FULL PAPER

DOI: 10.1002/ejic.200600237

Controlling the Size of BaF, Nanocubes from 1000 to 10 nm
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Size control of BaF, nanocubes has been achieved by varying
reaction time and pH value, thus producing nanocubes with
a controllable edge length in the range 10-1000 nm. A linear
relationship between cube size and reaction time has been
revealed. Furthermore, a process has been developed to
separate the growing BaF, nanocubes from the remaining
solid products at different stages of the synthesis. On the ba-
sis of the observed crystallite morphologies, we have eluci-

dated an “extension growing” mechanism to describe the
size-controlled growth of BaF; nanocubes using this method.
Photoluminescence results demonstrate that the deoxidant
selenite ions prevent the incorporation of oxygen into the
BaF, nanocubes effectually, which will greatly affect their
performance as scintillators.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Introduction

Solid inorganic fluorides have a number of uncommon
properties, for example, electron-acceptor behavior, a large
optical-transmission domain, high resistivity, and anionic
conductivity. Inorganic nanoscale fluorides and rare-earth-
doped inorganic nanoscale fluorides have attracted much
interest recently because of their unique properties,!'! such
as optical, electrical, and magnetic, which result from the
size and shape of their particles.”) Barium fluoride is one
of the dielectric fluorides (along with CaF, and SrF,) that
have a wide range of potential applications in microelec-
tronic and optoelectronic devices, such as wide-gap insulat-
ing overlayers, gate dielectrics, insulators, and buffer layers
in semiconductor-on-insulator structures and more ad-
vanced 3D devices.[*! BaF, salts activated with rare-earth
ions have also been reported to display unique luminescence
properties and can be used as scintillators.*! Recently, BaF,
nanowires and nanocubes with arching sheet-like dendrites
have been prepared in quaternary microemulsions and re-
verse micelles, respectively.l’] Li et al. have reported the
preparation of CaF, nanocubes by a hydrothermal method
in the absence of surfactants.[®l Monodispersed noble-metal
and Cu,O nanocubes!”! have also been synthesized by con-
trolled oxidation-reduction reactions. However, to the best
of our knowledge, there have been no reports on large-scale
preparations of BaF, nanocubes to date. Therefore, the de-
velopment of simple methods for the synthesis on a large
scale is a challenge. It was reported that oxygen may be
incorporated into BaF, as oxygen—vacancy pairs and detri-
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mentally affect the performance of the resulting nanocubes
as scintillators,®! thus avoiding the incorporation of oxygen
into the products will be necessary in industry. We have
synthesized single-crystalline BaF, nanocubes through a
simple hydrothermal precipitation procedure in the pres-
ence of selenite ions, which act as deoxidants and prevent
the incorporation of oxygen effectively. The morphology
and size of the final products can be manipulated through
controlling the synthesis parameters such as reaction time
and pH value.

Results and Discussions

Structural and Compositional Analysis

Figure 1 shows a representative XRD pattern of samples
prepared with this approach, which indicates that all the
products are phase-pure crystalline BaF, [in cubic sym-
metry; space group (SG) Fm3m, lattice constant a =
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Figure 1. Powder XRD pattern of single-crystalline BaF, nano-
cubes with an edge length of 55 nm.
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6.19%0.01 A].) No other impurities have been found in the
synthesized products.

Further evidence for the quality and composition of the
samples was obtained by X-ray photoemission spectroscopy
(XPS) of the products. An XPS measurement of the crystals
shows peaks corresponding to Ba, F, O, and C (Figure 2),
which agrees with results previously reported in the litera-
ture.l' The oxygen detected in the XPS measurement may
come from the atmosphere. Furthermore, low amounts of
oxygen (about two percent) are frequently observed in XPS
spectra. Both the results of the XRD and XPS studies leave
no doubt that the product is BaF,.
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Figure 2. XPS spectrum of the BaF, nanocubes with an edge length
of 55 nm.

Morphology of the BaF, Nanocubes

As shown in Figure 3a, the BaF, products described
above have perfect cubic morphology. It is also clear that
more than 95% of the BaF, particles have a regular cube-
like structure with a mean edge length of 55 nm. The excel-
lent crystallinity of the BaF, nanocubes is also confirmed
by an electron diffraction (ED) experiment. Figure 3c
shows a spot pattern from a single-crystalline BaF, nano-
cube (Figure 3b). In this case, the electron beam is incident
along the [001] direction, and the spot array has a fourfold
axis that can be indexed with 4k0 (i.e. [001] zone spots, in
accordance with the extinction rule of electron diffraction
for the space group Fm3m), which indicates cubic symmetry
for the BaF, nanocubes. Figure 3d shows a typical FESEM
image of the BaF, nanocubes. The inset shows a FESEM
image at higher magnification that clearly displays the sharp
corners and edges of these nanocubes. All these observa-
tions confirm that the particles are indeed cubelike. More-
over, the nanocubes obtained from this approach are very
uniform in size.

Size-Controlled Growths

In this work, size control of BaF, nanocubes has been
achieved by varying the reaction time and adjusting the pH,
and this produces BaF, nanocubes with a controllable edge
length in the range 10-1000 nm.
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Figure 3. (a) TEM image of the BaF, nanocubes (pH = 2,
0.002 mol SeO, for 24 h). (b) TEM image of one BaF, single-crys-
talline nanocube. (¢) Electron diffraction pattern of the nanocube
in (b). (d) Typical FESEM images of the as-synthesized BaF, nano-
cubes. The inset shows a magnified FESEM image that illustrates
the sharp corners and edges of these nanocubes.

With a simple variation in the reaction time (or ageing
time), the size of these nanocubes can be controlled easily.
In fact, we have obtained nanocubes as small as 10 nm
(average edge length) with an ageing time of 3 h, as reported
in Figure 4 and Figure 5a. After a reaction time of only
3 h, these BaF, nanoparticles started to show cubic type
morphology, although they are not as well-faceted as sam-
ples obtained with longer ageing times. In principle, it is
possible to capture even smaller particles by drawing sam-
ples at ageing times shorter than 3 h. However, the ex-
tremely low yield makes it impractical to do so. Nonethe-
less, the possibility of synthesizing even smaller (a few na-
nometers) and yet uniform nanocubic BaF, is positively
indicated. With ageing times of 12 and 24 h (as shown in
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Figure 4. Average size of BaF, nanocube edges as a function of
ageing time and SeO, added. The line is linearly fitted with R?> =
0.98.
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Figure 5b and Figure 3a, respectively), the particles grad-
ually increase in size and are better faceted. As can be seen
in Figure 4, the size kinetics appears to be linear with re-
spect to time and independent of the amount of SeO, added
under the synthesis conditions investigated (i.e. 0.02 M of
SeO, was sufficient to generate the cubelike morphology).
On the basis of the TEM image statistics, it is found that
the amount of SeO, used (either 0.02 or 0.08 M) does not
have a substantial influence on the sizes of the nanopar-
ticles. Although our primary focus in this work is on BaF,
nanocubes in the range 10-50 nm, this linear relationship is
likely to extend further. TEM image statistics also indicate
an improvement in size uniformity for the long-aged sam-
ples.

(a)

Figure 5. TEM images of BaF, nanocubes prepared (0.04 m SeO»,,
pH = 2) with ageing times of: (a) 3 h and (b) 12 h (crystallite types
B and C have been marked).

Varying the pH value of the system, while keeping other
synthesis parameters unchanged, leads to a dramatic
change in the size and shape of the particles. Figure 6 and
Table 1 show the morphologies and sizes of the particles
obtained by increasing the pH value of the system. It is
found that when the pH value is small (=2), the nanopar-

Figure 6. FESEM images of BaF, nanoparticles prepared (0.04 m
SeO,, ageing time 24 h) with different pH values: (a) pH = 4, (b)
pH =6 and (c) pH = 7.

Table 1. The morphologies and mean sizes of BaF, nanoparticles
at different pH values.

pH value Morphology Mean size [nm]
2 Cube 55
4 Cube 200
6 Cube 1000
7 Octahedron 1000
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ticles are smaller, and their shapes are cubic; When pH
value = 2, only larger nanocubes form; in the pH value
range 2-0, a clear transition from small cubic particles is
observed. Only octahedral particles with a mean edge
length of 1 um form when the pH value is raised to 7.

Growth Mechanism

In Figure 5, a considerable amount of BaF, nanopar-
ticles (marked with arrows) show special morphologies, al-
though the majority of the BaF, crystallites are highly sym-
metrical nanocubes with equal edges. Aside from the nor-
mal, perfect nanocubes (type A), there are two types of “ab-
normally grown” nanocubes. As illustrated further in
Scheme 1, the first one, type B, indicates some sidewall ex-
tension. The second one, type C, results largely from an in-
plane completing growth. All crystallites observed can be
broadly classified as either type A, type B, or type C, a
finding also reported for Co;0, nanocubes.['!] As depicted
in the literature, a correct sequential arrangement of these
crystallite types would naturally disclose the nanocube
growth mechanism, a logical repetition of the three types
of nanocrystallites, i.e. = Agnaer = B = C = Ajyrger
—>++. Thus, the growth does not proceed in a layer-by-layer
manner (atomically), but with multiple-layer growth, i.e. nu-
cleation and growth take place simultaneously in different
atomic layers.
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Scheme 1. Schematic illustration of the “extension growing” pro-
cess based on the morphologies of intermediate crystallites (B and
C) observed. The crystallite types B and Chave also been referred
to in Figure 5.

In this approach, SeO, plays a critical role in the forma-
tion of the BaF, nanocubes. Firstly it acts as deoxidant, to
prevent the incorporation of oxygen, which will affect the
luminescence properties of BaF,.[¥1 Photoluminescence ex-
periments were carried out at room temperature on a Per-
kin—-Elmer Model LS-55 fluorescence spectrometer with a
Xe lamp. Photoluminescence results, as shown in Figure 7,
display a weak emission peak at 453 nm (2.74 e¢V), which is
excited at 270 nm (4.59 eV). The Iuminescence band at
2.74 ¢V results from an oxygen—vacancy complex with an
oxygen on a fluorine site with a next-nearest fluorine vac-
ancy on the surface of the nanocrystals.'?! It is believed
that the deoxidant selenite ions prevent the incorporation
of oxygen into BaF, effectively during the growth process,
as the emission peak is so weak that it is difficult to be
detected. Under the same conditions, the PL spectrum of
BaF, with oxygen incorporated displays an intense peak
3263
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(several hundred times that of BaF, prepared by using
SeO,) at the same position. The trace oxygen may come
from the atmosphere when the products were examined.
Secondly, it is believed that SeO, which is tetragonal in
symmetry (¢ = 8.3 A, ¢ = 5.1 A) acts as a seed for the
growth of the BaF, nanocubes. The [001]-oriented BaF, has
a fourfold-symmetric @ plane with ¢ = 6.2 A, which matches
well to the fourfold-symmetric SeO, (001) substrate, 4ap,f,
~ 3dg.0,, and this results in a c-axis-oriented growth of
BaF, on SeO, (001). A small quantity of crystalline SeO,
was also found in the sample prior to washing with distilled
water and anhydrous alcohol. In this solution system, SeO,
undergoes a recrystallization process, which is illustrated in
Scheme 2.

2500
2000

=

£ 1500

o

3

£ 1000t 453 nm
500/_\\

450 500 550 600
Wavelength (nm)

Figure 7. Photoluminescence (PL) spectra acquired from the 55-
nm BaF, nanocubes excited at 270 nm.

When the pH value is lowered, more crystalline SeO,
seeds form, which provides more nucleation points for the
BaF, nanoparticles. This prevents the nanoparticles from
aggregating and leads to the formation of smaller nano-
cubes, as illustrated in Table 1. When the pH value is in-
creased to 7, only octahedral crystals are obtained. This is
considered to be related to the enhanced surface energy of
the BaF, nanooctahedra in the absence of SeO, seeds,
which leads to more stable {111} faces being exposed.
These results also indicate that the growth rate along
<100> relative to that along <111> can be manipulated
by adjusting the pH value, which will dictate whether nano-
cubes or nanooctahedra are formed. The concentration of
SeO, (either 0.02 or 0.08 M) does not have a substantial in-
fluence on nanoparticle size (Figure 4) probably because at
either of these concentrations, the solution is already satu-
rated with small crystalline seeds of SeO,. No BaSeO; is
found in the product as a result of the acidic conditions.
3264

www.eurjic.org

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Conclusions

In summary, by controlling the reaction time and pH val-
ues, BaF, nanocubes of different sizes have been prepared
in the range 10-1000 nm with high crystallite-monodispers-
ity. The relationship between the size of the cube and reac-
tion time is found to be linear. Furthermore, on the basis
of the observed crystallite morphologies, an “extension
growing” growth mechanism has been elucidated for the
formation of the BaF, nanocubes. The growth of the BaF,
nanocubes proceeds in a multiple-layer manner. This work
may uncover new ways for preparing other nano-polyhedra.

Experimental Section

Preparation of BaF, Nanocubes: In a typical growth procedure for
BaF, nanocubes, BaCl, (0.002 mol), SeO, (0.002 mol), and NaF
(0.004 mol) powders were combined in distilled water (30 mL) and
stirred for 2 min. The solution pH was then adjusted with hydro-
chloric acid solution until its pH value was about 2. The sample
(about 50 mL) was placed in a 60 mL autoclave with a Teflon liner,
which was maintained at 140 °C for 24 h and then air cooled to
room temperature. After reaction, the white precipitate was col-
lected and washed thoroughly with distilled water and anhydrous
alcohol. The product was dried in a vacuum at 50 °C for 4 h.

Sample Characterization: The samples were characterized by X-ray
powder diffraction using a Rigaku D/max-Rapid X-ray dif-
fractometer equipped with a copper anticathode and secondary
graphite monochromator (Cu-K,; ,, A = 1.54178 A). A scan rate
of 0.05°/s was used to record the patterns in the 20 range 20-70°.
TEM images and ED patterns were taken on a Hitachi Model H-
800 instrument with a tungsten filament, with an accelerating volt-
age of 200 kV. The FESEM image was obtained with a JSM-6700F
field emission scanning electron microanalyser (JEOL, Japan),
where the resulting powders were mounted on a copper slice. X-
ray photoelectron spectroscopy (XPS) was performed with an ES-
CALab MKII X-ray photoelectron spectrometer, using Mg-K,, X-
ray radiation as the excitation source. The binding energies ob-
tained in the XPS analysis were calibrated against the C 1s peak at
284.2¢V.
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