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CaSnO;:Eu™* microcrystals with controlled morphology were prepared by a hydrothermal method followed by further calcining
treatment without any template or capping reagents. Reactant concentration and reaction time showed strong effects on the phase
formation and morphology of the products. The prepared samples were systematically characterized by powder X-ray diffraction,
field-emission scanning electron microscopy, photoluminescence (PL), and photoluminescent excitation spectra. The possible
formation mechanism was proposed. Furthermore, PL characterization of CaSnO5:Eu** microcrystals was performed and dis-

cussed in detail.
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Nanometer-sized inorganic low dimensional systems exhibit a
wide range of optical and electric propertiesl that greatly depend on
the crystal shapes due to the association between surface atomic
arrangement and material stabilities.” Nowadays, research interests
have been expanded into controlling the shape of materials and un-
derstanding the correlations between the materials properties and
their microstructure and morphology.S'5 However, attempts to pre-
pare inorganic materials with uniform shape and size in large quan-
tities still remain a challenge.("11 Considerable strategies have been
developed for the growth of inorganic materials with different mor-
phologies, such as flowerlike,' star—shaped,13 and doughnutlike
morphology products from inorganic precursors.1 A further investi-
gation on the parameters that controlled crystal growth was neces-
sary to extend the obtainable inorganic materials with uniform
shapes and sizes.

Recently, considerable interest in the optical and electrical prop-
erties of doped nanoparticles has emerged. Alternative classes of
these materials that exhibit unique ogtical properties are those based
on oxide-doped rare-earth ions.”>!° The perovskite-type alkaline-
earth stannates (MSnOsz, M = Ca, Sr, and Ba) have been extensively
studied during the past century, especially on their very interesting
application for display phosphor matrix, ceramic materials, ther-
mally stable capacitors in electronic industries, and gas sensor
host."”"? SnOi_ anions are reported to be optically inert and could
be a candidate as a host material.?’ At present, many efforts have
been devoted to the synthesis of CaSnO5 microcrystals with various
shapes by different methods.?"* CaSnOj; microcubes can be pre-
pared by a hydrothermal method with the assistance of polyvi-
nylpyrrolidone surfactant.”! Eight-horn or cubic CaSnO3 microcrys-
tals can be obtained by a precipitation method by the addition of a
desired amount of NaOH or HCI solution to the Na,SnO3; aqueous
solution.? However, little attention has been paid to the lumines-
cence properties of alkaline-earth stannate phosphors.23'27 Most of
the preparation processes employ high calcination temperatures
(800-1600°C 28) or the products usually consist of particles with
irregular shapes and wide size distributions. The methods mentioned
in the literature required high temperature, special conditions, or
tedious procedures. Therefore, the development of a mild and more
controllable method for creating such architectures is of general in-
terest. Recently, environmentally friendly synthetic methodologies
that include molten-salt synthesis, hydrothermal process, and tem-
plate synthesis have gradually been implemented as viable tech-
niques in the synthesis of a range of materials.”” In particular, the

* E-mail: zIfu@jlu.edu.cn

hydrothermal method as a typical solution-based approach has been
proven to be an effective and convenient process in preparing vari-
ous inorganic materials with diverse controllable morphologies and
architectures.®” In this work, we report a facile hydrothermal route
to synthesize uniform CaSnO;:Eu** microcrystals with controlled
morphologies at low temperature without any template or capping
reagents. The possible formation mechanism has been proposed.
Furthermore, the relation photoluminescent property of
CaSnO5:Eu?* microcrystal morphology was also investigated.

Experimental

Preparation of CaSnO;:Eu’™ nanocrystals.— Materials.— Cal-

cium chloride dihydrate (CaCl,-2H,0), sodium stannate trihydrate
(Na,Sn0O3-3H,0), and  europium  nitrate  pentahydrate
[Eu(NO3)5-5H,0] were obtained from Aldrich. All of the chemicals
were used without further purification. For the hydrothermal treat-
ment, we used 80 mL Teflon cups.
Synthesis.— Calcium chloride dihydrate (CaCl,-2H,0) and eu-
ropium nitrate pentahydrate [ Eu(NO3)5-5H,0] were dissolved in 20
mL distilled water and the mixture was stirred for 1 h. Sodium
stannate trihydrate (Na,SnOs-3H,0) with different molar ratios of
Ca: Sn was dissolved in another 20 mL distilled water and also
stirred for 1 h. Then Na,SnO5-3H,0 solution was added to the pre-
vious solution and stirred again for 2 h. Finally, the mixture was
placed in a poly(tetrafluoroethylene) (PTFE) vessel, and the vessel
was capped by a PTFE cover and was placed inside a stainless steel
autoclave. The autoclave was sealed and kept at 180°C for different
reaction times followed by cooling down to room temperature. The
precipitates taken from the autoclave were dried at 50°C in air. The
precursor powders were calcined at 800°C for 3 h. Finally, eight-
horn CaSnO;:Eu’* microcrystals were obtained. To investigate the
intermediates and luminescent properties of the eight-horn
CaSnO5:Eu?*, the synthesis was stopped at different stages during
the synthesis process. In addition, the activator’s content (Eu) was
maintained at 3 mol % for all the prepared samples.

Characterization.— The structural characteristics of the product
were measured from the X-ray diffraction (XRD) patterns using a
Philips  XPert/MPD  diffraction system with Cu Ko (M
= 0.15405 nm) radiation. The morphology and the size of the ob-
tained samples were observed with field-emission scanning electron
microscopy (FESEM, JSM-6700F, JEOL). For the optical investiga-
tion, the photoluminescence and photoluminescence excitation
(PLE) measurements were obtained at room temperature by using a
luminescence spectrometer (Photon Technology International, time-
resolved fluorescence meter) with a Xe lamp as an excitation source.
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Figure 1. (Color online) XRD powder patterns of microcrystalline
CaSnO;:Eu’* with different molar ratios of Ca* to Sn**: (a) Ca:Sn = 1.1:1
(CSO-1), (b) Ca:Sn = 1.2:1 (CSO-2), and (c) Ca:Sn = 1.3:1 (CSO-3).

Results and Discussion

Synthesis and morphology of CaSnO;z:Eu’*.— Figure 1 shows
the XRD patterns of the prepared CaSnO;:Eu** powders with dif-
ferent molar ratios. When the cations with the molar ratio of 1:1
(Ca:Sn) is calcined at 800°C for 3 h, the main phase is CaSnOs;
however, a few SnO, are formed (Fig. 1a, CSO-1). When the pre-
cursor powders with the molar ratio of 1.1:1 (Ca:Sn) are calcined at
800°C for 3 h, the diffraction peaks of SnO, became weaker (Fig.
Ib, CSO-2). When the precursor powders with the molar ratio of
1.3:1 (Ca:Sn) are calcined at 800°C for 3 h, the SnO, disappeared
completely, then the final product CaSnOj is formed (Fig. lc, CSO-
3). These XRD results reveal that the CaSnOs is crystallized to the
pure orthorhombic phase with a 1.3:1 ratio of Ca:Sn after calcina-
tion at 800°C for 3 h. The XRD values of CaSnO5:Eu** samples
roughly matched with CaSnO; standard values given in JCPDS card
no. 31-0312. The lattice constants are calculated to be a
= 5.808 13;, b =5.540 A, and ¢ = 7.850 A. It is suggested that the
samples are of high crystallinity according to the intense diffrac-
tions. The FESEM image of sample (c) CaSnO5:Eu’* microcrystals
is shown in the inset (Fig. 1), which indicates that the microcrystal
CaSnO5:Eu®* synthesized by a hydrothermal method has an eight-
horn shape.

To fully understand the effect of reaction time on the microstruc-
ture and morphology of the synthesized samples, controlled experi-
ments were conducted to find the optimal morphology. Figure 2
shows the morphology of the products synthesized at 180°C with
different hydrothermal times. At the early stages, we can get some
eight-horn CaSnO;:Eu** microcrystals and part of the accumulated
bulk crystals after a 2 h hydrothermal reaction (see Fig. 2a), and the
surface of eight-horn CaSnO:Eu®* microcrystals is coarser, which
distributed a small amount of single particle with the size of about
100 nm. When the reaction time was increased to 4 h (Fig. 2b), the
product was mainly composed of eight-horn CaSnO5:Eu** microc-
rystals and a small amount of uncompleted eight-horn microcrystals.
After 7 h of reaction, uniform, self-assembled, eight-horn microc-
rystals were finally synthesized, as shown in Fig. 2c. With a further
increase in the reaction time to 10 h, part of the eight-horn
microcrystals grew up and resulted in uneven morphology.

On the basis of the above discussion, our experimental results
indicated that the molar ratio of the cations and the reaction time
played an important role in the pure-phase formation and uniform
morphology of eight-horn CaSnO;:Eu®* microcrystals. A cation
Ca:Sn ratio of 1.3:1 and a crystallization time of 7 h were optimal.

Figure 2. FESEM images of the products (CaSnO;:Eu* calcined at 800°C
for 3 h) first synthesized at 180°C with different hydrothermal reaction
times: (a) 2, (b) 4, (¢) 7, and (d) 10 h.

The formation mechanism for the eight-horn CaSnO;:Eu’™ mi-
crocrystals.— The crystal growth mechanisms in solution are so
complicated that the actual crystallization mechanism remains an
open question. Figure 3a and b shows the FESEM images of the
CaSn(OH)¢ precursors before hydrothermal treatment with different
precipitate times. At the early stages, Fig. 3a shows the coexistence
of the four-horn-shaped microcrystal together with the single- or

Figure 3. FESEM images of CaSn(OH), before ahydrothermal reaction at
room temperature with different reaction times [(a) 1 and (b) 7 h] and after a
hydrothermal reaction at 180°C with different hydrothermal reaction times
[(c) 2, (d) 4, and (e) 7 h].
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double-horn crystals, which suggests that, eventually, the star-
shaped crystals develop into eight-horn CaSn(OH)g microcrystals
under hydrothermal conditions. Figure 3b shows the morphology of
the products precipitated at room temperature for 7 h without hy-
drothermal reaction. It can be seen that the stars have eight symmet-
ric arms of about 2 wm extending radially from the center. An arm
shows a tridentlike, dendritic structure. At the middle stages of the
hydrothermal reaction, the product was mainly composed of eight-
horn CaSn(OH)4 microcrystals and a small amount of uncompleted
eight-horn microcrystals with the coarse surface (see Fig. 3¢ and d).
If the products are synthesized after 7 h of hydrothermal treatment,
it is visible that the as-synthesized eight-horn CaSn(OH)g
microcrystals have a uniform size and an edge length of about
3 wm in the final stage of the reaction, as shown in Fig. 3e. In
addition, it can be seen that there is a deep concave in the center of
the eight-horn microcrystals.

It is concluded by Mut‘phy31 that the preferential absorption of
molecules and ions in solution to different crystal faces directs the
growth of nanoparticles into various shapes by controlling the
growth rates along different crystal axes. W.ang32 suggested that the
shape of a face-centered cubic crystal was mainly determined by the
ratio of the growth rate in the (100) to that in the (111), and cubes
bounded by the six {100} planes are formed when the ratio is rela-
tively lower. Ma et al.'¥ found that the faster growth on the {111}
faces favors the formation of eight-arm PbS single crystals. The
shape evolution of Cu,O crystals ranging from eight-pod particles to
star-shaped particles and then to cubes indicates that the formation
of Cu,O cubes in the study of Wang et al.” can also be attributed to
the higher growth rate of {111} planes of the Cu,O lattice. The views
are verified by our experiments in the synthesis of eight-horn
CaSn(OH)g microcrystals.

CaSn(OH); crystallizes in the cubic structure, in which each Ca
and Sn has six oxygen neighbors, respectively. For dendrites, a
common explanation is that different growth rates of different sur-
face sites finally result in branch growth. The {111} and {100} sur-
faces in the CaSn(OH)g crystal lattice are different in the surface
atom structures and bonding as well as the possibility of chemical
reactions. In the earlier stage of the reaction, once the CaSn(OH)g
nuclei are formed, reactants continuously arrive at the site. The con-
tinuous growth on the different planes of CaSn(OH)g nuclei may
kinetically favor the preferential crystal growth along eight (111)
directions. As a result, the growth of CaSn(OH)g in the (111) direc-
tion leads to the formation of eight-pod particles (Fig. 3a and b). An
increase in the temperature improves the reaction kinetics and re-
sults in an increase in reaction rates. In the following hydrothermal
stage, the open spaces between the pods are gradually filled by the
crystal growth of possibly the {110} and {100} planes, and in this
way, the multipod particles gradually lost their shape (Fig. 3¢ and d).
Eventually, the {111} facets were nearly eliminated because of their
higher growth rate, and the {100} facets remained because they have
the lower growth rate. An eight-pod microcrystal with six {100}
planes is then obtained (Fig. 3e). The process of the morphology
evolution of eight-pod CaSn(OH)g microcrystals is summarized in
Scheme 1.

Luminescence properties.— Recently, considerable efforts have
been devoted to research on phosphors used for white light-emitting
diodes (w-LEDs) because w-LEDs have already begun to replace
the traditional incandescent lamps and are expected to replace fluo-
rescent lamps soon.”””" The proper red-emitting phosphor used for
the near-ultraviolet (n-UV) LED should meet two primary require-
ments: (i) The phosphor host or the activator shows strong absorp-
tion in the n-UV spectral region and (ii) the phosphor could convert
the n-UV light into red light efficiently. Eu’* ion has been exten-
sively investigated as an activator of the red-emitting phosphor due
to its particular spectral character.®> Figure 4 presents the room-
temperature PLE spectra of CaSnO;:Eu** microcrystals. The PLE
spectrum of CaSnO;:Eu?* microcrystals exhibits a broad band be-

g Hydrothermal
-
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Scheme 1. Schematic illustration of the formation and morphology evolu-
tion of CaSn(OH)4 microcrystals in the whole synthetic process.

tween 200 and 350 nm, which is attributed to the charge-transfer
transition between the Eu** ions and surrounding oxygen anions. 7
The sharp excitation lines are assigned to transitions between the
7F0 and the 5D4, SGJ, SLG, 5D3, and 5D2 levels at wavelengths of
362,377, 383, 395, 417, and 466 nm. The strongest excitation line at
395 nm contributes to the 'Fy — 5L6 transition in the n-UV region,
which matches well with the commercial n-UV LED chip.
Because the purpose of luminescent investigation is on the n-UV
GaN-based LED phosphor, only the spectroscopic properties in the
range of 350-400 nm were concerned. Therefore, only the emission
spectra excited by 395 nm were shown in this paper. Upon UV
excitation, the CaSnO5:Eu’* phosphors exhibit a strong red lumines-
cence. The emission spectra measured with the Xe lamp as an exci-
tation source are shown in Fig. 5. The Eu®* ion is sensitive to its
surrounding environment, and the effect of the crystal field causes
shifts and splittings of crystal-field levels. In CaSnO5:Eu®*, when
Eu’* ions replace the Ca®* site (Ca occupies a C symmetry site with
a noncentrosymmetric environment), the emission spectrum of
CaSnO5:Eu?* exhibits three obvious maxima located at 580, 592,
and 614 nm, assigned to transitions from the excited D state to 'F,
(J = 0-2) levels of Eu**. For the *Dy—Fj, transition, the initial and
final energy states are nondegenerate, and only a single transition is
expected (580 nm). It is also widely understood that the magnetic
dipole transition 5D0—7F1 is not dominant when Eu®* ions in the
crystal lattice occupy a site without an inversion symmetry. The
5D0—7F2 transition is allowed when Eu®* is embedded at a site of
noninversion symmetry.3 839 In this case, the emission peaks situated
at 614 nm, showing a prominent and bright red light, are due to the

Intensity(a.u.)

d T d T d T d T d T d T d
200 250 300 350 400 450 500 550
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Figure 4. The excitation spectra of CaSnO5:Eu®* microcrystals for the emis-
sion at 614 nm.
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Figure 5. The emission spectra of CaSnO5:Eu* prepared at different hydro-
thermal reaction times for the excitation at 395 nm.

5D0—7F2 electric dipole transition induced by the absence of inver-
sion symmetry at the Eu®* site, and it is much stronger than the
orange 5DO—7F1 transition (592 nm). Therefore, in the host material
CaSnOj5; microcrystals, the emitting center does not occupy a site
with a center of symmetry. In addition, comparing all the spectra in
Fig. 5, it can be seen that the emission intensity with the best mor-
phology (7 h) is the strongest. The excellent luminescence properties
make it possible as a good candidate for LED application.

Conclusion

Eight-horn CaSnO5:Eu®* microcrystals have been successfully
synthesized by a hydrothermal process followed by a further calcin-
ing treatment without any template or capping reagents. Suitable
conditions for the synthesis of single-phase CaSnO;:Eu**
microcrystals were a cation Ca:Sn ratio of 1.3:1, a hydrothermal
crystallization time of 7 h, and calcinations at 800°C for 3 h. The
formation mechanism for the eight-horn microcrystals has been pro-
posed on faster growth on the {111} faces. The emission peak situ-
ated at 614 nm, showing prominent and bright red light, is due to the
5D0—7F2 electric dipole transition. The excellent luminescence prop-
erties make it possible as a good candidate for potential application
in LEDs.
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