive can also affect the
sample morphologies (Fig. 3). In a solution-phase synthesis,
organic additives acting as surfactants or capping agents can
change the order of free energies of different facets through their
interaction with metal surface. This alteration may significantly
affect the relative growth rates of different facets, [13] resulting in
different morphologies. Meanwhile, the various architectures still
undergo the Ostwald ripening process at the cost of the smaller
nanoparticles, thus, as shown in Fig. 5, the size of the as-obtained
various architectures increases with the reaction time. It is worth
noting that because different additives have different abilities of
chelating, which would result in the different growth environment
of the crystals. For the Cit**, which is a kind of organic ligand
with three carboxylate groups, and these carboxylate groups can
form Y**—Cit>~ complexes through strong coordination. As we
know, the Y3 _Cit*~ complexes slows down the nucleation and
subsequent crystal growth of the precursor architecture. The
relatively slow generation rate of nanoparticles would be favor-
able for the subsequent growth of sphere nanostructures (Fig. 6b).
Compared with the Cit’*, the oxalate with two carboxylate
groups and shorter alkyl chain, which would lead to the increased

ability of chelating [14], and ultimately can strength growth of
sideways along the [001] direction, resulting in the formation of
the final nanorod shape. As for the EDTA, it has proved that
diethylamine and NH,-bearing ligands are very effective in
guiding the growth of 1D nanostructure [24], meanwhile, EDTA
has four carboxylate groups comparing to oxalate, so the Y>*—
EDTA complex is more stable, and thus hexagonal YPO,
microprism (nanorod) with relatively large size can be obtained.

3.4. Photoluminescence properties

3.4.1. Different crystal phases

We first investigate the photoluminescence properties of
8 mol% Eu’*-doped YPO,-0.8H,O with hexagonal structure
and YPO, with tetragonal structure (both of the two sample are
nanoparticles). The excitation spectra (Fig. 7a) of two samples
consist of a broadband caused by the oxygen-to-europium
charge transfer band (CTB) and a group of sharp lines arising
from the f—f transition within the Eu* 4f° electron configura-
tion. By a comparison of the two excitation spectra, it can be
clearly seen that the position of CTB for hexagonal
YPO, - 0.8H,O:Eu shows obvious red-shift with respect to
that for tetragonal YPO,:Eu, as marked with red dot lines. It is
well known that the CTB position depends on the Eu—O bond
length: the longer the Eu—O bond length, the longer wave-
length of the CTB. [14] Therefore, the nearly 7 nm red-shift
indicates that the average Eu—O bond distance is somewhat
longer in hexagonal YPO,-0.8H,O:Eu than in tetragonal
YPO,:Eu. The emission spectra (Fig. 7b) are composed of
*Dy—"F; (J=1, 2, 3, and 4) emission lines of Eu*", with the
magnetic-dipole (MD) transition Dy—'F, orange emission
being the most prominent group. Furthermore, the intensity of
emission spectrum of YPO,-0.8H,O:Eu is higher than tetra-
gonal YPO4:Eu. We think that the reasons responsible for the
difference of luminescence intensities should have two aspects.
First, the distortion and covalence degree of the Eu’* site are
different because of their different crystal phases; the YPO,
with a hexagonal crystal structure offers a crystal site with a C,,
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Fig. 7. Excitation (a) and emission (b) of YPO,-0.8H,O:Eu (8%) with different crystal structures hydrothermally synthesized at 180 °C for 12 h.
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space group which has very low inversion symmetry [24] and
can results in a higher intensity of the transitions. Second is the
difference in their sizes. The sample of tetragonal YPO4:Eu
shows nanoparticles shape with the diameter ranging from 40
to 100 nm, whereas the sample of hexagonal YPO,-0.8H,O:
Eu has spheres shape with the diameter is 80-200 nm. The
increase in samples size may causes the perfection of order of
atomic arrangement and leads to higher oscillating strengths
for the optical transitions.

3.4.2. YPO,-0.8H>0:Eu with different shapes

Fig. 8a and b shows the representative excitation and emission
spectrtum of YPO,-0.8H,O:Eu samples hydrothermal synthe-
sized at 180 °C for 12 h with different shapes: hexagonal sphere
(citric acid), hexagonal nanorod (oxalat), and hexagonal sbmi-
crorism and nanorod (EDTA). The excitation spectra of three
samples consist of a broadband caused by the oxygen-to-
europium charge transfer band (CTB) and a group of sharp lines
arising from the f—f transition within the Eu* 4f° electron
configuration. Moreover, the position of CTB slightly changes for
the three samples due to different Eu—O bond length. The
emission spectra of the YPO, - 0.8H,O:Eu with different shapes

composed of sharp lines ranging from 500 to 700 nm are
associated with the transitions from the excited 5DO level to the
'F, (J=1, 2, 3, and 4) levels of Eu’" activators (Fig. 8b). The
emission bands around 593 nm can be ascribed to the *Dy—'F;
magnetic dipole transitions. Meanwhile, the emission peaks
located at about 615 nm are mainly due to the transitions from
D, to 'F, energy levels. The “Dy— 'F, transition is a forced
electronic dipole—edipole transition. Noticeably, a remarkable
difference in the spectral intensity is observed. The sample
prepared with citric acid has the lowest intensity, and then the
sample prepared with oxalat, the intensity of sample prepared
with EDTA is the highest. Although different additives are used,
the crystal phase of the three products is the same, i.e., hexagonal
YPO, - 0.8H,0. So it is reasonable to believe that the different
luminescence properties of the products arise from their morphol-
ogies and sizes. The luminescence intensity of the hexagonal
nanorod prepared with oxalat is higher than nanosphere prepared
with citric acid can be attributed to the variation of dipole field
caused by the shape anisotropy, which can affect the ionic dipole
field, the photonic density states and the radiative transition rate.
When the EDTA is used, larger size microprisms and nanorods
can be obtained compared with those prepared with oxalat. Small
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nanorods possess more grain boundaries compared to large
miroprism and nanorod. In these grain boundaries, dangling
bonds or disorder of atomic arrangement takes place, which act as
primary quenching centers in luminescence because of multi-
phonon relaxation. Therefore, an increase in samples size causes
the perfection of order of atomic arrangement and leads to higher
oscillating strengths for the optical transitions [25], thus, the
samples prepared with EDTA has a higher intensity than those
prepared with oxalat.

4. Conclusion

In summary, YPO, powders with different crystal structures
and morphologies were hydrothermally synthesized at 180 °C
for 12’ h with the assistance of different organic additives,
namely: citric acid, oxalate, and EDTA. It is found that organic
additives can induce the polymorph transformation from
tetragonal YPO, to hexagonal YPO,-0.8H,O, meanwhile,
different morphologies such as nanospheres, nanorods, and
microprisms can also be obtained with different additives.
Results of luminescent properties indicate that the luminescent
intensity cannot only be controlled by the crystal phases, but
also the morphology of the samples, and the samples with
hexagonal structures and large size can obtain higher lumines-
cent intensity. These findings indicate that the luminescence
properties of a material are strongly related to its crystal
structure, the shape, and size.
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