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Abstract

Nearly monodisperse flower-like CaF2 microspheres with average diameter of 1.2 mm were successfully synthesized via a rapid

microwave route using ethylenediaminetetraacetic acid disodium (Edta) as a complexing reagent. The products were characterized by

X-ray powder diffraction (XRD), transmission electron microscopy (TEM), scanning electron microscopy (SEM) and photolumines-

cence (PL). The XRD results indicated that the as-prepared CaF2 microspheres were of cubic phases and had good crystallinity and

purity. The TEM and SEM results revealed that these flower-like CaF2 microspheres had uniform morphologies and sizes and consisted

of many nanosheets. It was found that both Edta and NaBF4 had great influences on the formation of these flower-like microspheres.

A possible formation mechanism was initially proposed. In addition, rare-earth ions such as Ce3þ or Tb3þ doped CaF2 microspheres

were also prepared similarly and their luminescent properties were characterized.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Inorganic nanomaterials with controllable sizes and
shapes have attracted vast attention due to the strong
correlation between these parameters and their properties
and potential applications [1,2]. The fluoride nanomaterials
have a wide range of potential optical applications due to
their high transparency arising from low energy phonons
and high ionicity, which lead to less fundamental absorption
than other oxide or sulphide materials [3].

Among the various fluorides, calcium fluoride (CaF2)
has a low refractive index and a wide band gap and is
optically transparent over a wide wavelength range from
mid-infrared to vacuum ultraviolet [4,5]. So CaF2 has been
widely used in UV-transparent optical lenses, UV litho-
graphy, surface conditioning of glass, promoting agents for
bone/tooth reconstruction, and biocompatible luminescent
markers [6,7]. Specially, the CaF2 crystal, with an optically
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isotropic structure, is suitable as a phosphor host because
it exhibits outstanding transmission characteristics for a
wide range of wavelength (0.3–8 mm) [8]. Moreover, the
lanthanide ions doped CaF2 will cause an increase in the
refractive index compared with the pure CaF2, which
makes it very attractive as an active waveguide to realize
optical integrated devices [9]. Up to now, CaF2 and rare-
earth ions doped CaF2 nanomaterials with various
morphologies have been successfully fabricated, such as
nanoparticles [10–12], nanocubes [7], thin films [5] and
hollow nanospheres [13]. Various methods including flame
synthetic method [10], chemical co-precipitation method
[11], reverse micelle method [14], hydrothermal and
solvothermal methods [7,13,15] have been developed to
synthesize CaF2 micro/nanostructures. However, it is still a
challenge to fabricate CaF2 with controlled morphologies
in mild reaction conditions.
In the past two decades, the use of microwave (MW) energy

to heat chemical reactions had attracted great attention, owing
to its successful application in organic synthesis, polymer
chemistry, material sciences and nanotechnology. In many
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Fig. 1. (a) XRD pattern and ((b)–(d)) SEM and TEM images of the as-prepared CaF2 sample.
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cases, it has been demonstrated that MW dielectric heating can
dramatically reduce processing time, increase product yields,
and enhance material properties compared with conventional
heating method [16]. In this paper, we first report a rapid
microwave irradiation method to prepare nearly monodisperse
flower-like CaF2 microspheres using Edta as a complexing
reagent.
2. Experimental procedure

2.1. Microwave-assisted synthesis of nearly monodisperse

flower-like CaF2 microspheres

All the chemical reagents used were of analytical grade.
In a typical synthesis, CaCl2 � 2H2O (2 mmol) was
dissolved in 50 ml deionized water to form a solution.
Then ethylenediaminetetraacetic acid disodium (4 mmol)
was added to above solution under vigorous stirring to
form a clear solution. After that, 50 ml NaBF4 (4 mmol)
solution was slowly added to the above solution under
vigorous stirring. The pH value of the final solution was
adjusted to 6.0 with 10% HNO3 solution. After stirring
about 30 min, the solution was finally transferred into a
250 ml round flask and placed in a microwave oven
(650 W, 2.45 GHz) with a refluxing apparatus. The solu-
tion was heated by microwave irradiation for 40 min at
80% of the maximum power under refluxing. The resulting
product was collected by centrifuge and washed three times
using deionized water and absolute ethanol, then dried in
vacuum at 60 1C for 12 h.
Rare-earth ions such as Ce3þ or Tb3þ doped CaF2 samples
(doping concentration of 10%, molar ratio) were prepared by
the same procedure, except that an additional Ce2O3 or Tb4O7

was dissolved in concentrated HNO3 first, then evaporating
the solvent and added to the Ca2þ -containing solution.

2.2. Characterization of CaF2 samples

XRD analysis was performed on a D/Max-2550
X-ray diffractometer with monochromatized CuKa radia-
tion (l¼0.1540562 nm). TEM images were taken with a
transmission electron microscopy (TEM, JEOL JEM
-200CX). Samples for TEM were obtained by dispersing
the products in ethanol with 15 min ultrasonicating, and
then dropping a few drops of the resulted suspension onto
a copper grid precoated with amorphous carbon and
allowing them to dry naturally. SEM images were taken
with FEI SIRION-100 field-emission scanning electron
microscope. The emission spectra were recorded on the
F-2500 luminescence spectrophotometer equipped with a
150 W xenon lamp as the excitation source. The CaF2:Ce
and CaF2:Tb samples were dispersed into absolute ethanol
with 15 min ultrasonicating for PL measurement.

3. Results and discussions

The crystal structure and the phase purity of the product
were determined by X-ray diffraction (XRD). A typical
XRD pattern of the as-prepared sample is presented in
Fig. 1(a). The major detectable diffraction peaks can be



L. Ma et al. / Ceramics International 39 (2013) 5973–5977 5975
readily indexed to the pure cubic phase of CaF2 consistent
with the standard powder diffraction file of CaF2 (JCPDS
75-0097). No impurity phase could be found. The high and
sharp peaks indicate that the sample was well crystallized.
The XRD pattern indicates that the pure and well-
crystallized CaF2 product can be easily obtained in our
synthetic route. The morphology and microstructure of the
as-prepared CaF2 sample were investigated with SEM and
TEM. Fig. 1(b) exhibits a low-magnification SEM image
of the as-prepared CaF2 sample, which displays well-
dispersed and uniform spherical morphology with rough
surfaces. The yield of the spheres is closed to 100%. It is
estimated that these CaF2 microspheres have a mean
diameter about 1.2 mm. Fig. 1(c) clearly reveals the surface
structures of these CaF2 microspheres. It can be seen that
the surfaces of the flower-like microspheres are covered
with many interlaced nanosheets. Fig. 1(d) clearly displays
the edge structure of the single microsphere, from which it
is observed that tens of nanosheets with thickness about
15 nm radially stretch out towards the edges of the sphere.
The experimental results suggest that the as-prepared CaF2

flower-like microspheres should be assembled by
nanosheets in a certain way.

In order to investigate the effect of the complexing
reagent (Edta) and NaBF4 on the formation of the flower-
like CaF2 microspheres, two control experiments were
carried out. Fig. 2(a) shows the XRD pattern of the
CaF2 sample prepared without Edta. The major detectable
diffraction peaks also can be readily indexed to the pure
cubic phase of CaF2 (JCPDS 75-0097), which reveals that
Fig. 2. (a) XRD pattern and ((b) and (c)) TEM and SEM image of the CaF

prepared with NH4F as fluoride source.
the Edta has little influence on the crystalline phase of
CaF2 samples in our synthetic route. Fig. 2(b) and (c)
showed that the obtained CaF2 sample exhibited not a
spherical but an irregularly polyhedral morphology when
no Edta was used in the reaction process. Additionally, as
NH4F instead of NaBF4 was used a fluoride source, the
obtained CaF2 samples were aggregated nanoparticles as
shown in Fig. 2(d). Therefore, both Edta and NaBF4

played a crucial role in the formation of the flower-like
CaF2 microspheres.
Based on the experimental results, the probable reaction

process in our current experiment can be summarized as
following expressions:

Ca2þ-Edta-Ca2þþEdta (1)

BF4
�
þ3H2O-3Hþ þ4F�þH3BO3 (2)

Ca2þþ2F�-CaF2 (3)

As an efficient chelator for Ca2þ , Edta could react with
Ca2þ to form stable Ca2þ -Edta complex. Under micro-
wave irradiation conditions, Ca2þ ions were continuously
supplied at a slow rate by gradual dissociation of the
Ca2þ-Edta complex. Meanwhile, because the hydrolysis of
NaBF4 was also a slow process, F� ions were slowly
produced by hydrolysis of NaBF4. Then Ca2þ reacted
with F� to form amorphous CaF2 primary nanoparticles.
This slow process was probably helpful to the two dimen-
sional growth of the CaF2 crystals and then these primary
nanoparticles grew into nanosheets. Afterwards, these
2 sample prepared without Edta and (d) TEM image of the CaF2 sample
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nanosheets began to assemble in a certain way under the
effect of Edta, probably by electrostatic gravitation and
intermolecular force, and finally flower-like microspheres
were formed. The exact formation mechanism needs to be
further investigated.

The crystal structures and morphologies of the rare-
earth ions such as Ce3þ or Tb3þ , doped CaF2 samples
(CaF2:Ce or CaF2:Tb) were also investigated. Fig. 3(a)
shows that the major detectable diffraction peaks can
be readily indexed to the cubic phase of CaF2 consistent
with the standard powder diffraction file of CaF2 (JCPDS
Fig. 3. (a) XRD pattern and SEM images of

Fig. 4. Emission spectra of the samp
75-0097). In comparison with the standard diffraction
pattern, no diffraction peaks from CeF3 or TbF3 which
may exist as impurities, are observed from the doped
samples, suggesting that Ce3þ or Tb3þ were successfully
doped into the CaF2 matrix in our synthetic route. The
high and sharp peaks indicate that the samples were well
crystallized. In addition, it is noted that the diffraction
peaks of CaF2:Tb slightly shift to a higher angle than those
of CaF2:Ce because CaF2:Tb possesses smaller d-spacings
than CaF2:Ce. Fig. 3(b) and (c) show the morphologies
and sizes of the as-prepared CaF2:Ce and CaF2:Tb
the samples (b) CaF2:Ce and (c) CaF2:Tb.

les (a) CaF2:Ce and (b) CaF2:Tb.
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samples, respectively. Compared with the undoped sample,
the CaF2:Ce or CaF2:Tb sample displays similar spherical
morphology except with reduced sizes.

The luminescent properties of the CaF2:Ce and CaF2:Tb
sample were also investigated. It is observed from Fig. 4(a)
that the emission of Ce3þ presents a broad band consisting
of two overlapped peaks which corresponds to the transi-
tions from the lowest excited 5d state to the 4f ground
state, that is, the 2F5/2 and 2F7/2 levels of Ce3þ [17]. The
emission spectrum of Tb3þ (Fig. 4(b)) exhibits three peaks
centered at 489, 542, 583 nm, respectively, originating from
transitions from the 5D4 excited state to the 7FJ (J¼6, 5, 4)
ground states of Tb3þ [18], among which the 5D4-

7F4

transition at 542 nm is the most prominent.

4. Conclusions

In summary, novel CaF2 flower-like microspheres were
successfully synthesized via a rapid microwave irradiation
route using Edta as a complexing reagent. The obtained
CaF2 flower-like microspheres had good crystallinity
and purity and were assembled by nanosheets. The
experimental results indicated that not only Edta but also
NaBF4 played a crucial role in the formation of the flower-
like CaF2 microspheres. A possible formation mechanism
was initially proposed. In addition, rare-earth ions such as
Ce3þ or Tb3þ doped CaF2 microspheres were also
prepared similarly and their luminescent properties were
also characterized. The strategy presented in this work is
easily controllable and well reproducible and may be
feasible to develop into the scale-up production.
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