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Abstract

GdPO4:Eu*" nanoparticles, nanowires and nanorods phosphors were successfully synthesized by a hydrothermal method. Their pho-
toluminescent properties were investigated and compared. The results indicated that the one-dimensional nanowires and nanorods were
formed as the pH value of precursor solution was 1, 5 and 9, while zero-dimensional nanoparticles were formed for the pH value of 9.
The crystallization state of nanoparticles was relative lower and the crystal structure belongs to monoclinic phase for other samples. The
charge transfer band (CTB) of Eu®' ions in nanorods (for pH value of 13) clearly blue-shifted in contrast with other samples. The inte-
grate intensity ratio of *Do-F, to *Do-'F; in nanoparticles increased due to high disorder. The lifetime of Dy level of Eu*t in nano-
particles decreased in comparison with other samples and radiative transition rate of >Dy-3_ ,'F, increased.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

It is well known that reduction of particle size of crystal-
line system can result in remarkable modification of their
properties which are different from those of bulk because
of high surface to volume ratio and quantum confinement
effect of nanometer materials. In 1994, Bhargava et al.
reported that radiative transition rate of ZnS:Mn nanocrys-
tals increased five-fold order in comparison with bulk one
[1]. Despite this result was strongly criticized later, the stud-
ies on nanosized luminescent semiconductor attracted great
interests [2-4]. In addition, the research on nanocrystals was
critically important for application and fundamental sci-
ences. Rare earth (RE) compounds were extensively applied
in luminescence and display device. It is expected that nano-
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sized RE compounds can increase luminescent quantum
efficiency and display resolution. To improve luminescent
properties of nanocrystalline phosphors and obtain the
nanocrystals with different morphology, many preparation
methods have been used, such as solid state reactions, sol—
gel techniques, hydroxide precipitation, hydrothermal syn-
thesis, spray pyrolysis, laser-heated evaporation and com-
bustion synthesis, etc. [5-8]. Currently, the luminescent
RE doped low dimensional nanostructures such as
LaPO4:RE nanowires and Y,05:RE nanotubes have also
attracted considerable interests [9,10]. Moreover, in an
increasing number of cases shape is being of found to be
important to the properties of many nanomaterials [11].
Thus, until now, the morphology-control was still focus
and strategy of RE doped nanocrystal research.
Lanthanide orthophosphate (LnPQ,) belongs to two
polymorphic types, the monoclinic monazite type (for La
to Gd) and quadratic xenotime type (for Tb to Lu). Due to
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its high quantum efficiency, bulk lanthanum and gadolinium
phosphate doped Ce*" and Tb*" as an ideal green phosphor
in fluorescent lamps, CRT and PDP has been intensively
investigated [12-14]. Lanthanide phosphate nanocrystals
doped with RE ions have been also reported. In 1999, Meyss-
amy et al. synthesized LaPO,:Eu*" and LaPO,:Tb*" nano-
crystals including nanowires (NWs) and nanoparticles
(NPs) for the first time and reported their luminescent prop-
erties [9]. In 2003, Xu et al. [15] systemically reported the syn-
thesis of lanthanide orthophosphate NWs, and we
systematically investigated the photoluminescent properties
of Eu’" in LaPO, nanocrystals [16-19]. Recently, affects of
structures of RE doped nanocrystal-hosts on luminescent
properties were also reported [20-22]. However, the reports
on systematical synthesis and photoluminescent properties
of RE ions doped GdPO, nanocrystals were very rare.
Recently, we prepared GdPO4:Eu®" nanocrystals including
NWs, nanorods (NRs) and NPs with a hydrothermal
method. Because all samples were synthesized by the same
method and compared luminescent properties, we suggested
that the comparison of their photoluminescent characteris-
tics should be more compellent.

2. Experiments
2.1. Sample preparation

In the preparation, appropriate amounts of high purity
Gd,O5 and Eu,03 (1:0.05 in mol ratio) were dissolved into
concentrated HNOs firstly and appropriate volume de-ion-
ized water was added. Then appropriate volume of
(NH4),HPO,4 aqueous solution (0.18 M) was added into
the above solution. The final pH value was adjusted to 1,
5, 9 and 13 with diluted HNO; (1 M) and NaOH solution
(4 M), respectively. After well stirred, the milky colloid
solution was obtained and poured into several closed Tef-
lon-lined autoclaves and subsequently heated at 130 and
160 °C for 3 h, respectively. The obtained suspension was
centrifuged at 4000 rpm for 15 min and supernatant was
discarded. Then, the precipitate was dissolved in dilute
HNOj; solution and pH value was adjusted to 1.0. The mix-
ture was stirred for 24 h in order to dissolve Gd(OH)3. The
white suspension obtained was centrifuged at 4000 rpm for
15 min. The colorless supernatant concluding by-products
was discarded. The precipitation was washed for three
times with de-ioned water. The resultant samples were
dried at 50 °C at vacuum condition.

2.2. Measurements

Crystal structure, morphology and size were obtained by
X-ray diffraction (XRD) using Cu target as radiation
resource (CuK, = 1.54078 A), and transmission electron
micrographs (TEM) utilizing JEM-2010 electron
microscope.

The excitation and emission spectra at room tempera-
ture were measured with a Hitachi F-4500 fluorescence

spectrometer. In the measurements of dynamics, a 266-
nm light generated from the Fourth-Harmonic-Generator
pumped by the pulsed Nd:YAG laser was used as general
excitation source. The Nd:YAG laser was with a line width
of 1.0ecm™", pulse duration of 10ns and repetition fre-
quency of 10 Hz. The dynamics were recorded by a Spex-
1403 spectrometer, a photomultiplier and a boxcar
integrator and processed by a computer.

3. Results and discussion
3.1. Crystal structure and morphology

Fig. 1 shows TEM images of nanosized GdPO4:Eu*"
samples. It is clear that the morphology greatly changed
as the pH value of precursor solution varied from 1 to 13
for the same hydrothermal temperature. As can be seen
from TEM, the NRs with large size were formed (labeled
with N1) as the pH value of precursor solution was 1,
whose width was about 150 nm and length was ~0.5 um.
For pH value of 5, the NWs with high aspect ratios were
produced, with the width of 10-20 nm and the length of
~0.5 pm (Labeled with N5). For pH value of 9, the zero-
dimensional NPs were formed (labeled with N9). While
for pH value of 13, some short NRs were made, whose
width was about 5-10 nm and length was about 50 nm.
For the same pH value of precursor solution, the morphol-
ogy and size hardly changed as the hydrothermal tempera-
ture varied from 130 to 160 °C. According to Fig. 1, pH
value of precursor solution strongly affected the morphol-
ogy of nanostructures. Yu and co-workers reported that
the shape and aspect ratio of tungstate nanostructures were
determined by pH value [23]. For GdPO4:Eu®" nanostruc-
tures synthesized by the hydrothermal process, amorphous
fine GdPO4 NPs were formed in supersaturated solution
firstly, and then they were followed by crystal growth
and self-assembly. We suggested that different morphology
structures were attributed to the different solubility of
GdPO,:Eu’*in precursor solution.

Fig. 2 shows the XRD patterns of GdPO,:Eu*" nano-
structures. It is obvious that the crystallization of N9 was
very poor and approached non-crystalline state. The crys-
tal structures of the other samples all belong to monoclinic
monazite type (JCPDS No. 84-0920) like the bulk GdPO,4
polycrystals prepared with the solid reaction. No addi-
tional phase was formed. The crystallization of NPs was
very poor and, while for NWs and NRs, was relatively well.
Because one-dimensional nanostructures (both NWs and
NRs) formed in precursor through self-assembly of NPs,
defects will become less and crystallization will become bet-
ter for one-dimensional nanostructures in the process of
self-assembly.

3.2. Excitation and emission spectra

Fig. 3 shows normalized excitation spectra at 609 nm in
different GdPO4:Eu®" samples. In Fig. 3, the wide band
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Fig. 1. TEM images of GAPO4Eu®" samples. (a) pH 1, T=130°C; (b) pH 5, T=130°C; (c) pH 9, T=130°C; (d) pH 13, T=130°C; (¢) pH 1,

T=160°C; (f) pH 13, T = 160 °C.
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Fig. 2. XRD patterns of GdPO,:Eu*" samples.

extending from 220 to 300 nm was associated with the
charge transfer transition from 2p orbital of O®~ ions to
the 4f orbital of Eu’" ions, while the sharp lines with the
direct excitation of f—f shell transitions of Eu’*". Igrashi
et al. reported that in Y,O3:Eu®" NPs [24], the CTB
blue-shifted as the particle size decreased, and we observed
that the CTB of LaPO,:Eu®" NWs red-shifted intensity in
contrast to the NPs and corresponding micrometer samples
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Fig. 3. Normalized excitation spectra of GdPO4Eu®"
(Aem = 609 nm).

samples

[16]. According to Fig. 3, the peak locations of the CTB in
all samples were determined and listed in Table 1. For N13
and N13-1, the CTB obviously blue-shifted in comparison
with other samples. Hoefdraad et al. reported that the posi-
tion of CTB depends on the Eu*"—O distance [25]. The
shorter the Eu—O bond is, the shorter the location of
CTB position is. Thereby, we can deduce that the average
length of Eu-O bond for N13 and N13-1 is shorter than
that for other samples. It implied that the location of
CTB of Eu*" in NPs and NWs hardly changed and blue-
shifted in NRs. The shoulder at about 275 nm was not
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Table 1
The location of CTB of Eu**, K-value and the lifetime of *Dy level of Eu®"
in GdPO,4:Eu®" nanocrystals

Sample N1 Ni-1 N5 N9 NI13 N13-1
Location of 249 251 251 252 242 242
CTB (nm)

K 0.537  0.551 0.571 0.865 0.676 0.715

Lifetime (ms) 1.08 1.02 0.97 0.81 1.03 1.09

associated with the Eu®" ions according to the Eu*" energy
level. It originated from the transition from 887/2 to °I,; 1
level of Gd*" ions. This result indicated that the absorp-
tance of Gd>" ions was attributed to luminescence of
Eu'" ions, implying that the energy transfer between
Gd*" and Eu*" occurred.

Fig. 4 shows the emission spectra of different
GdPO,Eu*t powders at room temperature. The Do-F,
transitions (J = 1,2,3,4) were observed, as labeled in the
figure. Among them, the °Dy—'F; transitions were the
strongest. It is clear that in N9, the emission line of
’Dy-'F; became broader and Stark splitting of *Dy—F;
transitions were hardly observed. In other samples, two
Stark splitting lines were observed at least though these
lines were entirely separated. In Fig. 4, the intensity ratio
(K) of °Dy—"F, to >Dy—'F, in all samples were determined
and listed in Table 1. The intensity ratio of >Dy—'F, to
>Dy-'F, varied depending on the morphology of powders.
It can be seen that K in N9 increased in comparison with
that in other samples. As is well known, the SDo-'F; lines
originate from magnetic dipole transition, while the
’Dy-'F, lines from electric dipole one. In terms of the
Judd-Ofelt theory [26,27], the magnetic dipole transition
is permitted. The electric dipole transition is forbidden
and permitted only on condition that the europium ion
occupies a site without an inversion center and is sensitive
to local symmetry. Subsequently, when Eu’" ions occupy
in inversion center sites, the Dy— F;transition should be
relative stronger, while the *Dy-'F, transition should be
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Fig. 4. Emission spectra of GdPO4:Eu*" nanostructures.

relative weaker. The results above indicate that in the
GdPO, host, more Eu*" ions occupied inversion center
sites. In N9, the number of Eu*" ions at conversion center
sites was less than that in other samples. According to
XRD results (Fig. 2), the crystallization of N9 was relative
low, indicating the disorder surrounding Eu®" increased,
leaded the forbidden transition of *Dy—'F, to be further
dissolved and emission line became broad.

Fig. 5 shows the normalized decay curves of Eu’" ions
at 609 nm emission in GdPO4 hosts. It can be seen that
D, level of Eu*" exponentially decayed. The lifetimes of
Eu*" were determined by single order fitting and listed in
Table 1. It is obvious that the lifetimes of Eu*" in all sam-
ples except N9 were nearly same and the lifetime of Eu*" in
NO9 was shorter than that in other samples. The non-radia-
tive relaxation is a multi-phonon process. Then the lifetime
of °Dy can be expressed as [28,29],

1
D) = )

(1)
where W is the radiative transition rate of 5DO—Z TFy,
W10 (T) is non-radiative transition rate at a certain temper-
ature, T. The °D,, is the lowest excited state and the energy
separation between "Dy and the nearest downlevel "Fg is as
high as ~12,000 cm~'. In this case, non-radiative relaxa-
tion processes hardly happen according to the theory of
multi-photon relaxation. We have reasons to suppose that
the non-radiative transition rate can be neglected in com-
parison to the total radiative transition rate of *Dg—
>~,7F;. Thus, the inverse of lifetime at the room tempera-
ture equaled to the radiative transition rate of ° D¢, 'F,.
The result indicated the radiative transition rate of *Dg—
S°,’F; of Eu*" in N9 was higher than that in other sam-
ples. According to XRD and spectra results, the disorder
of lattice in N9 increased, leading the forbidden transition
to be further dissolved and increased the radiative transi-
tion rate of *Dy-3,"F.
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Fig. 5. The decay curves of Eu®" at 609 nm.
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4. Conclusions

GdPO,:Eu®" nanostructures with different morphology
including NPs, NWs and NRs phosphors were successfully
synthesized by a hydrothermal method and characterized
by TEM and XRD. Their photoluminescent properties
were investigated and compared. The results indicated that
the morphology and crystallization strongly depended on
the pH value of precursor solution. The one-dimensional
NWs and NRs were formed as the pH value of precursor
solution was 1, 5 and 9, while zero-dimensional NPs were
formed for the pH value of 9. The crystallization state
was relative lower for N9 and the crystal structure belongs
to monoclinic phase for other samples. The CTB of Eu*" in
NRs (N13 and N13-1) greatly blue-shifted. The intensity
ratio of °Dy—'F, to °D¢—'F; in zero-dimensional NPs
(N9) increased due to lower crystallization and higher dis-
order, indicating that more Eu*" ions occupied inverse cen-
ters. The lifetime of *Dy level of Eu®" in N9 decreased in
contrast with other samples, indicating that the radiative
transition rate of Do~y ,’F, of Eu’" increased.
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