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Perovskites are a family of important functional materials with
excellent ferroelectric, dielectric, pyroelectric, piezoelectric, and
electro-optic properties and potential for novel applications. The
synthesis methodology for perovskites usually involves harsh
conditions. Here, we report a facile new route for synthesis of
SrTiO; hierarchical structures by fast mixing of SrCl,-6H,0
aqueous solution and titanium isopropoxide ethanol solution at
room-temperature  without using any structure-directing
templates. The SrTiO; particles with different morphologies from
cubic to starfish-like hierarchical structures can be prepared,
which is strongly dependent on the pH value of the reaction
system and the volume ratio of water/ethanol. The formation
mechanism of SrTiO; hierarchical structures has been discussed.
This method may provide a green method for synthesis of other
perovskite materials in the future.

1. Introduction

Nanomaterials have been widely studied in the past several
decades because of their unique size and shape-dependent
properties in reduced dimensions.' More and more synthesis
methods have been introduced to tune the morphology of the
nanocrystals. Recently, hierarchical structures have attracted
much attention due to their distinct characteristics and potential
applications.? Various methods have been designed for preparing
hierarchical nanomaterials, such as the methods based on vapor-
liquid-solid (VLS) mechanism * or via vapor transfer and
concentration,” solvothermal process > or reaction in nonaqueous
solutionf’ ultrasonic’ and microwave radiation method,8 aqueous-
phase chemical synthesis®, bio-inspired approaches.'® Aqueous-
phase chemical synthesis has been considered as a promising
route because of its low-energy requirement, environmental
benign processing conditions, and the potential for large-scale
production.

The perovskite material such as barium titanate (BaTiOs;) and
strontium titanate (SrTiOs) have excellent ferroelectric, dielectric,
pyroelectric, piezoelectric, and electro-optic properties and
potential for novel applications, such as electromechanics,
dynamic random access memories, capacitors, and nonlinear
optics.'' Several chemical methods have been reported for the
preparation of micro- and nano-sized BaTiO; and SrTiO; crystals
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in addition to the standard solid-state method,'? such as molten
salt synthesis,'® decomposition of bimetallic alkoxide precursors
in organic solvents,'* solvothermal and hydrothermal methods,'
microwave route, '® and biosynthesis. '” Though these routes
above offered a successful synthesis of BaTiO; and SrTiOs
nanoparticles, they usually required temperatures higher than
100 [J, extreme pH conditions, or expensive reactants. It is highly
expected to synthesize these materials at room temperature,
ambient pressure, and near-neutral pH, with reactants very
accessible and controllable morphology.'®

Herein, we report a template-free synthesis of hierarchical
nanostructures of strontium titanate (SrTiO;) under ambient
conditions in an ethanol/water mixed solution. In this approach,
SrCl,-6H,0 and titanium isopropoxide were used as reactants. By
adjusting the pH value of the initial solution, SrTiO; nanocrystals
with different morphologies from cubic to starfish-like
hierarchical structures can be prepared. With the increase of the
volume ratio of ethanol/water, the particle size became more
uniform and smaller. This versatile strategy provides a new way
for synthesis a series of other perovskite ferroelectric materials.

2. Experimental

All chemicals are analytical grade and used as received without
further purification. In a typical procedure, SrCl,-6H,O (1.5
mmol), and a certain amount of KOH were dissolved in 5 mL of
deionized water respectively and mixed together to form a
homogeneous solution. 1.5 mmol of titanium isopropoxide were
dispersed in 10 mL of ethanol (the mole ratio of St/Ti = 1). Then,
the two solutions were mixed quickly within 20 s under vigorous
stirring  with immediate formation of a white gelatinous
suspension precursor, which was aged at room temperature for a
certain time according to the amount of alkali used. The white
precipitates were washed by distilled water and absolute ethanol,
respectively, and dried in a vacuum at 30 [J for 4 h.

X-ray powder diffraction was carried out on the substrate by
Philips X’Pert Pro Super Diffratometer CuKoa radiation (A =
1.541874 A). Scanning electron microscope (SEM) images were
obtained by JEOL JSM-6700F and Karl Zeiss Supra 40.
Transmission electron microscopy (TEM), high-resolution TEM
(HRTEM) and electron diffraction pattern(ED) images were
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obtained on a JEOL JSM-2010 microscope at an accelerating
voltage of 200 kV. Energy-dispersive X-ray (EDX) analysis was
obtained with an EDAX detector installed on the same HRTEM.

3. Results and Discussion
3.1 The influence of the concentration of alkali

The thermodynamic modeling work by Riman and co-workers
indicated that alkaline-earth titanates and zirconates could be
synthesized in aqueous solution even at temperatures below
100 [ when the pH value was appropriate. It is generally
believed that high-concentration alkali ((OH] = 1 mol-dm?) is
required to ensure quantitative precipitation of alkaline-earth
titanates. Zhang et al. found the concentration and type of alkali
play a key role in the formation of 50-facet Cu,O microcrystals.?’
Han et al. also reported that different mineralization agents
(LiOH and KOH) could adjust the surface structure.’' In the
present study, we found that the concentration of alkali plays a
key role in the controllable synthesis of alkaline-earth titanates
with various morphologies.

o o
~ o
o - N
o ~ -
- - i =
3 NN
S k-_l I . a
>
2 . J i
o
=
- ] W A c
1 | | [ 1
20 40 60 80
20 (degree)

i - 4} ’.
-4 v 3 ]

20

50

Fig. 1 XRD patterns of the products obtained from the reactions of 1.5
mmol SrCl,:6H,0 and 1.5 mmol of titanium isopropoxide with various
concentration of KOH at room temperature: (a) 2.7 mol-dm?, (b) 0.9
mol-dm™, and (c) 0.45 mol-dm™.

Fig. 1 shows the XRD patterns of the products obtained from
the reactions of 1.5 mmol of SrCl,-6H,O and 1.5 mmol of
titanium isopropoxide with various concentration of KOH at
room temperature. All diffraction peaks for these samples can
match the standard pattern of cubic SrTiO; quite well (JCPDS
No. 86-0179). No diffraction peaks of SrCO; or other impurities
were found, indicating that the obtained product is pure SrTiO;
without the formation of carbonate. This result reveals that the
samples prepared at room temperature using different
concentration of KOH are all pure cubic phase SrTiOs.

Fig. 2 shows the SEM and TEM images of SrTiO; prepared in
the presence of 2.7 mol-dm?, 0.9 mol-dm™, and 0.45 mol-dm™
KOH, respectively. Well-defined SrTiO; cubes with a size of
~300 nm were obtained by using 2.7 mol-dm™ KOH (Fig. 2a-c).
The surfaces of these cubes were relatively smooth. When the
concentration of KOH was reduced from 2.7 mol-dm™ to 0.9
mol-dm?, eight-pod cubes formed (Fig. 2d-f). The growth
orientation tended to <111> axis and the growth of (100) surfaces
were limited. Further reducing the concentration of KOH to 0.45
mol-dm™, the structure becomes more complicated, which was
apt to form starfish-like hierarchical structures as shown in Fig.
2g-i. Eight vertices and twelve edge of the cube grow out from
the centre, with relatively short and non-contiguous nanorods and
nanosheets growing out from them. Then, much shorter nanorods
grew on the short ones, leading to a fractal structure. The
morphology and size distribution for the different samples were
shown in Fig. S1-S3 (ESI¥).

Fig. 2 SEM (a, b, d, e, g, h) and TEM (c, {, j) images of the SrTiO; samples obtained from the reactions of 1.5 mmol SrCl,-6H,0 and 1.5 mmol of titanium
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isopropoxide with various concentration of KOH at room temperature: (a, b, ¢) 2.7 mol-dm?, (d, e, f) 0.9 mol-dm?, and (g, h, i) 0.45 mol-dm™

The lattice fringes observed in the HRTEM images and the ED
patterns confirm that all samples are single crystalline (Fig. 3).
The distance between adjacent lattice fringes in the HRTEM
images of hexagonal and starfish-like structure were measured to
be 0.276 nm and 0.277 nm, respectively, which were very closed
to the standard lattice spacing of the [110] planes of cubic
SrTi0;, i.e. 0.275 nm. According to the HRTEM images and ED
patterns (Fig. 3), it can be confirmed that the growing orientation
of the eight vertices was along the <111> axis. In addition, the
energy dispersive X-ray spectroscopy (EDS) indicated that the
molar radio of Sr:Ti is near 1:1 (ESIT, Fig. S4).

The influence of the concentration of [OH] on the morphology
of the particles has been investigated. Usually, we can get two
ideal surface terminations if we cleave the bulk crystal of SrTiOs
along any Miller Index plane. Therefore, SrTiOs-(100) plane can
have a SrO-terminated and a TiO,-terminated surface. The
SrTiOs-(110) surface consists of alternating O,* and SrTiO**
layers and the SrTiOs-(111) surface consists of alternating SrO;*
and Ti*" layers (Fig. 4). Thus, the (100) planes are non-polar
surfaces. The (110) and (111) planes are called polar surfaces.
The stabilization of polar surfaces needs a modification of the
surface layer charges.”? From Fig. 4, we can see the range of
absorption capacity for [OH7 is (111) > (110) > (100). The (111)
planes need more [OH'] to maintain the stabilization than (110)
and (100) planes. If the concentration of [OH] is high enough, all
surfaces are covered by anions, thus the SrTiO; crystal will grow
according to its cubic structure. With decreasing the
concentration of [OH'], the stabilization capacity of anions to
(111) planes declined, but the (110) planes still maintain a certain
stability. The growth through the (110) and (100) axis was still
impeded, and the limitation of the crystal growth along (111) axis
was weaker and weaker, which forms the star-like morphology.
According to the report by Noguera et al,® the (110) face of
cubic SrTiO; is considered to be the one of the most energetically
stable crystal face, similar to the (100), which explained why the

{110} orientations can be quite easily obtained for SrTiO;.

Fig. 3 High-magnification TEM (a, ¢) and HRTEM (b, d) images of the
SrTiO; samples prepared using different concentration of KOH. (a, b) 0.9
mol-dm™ and (c, d) 0.45 mol-dm™. The insets in HRTEM images show
the corresponding ED patterns.

The concentration of [OHT] not only could control the final
morphology but also could influence the crystallization rate. The
higher of the concentration of [OH], the faster crystallization rate
is. With the presence of 2.7 mol-dm™ KOH, the suspension could
totally precipitate in less than 2 h. We could slow down the

so crystallization process by reduce the concentration of [OH']. With

the presence of 0.45 mol-dm™> KOH, the complete precipitation
process will need 4~5 days.

Fig. 4 Atom packing models on different basal equivalent crystal plane families surfaces of cubic SrTiOs. (a) Packing model on the {111} equivalent
crystal plane families surfaces. View along the (111) surface. (b) Packing models on the {110} equivalent crystal plane families surfaces. View along the
(110) surface. (c) Packing models on the {100} equivalent crystal plane families surfaces. View along the (100) surface. Green spheres present Sr atoms.

Red spheres present O atoms. Gray spheres present Ti atoms.

3.2 The influence of volume ration of water/ethanol

Previously, we found that the water content in a mixed
water/ethanol solvent has great influence on morphology and
phase of CeOHCO; ** and CaCO;. * In order to further
understanding the role of ethanol concentration, the volume ratio
of ethanol in mixed solvent was varied from 0 to 75v/v% while
maintain the whole volume constant.

The XRD pattern in Fig. 5d shows that the final products
prepared in solutions with different volume ratio of water/ethanol
were still pure cubic phase SrTiOs. Thus, the concentration of
ethanol did not influence on the phase of final products. In pure
water system, we found that the rate of hydrolysis was too fast in

70 aqueous solution and the precipitate formed within 5 min, so that

it is hard to get the particles with unique shape and uniform sizes
(Fig. 5a). However, in the presence of ethanol, the rate of
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hydrolysis of titanium isopropoxide can be tuned. The nucleation
process was more homogeneous and the particle size could be
more uniform (Fig. 5b, ¢). By increasing the concentration of
ethanol in this system, the particle size can be reduced from 500
nm to ~150 nm.
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Fig. 5 SEM images of the SrTiO; samples obtained with different
water/ethanol ratio in 2.7 mol-dm® KOH: (a) pure water, (b) water:
ethanol = 3:1, and (c) water: ethanol = 1:3, (d). XRD patterns of the
samples obtained with different water/ethanol ratio in 2.7 mol-dm KOH.

From Fig. S5-S6 (ESIY), it was found that the laws above were
still effective. Though the final phase of products were pure cubic
SrTiO;, the morphology was changed. With the absence of
ethanol, the morphology of sample was messy. While the volume
ratio of ethanol increased to 25%, the starfish-like structure came
back but the particle size was close to 1 um. When the volume
ratio of ethanol increased to 75%, the crystal size decreased to
~100 nm, associated with lots of nanoparticles without any
special morphology. In solution system, a low supersaturation
degree brings on inhomogeneous nucleation, which results in less
uniformity of final crystal; while a high supersaturation degree
leads to homogeneous nucleation, which makes crystal grow
evenly. *® During the formation of nanocrystalline, the
competition between the crystal growth and the nucleation always
exists and was controlled by diffusion. The diffusion of particles
is more difficult in solutions of high viscosity, which tends to the
formation and crystallization of new nuclei. Due to ethanol has a
higher viscosity than water, the mixed solution with higher
ethanol contents would form crystals of smaller size. A similar
phenomenon was reported by Yu and co-workers previously.?’ In
this experiment, with the increase of concentration of ethanol, the
ion supersaturation degree and viscosity of solution system
raised. It’s easy to comprehend why the particles size become
more uniform and smaller.

3.3 The formation of hierarchical structure

In order to learn the growth mechanism of the hierarchical
structure, a series of time-dependent examinations were
investigated. Fig. 6d shows the XRD patterns of products
gathered at different times in 2.7 mol-dm™ KOH. At 5 min, there
is no peak appeared in the pattern, which shows the product was
amorphous nanoparticles. At 1 h, the XRD pattern shows some
peaks corresponding to the (110) and (200) faces. With the time

prolong, the crystallization process became more thoroughly. The
TEM images shown in Fig. 6a-c proved this process. At the

4s beginning there were only amorphous nanoparticles, then,
crystalline cubes formed. The whole process obeys the Oswald
ripening progress. Small amorphous nanoparticles forms and they
further agglomerate or dissolve, re-crystallize, to finally form
crystalline cubes.
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Fig. 6 TEM images of the samples obtained by using 2.7 mol-dm~ KOH
with different reaction time: (a) 5 min, (b) 24 h, and (¢) 96 h. (d) XRD
patterns of the samples obtained by using 2.7 mol-dm™ KOH with
different reaction time.

ss The similar phenomena were also observed while the
concentration of alkali reduced to 0.9 mol-dm™ and 0.45 mol-dm’
* (ESIY, Fig. S7-S10). Amorphous nanoparticles were checked
by XRD (ESIf, Fig. S7, S9) and TEM (ESI{, Fig. S8, S10) when
the reaction was stopped after 5 minutes. With the time prolong
to 5 hours, some big crystals formed (ESIf, Fig. S8, S10). As
discussed in section 3.1 based on adsorption of [OH-] on (111),
(110) and (100) crystal faces, comparing with formation of the
SrTiO; cubes at high concentration of [OH-] due to inhibition of
crystal growth along <111> direction, the SrTiOj; crystals tends to
s grow along <111> direction to form eight-branch structures with
exposed [110] faces by consumption of amorphous nanoparticles.
The quantity of amorphous nanoparticles decreased obviously
after one day’s aging, while it as feedstock for growth of
hierarchical structure was disappeared after aging for 5 days
(ESIt, Fig. S7-S10). Furthermore, the lower concentration of
[OH-] anions (0.45 mol-dm™) leads the SrTiO; crystals to grow
along <111> direction enough to form dendritic hierarchical
structure.

=
=

4. Conclusion

In summary, we have developed a very simple strategy for
preparing hierarchical nanostructure of strontium titanate
(SrTiO3) under ambient ethanol/water mixed solution at room-
temperature. The nanocrystals were synthesized by fast mixing of
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SrCl,-6H,0 water solution and titanium isopropoxide ethanol
solution in a jar, without any surface-capping molecules or
structure-directing templates. A series reaction conditions were
adjusted to study the mechanism of the process. The results
showed that the pH value played a key role in controlling the
final morphologies of single crystalline SrTiO; particles. In
addition, the concentration of ethanol in mixed solution could
control the rate of hydrolysis and nucleation. Time-dependent
reaction revealed that the formation of nanocrystal obey the
Oswald-ripening process. The present reaction system offers an
easy route to synthesize single crystalline SrTiO; under mild
condition at room temperature, and this strategy will be extended
to synthesize other perovskite ferroelectric materials.
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SrTiOj; hierarchical structures can be synthesized in an ethanol/water mixed solvent at
room temperature without using any structure-directing templates.




