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Shape-Control of Strontium Titanate Nanostructures by
a Surface-Capping Soft Chemical Process
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A surface-controlling soft chemical process is reported for tuning the morphologies of strontium
titanate (SrTiO3 ) nanostructures. The conventional surfactant-free soft chemical process produced
polycrystalline SrTiO3 nanoparticle aggregates generated by the dissolution-growth reaction. Alternatively, in order to synthesize single-crystal SrTiO3 nanorods, we employed the surface-capping
soft chemical process using a polyacrylic acid (PAA) polymer capping-reagent. The single-crystal
SrTiO3 nanorods prepared using PAA were observed to have facets with di erent diameters from a
few nm to 200 nm, lengths up to several m, rectangular cross-sections, and crystal-axe perpendicular to the growth axis of the nanorods. A high-yield of nanorods over 90 % was also obtained
in the total volume of the product.
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believe it is necessary to develop an ecient synthesis method for SrTiO3 nanostructures with controlled
morphologies and with de ned crystal-axe. However,
there have been only a few research projects addressing
synthesis methods for controlling SrTiO3 nanostructures
[12{14]. For example, the solution-phase decomposition
method and the template-free hydrothermal approach
have been reported to be synthesizing routes to singlecrystalline SrTiO3 nanowires, especially that have cylindrical cross-sections. In this work, which is aimed at controlling the morphologies of SrTiO3 nanstructures, we
report a surface-modifying soft chemical reaction for the
synthesis of shape-controlled SrTiO3 nanostructures that
were transformed from a precursor of potassium tetratitanate (K2 Ti4 O9 ) nanostrcutures. The growth model
for the nanoparticle aggregates and the nanorods are explained.

I. INTRODUCTION

A prototypical perovskite, strontium titanate
(SrTiO3 ), has recently attracted great attention owing
to its wide variability in electrical properties, ranging
from insulating through semiconducting to metallic
behavior [1{4]. In particular, the reversible switching
between a low- and high-resistance state and the
multilevel switching properties of SrTiO3 single crystals
and thin lms have provided an important potential
for application to a new concept of resistive storage
memory device [5{9]. With the increasing demand
to reduce the size of microelectronic devices down to
the sub-microscalelevel, SrTiO3 nanostructures are
considered to be the promising candidate for novel
data storage media. Based on the applications of
SrTiO3 nanostructures, the more advance performance
of ultra-density memory-bit cells, high operation speed,
etc, are also expected to be realized in resistive random
access memory devices (ReRAM) [10,11].
In order to examine the applicability of SrTiO3 nanostructures to resistive information storage devices, we
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II. EXPERIMENTS
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Two metal-alkoxides, CH3 OK (95 %, Aldrich) and
Ti(OC2 H5 )4 (technical grade, Aldrich), were mixed in a
polar solvent of C2 H5 OH; then distilled water was added
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into the mixture. In order to control the pH of the solution at 7, we dropped the desired volume of HCl into
the `sol' solution. After stirring the `sol' solution at 40
 C for 2 h, the conventional process of gelation proceeded
from aging to drying. The as-obtained xerogel was crystallized to K2 Ti4 O9 nanostructures by heating at 850
 C for 4 h. Prior to the hydrothermal reaction, the precrystallized K2 O phase covering the surface of the precursor, was rinsed with distilled water at 90  C several
times. The hydrothermal reaction using the precursor
of K2 Ti4 O9 nanostructures was carried out with a solution of Sr(OH)2 8H2 O (99.995 %, Aldrich). Two paths of
the hydrothermal reaction, are with a polymer cappingreagent of polyacrylic acid (PAA) and are without the
capping reagent, were followed. The surface-capping soft
chemical reaction with PAA was carried out at a temperature above 130  C for 1 day, and the surfactantless
hydrothermal reaction without the PAA was carried at
90  C for 1 day.
Phase identi cation and morphological observations
were performed by using powder X-ray di ractometry (Rigaku Dmax2200V) and eld emission scanning
electron microscopy (FE-SEM, Sirion XI/FEG/SFEG).
The lattice spacing, the selected area di raction pattern
(SAED), and the crystal naxis of the nanostructures were
studied using a high-resolution transmission electron microscope (HRTEM, Jeol JEM-3000F).

III. RESULTS AND DISCUSSION

The X-ray di raction pattern (XRD) of K2 Ti4 O9 and SrTiO3 nanostructures shown in Figure 1, show
that the layered structure of the precursor was structurally converted into the perovskite structure through
both the conventional surfactant-free process and the
surface-capping process. All XRD peaks of the asprepared K2 Ti4 O9 nanostructures were indexed on the
Bragg positions reported in the literature, international
centre for di raction data (ICDD) no. 32-0861. As reported in our previous study [15], the layer-structure
of K2 Ti4 O9 nanostructures was prepared by using the
sol-gel-calcination method based on the key role of the
pre-crystallized K2 O phase, which tunes the growth behavior of potassium titanate (K2 OnTiO2 , n = 4 or 6)
nanostructures. Also, the Bragg position and the lattice constants of the SrTiO3 nanostructures were determined to be a = 3.902 
A in the cubic phase, which is in
agreement with the literature (ICDD no. 35-0734). After the hydrothermal reaction, the phases of the SrTiO3
nanostructures were found to be prepared with a trace
of the unreacted precursor of K2 Ti4 O9 nanostructures.
When the XRD result of surface-encapsulated SrTiO3
nanostructures was compared with that of surfactantfree SrTiO3 nanostructures, the identical XRD results
of both products implies that the surface-capping process just modi es the surfaces of the products without

Fig. 1. (a) XRD pattern of K2 Ti4 O9 nanostructures prepared at 850  C with the molar ratio of CH3 OK to Ti(OC2
H5 )4 controlled at 1 : 1. (b) XRD patterns of surfactantfree SrTiO3 nanostructures and PAA-encapsulated SrTiO3
nanorods, respectively. The results of phase identi cation
indicate that the perovskite structure was converted from a
layered structure regardless of the kinds of processes. However, the morphologies and the crystal axis of the SrTiO3
nanostructures were explicitly di erent.

changing the phase of the product. Thus, this surfacecapping soft chemical process is believed to restrict the
morphology change of the product during the hydrothermal reaction because of the chemical bond between the
carboxylic group of polyarylic acid (PAA) and the surface of the nanostructures.
For the purpose of maintaining the particular morphologies and crystal axis of the precursor as those of target materials, the soft chemical reaction was employed as
an e ective synthesis route in producing material shapes
that were dicult to prepare using the conventional synthesis methods [16{18]. Through this in-situ topotactic
reaction system, micro bers and plate-like microparticles with perovskite structures were produced by structural transformation [17, 18]. In addition to the struc-
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Fig. 2. (a) FE-SEM image of SrTiO3 nanostructures
mainly composed of nanoparticle aggregates generated by the
dissolution-growth reaction. (b) FE-SEM image of SrTiO3
nanorods structurally transformed from the layer structure
of K2 Ti4 O9 . The lengths of the edges have di erent sizes in
a range from a few nm to 200 nm and lengths up to several
m. (c) The facets and the rectangular cross-sections of the
as-obtained SrTiO3 nanorods.

tural transformation, the formation of SrTiO3 nanoparticles is also expected during the soft chemical reaction,
as reported for the formation of ne BaTiO3 particles on
the surfaces of plate-like BaTiO3 microparticles due to
the dissolution-growth reaction [17]. Based on these two
kinds of reactions that could simultaneously compete in
the hydrothermal soft chemical reaction, di erent growth
behaviors of the SrTiO3 nanostructures were anticipated
and actually observed in our work.
In Figure 2(a), the eld emission scanning electron
microscopy (FE-SEM) image shows that the SrTiO3
nanostructures were dominantly composed of nanoparticle aggregates produced by the conventional surfactantfree soft chemical process. From this speci c morphology of the SrTiO3 nanoparticle aggregates, it seems
clear that the dissolution-growth reaction prevails over
the structural transformation under the surfactant-free
hydrothermal condition. The reaction of dissolutiongrowth was dicult to control with the experimental parameters, including the concentration of Sr2+ solution,
the hydrothermal reaction temperature, the hydrothermal reaction time, etc. For example, even in the product
with an impurity phase of unreacted K2 Ti4 O9 precursor
of 10 % based on the comparative XRD intensity ratio,
the morphologies of the product were observed to have
the shapes of nanoparticle aggregates. This phenomenological result about the dominant formation of SrTiO3
nanoparticles suggests that the dissolution-growth reaction strongly dominated the structural transformation
through the conventional surfactant-free process. The

dissolution-growth reaction is believed to start with the
dissolution of titanium oxide (TiO2 ) to TiO23 ions in the
strong alkaline solution (pH of the Sr2+ solution used
in our work was measured to be over 13). The dissolution of TiO2 from the titanate layer to TiO23 ions
under the strong basic condition has been investigated
in researches on the shape-controlling hydrothermal process [19, 20]. Then, the as-dissolved TiO23 ions react
with Sr2+ ions, and SrTiO3 nanopartcles are generated
with bimodal sizes by way of homogeneous and inhomogeneous nucleation. In the following step, SrTiO3
nanoparticles with larger sizes continuously grow at the
expense of smaller-sized nanoparticles due to the wellknown Oswald ripening [21,22]. The as-formed SrTiO3
nanoparticles through such nucleation and growth steps
undergo aggregation up to polycrystalline SrTiO3 particle aggregates, as investigated by the TEM study in this
work.
Di erent from the growth of SrTiO3 nanoparticle aggregates, the surface-capping process using the cappingreagent of polyacrylic acid (PAA) was alternatively used.
It was intended to bond the surfaces of the precursor with
the carboxylic groups of PAA and to restrict the dissolution of TiO2 into TiO23 . By adsorbing the carboxylic
groups onto the surfaces of the precursor, the structural
transformation without the shape change was also expected to progress during the hydrothermal reaction.
The FE-SEM images in Figures 2(b) and (c) demonstrate
that SrTiO3 nanorods were structurally transformed,
maintaining the original morphologies of the K2 Ti4 O9
precursor. The as-obtained SrTiO3 nanorods have facets
with di erent diameters ranging from a few nm to 200
nm and with lengths of up to several m with a high yield
of nanorods, 90 %, in the total volume of the product.
The rectangular cross-sections of the nanorods are also
recognized in Figure 2(c). The structural transformation through the surface-capping process is understood
to take place as follow: At the rst stage of the reaction, K+ ions located in the wide interlayer spaces of
TiO6 octahedara are displaced with Sr2+ ions through
the ion-exchanging reaction, which is mainly due to the
open structure of the precursor. In the following step,
the ion-exchanged Sr2+ ions react with the TiO6 octahedra; then, the structural transformation into the perovskite structure progresses further. Through this structural transformation, Sr2+ ions and TiO6 octahedra rearrange to positions of the perovskite structure at the
sub-nanometer scale. From the identical XRD pattern
for the PAA-encapsulated SrTiO3 nanorods and for the
surfactant-free SrTiO3 nanoparticle aggregates, shown in
Figure 1, it is explicit that the surface-encapsulating process mainly allows the migration of Sr2+ ions into the
interlayer space of TiO6 octahedra instead of the dissolution of TiO2 .
The crystallographic analysis of the nanostructures
was carried out using high-resolution TEM (HRTEM),
selected area electron di raction (SAED), and energy
dispersive X-ray spectroscopy. The ring pattern of
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Fig. 3. (a) TEM image of a SrTiO3 nanoparticle aggregate
produced by using the surfactant-free hydrothermal process.
(b) The ring pattern of the SAED pattern illustrates the polycrystalline characteristics of the SrTiO3 nanoparticle aggregate. (c) TEM image of a SrTiO3 nanorod prepared in a trace
portion of product. The SAED of the SrTiO3 nanorod (in the
inset) obtained by using the surfactant-free hydrothermal reaction when the beam was projected along [111] direction. (d)
HRTEM image of the same nanorod exhibits crystal lattices
arranged at a distance of 2.78 
A.

Fig. 4. (a) TEM image of a SrTiO3 nanorod synthesized
by using the surface-capping hydrothermal process. The layer
below the nanorod is the carbon grid. (b) SAED patterns for
the same nanorod; the clear di racted spots represent the
single-crystal characteristics of the SrTiO3 nanorod. (c) The
HRTEM image shows the regularly arranged lattice fringes of
the SrTiO3 nanorod spaced at 3.90 
A. The calculation of the
lattice spacing and an analysis of the orientation demonstrate
that the growth axis of the SrTiO3 nanorod is perpendicular
to the (100) planes.

the SrTiO3 nanoparticle aggregate produced by the
surfactant-free process (Figures 3(a) and (b)) demonstrates the polycrystalline characteristics of aggregated
SrTiO3 nanoparticles comprised of small grains. However, the SAED pattern (in the inset of Figure 3(c)) and
the HRTEM image (Figure 3(d)) of SrTiO3 nanorods
obtained in a trace portion of product show the singlecrystal characteristics and the well-arranged crystal lattices over a distance of 2.78 
A, which corresponds to
[110] planes of the cubic structure.
Additionally, the SAED pattern and the HRTEM image of the SrTiO3 nanorod prepared by the surfacecapping process, are presented in Figure 4. The SAED
pattern (Figure 4(b)) along the [001] zone axis shows
clear di racted spots and, thus, represents the singlecrystal characteristics of the SrTiO3 nanorod. As depicted in the HRTEM image in Figure 4(c), the regularly arranged lattice fringes of the SrTiO3 nanorod are
spaced at 3.90 
A. The calculation of such a lattice spacing and orientation indicates that the growth axis of the
SrTiO3 nanorod is perpendicular to the (100) planes. As
a result, the surface-capping process used in this work nally resulted in the production of single-crystal SrTiO3
nanorods retaining the particular morphology and the
crystal axis of precursor, in preference to the growth of

nanoparticle aggregates. In addition, an investigation
of the resistive memory switching properties of the asprepared SrTiO3 nanorods is in progress with nanoscaled
data bits.
IV. CONCLUSION

The present work introduced the surface-capping soft
chemical process for obtaining a de ned morphology
and the crystal axis of single-crystal SrTiO3 nanorods.
Through the conventional surfactant-free soft chemical
reaction, the growth of polycrystalline SrTiO3 nanoparticle aggregates was observed due to the dissolutiongrowth reaction. Alternatively, adsorbing the carboxyl
groups of PAA onto the surfaces of the precursor restricted the dissolution of TiO2 , so nally, the synthesis of single-crystal SrTiO3 nanorods was attainable by
using the surface-capping process.
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