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Abstract

In this study, flame-assisted spray pyrolysis (FASP) was used to produce BaTiO3 nanoparticles with relatively high tetragonality and controlled
sizes from 23 to 33 nm in a one-step process. The addition of urea into the precursor is the key factor for the formation of tetragonal BaTiO3

nanoparticles; the lack of urea addition led to the formation of submicrometer BaTiO3. The formation of BaTiO3 nanoparticles was suggested from
the disintegration of submicrometer particles due to the decomposition of urea presented in the interconnection of their primary particles. Also,
combustion of the decomposed gases of urea produced additional heat, which improved the tetragonality of the BaTiO3 nanoparticles. Tetragonality
was enhanced from 1.0051 to 1.0071 by increasing the urea addition to as high as 4 M. The results of the present study show that addition of urea

to the precursor is an effective strategy for the direct production of tetragonal BaTiO3 nanoparticles using the FASP method.
© 2008 Elsevier Ltd. All rights reserved.
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. Introduction

BaTiO3 powder has been used extensively in the electron-
cs industry for fabrication of multi-layer ceramic capacitors
MLCCs). Miniaturization of electronic devices requires smaller
omponents, including capacitors of reduced size.1,2 To make
maller ceramic capacitors, the BaTiO3 particles also must
e very small (≤200 nm) and must exhibit high permittivity.
owever, the permittivity decreased when the size of BaTiO3
articles was reduced to below 1 �m.3

Generally, the permittivity of BaTiO3 particles depends on
article size,3,4 tetragonality,5 the Ba/Ti ratio,6 and the material
sed to coat the BaTiO3 particles.1,7 The increasing tetragonality
f BaTiO3 particles leads to the enhancement of their permittiv-
ty. This enhancement is a result of the asymmetry of the crystal

tructure that displaces titanium ions from the centrosymmetric
osition within the TiO6 octahedron.8 In addition, the tetrag-
nality of BaTiO3 is influenced by its particle size. Above a
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ritical size, increasing of particle size of BaTiO3 leads to an
nhancement of tetragonality.9–11 The critical size is where the
rystal structure of BaTiO3 shifts from the cubic to the tetragonal
hase—approximately 16 nm (based on empirical estimation).12

xperimentation has shown that the critical size ranges from
510 to 190 nm11, depending on the preparation method.

BaTiO3 particles can be prepared using various pro-
esses: hydrothermal,5,8 glycothermal,13 precipitation,14 spray
yrolysis (SP),15–17 low pressure spray pyrolysis (LPSP),18

adio-frequency plasma chemical vapor deposition (RF-
VD),19 and flame-assisted spray pyrolysis (FASP).2,20 Among

hese processes, FASP has the advantage of producing dry
aterials with less impurities and high crystallinity in fast and

ontinuous mode. The preparation of large BaTiO3 particles
microns in size) by this method has been reported.20 And, due to
heir large sizes, the prepared particles have good tetragonality.
ecently, we reported the preparation of BaTiO3 nanoparticles
sing flame-assisted spray pyrolysis (FASP).2 The average size

f the prepared particles ranged from 23 to 71 nm. However, the
rystal structure of the BaTiO3 nanoparticles was cubic.

There have been many attempts to prepare BaTiO3 nanoparti-
les in a tetragonal phase. The general method is by the annealing
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dx.doi.org/10.1016/j.jeurceramsoc.2008.03.002


2 ean C

o
p
u
a
o
w
n
a
a
s
S
w
t
t
p
t
u

n
t
s
i
t
p
p
p
e
r
a
t

2

(
g
t
p
w
m
a
f
c

(
(
(
C
c
I
(
u
i
f
u
a
s

u
p

h
m
T
o
p
a

s
w
a
c
m
d

n
m
(
T
r
t
{

r
p
t
T
t
d
a
(

3

3.1. Thermal analysis of precursors

To clearly understand the urea effect addition to the precursor
during the heating process, TG–DTA analysis of the precur-
574 Y. Terashi et al. / Journal of the Europ

f amorphous or cubic BaTiO3 nanoparticles at an elevated tem-
erature for extended periods of time. This technique has been
sed to produce tetragonal BaTiO3 particles in processes such
s hydrothermal,21 sol–crystal,22 RF-CVD,19 etc. In the case
f RF-CVD, the as-prepared BaTiO3 particles (cubic, 21.6 nm)
ere transformed to tetragonal BaTiO3 nanoparticles (tetrago-
ality 1.0007, 32 nm) after being annealed at temperatures as low
s 550 ◦C for 1 h. Another technique is by the application of an
dditive to the precursor prior to processing. This technique was
hown in the preparation of tetragonal BaTiO3 by salt-assisted-
P (SASP)17 and citric acid-assisted-SP (CASP).16 In SASP,
ashing of the as-prepared particles is required for removal of

he salt and the disintegration of large particles into nanopar-
icles. The as-prepared particles from CASP were milled to
roduce tetragonal BaTiO3 nanoparticles.16 In both techniques,
he required additional treatments led to an increase of energy
sage and time consumption.

In this paper, a new technique for the production of tetrago-
al BaTiO3 nanoparticles using urea as a precursor additive in
he FASP method is described. The addition of urea into precur-
or facilitates the formation of tetragonal BaTiO3 nanoparticles
n a single-step process. Urea was introduced to manipulate
he crystallinity and morphology of the as-prepared BaTiO3
articles. The addition of urea, which fully decomposed at tem-
erature of 360 ◦C, is useful for the disintegration of primary
articles producing BaTiO3 nanoparticles. Furthermore, the heat
volved from combustion of the decomposed gases with oxygen,
esulted in local heating of the nanoparticles. Consequently, the
dditional heat resulting from urea combustion improved the
etragonality of the BaTiO3 nanoparticles.

. Experimental

The experimental setup of flame-assisted spray pyrolysis
FASP) is shown elsewhere.2 The system consists of an aerosol
enerator, a diffusion flame reactor and a powder collection sys-
em. An ultrasonic nebulizer was used to generate droplets of
recursor at a frequency of 1.7 MHz. The atomized droplets
ere transported to the flame by a carrier gas. The flame was
aintained by flowing methane and oxygen gases, which served

s the fuel and the oxidant, respectively. The ratio of oxidant to
uel was 2.5. The prepared particles were collected in the powder
ollector.

The precursor chemicals used in this experiment were
CH3COO)2Ba (barium acetate, 99%), aqueous TiCl4 solution
titanium chloride, TCl-36, 36%) and NH2CONH2 (urea, 99%).
CH3COO)2Ba and NH2CONH2 were purchased from Kanto
hemical Co. Inc. (Tokyo, Japan) and were used without purifi-
ation. Aqueous TiCl4 solution was obtained from Showa Co.
nc., Japan. Commercial BaTiO3 nanoparticles, 30 nm in size
lot. number: 040201, Toda Kogyo Inc., Hiroshima, Japan), were
sed for comparison. To evaluate the dependence of tetragonal-
ty on particle size, the total precursor concentration was varied

rom 0.05 to 0.2 M. In all experiments, precursors were prepared
sing a Ba:Ti molar ratio of 1:1. Urea was added to the precursor
t a maximum concentration of 4 M. To prepare homogeneous
olutions, all chemicals were dissolved in water and then mixed

F
t
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sing a magnetic stirrer for several hours. After mixing, the
recursor solution was added to the nebulizer tank for atomizing.

To evaluate the thermal properties of the precursor under
eat treatment, thermal gravimetric (TG) and differential ther-
al analysis (DTA) (TG–DTA 6200, Seiko Instruments Inc.,
okyo, Japan) were used. The TG–DTA analysis was carried
ut by placing a sample of approximately 10 mg in a platinum
an. The temperature was then increased from 30 to 1000 ◦C at
heating rate of 10 ◦C/min under flowing air (200 mL/min).

Droplet size was measured using a spray particle analyzer
ystem (Spraytec, Malvern Instruments Ltd., Malvern, U.K.),
hich is a diode laser-based system with a wavelength of 670 nm

nd a beam diameter of 10 mm. The droplets were measured
ontinuously with measurement rates as high as 2.5 kHz. The
easurement was done using a 100-mm lens, the measurable

roplet size ranged from 0.1 to 230 �m.
Particles were characterized using field-emission scan-

ing electron microscopy (FE-SEM), transmission electron
icroscopy (TEM), and X-ray diffractometry (XRD). FE-SEM

Hitachi S-5000) was used to observe particle morphology.
he geometric mean diameter (GMD, dg) and geomet-

ic standard deviation (GSD, σg) were calculated using
he equations log dg = (∑

n log d
)
/
(∑

n
)
, and log σg =

∑[
n(log d − log dg)2/

∑
n
]}1/2

, respectively, from the cor-
esponding FE-SEM images by randomly sampling about 200
articles, using d as the particle size. The morphology and elec-
ron diffraction of the crystals were examined in detail using
EM (JEM-3000F, JEOL Ltd., Tokyo, Japan) at 300 kV. Par-

icle crystallinity was determined using selected area electron
iffraction (SAED) coupled with TEM. The crystallite phase
nd purity of the prepared particles were also examined by XRD
RINT 2200V, Rigaku-Denki Corp., Tokyo, Japan).

. Results and discussion
ig. 1. Thermal gravimetric–differential thermal analysis (TG–DTA) graph of
he precursor with and without urea addition.
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or with and without addition of urea was first carried out as
hown in Fig. 1. The precursor without urea started to decom-
ose at 120 ◦C. With urea, the TG profile indicated additional
ecomposition of the urea at temperatures ranging from 120
o 360 ◦C. In the literature, it is reported that urea decomposes
nto biuret at temperatures ranging from room temperature to
90 ◦C. At higher temperatures, biuret decomposes into cyanuric
cid, ammelide and melamine. Urea completely decomposes at
60 ◦C.23 The overall decomposition reaction of urea under heat

reatment in the presence of water can be written as24

H2CONH2 + H2O → 2NH3 + CO2

t
(
f

ig. 2. Field emission scanning microscopy (FE-SEM) images of BaTiO3 particles pr
M (c), 3 M (d) and 4 M (e).
eramic Society 28 (2008) 2573–2580 2575

ased on the above reaction equation, 1 mol of urea produces
mol of decomposed gases. The TG–DTA results show that
ddition of urea contributes additional heat and gas evolution that
re expected to have an effect on the crystallinity improvement
nd particle disintegration during the flame process. The detailed
nvestigation will be shown in the following sections.

.2. Morphology and size control of BaTiO3 nanoparticles
To evaluate the role of urea addition on the morphology of
he prepared BaTiO3 particles, different concentrations of urea
0–4 M) corresponding to urea-precursor molar ratios ranging
rom 0 to 20, were added to the precursor. The BaTiO3 powder

epared from precursor without urea addition (a), with urea addition of 1 M (b),
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ig. 3. Field emission-scanning electron microscopy (FE-SEM) images of BaTi
c) and 0.2 M (d).

as prepared using a CH4 flow rate of 3 L/min with an O2 carrier
as flow rate of 10 L/min.

Fig. 2 shows FE-SEM images of the BaTiO3 particles pre-
ared from the precursor with and without the addition of urea.
ithout added urea, the as-prepared BaTiO3 particles were pri-
arily sub-micron in size (300–800 nm); a small fraction of the

articles were nano-sized, as shown in Fig. 2a. Addition of urea
o the precursor significantly affected the morphology of the pre-
ared particles. When 1 M of urea was added to the precursor,
he quantity of nanoparticles increased while the size of larger
articles reduced, as shown in Fig. 2b. In the case of urea addi-
ion of 2 M or more, dispersed nano-sized BaTiO3 particles were
btained as indicated in Fig. 2c–e.

In addition, concentration of precursor is one of the parame-
ers that can be used to control particle size in aerosol processes.2

n the present study, BaTiO3 particles of different sizes were
roduced by varying the precursor concentrations from 0.05 to
.2 M. Precursors were prepared with a molar ratio of urea to
recursor of 20. Fig. 3 shows the FE-SEM images of the particles
repared using different concentrations. The produced particles
ad geometric mean sizes of 22.9, 27.6, 29.8 and 32.6 nm for

recursor concentrations of 0.05, 0.075, 0.1 and 0.2 M, respec-
ively. The geometric standard deviations of the corresponding
articles were approximately 2, indicating a rather broad particle
ize distribution.

h
4
a
t

rticles prepared from precursor concentration of 0.05 M (a), 0.075 M (b), 0.1 M

.3. Crystalinity and tetragonality of BaTiO3 nanoparticles

XRD patterns of the BaTiO3 nanoparticles prepared with dif-
erent concentrations of urea additive (varied from 0 to 4 M) are
hown in Fig. 4a. The BaTiO3 nanoparticles were prepared from
precursor concentration of 0.2 M. The prepared BaTiO3 par-

icles had tetragonal structures (space group: p4mm), which is
onsistent with JCPDS Reference No. 05-0626. The crystallite
izes were 18.3, 22.5, 24.8 and 25.3 nm for the particles prepared
ithout and with urea addition of 1, 2 and 4 M, respectively.
dding high concentrations of urea to the precursor caused
aTiO3 nanoparticles with high crystallinity to form. This was
onfirmed by the magnified XRD patterns for high urea con-
ents ranging from 44◦ to 46◦ as shown in Fig. 4a (right hand
ide). In addition, the tetragonality (ratio of c to a) of the BaTiO3
anoparticles increased from 1.00509 to 1.00710 with high urea
oncentrations, as shown in Fig. 4b.

The improvement of crystallinity and tetragonality of BaTiO3
anoparticles, as an effect of urea addition, can be explained
s follows. As shown in Fig. 1 of the TG–DTA analysis, it
as found that the decomposition of urea releases additional

eat. The exothermic peak is shown at 332 ◦C. After adding
M urea to a 0.2 M precursor solution, every droplet released
pproximately 1.48 × 10−5 J of energy, as calculated based on
he combustion enthalpy of urea. Based on stoichiometric cal-
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ig. 4. X-ray diffraction (XRD) pattern of BaTiO3 powder prepared from precu
igh urea contents ranging from 44◦ to 46◦ (right hand side) (a) and tetragonali

ulations, every droplet of precursor produced 9.7 × 10−15 mol
aTiO3 particles. From the comparison of heat released from
rea and mol number of the produced BaTiO3, it is known
hat the heat released from urea combustion is high enough to
ontribute to BaTiO3 crystal growth. Thus, the production of
aTiO3 nanoparticles with high tetragonality is easily under-

tood from the additional heat of urea combustion.
The tetragonality of the BaTiO3 nanoparticles prepared

rom the different precursor concentrations was evaluated using
RD analysis as shown in Fig. 5. In this XRD pattern,

he tetragonal structure of BaTiO3 is indicated by the split-

ing of the (2 0 0) and (0 0 2) planes at 2θ from 44◦ to 46◦.
etragonality was calculated as the relative ratio of the lat-

ice parameter c- to a-axes. The tetragonality values of BaTiO3
anoparticles were 1.00566, 1.00576, 1.00648 and 1.00710

l
t
e
t

ithout and with urea addition (left hand side), and magnified XRD patterns for
he corresponding particles (b).

or particles prepared using concentrations of 0.05, 0.075,
.1 and 0.2 M, respectively. It is shown that the result is in
greement with the previous finding in which the tetrago-
ality of BaTiO3 nanoparticles increased as the particle size
ncreased.10,25

.4. Suggested mechanism of nanoparticle formation with
rea addition

As described above, the addition of urea to the precursor sig-
ificantly affected particle morphology and size. In FASP, the

iquid precursor was atomized into droplets prior to transport
o the flame zone. The atomized droplets will undergo solvent
vaporation, solute precipitation, nucleation, intraparticle reac-
ion, coagulation, sintering and densification to form the final
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ig. 5. X-ray diffraction (XRD) pattern of BaTiO3 powder prepared using dif-
erent concentrations of precursor.

articles.2 The droplet size has strong relativity to precursor
roperties and subsequently the final product particle size.26 To
nvestigate the effect of urea addition into the precursor, droplet
ize was evaluated using a droplet size analyzer. The measured
roplet size was approximately 5.7 �m and was not significantly
ltered with variation of the urea concentrations. The sub-micron
rder of BaTiO3 particles should be prepared from the calcu-
ation of the one-droplet-to-one-particle (ODOP) principle. In
act, Fig. 2 shows that as-prepared particles in the nano-sized
rder indicate they were produced from a one-droplet-to-many-
articles (ODMP) mechanism.

Fig. 6 shows the schematic diagram explaining the formation
f nanoparticles as an effect of urea addition into the precursor.
arly in the flame process, evaporation of droplets produced
ried particles which contained dried urea and the precipitated
recursor. The presence of urea in the dried particles prevented

he interconnection between precipitated particles. With further
eating by flame, urea decomposed and primary particles dis-
ntegrated producing nanoparticles. This mechanism is almost
imilar to that of the salt-assisted spray pyrolysis process in

b
c
o
n

Fig. 6. Schematic diagram of the nanoparticle-formatio
eramic Society 28 (2008) 2573–2580

hich dried salt prevents an interconnection between precipi-
ated particles.17 The advantage of the urea addition in FASP is
hat washing of the additive is unnecessary because urea can be
ecomposed directly in the flame.

Disintegration of sub-micron particles into nanoparticles by
volution of gases from organic material decomposition also
ccurs in batch processes. The phosphor materials, SrTiO3:Pr,Al
nd (Y,Gd)3Al5O12:Ce, were investigated as models.27 Particles
repared using spray pyrolysis with the polymer were annealed
t high temperatures. Gas evolution during the heating process
an be used to cause disintegration of sub-micron particles into
anoparticles. In low pressure spray pyrolysis (LPSP), the addi-
ion of urea, in conjunction with the low pressure within the
eactor, was shown to be a primary determinant of BaTiO3
anoparticle formation.18

.5. Comparison with commercial BaTiO3 particles

Then, to evaluate the characteristics of the as-prepared
aTiO3 nanoparticles by FASP, a comparison with commercial
articles was conducted. The TEM images of as-prepared and
ommercial BaTiO3 nanoparticles are shown in Fig. 7. Com-
ercial BaTiO3 nanoparticles (supplied by Toda Kogyo Inc.,

apan) were approximately 30 nm in size and formed agglom-
rates (Fig. 7a and b). In contrast, urea-assisted FASP produced
on-agglomerated BaTiO3 particles that were well-dispersed
Fig. 7c–f). Commercial particles were made using a wet syn-
hesis method, which included an annealing step. Annealing
rocesses tend to produce agglomerated particles. In the case
f flame-assisted processes, BaTiO3 particles were produced
fter a very short residence time. Rapid heating of particles pre-
ented the formation of agglomerated particles. Furthermore,
ddition of urea to the precursor, as explained above, also con-
ributed to the formation of dispersed BaTiO3 nanoparticles.
he TEM images show that BaTiO3 particles produced using a
ame-assisted process have a broad size distribution. In addi-

ion, the HRTEM images and diffraction pattern indicated that
ommercial BaTiO3 is polycrystalline, whereas FASP-produced
aTiO3 is single crystalline.

From the results, it was shown that BaTiO3 nanoparticles with
tetragonal structure could be prepared directly from their aque-
us precursor with the addition of urea by the FASP method. To

e industrially applicable, the preparation process of nanoparti-
les could easily be scaled up for high production rate. FASP is
ne of the processes that have been scaled-up for silica and tita-
ia nanoparticles production. Thus, using the proposed method,

n mechanism using urea as a precursor additive.
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ig. 7. Transmission electron microscopy (TEM) images of commercial BaTiO
nd d) and 0.2 M (e and f).

roduction of tetragonal BaTiO3 nanoparticles is possible on an
ndustrial scale.

. Conclusion
Tetragonal BaTiO3 nanoparticles were synthesized using
ASP from an aqueous precursor with urea addition in a single-
tep process. Addition of urea to the precursor affected both

h
t
t
c

oparticles (a and b) prepared from precursor with concentrations of 0.075 M (c

article morphology and crystallinity. The addition of urea,
hich decomposed into gases during the flame process, caused
isintegration of the interconnected primary particles. This pro-
ess led to the formation of BaTiO3 nanoparticles. Additional

eat produced by combustion of the decomposed gases con-
ributed to improved crystallinity, as indicated by the high
etragonality of the prepared BaTiO3 nanoparticles. Nanoparti-
le size and tetragonality could also be controlled by varying
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he precursor concentration. Compared with the commercial
aTiO3 nanoparticles, the as-prepared particles showed less
gglomeration. Thus, the results of the present study show that
ddition of urea to the precursor is an effective method for the
roduction of BaTiO3 nanoparticles with relatively high tetrag-
nality using FASP.
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