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a b s t r a c t

Hexagonal vaterite-type LuBO3:Tb3+ microflower-like phosphors have been successfully prepared by an

efficient surfactant- and template-free hydrothermal process directly without further sintering

treatment. X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FT-IR), thermogravimetric

analysis (TGA), scanning electron microscopy (SEM), energy-dispersive X-ray (EDX) spectrometry,

transmission electron microscopy (TEM), high-resolution transmission electron microscopy (HRTEM),

selected area electron diffraction (SAED), photoluminescence (PL) and cathodoluminescence (CL)

spectra as well as kinetic decays were used to characterize the samples. The as-obtained phosphor

samples present flowerlike agglomerates composed of nanoflakes with thickness of 40 nm and high

crystallinity in spite of the moderate reaction temperature of 200 1C. The reaction mechanism has been

considered as a dissolution/precipitation mechanism; the self-assembly evolution process has been

proposed on homocentric layer-by-layer growth style. Under ultraviolet excitation into the 4f8-4f75d

transition of Tb3+ at 248 nm (or 288 nm) and low-voltage electron beam excitation, LuBO3:Tb3+ samples

show the characteristic green emission of Tb3+ corresponding to 5D4-
7F6, 5, 4, 3 transitions with the

5D4-
7F5 transition (542 nm) being the most prominent group, which have potential applications in

fluorescent lamps and field emission displays.

& 2008 Elsevier Inc. All rights reserved.
1. Introduction

To obtain desired rare earth (RE) ions doped phosphors, wet
chemistry processes, such as co-precipitation [1a], hydrothermal
synthesis [1b,c], and colloidal chemistry [1d], are extensively used
because starting materials in these methods can be mixed at the
molecular level and the reaction temperature for forming the
desired products is relatively low. However, most phosphors
prepared from wet chemistry methods crystallize and exhibit
luminescence only after being sintered at high temperature. This
is because OH� groups and/or crystal water molecules attached on
the particle surface or in the host lattice are unavoidable and may
quench the luminescence. Consequently, further sintering these
precursors at higher temperature is needed to improve the
luminescence intensity in most cases [2]. But, this cannot work
ll rights reserved.
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for those phosphors based on Tb3+ ions, which will be oxidated
easily at higher temperature in the atmosphere.

It is well known that phosphors based on orthoborates
have attracted much attention due to their high stability, low
synthetic temperature, and high ultraviolet and optical damage
threshold [3]. Rare earth orthoborates LnBO3 (Ln ¼ lanthanides
and yttrium) have proved to be very useful host lattices for
the luminescence of Eu3+ and Tb3+, which have found wide
applications in Hg-free fluorescent lamps and in various kinds
of display devices [4]. For example, YBO3:Eu3+/Tb3+ are currently
used as a red/green component in PDP television. Remarkably,
lutetium (Lu) may be a more favorable cation than yttrium (Y)
for trivalent lanthanide dopant emission due to the intensity-
borrowing mechanism mixing the 4f and 5d orbitals of the
Ln3+ ion via the lattice valence band levels [5]. Lutetium
orthoborates (LuBO3), due to its high density and high damage
threshold, have been considered as a promising host matrix
for RE ions substitution to produce phosphors, lasers or scintilla-
tors [6]. In fact, conventional solid-state reaction and sol–gel
process-derived LuBO3:Eu3+/Tb3+ phosphors have bad irregular
shapes and agglomerated particles [7] due to the high annealing
temperature and repeat grinding process, which will limit its
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dispersing stability and subsequent coating ability on the display
panels [4d]. Accordingly, LuBO3:Eu3+/Tb3+ phosphors with homo-
geneous, monodispersed and well-defined morphology are highly
desired. It is well known that the hydrothermal method is a
promising synthetic route, which can be better controlled from
the molecular precursor to the reaction parameters, such as the
reaction time and temperature, to give highly pure and homo-
geneous materials. The technique allows low reaction tempera-
ture and controllable size, phase and morphology of the products
[8]. Although there have been some reports about the hydro-
thermal/solvothermal synthesis and properties of rare earth
orthoborate materials, all of them were focused on YBO3, GdBO3

and NdBO3 [9]. To the best of our knowledge, few studies about
hydrothermal/solvothermal synthesis of LuBO3(:Tb3+) have been
reported [1c].

Herein we report an efficient surfactant- and template-free
hydrothermal approach to synthesize hexagonal LuBO3:Tb3+ with
novel self-assembled 3D architectures. These microflowers, which
were composed of nanosized units, were expected to maintain the
desirable properties of LuBO3:Tb3+ nanocrystals (flakes) while
being quite stable on the micrometer scale. In spite of the
moderate reaction temperature of 200 1C, the as-synthesized
LuBO3:Tb3+ is highly crystalline. The luminescent properties of
the flowerlike LuBO3:Tb3+ composed of nanoflakes have also been
reported and investigated in detail in comparison with the
products directly obtained from conventional solid-state reaction,
which shows it is a good green-emitting phosphor.
2. Experimental section

2.1. Materials

The initial chemicals in this work, Lu2O3 and Tb4O7 (both with
purity of 99.99%, Changchun Applied Chemistry Science and
Technology Limited, China), HCl, H3BO3, NH3 �H2O and ethanol (all
with purity of A.R., Beijing Fine Chemical Company, China), were
used without further purification.
Fig. 1. XRD patterns for the LuBO3:15%Tb3+ sample obtained from the hydro-

thermal process (a) and solid-state reaction (b), respectively. The standard data for

hexagonal vaterite-type LuBO3 (JCPDS card 74-1938) are also presented for

comparison.
2.2. Preparation

Firstly, Lu2O3 and Tb4O7 were dissolved in dilute HCl, resulting
in the formation of a colorless stock solution of LuCl3 with
0.2 mol L�1 and a colorless solution of TbCl3 with 0.02 and
0.2 mol L�1. In a typical hydrothermal synthesis, stoichiometric
amounts of LuCl3 solution, TbCl3 solution (Lu:Tb ¼ 99:1, 95:5,
90:10, 85:15, 80:20, in molar ratio) and H3BO3 (100% excess) were
mixed under stirring, then deionized water was added to the
above mixture to reach 41 mL for total volume of H2O solution.
The solution was stirred for another 30 min to form a clear
aqueous solution. Then 25 wt% of NH3 �H2O (A.R.) was introduced
dropwise to the vigorously stirred solution until pH ¼ 7.
After additional agitation for 40 min, the as-obtained white
colloidal precipitate was transferred to a 50 mL autoclave, sealed,
and heated at 200 1C for 24 h. It was then cooled to room
temperature naturally. The products were then collected by
filtration, washed with ethanol and deioned water for several
times, and dried in atmosphere at 100 1C for 6 h. For comparison,
the same Tb3+ content bulk LuBO3:Tb3+ phosphors were also
synthesized by normal direct solid-state reaction (SR) using
stoichiometric amounts of Lu2O3, Tb4O7 (Lu:Tb ¼ 85:15, in molar
ratio) and H3BO3 (50% excess) at 1300 1C for 2 h in a reducing
atmosphere of CO.
2.3. 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 CuKa radiation
(l ¼ 0.15405 nm). Fourier transform infrared spectroscopy (FT-
IR) spectra were measured with a Perking-Elmer 580B infrared
spectrophotometer with the KBr pellet technique. Thermogravi-
metric analysis (TGA) data were recorded with a Thermal Analysis
Instrument (SDT 2960, TA Instruments, New Castle, DE) with a
heating rate of 10 1C min�1 in an N2 flow of 100 mL min�1. The
morphology and structure of the samples were inspected using a
field emission scanning electron microscopy equipped with an
energy-dispersive X-ray (EDX) spectrometer (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 150 kV.
High-resolution transmission electron microscopy (HRTEM)
images were performed using FEI Tecnai G2 S-Twinwere with a
field emission gun operating at 200 kV. 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 150 W Xenon lamp as
the excitation source at room temperature. The cathodolumines-
cent (CL) measurements were carried out in an ultra-high-vacuum
chamber (o10�8 Torr), where the samples were excited by an
electron beam at a voltage range of 1–5 kV with different filament
currents, and the spectra were recorded on an F-4500 spectro-
photometer. The luminescence decay curves were obtained from a
Lecroy Wave Runner 6100 Digital Osilloscope (1 GHz) using a
tunable laser (pulse width ¼ 4 ns, gate ¼ 50 ns) as the excitation
(Contimuum Sunlite OPO). All measurements were performed at
room temperature (RT).
3. Results and discussion

3.1. Phase formation

Fig. 1a shows the XRD pattern of the as-formed LuBO3:15%Tb3+

flowerlike products through the hydrothermal process. All
diffraction peaks can be readily indexed to a pure hexagonal
phase of LuBO3 crystal [space group: P63/mmc(194)] with
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Fig. 2. IR spectrum (a) and TGA curve (b) of the LuBO3:15%Tb3+ sample.

J. Yang et al. / Journal of Solid State Chemistry 181 (2008) 2672–26802674
vaterite-type structure (JCPDS 74-1938). No additional peaks of
other phases have been found, indicating that Tb3+ has been
effectively built into the host lattice. The calculated lattice
constants, a ¼ b ¼ 3.733 Å, c ¼ 8.736 Å is well compatible with
the literature values of a ¼ b ¼ 3.727 Å, c ¼ 8.722 Å (JCPDS 74-
1938). Moreover, high crystallinity can be obtained at a relatively
low temperature. This is important for phosphors, since high
crystallinity always means less traps and stronger luminescence.
The Ln orthoborates, LnBO3, have been known to possess the three
polymorphic forms of CaCO3: aragonite, vaterite and calcite [7c].
There exists, however, no individual LnBO3 with all three
polymorphs. LuBO3 synthesized by means of a solid-state reaction
method presents both a low-temperature calcite form (o1300 1C)
and a high-temperature vaterite form (41300 1C) [10a]. In our
present process, we obtained vaterite form LuBO3 at a low
temperature of 200 1C, much lower than the synthesis tempera-
ture of traditional solid-state reaction (SR). This is just one of the
merits in the current hydrothermal process, like the sol–gel
process to prepare LuBO3 with a vaterite form at relative low
temperatures [10b].

Although all peaks of the as-formed LuBO3:15%Tb3+ flowerlike
products through the hydrothermal process can be assigned
exactly to the standard data of LuBO3 (JCPDS 74-1938), some of its
peaks display quite distinct broadening behavior compared with
those of the bulk sample synthesized through a solid-state
reaction (SR) (Fig. 1b). Specifically, the (002), (102), (004) and
(104) peaks are much broader than those of the SR sample, which
is accompanied by an appreciable decrease in their intensity. In
addition, the (002) peak is much broader than the (100) peak in
the hydrothermal sample, which is the characteristic of two-
dimensional nanomaterials [9a]. These results imply that the
hydrothermal products are presumably nanosheets. Further FE-
SEM characterization of this sample (see below, Fig. 3) shows that
they grow preferentially along the (001) direction, resulting in the
formation of nanoflakes. According to the broadening behavior of
the XRD peaks, the nanoflake thickness can be estimated from the
Scherrer equation

D ¼ 0:941l=b cos y (1)

where D is the average grain size, l the X-ray wavelength
(0.15405 nm), and y and b the diffraction angle and full-width at
half-maximum (fwhm, in radian) of an observed peak, respec-
tively [10c]. These peaks at 2y ¼ 27.5041 and 56.9001 are assigned
to the (100) and (200) crystallographic planes, respectively, and
they are perpendicular to the (001) plane and are used to calculate
the nanoflake thickness with an average value of 26.6 nm.

Fig. 2a shows the IR spectrum of the LuBO3:15%Tb3+ sample.
The vibrational spectra of vaterite-type borates are found to be
markedly different from those of calcite and aragonite-type
borates. There is a group of bands in the region 800–1200 cm�1

in vaterite-type borates. The IR spectrum of our present sample
was in accordance with Ref. [10d]. Accordingly, the intense
absorption band extending from 800 to 1200 cm�1 (peaks at
856, 915, and 1175 cm�1) ascribe to a vaterite-type borate. The
peak at 1346 cm�1 is asymmetric stretching of the BO3 group.
A small peak near 571 cm�1 can be distinguished as an in-plane
blending of the BO4 group or the BO3 group in vaterite-type
borates. This is in good accordance with the XRD result above.
The peaks of 3433 and 1629 cm�1 are ascribed to the OH
stretching vibration mode and the HOH bending vibration mode
of the H2O molecule, respectively. The reason for the existence of
water is that residual water in the sample and the sample
absorbing moisture during the IR measurement. For precise
estimation of the proportion of water in the sample, we carried
out a TG analysis as shown in Fig. 2b. The weight loss of 2.8%
before 500 1C is due to the evaporation of weakly bonded
molecules, i.e., residual water molecules attached on the particle
surface in the sample [10b]. Generally, most phosphors prepared
from wet chemistry methods crystallize and exhibit luminescence
only after being sintered at high temperature. In our present
work, we do not further calcine the hydrothermal products at
high temperature for two reasons: (1) the LuBO3:Tb3+ obtained
through the hydrothermal process is with high crystallinity
(Fig. 1) and its PL luminescence intensity reaches 88% of that of
the sample obtained from SR (Fig. 7); (2) Tb3+ will be oxidized
easily at higher temperatures in the atmosphere. This is also the
merit of our present reported process for LuBO3:Tb3+ phosphors.
The LuBO3:Tb3+ is a good example to show that hydrothermal
synthesis (wet chemistry processes) is also a fine way to prepare
desired rare earth (RE) ions doped phosphors, without further
sintering at higher temperatures.
3.2. Morphology and structure

The SEM images of the LuBO3:15%Tb3+ sample are shown in
Fig. 3a–c, which show that the sample consists of microflowers
with a diameter of about 14mm, each of which is constructed by
densely packed nanoflakes with a thickness of about 40 nm and
smooth surfaces. Because smaller nanograins contribute more to
the broadening of the diffraction peaks, the average nanocrystal
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Fig. 3. SEM images of the LuBO3:15%Tb3+ sample (a–c), EDX spectrum of LuBO3:15%Tb3+ (d). Here, the Au signal is due to the Au coating for measurement.
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size estimated from the Scherrer equation is smaller than that
determined from SEM topology in the case of LuBO3:15%Tb3+

microflowers [10c]. Detailed surface observation (Fig. 3b, c)
implies that these microarchitectures are loosely and highly
porous, and most of the nanoflakes are linked together by both
edge-to-edge and edge-to-surface conjunctions; the nanoflakes
extend outward from the center of the microstructure, and a few
of them attach to each other. Therefore, such an architecture is a
result of some type of self-assembly [1c,11]. The EDX was used to
further characterize the composition of the as-prepared product.
The EDX spectrum (Fig. 3d) of the LuBO3:15%Tb3+ sample shows
the presence of Lu, O, B and Tb, which matches well with LuBO3

and Tb3+ has been effectively built into the LuBO3 host lattice,
agreeing with the XRD analysis above.

To further study the fine structure of the above microflowers,
TEM was performed. Fig. 4a shows a broken flake of the flower
obtained by ultrasonic treatment for about 30 min. These nano-
flakes are several hundred nanometers in the planar dimensions
with smooth surfaces. The corresponding SAED pattern of the
broken nanoflake taken along the [001] zone axis shown in Fig. 4b
reveals that the nanoflake ED pattern is characteristic of a
hexagonal LuBO3:Tb3+, in good accordance with the XRD result.
Moreover, SAED patterns, taken from both different areas on a
single fragment and different fragments, were found to be
identical within experimental accuracy, indicating that the
LuBO3:Tb3+ nanoflakes are single-crystalline and that different
nanoflakes have identical crystallization habits. The patterns also
reveal that the nanoflakes are stable enough to withstand the
irradiation of convergent high-energy electron beams. Fig. 4c is a
high-resolution TEM image of the LuBO3:15%Tb3+ nanoflakes,
which was taken with an electron beam along the [001] zone axis,
perpendicular to the wide surface of the flake. The lattice fringes
show the imaging characteristics of the hexagonal LuBO3 crystal,
in which the d spacing of 0.323 nm corresponds to the distance of
the (100) planes. Further analysis indicates that the LuBO3:Tb3+

nanoflake grows along the [100] or [010] crystallographic
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Fig. 4. Representative TEM image of the LuBO3:15%Tb3+ nanoflake shed from the

microflowers after ultrasonic treatment for 30 min (a), the corresponding electron

diffraction pattern (b) and HRTEM image of the broken nanoflake shown in

part a (c).
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direction and is enclosed by 7(001) facets [12], i.e., the widest
facets, as suggested in the XRD measurement.

Enlightened by our experimental results and the previous
reports [1c,9a,c,d,13], we explain the synthesis reaction for the
LuBO3 phase under hydrothermal condition simply as follows:

Lu3þ þHxBO3
ð3�xÞ� ! LuBO3 þ xHþ

ðx ¼ 0; 1; 2; 3Þ (2)

The excess amount of H3BO3 and high pH value would
accelerate the reaction toward the right to form LuBO3, which
can be proved by the fact that an increasing amount of H3BO3 or
pH value leads to more products being obtained under the same
reaction conditions. Since lutecium exists in the form of
amorphous precipitates, the dissolution of the precipitates should
occur firstly, to produce Lu3+. H3BO3 could exist in a different form
because it can be ionized further under hydrothermal condition,
even though it is a weak acid. The reaction above is controlled by
the dissolution of the amorphous precipitates and the precipita-
tion of LuBO3 (dissolution/precipitation), which is a common
mechanism in hydrothermal synthesis.

Although the exact mechanism for the formation of these
flowers is still unclear, it is believed that the growth of the
flowerlike morphology is not assisted by a catalyst or directed by a
template. In the present experiment, the dissolution of the
amorphous precipitates should occur firstly, which precipitated
to become the nuclei and quickly grew into nanoflakes due to the
natural growing habit of forming a flakelike morphology (2D
structure) along the a- and b-axis with a highly anisotropic
structure during the growth process of rare earth orthoborates
[9a,b,d,13]. In the following secondary growth stage, other tiny
nanoflakes extend at an angle to the plane of the first flake from
the center to form primary microflowers at the expense of the
amorphous precipitates and/or small crystals. The primary micro-
flowers continued to grow in a homocentric layer-by-layer growth
style [14] and hierarchical flowerlike structures are formed to
reduce the surface energy. A possible schematic illustration of the
formation mechanism of this flowerlike structure is shown in
Scheme 1. In this formation process, the reaction time was the
most important controlling factor. Such a process is consistent
with previous reports of a so-called two-stage growth process,
which involves a fast nucleation of amorphous primary particles
followed by a slow aggregation and crystallization of primary
particles [15]. The bigger particles grew at the cost of the smaller
ones, because there is different solubility between relatively
Scheme 1. The morphological evolution process of the LuBO3:Tb3+ flowerlike

structure.
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larger and smaller particles according to the Gibbs–Thomson law
[16]. The surface of the petals in the flowerlike structure is very
smooth, probably due to Ostwald ripening [15a]. The boundaries
of these flowers are composed of the thin edges of many flakes.
The area of point contacts between adjacent flowers is therefore
small. This minimizes the interaction between these flowers, so
that they do not agglomerate. This is an advantage when
suspensions are used for fabricating devices where coating
uniformity is important. The mechanism for the formation of
the final structure morphology by interaction between primary
particles remains a mystery to materials chemists [15b], although
many kinds of flowerlike 3D structures have been reported
[11,14,15c,17]. Several factors, including crystal-face attraction,
electrostatic and dipolar fields associated with the aggregate, van
der Waals forces, hydrophobic interactions and hydrogen bonds,
may have various effects on the self-assembly [15c,18].

3.3. Photoluminescence properties

The LuBO3:Tb3+ sample emits bright-green light under
UV excitation. Fig. 5 shows the excitation (a) and emission
(b) spectra of the LuBO3:15%Tb3+sample. The excitation spectrum
Fig. 5. Excitation (a) and emission (b) spectra of the LuBO3:15%Tb3+, respectively.

Inset in part a is f–f transition lines of Tb3+ in the LuBO3:15%Tb3+ sample. Inset in

part b is the photograph of the photoluminescence color for the LuBO3:15%Tb3+

sample under a 254-nm ultraviolet lamp excitation in dark room.
of LuBO3:15%Tb3+ (Fig. 5a) monitored with 542 nm emission of
Tb3+ (5D4-

7F5) consists of two bands with maximum at 248 and
288 nm in the range of 200–300 nm in the UV excitation spectrum
due to the f–d transitions of Tb3+ in the LuBO3 lattice. The ground
states (4f8) of the Tb3+ are 7FJ configurations; when one electron is
promoted to the 5d shell, it gives rise to two 4f75d1 excitation
states: the high-spin state with 9DJ configurations or the low-spin
state with 7DJ configurations. Obviously, 9DJ states will be lower in
energy according to Hund’s rule, and the transitions between 7FJ

and 7DJ are spin-allowed, while the transitions between 7FJ and 9DJ

are spin-forbidden. Therefore, Tb3+ in a specific host exhibits two
groups of f–d transitions: the spin-allowed 4f8-4f75d1 (7F6-

7D)
transition with higher energy (248 nm, DS ¼ 0) and the spin-
forbidden 4f8-4f75d1 (7F6-

9D) transition with lower energy
(288 nm, DS ¼ 1) of the Tb3+ ion, respectively [19]. In the longer
wavelength region, the f–f transition lines of Tb3+ can be observed
with a weak intensity with respect to the f–d transitions of Tb3+

(inset in Fig. 5a), which are assigned as the transitions from the
7F6 ground state to the different excited states of Tb3+, i.e., 306 nm
(5H6), 321 nm (5D0), 356 nm (5D2), 363 nm (5L10), 376 nm (5G6),
381 nm (5D3) and 489 nm (5D4), respectively [20]. Note that the
DS ¼ 1 component is 5600 cm�1 below the DS ¼ 0 component for
the Tb3+ 4f 8-4f 75d1 transitions, basically agreeing with the
literature values (5800–6000 cm�1) in the oxide host lattices
[19d,e]. Upon excitation into the 4f 8-4f 75d1 transition at 248 nm
(or 288 nm), the obtained emission spectrum (Fig. 5b) of
LuBO3:15%Tb3+ consists of f-f transition lines within 4f 8 electron
configuration of Tb3+, i.e., 5D4-

7F6 (488 nm) in the blue region
and 5D4-

7F5 (542 nm) in the green region, as well as 5D4-
7F4

(591 nm) and 5D4-
7F3 (625 nm) in the red region. The strongest

one is located at 542 nm, corresponding to the 5D4-
7F5 transition

of Tb3+. The luminescence provides us additional proof that the
as-formed products are not a mixture of LnBO3 (Ln ¼ Lu, Tb), but
that the Tb3+ ions have successfully entered the host crystal lattice
as an activator under the hydrothermal process.

The decay curve (Fig. 6) for the luminescence of Tb3+

(monitored by 5D4-
7F5, 542 nm) can be well fitted into single

exponential function,

IðtÞ ¼ I0 exp ð�t=tÞ (3)

where I0 is the initial emission intensity at t ¼ 0, and t is the 1/e
lifetime of the emission center. And the lifetime t for the 5D4 state
of Tb3+ is determined to be 4.31 ms in the LuBO3:15%Tb3+ sample
obtained by the hydrothermal process (Fig. 6a), in the range of
milliseconds due to the forbidden nature of the f–f transition
[21a,b]. This value is a little longer than the lifetime obtained for
the LuBO3:15%Tb3+ sample (3.50 ms) prepared by solid-state
reaction (Fig. 6b). The different luminescence lifetimes might be
due to the different kinds and amounts of defects/impurities
incorporated into the samples prepared by different methods
[8e,21c,d]. The CIE chromaticity coordinates of the as-prepared
LuBO3:15%Tb3+ sample are x ¼ 0.2619 and y ¼ 0.6123, which is
near to the NTSC Green [21e].

By varying the contents of Tb3+ ion in LuBO3, we determined
the optimum compositions with the highest emission intensity. In
the emission spectra, the line positions and line width did not
change as the Tb3+ concentration changed, indicating the nature
of the Tb3+ activation did not change with concentration. On the
other hand, the PL intensities changed with Tb3+ concentration.
Fig. 7a shows the dependence of the PL emission intensity of Tb3+

(integrated intensity of 5D4-
7F6, 5, 4, 3) on its doping concentra-

tion in LuBO3 flowers. It was found that the PL emission intensity
increased firstly and then decreased. The results showed that the
optimum dopant concentration for Tb3+ is 15% of Lu3+ in the
LuBO3 host (Fig. 7a) and here the PL luminescence intensity
reaches 88% of that of the sample obtained from SR (Fig. 7b).



ARTICLE IN PRESS

Fig. 7. The photoluminescence emission intensity (integrated intensity of
5D4-

7F6, 5, 4, 3) of Tb3+ ions as a function of its doping concentration in the

LuBO3 host (a). The emission intensity of the LuBO3:15%Tb3+ sample obtained from

SR is also presented in the figure for comparison. The emission spectra of

LuBO3:15%Tb3+ synthesized by SR (b).

Fig. 6. The decay curves for the luminescence of Tb3+ in LuBO3:15%Tb3+ prepared

by the hydrothermal process (a) and solid-state reaction (b).
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(The emission spectrum of LuBO3:15%Tb3+ synthesized by SR is
basically similar to that of LuBO3:Tb3+ obtained through the
hydrothermal process due to the excitation and emission of Ln3+

arising from f–f transitions, which are strongly shielded by the
outside 5s and 5p electrons.) The decrease of PL emission intensity
for concentrations greater than the optimum dopant concentra-
tion (15%) might be caused by the concentration quenching effect,
which was caused by the cross-relaxation between neighboring
Tb3+ ions. Considering that luminescence quenching is caused by
the energy transfer within the same rare earth ions, the critical
distance (RC) can be estimated in terms of the equation

RC ¼ 2ð3V=4pNXCÞ
1=3 (4)

where V is the volume of the unit cell, XC is the critical
concentration and N is the number of available crystallographic
sites occupied by the activator ions in the unit cell [22]. The values
of V and N for the crystalline LuBO3 (hexagonal system, Z ¼ 2,
V ¼ a2c sin 1201, N ¼ Z) are 0.1049 nm3 and 2, respectively (JCPDS
card 74-1938). Considering the above optimum concentration as
the critical concentration XC, the RC for Tb3+ is 0.874 nm in the
crystalline LuBO3 host.

In addition, the typical non-linear variation of the PL intensity
provides further evidence that our sample consists of doped
particles and not of a mixture of TbBO3 and LuBO3 particles. In the
latter case the PL intensity is expected to increase steadily with
increasing the rare earth ion (Tb3+) concentration [23].
3.4. Cathodoluminescence properties

Under low-voltage electron beams excitation, the as-prepared
vaterite-type LuBO3:Tb3+ particles exhibit a strong green emis-
sion. The typical cathodoluminescence emission spectrum of
LuBO3:15%Tb3+ phosphors under the excitation of electron beams
(accelerating voltage ¼ 4 kV; filament current ¼ 102 mA) are
shown in Fig. 8a, which are similar to the corresponding PL
emission spectrum shown in Fig. 5b. The CL emission intensities
for LuBO3:15%Tb3+ phosphors has been investigated as a function
of the accelerating voltage and the filament current, as shown in
Fig. 8b and c, respectively. When the filament current is fixed at
102 mA, the CL intensity increased with increasing the accelerat-
ing voltage from 3 to 5 kV (Fig. 8b). Similarly, under a 4 kV electron
beams excitation, the CL intensity also increases with increasing
the filament current from 93 to 105 mA (Fig. 8c).



ARTICLE IN PRESS

Fig. 8. Typical cathodoluminescence spectrum of the LuBO3:15%Tb3+ sample (a)

(accelerating voltage ¼ 4 kV; filament current ¼ 102 mA), and the CL intensity of

the LuBO3:15%Tb3+ sample as a function of accelerating voltage (b) and filament

current (c), respectively. Inset in part a is the photograph of the cathodolumines-

cence color for the LuBO3:15%Tb3+ sample under accelerating voltage ¼ 4 kV and

filament current ¼ 102 mA in dark room.
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For cathodoluminescence, the Tb3+ ions are excited by the
plasma produced by the incident electrons. The electron penetra-
tion depth can be estimated by

L½Å� ¼ 250ðA=rÞðE=Z1=2
Þ
n (5)

where n ¼ 1.2/(1�0.29 log10 Z), A is the atomic or molecular
weight of the material, r is the bulk density, Z is the atomic
number or the number of electrons per molecule in the case
compounds, and E is the accelerating voltage (kV) [24]. For
hexagonal vaterite-type LuBO3:Tb3+, the calculated electron
penetration depth at 3 kV is 26.2 nm. This value is within the
LuBO3:Tb3+ flake thickness (Fig. 3c). With the increase in
accelerating voltage, more plasma will be produced by the
incident electrons, resulting in more Tb3+ being excited and
higher CL intensity. The increase in electron energy is attributed to
the deeper penetration of electrons into the phosphor body, which
is governed by Eq. (5). The deeper penetration of electrons in the
phosphor body results in an increase in electron–solid interaction
volume in which the excitation of Tb3+ ions is responsible for light
emission. Therefore, an increase in interaction volume (which
effectively determines the generation of light inside the phosphor)
with an increase in electron energy brings about an increase in the
CL brightness of LuBO3:Tb3+ particles [25]. Due to the strong low-
voltage CL intensity of LuBO3:Tb3+ phosphors, they may find
possible applications in field emission display devices.
4. Conclusions

In summary, we have demonstrated a simple and mild
hydrothermal method for synthesis of the fine, dispersed and
homogeneous LuBO3:Tb3+ microflower phosphors directly with-
out further sintering treatment and reductive ambience for
protection. This simple synthetic method, which does not use
any surfactant or template, may be extended to the synthesis of
other materials with novel 3D morphologies. The morphology,
microstructure, crystal structure, chemical composition, and
optical properties were characterized by XRD, FT-IR, TGA, SEM,
EDX, TEM, HRTEM, SAED, PL, CL, and kinetic decays. The reaction
mechanism has been considered as a dissolution/precipitation
mechanism; the self-assembly evolution process has been
proposed on a homocentric layer-by-layer growth style. Due to
the strong green emission corresponding to 5D4-

7F5 (542 nm) of
Tb3+ under ultraviolet excitation and low-voltage electron beams
excitation and excellent dispersing properties, the as-formed
LuBO3:Tb3+ microflower phosphors are potentially applied in
fluorescent lamps and field emission displays.
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[5] (a) O. Guillot-Noël, B. Bellamy, B. Viana, D. Vivien, Phys. Rev. B 60 (1999)

1668;
(b) B. Moine, C. Dujardin, H. Lautesse, C. Pedrini, C.M. Combes, A. Belski, P.

Martin, J.Y. Gesland, Mater. Sci. Forum 239–241 (1997) 245;
(c) J.A. Capobianco, F. Vetrone, J.C. Boyer, A. Speghini, M. Bettinelli, Opt.

Mater. 19 (2002) 259.
[6] (a) L. Zhang, C. Pedrini, C. Madej, C. Dujardin, J.C. Gâcon, B. Moine, I.
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