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Nearly monodisperse, homogeneous and well-defined one-dimensional Tb(1_,<)(OH)3:xEu3+
(x=0-3mol%) nanorods have been prepared through hydrothermal method. The size of the
Tb(OH)s:Eu®* rods could be modulated from nano- to micro-scale by using different amount of
ammonia solution. They present highly crystallinity in spite of the moderate reaction temperature.
Under ultraviolet excitation into the f—f transition of Tb®* at 382nm, Th(OH); samples show the
characteristic emission of Tb* corresponding to °Ds— ’Fe, s, 4, 3 transitions; whereas Th(OH)s:Eu®*
samples mainly exhibit the characteristic emission of Eu* corresponding to °Do— ’F;, 5, 4 transitions
due to an efficient energy transfer occurs from Tb®* to Eu®*. The increase of Eu*>* concentration leads to
the increase of the energy transfer efficiency from Tb3* to Eu**. The PL colors of Tb(OH)s:xEu®*
phosphors can be easily tuned from green, yellow, orange, to red by changing the doping concentration

Luminescence 34
(x) of Eu>™.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Inorganic phosphor materials based on rare earth (RE)
compounds and RE ions doped compounds have been widely
used in modern lighting and display fields, such as fluorescent
lamps, cathode-ray tubes, field emission displays, and plasma
display panels because of their abundant emission colors result-
ing from the 4f electronic shells [1-5]. Recently, the request for
light-emitting-diode (LED) converted phosphors has triggered
active research efforts in the investigation of single-phased light-
emitting phosphors via chemical approaches [6]. It is well-known
that the energy transfer plays an important role in luminescent
materials both from theoretical and practical points of view [3,5].
It has been recognized that the luminescence intensities of
various rare earth ions can be enhanced or quenched by the
energy transfer from other codoped rare earth ions [3,7]. For
example, the emission intensity of Tb* is greatly enhanced by an
energy transfer from Ce®* in LaPO,4:Ce®*, Tb3* phosphor, leading
it to be an efficient luminescent material for fluorescent lamps [3].
It has also been demonstrated that as a result of the energy
transfer phenomena it is possible to reduce the threshold energy

* Corresponding author. Fax: +8643185698041.
E-mail address: jlin@ciac.jl.cn (J. Lin).

0022-4596/$ - see front matter © 2009 Elsevier Inc. All rights reserved.
doi:10.1016/j.jssc.2009.12.005

of laser oscillation in some solid laser materials [8]. As the most
frequently used activator ions in luminescent materials, the Eu3*
and Tb** mainly show emissions due to transitions of Dy— ’F
(J=1, 2, 3, 4) in the red region and D4~ "F; (J=6, 5, 4, 3) in the
green region, respectively [3]. Moreover, it is well-known that an
effective energy transfer can take place from Tb>* to Eu®* in
several hosts, such as tungstates [9], zeolite-Y [10], yttria [11],
porous silicon [12], and molybdates [13]. In these works, there is a
common feature that the Tb®* and Eu>" ions are codoped in the
third-party hosts as activators. So far, only limited information is
available on Eu®*-doped terbium-based hosts [14,15].
One-dimensional (1D) nanostructures, including nanorods,
nanowires, nanotubes, and nanoprisms, have attracted extensive
synthetic interest over the past several years due to their
potential applications in a wide range of fields [16-18]. Up to
now, many kinds of novel 1D structured materials have been
successfully synthesized, such as IlI-V [19] and II-VI semicon-
ductors [20,21] and elemental and oxide nanowires/nanorods
[22,23]. The widely used method to prepare 1D structures is the
catalyst- and template-based method in which the catalysts act as
the energetically favored sites for the adsorption of gas reactants
while the templates are used to direct the growth of the 1D
structure. The formation of 1D structures therefore depends
greatly on the selection of suitable catalysts or templates, which
involves a complicated process and may result in impurities in the
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products. One can overcome these difficulties by developing
solution-phase methods for direct growth of the 1D nanostructure
without involving catalysts or templates [24]. Enlightened by the
recent studies on the 1D nanostructure that can be prepared by
evaporating the desired metal oxide powders at high tempera-
tures [25], we believe that the 1D nanostructure might be
prepared via a dissolution-recrystallization process in solution.

As we know, with the advantages of high purity and good
homogeneity, the hydrothermal synthesis method is an important
technology for the preparation of low-dimension nanostructures
of anisotropic nanomaterials [26]. The advantage of the hydro-
thermal method resulting from the fact that neither catalyst nor
template is required makes it another choice besides the template
method. In addition, starting materials in hydrothermal method
can be mixed at molecular level and the reaction temperature for
the formation of desired products is relatively low. Also hydro-
thermal method can prevent oxidation of some ions during
synthesis process, just like trivalent terbium (Tb3* —>Tb**) [15],
which inevitably leads to loss of luminescence. Up to now, there
are many reports about 1D structured rare earth hydroxides
and oxides obtained by the hydrothermal method and postcalcin-
ing process, respectively [17,27-31]. Once rare earth compounds
were fabricated in the form of a 1D nanostructure, they would
be expected to be highly functionalized materials as a result of
both shape-specific and quantum confinement effects, acting as
electrically, magnetically, or optically functional host materials
as well. Unfortunately, so far little attention has been paid to
synthesis and luminescent properties of 1D structured Th(OH)s3
and Tb(OH);:Eu®* nanorods [32-34], and the corresponding
energy transfer from Tb®* to Eu®" in Tb(OH); host has not
been realized and reported. Tb(OH); is of hexagonal crystal
structure, which may be favorable for the energy transfer from
Tb®* to Eu* [14,15].

Accordingly in this article, we choose to synthesize of
Tb(1 _x(OH)3:XxEu®* (x=0-1) nanorod phosphors directly by a
simple hydrothermal method without protection under reductive
ambience for two main specific reasons. On the one hand, we
attempted to control the size, morphology, and crystallinity of
Tb(OH)3;:Eu* nanocrystals by the use of simple hydrothermal
method and tried to explain it is also a good way to prepare 1D
structured material. On the other hand, Tb®* and Eu®* themselves
are both excellent green and red light emitting centers in
luminescent materials, respectively. The energy transfer of
Tb3* > Eu3* also can occur in terbium-based host Tb(OH )3, which
allows the fine-tuning of the emission chromaticity from green,
yellow, orange, to red because of different composition of
emissions of Th®* and Eu®* resulted from different energy
efficiency at different doping concentration of Eu3*.

2. Experimental section

Materials: The initial chemicals in this work, Tb40; and Eu,03
(both with purity of 99.99%, Changchun Applied Chemistry
Science and Technology Limited, China), HNOs;, NHs---H,0,
and ethanol (all with purity of analytical reagent, Beijing
Fine Chemical Company, China), were used without further
purification.

Preparation: The Tb(; _x(OH)3:XEu®* (x=0-1) samples were all
prepared by a simple hydrothermal process. First, Tb40; and
Eu,03 were dissolved in dilute HNOs, respectively, resulting in the
formation of a colorless stock solution of Tb(NOs3); with 0.2 mol/L
and a colorless solution of Eu(NOs3); with 0.0002 and 0.02 mol/L,
respectively. In a typical synthesis, the stoichiometric amounts of
Tb(NOs3)3 and Eu(NOs)3 solution were mixed under stirring, and
then deionized water was added to the above mixture to reach

41mL for total volume of H,O. The solution was stirred for
another 15 min to form a clear aqueous solution. Then certain
amount (1, 1.3, 1.9, and 2.8 mL) of NH3-H,0 (25 wt%, A. R.) was
introduced dropwise to the vigorously stirred solution. After
additional agitation for 30 min, the as-obtained white colloidal
precipitate was transferred to a 50mL autoclave, sealed, and
heated at 200 °C for 30 h. It was then cooled to room temperature
naturally. The products were separated by centrifugation, washed
with ethanol, and deionized water for several times, and dried in
atmosphere at 80 °C for 6 h.

Characterization: The phase purity and crystallinity of the
samples were examined by powder X-ray diffraction (XRD)
performed on a Rigaku-Dmax 2500 diffractometer with Cu Ko
radiation (A=0.15405nm). The morphology and structure of the
samples were inspected using a field emission scanning electron
microscopy (FE-SEM, XL 30, Philips) and a transmission electron
microscope. Low-resolution transmission electron microscopy
(TEM) images and selective area electron diffraction (SAED)
patterns were obtained using a JEOL 2010 transmission electron
microscope operating at 150kV. Highresolution transmission
electron microscopy (HRTEM) images were performed using FEI
Tecnai G2 S-Twinwere with a field emission gun operating at
200KkV. Images were acquired digitally on a Gatan multiple CCD
camera. Photoluminescence (PL) excitation and emission spectra
were recorded with a Hitachi F-4500 spectrophotometer
equipped with a 150Wxenon lamp as the excitation source at
room temperature. The luminescence decay curves and the time-
resolved emission spectrum were obtained from a Lecroy Wave
Runner 6100 Digital Osilloscope (1GHz) using a tunable laser
(pulse width=4ns, gate=50ns) as the excitation (Contimuum
Sunlite OPO). All of the measurements were performed at room
temperature.

3. Results and discussion
3.1. Phase

Both Tb(OH)s and Eu(OH); exhibit very similar X-ray diffrac-
tion patterns with hexagonal structure so that we can expect their
full miscibility. Therefore, the whole solid solution Tb(; _)(OH)s:-
xEu>* from x=0 to 1 is expected to form. Here we only take
Tb(OH);:1 mol%Eu®* nanorods (2.8 mL ammonia solution) as a
typical example due to limited space. All diffraction peaks for
as-formed samples in Fig. 1 can be readily indexed to pure
hexagonal of Tb(OH)s; [space group: P63/m(176)] according to
the Joint Committee on Powder Diffraction Standards (JCPDS) file
no. 83-2038. The calculated lattice constants using Jade 5.0
program, a=b=6.329 A and ¢=3.611A4, are well compatible with
the literature values (a=b=6.315A and c=3.603A) from the
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Fig. 1. XRD pattern of Th(OH)s;:1 mol%Eu®* nanorods. The standard data for
Tb(OH); (JCPDS card 83-2038) is also presented in the figure for comparison.
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standard card (JCPDS no. 83-2038). It is worth noting that when
the Tb®* was substituted by the Eu*, the lattice constants
become a little bigger and the corresponding XRD peaks move to a
lower degree [15] (arrows in Fig. 1). No additional peaks of other
phases have been found in Fig. 1, indicating that Eu®>* has been
effectively built into the Tb(OH); host lattice. The relative
intensity ratio of the diffraction peak (110) for Tb(OH)s3:1 mol%
Eu* products is much higher than the conventional value from
JCPDS no. 83-2038, indicating that the samples tend to be
preferentially oriented along the c-axis due to the natural
growing habit of forming 1D morphology during growth process
of rare earth hydroxides [26]. What is more, high crystallinity can
be obtained at a relatively low temperature [35,36]. This is
important for phosphors, because high crystallinity always means
less traps and stronger luminescence. In addition, Th>*-based
compound was prepared through hydrothermal process without
reductive ambience for protection, which is also one of the merits
for preparation of Tb(OH);:Eu®>* phosphors via the present
hydrothermal process [15].

3.2. Structure and morphology

The amount of ammonia solution NH3-H,0 (25wt%, A. R.)
added to solution for reaction has great effects on the size of the
hydrothermal products. Fig. 2a is a wide-field FESEM image
observed from the as-formed Th(OH)3:1 mol% Eu>* with 2.8 mL of
NH;-H,0, clearly indicating that the Tb(OH);:Eu* product
consists of nanorods in 100% morphological yield with
diameters of ~60nm and lengths of ~350nm. When the
amount of ammonia solution NHs - H,O decreased from 2.8, 1.9,
1.3 to 1.0 mL with decrease in the pH values of colloidal solution,
the size of the Tb(OH)3;:Eu®* products increased from nanometer
to micrometer scale. Namely, ~80nm in diameter and ~740 nm
in length with 1.9 mL of NH; - H,O (Fig. 2b); ~145 nm in diameter
and ~1200nm in length with 1.3 mL of NHs. H,O (Fig. 2c);
~340nm in diameter and ~5000nm in length with 1.0mL of
NH3 - H,O (Fig. 2d). For the as-obtained products, from nanorods
to microrods (Fig. 2a-d), we observe that the mean aspect ratios
are 5.8, 9.25, 8.27, 14.7, respectively, which increases as the pH
value decreases. This can be explained by the complex interaction
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and balance between the chemical potential and the rate of ionic
motion. A higher pH value implies a higher OH™ ion
concentration and a higher chemical potential in solution. A
high chemical potential is preferable for the growth of higher
aspect ratio 1D structure; however, higher OH™ ion concentrations
may greatly reduce the Tb®* jon concentration in solution, which
is restricted by the value of K, for Tb(OH)s, and thus reduce the
rate of ionic motion, giving a low aspect ratio. The phenomenon is
similar to the connection of pH values with the aspect ratio of 1D
structures in the work of Li and our previous work [17,26].
Furthermore, each nanorod or microrod has a uniform diameter
along its entire length and the + c-axis (corresponding to the
growth direction of the rods) ends project out (Inset in Fig. 2d),
indicating the growth anisotropy in the 4+ c-axis is strictly
maintained throughout the process. In particular, no branching
is observed, which implies that the Tb(OH);:Eu®* nanorods or
microrods were grown from spontaneous nucleation with high
crystal perfection [26,37].

Although the exact mechanism for the formation of these rods
is still unclear, it is believed that the growth of the rod-like
morphology is not assisted by a catalyst or directed by a template.
It is well-known that most of the lanthanide hydroxides have
hexagonal crystal structures, just like that of ZnO, which is well-
known for its anisotropic growth nature. In this case, it is likely
that the anisotropic growth of rod-like Tb(OH); is governed by a
solution-solid (SS) process [26,37,38]. First, the Tb(OH); colloid
particles are partially dissolved in water to form a metastable
supersaturated solution under hydrothermal conditions, then
large numbers of the Th(OH)s; seeds formed through a homo-
geneous nucleation process, subsequently recrystallizing and
growing into uniform, crystalline rod-like structure along the
c-axis because of a highly anisotropic structure. Similar formation
mechanism for other lanthanide hydroxide had been reported in
our previous work [26].

Fig. 3a shows a typical TEM image of as-prepared
Tb(OH);:1 mol% Eu** with 2.8 mL of NH;-H,0, clearly showing
that the product is entirely composed of relatively uniform
nanorods with same size shown in the SEM image (Fig. 2a).
Fig. 3b shows the SAED pattern recorded from an area containing
a large number of nanorods. The rings in the SAED pattern can be
indexed as the (002), (201), (110), and (100) reflections of the

Fig. 2. SEM images of the as-formed Th(OH)3:1 mol%Eu>* with 2.8 (a), 1.9 (b), 1.3 (c) and 1.0 mL (d) of ammonia solution NH; - H,0, respectively.
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hexagonal Tb(OH)s, in good agreement with the XRD result.
Fig. 3c shows the corresponding HRTEM image of Tb(OH)3:1 mol%
Eu* nanorods recorded along the [110] direction [26,39]. It can
be seen that the corresponding (110) plane is oriented parallel to
the nanorod growth direction (the c-axis) due to the clearly
resolved interplanar distance d(110)=0.320 nm; the nanorods grow
along the [001] direction (the c-axis).

Fig. 3. A typical TEM image of as-prepared Tb(OH);:1 mol%Eu?* with 2.8 mL of
NHs - H,0 (a), SAED pattern (b), HRTEM image (c).

3.3. Photoluminescence properties

The Tb(OH); sample emits bright-green light under UV
excitation. Fig. 4 shows the excitation (a) and emission (b)
spectra of the sample. The excitation spectrum of Tb(OH)s
monitored with 543 nm emission of Tb>* (°D,— ’Fs) consists the
characteristic f—f transition lines within the Tb?>* 4f% configu-
ration in the ultraviolet wavelength region, assigned as the
transitions from the “Fg ground state to the different excited
states of Th>*, that is, 307 nm (°Hg), 322 nm (°Dy), 345 nm (°G,),
356 nm (°D.), 371 nm (°Gg), 382 nm (°D5), and 488/492 nm (°Dy),
respectively [40]. Upon excitation into the ’Fg— D5 transition at
382 nm, the obtained emission spectrum (Fig. 4b) of Tb(OH)s3
consists of f— f transition lines within 4f® electron configuration of
Th3*, that is, °D4— "Fg (491 nm) in the blue region and °D,— ’Fs
(543 nm) in the green region, as well as °Ds— ’F4 (583 nm) and
5D,—7F3 (621 nm) in the red region. The strongest one is located
at 543 nm corresponding to °D4— ’Fs transition of Tb®>*. The decay
curve (Fig. 5a) for the luminescence of Th®** (monitored by
5D4—7’Fs, 543nm) can be well fitted into single exponential
function as I=Ipexp(—t/t), and the lifetime t for the °D, state of
Th®* is determined to be 0.37ms in Tb(OH); sample. In pure
terbium hydroxide, a severe concentration quenching should also
occur decreasing considerably the luminescence, so the value of
lifetime for Tb3* is relatively low.

However, the green emission of the Tb(OH)s; host material
changes greatly when doping Eu®* in it. The Th(OH)5:1 mol%Eu*
sample shows a red emission under UV excitation. Fig. 4 shows
the excitation (c) and emission (d) spectra of the sample. The
excitation spectrum recorded at the 591 nm (°Do— “F;) of Eu®* is
composed exclusively of the excitation bands of Tb?*, which is
identical with the excitation spectrum of Tb®* in Tb(OH)3
(Fig. 4a), except for some minor f—f transition lines within the
Eu* 4f° configuration (398 nm, "Fo—°Ls; 419 nm, “Fo—°Ds3; and
469nm, "Fg—°D,, as assigned in Fig. 4(c). The presence of the
excitation bands and lines of Tb3* in the excitation spectrum
monitored with Eu>* emission clearly indicates that an energy
transfer has occurred from Tb®>* to Eu* in the Tb(OH)s: 1 mol%
Eu®* sample. Excitation into the “Fg—°Ds transition of Tb3*
excitation band at 382nm yields mainly the emission of Eu**
(°Dg—’F; at 591nm, °Dg—’F, at 616nm, and °Dg—’F, at
695nm), together with the very weak emission of Tb3*
(°D4—"Fs at 543nm and °D,— “Fg at 491 nm, green arrows), as
shown in part d of Fig. 4. This is further indicative of the energy
transfer from Tb3* to Eu?* in Tb(OH)s;:1mol% Eu3* sample.
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Fig. 4. Excitation (a, c) and emission (b, d) spectra of the Th(OH)s (a, b) and Th(OH)s:1 mol%Eu>* (c, d), respectively.
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Fig. 5. The decay curves for the luminescence of Th>* in Th(OH); (a) and Th(OH)3:1 mol%Eu>* (b).
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Fig. 6. Emission spectra of Th(OH)s:xEu>* (x=0-3 mol%) under 382 nm excitation.

Similar to the single exponential luminescence decay of Tb3* in
Tb(OH); sample, the luminescence decay curve of Tb®* (Fig. 5b) in
the Tb(OH)3;:1mol% Eu®* sample can also be well-fitted into
single exponential function, and the lifetime 7 for the °D, state of
Tb3* is determined to be 0.0067 ms in the Tb(OH);:1 mol% Eu3*
sample, which is much shorter than that in Tb(OH); (0.37 ms).
Obviously, the shortening of the lifetime in Tb(OH)3:1 mol% Eu>*
with respect to Tb(OH); is due to the occurrence of the energy
transfer from Th** to Eu* in the former sample [14,15,41,42].
Fig. 6 shows the emission spectra of Tb(OH)s;: xEu>* (x=0-
3 mol%) under 382 nm excitation. In the undoped Tb(OH); (x=0),
only the characteristic emissions of Th>* are observed. With the
doping of Eu®* (x=0.03 mol%), besides Tb>* emissions, we can
also observe the characteristic emissions of Eu®>* (591 nm). With
the increase of Eu*>" concentration, the luminescence of Tb3*

543 . A A, =382 nm
491 Tb(OH), xEu? Energy transfer efficiency (7gr) from Tb®* to Eu®*, the life time t for the
A 583 621 x=0 luminescence of Tb>* in the TbBOs:xEu>* (x=0-1mol%) samples upon excitation
AN into the Th** excitation band with 382 nm.
A\ f \ - x=0.03% Eu3* (mol%) 0(%) 003(%) 01(% 05(% 1(% 3%
7(Tb3*), 542nm (ps) 370 120 50 10 6.7 23
x=01% HET(Tb—Eu) (%) = 67 86 97 98 99

begins to decrease, and the luminescence of Eu®* increases
further. This indicates an efficient energy transfer occurs from
Tb3* to Eu®*. Also, such energy transfer behavior shows that the
as-synthesized Tb(OH)s;:xEu* is not a mixture of Tb(OH); and
Eu(OH); [14]. Otherwise, the Th®>* - Eu®* energy transfer can not
occur in the separated phases. The energy transfer efficiency from
Thb** to Eu®>* depends strongly on the doping concentration of
Eu* in Th(OH); host, just like that of LaPO4:Ce>*, Tb®>* [43]. The
energy transfer efficiency from a donor (Tb®*) to an acceptor
(Eu*") can be calculated according to the formula #gr=1-1/t0,
where 7 and 7¢ are the corresponding luminescence lifetimes of
the donor (Tb®*) in the presence and absence of the acceptor
(Eu®*) for the same donor concentration (Here, we overlooked
tiny change of the donor (Tb®*) concentration) [43]. We
investigated systematically the energy transfer efficiencies of
Tb** -Eu®* in Tb(OH);: xEu?* (x=0-3mol%) systems by
calculating the lifetimes of Th®*, and the results are listed in
Table 1. Clearly, it is known from Table 1 that with the increase of
Eu* concentration, the energy transfer efficiency from Tb>* to
Eu®* increases gradually. This is because the energy transfer
probability from Tb3* to Eu3* is proportional to R~° (R is the
average distance between Tb®* and Eu®*) [44]. When the Eu®*
concentration is equal to 3mol% mol of Tb®*, ygr reaches the
value as high as 99%.

The PL colors can be tuned from green, yellow, orange, to red
by changing the doping concentration of Eu* ions due to
different energy transfer efficiencies at different Eu*>* concentra-
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under 365 nm UV lamp

x=0.03% x=0.1%

Tb(OH),:xEu*

Fig. 7. Luminescent photographs for the Tb(OH);:xEu>* samples (x=0-1mol%).
Here, a 365 nm ultraviolet lamp was used as an excitation source, and the samples
were put onto filter paper in a dark room.
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Fig. 8. Time-resolved PL emission spectra of the Th(OH)3:0.5 mol%Eu>* sample
(Zex=355nm laser).

tion, which can be seen clearly from the photographs of the
Tb(OH)3:xEu®* samples presented in Fig. 7 (where a 365nm UV
lamp was used as an excitation source and the samples were put
onto filter paper in a dark room).

To study the energy transfer process from Tb>* to Eu®* in
Tb(OH)s:Eu®* in more detail, time-resolved emission spectra of
Tb(OH)3:0.5 mol% Eu>* were measured by excitation into the Th>*
band with a 355nm laser. The emission spectra collected at
different delay times (t4) are shown in Fig. 8. When t4=0 ps, only
the characteristic emission of Tb>* is observed; no Eu*>* emission
is present because the excitation energy of Tb>* has not been
transferred to Eu®" at this time. When t4=0.1 ps, the emission of
Tb3* starts to decrease accompanied by the presence of Eu*
emissions (red arrows in Fig. 8) due to the energy transfer from
Tb®*. The emission of Tb®* decreases gradually with further
increase of the delay time (green arrows in Fig. 8), whereas that of
Eu3" begins to increase due to transfer of more excitation energy
from Tb3* to Eu*. When t4=100ps, the emission of Tb3*
disappears, and the emission spectrum contains exclusively that
of Eu>*. When t4 > 100 ps, the Eu®* emission also begins to decay
gradually and disappears finally due to the depopulation of the
excited states (Figures are not shown due to the limited space).
Actually, we cannot conclude whether the energy transfer from
Th3* to Eu®* is of radiative type or nonradiative type just from the
time-resolved emission spectra shown in Fig. 8. In general,
radiative energy transfer only occurs in some crystals and the
energy transfer among rare earth ions is of nonradiative type, that
is, the resonant energy transfer occurs via the electric dipole-
dipole or electric dipole-quadrupole interactions [3,7]. The same
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Fig. 9. Scheme of energy transfer from Tb*>* to Eu®*. The up solid arrows represent
photoexcitation, the down solid arrows mean emission, and the down dash arrows
denote multiphonon relaxation.

situation (nonradiative energy transfer) also holds for the energy
transfer from Tb>* to Eu* in our present work, which was well
demonstrated in other hosts in previous reports [9-14,41,42].

A summary of the emission and energy transfer process of
Tb®* and Eu®* in Tb(OH);:Eu3* is shown schematically in Fig. 9
[9-14,41,42]. First, electrons on Tb®* ions are excited from the
ground state (’Fg) to the higher excited states (°Hg, °Ds, °Dy...) by
UV light. Subsequently, these electrons relax to the lowest excited
state °D, through multiphonon relaxation then either return to
the ground states to produce the Tb>* emissions (°Ds— "Fg, 5, 4, 3),
or transfer their excitation energy from °D4 (Tb3*) level to the
higher excited energy levels of Eu* (4f%) through cross relaxation,
which relax to the °Dy (Eu®*) level, where the red emission
(°Do— "F;. 2, 4) takes place. Because the °D,— Fg, 5 4 3 emission of
Tb3* is effectively overlapped with the “Fy 1 —°Dg 1, » absorption
of Eu", the energy transfer from Tb>* to Eu"* is very efficient in
general [7]. Moreover, the hexagonal crystal structure of Tb(OH)3
also favors the energy transfer from Tb>* to Eu®* [14,41,42].

According to the model we proposed above, if Tb>* ion was
excited from ’Fg—°D,, there should be energy transfer from
the excited D, level of Tb®>* to the Dy ; , level of Eu** in
Tb(OH);:Eu* sample. Upon excitation into the “Fg—°D, transi-
tion of Th* at 490 nm, the emission spectra of Tb(OH)3:0.5%Eu>",
Tb(OH)s, and Eu(OH); are presented in Fig. 10 for comparison. The
emission spectrum of the Tb(OH);:0.5%Eu>* sample obtained by
excitation with 490nm (’Fg—°D,4 of Tb3*) has principally the
same feature as that of monitoring at 382 nm (Fig. 6), and no
emission is observed for pure Eu(OH)s. This further demonstrates
that Th>* jon may act as a good energy donor, from which energy
can be transferred to an acceptor Eu®*.

4. Conclusions

In summary, we have demonstrated that a simple, mild and
catalyst-/template-free hydrothermal method for synthesis of
Tb(1,,()(OH)3:xEu3+ nanorods directly without reductive ambi-



J. Yang et al. / Journal of Solid State Chemistry 183 (2010) 451-457 457

A, =490 nm
3, T 5
(To™: 'F-'D,)

591

Tb(OH),:0.5%Eu”
616

Intensity (a. u.)

Eu(OH),

L T b T * T * T ¥ T ¥ T L T
525 550 575 600 625 650 675 700
Wavelength (nm)

Fig. 10. Emission spectra of the Tb(OH)3:0.5 mol%Eu®*, Th(OH)s, and Eu(OH);
samples upon excitation into the ’Fg—°D, transition of Tbh®* at 490nm,
respectively.

ence for protection. The formation mechanisms for the Tb(O-
H);:Eu®* 1D structure have been proposed on an anisotropic
growth nature resulting from the hexagonal crystal structure of
lanthanide hydroxides. An efficient energy transfer can occur
from Tb®* to Eu* in Tb(OH); host for the first time, which is
ascribed to the energy overlap between Tb>* and Eu* (Tb3*:
*Dy—7Fg, 5, 4 3 <= EW®*: "Fy, 1>°Dy, 1, 2+AE) and hexagonal
crystal structure of Tb(OH)s; host. By controlling the doping
concentration of Eu>* (x=0-3 mol%), the luminescent colors could
be modified from green, yellow, orange, to red easily because of
different composition of emissions of Tb>* and Eu>* resulted from
different energy efficiency at different doping concentration of
Eu". The study opens a novel pathway for tuning the lumines-
cence properties by energy transfer.
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