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Abstract

MgF, nanorods with diameters of 60—100 nm were synthesized by a microemulsion method. Subsequent hydrothermal reaction of
as-synthesized MgF, nanorods and KF at 240°C for 3 days or 140°C for 7 days resulted in KMgF; nanorods, which retained the
rod-like morphology of the source material MgF, in the reaction process. The morphology of as-synthesized MgF, strongly
depended on the molar ratio between water and the surfactant CTAB and the concentration of CTAB.

© 2004 Elsevier Inc. All rights reserved.
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One-dimensional (1D) nanostructures (such as nano-
wires, nanorods, and nanotubes) have attracted con-
siderable attention in recent years due to their potential
applications in constructing nanoscale electronic, optoe-
lectronic, and sensing devices [1]. 1D nanostructures
with different compositions have been synthesized by
using various methods including the vapor-phase trans-
port process, chemical vapor deposition, arc discharge,
laser ablation, solution, and a template-based method
[2-11]. While a large part of this work has focused on
materials, such as elemental carbon, carbon-based
substances, metals, oxides, sulfides, nitrides, consider-
ably fewer studies have been carried out on 1D
nanostructures of fluorides and complex fluorides. It is
thus necessary to study the fluoride system with
interesting optical properties.

Fluorides and complex fluorides have been extensively
studied due to their particular photoluminescence
properties. Magnesium fluoride (MgF,) has been
identified as a positive uniaxial crystal, which possesses
the highest birefringence and a wide range of transpar-
ency in the spectrum region [12]. These properties have
led to the use of MgF, for infrared transparent windows
[13]. Complex fluoride KMgF;, with a typical cubic
perovskite structure, is an ideal material for searching
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for a new solid-state laser because of its several
advantages: good homogenous optics, high thermal
stability, low melting point, anisotropy, and high optical
transparency, etc. [14]. However, due to the corrosive
nature of fluorides, conventional solid-state synthetic
method of complex fluorides suffers from the require-
ments of high temperature, special synthetic apparatus,
or rigid conditions, and has thus limited the study of
complex fluoride chemistry [15]. Recently, Zhao et al.
have developed a hydrothermal route to the synthesis of
complex fluorides, which gives rise to the possibility of
making complex fluorides under mild conditions [16].
Very recently, studies on fluorides nanoparticles have
shown that nanoscale fluorides exhibit enhanced Iumi-
nescence and photomagnetic properties [17]. However,
to the best of our knowledge, studies on MgF, and
KMgF; materials are still at bulk levels, and no work
has dealt with their 1D nanostructures. Due to the
promising applications of MgF, and KMgF; in
optoelectronic devices, it is important to synthesize the
two materials with 1D nanostructures. Here, we report a
hydrothermal microemulsion method for the prepara-
tion of MgF, nanorods. Furthermore, using the as-
synthesized MgF, nanorods as the magnesium source
material, KMgF; nanorods were obtained under hydro-
thermal conditions at 240°C, whereas the preparation of
KMgF; by solid-state reactions was typically carried out
at about 1000°C [15]. Although the microemulsion
method is well known as a mature method of synthesiz-
ing nanoparticles, it can also be used to fabricate some



2206 M. Cao et al. | Journal of Solid State Chemistry 177 (2004) 2205-2209

1D nanostructures under certain conditions. In fact,
many 1D nanostructures, such as ZnO, BaCOj3, BaSOy,
CdS, BaWOy, K3[PMo0;,040] - nH,0, BaF, and so forth
[18-24], were all fabricated via similar microemulsion
methods. In addition, the hydrothermal method has
been widely utilized in synthesizing nanoscale materials
because of its several advantages, resulting from its
unique reaction environment. It has been shown that
when the hydrothermal method is used to synthesize
nanomaterials, it cannot only evidently decrease reac-
tion temperature of systems, but also improve the
crystallinity of the products.

First, MgF, nanorods were prepared via a quaternary
microemulsion,  cetyltrimethylammonium  bromide
(CTAB)/water/cyclohexane/n-pentanol, under hydro-
thermal conditions, in which the molar ratio of water
to CTAB was w=[H,O];[CTAB]=10 and the concen-
tration of CTAB was [CTAB]=0.1 M. In this process,
CTAB (4 g) was dissolved in 100 mL of cyclohexane and
SmL of n-pentanol. Two such solutions were stirred for
30min and became transparent. Then 2 mL of aqueous
MgCl, solution (1 M) and 2mL of 10% HF aqueous
solution were added to the above solutions, respectively,
both forming colorless suspensions of microemulsion
droplets. Afterward, the two microemulsion solutions
were mixed and stirred for another 10 min. The resulting
microemulsion solution was then transferred into
stainless Teflon-lined autoclaves and heated at 120°C
for 12h. Finally, a white precipitate (MgF, nanorods)
was collected by centrifuging, washed several times with
absolute ethanol and distilled water, and dried in a
vacuum oven at 50°C for 5h. KMgF; nanorods were
synthesized under hydrothermal conditions, which is
similar to the preparation of KMgFj; particles developed
by Zhao et al. [16]. The above-prepared MgF, (0.31 g)
and KF (0.29 g) were added to 9 mL deionized water, to
which 0.04 mL HF (40mass%, A. R.) was added with
stirring. Here HF was used as a mineralizer. The
reaction mixture (pH ca. 6) was sealed in a Teflon-lined
stainless-steel autoclave and heated at 240°C for 3 days
or 140°C for 7 days. After the reaction was completed,
the resulting white product (KMgF; nanorods) was
collected, washed several times using deionized water,
centrifuged, and dried under vacuum at room tempera-
ture.

The phase purity of the products was examined by X-
ray diffraction (XRD) measurement performed on a
Rigaku X-ray diffractometer with CuKo radiation. All
of the peaks of the XRD pattern in Fig. la can be
perfectly indexed to a pure tetragonal phase (space
group: P4,/mnm [136]) of MgF, with lattice constants
a=4.620A and b =3.050A (JCPDS 72-2231). Since
the XRD pattern of KMgF; nanorods obtained at
140°C for 7 days is very similar to that of samples
obtained at 240°C for 3 days, here we only show the
XRD pattern of the latter. Fig. 1b shows the XRD
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Fig. 1. XRD patterns of (a) MgF, and (b) KMgF;.

pattern of KMgF; nanorods obtained at 240°C for 3
days. All of the peaks can be indexed to a pure cubic
phase (space group: Pm3m [221]) of KMgF; with lattice
constant « = 3.980 A (JCPDS 75-0307). These results
are in good agreement with those of MgF, and KMgF;
bulk crystals, respectively. Particularly for KMgF3, the
XRD pattern indicates that pure KMgF3; phases can be
obtained under mild hydrothermal conditions.

Fig. 2a shows the transmission electron microscopy
(TEM) image of the sample prepared in CTAB
microemulsions at w = 10. As shown in Fig. 2a, the
samples display a rod-like morphology with diameters
of 60—100 nm and lengths up to 2 um. Fig. 2b shows the
TEM image of two MgF, nanorods, indicating the
uniformity in diameter along the nanorod and the
straightness along the longitudinal axis of the nanorod.
In addition, all nanorods have two cuspate-shaped ends.
Fig. 2¢ shows a high-magnification TEM image of an
individual MgF, nanorod, showing the cuspate-shaped
morphology of the end of the nanorod. The inset
selected area electron diffraction (SAED) pattern was
taken from a single MgF, nanorod and reveals the
single-crystalline nature of the sample. Moreover,
SAED patterns taken from different parts of the
nanorod show exactly an identical pattern without
further tilting the nanorod, indicating the single crystal-
linity of the whole nanorod. A high-resolution TEM
(HRTEM) shows that the nanorod is structurally
uniform with an interplanar spacing of about
0.325nm, which corresponds to the (110) plane of
tetragonal MgF,. KMgF; nanorods were obtained by
the hydrothermal reaction of the as-synthesized MgF,
nanorods and KF at 240°C for 3 days or 140°C for 7
days, as clearly shown in Figs. 3a and b, respectively. It
can be seen that the morphology of the products
obtained under different conditions is almost the same,
and both KMgF; nanorods have an average diameter of
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Fig. 2. (a) TEM image of MgF, nanorods. (b) TEM image of two
nanorods, indicating the uniformity in diameter along the nanorods
and the straightness along the longitudinal axis of the nanorods. (c)
High-magnification TEM image of a single nanorod, showing the
cuspate-shaped morphology of the end of the nanorod. The inset
shows the corresponding SAED pattern. (d) HRTEM image of a single
nanorod (spacing=0.325nm).

about 80 nm and lengths up to 1 um, clearly shorter than
that of MgF, nanorods. The SAED (inset in Fig. 3c¢)
pattern taken from a single nanorod (Fig. 3c) can be
indexed as a cubic KMgF; single crystal. Previously,
Zhao et al. reported the synthesis of KMgF; using a
similar procedure but with bulk MgF, as magnesium
source material, except that their synthesized KMgF3 is
in the form of particles. It can thus be concluded that in
the formation of KMgFj it still retained the rod-like
morphology of the source material MgF,. For compar-
ison, using the same as-synthesized MgF, nanorods as
magnesium source material we have also repeated the
synthesis but using solid-state reactions at a high
temperature of 1000°C. Pure KMgF; were obtained as
expected. But most of the samples were large irregular
aggregates of roughly spherical particles instead of
uniform nanorods, and only a few considerably shorter
nanorods were observed, as shown in Fig. 3d. The
reasons may be that MgF, nanorods partly sintered in
the process of high-temperature reactions, resulting
in the agglomeration of the product. Thus, it can be
seen that the hydrothermal reaction of MgF, nano-
rods and KF cannot only remarkably decrease the
temperature of reaction systems, but also yield uni-
form nanorod product, which the high-temperature
solid-state reactions cannot obtain. In addition, it is

Fig. 3. (a) TEM image of KMgF3; nanorods obtained at 140°C for 7
days. (b) TEM image of KMgF3; nanorods obtained at 240°C for 3
days. (c) TEM image of a single KMgF5 nanorod taken from (3b). The
inset shows the corresponding SAED pattern. (d) TEM image of
KMgF; obtained from a solid-state reaction at 1000°C.

particularly worth noting that this hydrothermal reac-
tion also achieved the phase transition from tetragonal
phase MgF, to cubic KMgF; under mild conditions,
which was typically carried out under high-temperature
conditions.

The morphology of as-synthesized MgF, strongly
depended on the molar ratio between the water and
surfactant CTAB, in which the concentration of CTAB
was kept at a constant of 0.1 M. Fig. 4 shows the TEM
images of as-synthesized products obtained under the
same conditions but with w =5 and 20, respectively.
Only uniform particles were obtained in the product
when the molar ratio of w =5 was used. The TEM
image (Fig. 4a) shows that the sample was composed of
MgF, nanoparticles with an average diameter of 60 nm.
When the molar ratio was increased to 20, relatively
shorter nanorods, 50-80nm wide and 80-200 nm long,
were observed (Fig. 4b). Compared with the products
synthesized at different molar ratios, we can conclude
that the molar ratio of w = 10 is most favorable for the
formation of MgF, nanorods. In addition, the concen-
tration of surfactant CTAB also has significant effects on
the shape of MgF,. Neither lower nor higher concentra-
tions of CTAB induce the formation of MgF, nanorods.
At a low micellar concentration ([CTAB]=0.04 M),
particles with a mean diameter of 80 nm were observed
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Fig. 4. (a) TEM image of the sample produced at a molar ratio of
water to CTAB (w) of w = 5. (b) TEM image of the sample produced
at the molar ratio of water to CTAB of w = 20.

Fig. 5. (a) TEM image of the sample produced at a lower CTAB
concentration ([CTAB]=0.04M) (b) TEM image of the sample
produced at a higher CTAB concentration ((CTAB]=1.5M).

by the TEM image (Fig. 5a). XRD showed that the
obtained particles were also a pure tetragonal MgF,
phase. While at a higher surfactant concentration of

1.5 M, particles were also observed, most of the particles
were square (Fig. 5b), which is different from the
products formed in microemulsions at a lower surfactant
concentration. These square-shaped particles have a
mean edge length of 80nm. The reason for producing
square-shaped particles may be that excess surfactant
CTAB may act as a capping agent to confine the growth
of particles [25]. On the basis of these facts, it can be
deduced that lower or higher surfactant concentrations
may destroy the dynamic equilibrium of microemulsions,
resulting in the loss of microemulsion function.

Very recently, we have reported the preparation of
PbO,, PbsO4, Cu, Cu,0O, CuO, and BaF, 1D nanos-
tructures, in which BaF, whiskers were obtained via this
hydrothermal microemulsion method under mild hydro-
thermal conditions [24]. Although MgF, and BaF, both
belong to group II fluorides and have structural
similarity, by using the identical synthesis method,
MgF, nanorods were obtained instead of whiskers.
Previously, we have expounded that BaF, whiskers were
formed via a directed aggregation growth process. In the
case of MgF,, based on our experimental results, we also
prefer the directed aggregation mechanism in the
nanorod formation process. Since MgF, nanorods with
higher aspect ratios (>50) were obtained in the
microemulsions, according to the micellar size and
shape, it is not likely to lead to the formation of such
a long water nanochannel in oils in such a low water
content environment. However, different morphologies
were obtained in the two cases. This may be accountable
for different crystal habits of inorganic materials. As
among the group II fluorides, MgF, and BaF, have the
smallest and the largest size of the unit cell, respectively.
Furthermore, they possess different crystal structures.
All these facts may result in the formation of 1D MgF,
and BaF, nanostructures with different aspect ratios.

In conclusion, MgF, nanorods with uniform dia-
meters have been first synthesized by the hydrothermal
microemulsion method. Furthermore, using the MgF,
nanorods as magnesium source material, KMgF;
nanorods have also been successfully fabricated under
mild hydrothermal conditions at 240°C for 3 days or
140°C for 7 days. It has been confirmed that the as-
synthesized KMgF; retained the rod-like morphology of
MgF,. We expect that this methodology will be a
general method to synthesize other 1D fluorides and
complex fluorides.
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and 20271007) and SRFDP (No. 20030007014).
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