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and adsorption/precipitation behaviors of BaTiO3
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Abstract An attempt was made to retard the dissolution of
Ba ions from BaTiO3 by coating Y compounds on the BaTiO3

particle surface. A hysteresis in the electrokinetic behavior
of as-received BaTiO3 occurred during sequential acid and
base titrations, while there was no hysteresis in the Y-coated
BaTiO3. In the bare BaTiO3, dissolved Ba ions are adsorbed
and/or precipitated onto the surface during sequent base titra-
tion to yield a more positively charged Ba-rich phase on top of
the Ba-depleted lattice. On the contrary, the dynamic mobil-
ity of Y-coated BaTiO3 during base titration closely followed
the corresponding acid titration, providing that the starting
surface of Y-coated BaTiO3 and the surface after acid-base
treatment was the same. It is suggested that Y compounds on
the BaTiO3 particles retard the dissolution of Ba ions from
BaTiO3.
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1 Introduction

Barium titanate (BaTiO3) has been extensively used in mul-
tilayer ceramic capacitors (MLCCs) due to its superior di-
electric properties [1]. The dielectric layers in MLCCs are
generally fabricated by tape-casting or lip-coating. Produc-
tion of green tape with a high packing density and uniform
particle distribution is dependent on controlling the stability
and chemistry of the ceramic suspension. To obtain a sus-
pension suitable for the casting, organic solvents have tradi-
tionally been used as the suspending medium. Although the
non-aqueous system has some advantages, including a faster
drying rate, lower capillary forces, and typically a higher
green strength of tapes [2], there has been a recent push
towards aqueous-based tape-casting for cost-related and en-
vironmental benefits. However, a critical shortcoming asso-
ciated with aqueous-based systems is the incongruent disso-
lution of BaTiO3 and the resulting accumulation of Ba2+ in
solution [3–7]. As recent investigations [8, 9] have shown,
the dispersion stability of colloidal BaTiO3 is closely tied
to changes in the surface chemistry that result from Ba2+

leaching. Dispersion stability has a critical impact on parti-
cle packing [10], which in turn influences the microstructure
and electrical properties of the sintered dielectric layer [11].
In addition, the dielectric and microstructural properties of
BaTiO3 are very sensitive to stoichiometry, and small devi-
ations may cause a significant deterioration [7, 12, 13] or
enhancement of the dielectric response [13]. In our previous
study [14], the surface composition of BaTiO3 powders was
varied during wet processing by the dissolution and precip-
itation of Ba2+, which has an influence on the microstruc-
ture and electrical properties. Understanding passivation at
the BaTiO3—aqueous solution interface is therefore essen-
tial for establishing predictable and reliable aqueous-based
tape casting. An attempt [15] was also made to restrain the
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dissolution of Ba2+ from BaTiO3 surface by utilizing disper-
sant and binder.

An improvement in the lifetime of MLCCs is another crit-
ical factor that should be considered in MLCC fabrication.
Yttrium has been considered the most effective element for
an improvement in the reliability of MLCCs [16]. BaTiO3

and Y2O3 are generally mixed by mechanical milling; homo-
geneous distribution of Y2O3 is difficult to achieve because
of the segregation of Y2O3 [16]. In this study, the BaTiO3

particle surface was modified with Y compounds to control
the dissolution behavior of the Ba ion and obtain a homoge-
nous distribution of yttrium. The electrokinetic behavior of
Y-coated BaTiO3 particles and the dissolution behaviors of
Ba and Y ions were measured to evaluate the coating effect on
the dynamic mobility and surface chemistry of the core-shell
particle.

2 Experimental procedures

Barium titanate powders (BT-04B, Sakai Chemical Industry
Co. Ltd., Japan, average diameter = 0.4 μm) and yttrium
nitrate hexahydrate (Y(NO3)3·6H2O, Aldrich, 99.9%) were
used to form a core-shell structure. Urea (Aldrich, 99+%)
was used to provide carbonating ions for the synthesis of
metal basic carbonates. Polyvinyl pyrrolidone (PVP, Mw =
40,000, Aldrich) was used as a stabilizer. Barium titanate
powders were added to yttrium nitrate and urea solution, and
then it was sonicated for 5 min to obtain homogeneous so-
lution. Finally, PVP solution was added to the suspension,
and the entire suspension was aged in a convection oven
at 90◦C for 6 h to initiate the formation of yttrium carbon-
ate nuclei on the barium titanate surface. Unreacted com-
pounds and PVP were removed by washing with fresh wa-

ter and ethanol. Particle size and morphology were investi-
gated by transmission electron microscopy (TEM) (JEOL,
JEM2000-EX II). Suspensions were prepared at a volume
fraction of 0.1% solids by mixing BaTiO3 powder with a
prepared 0.01 M NaNO3 solution. Ultrasonic treatment for 3
min was carried out to disperse the powder and suspensions
were equilibrated for 12 hrs. The electrokinetic potential was
determined by electroacoustic measurements as a function of
pH using an ESA 9800 analyzer (Matec Applied Sciences,
Hopkinton, MA). Details of this technique, its application to
ceramic systems, and the estimated measurement precision,
have been given previously [17, 18].

The dissolution of Y-coated BaTiO3 as a function of pH
was determined by using inductively coupled plasma–atomic
emission spectroscopy (ICP-AES). On the basis of prelim-
inary studies, the suspensions were adjusted with acid to
reach target values from pH 9 to pH 3 after a 12 h equi-
libration period. Other suspensions were first adjusted to
pH 3 and then subsequently adjusted with base to reach
target values of pH 4, 7, 8, 9, and 10 after 12 h. Follow-
ing the equilibration period, samples were centrifuged at
15,000 rpm for 30 min. Supernatants were clarified using a
0.2 μm AcrodiscTM filter cartridge (Gelman Sciences, Ann
Arbor, MI). ICP-AES analysis was performed on the clarified
supernatant.

3 Results and discussion

Figure 1 shows TEM images of the coated particles as a
function of yttrium nitrate concentration. The thickness of
coating layer increases with the increase of the initial con-
centration of yttrium nitrate. A ∼5 nm thick yttrium carbon-
ate layer was coated on the BaTiO3 particle at an yttrium

Fig. 1 Morphologies of the coated particles at the following yttrium nitrate concentrations: (a) 0.5, (b) 1.0, and (c) 2.0 mM
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Fig. 2 Electrokinetic behaviors of as-received and Y-coated BaTiO3

particles during an acid and base titration as a function of suspension
pH and titration direction

nitrate concentration of 1.0 mM as shown in Fig. 1(b). Y-
coated BaTiO3 prepared at an yttrium nitrate concentration
of 2.0 mM yielded a ∼ 20 nm thick yttrium carbonate layer
on the BaTiO3 particle as presented in Fig. 1(c). The atomic
ratio of Ba and Y after Y coating determined by ICP-AES
analysis indicated that ∼80% of the original Y source had
coated on the BaTiO3 particle surface.

The electrokinetic behaviors of as-received BaTiO3 and
Y-coated BaTiO3 are presented by the dynamic mobility
curves shown in Fig. 2. At a volume fraction of 1%, both
as-received and Y-coated BaTiO3 powder did not exhibit a
pHiep, remaining positively charged over the entire experi-
mental pH range. Extrapolation of the leading portion of the
acid titration curve indicated the native pHiep is near pH 9.0
and 12.0 for as-received and Y-coated BaTiO3 powders, re-
spectively. The dynamic mobility of Y-coated BaTiO3 was

significantly higher than that of as-received BaTiO3. In the
initial titration from pH 8.8 to pH 7, the dynamic mobil-
ity of as-received BaTiO3 particle increased slightly. In the
subsequent range, from pH 7 to pH 5.5, mobility decreased.
From pH 5.5 to pH 3, the mobility steeply increased again.
After completion of the acid titration, the suspension was
then back-titrated to pH 10. In the region from pH 3 to pH
7, dynamic mobility closely followed the corresponding acid
titration region. However, above pH 7, the electrokinetic be-
havior of BaTiO3 displayed a significant hysteresis between
acid and base portions of the titration cycle. One can con-
clude from these results that a significant modification of the
BaTiO3 surface has occurred during the initial acid titration,
a modification that impacts the electrochemical state of the
suspension. As shown in Fig. 2, in the initial titration from
pH 11.5 to pH 7 the dynamic mobility of Y-coated BaTiO3

increased drastically due to positively charged yttrium car-
bonate in the same pH region [8]. Conversely, mobility de-
creased in the subsequent pH range between 7 and 4. From
pH 4 to pH 3, the mobility again increased slightly. In the base
titration, the dynamic mobility of Y-coated BaTiO3 closely
followed the corresponding acid titration. The similarity be-
tween acid and base titration curves suggested that the start-
ing surface component of Y-coated BaTiO3 and the sur-
face component following acid-base treatment remained the
same.

In the as-received BaTiO3, Ba dissolution increased sig-
nificantly as the treatment pH became more acidic, and the Ba
concentration approached a maximum near pH 4 as shown
in Fig. 3(a). A significant difference between the acidic and
basic titrations was observed, which implied a modification
of the surface structure and associated chemistry. On the con-
trary, in the Y-coated BaTiO3, Ba dissolution increased grad-
ually until pH 6 during acid titration. Below pH 6, it increased
steeply, and the dissolved Ba concentration approached a

Fig. 3 Dissolved Ba and Y concentrations as a function of pH (a) BaTiO3 (b) Y-coated BaTiO3
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maximum near pH 4 as shown in Fig. 3(b). Y dissolution
in basic environment increased with decreasing suspension
pH, and the dissolved Y concentration reached a plateau near
pH 6. The dissolution behavior of the Y ions during the base
titration closely followed the corresponding acid titration.
At and above pH 6, the Ba dissolution of Y-coated BaTiO3

was significantly reduced compared to that of the as-received
BaTiO3. This suggested that the presence of Y compounds
on the BaTiO3 particles retarded the dissolution of Ba ions
from BaTiO3.

4 Conclusion

The influence of a Y coating on the electrokinetic behavior
and dissolution behavior of BaTiO3 in an aqueous medium
was investigated. The electrokinetic behavior of as-received
BaTiO3 exhibited a significant hysteresis between sequential
acid and base portions of the titration cycle. On the con-
trary, this hysteresis of the electrokinetic behavior was not
observed for Y-coated BaTiO3. It was revealed that this hys-
teresis was primarily the result of a pH-dependent Ba dis-
solution (surface depletion) and adsorption—precipitation
of the dissolved Ba following a subsequent increase of the
suspension pH. It can be concluded that the initial sur-
face of the Y-coated BaTiO3 and the surface after acid-
base treatment was the same. Therefore, it was suggested
that the coating retarded the dissolution of Ba ions from
BaTiO3.
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