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bstract

y manipulating process parameters, BaTiO3 nanoparticles with tunable size were successfully prepared by flame-assisted spray pyrolysis (FASP)
rom an aqueous solution of barium acetate and titanium-tetra-isopropoxite. Particle size was controlled over a wide range (from about 23 to
1 nm) by varying the concentration of precursor and methane flow rate. Flame temperature was a key factor in producing particles with a narrow

ize distribution. The BaTiO3 nanoparticles were cubic in crystal structure, dense, spherical and softly agglomerated. The particles contained OH,
arboxyl and CO2 bonding groups that could be completely removed by post-heat treatment. At room temperature, BaTiO3 pellets had relatively
igh dielectric constants (2578.8–3611.8) with loss factors ranging from 2.6% to 7.1% at the frequency of 1 kHz. The results of this study indicate
hat BaTiO3 nanoparticles can be fabricated using continuous and industrially applicable FASP.

2007 Elsevier Ltd. All rights reserved.
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. Introduction

BaTiO3 is one of the most widely used materials in the
lectro-ceramics industry. It is used in multilayer ceramic capac-
tors (MLCCs), thermistors, electro-optic devices and dynamic
andom-access ferroelectric memories (DRAMs).1–3 BaTiO3
as a perovskite structure, possesses a high dielectric constant,
s chemically stable and has tunable physical properties.2 In the
ast decade, the size of electronic devices has been scaled down,
riving the development of smaller electronic components. To
eet this requirement, fabrication of very fine BaTiO3 particles
ith good electrical properties is necessary.
The conventional method of preparing BaTiO3 particles

s via a solid-state reaction from the calcinations of BaCO3
nd TiO2.4–8 The as-prepared powder is typically coarse

nd highly agglomerated. Recently, BaTiO3 nanoparticles
ave been prepared via this method from nanocrystalline
iO2.5 However, this method is time-consuming and energy-
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ntensive. Hydrothermal,4,9,10 sol–gel,11,12 precipitation,3,13

nd combustion14 methods also can be used to prepare ultra-
ne BaTiO3 particles. As batch processes, liquid-phase methods
re quite simple; however, the likelihood of producing an impure
roduct is high. Therefore, products produced using liquid-phase
ethods require additional treatment to remove the impurities

rior to use in future applications.
Compared with batch processes, continuous processes offer

any advantages such as a high production rate, consistent
uality, and the ability to typically produce spherical and
gglomerate-free particles. Recently, spray pyrolysis (SP), a
ontinuous process, has been actively investigated for the
reparation of BaTiO3 particles. Furthermore, this process
an be further classified into conventional,15–17 combustion,18

itric-acid-assisted,19 salt-assisted,20 low-pressure21 and flame-
ssisted SP (FASP).22,23 The particles prepared from conven-
ional SP typically have sizes that are submicron in order. Many
ttempts have been made to reduce the size of prepared BaTiO3

articles to nanosize order. The SP process can be chemically
anipulated to produce nanosized BaTiO3 particles by adding
H6N4O and NH4NO3 (combustion SP),18 citric acid (CA-
P)19 or salt (SASP) to the precursor.20 In low-pressure SP,

mailto:okuyama@hiroshima-u.ac.jp
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he high drying rate is believed to be the main factor causing
ragmentation of BaTiO3 particles to produce nanoparticles.21

Among the SP processes, FASP is an attractive method
ecause it is a one-step process that produces various materi-
ls of nanosize order. However, there are no published studies
emonstrating the preparation of nanosized BaTiO3 particles
sing FASP. Brewster et al. (1997)22 reported the production
f submicron to micron-sized BaTiO3 particles from a solution
f barium acetate and titanium lactate. By the emulsion com-
ustion method, a modified-FASP method, Tani et al. (2001)23

repared spherical BaTiO3 particles with a size of about 315 nm.
owever, the bulk particles were contaminated with Ba2TiO4.
In this paper, the preparation of BaTiO3 nanoparticles from

queous precursor using FASP is described for the first time.
he flame process parameters can be manipulated to control the
eometric mean diameter and crystal structure of the BaTiO3
articles. The effects of particle size and structure on the dielec-
ric properties of BaTiO3 pellets also are described.

. Experimental

.1. Synthesis of BaTiO3

The experimental set-up of the FASP system is shown in
ig. 1. The set-up consisted of an aerosol generator (ultrasonic
ebulizer), a diffusion flame reactor and a powder collector. The
requency of the ultrasonic nebulizer transducer was 1.7 MHz.
he powder collector was a bag filter, and a vacuum pump was
sed to transport the particles to the bag filter. A condenser with

water-cooling system was used to condense the water vapor

roduced during evaporation of the solvents.
The precursor solution was made from Ba(CH3COO)2 (99%)

nd titanium-tetra-isopropoxite (TTIP-97%) that had been pur-

Fig. 1. Experimental set-up of flame assisted spray pyrolysis (FASP).
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hased from Kanto Chemicals (Tokyo, Japan), and used without
urther purification. One normal HNO3 was used as the solvent
n the precursor preparation. The total concentration of precursor
as varied from 0.1 to 0.4 M with a molar ratio of Ba:Ti of 1:1. To
roduce a clear solution of TTIP, about 50 mL of 1N HNO3 was
dded to the TTIP. The mixture was vigorously stirred for about
h to ensure thorough mixing of the TTIP and HNO3. After the
lear solution was prepared, predetermined amounts of barium
cetate and water were added to the desired volume (100 mL).
o ensure homogeneity of the solution, gentle agitation of the
nal solution was continued for about 1 h.

The experiment was carried out by first atomizing the pre-
ursor using an ultrasonic nebulizer to produce droplets. The
verage droplet size was 5.45 �m, measured using a droplet-size
nalyzer (Malvern Spraytec, Malvern Instruments Ltd., Worces-
ershire, United Kingdom). These droplets were transported to
he flame zone using oxygen as the carrier gas with a flow rate
f 4 L/min. The fuel gas was methane and oxygen acted as the
xidant. The methane flow rate was varied from 3 to 6 L/min to
nvestigate the effect of flame temperature on the characteristics
f the prepared particles. During the experiment, the ratio of fuel
o oxidant was kept constant at 2.1. The excess oxygen was pro-
ided to ensure complete combustion of the fuel and to avoid the
eneration of carbon from the decomposition of unburned fuel.
he prepared particles were collected and then characterized.

.2. Characterization

The morphology of the particles was observed at 20 kV by
eld-emission scanning electron microscopy (FE-SEM, S-5000,
itachi Ltd., Tokyo, Japan). Prior to the analysis, particles were

on-sputtered for 30 s (E-1010, Hitachi, Tokyo, Japan). The geo-
etric mean diameter (dg) and geometric standard deviation

σg) were determined from FE-SEM images by sampling about
00 particles. The detailed morphology and electron diffraction
f the crystals were examined in detail by transmission elec-
ron microscopy (TEM, JEM-2010, JEOL Ltd., Tokyo, Japan)
t 300 kV. The crystal structure of the powder was examined
sing an X-ray diffractometer (XRD, RINT 2200 V, Rigaku-
enki Corp., Tokyo, Japan). The measurement was carried out
sing nickel-filtered Cu K� radiation (λ = 0.154 nm) at 40 kV
nd 30 mA with a scan step of 0.02◦ and a scan speed of 4◦/min.

To evaluate the organic content, a Fourier transform infrared
FT-IR) spectrophotometer (IRPrestige-21, Shimadzu Corp.,
yoto, Japan) was used. The FT-IR measurement was carried
ut at room temperature with a resolution of 2 cm−1 using the
Br dilution technique. Thermal properties were investigated
y thermal gravimetric analysis (TG) and differential thermal
nalysis (DTA) (TG-DTA 6200, Seiko Instruments Inc., Tokyo,
apan). TG-DTA was carried out by placing a sample of about
0 mg in a platinum pan, which was then inserted into the analy-
is chamber. The temperature ranged from 30 to 1000 ◦C with a
eating rate of 10 ◦C/min under air at a flow rate of 200 mL/min.
The dielectric properties of the product were evaluated using
elleted-BaTiO3. To prepare the pellets, BaTiO3 powder was
ressed uniaxially at 10 MPa. The pellets (12 mm in diameter
nd 1 mm in thickness) were sintered at 1250 ◦C for 10 h with
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heating rate of 5 ◦C/min. Electrodes were formed by placing
ilver paste onto the pellet surface and then heating the pellets in
furnace at a temperature of 500 ◦C for about 1 h. An individual
ellet was placed in a sample holder jig, which was connected
o a dielectric interface (Solartron 1296A), and the impedance
nalyzed (Solartron 1260A, Solartron Analytical, Hampshire,
nited Kingdom). The dielectric properties were measured at

oom temperature in the frequency range from 1 kHz to 1 MHz
t an ac amplitude of 1 V rms.

. Results and discussion

.1. Reaction mechanism of BaTiO3

The knowledge of the reaction mechanism of BaTiO3 under
eat treatment will be very useful for explaining the BaTiO3 for-
ation in the flame reactor. TG-DTA analysis gives information

bout how the precursor responds to heat treatment. The TG-
TA analysis of 0.2 M precursor solution with a ratio of Ba:Ti
f 1:1 in the temperature range from 30 to 1000 ◦C is shown in
ig. 2. The thermal analysis of the precursor in the temperature
ange from 30 to 150 ◦C is shown in Fig. 2a. The weight of the
ample was reduced to 5.49% of its initial weight when the solu-
ion was heated to 88.79 ◦C. The weight loss of the sample in

his temperature region is mainly caused by the evaporation of
he solvent. The presence of 50% v 1N HNO3 in the precursor
educed the boiling point of the solvent to below 100 ◦C (the
oiling point of pure HNO3 is 83 ◦C).

ig. 2. TG-DTA graph of precursors in the temperature range of 30–150 ◦C (a)
nd 150–1000 ◦C (b).

p
I
t
s

3

B
u
w
g
w
w
c
o
1
p
o

e
s
o
s
c
i
o
l
T
2
t
s

Ceramic Society 27 (2007) 4489–4497 4491

Fig. 2b shows the TG-DTA plot of the precursor in the temper-
ture range from 150 to 1000 ◦C. TTIP decomposed into TiO2
t a temperature of 279.02 ◦C, and the weight of the remaining
ample was reduced to 3.34%. At a temperature of 561.24 ◦C,
a(CH3COO)2 decomposed into BaCO3, and the weight of

he remaining sample was 2.78% of the original sample. This
esult is in agreement with that previously reported by Wang
t al.(2005)21: TTIP and Ba(CH3COO)2 decomposed into TiO2
nd Ba(CO3)2 at approximately 250 and 500 ◦C, respectively. A
eaction of BaTiO3 at 595.35 ◦C was indicated by the decrease
n the sample weight to 2.18% of the initial weight. In the above
cheme, the formation of BaTiO3 was considered to be a solid-
tate reaction of BaCO3 and TiO2.

The formation of BaTiO3 through a solid-state reaction starts
rom the reaction of BaCO3 and TiO2.5–8

iO2 + BaCO3 → BaTiO3 + CO2

he formation of BaTiO3 is accompanied by the release of CO2
as as a by-product. The rate of the reaction between BaCO3 and
iO2 depends strongly on the particle size, the state of aggrega-

ion, the degree of mixing and the atmosphere of the reaction.
he reaction progresses from the surface of the TiO2 particles
nd is controlled by the diffusion of barium ions into the core
f the initial TiO2 particles. The final shape of BaTiO3 particles
s the same as the shape of the initial TiO2 particles, and the
article volume increases by about 27% of the initial volume.5,6

f the initial size of TiO2 particles is less than 200 nm, the reac-
ion rate is very fast and the formation of intermediate phases is
uppressed.6,7

.2. Control of particle size and morphology

It is important to be able to control the size of the nanoscale
aTiO3 particles. Fig. 3 shows SEM images of particles prepared
sing different precursor concentrations. In this case, the flame
as generated using a methane flow rate of 4 L/min with a carrier
as (oxygen) flow rate of 4 L/min. The precursor concentration
as varied from 0.1 to 0.4 M. The geometric mean diameters
ere 23, 33, 52 and 71 nm for particles prepared from precursor

oncentrations of 0.1, 0.2, 0.3 and 0.4 M, respectively. More-
ver, the geometric standard deviation of particles ranged from
.28 to 3.15. The increase in particle diameter with increasing
recursor concentration is in agreement with a previous study
f the production of nanomaterials using a flame process.24

In FASP, when a droplet was delivered into the flame zone,
vaporation of the solvent occurred. Due to evaporation of the
olvent, the droplet concentration increased until the solubility
f the solute in the solvent was exceeded. The solution reached
upersaturation, leading to precipitation of the solute. At high
oncentrations, precipitation more readily occurred. The precip-
tated solute had a longer time to grow, leading to the formation
f larger particles compared to those that were produced using
ow concentration precursor solutions. From TG-DTA analysis,

TIP and Ba(CH3COO)2 decomposed into TiO2 and BaCO3 at
79.02 and 561.24 ◦C, respectively. Thus, after decomposition,
he TiO2 particles produced from high concentration precur-
or solutions were large in size. Because the size and shape of
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Fig. 3. FE-SEM images of BaTiO3 prepared from precu

repared BaTiO3 is highly dependent on the size and shape of
he initial TiO2 particles, the BaTiO3 particles prepared from
igh concentration precursor solutions also were expected to be
arge in size.

The size of the particles also was controlled by chang-
ng the methane flow rate. As shown previously, altering the

ethane flow rate changed the flame temperature.25 Fig. 4
hows SEM images and size distributions of particles as a
unction of the methane flow rate. The geometric mean diam-
ters of the particles were 33, 33, 37 and 45 nm for methane
ow rates of 3, 4, 5 and 6 L/min, respectively. The increase

n BaTiO3 particle size with increasing temperature was in
greement with previous results.20,26 The increased particle
ize resulted from the high crystal growth rate of particles
n the high-temperature environment. Fig. 4 shows that the
eometric standard deviation of particles ranged from 1.42 to
.71. This indicated that tuning of particle size by varying the
ethane flow rate produced a narrower size distribution than

he size range that resulted from altering the precursor concent-
ation.

The BaTiO3 particles prepared from the flame process were
pherical with a smooth surface. Changing the precursor con-

entration did not significantly change particle morphology.
owever, when a high methane flowrate was applied, a small

mount (about 5–10%) of nanorod-like particles were produced
Fig. 4d). The formation of nanorod-like particles was evident

i
i
w
l

concentrations of 0.1 (a), 0.2 (b), 0.3 (c) and 0.4 M (d).

n the high magnification image as shown in Fig. 4e (indicated
y arrow). Moreover, spherical particles were produced using
ethane flow rates of up to 5 L/min.
Fig. 5a shows TEM images of particles that were prepared

sing a methane flow rate of 4 L/min and a precursor con-
entration of 0.1 M. The as-prepared particles were dense and
oft-aggregated with particle size varying from 15 to 40 nm.
nalysis of the ring pattern from the selected-area electron
iffraction (SAED) confirmed that the material had a cubic struc-
ure (Fig. 5a inset). Detected by high-resolution TEM (HRTEM)
maging (Fig. 5b), the cubic BaTiO3 particles had an interplanar
pacing of 2.78 Å which corresponded with a crystal orientation
f (1 1 0).

.3. Crystal structure of particles

Fig. 6 shows the XRD patterns of BaTiO3 particles prepared
sing different concentrations. There was no significant dif-
erence in the characteristic peaks among particles produced
rom different precursor concentrations. The particle structure
as cubic-consistent with JCPDS Reference No. 31-0174. From

he XRD spectra (Fig. 6), the intensity of the particles slightly

ncreased as the precursor concentration increased. The increase
n intensity of the XRD spectra implied the reduction of full
idth at high maximum (FWHM), indicating the formation of

arger crystallite particles.
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ig. 4. FE-SEM images of BaTiO3 prepared using methane flow rates of 3 (a), 4
rom methane flow rate 6 L/min (e).

The effect of methane flow rate on particle crystallinity is
hown in Fig. 7. Particles prepared using a methane flow rate
f 3 L/min showed peaks characteristic of BaCO3 and TiO2
natase, in addition to BaTiO3 peaks. These impurities were gen-
rated from the uncomplete reaction of BaCO3 and TiO2 during
aTiO3 formation. Pure BaTiO3 particles were prepared using a

ethane flow rate of 4 L/min. Another phase structure of BaTiO3
as recognized when methane flow rates of 5 and 6 L/min were

pplied. These peaks belonged to hexagonal-structure BaTiO3
articles. The formation of the hexagonal phase was due to the

s
t
p
i

(c) and 6 L/min (d). FE-SEM image at high magnification of particles prepared

igh temperature used in the flame process. These results were in
greement with Brewster et al. (1997): prepared particles were
lso in the hexagonal phase when a high flame temperature was
pplied.22 The phase transition of BaTiO3 particles structure
as thermal- and size-dependent. The dependency of BaTiO3
hase on the size was indicated by the presence of a critical

ize. Experimentally, the critical size (transition from cubic to
etragonal phase) was reported at 30 to 190 nm.27,28 In spray
yrolysis, the transition from cubic to tetragonal phase can be
nitiated by increasing the furnace temperature.19
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Fig. 5. TEM image (a), electron diffraction pattern (inset in a) and HRTEM
image (b) of BaTiO3 powder prepared using a precursor concentration of 0.1 M.

Fig. 6. XRD patterns of BaTiO3 powder prepared from different precursor
concentrations.
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ig. 7. XRD patterns of BaTiO3 powder prepared using different methane flow
ates. �, BaCo3; �, hexagonal BaTiO3; �, TiO2 anatase.

.4. Organic content of particles

To quantify the organic content of the prepared particles,
T-IR and TG-DTA analysis were carried out. Fig. 8 shows

he results of FT-IR analysis of particles prepared using dif-
erent methane flow rates. The as-prepared particles exhibited
hree main peaks, corresponding to the bonding vibrations of
H (3420 cm−1),3 CO2 (2361 cm−1)12 and carboxyl groups

1417 cm−1).3 The presence of the –OH bond indicated that
s-prepared particles adsorbed water molecules and residual
ydroxyl groups.3 The carboxyl bonding may have originated
rom unreacted reaction intermediate–BaCO3. The hydroxyl and
arboxyl groups were typical impurities of BaTiO3 produced
uring spray coprecipitation,3 microwave heating29 and RF-
lasma CVD.26 The additional organic impurity associated with
he FASP-produced BaTiO3 particles was CO2. In FASP, CO2
nd H2O were released as products of the combustion process
f CH4. The high concentration of CO2 in the ambient environ-

ent of the BaTiO3 particles caused adsorption of this gas into

he particles.
Organic bonding in bulk particles can theoretically be

emoved by heat treatment. Prior to heat treatment, thermal

ig. 8. FT-IR spectra of BaTiO3 powder prepared using different methane flow
ates.
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ig. 9. TGA-DTA spectra of BaTiO3 powder prepared using different methane
ow rates.

nalysis was needed to understand the thermal behavior of the
articles. Fig. 9 shows the TG-DTA analysis of as-prepared
articles at temperatures of up to 1000 ◦C. Based on TG anal-
sis, it was predicted that organic bonding would decrease in
he temperature range of 500–700 ◦C. The weight loss in the

◦
emperature range of 200–400 C originated from the release
f chemisorbed water and hydroxyl groups.10 At higher tem-
eratures the sample weight decreased slowly and retained
3.88–94.99% of the initial sample weight. Weight loss in this

w
w
t
i

Fig. 11. FE-SEM images of pellet microstructure of the particles p
ig. 10. Dielectric constant and loss factor (tan δ) of pellets prepared from
aTiO3 powder that had been fabricated using different methane flow rates,
easured at room temperature.

emperature range was attributed to decomposition of carbonate
roups into CO2 gas.10

To investigate the removal of organic bonding in the particles
y heating, annealing treatment was carried out. The particles

◦
ere annealed in an electric furnace under air at 700 C for 1 h
ith a heating rate of 10 ◦C/min. The heat-treated particles were

hen examined by FT-IR and TG-DTA. From the FT-IR analysis,
t was concluded that annealing treatment effectively removed

repared from methane flow rates 3 (a), 4 (b), 5 (c) and 6 (d).
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rganic impurities—CO2 and carbonate, as shown in Fig. 8. This
esult was supported by TG analysis (Fig. 9), which showed a
mall weight loss of 1.67% during heat treatment at temperatures
p to 1000 ◦C.

.5. Dielectric properties of particles

The dielectric constant and loss factor (tan δ) as a function
f methane flow rate is shown in Fig. 10. Dielectric properties
ere measured at room temperature under bias voltage of 1 V

c at a frequency of 1 KHz. The pellets prepared using particles
hat were produced at high temperatures (high methane flow rate)
ended to have high dielectric constants. The dielectric constants
f the BaTiO3 pellets were 2578.8, 2617.4, 2789.9, 3035.2 and
611.8 for the methane flow rates of 3, 3.5, 4, 5 and 6 L/min,
espectively. The loss factor of the corresponding pellets was in
he range of 2.57–7.2%.

Measurement of the dielectric properties discussed above
as conducted for pellets with the same relative densities

measured by Archimedes’ method), ranging from 0.88 to
.89 of the theoretical BaTiO3 value (6017 kg/m3). The pel-
ets were sintered at 1250 ◦C for 10 h with a heating rate
f 5 ◦C/min. The larger BaTiO3 particles tended to produce
ellets with larger grain sizes, as shown in Fig. 11. Com-
ined with Fig. 10, there results demonstrated that pellets
ith large grain size tended to have high dielectric constants.
hese results were consistent with previous studies in which the
ize of the initial powder was positively associated with high-
ielectric constants of the resulting pellets.1,2 In summary, since
ASP-produced BaTiO3 particles had relatively high dielectric
onstants, these particles would be suitable for MLCC fabri-
ation.

. Conclusions

FASP synthesis of BaTiO3 nanoparticles permitted effective
ontrol of particle size. Increasing the precursor concentration
rom 0.1 to 0.4 M produced BaTiO3 particles with diameters
n the range of 23–71 nm. Moreover, controlling the flame
emperature, by increasing the methane flow rate from 3 to
L/min, produced powders with geometric mean diameters

anging from 33 to 45 nm. Generally, the particles produced
ere spherical, dense, highly crystalline and soft-aggregated.
he crystal structure of BaTiO3 was strongly determined by

he flame temperature: a low flame temperature produced
aTiO3 particles with impurities, i.e., BaCO3 and TiO2, due

o uncomplete reactions. The structure of BaTiO3 nanopar-
icles was cubic, and a hexagonal phase was formed when
igh methane flow rates, i.e., 5 and 6 L/min, were applied.
he FASP-produced BaTiO3 particles contained OH, carboxyl
nd CO2 in their matrices. However, the organic bonding
as completely removed by heat treatment in a furnace at
00 ◦C for 1 h. The dielectric constants of BaTiO3 pellets

anged from 2578.8 to 3611.8 with loss factors ranging from
.46% to 7.2%. These results show that FASP is a promising
ethod for producing BaTiO3 nanoparticles with good electrical

roperties.
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