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Abstract: Rhombohedral-calcite and
hexagonal-vaterite types of
LuBO;:Eu’" microparticles with vari-
ous complex self-assembled 3D archi-
tectures have been prepared selectively
by an efficient surfactant- and tem-
plate-free hydrothermal process for the
first time. X-ray diffraction, scanning
electron microscopy, energy-dispersive
X-ray spectrometry, transmission elec-
tron microscopy, high-resolution trans-
mission electron microscopy, selected
area electron diffraction, photolumi-
nescence, and cathodoluminescence

used to characterize the samples. The
pH, temperature, concentration, sol-
vent, and reaction time have a crucial
influence on the phase formation,
shape evolution, and microstructure.
The reaction mechanism is considered
as a dissolution/precipitation process; it
is proposed that the self-assembly evo-
lution occurs by homocentric layer-by-
layer growth. Under UV excitation and
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low-voltage electron beam excitation,
calcite-type ~ LuBO;:Eu’*  particles
show a strong orange emission corre-
sponding to the *D,—’F; transition of
Eu’t whereas vaterite-type
LuBO;:Eu’* particles exhibit a strong
red emission with much higher R/O
values (that is, chromatically redder
fluorescence than that of crystals
grown from a direct solid-state reac-
tion). The tunable luminescent proper-
ties have potential applications in fluo-
rescent lamps and field emission dis-

plays.

spectra as well as kinetic decays were

Introduction

Generally, the chemical and physical properties of inorganic
micro-/nanostructures are related fundamentally to their
chemical composition, size, phase, surface chemistry, shape,
and dimensionality."! Therefore rational control over these
factors has become an important research issue in recent
years,””! allowing us not only to observe unique properties of
the materials, but also to tune their chemical and physical
properties as desired. Nanomaterials have many interesting
properties that differ from those of the bulk materials.”
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However, most nanomaterials often have a natural tendency
toward aggregation, which is always assumed to be the main
hindrance to their practical application. Rare earth orthobo-
rates that are apt to form highly agglomerated particles are
a representative example.”! Therefore, it is challenging and
important to synthesize materials with a specific hierarchical
and complex 3D structure, composed of nanocrystals (nano-
particles, nanorods, nanoribbons, nanosheets, and so forth)
arranged in a particular way. It is very useful for practical
applications that such materials not only possess some im-
proved properties originating from their building blocks,
namely nanocrystals, but also at the same time solve the
problem of nanomaterial agglomeration. The simplest syn-
thetic route to 3D nanostructures is probably self-assembly,
in which ordered aggregates are formed in a spontaneous
process.”) The self-assembly of anisotropic nanostructures,
such as nanoplates, nanosheets, nanorods, and nanotubes, re-
quires more effort than the isotropic self-assembly of spheri-
cal or near-spherical nanoparticles. In the controlled self-as-
sembly of 1D or 2D nanobuilding blocks into novel 3D
nanoarchitectures, copolymers and surfactants always play
important roles!® owing to their directing functions during
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the aggregation process as well as their stabilizing effects in
equilibrium systems. However, the process is complicated,
and the resulting structures are not stable enough for practi-
cal applications. From a technical viewpoint, a simple, clean,
and controllable approach to durable self-assembled 3D ar-
chitectures, is desired, not only because of the importance of
understanding the concept of self-assembly with artificial
building blocks, but also the great potential for applications.
However, knowledge about surfactant- and template-free
self-assembly of nanomaterials into complex 3D hierarchical
nanostructures is still very limited.[”

Orthoborate-based phosphors have attracted much atten-
tion owing to their high stability, low synthetic temperature,
and high UV and optical damage threshold.®™! Rare earth or-
thoborates LnBO; (Ln=lanthanides, yttrium) have proven
very useful host lattices for the luminescence of Eu’t and
Tb’*, which have found wide application in Hg-free fluores-
cent lamps and various kinds of display devices.” A prob-
lem in the application of these materials is their relatively
poor color purity. Eu’*-doped LnBO,, for example, has an
emission spectrum composed of the stronger *D,—'F; and
weaker °D,—F, transitions, which give rise to an orange-
red color instead of deep red and thus hamper its applica-
tion. The latter transitions are hypersensitive to the symme-
try of the local crystal fields surrounding the Eu’* ions, and
relatively strong when the symmetry of the crystal field is
relatively low. Preparation of nanosheets with a large sur-
face area (more Eu’* with low crystal field symmetry near
the surface) is an effective method of lowering the symme-
try of the Eu** local environment in the YBO; host and of
improving the R/O value.**'") Therefore, improvement of
the performance, as well as any sensible interpretation of
the luminescent properties, requires these compounds to
have a well-defined crystal structure.’®

Lutetium orthoborates (LuBO;), owing to their high den-
sity and high damage thresholds, have been considered as
promising host matrices for substitution of lanthanide ions
to produce phosphors, lasers, or scintillators.!"!! They crystal-
lize in two polymorphs, that is, a rhombohedral-calcite
phase and a hexagonal-vaterite phase with different crystal
field symmetry,'¥ which can result in different luminescent
properties of the doped Eu’* ions. As a result, the selective
synthesis of calcite and vaterite types of LuBOj; not only has
great theoretical significance in the study of the polymorph
conversion/phase transition processes and the phase-depen-
dent properties, but is also very important for their potential
applications. LuBO,:Eu** phosphors derived from the con-
ventional solid-state reaction and sol-gel process have bad
irregular shapes and agglomerated particles with lower R/O
values!™ due to the high annealing temperature and repeat-
ed grinding process, which limits their dispersing stability
and subsequent coating ability on the display panels with
chromatically  redder  fluorescence." Accordingly,
LuBO;:Eu’** phosphors with homogeneous, monodispersed,
and well-defined morphology are highly desired. It is well
known that the hydrothermal method is a promising syn-
thetic route, which can be better controlled through judi-
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cious choice of molecular precursor and reaction parame-
ters, such as time and temperature, to give highly pure and
homogeneous materials. The technique allows a low reaction
temperature and controllable size, phase, and morphology
of the products.™ All reports on the hydrothermal/solvo-
thermal synthesis and properties of rare earth orthoborate
materials have been focused on YBO; GdBO; and
NdBO;.**1%1] To the best of our knowledge, no studies of
the hydrothermal/solvothermal synthesis of LuBO; have
been reported.

Herein, we report an efficient surfactant- and template-
free hydrothermal approach to synthesize rhombohedral
and hexagonal LuBO,:Eu’* selectively with novel self-as-
sembled 3D architectures. These microparticles composed of
nanosized units were expected to maintain the desirable
properties of LuBO;:Eu’* nanocrystals (flakes) while being
quite stable on the micrometer scale. The influences of pH,
temperature, concentration, solvent, and reaction time on
the phase formation and shapes have been investigated in
more detail than in the previous work on LnBO;.*+1%13] The
luminescent properties of the different phases and shapes of
LuBO;:Eu’t have also been compared with the products
obtained directly from conventional solid-state reaction. Im-
proved chromaticity (chromatically redder fluorescence) can
be obtained in these flower-like nanoflake assemblies. This
improvement was especially important for a red phosphor
such as vaterite-type LuBO;:Eu’**, whose application had
always been restricted by its relatively poor chromaticity.

Results and Discussion

Phase-selective synthesis: The pH has a significant influence
on the particular phase formation of crystallized lutetium or-
thoborates. X-ray diffraction (XRD) patterns for samples
obtained at different pH values have shown that lutetium
orthoborates crystallize into two different phases (Figure 1).
At pH 4 (sample 1), all diffraction peaks can be readily in-
dexed to the pure rhombohedral-calcite phase of LuBO;
with the cell parameters a=4.9153 A, ¢=16.212 A (JCPDS:
72-1053) (Figure 1a). When the pH is increased to 7-8 (sam-
ples 3 and 4), all the diffraction peaks can also be indexed
as a pure hexagonal-vaterite phase of LuBO; with cell pa-
rameters a=3.727 A, ¢=8.722 A (JCPDS: 74-1938) (Figur-
e 1b,c). No additional peaks of other phases have been
found, indicating that Eu’* has been effectively built into
the LuBO; host lattice. The relative intensity ratios of the
diffraction peaks (104) at pH 4 and (002) at pH 8 are much
higher than the conventional value, indicating that the sam-
ples tend to be oriented preferentially. Moreover, high crys-
tallinity can be obtained at a relatively low temperature.
This is important for phosphors, since high crystallinity
always means fewer traps and stronger luminescence. If the
solution pH is adjusted to 5.5 (sample 2), the hydrothermal-
ly obtained product is a mixture of the rhombohedral-calcite
and hexagonal-vaterite phases of LuBO;:Eu’* (see Fig-
ure S1 in the Supporting Information). The difference in our
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Figure 1. XRD patterns of the samples obtained at different pH values:
a) sample 1, pH 4; b) sample 3, pH 7; c) sample 4, pH 8. The standard
data for calcite-type LuBO; and vaterite-type LuBO; (JCPDS card 72-
1053 and 74-1938, respectively) are also presented for comparison.

present work from that reported previously is that the slight-
ly smaller Lu** ion replaces Y>*/Gd**/Nd** in the isostruc-
tural host lattice.**1*! This allows the preparation of both
the calcite and vaterite phases by a low-temperature hydro-
thermal method. Here, LuBO; crystallizes in two poly-
morphs with differing symmetry of the crystal field, which
can result in different luminescent properties of the doped
Eu’* ions. This case is quite different from that of Y/Gd/
NdBO:..

Calcite-type LuBO; exhibits a rhombohedral structure
with space group R3c (D%,). The lutetium ion occupies a
single S, symmetry site with a six-fold coordination to
oxygen atoms.'®! Vaterite-type LuBO; crystallizes in the P6y/
mmec (C%) space group. The coordinative polyhedron con-
sists of eight oxygen atoms in the form of a capped trigonal
antiprism with two axial ligands. Two types of environment
for the rare earth cation are reported with lower symmetry
than S, because of the delocalization of oxygen atoms lead-
ing to a deviation from the ideal Sq local symmetry.'! The
crystal structures of these two different phases are shown in
Figure 2.

Morphology: The pH also has a significant effect on the
morphology and microstructures of LuBO,:Eu’*. The scan-
ning electron microscopy (SEM) image of the sample ob-
tained at pH4 (sample 1; Figure 3a,b) exhibits wheel-like
shapes with rough surfaces. As seen in Figure 3b, the prod-
ucts are complete wheels with a narrow size distribution, a
diameter of around 5.7-6.4 um and a height of about 2 pm.
Detailed surface observation (Figure 3b, inset) implied that
each microwheel was constructed from smaller nanoparti-
cles. Hydrothermal treatment of an initial solution with
pH 7 (sample 3), resulted in the formation of vaterite-type
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Figure 2. Simulated crystal structures of calcite-type LuBOj; (left) and va-
terite-type LuBOj (right).
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Figure 3. SEM images of the samples obtained at different pH values:
a,b) sample 1, pH 4; c,d) sample 3, pH 7; e,f) sample 4, pH 8.

LuBO;:Eu’** flower-like microstructures, diameter about
15 um (Figure 3c,d), each constructed from densely curved
nanoflakes around 40 nm thick (Figure 3d, inset). When the
pH of the initial solution was adjusted to 8 with aqueous
ammonia solution (sample 4), another vaterite type of
LuBO;:Eu*t microflowers was obtained (Figure 3e) which
were nearly monodisperse, with average diameter around
30-43 um. Figure 3f reveals that a single flower-like micro-
structure is composed of many petal-like nanoflakes with a
uniform thickness of about 45 nm and smooth surfaces. The
microarchitectures are loose 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
are attached to each other. Therefore, such an architecture
is a result of self-assembly.® Energy-dispersive X-ray
(EDX) spectroscopy To characterize the composition of the
as-prepared product further, the EDX spectrum (see Fig-
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ure S2 in the Supporting Information) of sample 4 shows the
presence of Lu, O, B, and Eu, in agreement with LuBO; and
Eu’* being effectively built into the LuBO, host lattice. If
the solution pH is adjusted to 5.5 (sample 2), the hydrother-
mally obtained product is a mixture of wheel-like shapes
and flowers (see Figure S3 in the Supporting Information).
The fine structure of the flowers described above were
studied by transmission electron microscopy (TEM). A
broken flake of the flower (sample 4; Figure 4a), obtained

Figure 4. a) Representative TEM image of the LuBO;:Eu’" nanoflake
shed from the microflower (sample 4) after ultrasonic treatment for
30 min; b) the corresponding electron diffraction pattern; c¢) HRTEM
image of the broken nanoflake shown in a).

by ultrasonic treatment for about 30 min, has a sector-like
morphology, which comes from the petal-like nanoflake
(Figure 3f), and measures about 10 pum along the radial axis.
The corresponding selected area electron diffraction
(SAED) pattern of the broken nanoflake taken along the
[001] zone axis (Figure 4b) reveals that the nanoflake ED
pattern is characteristic of a hexagonal LuBO;:Eu*", in ac-
cordance with the XRD result. Moreover, SAED patterns
taken both from different areas on a single fragment and
from different fragments were identical within experimental
accuracy, indicating that the LuBO;:Eu’* nanoflakes are
single-crystalline and that different nanoflakes have identi-
cal crystallization habits. The patterns also reveal that the
nanoflakes are stable enough to withstand the irradiation of
convergent high-energy electron beams. Figure 4c is a high-
resolution TEM image of the same LuBO;:Eu’* nanoflakes
as in Figure 4a, taken with the 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 LuBO; crystal, in which the d spacing of
0.32nm corresponds to the distance between the (100)
planes. Further analysis indicates that the LuBO;:Eu’*
nanoflake grows along the [100] or [010] crystallographic di-
rection and is enclosed by +(001) facets'” that is, the
widest facets, as suggested by the XRD measurement.
Generally, the growth process of crystals can be classified
in two steps: an initial nucleating stage and a crystal growth
stage.® At the initial nucleation stage, the formation of the
seeds is crucial for further growth of the crystals. The subse-
quent crystal growth stage is a kinetically and thermody-
namically controlled process that can form different shapes
with some degree of shape tenability through changes in the
reaction parameters such as temperature, reaction time, con-
centration, solvent, and pH.I** In the present system, the
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pH of the solution is undoubtedly vital in the formation of
these 3D architectures, as shown in Figure 3.

Temperature has been found to play an important role in
the crystallization and shape control of LuBO;:Eu’*. At
pH 8 and reaction temperature 120°C, no product could be
obtained. Flower-like aggregates composed of porous nano-
petals (sample 5) were obtained at 160°C which were similar
to those obtained at 200°C (Figures 5a,b and 3e.,(f), but

i1 0 I Yt 10 i

Figure 5. SEM images of the samples obtained at different hydrothermal
temperatures: a,b) sample 5, T=160°C; c,d,,d,) sample 6, T=240°C.

smaller. When the hydrothermal temperature was increased
to 240°C (sample 6), imperfect flowers assembled from
nanoflakes were observed with dimensions below 18 pm,
along with many single nanoflakes (Figure 5c,d;,d,,). It is
very interesting that these nanoflakes are in the shape of
normal sectors (Figure 5d,). With the solution at a constant
initial pH (pH 8), a decreasing concentration of H;BO;
(50% excess, sample 7) results in a huge variety of product
shapes (Figure 6). All the products are in the form of micro-
spheres, diameter about 10 um, each constructed from
densely packed nanoflakes about 25 nm thick (Figure 6b,
inset). Different solvents were tested to check their effects
on the syntheses.'?” The results indicated that the use of
diethylene glycol (DEG) results in the formation of only a
highly monodisperse distribution of doughnut-shaped parti-
cles with a mean size of 11 um at pH 8 (sample 8, Figure 7),
which comprise nanoflakes arranged at progressively in-
creasing angles to the radial axis from two sides. In addition,

Figure 6. SEM images of the samples obtained at a 50 % of excess H;BO;
(sample 7).
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Figure 7. SEM images of the samples obtained using a mixture of H,O
and DEG as solvent (sample 8).

these microdoughnuts are much smaller than microflowers
under the same conditions except for the use of DEG.

We investigated the influence of postcalcination tempera-
ture on the morphology and crystallinity of the products ob-
tained. The SEM images of sample 4 after calcination at
1000°C for 4 h (Figure 8) show that through calcination the

Figure 8. SEM images of sample 4 after postcalcination at 1000°C for 4 h.

assembled particle size and external shape remain the same
as those of the uncalcined samples (Figure 3e,f). More im-
portantly, the characteristic morphology of the nanoflakes is
unchanged (Figure 8b) owing to the higher activation ener-
gies needed for the collapse of these structures (good ther-
mal stability),** although the relatively high surface
energy may cause partial melting of the edges of the nano-
flakes, and the surface tension results in the net-like struc-
ture on the edges, which differs from that previously report-
ed for lanthanide orthoborates*! and much better than the
badly irregularly shaped and agglomerated sample obtained
by a direct solid-state reaction (see Figure S4 in the Sup-
porting Information). In addition, the crystallinity, as expect-
ed, can be greatly improved through postcalcination. "

Mechanism for the LuBO;:Eu*t 3D structures: Enlightened
by our experimental results and the previous report-
5415021 we explain the synthesis reaction for the LuBO;
phase under hydrothermal conditions simply by Equa-
tion (1).

Lv** + HBO;®™~ — LuBO; +xH* (x =0, 1, 2, 3) 1)

An excess of H;BO; and a high pH would accelerate the
reaction toward the right to form LuBO,, which can be
proved by the fact that increasing the amount of H;BO; or
the pH leads to more products being obtained under the
same reaction conditions. Since lutetium exists in the form
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of amorphous precipitates (see Figure S5 in the Supporting
Information), the dissolution of the precipitates should
occur firstly, to produce Lu**. H;BO, could exist in a differ-
ent form because it can be ionized further under hydrother-
mal conditions, even though it is a weak acid. Reaction (1)
above is controlled by the dissolution of the amorphous pre-
cipitates and the precipitation of LuBOj; (dissolution/precip-
itation), which is a common mechanism in hydrothermal
synthesis. At different pH values, two different phases of
LuBO; were obtained (Figure 1). Although the exact mech-
anism of formation for this is unknown at present, the same
phenomena can be found in many other reports.!'®%

To wunderstand the process of formation of the
LuBO;:Eu’*, we carried out time-dependent shape evolu-
tion experiments at pH 7 during which samples were collect-
ed after different periods of hydrothermal treatment. At an
early stage (4 h) circular nanoflakes, diameter about 2.5 um,
and some tiny nanoflakes are first formed from the solution
(Figure 9a). The sample collected 6h later (Figure 9b)

o 10 pm

Figure 9. SEM images of the products at 200°C obtained at different
times at pH 7: a)4 h; b) 6 h; c) 9 h; d) 24 h.

showed approximately 3.6 um of primary microflowers con-
sisting of multilayer nanoflakes. As the reaction proceeded
(Figure 9c¢), the 3D nanostructure grew gradually (9 pm) and
normal flower-like morphology developed. It is evident that
flower-like crystals form in the flake aggregates (Figure 9c).
Eventually, after further growth, the sample was composed
entirely of fully 3D flower-like nanostructures (16 um; Fig-
ure 9d). The whole evolution process is illustrated in
Figure 10. In this formation process, the reaction time was
the most important controlling factor. Such a process is con-
sistent with previous reports of a so-called two-stage growth
process, which involves a fast nucleation of amorphous pri-
mary particles followed by a slow aggregation and crystalli-
zation of primary particles.””! The bigger particles grew at
the cost of the smaller ones, because the solubility of the
larger and smaller particles differs according to the Gibbs—
Thomson law.?"! In the present experiment, the dissolution
of the amorphous precipitates should occur first; these are
then precipitated to become the nuclei and to grow rapidly

Chem. Eur. J. 2008, 14, 43364345
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amorphous precipitates, HyBO,, NH,-H,0, H,0 under hydrothermal treatment

dissolution
and nucleation

—~
< \ anisotropic 2D growth .

¥

secondary growth
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further growth

Figure 10. Illustration of the morphological evolution of the LuBO;:Eu’*
3D structures.

into nanoflakes owing to the natural growth habit of rare
earth orthoborates, which form a flake-like morphology
during the growth process.[**!*** 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 microflowers continue to
grow in a homocentric layer-by-layer growth style, and hi-
erarchical flower-like structures are formed to reduce the
surface energy. The petal surfaces in the flower-like struc-
ture are very smooth, probably owing to Ostwald ripenin-
2. The boundaries of these flowers are composed of the
thin edges of many flakes. The point contact area between
adjacent flowers is therefore small. This minimizes the inter-
action between these flowers, so that they do not agglomer-
ate, an advantage when suspensions are used for fabricating
devices where coating uniformity is important. The mecha-
nism for the formation of the final structure morphology by
interaction between primary particles remains a mystery to
materials chemists,*® although many kinds of flower-like
3D structures have been reported.®®»¢>2 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.?*27]

Photoluminescence properties: Under short-wavelength UV
light excitation, calcite-type LuBO;:Eu’* (sample 1) and va-
terite-type LuBO;:Eu’* (sample 4) exhibit strong orange
and red emission, respectively. Their excitation spectra (see
Figure S6 in the Supporting Information) both consist of a
broad band from 1=200 to 300 nm owing to the charge-
transfer band (CTB) between O*" and Eu’*. In the longer-
wavelength region, the f—f transition lines of Eu’* can be
observed with very weak intensity compared with the Eu’*

O* CTB. Their photoluminescence (PL) emission spectra
from A=500 to 700 nm upon excitation into the CTB of
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Euw’* at 1=254 nm are shown in Figures 11a,b, respectively.
The emission spectrum of calcite-type LuBO;:Eu** contains
only two lines at A =589 and 594 nm (Figure 11a), which can
be attributed to the *D,—'F; magnetic dipole (m.d.) transi-
tion. The absence of the electric dipole (e.d.) transition (that
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Figure 11. Emission spectra of a) calcite-type LuBO;:Eu** of sample 1
and b) vaterite-type LuBO;:Eu’* of sample 4 under A=254 nm irradia-
tion. Decay curves for the *Dy—'F, emission of Eu’" in c) calcite-type
LuBO; and d) vaterite-type LuBO;. Circles represent experimental data;
the solid line fits results to I(r) =Iexp(—t/t), where ¢) 7=6.59(+0.1) ms;
d) t=2.53(£0.4) ms.
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is, the "Dy—"F,, , transitions) is in excellent agreement with
Ss symmetry of the Lu site with inversion symmetry.3>16
For vaterite-type LuBO;:Eu’*, the emission spectrum is
composed of °D,—'F, (/=0, 1, 2, 3) transition lines of Eu’*
owing to a deviation from the ideal S; local symmetry (Fig-
ure 11b).[1%*1% A]l emission peaks at 1 =579 ("D,—'F,), 592
(°Dy—"F,), 610, 627 (°Dy—'F,) and 650 nm (°D,—'F;) have
been assigned in Figure 11b. The relative intensity of each
peak in this emission spectrum is quite different from that
of the solid reaction-derived sample (SR) (Figure 12), which
will be discussed in more detail below.

R/I0O=1.13 # \ \ 1000°C
R/O=1.16 “ \ 700 °C
R/I0O=1.23 \ \ 400 °C

R/O =0.93 SR

Intensity / a.u.

T T
500 550 600
A/ nm

| |
650 700

Figure 12. Normalized emission spectra of SR and sample 4 with different
postcalcination temperatures under 1=254 nm UV excitation. R/O=in-
tegrated intensity of D, —’F,/integrated intensity of *Dy—F.

The decay curves for the luminescence of Eu’* in calcite-
type LuBO; (monitored by *Dy—’F;, =589 nm) and vater-
ite-type LuBO; (monitored by “Dy—"F;, =592 nm) can be
fitted well into a single exponential function as /= [exp(—#/
7) respectively (Figures 11c,d), in which I, is the initial emis-
sion intensity at r=0, and 7 is the 1/e lifetime of the emis-
sion center. The lifetimes for the D, lowest excited state of
Eu’* have been determined as 6.59 and 2.53 ms for calcite-
type LuBO;:Eu’* (sample 1) and vaterite-type LuBO5:Eu**
(sample 4) respectively, basically agreeing with the reported
values (3.10 ms) for other Eu’*-doped LuBO; samples.*

All the normalized emission spectra of SR and sample 4
with different postcalcination temperatures under A=
254 nm UV excitation (Figure 12) consist of sharp peaks
centered at the same wavelengths of Eu**: 1=579 (°Dy—
F,), 592 (°D,—"F)), 610, 627 (°D,—F,), and 650 nm (°*Dy—
'Fs). The A=592nm emission corresponds to the orange
color (O), while the A=610 and 627 nm emissions corre-
spond to the red color (R).*) Although the main peak posi-
tions in the emission spectra of all the samples are identical,
the intensity patterns differ to some extent. The magnetic
dipole transition D,—’F; is clearly the most prominent
group in the emission spectrum of SR and the electric
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dipole transition °D,—F, is the primary group in the emis-
sion spectrum of sample 4; the R/O value of sample 4 (1.30)
is much higher than that of SR (0.93), which means that an
improved chromaticity (increased by 40%; that is, a chro-
matically redder fluorescence)?” can be obtained in these
flower-like assemblies. This can be seen easily from the CIE
chromaticity diagram, which shows the emission colors (see
Figure S7 in the Supporting Information). This improvement
is especially important for a red phosphor-like vaterite-type
LuBO;:Eu**, whose application has always been restricted
by its relatively poor chromaticity. We attribute the im-
provement to the distinct microstructure of the assembly,
which maintains the characteristics of the nanoflake building
blocks. These nanoflakes possess especially large surface
areas and high surface energies, which would not only pro-
vide a driving force for the self-assembly, but also result in a
high degree of disorder near the surface and corresponding
lower symmetry of crystal field around Eu’* ions than in
the bulk materials.**1%5  Ag predicted by Judd-Ofelt
theory,P!l a lower symmetry of the crystal field will result in
a higher R/O value. Based on this assumption, the improved
chromaticity of the assembly is indeed correlated with the
microstructure and crystallinity, but not the assembled parti-
cle size. By changing its degree of crystallization by means
of controlled postcalcination, we may effectively adjust its
luminescent properties while maintaining the assembled par-
ticle size and microstructure. With an increase in the post-
calcination temperature, the emission spectrum of sample 4
experiences interesting changes (Figure 12). The PL emis-
sion intensity increases with the increase in postcalcination
temperatures due to improved crystallinity (see Figure S8 in
the Supporting Information). Figure 12 clearly shows the
temperature-dependent characteristics of the R/O value. For
the uncalcined sample, and those calcined at 400, 700, and
1000°C, R/O was 1.30, 1.23, 1.16, and 1.13, respectively, indi-
cating that a lower temperature (sample 4, uncalcined) was
favorable to achieving superior chromaticity. A higher post-
calcination temperature does not change the microstructure
of the assembly with the characteristics of the building-
block nanoflakes (Figure 8) which favors a higher R/O value
as in the aforementioned analysis, but will lead to better
crystallinity, which would cause a lower level of disorder,*”
further lowering R/O.**1%4 Tn addition, postcalcination has
changed the relative numbers of the two types of Eu’* local
sites in the vaterite phase, which have different degrees of
distortion and may induce different R/O values. From a
technical point of view, 1000°C may be the proper postcalci-
nation temperature (much higher than the 700°C for
YBO;:Eu’* in ref. [4a]), because then the R/O value is
more reasonable; higher than that of SR, with an improved
chromaticity (increased by 22 %), although lower than that
of sample 4 (uncalcined); moreover, the PL intensity reach-
es 73 % of that of SR (see Figure S8 in the Supporting Infor-
mation).

Cathodoluminescence properties: Under low-voltage elec-
tron beam excitation, the as-prepared calcite-type
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LuBO;:Eu** and vaterite-type LuBO;:Eu’* particles exhibit
strong orange and red emission respectively. The typical
cathodoluminescence emission spectra of calcite-type
LuBO;:Eu** (sample 1) and vaterite-type LuBO;:Eu’*
(sample 4 postcalcined at 1000°C) phosphors under electron
beam excitation (accelerating voltage =2 kV; filament cur-
rent=96 mA) (Figures 13a,b, respectively) are similar to the
corresponding PL emission spectra shown in Figures 11a,b.
The cathodoluminescence (CL) emission intensities for cal-
cite-type LuBO;:Eu’* and vaterite-type LuBO;:Eu’* phos-
phors have been investigated as a function of the accelerat-
ing voltage and the filament current (Figures 13¢,d, respec-
tively). When the filament current is fixed at 92 mA, the CL
intensity increases with rising accelerating voltage from 1 to
3 kV (Figure 13¢). Similarly, under a 2 kV electron beam ex-
citation, the CL intensity also increases with increasing fila-
ment current from 93 to 106 mA (Figure 13d). For cathodo-
luminescence, the Eu’* ions are excited by the plasma pro-
duced by the incident electrons. The electron penetration
depth can be estimated from Equation (2), where n=1.2/
(1-0.2910g,,Z), A is the atomic or molecular weight of the
material, p is the bulk density, Z is the atomic number or
the number of electrons per molecule in the case of com-
pounds, and E is the accelerating voltage (kV).?

L[A] = 250(A/p)(E/Z'/*)" (2)

For LuBO;:Eu’*, the calculated electron penetration
depths at 3 kV are about 27.5 nm for the calcite type and
26.2 nm for the vaterite type. With an increase in accelerat-
ing voltage, more plasma will be produced by the incident
electrons, resulting in more Eu’* being excited and higher
CL intensity. The increase in electron energy is attributed to
deeper penetration of electrons into the phosphor body,
governed by Equation (2). This deeper penetration results in
an increase in electron-solid interaction volume in which ex-
citation of Eu’* ions is responsible for the light emission.
Therefore, an increase in interaction volume (which effec-
tively determines the generation of light inside the phos-
phor) with an increase in electron energy brings about an in-
crease in the CL brightness of LuBO;:Eu’* particles.* Due
to their strong low-voltage CL intensity and improved chro-
maticity, calcite-type LuBO;:Eu’* and vaterite-type
LuBO;:Eu** phosphors may find possible applications in
field emission display devices.

Conclusion

We have demonstrated that a simple, mild hydrothermal
method for the selective synthesis of novel 3D superstruc-
tures of rhombohedral-calcite and hexagonal-vaterite types
of LuBO;:Euw’* microparticles. This simple synthetic
method, which does not use any surfactant or template, may
be extended to the synthesis of other materials with novel
morphologies. The morphology, microstructure, crystal
structure, chemical composition, and optical properties were
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Figure 13. Typical cathodoluminescence spectra of a) calcite-type
LuBO;:Eu’* of sample 1; b) vaterite-type LuBO5:Eu’* of sample 4 post-
calcined at 1000°C. The cathodoluminescence intensities of calcite-type
LuBO;:Eu’* and vaterite-type LuBO;:Eu’* as a function of c) acceler-
ating voltage; d) filament current.

characterized by XRD, SEM, EDX, TEM, high-resolution
transmission electron microscopy (HRTEM), SAED, PL,
CL, and kinetic decays. The significance of our work does
not lie in the beautiful morphology of the microcrystals
alone. We examined the phase formation, shape evolution,
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and microstructures of Table 1. Experimental conditions for synthesis by hydrothermal treatment for 24 h and the corresponding
LuBO;:Eu’* in more detail Phaseand morphologies.

than in the previous studies of Sample Wt. of LuCly/ Wt. of Vol. of Vol. of pH T  Phase Morphology
LnBO; and we found them to EuCl, mixture [¢] H;BO,  H;0 DEG" [°cl

be strongly dependent on the - s ([)%473 ‘[:(I:L] [mL] T 0 et —

3 (] . .. - calcite form whee
reaction conditions such as the 0.7323 02473 40 - 55 200 calcite form +  wheel +
pH, temperature, concentra- vaterite form flower
tion, solvent, and reaction time. 3 0.7323 02473 40 - 7 200 vaterite form  flower
The reaction mechanism has 4 0.7323 0.2473 40 - 8 200 vaterite form flower
been considered as a dissolu- 5 0.7323 0.2473 40 - 8 160 vaterite form flower

. e . . 6 0.7323 0.2473 40 - 8 240 vaterite form imperfect
tion/precipitation process; it flower +
has been proposed that the self- sheet
assembly evolves in a homocen- 7 0.7323 0.1856 40 - 8 200 vaterite form sphere
tric layer-by-layer growth style. 8 0.7323 0.2473 20 20 8 200 vaterite form doughnut

Under ultraviolet excitation
and low-voltage electron beam
excitation, calcite-type
LuBO;:Eu’* particles show a strong orange emission corre-
sponding to the *D,—F, transition of Eu’*, whereas vater-
ite-type LuBO;:Eu** particles exhibit a strong red emission
with a much higher R/O value (that is, chromatically redder
fluorescence than that of crystals grown from a direct solid-
state reaction) which has potential applications in fluores-
cent lamps and field emission displays. These 3D architec-
tures of rhombohedral-calcite and hexagonal-vaterite types
of LuBO;:Eu** microparticles with unique shapes and struc-
tural characteristics may also find applications as catalysts
and in other fields.

[a] DEG: diethylene glycol.

Experimental Section

Materials: The initial chemicals in this work, Lu,0; and Eu,0; (both
with purity of 99.99 %; Shanghai Yuelong Non-Ferrous Metals Ltd., PR.
China), HCI, H;BO;, NH;-H,O, diethylene glycol (DEG) and ethanol (all
with AR purity; Beijing Fine Chemical Company, P.R. China), were used
without further purification.

Preparation of samples: Firstly, Lu,0O; (14.9640 g) and Eu,0; (0.8440 g)
(molar ratio Lu/Eu=94:6) were dissolved in dilute HCI solution (30 mL,
1:1 v/v), forming a colorless solution of LuCl; and EuCl;. After evapora-
tion followed by drying at 100°C for 60 h in the ambient atmosphere, a
mixed powder of LuCl; and EuCl; (29.2920 g) was obtained. In a typical
synthesis, a mixture of LuCl; and EuCl; (0.7323 g) with H;BO; (0.2473 g,
100% excess) was dissolved in distilled water (40 mL) to form a clear
aqueous solution. The solution was stirred for another 30 min. Then
NH;-H,0 (25% wt.%, AR) was introduced dropwise to the vigorously
stirred solution to pH 4. After additional agitation for 40 min, the as-ob-
tained white colloidal precipitate was transferred to a 50 mL autoclave,
sealed, and heated at 200°C for 24 h, then cooled naturally to room tem-
perature and denoted sample 1. The products were collected by filtration,
washed with ethanol and distilled water several times, and dried in the at-
mosphere at 100°C for 6 h. The detailed experimental parameters for the
synthesis of some typical samples are listed in Table 1. For comparison,
the bulk LuBO;:Eu’* was obtained by a direct solid-state reaction using
stoichiometric amounts of Lu,Os, Eu,0; (molar ratio Lu/Eu=94:6) and
H;BO; (50% excess) at 1400°C for 6 h in air. This sample was denoted
as SR.

Characterization: The phase purity and crystallinity of the samples were
examined by means of powder XRD performed on a Rigaku-Dmax 2500
diffractometer with CuK, radiation (1=0.15405 nm). The morphology
and structure of the samples were inspected by using a field emission
scanning electron microscope equipped with an EDX spectrometer (FE-

www.chemeurj.org

4344 ———

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

SEM, XL 30; Philips) and a transmission electron microscope. Low-reso-
lution TEM images and SAED patterns were obtained by using a
JEOL 2010 transmission electron microscope operating at 150 kV.
HRTEM images were obtained by using an FEI Tecnai G2 S-Twin micro-
scope with a field emission gun operating at 200 kV. Images were ac-
quired digitally by means of a Gatan multiple CCD camera. PL excita-
tion and emission spectra were recorded by means of a Hitachi F-4500
spectrophotometer equipped with a 150 W xenon lamp as the excitation
source at room temperature. The CL measurements were carried out in
an ultra-high-vacuum chamber (< 10~ Torr), where the samples were ex-
cited by an electron beam at a range of 1-5kV with different filament
currents, and the spectra were recorded by using an F-4500 spectropho-
tometer. The luminescence decay curves were obtained from a Lecroy
Wave Runner 6100 Digital Oscilloscope (1 GHz) by using a tunable laser
(pulse width=4 ns, gate=50ns) as the excitation (Continuum Sunlite
OPO). All the measurements were performed at room temperature
(RT).
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