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Barium titanate (BaTiO
3
: BTO) nanoparticles (NPs) were synthesized by chlorine-free ambient condition sol (ACS) process using

heat reflux at low temperature of 90∘C. The size distribution and morphology of BTO NPs were investigated by varying the
concentration of tetrabutylammonium hydroxide (TBAH). The crystalline size of BTO NPs was decreased with increasing the
amount of TBAH capping agent (average size changes from 54.3 to 38.7 nm for 0 to 0.5MTBAH inX-ray diffractionmeasurement).
The particle size of BTO NPs was principally controlled by a synthetic control of butyl chain of TBAH and also a steric effect of
excess amount of TBAH. The dielectric constant of BTO NPs was decreased from 152 to 144 at 1MHz after an adoption of TBAH
capping agent with almost uniform dielectric loss (<0.027). But the dielectric constant of BTONPs synthesized with various molar
ratio of TBAH (0.1, 0.3, and 0.5) did not show a distinguished decrease. At the particle size range in this experiment, the dielectric
behavior of BTONPs was found to be mainly dependent on the TBAH ligands at BTONPs formed during capping process, not on
the size of BTO NPs.

1. Introduction

Barium titanate (BaTiO
3
: BTO) is the typical perovskite

structure material with most extensively studied ferroelectric
ceramic due to its high permittivity (high-𝑘) and ferro-
electric properties [1–4]. The applications in the electronics
industry include transducer and actuators, high-𝑘 dielectric
capacitors, and memory applications, which rely on the
existence of a spontaneous polarization in the crystal unit cell.
BTO is suitable to sensors, thermistors, multilayer ceramic
capacitor, electrooptical devices, and so on as the universal
electronic ceramics. In the above application studies, a thin
dielectric layer has been investigated for the miniaturization
and enhanced dielectric performance [5–7].

The perovskite ceramics have been known that their size,
shape, crystallinity, and surface composition are strongly
dependent on the synthesis process and physical structure
[8–10]. The typical synthesis of nanoparticles (NPs) and wet
chemical methods such as hydrothermal and sol-gel process

have been extensively studied to synthesize NPs of BTO with
high purity. Sol-gel method has been receiving a great deal of
attention due to the relative ease, reliability, and homogeneity
in the synthesis and processing of nanomaterials with high
degree of purity. The use of metal alkoxides as a precursor
in sol-gel process has more benefits than solid state reaction
[11, 12] and hydrothermal process because of molecular level
control of structure and composition [13, 14]. However,
during sol-gel process, noncrystalline BTO was obtained at
room temperature and annealing treatment converts it to
crystalline BTO [15–17]. But the heat treatment usually leads
to an agglomeration of particles, which increases the size of
particles. Although the conventional hydrothermal method
makes it possible to directly synthesize spherical BTO with
smaller size powders (<1 𝜇m), at lower reaction temperature
than sol-gel method, it requires relatively harsh reaction
conditions and therefore needed special and expensive pre-
cursors capable of withstanding at high pH and temperature
as well as pressure [11–17].
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Freshly, ambient condition sol (ACS) process developed
by Wang et al. proposed solution to the above problems [18].
It is possible to control the agglomeration of nanoparticles
by low temperature heat treatment, but to obtain uniform
particle size, sol-gel process is highly beneficial. ACS process
is a useful technology which has an advantage of being able to
obtain a high purity and homogeneity of the material. Apply-
ingmetal alkoxides as a precursor, they havemore advantages
than solid state reaction and hydrothermal processing, due
to a facial adoption of structure and composition control at
molecular level [18–20]. Normally chlorine-based precursors
have been used for the formation of BTO NPs through ACS
process [18, 21]. In the case of alkoxides precursors, small
value of dielectric constant was only reported as around 18
[22].

Tetrabutylammonium hydroxide (TBAH) is the chemical
compound with the formula (C

4
H
9
)
4
NOHwith the acronym

TBAOH or TBAH. This species is not readily obtainable as a
pure compound, but it is employed as a solution in water or
alcohol. It is commonly used as a base in organic chemistry.
Relative to more conventional inorganic bases, such as KOH
andNaOH, TBAH ismore soluble in organic solvents. TBAH
is a strong base that is used often under phase-transfer
conditions to affect alkylation and deprotonations. TBAH
can be neutralized with a variety of mineral acids to give
lipophilic salts of the conjugate base. The stability of the
NPs could be improved by long-chain effect with butyl chain
and strong acidity. These NPs can be repeatedly isolated
and redispersed in aqueous solution. As the solubility and
stability of these TBAH-stabilized particles are closely linked
to the double-layer structure and pH of the system, 10–12 full
characterization is essential for their successful utilization in
future applications [23, 24].

In this study, the morphology and size distribution of
BTO NPs depending on the concentration of TBAH were
investigated using chlorine-free ACS process. In the synthesis
of BTO NPs by ACS process, the barium chloride and
titanium chloride precursors have been preferred owing to
the ease of handling and inexpensive chemical input [18, 21].
Nevertheless, the chlorine ions are very difficult to remove
and the residual ions may influence the surface and electrical
properties of BTO NPs [25]. Alternatively, barium alkoxide
and titanium alkoxide have been used as better substitute
precursors for obtaining chlorine-free BTO NPs. This could
permit us to control the chlorine impurities and suppress the
formation of chlorides. We diminished heat treatment tem-
perature and avoided HCl damage during the formation of
BTONPs throughmodified ACS without chloride precursor.

2. Experimental Procedure

Barium nitrate (Ba(NO
3
)
2
, 99.999% trace metals basis, Sig-

ma-Aldrich), titanium(IV) isopropoxide (Ti[OCH(CH
3
)
2
]
4
,

TTIP, reagent grade, 97%, Sigma-Aldrich), deionized (DI)
water, and sodium hydroxide (NaOH, reagent grade, ≥98%,
pellets (anhydrous)) were used as starting materials, solvent,
and reacting agents, respectively. Tetrabutylammonium
hydroxide ((CH

3
CH
2
CH
2
CH
2
)
4
N(OH)⋅30H

2
O, ≥99.0%,

Dissolution of Ba(NO3)2 in DI water

Addition of various amounts of TBAH

Addition of Ti(OCH(CH3)2)4 (TTIP)

Addition of NaOH as catalyst

Reflux at 90∘C

Centrifuge and wash

Dry at 40∘C for 2 days

Grind

BaTiO3 crystalline nanoparticles

Figure 1: Schematic flow chart for synthesis procedure of BTONPs.

Sigma-Aldrich) was used as capping agent without any
purification. The experiments were performed according
to recently proposed ACS process [18]. A schematic of
experimental process was shown in Figure 1. Initially, barium
nitrate as a Ba precursor was dissolved in water. TBAH
was added to Ba precursor solution and TTIP was added
as a Ti precursor to the solution. NaOH was added as a
catalyst to the mixed solution. The molar ratio of Ba and Ti
precursor was kept constant at 3 : 2, and the concentration
of Ti precursor was performed with 0.2mol/L. A cloudy
solution was formed after mixing of precursors, capping
agent, and catalyst. This solution was refluxed at 90∘C for
20min in air atmosphere. The separated particles by using
a centrifuge were washed several times using distilled water
and butanol to remove the remaining organic materials and
impurities. For nanoparticles washing, nanoparticles were
precipitated at first by using centrifuge and they were washed
with n-butanol and water using vortex mixer and sonication.
Even insoluble materials can become temporarily dispersed
by vortex mixer and sonication which supply strong physical
energy for mixture state. Washing is performed by this
physical dispersion [26, 27]. Butanol has been also used as
a washing solvent to remove impurities in the synthesis of
oxide nanoparticles using chlorine-based precursors [28].
In this experiment, n-butanol could remove any possibly
formed organics matter and impurities, and the aqueous salts
and excess capping agents were removed by water washing.
The washing of BTO NPs was completed by repeating more
than 3 times for each solvent. Finally, particles of BTO NPs
were dried at 40∘C for 48 h in oven at air atmosphere.

After synthesis of barium titanate nanoparticles, Fourier
transform-infrared spectroscopy (FT-IR, PerkinElmer, USA)
was employed for the confirmation of capping agent and
barium titanate nanoparticles in the precipitate and final
product. Crystalline phases and chemical composition were
examined by X-ray diffraction (XRD, Ultima model, Rigaku,
Japan). For the analysis, Cu K𝛼 radiation with a wavelength
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Figure 2: FT-IR spectra of BTO NPs obtained before heat refluxing
and with various TBAH molar ratios (0, 0.1, 0.3, and 0.5).

of 1.541 Å at 2𝜃 values ranging from 20 to 80∘ was applied.
Field emission scanning electronmicroscopy (FE-SEM, JSM-
600F, JEOL, Japan) and particles size analyzer (PSA,Nanotrac
Wave,Microtrac, USA)were used to observe themorphology
and distribution of nanoparticles.The dielectric properties of
BTO NPs were measured with pelletized BTO. The porosity
of pellet was calculated by measuring the weight and volume
of the pellet. The capacitance-voltage and leakage current
(4294A, Agilent, USA) behaviors were measured by a dielec-
tric test fixture (16451B, Agilent) to analyze the dielectric
properties of BTO NPs.

3. Results and Discussion

To study the ligand attachment to TBAH capping agent, FT-
IR measurements were carried out on the barium titanates
synthesized with various TBAH concentrations (0.1, 0.3, and
0.5M). The FT-IR spectra of barium titanates with various
TBAH concentrations showed almost the same absorption
behavior as given in Figure 2. The absorption peak around
2800–2900 cm−1 was attributed to the C-H bond due to
the presence of TBAH. The peaks around 1200 cm−1 were
attributed to CH

2
and CH

3
bending modes [20]. Absorption

peak of hydroxyl group was observed at 3400 cm−1 in all
samples [29]. The Ti-O bonding peak was observed at
480 cm−1 after forming by reflux. At precipitation of mixed
precursors, this peak was not observed. The absorption peak
at 490 cm−1 is due to the presence of Ti-O in octahedral
structure [30, 31]. This octahedral Ti-O absorption peak is a
proof of BTO phase formation with perovskite structure.

When the capping ligands coordinate to the metal ions,
the head groups of the capping agent point toward the surface
and the tail groups toward the aqueous medium [13, 15,
20]. TBAH caps the surface of Ba precursor through the
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Figure 3: XRD spectra of BTO NPs prepared with various TBAH
molar ratios (0, 0.1, 0.3, and 0.5).

N atom [32] and forms a bilayer of capping agent around
the nanoparticle’s surface [33]. The N+ group of TBAH was
leading a dipole moment with Ba precursor. The Coulombic
interaction between Ba precursor and N+ group of TBAH
affects the nucleation and growth of BTO NPs. As a result,
the size and distribution of nanoparticles could be controlled
by the concentration of TBAH.

The crystalline phase of BTO NPs was analyzed using
XRD. The diffraction patterns in Figure 3 were obtained
with BTO NPs prepared with various TBAH concentrations.
(100), (110), (111), (200), (201), (211), (220), (221), (310),
and (311) diffraction peaks were observed. The presence of
crystalline BTO diffraction peaks represents the fact that
TBAH did not affect the formation of crystalline BTO
with cubic structure by refluxing in air atmosphere at
low temperature (90∘C). NaOH plays as a catalyst during
the formation of BTO crystalline phase. Normally high
NaOH (above 10M NaOH) concentration is needed for
the formation of crystalline oxides [34–36], but only 1∼3M
NaOH is needed under TBAH condition. The secondary
crystalline phase such as Ba

2
TiO
4
and BaCO

3
was not

observed and only crystalline phase was BaTiO
3
through all

conditions.
Scherrer’s equation [37] given as below was used to cal-

culate the crystalline size of BTO from the major diffraction
peak (110) in the XRD spectra:

𝐷 =

𝐾𝜆

𝛽 cos 𝜃
, (1)

where𝛽 is thewidth of the observed diffraction line at its half-
intensity maximum, 𝐾 is the shape factor, set to 0.9, and 𝜆 is
the wavelength of the Cu K𝛼.The crystalline size of BTONPs
was obtained for 0 (pure BTONPs), 0.1, 0.3, and 0.5MTBAH
concentrations as 54.3, 43.4, 41.2, and 38.7 nm, respectively.
As TBAH concentration increases, the size of BTO NPs was
decreased.
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Table 1: Measured and calculated values of dielectric constant of BTO NPs in pelletized form.

Pristine BTO With 0.1M TBAH With 0.3M TBAH With 0.5M TBAH
Air volume fraction (%) 10 14 13 14
Frequency Measured Calculated Measured Calculated Measured Calculated Measured Calculated
1 kHz 94 ± 1 156 ± 2 74 ± 1 149 ± 2 78 ± 1 149 ± 2 74 ± 1 148 ± 2

10 kHz 93 ± 1 154 ± 2 73 ± 1 148 ± 2 78 ± 1 147 ± 2 74 ± 1 146 ± 2

100 kHz 92 ± 1 152 ± 2 72 ± 1 147 ± 2 77 ± 1 146 ± 3 73 ± 1 145 ± 2

1000 kHz 92 ± 1 152 ± 2 72 ± 1 146 ± 2 77 ± 1 145 ± 2 73 ± 1 144 ± 2

300nm

(a)

300nm

(b)

300nm

(c)

300nm

(d)

Figure 4: SEM images of BTO NPs synthesized with various TBAHmolar ratios: (a) 0, (b) 0.1, (c) 0.3, and (d) 0.5mol/L TBAH.

The size and morphology of BTO NPs were also charac-
terized by using SEM and PSA and the results were shown
in Figures 4 and 5. The size of BTO NPs synthesized at
0–0.5M TBAH concentration was 300 to 90 nm. The size
of BTO nanoparticles measured with SEM was larger than
that from the XRD measurement. This might be due to an
agglomeration of crystalline BTO NPs and coated bilayer of
TBAH because the BTO NP size obtained from XRD mea-
surement corresponds to the crystalline size of the particles.
However, the size of BTONPs showed a decreasing trendwith
increased TBAH concentration, similar to the results of XRD.
Figure 4(a) shows an important agglomeration of primary
particles due to an absence of TBAH capping effect. Figures
4(b), 4(c), and 4(d) show the particle size and agglomeration
of BTO NPs synthesized at 0.1, 0.3, and 0.5M TBAH molar
ratios, respectively; the size of the NPs was found to be
decreased with increased molar ratio of TBAH. PSA results
showed the same tendency as decrease in the nanoparticle
size with increasing TBAH (Figure 5). The nanoparticles’

size was controlled by the coulombic interaction between Ba
precursor and N+ group of TBAH during the nucleation and
growth of BTO. It is possible to explain that TBAH-stabilized
BTO NPs are coated by double layer of capping agent and
BTONPs can exist separately from each other in the solution.

The dielectric constant and dielectric loss of the BaTiO
3

nanoparticles synthesized with various TBAHmolar ratios as
0, 0.1, 0.3, and 0.5M were measured from 1 kHz to 1,000 kHz.
For ameasurement of dielectric constant of BTONPs, a com-
plete removal of impurities on nanoparticles except capping
agent was confirmed by using FT-IR and they were pelletized.
A pelletization is a general method of dielectricmeasurement
of nanoparticles [38, 39].The air volume fraction in the pellet
is important for a dielectric constant measurement, but as
shown in Table 1, the calculated values of air volume fraction
did not have any consistent trend. The air volume fraction
was calculated for each sample by measuring the volume
and weight of each pellet. The dielectric constant of BTO
NPs could be calculated by using Lichtenecker’s formula as
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Figure 6: Dielectric properties of BTO NPs synthesized with
varying TBAHmolar ratios (0, 0.1, 0.3, and 0.5).

ln 𝜀total = VNPs ln 𝜀NPs + Vair ln 𝜀air [40]. The calculated values
were given in Table 1 and Figure 6. The dielectric constant of
BTO was decreased by almost 3% after an addition of TBAH,
but not smaller than 144. Normally the dielectric constant
of ferroelectric BTO could be affected by their size. Until
some special size of grain, the dielectric constant and size
of grain were increased together in nanoscale region. Above
peak grain of nanoparticles of the highest dielectric constant,
the dielectric constant was reduced [41]. Another reason for
a decrease of dielectric constant with decreasing nanopar-
ticle size is an increase of boundary and surface charge

compensation layer [42]. However, in this experiment, the
dielectric constant of BTO NPs synthesized with various
molar ratios of TBAH (0.1, 0.3, and 0.5) did not show a
distinguished decrease with increasing TBAH molar ratio,
that is, decreased crystalline size of BTO NPs. A distin-
guished differencewas observed rather between the BTONPs
prepared without and with TBAH capping agent. It means
that in this experiment a decrease in dielectric constant of
BTO NPs was mainly caused from the presence of TBAH
ligands on the BTO NPs, not the crystalline size. However
the measured dielectric constant was almost 2 times larger
than the reported value for similar size of BTO NPs by
Huang et al. [43]. Furthermore BTO NPs showed similar
dielectric behaviors regardless of TBAH molar ratio and
a similar behavior was also observed in FT-IR results as
given in Figure 2, that is, a similar absorption peak position
and intensity. From these results, it can be said that NP
size control effect of TBAH capping agent is mainly due to
a bond formation with BTO NP through capping ligands
but also steric effect of TBAH capping agent in the case
of increasing TBAH molar ratio. That is to say, due to a
steric effect of TBAH, the size of BTO NPs was decreased
with increasing TBAHmolar ratio; however this extra TBAH
showing steric effect should be removed through following
centrifuge andwashing step.Then, in the FT-IRmeasurement
with dried BTO NPs, an increasing absorption behavior of
TBAH-related peak such as C-H and C-N was not observed
with increasing TBAH molar ratio. Also, the dielectric loss
was less than 0.035. From these results, it can be said that
crystalline BTO NPs with a high dielectric constant and low
dielectric loss could be synthesized using the chlorine-free
ACS process with refluxing in an air atmosphere at 90∘C,
which is comparable with the values obtained from a thin-
film form of BaTiO

3
cubic phase [37].

4. Conclusion

The size-controlled BTO NPs were able to be synthesized
through chlorine-free ACS process with TBAH as a capping
agent under 90∘C refluxing condition. The size of BTO NPs
was decreased by addition of TBAH. TBAH improves the
stability of NPs with long-chain effect by butyl chain and
strong acidity. These effects induced isolated and dispersed
BTO NPs in aqueous solution. In the case of 0.3 and 0.5
molar ratios of TBAH, the amount of TBAH was found to be
excess for surface capping of BTO NPs; however the excess
amount could induce a reduction in BTO particle size due to
a steric effect. The dielectric constant of the crystalline BTO
NPs was calculated above 144 with maximum dielectric loss
of 0.035 and the dielectric behavior wasmainly affected by the
presence of TBAH capping ligands and slightly by their size
in this experimental condition.
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“Soil washing for metal removal: a review of physical/chemical
technologies and field applications,” Journal of HazardousMate-
rials, vol. 152, no. 1, pp. 1–31, 2008.

[27] A. Mizev, A. Trofimenko, D. Schwabe, and A. Viviani, “Instabil-
ity of marangoni flow in the presence of an insoluble surfactant.
Experiments,”EuropeanPhysical Journal: Special Topics, vol. 219,
no. 1, pp. 89–98, 2013.

[28] J. B.Mamani, L. F. Gamarra, andG. E. de Souza Brito, “Synthesis
and characterization of Fe

3
O
4
nanoparticles with perspectives

in biomedical applications,”Materials Research, vol. 17, no. 3, pp.
542–549, 2014.
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