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Facile Synthesis and Photoluminescence of Europium Ion Doped LaF;
Nanodisks
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LaF3:Eu®* (5.0 mol-% Eu®*) nanodisks with perfect crystal-
linity were successfully synthesized by a simple method. The
synthesis was carried out in an aqueous solution at room tem-
perature without the use of templates or organic additives.
The mechanism of formation of the nanodisks was explored,
and the fluoride source (KBF,) is believed to play a key role
in controlling the morphology of the final product. Further-
more, the size of the disk can be simply moderated by vary-

ing the concentration of the initial reactants. The room-tem-
perature photoluminescence of LaF5:Eu®* with different mor-
phologies and sizes were also investigated, and the results
indicate that the emission intensity of the product is strongly
affected by their size, shape, and other factors.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Introduction

Inorganic materials with controllable morphologies and
sizes have attracted increasing attention because of their
unique morphology- and size-dependent chemical and
physical properties.!= To date, a number of synthetic ap-
proaches including laser ablation, templating direction,
electrochemical deposition, thermolysis of complex precur-
sors in solution phase, and solvothermal/hydrothermal
treatments have been developed to control the morpho-
logies of materials.l® !l However, the reported conventional
methods suffer from the requirement of a template, high
temperatures, special conditions, or tedious procedures, and
therefore, facile and template-free methods are highly de-
sired. Because of the significant advantages, such as the ease
of control, low temperature, low cost, and easy scale-up, the
stirring method is a powerful and practical route to prepare
a great deal of inorganic materials with uniform and unique
morphologies. Recently, great progress was made in the syn-
thesis of nanodisks. Wu et al. reported the preparation of
monodispersive silver nanodisks by thermolysis of the lay-
ered silver thiolate precursor.l'?l Zhang et al. successfully
synthesized ultrathin WO; nanodisks by using a wet chemi-
cal route with polyethylene glycol (PEG) as the surface
modulator.!'3! Korgel et al. developed the solvent-free ther-
molysis of a copper alkylthiolate molecular precursor to
prepare Cu,S nanodisks.['¥ Iron oxide nanodisks can also
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be obtained through the nonhydrolytic, surfactant-medi-
ated thermal reaction of iron pentacarbonyl and an oxid-
izer.'>) The growth of Cd(OH), nanodisks by a hydrother-
mal route was reported by Zhang et al.['®]

The study of rare-earth fluorides is currently an active
research field in modern materials chemistry as these com-
pounds have potential applications in optics, optoelectron-
ics, biological labeling, catalysis fields, etc.['”2!1 Rare-earth
fluoride crystals with various morphologies have been pre-
pared by different synthetic techniques, for example, fuller-
ene-like LnF; (Ln = La, Pr, Nd, Sm, and Y),?>?% bundle-
like, rod-like, hexagonal and triangular YF; nanocrys-
tals,[>*26) monodisperse LaF; triangular nanoplates,?’! and
EuF; nanocrystals with different crystalline phases and
morphologies.?®2°1 Wang et al. reported a hydrothermal
method for the growth of LaF; nanodisks using KF-2H,O
as the fluoride source, and then the self-assembly of these
nanodisks into the plate-built cylinders through oriented
aggregation.’%) However, it is still a challenge to develop a
more simple method to prepare LaF;:Eu®* with the con-
trolled morphology under mild reaction conditions. Herein,
we report a facile and fast solution-based method for the
synthesis of singly crystalline LaF3:Eu*" nanodisks without
the use of templates or organic additives, and further inves-
tigate their microstructure and luminescence properties.

Results and Discussion

Structure and Morphology of the Product

The crystal structure of the LaF5;:Eu** sample was char-
acterized by XRD. As shown in Figure 1, all the peaks can
be readily indexed to a hexagonal structure of LaF; [space
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group P3cl (No. 165)] with lattice constants of a = 7.187 A
and ¢ = 7.350 A (JCPDS No. 32-0483). No impurities were
observed in the XRD pattern. The strong and sharp diffrac-
tion peaks indicate that the product crystallizes well.
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Figure 1. XRD pattern of the LaF;:Eu** nanodisks.

The morphology and microstructure detail of the as-syn-
thesized sample was investigated by SEM, TEM, HRTEM,
and SAED observation. The SEM image with a low magni-
fication (Figure 2a) reveals that the LaF;:Eu®* product is
entirely comprised of disks with a uniform size and round
shape. The average diameter of the disks is about 500 nm,
as can be seen from the SEM with a high magnification
(Figure 2b), and this is confirmed by the TEM images (Fig-
ure 2c). The thickness of the disk is about 20 nm, as ob-
served from those disks that are perpendicular to the silicon
substrate in the SEM image (Figure 2b). Furthermore, Fig-
ure 2b shows that the surfaces of the LaF;:Eu** nanodisks
are extremely smooth. The clear lattice fringes in the
HRTEM image (Figure 2d) confirm the high crystallinity
of the LaF5:Eu®* nanocrystals. The SAED image (Fig-
ure 2e) of a disk shows the regular diffraction spots and
confirms that the LaF;:Eu®* nanodisks are singly crystal-
line. Furthermore, the diffraction observation indicates that
<1120> is the growth direction for developing the hexago-
nal crystals, and the LaF;:Eu*" nanodisks are dominated
by {0001} facets. These results indicate that LaF5:Eu®* nan-
odisks with uniform morphology and size can be obtained
by this simple and mild method, and the productivity of the
product is as high as 81%.

It is well-known that lanthanum fluoride has a small sol-
ubility product constant (K, = 2.0 X 10°'? at 25 °C),B im-
plying that upon direct mixing, La** and F~ would immedi-
ately react to form the precipitate of lanthanum fluoride.
For this rapid reaction it is thus difficult to control the mor-
phology and size of the product. Figure 3 show the TEM
images of the LaF;:Eu?* samples that were synthesized by
using either NaF or NH4F as the fluoride source, and the
other preparation conditions are identical to those of the
disk-like product. It can be seen that the LaF5:Eu®" samples
are composed of irregular nanoparticles with serious ag-
glomeration (Figure 3). Moreover, the SAED images of
these two samples reveal that the LaF5;:Eu®*" nanoparticles
are polycrystalline in nature (insets of Figure 3). In the case
3864
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Figure 2. SEM images of the LaF;:Eu*" nanodisks with different
magnification (a, b), TEM (c), HRTEM (d), and SAED (e) images
of the LaF5:Eu?* nanodisks.

of NaF and NHyF, a white precipitate appeared immedi-
ately after the lanthanum nitrate solution was mixed with
sodium or ammonium fluoride, which indicated that the nu-
cleation had taken place rapidly. These results indicate that
in the current case, the rapid reaction process is not suitable
to prepare LaF;:Eu’" with controlled morphology and size.
Therefore, to solve these problems, a slow reaction process
was adopted. It is interesting to observe that the experimen-
tal phenomena and the morphology of the final product are
different when KBF, is used as the fluoride source. When
KBF, was used, the reaction solution became turbid after
40 min, and the uniform nanodisks were formed. In an
aqueous solution, KBF, was slowly hydrolyzed to produce
F~ anions; these F~ anions reacted with Ln3* cations (Ln =
La, Eu) to form the lanthanum fluoride as described by
Equations (1) and (2).

BF, + 3H,O < H;BO; + 3HF + F (1)

Ln** + 3F = LaF; | Q)

Figure 3. TEM (a) and SAED (inset a) images of the LaF;:Eu’*
nanocrystal from NaF and the TEM (b) and SAED (inset b)
images of the LaF;:Eu®* nanocrystal from NH,F.

The equilibrium constant of the hydrolysis reaction
[Equation (1)] is very small (K? = 6.41 X 1012 at 25 °C)I3?],
which is helpful to keep the concentration of F~ ions in the
reaction solution at a low level, and consequently, this leads
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to slow crystallization of the product. The slow crystalli-
zation process can be further confirmed by the experimen-
tal observation that the reaction solution became turbid af-
ter stirring for 40 min, and the pH value of the aqueous
solution gradually increased from approximately 5.0 at the
beginning of the reaction to 1.5 when the reaction was com-
plete. From the above observation, it is believed that the
slow reaction process is a key factor for the synthesis of the
singly crystalline LaF5;:Eu®" nanodisks with uniform mor-
phology and size. Mann et al. reported the synthesis of
Prussian blue nanoparticles and nanocrystal superlattices
by the slow photoreduction of [Fe(C,0,);]> to Fe’" in the
presence of [Fe(CN)g]*>~ in reverse microemulsion.*3! Hu et
al. synthesized perfect a-Fe,O; fractal dendrites by the slow
decomposition and hydrolysis of K3Fe(CN)g under hydro-
thermal conditions.*¥ Therefore, it can be reasonably in-
ferred that a slow reaction process is very useful to control
the morphology and size of the materials, especially for
those with small K, values.

A crystal growth process consists of the nucleation and
the growth, which are affected by the intrinsic crystal struc-
ture and the external conditions such as the kinetic energy
barrier, temperature, time, and capping molecules, etc. Gen-
erally speaking, for materials with a hexagonal structure,
the anisotropic growth along the ¢ axis is available to form
the 1D nanostructures, as the {001} planes (which are per-
pendicular to the ¢ axis) exhibit significantly different sur-
face energies relative to the {100} and {110} crystal planes.
However, in the current case, only nanoparticles were ob-
tained when NaF or NH4F was used as the fluoride source
and 2D nanodisks were obtained if KBF, was used as the
fluoride source, indicating that KBF, plays a critical role in
the formation of 2D nanodisks of the LaF;:Eu’* crystals.
BO-* ions are produced during the hydrolysis of KBF, in
aqueous solution as shown in Equation (1), and their ap-
pearance has been proven by other groups.[® It is quite
possible that these anions, such as BF,~, NO5~, and BO5*,
are adsorbed on the (0001) plane of the crystal seed, which
slow down the crystal growth along the <0001> orienta-
tion. Accordingly, the intrinsically anisotropic growth of
LaF; along the <0001> direction is substantially sup-
pressed, and the 2D disk-like LaF; is formed. It is well-
documented that adsorbed ions can change the growth ki-
netics and the surface energies of different crystal faces,
which can ultimately lead to anisotropic growth of low-
symmetry nanostructures, such as the nanodisk, the nan-
oplate, the nanorod, and the nanowire.?¢3%1 For example,
Liu et al. used a seed growth procedure to obtain a complex
hexagonal ZnO nanostructure with capping of the citric
acid, which adsorbs preferably on the (001) surface of ZnO
and slows down the crystal growth along the ¢ axis.*% Xia
et al. observed that the polyvinylpyrrolidone capping agent
interacted more strongly with the silver atoms on the {100}
facets than those on the {111} facets, and the growth of
silver could be directed into a highly anisotropic mode to
form uniform nanowires.*!!" Accordingly, in this work,
KBF, is believed to play a key role in the formation of
LaF;:Eu’* nanodisks in the adopted reaction system.
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Therefore, through the above analysis, it is proposed that
there are two key factors that allow LaF;:Eu** nanocrystals
with the 2D disk-like morphology to be obtained. One is
the slow reaction process, and the other is the selective ab-
sorption of anions (BF,~, NO5-, BO;*") specifically on the
crystal faces of the crystal seed. However, the mechanism
of formation of the LaF;:Eu** nanodisks is not fully under-
stood. Further theoretical and experimental work is re-
quired to understand the exact nature of the mechanism of
growth.

Further experiments indicated that the size of the synthe-
sized LaF5:Eu®* disk depends strongly on the concentration
of the initial reagents. At the fixed molar ratio of 3:1 for
KBF4:La(Eu)(NOs);, the size of the product decreased
from 500 to 100 nm with an increase in the initial concen-
tration of the reactant. Figure 4a shows a typical SEM im-
age of a LaF;:Eu®* sample that was prepared from an aque-
ous solution in which the concentrations of La(Eu)(NOs);
and KBF, were 0.04 and 0.12 M, respectively. The average
size of the disk is 300 nm. A further increase in the concen-
tration of La(Eu)(NO;3); to 0.08 M and that of KBF, to
0.24 m caused the average size of the disk to be reduced to
100 nm, as illustrated in Figure 4b. Moreover, it is obvious
that the surface of the nanodisk becomes coarse with an
increase in the concentration of the initial reagents. The
above experiments indicate that the size of the LaFy:Eu’*
disks could be tuned by simply changing the concentrations
of the precursors.

= N 200 nm

Figure 4. SEM image (a) of the LaF;:Eu?" nanocrystal with
La(Eu)(NO;); and KBF, concentrations of 0.04 and 0.12wm,
respectively, and the SEM image (b) of the LaF5:Eu’* nanocrystal
with La(Eu)(NOs); and KBF, concentrations of 0.08 and 0.24 M,
respectively.

Photoluminescent (PL) Properties

Figure 5 shows the room-temperature emission spectra
of LaF;:Eu** nanodisks and nanoparticles that were pre-
pared from different fluoride sources. Both samples were
measured under identical conditions with an excitation
wavelength of A, = 399 nm. In the emission spectra, the
characteristic emission peaks of Eu®' in the wavelength
range from 520 to 720 nm were observed, corresponding to
the transitions from the excited D, and °Dj levels to "Fy
(J = 0-4) levels, with the magnetic dipole *Dy— "F; allowed
transition (589 nm) being the most prominent emission
line.*?! The relative intensities of the emission peaks were
similar to those reported earlier,!'”! indicating that the Eu’*
ion is located in the La’* crystal site with C, symmetry,
3865
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which is the same as that of the bulk LaF; crystals.[*3 For
the C2 site, the electric and magnetic dipole transitions are
allowed. Therefore, both the *Dy—’F; and the *Dy—"F,
transitions of Eu’* can be observed in the LaF;:Eu** nano-
crystals. Although the emission positions of the major
peaks of these two samples are identical, the emission inten-
sity of the disk-like LaFs:Eu®" product is significantly
higher than that of the particle-like product. It is well-docu-
mented that the grain size, morphology, crystal structure,
dimension, and surface modification of the luminescent
material all influence its photoluminescent properties.[444°]
Owing to a large surface area to volume ratio, an important
source of luminescence quenching in small particles is the
surface where the coordination of the atom differs from that
in the bulk and the site where different chemical species can
be adsorbed. Because the samples were prepared in aqueous
solution, the surface of the nanocrystals can be covered
with hydroxy species such as lanthanum or europium hy-
droxides, fluorine ions, or adsorbed water molecules. Dif-
ferent sizes and shapes result in different combinations be-
tween the surface and the adsorbed species so as to produce
different quenching abilities of the emissions of the Eu**
ions; therefore, the differences in the PL intensities of the
samples may be attributed to the different abilities of the
adsorbed species on the surface to quench the emissions
from the Eu?* ions. The luminescence intensity of the disk-
like nanocrystals is obviously stronger than that of the par-
ticle-like nanocrystals, which may be due to the factor that
the nanostructure can prevent the adsorbed species on the
surface from quenching the emission from the Eu®* ions.
We also assume that the particle-like crystals would possess
more defects due to the fast growth of the crystal. Some
of these defects may act as the nonradiative recombination
centers, and they may be responsible for the decrease in
the luminescence intensity as observed in the particle-like
product.
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Figure 5. Emission spectra of the nanodisks (a) and nanoparticles
(b) of LaF5:Eu’* nanocrystals.

The emission spectra of LaF;:Eu?* disks with different
sizes under excitation at 399 nm were also investigated.
From Figure 6 it can be seen that the emission intensity of
the LaF;:Eu?* phosphors basically increase with an in-
crease in the size of the disks. It is well-known that a large
3866
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particle size is helpful for improving the PL intensity of
phosphors.*7481 A more extensive investigation of the dif-
ferences in the luminescent properties of the products with
different morphologies, crystal structures, sizes, and dimen-
sions will be further investigated in our future work.

intensity / a.u.

500 550 600 650 700
Wavelngth / nm

Figure 6. Emission spectra of the LaF;:Eu** disks with different
size: 500 nm (a), 300 nm (b), and 100 nm (c).

Conclusions

We utilized a mild and facile synthetic route to prepare
LaF;:Eu?* nanodisks from an aqueous solution of
(La,Eu)(NOs3); and KBF,4 without the use of templates or
organic additives. The size of the LaF5:Eu** nanodisks can
be tuned by simply controlling the concentration of the pre-
cursors. The mechanism of formation of the disk-like struc-
tures was investigated, and the fluoride source (KBF,)
clearly contributes to the creation of such a structure.
Room-temperature photoluminescence of the LaF;:Eu’*
samples with different morphologies and sizes were also in-
vestigated, and the results reveal that all of these samples
showed similar features but different luminescence inten-
sities.

Experimental Section

General: All the reagents used were of analytical grade, including
La,03 and Eu,0; (Shanghai Chemical Reagent), KBF,, NaF, and
NH4F (Beijin Chemical Reagent), and used as received without
further purification.

Typical Synthesis: Appropriate amounts of La,O; and Eu,O;
(La:Eu = 95:5, in molar ratio) were first dissolved in nitric acid
(10%) and then mixed with a KBF, solution in a 150-mL plastic
flask to give a final concentration of 20 mm of La(Eu)(NO;); and
60 mMm of KBF,. The total volume of the solution was 100 mL. The
resulted solution was stirred at ambient temperature for 3h. A
white precipitate was centrifuged and then washed with distilled
water and absolute ethanol in sequence. The final product was
dried under vacuum at 60 °C for 12 h.

Crystal Structure Determination: X-ray powder diffraction (XRD)
was performed with a Rigaku D/MAX-2500 diffractometer with
Cu-K, radiation (1 = 0.15406 nm) and a scanning rate of 5 °min'.

Eur. J. Inorg. Chem. 2007, 3863-3867
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Scanning electron micrographs (SEM) were taken with a XL30
field-emission scanning electron microscope. Transmission electron
micrographs (TEM), high-resolution transmission electron micro-
graphs (HRTEM), and the selected area electron diffraction
(SAED) were taken with a JEOL-JEM-2010, operating at 200 kV
(JEOL, Japan). Samples for TEM were prepared by dropping a
diluted suspension of the sample powders onto a standard carbon-
coated (20-30 nm) Formvar film on a copper grid (230 mesh). Pho-
toluminescence (PL) spectra were recorded with a Hitachi F-4500
spectrophotometer equipped with a 150 W xenon lamp as the exci-
tation source. All the measurements were performed at room tem-
perature.
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