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One-dimensional (1D) barium titanate (BaTiO3) nanowires,
which were uniformly covered with 0D BaTiO3 nanocrystals,
were synthesized by using a simple solvothermal reaction of
protonated trititanate (H,TizO;) nanowires with barium hy-
droxide octahydrate [Ba(OH),:8H,O] at 80 °C in ethanol/
water mixed solvent systems. The compositions of the mixed
solvents — the volume ratio of ethanol to deionized water —
was a key controlling parameter in order to determine the
phase formation and primary particle size of the 0D BaTiOj3
nanocrystals. Single-phase cubic perovskite BaTiOj started

to form at 80 °C in a mixed solvent containing more than ap-
proximately 60 % by volume of ethanol. Field-emission scan-
ning electron microscopy (FESEM) and high-resolution
transmission electron microscopy (HRTEM) analysis revealed
that the as-prepared BaTiOj; retained its wire-shaped mor-
phology with nanocrystals on the surface. Furthermore, the
synthetic mechanism of the 0D-1D BaTiO3; nanostructures
was demonstrated in view of the dielectric tuning of the
mixed solvent and the similarities between the crystal struc-
tures of BaTiO3; and H,TizO;.

Introduction

A ferroelectric material, BaTiO; with perovskite struc-
tures, exhibits large nonlinear optical coefficients and large
dielectric constants, which are responsible for its wide-
spread applications in the manufacturing of thermistors,
multilayer/embedded capacitors, and electro-optical devices.
Conventionally, barium titanate is synthesized by using the
solid-state reaction method with BaCO; and TiO, pow-
ders,[l which generally requires repeated mechanical mixing
and high temperatures. Thus, large particle sizes, low sur-
face areas, and irregular particle morphologies can occur.”
Previous reports have examined the synthesis of BaTiO;
nanopowders by using various methods including hydro-
thermal, solvothermal, microemulsion, and sol-gel meth-
o0ds.’I The morphology of these powders was almost spheri-
cal (zero dimension, 0D).
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Low-dimensional nanostructures can be used as nano-
scale device elements and interconnects with unique proper-
ties because of their size confinement from a high aspect
ratio. Therefore, many researchers have studied the synthe-
sis of low-dimensional inorganic materials such as
nanowires and nanotubes. The hydrothermal synthesis of
barium titanate nanowires was previously reported. Urban
et al. synthesized BaTiO; nanowires through the solution-
phase decomposition of barium titanium isopropoxide in
the presence of coordinating ligands at 280 °C and exam-
ined their ferroelectric properties.ll Joshi et al. synthesized
BaTiO; wires by using Ba(OH), and TiO, at high pH at
170 °C.51 The amorphous protonated titania nanoparticles
are more reactive than crystallized TiO, and upon reaction
with barium hydroxide form BaTiO; at low temperature,
retaining the particle morphology of protonated titania.[’!
Most of the previous reports in this area have focused on
the effect of the Ba source, surfactant, pH, and solute con-
centration on the formation of BaTiO;. However, few re-
ports have examined the effect of the solvent.

The addition of a low dielectric medium into the aqueous
solution can alter the thermodynamics of the reaction sys-
tem and the nucleation kinetics, which reduces the particle
size and size distribution of the resulting particles.”? How-
ever, these reports have mostly focused on the synthesis of
binary compounds, such as ZrO, or TiO, etc. In this work,
0D-1D BaTiOj; nanostructures were synthesized by using
Ba(OH),-8H,O and H,Ti;O; nanowires as templates in an
ethanol/water mixed solvent at a low temperature around
80 °C. The effect of the volume ratio of ethanol to water on
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the nucleation and the morphology of a prepared BaTiO;
was examined with respect to the dielectric constant of the
mixed solvent and the mechanism of formation of the Ba-
TiO5 phase.

Results and Discussion

Figure 1 shows the powder XRD patterns and the
FESEM images of the BaTiO; (hereafter BT) nanostruc-
tures for various reaction times in the mixed water/ethanol
solvent with 60% ethanol by volume (hereafter E6H4) at
80 °C. In Figure la, a BT phase appeared after a reaction
time of 3 h and increased with the reaction time.
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Figure 1. (a) XRD patterns of the powders prepared after various
reaction times in the mixed solvent with 60 vol.-% ethanol at 80 °C.
Typical FESEM images of the powders taken after reaction times
of (b) 1 h, (¢) 6 h, and (d) 48 h.

The powders obtained after 48 h were BT with a cubic
perovskite structure (JCPDS card no. 75-0461), and a sec-
ondary phase was not present. Figure 1b—d shows the typi-
cal FESEM images of the powders prepared after reaction
times of 1, 6, and 48 h, respectively. The nanoparticles were
generated on the surface of the H,TizO; (hereafter HTO)
wires at the beginning of the reaction, and the size and den-
sity of the nanoparticles increased over time. The entire sur-
face was fully covered with particles, and the wire-shaped
morphology was retained after the formation of the BT
phase was complete.

These results were confirmed by the TEM images of each
powder in Figure2. Although the as-synthesized HTO
nanowires had a smooth surface, single nanoparticles were
distributed on the surface of the individual HTO nanowire
after 1 h (Figure 2a). As the reaction time was increased,
larger faceted nanoparticles anchored onto the surface of
the nanowire (Figure 2b), and finally a 0D-1D heterostruc-
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tured nanowire with high density nanoparticles resulted
(Figure 2¢). A similar morphology with fine BaTiO; par-
ticles attached on the surface of the fibrous BaTiO; has
been reported.®?! In these previous works, the powders
were prepared by using a hydrothermal process (not in
mixed solvents) at temperatures over 150 °C with the use
of protonated titanate precursors, and the morphological
evolution of the powders was closely dependent on the con-
centration of Ba(OH), and the reaction temperature.

Figure 2. TEM images of the powders prepared in E6H4 at 80 °C
after reaction times of (a) 1 h, (b) 6 h, and (c) 48 h.

For nanomaterials synthesis using a mixed solvent, a pre-
cipitation process, such as the addition of a low dielectric
medium into an aqueous solution, can be employed to re-
duce the particle size and the size distribution by altering
the thermodynamics of the reaction system and the nucle-
ation kinetics. Typical FESEM images of the powders pre-
pared after 48 h at 80 °C in pure water (EOH10), 40%
(E4H6), 60% (E6H4), and 80% (E8H2) mixed solvents, and
pure ethanol (E10HO) are separately shown in Figure 3.
Only the E6H4 and E8H2 powders exhibited 0D—-1D nano-
structures, whereas the other powders retained the 1D wire-
like morphology of the precursor HTO without any ad-
joined nanoparticles.

These FESEM observations were consistent with the
XRD analysis (Figure 4). In addition, a cubic BaTiO;
structure can be distinguished from a tetragonal structure
with a (200) peak around 45° of 20.1'% The E6H4 and E§H2
powders had only one symmetric (200) peak, indicating a
phase-pure cubic structure, as shown in the high-resolution
XRD patterns of the inset of Figure 4. Furthermore, the
formation of phase-pure 0D-1D BaTiO; nanostructures
can be confirmed by detailed TEM observations of the
cross-sectional core regions of an individual E6H4 particle
processed by using focused ion beam manipulation (Fig-
ures S1-S3, Supporting Information).

Although the BT phase did not form in pure ethanol
because of the insolubility of Ba(OH),:8H,0, the BT phase
started to generate at low temperature, 80 °C, when the eth-
anol concentration was more than 60 vol.-% in the mixed
solvent, which was closely related to the low dielectric con-
stant (¢) of each solvent (egon = 25, ewater = 80).1'1 A sol-
vent with a low dielectric constant makes the solution more
supersaturated, which can increase the nucleation rate.['”!
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Figure 3. FESEM images of the powder prepared after 48 h at
80 °C for various ratios of mixed solvent: (a) EOH10, (b) E4H6,
(c) E6H4, (d) E8H2, and (e) E10HO; (f) crystallite size of the E6H4
and E8H2 samples vs. reaction time.
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Figure 4. XRD patterns of the powders prepared after 48 h at 80 °C
for different mixed solvent ratios. Inset shows the high-resolution
XRD patterns around the (200) reflection peak of the E6H4 and
E8H2 powders indicating the single cubic phase.

Theoretically, the dependence of the particle radius (r)
on the ¢ of the solution can be expressed by using the elec-
trostatic model, and the relationship between supersatura-
tion and r can be expressed by using the Kelvin equation:['3!
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where k is the Boltzmann’s constant; 7 is the temperature
in Kelvin; p, m, and C are the density, weight, and concen-
tration of the solute molecule, respectively; y is the interfa-
cial energy between the solute and solution; the symbols 7,
and r_ represent the radii of charged z, and z_ ions, respec-
tively; e and &, represent the elementary charge and the di-
electric constant in vacuo, respectively.

For homogeneously mixed alkyl alcohol and water sol-
vent systems, the values of A and B can be regarded as
constants. Therefore, the change in supersaturation, caused
by changing the dielectric constant of the mixed solvent,
can clearly affect both the nucleation rate and the particle
size remarkably, which coincided with the low-temperature
synthesis of BT using the mixed solvent systems and the
difference in the particle size between the E6H4 and ESH2
samples (Figures 3 and 4). Additionally, from the calcula-
tion of the half-width of the XRD peaks for the BT (110)
plane by using Sherrer’s equation (Figure 3f), we confirmed
that the primary particle size of E6H4 was larger than that
of E2HS regardless of the reaction time.

TEM and HRTEM of the powder at the initial reaction
stage were examined to determine the nucleation and
growth mechanisms for the formation of the 0D-1D BT
nanostructures. Figure 5a shows an evident 0D-1D nanos-
tructure for the powder prepared after 6 h reaction. From
the magnified bright-field TEM image of the area marked
with a square in Figure 5a, an as-formed nanocrystal was
clearly interconnected onto the adjoining wire backbone
(Figure 5b). As expected, the fast Fourier transform for the
nanocrystal and nanowire regions corresponded to the BT
and HTO phases, respectively (Figure 5S¢ and d). These
phases of the nanocrystal and wire were also confirmed in
another 0D-1D nanostructured powder (Figure S4, Sup-
porting Information).

More interestingly, the interplanar distances of dyg»
(0.200 nm) in BT and dy (0.195 nm) in HTO were very
similar in the HRTEM image near the interface region (Fig-
ure 5e). In Figure 5f, both BT and HTO had TiOg octahe-
dral frameworks, and the spacings of lattice fringes, dyg; in
BT and dy;9 in HTO, were 0.400 and 0.376 nm, respectively,
which were calculated from the reported crystallographic
data. These results closely matched the measured values
based on the HRTEM image in Figure Se. The low interfa-
cial lattice mismatch between BT and HTO could lower the
heteronucleation energy barrier required for the growth of
the BT nanocrystals.!¥ Therefore, the oriented arrange-
ment of the BaTiO3; nanocrystals onto the surface of HTO
was possible without any appreciable aggregation and was
closely related to the formation of faceted BT particles
rather than spherical ones as well as the retention of the 1D
wire motif of HTO in Figure 2.
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Figure 5. (a) Typical TEM image of the E6H4 powder prepared
after 6 h at 80 °C; (b) magnified TEM image of the area marked
with a square in (a); magnified HRTEM images of the area marked
by (¢) 1, (d) 2, and (e) 3 in (b); (f) schematic representation of the
HTO and BT crystal structure using the TiOg octahedral frame-
works.

Starikova et al. reported the crystalline rectangular plates
or thin needles as the interaction products of Ba(OH), or
BaO with methanol.[' It has also been reported that highly
crystalline BaTiO; nanoparticles were synthesized in an
aprotic acetophenone solvent at low temperature through
formation of intermediate derivatives of metals.'®l In this
work, a topochemical reaction process can be proposed for
the formation mechanism of the 0D-1D titanate (BaTiOs,
SrTiO;, PbTiO3, and TiO,) nanostructures during the hy-
drothermal process.®!”] In the early stage of the reaction,
the Ba”* species (or intermediate derivatives of barium met-
als) in the solution reacted with the HTO nanowires that
were locally dissolved at the interface and in situ precipi-
tated to BT nanocrystals. This process was possible even at
a low temperature, ca. 80 °C, because of the supersaturation
caused by the lowered dielectric constant of the mixed sol-
vent. Additionally, this process was coupled with a topo-
chemical reaction based on the similar crystallographic fea-
tures of BT and HTO. The propagation of the reaction was
expected to occur from the front of the HTO to the interior
1346
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until the entire HTO wires were transformed into BT
through reaction with barium ions that diffused during the
growth of the outer BT nanocrysals, finally yielding the
phase-pure 0D-1D BT nanostructures. As described above,
the low interfacial lattice mismatch between BT and HTO
might have enabled complete conversion while maintaining
the initial 1D wire morphology.

Conclusions

In summary, single-phase O0D-1D BT nanostructures
were synthesized under simple solvothermal reaction condi-
tions at a relatively low temperature, 80 °C, in an ethanol/
water mixed solvent. The presence of ethanol provided the
low-temperature nucleation of BT as well as the modulation
of its particle size by decreasing the dielectric constant of
the solvent. The details of the nucleation and transforma-
tion mechanism of the BT heteronanostructure were repre-
sented by using a topochemical reaction based on the close
correlation between the BT and HTO crystal structures.

Experimental Section

The H,Ti;0; precursor was synthesized using a previously pub-
lished procedure,!'8! except for the molar concentration of TiO,
used. In this study, 1.5 g of TiO, (Anatase, 99.9%, High Purity
Chemicals) was dispersed in 300 mL of 10 M NaOH (High Purity
Chemicals) aqueous solution. The solution was stirred by using a
magnetic bar, sonicated for 30 min to break the TiO, agglomerates,
and autoclaved for 48 h at 180 °C. After the hydrothermal treat-
ment, the product was washed with distilled water and aged in an
aqueous solution of 0.1 M HCI for 24 h at room temperature for
full-ion exchange from Na* to H*. The treated powders were fil-
tered and washed with distilled water repeatedly until a pH near 7
was reached, and then the powders were dried in a frozen dryer.

Barium titanate was prepared by using a simple wet chemical route.
Barium hydroxide octahydrate [Ba(OH),-8H,0, 98% Aldrich] was
dissolved in distilled water, and prepared HTO was added to a
beaker containing ethanol and sonicated for 20 min to break the
agglomeration. The volume ratio of ethanol to distilled water was
varied from 0 to 100%, and the molar ratio of Ba>* to Ti** was
1.1. Two prepared solutions were mixed in a glass bottle with a cap
and stirred magnetically for 30 min. The bottle was placed into a
water bath at 80 °C and stirred for an adequate amount of time
(1-48 h). After each reaction was complete, the resulting products
were washed with 0.1 M formic acid to eliminate residual BaCOs
and then washed with distilled water (3X). The final product was
dried in a frozen dryer for 48 h for further characterization.

The crystal structure of the prepared powders was analyzed by
using an X-ray diffractometer (M18XHF-SRA, MAC Science Co.).
The microstructures and morphologies of the as-prepared powders
were observed by using a field-emission scanning electron micro-
scope (FESEM, JSM-6330F, JEOL) and a high-resolution trans-
mission electron microscope (HRTEM, JEM-3000F, JEOL).
Supporting Information (see footnote on the first page of this arti-
cle): Additional FESEM and TEM images.
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