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Abstract

In this work, we used the solution precipitation route to synthesize Eu3+-doped YPO4 � nH2O nanowires. The structure, morphology,

composition, thermal behavior, and photoluminescence of as-synthesized product were characterized by X-ray diffraction (XRD),

thermogravimetric and differential thermal analysis (TG/DTA), energy-dispersive X-ray spectroscopy (EDS), Fourier transform infrared

spectroscopy (FT-IR), field emission scanning electron microscopic (FE-SEM) and photoluminescence (PL) spectra. The dependence of

the structure, morphology, composition and luminescent properties on the thermal treatment was investigated. The results indicate that

the aqueous synthesis has a better control on the structure, morphology, composition of the products, and that the heat treatment

induces the transitions of the structure, composition, and luminescent properties.

r 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Nowadays, inorganic luminescent materials with nan-
ometer dimensions have become an important field of
modern nanoscale science and technology, which could
find numerous potential applications in the fields of
physics, chemistry and biology [1–5]. In particular, one-
dimensional (1D) luminescent nanostructures have at-
tracted considerable attention due to their potential
applications as interconnectors and active components in
fabricating the optoelectronic nanodevices [6,7].

Rare earth compounds have been widely used in high-
performance luminescent devices, magnets, catalysts, and
other functional materials owing to the numerous well-
defined transition modes involving the 4f shell of their ions
[8]. Recently, more and more interest has been focused on
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the synthesis and photoluminescence of rare earth com-
pounds with nanosized scale for their potential application
in optoelectronic devices and biological fluorescence
labeling [9].
The aqueous synthesis including sol–gel, precipitation

and hydrothermal method is commonly used to prepare the
rare earth compound materials with nanosized scale
[10,11]. The aqueous synthesis route may provide several
adjustable synthetic parameters such as solution pH and
concentration, and reaction time and temperature, thus the
size, shape, morphology, and structure can be effectively
controlled [12,13]. Several research groups used the
hydrothermal method to synthesize rare earth compounds
with different shapes and structures by changing the
solution pH and temperature [14]. Jia et al. have success-
fully synthesized LaVO4 nanocrystal with zircon-type
structure using an ethylenediamine tetraacetic acid
(EDTA) assisted hydrothermal method [12]. This structure
cannot be obtained by conventional solid-state reaction.
Generally, the luminescent nanocrystal synthesized by low-
temperature aqueous route shows low crystallinity, numer-
ous structural defects and surface adsorption of chemical
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species, and low luminescent efficiency [7,15]. The thermal
treatment at a suitable temperature is an alter-
native strategy to improve the crystallinity, surface, and
luminescent efficiency [15]. In addition, the thermal
treatment sometimes results in morphological variation,
phase transition and structural transformation [15,16].
These changes can generally modify or improve the
materials’ properties. In this work, Eu3+-doped
YPO4 � nH2O nanowires were synthesized by solution
precipitation method and the structure, morphology, and
thermal and photoluminescence properties were character-
ized. The effects of thermal treatment on the structure,
morphology and photoluminescence properties were in-
vestigated.
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Fig. 1. XRD patterns of the as-synthesized Y0.97PO4:Eu0.03 � nH2O and

those annealed at various temperatures for 2 h.
2. Experimental part

The samples were prepared by an aqueous precipitation
method as follows. Appropriate amounts of high purity
Y2O3 and Eu2O3 were dissolved in concentrated HNO3 to
form Y(III), Eu(III) solutions, respectively. Appropriate
volume of (NH4)2HPO4 solution was added slowly to
above-mentioned lanthanide(III) solutions under vigorous
stirring. The final pH value was adjusted to 1–2 by the
addition of aqueous ammonia (NH4OH). The mixtures
were vigorously stirred for 12 h at 70 1C. The resulting
white precipitates were washed using ethanol and distilled
water, and centrifuged at 8000 rpm. This process was
repeated several times, and then dried overnight at room
temperature. A part of the as-synthesized powders were
annealed at various temperatures.

The X-ray diffraction (XRD) studies were performed on
a Rigaku D/max-2000 X-ray powder diffractometer with a
Cu target radiation resource (l ¼ 1.54078 Å). The opera-
tion voltage and current were fixed at 40 kV and 40mA,
respectively. Infrared spectra of powders were recorded in
the range of 600–4000 cm�1 on a Fourier transform
spectrometer (Perkin-Elmer, Spectrum 1, USA) with a
resolution of 1 cm�1. The powders were first mixed with
KBr then pressed into a cylindrical die. Thermogravimetric
analysis (TGA) of powders coupled with differential
thermal analysis (DTA) was performed up to 600 1C at
the heating rate of 10 1C/min under nitrogen gas flow (TA
instruments, model SDT 2960, USA). The size and shape
of samples were examined by the scanning electron
microscopy (SEM) utilizing a Hitachi S-4800 scanning
electron microscope. Energy-dispersive X-ray spectroscopy
(EDS) was obtained from an attached Oxford Link ISIS
energy-dispersive spectrometer fixed on a Hitachi S-4800
scanning electron microscope. The excitation spectrum and
emission spectrum were measured at room temperature
with a Hitachi F-4500 fluorescence spectrometer. In the
measurement of the fluorescent dynamics of Eu3+, a 266-
nm light generated from a fourth-harmonic generator
pumped by a pulsed Nd:YAG laser was used as the
excitation source.
3. Results and discussion

Fig. 1 shows the XRD patterns of the as-synthesized
sample (Y0.97PO4:Eu0.03 � nH2O) and those heat-treated at
various temperatures. It is noted that, the as-synthesized
sample is well crystalline, and that all of the peaks could be
well indexed to the monoclinic YPO4 � nH2O with church-
ite-type structure and space group I2/a (JCPDS File No.
85-1842). As the annealing temperature increases to 200 1C,
a new diffraction peak is observed, as marked by a specific
symbol in Fig. 1. This means that a new phase is involved
in the monoclinic phased YPO4 � nH2O. Further increasing
annealing temperature up to 250 1C, the phase with
monoclinic structure has almost totally disappeared, a
new phase, all of whose peaks could be well indexed to
tetragonal dehydrated YPO4 with xenotime structure and
space group I4l/amd (JCPDS File No. 84-0335), is
observed. This indicates that the phase transition from
the hydrated YPO4 with monoclinic churchite-type struc-
ture to the dehydrated YPO4 with tetragonal xenotime-
type structure occurs. With further increase of annealing
temperature up to 500 1C, it remains dehydrated YPO4

with tetragonal xenotime-type structure, but the intensify-
ing and narrowing of diffraction peaks are observed,
indicating crystal growth of YPO4 with temperature. The
above results indicate that the YPO4 � nH2O phase is
metastable, which can commonly not be prepared by
high-temperature synthesis route. Metastable phased ma-
terials can usually be prepared under mild conditions at a
relatively low temperature [12]. Fang et al. [17] have used
the hydrothermal method to synthesize the anhydrous
YPO4 with tetragonal xenotime-type structure, but they
did not obtain the metastable YPO4 � nH2O with mono-
clinic churchite-type structure. It is probably due to the fact
that the hydrothermal synthesis is at higher temperature
and at a higher pressure than the solution precipitation
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used in this work, which is conducted only at 70 1C and at
ambient pressure. This indicates that the structure and
composition can be effectively controlled by the synthetic
condition and parameters.

Typical TGA and DTA curves of as-synthesized
YPO4 � nH2O are given in Figs. 2(a) and (b). It can be seen
from TGA curve that three steps of weight losses occur in
three distinct steps with an overall weight loss of 22% from
40 to 600 1C. The first one occurs in the temperature range
60–150 1C, and is assigned to the release of residual water
adsorbed at the powder surface due to the storage in air
condition. Accordingly, it corresponds to an endothermic
effect in the DTA curve in the temperature range
60–150 1C. The second weight loss (17%) begins at about
150 1C; this corresponds to the dehydration of the hydrated
monoclinic YPO4. Also, a corresponding well-defined
endothermic peak is observed in DTA curve in the
temperature range 150–350 1C with a sharp peak at
247 1C. This temperature is in good agreement with the
phase transition temperature observed in XRD. The third
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Fig. 2. TGA (a) and DTA (b) plots of the as-synthesized

Y0.97PO4:Eu0.03 � nH2O.
weight loss process is slower up to 600 1C, which is
attributed to the decrease or removal of the synthesis
residuals and adsorptions such as NO�3 and OH�. The
weight loss of 17% resulting from the dehydration means
about 2mol water molecules in the YPO4 � nH2O.
The above results indicate that the as-synthesized
product undergoes the following thermal equilibrium:
[YPO4 � nH2O]monoclinic-[YPO4]tetragonal+nH2O(gas). Cer-
tainly, the content of coordinated water can be estimated
also by the EDS analysis. The EDS analysis for the as-
synthesized sample (Fig. 3) gives an (Y+Eu):P:O atomic
ratio of 0.97:1:6.2, which is close to the YPO4 � 2H2O. This
is in almost agreement with the TGA analysis. The EDS
analysis for the sample (not shown) annealed at 250 1C
gives an (Y+Eu):P:O atomic ratio of 0.98:1:4.05, almost
corresponding to the anhydrous YPO4.
The FTIR spectra of the as-synthesized sample and that

annealed at 250 1C are shown in Fig. 4. In the investigated
range of wavelength, the characteristic vibrations of
phosphate groups are observed: the peak at about
650 cm�1 for n4, the shoulder at 910 cm�1 for n1, and at
1018 and 1060 cm�1 for n3. No other phosphorus-contain-
ing groups such as P2O7

4� (typically located at
1265–1267 cm�1) are observed [18,19], showing that the
as-synthesized product has a high purity. For the water
vibrations, in addition to the wide bands associated with
different types of OH groups, extending from 2700 to
3700 cm�1, the presences of two bands at 1640 and
1715 cm�1 and the band at 755 cm�1 are indicative of
the characteristic of coordinated water molecule [19],
i.e., the hydration water molecules in the as-synthesized
sample are chemically bonded to the rare earth ions. For
the sample annealed at 250 1C, the characteristic vibra-
tions of coordinated water have been completely disap-
peared due to dehydration at this temperature, which
is in good agreement with the EDS result. The band
at 1650 cm�1 and the band around 3400 cm�1 are the
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Fig. 3. EDS spectrum of the as-synthesized Y0.97PO4:Eu0.03 � nH2O.
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Fig. 4. FTIR spectra of the as-synthesized Y0.97PO4:Eu0.03 � nH2O (a) and

that annealed at 250 1C (b).

Fig. 5. SEM images of the as-synthesized Y0.97PO4:Eu0.03 � nH2O (a) and

that annealed at 250 1C (b).
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characteristic vibrations of water molecules in air physi-
cally adsorbed at the sample surface, which is completely
different from coordinated water in nature. The band
around 1400 cm�1 corresponds to the vibration of residual
NO3
� groups [20] originating from the starting reactants

(LnNO3). An absorption at 2350 cm�1 can be assigned to
asymmetric stretching vibration of CO2 due to the
synthesis in air [21]. The above XRD, TGA, DTA, EDS
and FTIR analyses show that the as-synthesized products
are heavily hydrated due to the presence of coordinated
water molecule, and the dehydration at about 250 1C leads
to the structural transformation.

The morphology of the as-synthesized samples was
examined with field emission scanning electron microscopy
(FE-SEM). Typical FE-SEM images of the samples are
shown in Fig. 5. The as-synthesized YPO4 � nH2O samples
consist almost entirely of nanowires with diameters of
50–100 nm and a length of about 1–2 mm. These nanowires
are distributed densely, indicating a high yield. As the
sample was annealed at 250 1C, the structural transition has
occurred, but still maintains its original nanowires, and no
any increase in size is observed. However, the anhydrous
YPO4 with tetragonal xenotime-type structure synthesized
by Fang et al. [17] shows the shape of nanoparticle. They
considered that the shape has a strong relation with the
crystal structure. The hydrated YPO4 synthesized in this
work shows the crystal structure different from that
synthesized by Fang et al. Maybe this is a possible
explanation for the formation of nanowires in this work.
Lucas et al. used a similar route with us to synthesize the
YPO4 � nH2O, and also observed the wire-like shape [10].
The effect of the synthetic condition on the shape can give
us an idea for the controlled synthesis: an intermediate
phase with a specific structure and morphology is
synthesized first, and then transformed to the resulting
phase with unaltered shape via a certain transition. A
successful example is the conversions of hydroxides into
oxides, oxyfluorides, and oxysulfides with the same shapes
as the as-prepared sample by the dehydration, fluoridation
and sulfidation processes, respectively [22]. Similarly, in
this work, the metastable YPO4 hydrates are synthesized
first, followed by dehydration to obtain dehydrated YPO4

with different crystal structure, but still maintain their
original shapes.
The excitation spectra of as-synthesized sample and that

annealed at 250 1C are shown in Fig. 6. A broad band with
a maximum at 235 nm originates from the excitation of the
oxygen-to-europium charge transfer band (CTB). The CTB
in YPO4:Eu is highly blue-shift, compared with LaPO4:Eu
nanowires available (about 250–260 nm depending on the
shape) [17,23,24]. Generally, the peak position of the CTB
is dependent on the length of Eu–O bond: the longer the
Eu–O bond is, the longer the wavelength of CTB position
will be [25,26]. The general f–f transitions withn the Eu3+

4f6 electron configuration in the longer wavelength region
(280–450 nm) can also be observed. These peaks corre-
spond to the direct excitation of the Eu3+ ground state into
higher levels of the 4f-manifold such as 7F0–

5L6 at 395 nm.
For the excitation spectrum of annealed sample, no
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significant spectral variation is observed, except for a slight
shift of CTB.

Fig. 7 displays the emission spectra of the as-synthesized
sample and the sample annealed at 250 1C under 395-nm
(7F0–

5L6) excitation. The spectra consist of sharp lines
ranging from 570 to 720 nm, which are associated with the
transitions from the excited 5D0 level to

7FJ (J ¼ 0, 1, 2, 3,
4) levels of Eu3+ activators. The major emissions around
593 (5D0–

7F1) and 618 nm (5D0–
7F2) correspond to orange-

red and red color, respectively. Although almost no
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Fig. 6. Excitation spectra of the as-synthesized Y0.97PO4:Eu0.03 � nH2O

and that annealed at 250 1C by monitoring the 5D0–
7F1 emission of Eu3+.
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Fig. 7. Emission spectra of the as-synthesized Y0.97PO4:Eu0.03 � nH2O (a) and th

intensity as a function of annealing temperature is shown in the inset.
changes in the spectra shape and position are observed
for these two samples that exhibit different crystal
structure, the emission intensities present a significant
change, i.e., the emission intensity of the sample annealed
at 250 1C is about six times as high as that of the as-
synthesized sample. For a more detailed comparison, the
emission intensities (5D0–

7F1) of the samples as a function
of annealing temperature are given in the inset of this
figure. It can be seen clearly that the emission efficiency of
the sample annealed at 250 1C shows an abrupt jump;
however, those of the samples heat-treated below and
above this temperature, 250 1C, have no such significant
changes with temperature. The above XRD, TGA, DTA
and IR analyses indicated that the as-synthesized samples
are heavily hydrated (YPO4 � 2H2O), in which the hydra-
tion water is coordinated to the rare earth ions. While heat-
treated at 250 1C, the sample is dehydrated completely, as
observed in IR spectra. The removal of coordination water
may be a reasonable explanation for a remarkable increase
of emission efficiency of the sample annealed at 250 1C. It is
well known that hydroxyl groups and water molecule have
high vibration frequency ranging from 2700 to 3700 cm�1.
The energy separation between 5D0 and 7F6 is about
11,000 cm�1, which may be bridged well by the vibration
energy of three water molecules only. Based on the theory
of multiphonon relaxation, this makes the 5D0–

7F6 non-
radiative relaxation by the bridge of multiphonons highly
probable. To support this assumption, the fluorescent
decay for 5D0–

7F1 transition of Eu3+ was measured and
shown in Fig. 8. For the sample annealed at 250 1C, the
decay curve at 593 nm shows a nearly single exponential
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at annealed at 250 1C (b) under excitation at 395 nm. The 5D0–
7F1 emission
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decay. However, for the as-synthesized sample that
contains a certain number of coordinated water, the
fluorescent decay deviates from the single exponential
behavior, and a fast decay component is observed clearly,
which can be explained by the nonradiative relaxation via
the high-energy vibration of water molecule. This addi-
tional nonradiative energy transfer increases the total
relaxation rate of the electrons at the excited states of
Eu3+ ions, and so explains the drop of the decay time of
the emission at 593 nm. Some reports are available on the
effect of hydroxyl or water on the luminescent efficiency
and lifetime of doped rare earth ions, especially for the
luminescent materials with nanometer dimensions [27–30].
In almost all of reported literatures, the mentioned
hydroxyl and water affecting the luminescent properties
are only surface-adsorbed due to the nature of wet-
chemical synthesis. However, in the YPO4 system investi-
gated in this work, the hydration water is chemically
bonded to rare earth ions both at the surface and inside the
bulk, and thus a more direct and strong luminescence
quenching through nonradiative relaxation should be
expected. Therefore, once the coordinated water is
removed by annealing at 250 1C, the emission efficiency
shows a remarkable increase immediately. Above 250 1C,
the emission efficiency only shows a slow increase with
temperature. This should be ascribed to the increase of
crystallinity and the removal of synthesis residuals such as
OH� and NO3

�.
Fig. 9 shows the emission intensity (5D0–

7F1) of Eu
3+ as

a function of Eu3+ activator concentration in as-synthe-
sized sample system and a corresponding system annealed
at 250 1C. It can be seen that in the as-synthesized system,
the effect of activator concentration on the emission
efficiency is not as obvious as that in the corresponding
system annealed at 250 1C. In addition, the quenching
concentration of annealed system shifts to a high one,
compared with that of as-synthesized system. The lumines-
cence of doped materials has been well known to related to
the concentration of activators and the luminescence killer.
The increase of the activator concentration increases the
number of luminescent centers, but also enhances the
interaction of the excited states. As a consequence, the
probability of a nonradiative de-excitation via a lumines-
cence killer is increased, which is called as concentration
quenching effect. For the as-synthesized system, a number
of coordinated water molecules are present acting as the
luminescence killers, so that the number of nonradiative
pathways is high enough, and any increase of the mobility
of excited state will not significantly modify the emission
efficiency. In a corresponding system annealed at 250 1C, in
which, the coordinated water are removed completely due
to dehydration, the emission efficiency becomes highly
sensitive to the activator concentration. In such a system,
an optimum activator concentration is 7mol%, at this
level, the maximum emission intensity is observed. Above
this concentration, the luminescence decreases with the
concentration due to concentration quenching effect. In the
as-synthesized samples system, the presence of coordinated
water increases the concentration quenching effect sig-
nificantly, and a lower quenching concentration of about
5% is observed.

4. Conclusions

The Eu3+-doped YPO4 nanowires have been synthesized
by solution precipitation method. XRD, TGA, DTA, EDS
and FTIR analyses have indicated that the as-synthesized
products are heavily hydrated compound with the mono-
clinic churchite-type structure, in which the hydration
water molecules are coordinated to the rare earth ions. A
thermal treatment up to 250 1C results in the dehydration
of as-synthesized hydrated sample, also accompanied by
the structural transition from the monoclinic churchite-
type to the tetragonal xenotime-type. During the thermal
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treatment process, the emission efficiency shows a remark-
able change, especially for the sample annealed at 250 1C.
The emission efficiency of the sample annealed at 250 1C is
about six times as high as that of as-synthesized sample.
This is attributed primarily to the coordinated water as the
nonradiative relaxation pathways in the as-synthesized
sample. The FTIR and fluorescent decay dynamics support
this conclusion. The activator concentration dependence of
the emission efficiency in the as-synthesized samples system
is not as sensitive as that in a corresponding samples system
that is annealed at 250 1C. The annealed sample system
shifts the quenching concentration to a higher value.
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