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Abstract

We have successfully synthesized Eu® *-doped TbPO,4 nanowires, which are orderly organized to form bundle-like structure. A thermal
treatment up to 600 °C does not modify the size, shape and structure of as-synthesized sample. Due to the energy overlap between Tb®*
and Eu’", an efficient energy transfer occurs from Tb*>* to Eu®*. The effects of Eu®" concentration and thermal treatment on the
luminescent properties of Eu®* are investigated. The increase of Eu® " concentration leads to the increase of the energy transfer efficiency
from Tb>* to Eu®", but also enhances the probability of the interaction between neighboring Eu® ", which results in the concentration
quenching. With the heat-treatment, the luminescence of Eu®" presents an obvious increase, but almost no change for the luminescence
of Tb®*. This difference is explained based on the TGA, DTA, and fluorescent decay dynamics analyses.

© 2006 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 [1,2]. 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 devices [3,4].

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
[5]. Recently, more and more interest has been focused on
the synthesis and photoluminescence of rare earth ortho-
phosphates with nanosized scale for their potential
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application in optoelectronic devices and biological fluor-
escence labeling [6].

The aqueous synthesis including sol-gel, precipitation
and hydrothermal method is commonly used to prepare the
rare earth compound materials with nanosized scale [7,8].
The aqueous synthesis route may provide several adjus-
table synthetic parameters such as solution pH and
concentration, and reaction time and temperature, thus
the size, shape, morphology, and structure can be
effectively controlled [9,10]. Several research groups used
the hydrothermal method to synthesize rare earth com-
pounds with different shapes and structures by changing
the solution pH and the reaction temperature [11]. Jia et al.
have successfully synthesized LaVO, nanocrystal with
zircon-type structure using an ethylenediamine tetraacetic
acid (EDTA)-assisted hydrothermal method [9]. This
structure cannot be obtained by conventional solid-state
reaction. Generally, the luminescent nanocrystal synthe-
sized by low-temperature aqueous route shows low crystal-
linity, numerous structural defects, and a low luminescent
efficiency [4,12]. The thermal treatment at a suitable
temperature is an alternative strategy to improve the
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crystallinity and luminescent efficiency [12]. In addition,
the thermal treatment sometimes results in morphological
variation, phase transition, and structural transformation
[12,13]. These changes generally cause significant change of
the materials’ properties. In this work, we attempt to make
the results on the energy transfer from Tb®* to Eu®" and
the thermal treatment effects of photoluminescence of
Tb*" and Eu’" in the nanosized samples. For this
purpose, Eu’"-doped TbPO, nanowires were synthesized
by hydrothermal route. Energy transfer and heat-treatment
effects of structure, morphology, and photoluminescence
were investigated.

2. Experimental

Appropriate amounts of high purity Tb4O; and Eu,0O;
were dissolved in concentrated HNO; to form Tb(III) and
Eu(IIT) solutions, respectively, to which, appropriate
volume of (NH4),HPO, solution was added slowly under
vigorous stirring for 1 h. The final pH value was adjusted to
1-2 by the addition of aqueous ammonia (NH,OH). The
resulting suspension was pored into a Teflon-lined stainless
steel autoclave. The autoclave was sealed and maintained
at 100 °C for 12 h and then air-cooled to room temperature.
The resulting products were filtered, washed with deionized
water and absolute alcohol, and finally dried at 60 °C. A
part of obtained powders were annealed at various
temperatures ranging from 150 to 600°C under N,
atmosphere.

The crystal structure and morphology were obtained by
X-ray diffraction (XRD) using a Cu target radiation
resource (A = 1.54078 A) and scanning electron micro-
scopy (SEM) utilizing a Hitachi S-4800 scanning electron
microscope. Thermogravimetric analysis (TGA) of pow-
ders coupled with differential thermal analysis (DTA) was
performed up to 600 °C at the heating rate of 10°C/min
under nitrogen gas flow (TA instruments, model SDT 2960,
USA). The excitation spectrum and emission spectrum
under 355-nm excitation were measured at room tempera-
ture with a Hitachi F-4500 fluorescence spectrometer. In
the measurement of the fluorescent dynamics of Tb** and
Eu’", a 355-nm light generated from a third-harmonic
generator pumped by a pulsed Nd:YAG laser was used as
the excitation source.

3. Results and discussion

Fig. 1 presents XRD patterns of the as-synthesized and
heat-treated (600 °C ) samples. It is noted that, for the as-
synthesized sample, all the diffraction peaks could be well
indexed to a hexagonal rhabdophane-type TbPO,4 hydrate
(JCPDS No. 20-1244), and that no impurities are
observed. Typical TGA and DTA plots of as-synthesized
TbPO4:Eu-nH,O are given in Fig. 2(a) and (b). Two
weight losses occur in two distinct steps with an overall
weight loss of 7% from 40 to 600 °C. The first one occurs in
the temperature range 60-140°C, and is assigned to the
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Fig. 1. XRD patterns of as-synthesized and heat-treated samples.
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Fig. 2. TGA (a) and DTA (b) curves of the as-synthesized TbPO4:Eu
hydrate.

release of residual water adsorbed at the powder surface
due to the storage in air condition. Accordingly, it
corresponds to a broad endothermic peak in the DTA
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curve in the temperature range 60-140°C. The second
weight loss (5.5%) begins at about 150 °C; this corresponds
to the dehydration of the hydrated hexagonal TbPO,. Also,
a corresponding well-defined endothermic peak is observed
in DTA curve in the temperature range 150-300 °C with a
sharp peak at 220 °C. The weight loss of 5.5% resulting
from the dehydration means about 1mol H,O in the
TbPO, - nH,O0. It can be observed from XRD patterns that
the sample annealed at 600°C, which is dehydrated
completely, still maintains the original crystal structure.
This corresponds to the following equilibrium: TbPOy
H2O(hexagonal) - TbPO4(hexagonal) +H,O [14,15]. Fig. 3
shows the SEM images of the as-synthesized and heat-
treated samples, from which the uniform bundle-like
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morphology of TbPO4:Eu is observed clearly (Fig. 3(a)).
A magnified image (Fig. 3(c)) indicates that the bundle-like
structure is actually composed of a self-assembly of the
oriented nanowires with a diameter of about 40nm and a
length of 2—um. These TbPO,4:Eu bundle-like structure are
so stable that even at a high heat-treatment temperature,
600 °C, there is no evidence for any separation or change
(Fig. 3(b)). Generally, controlled construction of nanosized
units requires the assistance of copolymers or surfactants
acting as direction functions during the synthesis [16].
However, it is surprising to observe ordered nanowire-
based assemblies with bundle-like structure in the absence
of copolymers and surfactants in our synthesis. Except for
the rare earth orthophosphates [11], the formation of the

1.00um

Fig. 3. SEM images of as-synthesized and heat-treated samples. (a) and (c): as-synthesized; (b) and (e): heat-treated at 600 °C; (d) heat-treated at 400 °C.
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bundle-shaped structure made of nanorods/nanowires can
also be observed for several systems, such as the growth of
fluoroapatite in gelatin gels [17]. The exact growth
mechanism is unknown, although some explanation was
given in the literature based on the role of intrinsic electric
field, which directs the growth of dipole crystals [18].

It is interesting to see that the nanowires building up
bundle-like structure maintain their original size and shape
in the heat-treatment process (Fig. 3(d)), even at a higher
temperature (Fig. 3(e)). Also, it is worth noting that the
heat-treatment plays an important role in the increase of
crystallinity and the removal of impurities adsorbed at the
surface. For the as-synthesized sample, ambiguous edges of
nanowires and numerous surface adsorptions are observed
(Fig. 3(c)). With the heat-treatment, the well-defined edge
and the clear surface of nanowires can be seen due to the
increase of crystallinity and the removal of adsorbed
impurities (Fig. 3(e)). These adsorptions probably originate
from the synthesis residues and byproducts. Furthermore,
these adsorbed species at the surface might play an
important role in inhibiting the growth of TbPO4:Eu
nanowires, since almost not any changes in the size and
shape are observed with the increase of heat-treatment
temperature.

Fig. 4 shows the emission spectra of Tb;_,PO4Eu,
(x=0, 0.005, 0.03) under 355-nm excitation. In the
undoped TbPO,, the characteristic emissions of Tb*>" are
observed, which originate from the transition between
different f-electron states of Tb>*, i.e., from the excited °D,
to the ground states 7Fj(jz 6, 5, 4, 3) [12,19]. With the
doping of Eu’", besides Tb®" emission, we can also
observe the characteristic emission of Eu®" originating
from the transition from the excited °D, to the ground
states 714_} [20], but the emission of Tb>* decreases. With the
increase of Eu®" concentration, the luminescence of Tb> ™"
continues to decrease, and that of Eu® " increases further.
This indicates an efficient energy transfer from Tb*>* to
Eu’". Also, such energy transfer behavior shows that the
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Fig. 4. Emission spectra of pure and Eu®*-doped TbPO, under 355-nm
excitation.

as-synthesized TbPO4:Eu is not a mixture of TbPO,4 and
EuPO,, but a solid solution, in which Eu®* has successfully
incorporated into TbPOy lattice. Otherwise, the ™" >
Eu’" energy transfer cannot occur in the separated phases.
Tb*" > Eu’" energy transfer behavior is further confirmed
by the luminescent dynamics of Tb>*. Fig. 5 presents the
fluorescent decay curves of °D, of Tb>" for TbPO, and
Tbg.995sPO4:Eug 95, respectively. It can be seen that, in the
undoped TbPO, (Fig. 5(a)), the excited state D, of Tb* "
shows a fluorescent lifetime of about 0.55 ms. However, the
doping of Eu" significantly modifies the fluorescent
dynamics of Tb®". The °D, state of Tb>" shows a fast
fluorescent decay, as a result, the lifetime deceases to about
0.13 ms (Fig. 5(b)). A schematic model is proposed for the
energy transfer from Tb>* to Eu’", as shown in Fig. 6.
Since the 5D477Fj emission of Tb®" is effectively over-
lapped with the 7F0, lfSDo, 1, 2 absorption of Eu’" (see the
dashed line with arrows), the energy transfer from Tb>* to
Eu’™ is very efficient [21].

With an increase of Eu®" concentration in the Eu®™-
doped TbPO,, the luminescence of Eu®* is the competitive
result of a pair of effects. On one hand, the increase of
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Fig. 5. Fluorescent decay curves of D, of Tb>" in TbPO, doped with
different Eu®" concentrations.
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Fig. 6. A schematic model for the energy transfer from Tb** to Eu®*.

0.1 3
= TbPO4:Eu (0.5%)
s
2 0.01 4
2 ]
C 4
o
£
TbPO,:Eu (3%)
1E-3 -
T
0.000 0.005 0.010
Time (s)

Fig. 7. Fluorescent decay curves of *Dy of Eu** in TbPO, doped with
different Eu*"* concentrations.

Eu®" concentration enhances the probability of energy
transfer from Tb>* to Eu’", which is evidenced by the
decrease of the emission intensity and lifetime of the excited
state of Tb®>". On the other hand, the increase of Eu®™
concentration also increases the probability of nonradiative
energy migration between Eu’" ions up to quenching
centers, where the excitation energy is lost nonradiatively
[22]. This is confirmed by the fluorescent dynamics of
Eu’", as shown in Fig. 7, from which a faster fluorescent
decay of °D, state of Eu'" in TbPO4Eu (3% Eu®") is
observed than that in TbPO4:Eu (0.5% Eu’*). To obtain
an optimum dopant concentration, a series of samples
doped with different Eu®* concentrations are prepared,
and their luminescence and the lifetime of Dy of Eu®" are
measured and shown in Figs. 8 and 9. It can be seen that
the luminescence of Eu®" increase with Eu®" concentra-
tion while Eu® " concentration is lower than 5%, because
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Fig. 8. Relative emission intensity of Eu®" as a function of Eu®"
concentration.
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Fig. 9. Fluorescent lifetime of Eu®" as a function of Eu®* concentration.

more Eu®" can obtain the energy transferred from Tb>*.
At this concentration range, Tb> " - Eu’" energy transfer
is dominative to the luminescence of Eu®". However, while
Eu’" concentration is higher than 5%, the luminescence
shows a decrease with the increase of Eu’" concentration
due to the concentration quenching effect. The lifetime of
>Dy of Eu’" always presents a decrease with increasing
Eu®' concentration due to the interaction between the
neighboring Eu®" up to a quenching center, as shown in
Fig. 9. Especially for TbPO,4 doped with more than 5% mol
Eu®", the fluorescent decay of Eu®" shows a faster ratio.

Fig. 10 shows the effect of thermal treatment on the
luminescence of Tb®*" and Eu®" for the sample TbPO4:Eu
(0.5% Eu®"). To prevent Tb®" oxidation, annealing was
carried out in N, atmosphere. It is noted that, with an
increase of annealing temperature, the luminescence of
Tb> " decreases, but the luminescence of Eu’ " increases.
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Fig. 10. Emission spectra of as-synthesized TbPO4:Eu (0.5 %) and those
heat-treated at various temperatures: (a) as-synthesized; (b) heated at
200 °C; (c) heated at 400 °C; (d) heated at 600 °C.

This is probably because that Tb** — Eu®* energy transfer
becomes more efficient with the thermal treatment. But a
careful observation finds that the decrease of Tb>"
luminescence is not equal to the increase of Eu®"
luminescence, i.e., the increase of Eu®" luminescence is
much more than the decrease of Tb® " luminescence. This
indicates that at least there is another factor that influences
the luminescence of Tb>" and Eu®". It is well known that
surface always plays an important role in determining the
luminescent properties, especially for the nanosized mate-
rials due to a large surface-to-volume ratio. In the
nanosized TbPO4:Eu, due to lower crystallinity and
disordered environment around surface atoms, the Th>*
ions at the surface are unable to fully coordinate to oxygen
atoms. This inevitably leads to the existence of Tb>"*
dangling bonds at the surface, which can arrest anion
groups such as OH™ and NOj3 [12,23]. Furthermore, the as-
synthesized TbPO4:Eu hydrates contain the structural
water molecule. It is well known that these chemical
species such as OH and H,O possesses high vibration
frequency ranging from 3000 to 4000 cm ', and always acts
as efficient quenchers of luminescent lanthanide ions by
multiphonon relaxation [12,23,24]. It is found that the
>Dy—"Fg energy gap for Eu®" is smaller than the *D,~'F,
energy gap for Tb®", as shown in Fig. 6. This makes the
nonradiative relaxation for Eu’" by high-energy vibration
of these chemical species much more probable than that for
Tb*", which is evidenced by the fluorescent dynamics of
SDo—"F, of Eu®" and °D,~"Fs of Tb>*as a function of the
heat-treatment temperature, as shown in Figs. 11 and 12,
respectively. It can be seen that the fluorescent decay of
Tb>" shows only a little change, but a large change for
Eu’" is observed. In the as-synthesized TbPO,:Eu®"
hydrate, the fluorescent decay of Dy of Eu®" significantly
deviates from a single-exponential behavior due to the
presence of structural water and the adsorption of impurity
ions that act as the nonradiative relaxation channels to
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Fig. 11. Fluorescent decay curves of Dy of Tb** for TbPO,:Eu (0.5 %)
as a function of heat-treatment temperature: (a) as-synthesized; (b) heated
at 200 °C; (c) heated at 400 °C; (d) heated at 600 °C.
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Fig. 12. Fluorescent decay curves of Eu®" for TbPO4Eu (0.5 %) as a
function of heat-treatment temperature: (a) as-synthesized; (b) heated at
200 °C; (c) heated at 400 °C; (d) heated at 600 °C.

decrease the lifetime and emission efficiency of the excited
state. With the increase of thermal treatment temperature,
due to the disappearance of structural water and the
removal of adsorbed impurity ions, the decay deviates
much less from single-exponential behavior, and the
emission efficiency increases gradually. Up to 600 °C, an
almost single-exponential decay and significant increase of
fluorescent time are observed.

4. Conclusions

Eu®"-doped TbPO, ultralong nanowires have been
successfully synthesized, which are orderly oriented to
form the bundle-shaped structure. A thermal treatment up
to 600°C does not modify the size and shape of as-
synthesized sample. Also, this thermal treatment process
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removes the structural water of as-synthesized
hydrates, but the crystal structure remains, i.e., TbPOy
H>O hexagonan = TOPOughexagonan 7 H2O. Due to the energy
overlap between Tb®" and Eu’", an efficient energy
transfer occurs from Tb®>* to Eu®'. The increase of
Eu’" concentration leads to the increase of the energy
transfer efficiency from Tb>* to Eu®", but also enhances the
probability of the interaction between neighboring Eu®*,
which results in the concentration quenching. The effect of
the heat-treatment on the luminescent efficiency and lifetime
of Tb®" and Eu®" is investigated. With the heat-treatment,
the luminescence of Eu®" presents an obvious increase, but
almost no change for the luminescence of Tb>". The
fluorescent dynamics of Eu’" shows that the increase of
luminescent efficiency of Eu’ " originates from the removal of
structural water and adsorption ions, which act as the
nonradiative relaxation channels of the excited state of Eu® "
by their high-energy vibration. In contrast, the >D,'F,
energy gap for Tb>* is larger than the °Dy—F, energy gap for
Eu’™, as a result, structural water and adsorption ions show
little effect on the luminescence of Tb**. The reported results
on the energy transfer from Tb>* to Eu®" and the thermal
treatment effects of photoluminescence of Tb*>* and Eu’”"
can be well applied to other commonly used optical systems.
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