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Abstract

Nanometer sized barium titanate powders can be obtained by adding surfactants to titanyl acylate precursors in a strong alkaline
solution (pH > 13). FTIR, TGA, SEM and XRD were used to investigate the effects of the surfactants influence on the morphology
of the obtained titanate powders and their sinterability. In a pre-added surfactant process (i.e. surfactant added before precipitation
in alkaline solution), a slower rate of hydrolyzation is observed, and the shift rate in the condensation is slower. Less crosslinking of
smaller particles is observed. The addition of anionic surfactant (LAS) in general leads to the formation of micelles, which control
the nucleation and crystal growth of the titanate powders. This micelle formation results in a smaller particle size (30-90 nm), and a
larger surface area of 60.5 m?/g for BaTiO; powders was obtained. The nanometer-sized barium titanate powders were readily

sintered at 1100-1200 °C.
© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Barium titanate crystallizes in a perovskite structure is
an important electronic ceramic. Semiconducting prop-
erties can be achieved by doping it with La3*! or Nb>+2
as the heterovalent element or through sintering in a
reducing atmosphere.®> The titanates semiconducting
and dielectric properties can be controlling by the grain
boundary, and are widely applied for use in photoelec-
trodes,* multilayer chip capacitor (MLCC),> positive
temperature coefficient resistance (PTCR) heater and
sensors,® embedded capacitance’ and devices of various
boundary-layer capacitors.® For the rapidly progressing
development of very large scale integrated (VLSI) cir-
cuits, high purity nanometer-sized powders are required
for manufacturing an electronic device of high capacity.’

In the preparation of barium titanate from the
expensive titanium alkoxide a high molecular weight gel
is easily formed by reaction with the moisture of atmo-
sphere.!? This gel is not very soluble which affects the
quality of the product.!' The titanyl acylate precursor,

* Corresponding author.
E-mail address: master@cc.kuas.edu.tw (K.-M. Hung).

made by chelating the titanium alkoxide with acetic
acid, can be dissolved in water and reacts readily with
the alkali earth metal ion to form a clear and homo-
geneous solution. Barium titanate powder is produced
by adding a strong alkaline solution (pH>11) to the
above solution.!>~!* The process of forming the per-
ovskite powder directly in a strong alkaline solution has
the advantages of low temperature and excellent com-
positional homogeneity of the powder, making it an
ideal method. However, Kao and Yang'> have proposed
a modified sol-precipitation method to prepare nan-
ometer-sized strontium titanate powder from a titanyl
acylate precursor in a strong alkaline solution. They
discovered that during the sol-precipitation process the
strontium ion diffused into the gel formed through
hydrolysis of the titanyl acylate precursor. The physical
and chemical properties of the SrTiO; powder are con-
trolled by the morphology of the preceding titanyl acy-
late precursor. The hydrolysis and polycondensation
control the morphology of the titanyl acylate pre-
cipitate, and are therefore the crucial steps in obtaining
the desired end product.

Atoms or molecules adsorbed on the surface of the
BaTiO; powders, change its surface characteristics.
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Hence, absorption phenomena always noted during the
manufacturing process of the ceramic are crucial for
attaining the desired product characteristics. Surfac-
tants could be used to improve the quality of the cera-
mic. Hence, the effects of organic additives on the
colloidal stability of aqueous BaTiOs suspensions have
been investigated.!®!” Kiss!® has prepared a BaTiO;
powder, using some additive and controlling the polar-
ity of the solvent thereby obtained a high-purity BaTiO;
powder. Furthermore, Potdar et al.!” have studied the
effects of an anionic surfactant sodium dodecyl sulphate
(SDS) during precipitation of the molecular precursor,
barium titanyl oxalate (BTO) in the preparation of
BaTiO;. They revealed that addition of SDS helps in
production of dispersed, spherical cubic BaTiO3; pow-
der. Additionally, Xu et al.,”° also found that nan-
ometer ZnO gas sensing material with different size has
been controlled by the selecting proper surfactants and
preparation process.

In the present study, we prepared nanometer sized
BaTiO; powders by using three different surfactants
(anionic, cationic and nonionic) for the titanyl acylate
precursor. Combined FTIR, TGA, SEM and XRD etc.
methods were used to investigate the effects on the
morphology of the precursor and the influence of the
surfactants on the particle size, sinterability and grain
properties of the powder.

2. Experimental
2.1. Preparation of titanyl acylate precursor

15.0 ml titanium isopropoxide [Ti(O-i-C3H5),4, density
0.995 g ecm™!, purity 98%] was brought to react with 28
ml of acetic acid (molar ratio HOAc/Ti=10) to obtain a
titanyl acylate precursor [Ti(OAc),(O-i-CsH5),]. In an
exothermic reaction, 50 ml of degassed water was added
and the mixture stirred vigorously causing the hydro-
lyzed titanyl acylate to form a clean solution. The steps
were carried out at room temperature.

Table 1

2.2. Sol-precipitate synthesis

The above hydrolyzed titanyl acylate precursor was
mixed with 150 ml of 5 M NaOH (pH > 13). Through
hydrolysis and polycondensation the solution formed a
white precipitate. During the process, about 20 mg of
surfactant [BKC (a cationic surfactant), Tween-20 (a
nonionic surfactant) or LAS (an anionic surfactant)]
was added to the solution either before (pre-added sur-
factant process) or after (post-added surfactant process)
the formation of the precipitate. The precipitate was
brought to reaction with 50 ml 1 M barium acetate
solution containing [Ba?"]/[Ti**]=1.00 at boiling point
(about 102-105 °C) for 2 h. The preparatory conditions
for the precursors used to form nanometer-sized barium
titanate are listed in Table 1. The excess mother liquor
was filtered, and the obtained filter cake washed with
degassed water at least three times to produce white
nanometer-sized BaTiO; powder, containing less than
100 ppm of sodium ions. This white BaTiO3; powder
was then freeze-dried for 24 h.

2.3. Characterisations

In order to understand the influence of the surfac-
tants, the hydrolyzed titanyl acylate precursors con-
taining surfactant precipitated in a strong alkaline
solution were filtered and collected in 3 min, cooled on
an ice bath, washed with water and then dried in an
oven at 105 °C for 24 h. Thermogravimetric analysis
(TGA), and Fourier transform infrared spectroscopy
(FTIR) were used to analyze the precursors. Scanning
electron microscopy (SEM) was used to analyze the
microstructures of the precipitates and BaTiOz; pow-
ders. X-ray diffraction (XRD) was used to characterize
the perovskite phase. The specific area and pore size of
powders were measured by N, adsorption—desorption
isotherms at —196 °C on a Micromeritics ASAP 2010
analyzer.

After calcining and grinding through a mesh (<53
pm) the powders were pressed at 110 MPa in a stainless

Preparatory conditions and powder properties of the nanometer-size BaTiO; prepared from various surfactants

Sample Surfactant Procedure Particle size BET surface BET size* Ratio of average
(nm) by SEM area (m?/g) (nm) particle size/BET size
(S1) Without - 70-120 16.2 62 1.5
(S2) BKC Before ppt 50-130 27.7 36 2.5
(S3) Tween-20 Before ppt 60-110 22.5 44 1.9
(S4) LAS Before ppt 30-90 60.9 16 3.7
(S5) BKC After ppt 80-100 242 41 22
(S6) Tween-20 After ppt 70-90 25.8 39 2.0
(S7) LAS After ppt 40-160 26.5 38 2.6

2 The BET sizes were calculated by dggt= 6/(p-Sget), where p is the theoretical density of BaTiOs, is about 6 g/cm?.
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Fig. 1. The precipitates’ FTIR spectra with surfactant added before the precipitation. Precipitates obtained from (A) without any surfactant added,
(B) BKC surfactant added, (C) Tween-20 added, and (D) LAS surfactant added.

steel mold to form disk-like green bodies with a dia-
meter of 13 mm and a thickness of 4-5 mm. Dilato-
metry was used to study the sinterability of the green
bodies at a heating rate of 10 °C/min.

3. Results and discussion
3.1. The studies of titanyl acylate precipitates

3.1.1. FTIR analysis

The FTIR spectra of the various titanyl acylate pre-
cipitates in alkaline solution are shown in Fig. 1. It
shows the precipitates’ FTIR spectra with surfactants
added before the precipitation. The acetate ligand che-
lating the titanium compound has two absorption bands
near 1420 cm~! and 1560 cm™!, respectively. These two
absorption bands are caused by symmetric and asym-
metric vibrations of the acetate group [21]. When the
difference of the two absorption peaks (Av) is larger
than 160 cm~!, the acetate group is a typical bridging
bidentate ligand. When it is smaller than 80 cm™!, it is a
chelating bidentate ligand. The spectra indicate that
acetate still exists in the structure of the gel formed from
the hydrolyzed titanyl acylate precursor in the solution
at pH >13.

The FTIR spectra also show that the acetate group
chelates with the titanium compound obtained from the
precursor when different surfactant were added. The
FTIR-spectrum of the starting material without any
surfactant added [Fig. 1(A)] shows the bidentate ligand
difference to be Av=280 cm~!, which indicates a brid-
ging bidentate ligand. This bridging bidentate ligand is
responsible for a higher rate of crosslinking and a larger
particle size. When LAS (an anionic surfactant) was
added to the starting material the precipitate formed
had a bidentate ligand difference of Av =145 cm™'.
This was the smallest bidentate ligand difference
observed [see Fig. 1(D)] and indicates a more chelating
bidentate ligand, resulting in a lower rate of crosslinking
and a smaller particle size. The bidentate ligand differ-
ence Av of the precipitate obtained from the precursors
where Tween-20 ( a nonionic surfactant) was added Av
=150 cm~!. It is worthy to know that there are three
absorption bands in the range of 1300-1600 cm™!
observed from BKC (a cationic surfactant) added as
shown in Fig. 1(B). The broader linewidth and three
shoulders show that two bidentate ligands were found
at Av =280 cm~! and Av =155 cm~!, respectively,
suggest that both chelating bidentate and bridging
bidentate ligands should occur.?? The absorption peaks
of Ti—-OR are found between 1000 and 1100 cm™!' in
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some of the four cases, therefore the gels obtained from
the precursors still contained traces of Ti(OR),.2

In the cases of the three surfactants were added after
precipitation the bidentate ligand difference was not
markedly different and was in all cases close to Av
about 280 cm~! (not shown), the same as observed
without a surfactant added. Comparing the pre-added
process and the post-added process, it can be stated that
adding surfactants before precipitation results in a
smaller particle size of the resulting gel due to the che-
lating bidentate nature of the ligands. This lowers the
crosslinking rate and reduces the particle size more than
the addition of surfactants after precipitate.

3.1.2. TGA analyses

Fig. 2 shows the result of TGA analysis of the various
titanyl acylate precipitates obtained by adding the dif-
ferent surfactants. The figure shows the weight change
on heating up to 700 °C. The weight loss in the range
300-600 °C can be assumed to be representative of the
amount of acetate groups in the titanyl acylate pre-
cipate. The precipitate obtained without adding any
surfactant has ~1% [curve (A)] the least weight loss. If
surfactant LAS was added before precipitation the
highest weight loss, about 12% [curve (D)] was
observed. The precipitates obtained by adding Tween-

20 and BKC before precipitation resulted in a weight
loss of 3% and 1%, respectively.

Combining the results of the FTIR and TGA studies,
it can be concluded that the higher presence of the ace-
tate ligand in the LAS anionic surfactant results in an
inhibition of the hydrolysis reaction. Acetate inhibits
the process of condensation, extends the gelation time,*
and results in much smaller particles of the precipitate.
In contrast, the amount of acetate groups is small in the
precipitate without any surfactant added, so the hydro-
lysis reaction is more rapid, resulting in larger particles
of the gel precipitate. The TGA graph also indicated
that for the precursors obtained with surfactants added
after precipitation, the weight loss between 300 and
600 °C of the four samples is almost the same at about
1-3%. This observation is in accordance with the FTIR
analysis, which showed that surfactant addition after
precipitation doesn’t alter the mode of hydrolysis and
polycondensation of precipitate precursors.

3.1.3. Electron microscopy of the titanyl acylate
precipitates

The SEM images of the different precipitates obtained
through pre-added surfactants in the strong alkaline
solution are examined and shown in Fig. 3. It shows a
serious agglomeration of the precipitated gels obtained
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Fig. 2. Results of TGA analysis of the various titanyl acylate precipitates obtained by adding different surfactants before precipitation: (A) without
any surfactant added, (B) BKC surfactant added, (C) Tween-20 added, and (D) LAS surfactant added.
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Fig. 3. SEM analysis of the titanyl acylate precipitate obtained through pre-added surfactant: (A) without any surfactant added, (B) BKC surfactant

added, (C) Tween-20 added, and (D) LAS surfactant added.

from the titanyl acylate. The particles of the pre-added
LAS precursor formed within 3 min, and are the finest,
at about 40-70 nm. This is due to the fact that the rate
of formation of the precipitate is the slowest in this case.
The precipitates of the pre-added surfactants BKC and
Tween-20, showed the particle sizes are 60-100 nm and
50-90 nm, respectively. The particle size of the pre-
cipitate without any surfactant added is about 70-120
nm, larger than that of any precipitates with surfac-
tants. This is due to the reduction of the rate of poly-
condensation by added surfactants. The electron
microscopy imagines of the precipitates with post-added
surfactants were also examined. In these cases the par-
ticle sizes are all similar.

FTIR, TGA and electron microscopy studies show
that the precipitated gel obtained from titanyl acylate
precursor in alkaline solution is a polymer of chelating
acylate with the titanium compound, and the resulting
morphology is dependent on the acetate content of che-
lating in the precursor. The surfactants added before
precipitation result in less crosslinking during the poly-
condensation process, i.e., the chelating bidentate ligand

slows polycondensation and a precipitate with a small
particle size is formed.

3.2. Powder characterization

3.2.1. Size of the powder particles

The nanometer-sized perovskite powders obtained
through the pre-added surfactant process [powders (S1),
(S2), (S3) and (S4)] were examined by SEM (Fig. 4). The
particle size of the powder made without a surfactant
added is again the largest (70-120 nm), as Fig. 4(A)
shows, and that of the powder formed with LAS as a
surfactant added is again the smallest (30-90 nm).
However, the powders made from Tween-20 and BKC
also have small particle sizes, 60-110 and 50-130 nm
respectively.

Barium titanate powders were also obtained from
different precursors with post-added surfactants (Fig. 5).
The particle sizes of the powders obtained from the
various surfactants were not much improved from the
process of without a surfactant, about 30—160 nm. The
particle size of the powder made with LAS as a surfac-
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Fig. 4. SEM analysis of the nanometer-sized BaTiO3; powder obtained through pre-added surfactant: (A) without any surfactant added, (B) BKC

surfactant added, (C) Tween-20 added, and (D) LAS surfactant added.

tant added is again the smallest (40-160 nm), as
Fig. 5(C) shows. The powders made from Tween-20 and
BKC also have small particle sizes, 70-90 and 80-100
nm, respectively. In the case of the post-added surfac-
tants, the width of the particle size distribution (PSD) is
even larger.

Comparing the pre-added and post-added BaTiO;
powders, all powders obtained with pre-added surfac-
tants were finer than those of the powders with the same
surfactant in the post-added process. Especially, the
LAS surfactant improved (i.e. made smaller) the particle
size effectively; the particle size was about 1/2-3/4 that
of the process without a surfactant.

Polar adsorption of Ba’?* ions by the formed titanyl
acylate precipitate could be responsible for its electro-
neutrality. The existence of Ba?*, BaOH"' and the
greater number of OH™ counterions on the outside of
the titanyl acylate precipitate seem to encourage the
initial step of the hydrolysis compared with the lower
OH™ ion concentration in the titanyl acylate precipitate
of this study.

The LAS surfactant, an anionic surfactant, is used in
pre-added process to create a micelle,'® inside which the
hydrolysis takes place. It is similar that the reaction of a
titanyl acylate precursor in strong alkaline solution the
hydrolyzed titanyl acylate gel is formed fast and then
becomes SrTiOs, with Sr?* diffusing into the gel.>> The
particle size of the perovskite powders are controlled by
the morphology of titanyl acylate formed first. Thus, the
precursor precipitate formed through the LAS surfac-
tant pre-added process contains smaller precipitate par-
ticles, and the final perovskite powder is also finer.

A large difference in particle size can be attributed to
the simultaneous processes of crystal growth and
nucleation. But the particle size distribution of the
powders may be homogenized by using pre-added sur-
factants.

Inspection of the data of Table 1 (after calculation of
the equivalent BET particle diameter, dggt) and of the
SEM micrographs of Figs. 4 and 5 shows that: (1) par-
ticles are generally formed by tight agglomerates of
nanosized BaTiOj crystals; (2) the smallest particles
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Fig. 5. SEM analysis of the nanometer-sized BaTiO; powder obtained through post-added surfactant: (A) BKC surfactant added, (B) Tween-20

added, and (C) LAS surfactant added.

visible in Figs. 4 and 5 correspond to the primary
BaTiO; crystallites; (3) aggregation of crystallites, in
addition to nucleation and growth of crystallites, is of
fundamental importance in determining the PSD of
final powder; (4) the adsorption of post-added surfac-
tant molecules at the surface of crystallites influences
the agglomeration process and, in particular, leads to
bigger particles; (5) the surfactant (in particular LAS)
has also an effect on nucleation and growth of the
nanosized crystallites. However, even if the surfactant
lead to the formation of smaller nanocrystals, the
agglomeration process is also promoted. This can be
seen by calculating the ratio (mean particle size
obtained by SEM)/dggp.

3.2.2. XRD analysis

The XRD pattern of the BaTiO3; powders [powders
(S1), (S2), (S3), and (S4)] obtained from the pre-added
surfactant process are shown in Fig. 6. Fig. 6(A) shows
the XRD pattern of the powder obtained without any
surfactant added. It reveals that the powder was con-
sisted of a main perovskite phase and few secondary

phases of Magnéli phases (Ti305, Ti4O7 and TisOg etc.).
Considering that the X-ray scattering factor of Ba is
much larger than that of Ti, this probably corresponds
to some% of secondary phases. Fig. 6(B) shows the
XRD pattern of the product where BKC (a cationic
surfactant) was added before precipitation. It is
obviously found that the Magnéli phases were also
clearly visible as presented in Fig. 6(A).

The perovskite phase in Fig. 6(C) and (D) seems to be
more clearly defined than in Fig. 6(A) and (B), meaning
that the perovskite formation rate in the anionic or
nonionic surfactant is higher than in the cationic sur-
factant or without any surfactant added. Especially, the
powder prepared from the pre-added LAS process
shows a strongest perovskite phase and without visible
secondary phases [Fig. 6(D)].

By the evidence of SEM, the titanyl acylate precipitate
made from pre-added LAS process contains a smaller
particle size of powder. Furthermore, it has been shown
that hydrolyzed titanyl acylate precursor precipitates in
a strong alkaline solution, and that it then reacts with
Ba2*, diffused into the precipitate to form BaTiOs.
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Fig. 6. The XRD patterns of BaTiO; powder obtained through pre-added surfactant: (A) without any surfactant added, (B) BKC surfactant added,

(C) Tween-20 added, and (D) LAS surfactant added.

Hence, this can be explained that the finer particle of the
precipitate formed in the pre-added LAS process causes
the more rapid formation of BaTiOs phase, having a
strong crystal phase of perovskite and without visible
secondary phases.

3.2.3. Measurement of specific surface area

The specific surface areas of the BaTiOs; powders
obtained through addition of various surfactants
(cationic, anionic and nonionic surfactant) were
measured by BET method. The results are listed in
Table 1. Aggregation was less if a surfactant was
added hence the specific surfaces in the cases were
bigger. The specific surface area measured for the
powder without any surfactant was small, and
agglomeration and particle size large. The specific
surface area of BaTiO; was largest for the LAS pre-
added process, it was 60.9 m?/g. The specific surface
area investigation supports the results of the SEM
micrographs. After calcination of the equivalent BET
particle diameter, it can be inferred that most of parti-

cles of Figs. 4 and 5 are composed of smaller primary
crystallites.

3.2.4. Sinterability

The calcined powders (S1), (52), (S3) and (S4) were
compacted in a steel die at 110 MPa to obtain
green bodies of 13 mm in diameter and 50-55% of
pyrometer density. Fig. 7 shows the sintering curves
of the four ceramics. Dilatometric curves recorded
from the disc specimen clearly indicate that sinter-
ing took place between 1200 and 1300 °C for bulk
(S1) (made without any surfactant added, largest par-
ticle sizes) (Fig. 7). After sintering at 1300 °C for 2 h the
specimen reached a density of 96% of its theoretical
value. Powder (S4) made from pre-added LAS surfac-
tant powder sintered at 1100-1200 °C, and reached
98% of its theoretical density value at 1250 °C. The
powder made from the Tween-20 and BKC surfac-
tants had a particle size of 60-110 nm and 50-130
nm sintered at 1150-1250 °C and 1175-1275 °C,
respectively. The above measurements indicate a rela-
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Fig. 7. Dilatometric curves of the packed BaTiO; samples from various precursors through pre-added surfactant. — — -, Without any surfactant
added [sample (S1)], —, BKC surfactant added [sample (S2)], — - - -, Tween-20 added [sample (S3)], and - - - -, LAS surfactant added [sample (S4)].

tionship between the particle size of the powder and its
sinterability: the smaller the particles, the more readily
the powder sinters.

4. Conclusions

Surfactants were added to titanium isopropoxide with
acetic acid as a chemical additive in a strong alkaline
solution to precipitate an acylate precursor. This pre-
cipitate reacts directly with Ba?>" to yield a nanometer-
size BaTiO; powder. By controlling the formation rate
of the titanium isopropoxide gel, powders with small
particles sizes were obtained. FTIR, TGA and XRD
techniques were used to study the influence of the mor-
phology of the precipitated precursors on the powder
properties and the sintering behavior of the ceramics.
Results show that the particle size of the ceramic pow-
der is related to the morphology of the titanyl acylate
precipitate.

The addition of the cationic surfactant LAS before
precipitation results in a higher concentration of chelate
bidentate ligands, the formation of micelles and a loca-

lized OH" resulting a less crosslinked network structure
of smaller particles. However, pre-added BKC anionic
surfactant cannot create micelles, and therefore doesn’t
improve the suspension effectively. Powders obtained
with LAS surfactant added had particle sizes of 30-90
nm, and sintered readily at 1100-1200 °C.
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