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Experimental and simulation-based understanding
of morphology controlled barium titanate
nanoparticles under co-adsorption of surfactants
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Well dispersed single-crystalline BaTiOs nanoparticles with controlled morphologies were synthesized
using a thermohydrolysis route. The nanoparticles were tuned from spherical to cubic upon changing the
NaOH concentration under a critical molar ratio of oleic acid to hydrazine. Density functional theory (DFT)
and molecular dynamics (MD) calculations indicated that hydrazine molecules adsorbed preferably on the
Ti position of the Ti-O terminated surface; meanwhile, oleic acid molecules tended to adsorb on the Ba
position of the Ba-O terminated surface. The added hydrazine changed the formation mechanism of
BaTiOs nanoparticles from an in situ growth to a dissolution-precipitation growth. Excellent dispersibility in
aqueous solution was achieved for the BaTiOz nanoparticles under the assistance of hydrazine. Meanwhile,
a high-quality self-assembled film with a stable dielectric constant of 30 in the frequency range from 0 Hz
to 1 MHz was prepared using the well dispersed BaTiOs nanoparticles, providing a novel low-temperature
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1. Introduction

Barjum titanate (BaTiO;) is widely used as a dielectric material
for preparing multilayer ceramic capacitors (MLCCs), embed-
ded capacitors in printed circuit boards, positive temperature
coefficient of resistance (PTCR) thermistors, high-performance
nanocomposites, and electro-optic devices."” With the de-
sired miniaturization of developed MLCCs possessing high
performance, controlled morphology and good dispersibility
on the nanoscale are necessary for using BaTiO; particles be-
cause the crystal face, morphology and size distribution of
source nanoparticles significantly influence the electrical
properties of BaTiO; ceramics. Due to successful industriali-
zation of the hydrothermal synthesis of BaTiO; nanoparticles
in aqueous solution, wet methods, such as co-precipitation,
hydrothermal and sol-gel have been intensely reported for
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route for the fabrication of perovskite films.

the preparation of BaTiO; nanoparticles.® " Surfactants,

NaOH concentration, microwave, and sonochemistry are the
most commonly used approaches to improve the crystallinity,
size distribution and morphology  of  BaTiO;
nanoparticles."** Monodispersed BaTiO; nanoparticles were
fabricated by using wet methods."”™® For example, an in situ
growth process was designed to control the morphology of
BaTiO; nanoparticles in aqueous solution.”® Nucleation and
growth of BaTiO; nanoparticles occurred in the Ti-based hy-
drous gel that was formed from the hydrolysis of
bis(ammonium lactate) titanium dihydroxide (TALH). The
BaTiO; nanocubes with a size of ca. 15 nm and their super-
lattices were obtained through changing the molar ratio of
oleic acid (OLA) to tert-butylamine. During the process, high
concentrations of surfactant and long time (72 h) were neces-
sary, and the morphology control of BaTiO; nanoparticles
was not easy to achieve. Due to the strong coordination effect
of OLA molecules with metal ions, a high concentration of
OLA limited the dissolution of Ba ions from the Ti-O hydro-
gel through the hydrolysis of a Ti precursor, and thus tert-
butylamine had to be added as a co-surfactant to control the
adsorption of OLA at the initial formation stage of the BaTiO;
phase.” Thus, a novel additive is urgently needed for the
morphology control and low cost synthesis of BaTiO; nano-
particles in this process. Based on this thought, we found that
hydrazine was an ideal additive for low cost, high speed and
morphology controlled synthesis of BaTiO; nanoparticles in

This journal is © The Royal Society of Chemistry 2017
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this work. The synthesis design developed in this work shows
notable breakthroughs compared with previously reported
discoveries.'>™® First, the minimum concentration of oleic
acid needed for morphology control was only one quarter
compared to tert-butylamine as the surfactant. Second, mor-
phology control of BaTiO; particles such as cubic, polyhedral
and spherical shapes was realized through tuning the NaOH
concentration. Furthermore, the growth mechanism of
BaTiO; nanoparticles became a dissolution—precipitation
growth process instead of an in situ growth process as
reported earlier."” Although alkylamines and OLA are usually
used as the surfactants for the morphology control of nano-
crystals, their effects on crystal control have been
reported."®**">® However, their detailed roles in the morphol-
ogy control and interaction with certain crystalline planes
have not been well revealed yet.

In this work, we applied density functional theory (DFT)
and molecular dynamics (MD) methods to investigate the ef-
fect of hydrazine and OLA on the formation mechanism and
morphology control of BaTiO; nanoparticles. DFT calculation
is an accurate method in physical analysis on the atomic
scale. Meanwhile in some large atomic systems, MD calcula-
tions were carried out due to the limitation of computer ca-
pacity. For example, Padilla et al. calculated the surface ener-
gies of BaTiO; crystal faces by DFT calculation.” Yasui et al.
theoretically studied the formation of BaTiO; mesocrystals.>®
We found that the favorite adsorption positions of hydrazine
and OLA are different. Hydrazine molecules were identified
to be the Ti top position on the Ti-O terminated faces. Mean-
while, the favorite adsorption position for oleic acid mole-
cules was identified to be the Ba-O terminated face. Different
adsorption characters of hydrazine and oleic acid favored the
selective adsorption of OLA on BaTiO; faces and good disper-
sion of the BaTiO; nanoparticles in aqueous solution. Only
nanocubes showed the tendency to form superlattices
through oriented aggregation in the synthesis process. Owing
to high stability and good dispersion in aqueous solution,
high quality self-assembled films of BaTiO; nanocubes were
prepared and their dielectric related properties were
evaluated.

2. Experimental

2.1 Particle synthesis

In a typical synthesis process, 0.72 mL TALH (TALH, 0.05
mol L™, Ba:Ti = 1:1) was added into 24 mL Ba(OH), aque-
ous solution (Ba(OH),, 0.05 mol L"), and then 6 mL NaOH
aqueous solution (5 M) was added under mechanical stirring.
The initial concentration of NaOH was 1 mol L™". The aque-
ous solution was transferred into a 50 mL autoclave, and
then hydrazine and oleic acid (OLA) (Ba: OLA: hydrazine = 1:
2:4 in molar ratio) were added into the solution. The sealed
autoclave was heated at 220 °C for 48 h, and then cooled
down to room temperature. After the synthesis, the precipi-
tate was centrifugally separated and washed twice with etha-
nol, and then dispersed into deionized water.

This journal is © The Royal Society of Chemistry 2017
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2.2 Adsorption energy calculation

Density functional theory (DFT) calculations were performed
to investigate the adsorption of hydrazine on BaTiO; crystal
faces, using the CASTEP code aided by the Material Studio
graphical front-end interface.”>?® The generalized gradient
approximation (GGA) in the Perdew, Burke, and Ernzerhof
(PBE)*! form was used in energy calculations in different ad-
sorption models. Ultrasoft pseudo potentials were used in
the treatment of core electrons.>” The kinetic cutoff energy
was set to be 300 eV and the Monkhorst-Pack special k-point
mesh was 2 x 2 x 1.

The BaTiO; surfaces were studied systematically by theoreti-
cal calculations.>”*3* The (100) face was selected for the DFT
calculation because of its highest density of metal ions in the
BaTiO; crystal structure. The (100) face has two typical flat ter-
minations, the Ba-O and Ti-O terminations. In our calcula-
tions, a periodic slab with the Ba-O terminated surface
containing four Ba-O layers and three Ti-O layers, and a peri-
odic slab with the Ti-O terminated surface containing four
Ti-O layers and three Ba-O layers were created, as shown in
Fig. 1a and b. The vacuum thickness was set to be 15 A, in or-
der to avoid the influences of periodic boundary conditions.

BaO slab

. N atom ° O atom (, H atom (/ Tiatom ° B8a atom

Fig. 1 Slab with (a) the Ba-O terminated surface and (b) the Ti-O ter-
minated surface; initial adsorption positions on (c) the Ba-O terminated
surface and (d) the Ti-O terminated surface.
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For each model, three typical initial adsorption positions were
selected (Fig. 1c and d) to calculate the adsorption energy.

Molecular dynamics (MD) calculations, which are more
suitable for the simulations of large molecules, were also
performed to identify the adsorption energy of a single oleic
acid molecule, using the forcite module aided by the Material
Studio graphical front-end interface. The canonical ensemble
(NVT) and universal force field®*> were used for the calcula-
tions. The temperature was set to be 298 K and the equations
of motion were integrated with a 1 fs time step.*® For each
model, the total number of dynamics steps was 200 000.%”

The models used in MD calculations were constructed as
follows. Firstly, a BaTiO; unit cell was constructed and then
optimized by MD calculation. The lattice parameter of the op-
timized unit cell (4.01 A) is close to the experimental data
(4.00 A)>” which suggests that the universal force field can de-
scribe our models well. The (100) surface model was created
from the unit cell with 7 layers in the z direction (similar to
the models used in DFT calculations). The size of the surface
was enlarged to 4 x 4 (in fractional units where 1 represents
the lattice parameter) along the x and y directions and the
vacuum thickness was adjusted to 40 A to adapt to the large
size of an oleic acid molecule. The surface model was then
optimized by MD calculations to simulate the reconstruction
of the surface atoms. During the MD simulations of oleic
acid molecules adsorbed onto the BaTiO; surface, the opti-
mized surface model was fixed.*”°

In both the DFT calculations and the MD calculations, the
models of the hydrazine molecules and the oleic acid mole-
cules were constructed according to molecular formula and
then optimized by the DFT calculations or MD calcula-
tions.”>*! The number of hydrazine molecules or oleic acid
molecules used in the adsorption model is one.

The adsorption energy was calculated using eqn (1)

42,43

E.as = Eoi(slab + adsorbate) — E(slab) — E(adsorbate) (1)

where E(slab + N,H,) is the total energy of the optimized
slab with a hydrazine molecule adsorbed, E(slab) is the to-
tal energy of the optimized bare slab and E(N,H,) is the en-
ergy of a single N,H, molecule.

2.3 Thin film preparation

0.03 mL dispersed BaTiO; nanocubes (4 mg mL™) were
dropped onto a Pt-coated SiO,/Si substrate (0.5 x 0.5 cm?) at
room temperature, and then the dispersion was evaporated
under UV irradiation (Photo Surface Processor PL21-200, Sen
Lights Corp.) in air for 30 min to prepare a particulate film.
The top electrodes of Pt, which are 0.4 mm in diameter, were
ion-sputtered onto the surface of the self-assembled film for
the measurements of the dielectric properties.

2.4 Characterization

The BaTiO; nanoparticles were characterized by X-ray diffrac-
tometry (XRD, D5005HR 3 kw), scanning electron microscopy
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(SEM, FESEM SU-70), transmission electron microscopy
(TEM, JEOL JEM-4010), dynamic light scattering (DLS, ELSZ-
1000S), and Fourier transform infrared spectrometry (FT-IR,
IRPrestige-21) methods and using a Precision LCR meter
(Quadtech 7600 Plus).

3. Results and discussion

Fig. 2 shows the XRD patterns of the BaTiO; particles synthe-
sized at different NaOH concentrations with Ba:OLA: hydra-
zine = 1:2:4 for 48 h. The XRD patterns of all the samples
revealed good crystallinity and corresponded to diffraction
peaks of the cubic BaTiO; phase. The weak peaks of the
BaCO; phase at about 24° were identified from the XRD pat-
tern of the particles synthesized at 1.5 mol L™ NaOH. The
morphology of BaTiO; particles can be controlled through
the synthesis conditions and this is summarized in Table 1.
Fig. 3 shows the TEM images of the particles synthesized at
different NaOH concentrations with Ba: OLA: hydrazine = 1:
2:4 for 48 h. The morphology of the BaTiO; nanoparticles
changed with increasing the NaOH concentration. Few BaTiO;
nanocubes with a size of ca. 20 nm and unreacted Ti-based
gel were observed for the particles synthesized at 1.0 mol L™
NaOH, as shown in Fig. 3a. When the NaOH concentration
was increased to 1.2 mol L™, polyhedral particles with a size
of ca. 20 nm (Fig. 3b) were mainly observed. For the particles
synthesized at 1.5 mol L™ NaOH, nanocubes with round
edges were obtained and the particle size ranged from 13 to
18 nm (Fig. 3c¢). When the NaOH concentration was increased
to 2.0 mol L™, spherical particles with a size of ca. 20 nm
were obtained (Fig. 3d). These results indicated that the mor-
phology of BaTiO; particles could be adjusted through chang-
ing the NaOH concentration.

Fig. 4 shows the TEM images of the particles synthesized
at different NaOH concentrations with Ba:OLA: hydrazine =
1:2:4 for 72 h. After a long reaction time, only BaTiO; nano-
particles were identified for the samples synthesized at 1.0
mol L™ NaOH (Fig. 4a). Meanwhile, nanocrystals with an

—— 1.2 mol/L NaOH
(119 —— 1.5 mol/L NaOH
—— 2.0 mol/L NaOH
=}
<
= (112) (200) 211)
‘B (100)
c
E L
=
BaCo. J
1 1 1 1
20 30 40 50 60 70

20/degree

Fig. 2 XRD patterns of the BaTiOsz particles synthesized at different
NaOH concentrations with Ba: OLA: hydrazine = 1:2:4 for 48 h.

This journal is © The Royal Society of Chemistry 2017


http://dx.doi.org/10.1039/c7ce00279c

Published on 10 May 2017. Downloaded by University of Tennessee at Knoxville on 26/06/2017 18:45:55.

CrystEngComm

View Article Online

Paper

Table 1 Relationship of synthesis conditions and morphology types of BaTiOz nanoparticles

NaOH Ba:OLA: hydrazine

concentration

(mol L) 1:2:0 1:2:2 1:2:4 1:2:8 1:0:4

1.0 Irregular/amorphous Irregular Irregular — —

1.2 Irregular/amorphous Irregular Polyhedral — —

1.5 Cube/amorphous Cube/irregular Cube Cube (large) Irregular (large)
2.0 Irregular/amorphous Irregular Spherical — —

#

3 ) B
4 pamtle}ii’&gnm) 7 &v
o T ?

-

Fig. 3 TEM images of the BaTiOs synthesized with Ba: OLA: hydrazine = 1:2:4 for 48 h at NaOH concentrations of: (a) 1.0, (b) 1.2, (c) 1.5, and (d)

2.0 mol L'~

irregular morphology and a size of ca. 10 nm were also ob-
served. The small particles were thought to be obtained from
the unreacted Ti-based gel (Fig. 4a). This result indicated that
the formation process of BaTiO; nanoparticles synthesized at
low concentrations of NaOH was inhomogeneous and
resulted in a broad size distribution. The morphologies of
the particles synthesized at high NaOH concentrations did
not change largely after a long reaction time (Fig. 4b-d). It is
worth noting that large cubes over 150 nm were observed for
the particles synthesized at 1.5 mol L™ NaOH for 72 h
(Fig. 4e). The ED pattern of the large cubes showed a single
crystal structure. Small oriented nanotubes were attached on
the surface of the large cubes. Meanwhile, some aggregates
of nanocubes were also observed (Fig. 4f). It can be seen that
the oriented nanocubes are attached and fused with each

This journal is © The Royal Society of Chemistry 2017

other through the (100) face. This result provides strong evi-
dence that large cubic particles were formed through the ori-
ented aggregation of nanocubes. Furthermore, the aggrega-
tion of nanoparticles was only identified from the particles
with a cubic morphology; no aggregates or large particles
were observed for the spherical and polyhedral particles. This
result indicates that a cubic morphology has the tendency to
form oriented aggregations.

Fig. 5 shows the HRTEM images of nanocubes and spheri-
cal particles synthesized at 1.5 and 2 mol L™ NaOH for 72 h.
The HRTEM image of the nanocubes showed good crystallin-
ity and round edges. Two sets of (100) and (200) planes were
identified from the Fast Fourier Transform (FFT) observed
from the [001] direction (Fig. 5a). When the particles were
synthesized at a high NaOH concentration (2 mol L), the

CrystEngComm, 2017, 19, 3288-3298 | 3291
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Fig. 4 TEM images of the BaTiOz synthesized with Ba: OLA:hydrazine = 1:2:4 for 72 h at the following concentrations of NaOH: (a) 1.0, (b) 1.2,
(c. e f)15,and (d) 2.0 mol L™

Fig. 5 HRTEM images of nanocubes and nanospheres synthesized at a NaOH concentration of (a) 1.5 and (b) 2 mol L™ for 72 h.

particles evolved into a spherical morphology. The HRTEM  sets of (110) and (100) planes were identified from the FFT
image of a spherical particle showed good crystallinity. Two  (Fig. 5b).

3292 | CrysttngComm, 2017, 19, 3288-3298 This journal is © The Royal Society of Chemistry 2017
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In this study, BaTiO; nanoparticles with uniform morphol-
ogy and narrow size distribution were synthesized using a
critical molar ratio of OLA to hydrazine. To investigate the ef-
fect of OLA and hydrazine on the formation and morphology,
BaTiO; particles were synthesized using different molar ra-
tios of OLA to hydrazine at 200 °C and 1.5 mol L™ NaOH for
72 h, as shown in Fig. 6. Few BaTiO; nanocubes and an
amorphous phase were obtained for the particles synthesized
without the addition of hydrazine (Fig. 6a) (Ba:OLA = 1:2).
When synthesized at a low concentration of hydrazine (Ba:
OLA: hydrazine = 1:2:2), BaTiO; nanoparticles with an irreg-
ular morphology were obtained (Fig. 6b). When synthesized
at a high concentration of hydrazine with Ba: OLA: hydrazine
=1:2:8, ordered arrangements of BaTiO; nanocubes with a
well-defined cubic morphology and sizes ranging from 20 to
30 nm were obtained (Fig. 6¢). Large particles over 100 nm
with an irregular morphology were obtained for the particles
synthesized without the addition of oleic acid (Fig. 6d). These
results indicate that the formation of BaTiO; nanocubes and
spheres must be obtained at an appropriate ratio of OLA to
hydrazine. Furthermore, hydrazine was important for the for-
mation of the BaTiO; phase.

To investigate the formation mechanism of BaTiO; nano-
particles, the formation kinetics of nanocubes synthesized at
1.5 mol L™ NaOH and 220 °C with a molar ratio of Ba: OLA:
hydrazine = 1:2:4 was monitored. Fig. 7 shows the TEM im-
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ages of the particles synthesized at different reaction time. It
can be seen that the formation of nanocubes started from Ti-
based hydrous gel, as shown in Fig. 7a. No nuclei or nano-
crystals were observed in the Ti-based hydrous gel. After 12
h, BaTiO; nanoparticles with a size of ca. 20 nm and an irreg-
ular morphology were obtained (Fig. 7b). No Ti-based hy-
drous gel was observed at this stage. They have transformed
into the BaTiO; nanocrystals completely. After 24 h, cube-like
particles with a size of ca. 20 nm were obtained (Fig. 7c).
Based on the observation of the particles synthesized for 48 h
as shown in Fig. 3c, the BaTiO; nanoparticles synthesized for
12 h took a long time to transform into a cubic morphology.
Based on the observation of the formation kinetics of nano-
cubes, it can be concluded that the formation of BaTiO;
nanocubes is a dissolution-precipitation process under hy-
drothermal conditions.®'® Hydrazine not only contributed to
the morphology control of BaTiO; nanoparticles but also trig-
gered and accelerated the formation of the BaTiO; phase.
Furthermore, the application of hydrazine in the synthesis
of BaTiO; nanoparticles can decrease the needed concentra-
tion of OLA. Our previous work has synthesized BaTiO; nano-
cubes using OLA and t-butylamine as the surfactants.'® It
needed a very high concentration of surfactants (Ba:OLA:
butylamine = 1:8:8) to control the morphology of BaTiO;
particles. The formation of BaTiO; nanocubes was an in situ
growth mechanism. The BaTiO; nuclei were formed and grew

Fig. 6 TEM images of the BaTiO3z synthesized with the following molar ratios of Ba: OLA: hydrazine: (a) 1:2:0, (b) 1:2:2, (c) 1:2:8, and (d) 1:0:

4.
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from the Ti-based hydrous gel. It took a long time (72 h) for
BaTiO; nuclei to transform into nanocubes through the loss
of the Ti-based hydrous gel. In this process, a superlattice of
nanocubes could be obtained as an intermediate. It is identi-
fied that the formation of BaTiO; nanocubes was mainly at-
tributed to the selective adsorption of OLA on the (100) face
of BaTiO; with a high atomic density of metal ions.'**%>472¢
Meanwhile, in the present work, BaTiO; nanocubes and
nanospheres were synthesized at a low concentration of OLA
(Ba:OLA:butylamine = 1:2:4) through the application of hy-
drazine. Furthermore, the growth mechanism of BaTiO;
nanoparticles changed from an in situ growth process into a
dissolution-precipitation process through the application of
hydrazine with OLA as surfactant during the synthesis pro-
cess. These results indicate that hydrazine accelerated the
formation of the BaTiO; phase significantly and had an effect
on the morphology control of BaTiO; nanoparticles.

In this work, the influences of hydrazine on the fabrica-
tion of BaTiO; nanoparticles were concluded. The first is the
accelerated formation of the BaTiO; phase. The second is the
morphology control of BaTiO; nanoparticles. For example,
Nair et al.** studied the effect of hydrazine on the self-
assembly of CdTe nanocrystals. They found that the zeta po-
tential of OLA stabilized nanoparticles decreased significantly
after the addition of hydrazine. Hydrazine could replace the
organic ligand adsorbed on the nanoparticle surface. In the
dissolution-precipitation process for the formation of BaTiO;
nanoparticles, the Ti monomers dissolved from the hydrous
gel form a Ti-O-Ti cross-linked network via dehydration at a
high concentration of NaOH. The Ba species must break the
Ti-O bond and incorporate into the Ti-O cluster, and
rearrange to form the BaTiO; structure.®' The adsorption of
OLA will limit the formation of the BaTiO; phase based on
the observation of the results synthesized at different ratios
of OLA to hydrazine."®**2® The replacement effect of hydra-
zine on the adsorbed surfactant molecule can accelerate the
dissolution of Ti and Ba species and trigger the formation of
the BaTiO; phase.

Based on the aforementioned results and discussion, the
morphology control of BaTiO; nanocubes could be realized at

3294 | CrysttngComm, 2017, 19, 3288-3298

a proper molar ratio of OLA to hydrazine. In this work, DFT
calculations were performed to investigate the adsorption of
hydrazine on BaTiO; faces. The optimized molecular struc-
ture of hydrazine and the calculated adsorption energy are
shown in Fig. 8. On the Ba-O terminated surface, the largest
adsorption energy of -1.92 eV (Fig. 8a) was obtained for the
hep position, which was thought to be the favorite adsorption
position. On the Ti-O terminated surface, the favorite adsorp-
tion positions were the Ti and O top positions, of which the
adsorption energies were -2.94 and -2.96 eV, respectively
(Fig. 8e and f), which are significantly larger than that on the
Ba-O terminated surface. Meanwhile, it is identified that the
hydrazine molecule placed on the O top position moved to
the Ti top position for the optimized structure. These results
indicate that when a hydrazine molecule gets adsorbed onto
the BaTiO; (100) surface, it prefers to adsorb on the Ti top
position on the Ti-O terminated surface.**>*

The real space view of the electron density difference for a
hydrazine molecule adsorbed on the BaTiO; TiO-terminated
surface is shown in Fig. 9a. The purple and yellow parts repre-
sent the depletion and accumulation of electron density. It can
be seen that there is a slight increase of electron density
around the N atom of the hydrazine molecule and a slight de-
crease of electron density around the Ti atom on the surface,
suggesting that there is an interaction between N and Ti atoms.
However, the increase and decrease of the electron density are
mainly centralized in areas around the N atom and the Ti
atom, illustrating the electron transfer is quite weak between
the hydrazine molecule and the surface atoms.*>*® We also cal-
culated the partial density of states (PDOS) of the N atom of
the hydrazine molecule and the interacting Ti atom on the sur-
face. The PDOS of N 2s, 2p states of the hydrazine molecule
and Ti 3p, 3d, 4s states of the surface are displayed in Fig. 9b.
There are only two main resonance peaks at the energy of 3.5
eV and -1.9 eV between the N 2p state and Ti 3p state. The
small overlap between the N 2p state and Ti 3p state and the
weak strength of resonance peaks also imply that the interac-
tion between N and Ti atoms is quite weak.*>*® These results
indicate that the adsorption of the hydrazine molecule on the
BaTiO; surface is physical adsorption."”

This journal is © The Royal Society of Chemistry 2017
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Fig. 9 Real space view of the electron density difference for a hydrazine molecule adsorbed on the BaTiO3TiO-terminated surface (a). Purple and
yellow represent the depletion and accumulation of electron density. PDOS of the N atom of the hydrazine molecule and the interacting Ti atom

on the surface (b).

The adsorption energy of an OLA molecule on the BaTiO;
surface was also calculated through the molecular dynamics
(MD) method. The adsorption energies on Ba-O and Ti-O ter-
minated surfaces are —6.72 eV and -5.92 €V, respectively. This
result indicates that the OLA molecule prefers to adsorb on
the Ba-O terminated surface. The adsorption of OLA and hy-
drazine molecules on the BaTiO; surface are completely dif-
ferent. Our previous work has demonstrated that OLA mole-
cules are chemically adsorbed on the BaTiO; surface through
coordination with metal ions.'® The present work clarified
that the OLA molecules prefer to adsorb on the BaTiO; sur-

This journal is © The Royal Society of Chemistry 2017

face through coordination with the Ba ions. For the forma-
tion of BaTiO; nanocubes, the (100) face needs to be stabi-
lized through the selective adsorption of OLA. On the other
hand, the surface energies of the (100), (110) and (111) faces
of BaTiO; are similar and the (110) face has a higher atom
density than the (100) face. Because hydrazine molecules
physically adsorb preferably on the Ti-O terminated surface,
OLA molecules will mainly adsorb on the BaTiO; surface
through intercalation with Ba ions. Because the Ba ion den-
sity on the (100) face is higher than that of other crystal
faces, OLA molecules will selectively adsorb on the (100) face
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of BaTiO; under the assistance of hydrazine. It is concluded
that the preferred adsorption on the Ti-O terminated surface
of hydrazine molecules favors the selective adsorption of OLA
molecules on the specific crystal faces of BaTiO;. Because hy-
drazine mainly physically adsorbs on the BaTiO; surface, the
added hydrazine can accelerate the formation of the BaTiO;
phase in the synthesis process.*’

The BaTiO; nanoparticles exhibit excellent dispersibility
in aqueous solution (Fig. 10a). The zeta potential of BaTiO;
nanocubes in aqueous solution was -52 mv (pH 10), which
was higher than that (-25 mv) of the nanocubes synthesized
using tert-butylamine as the surfactant. It should be attrib-
uted to the physically adsorbed hydrazine. The DLS result of
the aqueous dispersion of the nanocubes showed a narrow
size distribution. The size of the nanocubes was concentrated
from 15 to 20 nm. Due to high dispersibility and stability in
aqueous solution, BaTiO; nanocubes can offer many advan-
tages in the low-temperature processing of ultra thin films on
many kinds of substrates, such as Si wafer, metal sheets,
plastic, or glass by a variety of solution-based processes
including spraying, cast-coating, ink-jet printing, and
photolithographic patterning.'>***® Fig. 10b and c¢ show
the SEM images of the self-assembled film of BaTiO; nano-
cubes using a UV-assisted self-assembly process for the in
situ decomposition of organic phase on a Pt/SiO,/Si sub-
strate. The self-assembled film obtained a uniform, contin-
uous, and crack-free surface structure with a thickness of
ca. 200 nm.
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The self-assembled film showed a stable dielectric constant
and a dissipation loss in the frequency range from 0 Hz to 1
MHz, only with a slight decrease in capacitance towards high
frequency Fig. 10d. The dielectric constant (27-30) is compara-
ble to that reported by Huang et al.*® This further confirms the
good homogeneity and quality of the self-assembled film.

4. Conclusions

Sub-20 nm BaTiO; nanoparticles with controlled morphologies
(including nanocubes, spheres and polyhedra) were success-
fully synthesized with narrow size distribution, good crystallin-
ity and high dispersibility in aqueous solution. Theoretical cal-
culation and kinetics observation indicate that the presence of
hydrazine during the synthesis changed the growth mechanism
of BaTiO; nanoparticles and promoted the selective adsorption
of OLA on the critical crystal faces. Only BaTiO; nanocubes
showed the tendency towards oriented aggregation. A high
quality self-assembled film was prepared at room temperature
under UV irradiation using the aqueous solution of BaTiO;
nanocubes. This method has many advantages including mild
reaction conditions without high pressure, rapid formation (4
h) and well controlled size and morphology of the product. This
work provides a good understanding of the formation mecha-
nism and morphology control of BaTiO; nanoparticles and
demonstrates a methodology for large-scale industrial produc-
tion of high quality perovskite oxide powders for different appli-
cations including thermoelectric power generation,” solar
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Fig. 10 (a) DLS results and photograph of an aqueous dispersion of BaTiOz nanocubes, (b and c) SEM images and photograph of the self-
assembled film prepared from the aqueous dispersion of BaTiOs nanocubes, and (d) the dielectric constant and dissipation loss of the self-

assembled film.
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energy harvesting® catalysts® and electromagnetic interference
shielding.>
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