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Abstract

The effects of impurities, such as H+/Cl� and Zr4+, on the tetragonality (=c/a) of BaTiO3 were examined to determine their effect on the

synthesis of nano-sized particles with a high dielectric constant. The quantity of incorporated impurities was adjusted by controlling the milling and

washing processes, which are essential for the preparation of BaTiO3 using an oxalate method. The tetragonality decreased with increasing

impurity concentration, which can be actual proof of the assumption that impurities decrease the tetragonality due to the enhanced internal strain

fields. Moreover, the experimental results showing a tetragonality of 1.0068 for a particle size of 119 nm suggest that the dielectric properties of

BaTiO3 prepared by the oxalate route may be comparable with those prepared by solid-state reactions by optimizing the process parameters.
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1. Introduction

Nano-sized barium titanate (BaTiO3) particles with a high

dielectric constant are preferred for many reasons. However,

the ferroelectricity of BaTiO3 decreases with decreasing

particle size, and disappears below a critical particle size

due to a tetragonal to cubic crystallographic phase transition,

which is known as the ‘‘size effect’’ [1,2]. Many attempts have

been made to understand this size effect and increase the

dielectric constant of the powder whilst maintaining a particle

size as small as possible [3–7]. According to the phenomen-

ological surface layer model [8], BaTiO3 particles consist of an

outer cubic surface layer with a fixed thickness, a tetragonal

core, and a gradual transition layer between these two layers.

Since the minimum thickness of the surface cubic layer is

approximately 10 nm based on calculations [9,10], a tetragonal

BaTiO3 particle that is several tens of nanometers in size is

possible theoretically. However, the experimental observations

of the critical particle size are generally larger than the

theoretical value; ranging from 100 nm to several micrometers
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[2,11]. This discrepancy has been attributed to the different

levels of internal strain energy originating from chemical

impurities, grain boundaries, free surfaces, and crystalline

defects [12]. It is believed that the inherent strain increases the

relative portion of the meta-stable cubic phase in a particle from

the viewpoint of the phenomenological surface layer model

[2,12].

The XRD pattern for the 44–468 2u region has generally

been used to estimate the crystallinity of BaTiO3 directly using

powder without sintering. Fig. 1 compares a typical XRD

pattern of cubic and tetragonal BaTiO3. Cubic BaTiO3 shows a

single peak due to the symmetry of the lattice, whereas the

tetragonal peak shows peak splitting of the (0 0 2) and (2 0 0)

planes in this region. The wide peak separation of the XRD

pattern caused by a difference in the lattice parameter is

desirable considering that the high dielectric constant of

tetragonal BaTiO3 is due to lattice distortion by ionic

displacement in the perovskite structure. Therefore, the relative

c- to a-axis ratio (=c/a), which is defined as tetragonality, can be

used to estimate the dielectric constant of the powder. The other

useful parameter that can be obtained from the XRD pattern is

the K-factor, which is defined as the relative ratio of the peak

intensity of the (2 0 0) plane to the peak intensity of the hollow

between the two shoulders (=h1/h2), as shown in Fig. 1. The
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Fig. 1. Typical XRD patterns of cubic and tetragonal BaTiO3 for 2u = 44–468
[18].

Fig. 2. Schematic diagram of the experimental system for BTO washing using

de-ionized water and a filter paper.
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K-factor indicates the degree of crystallinity which is the

relative ratio of the tetragonal phase to the disordered or cubic

portion of the powder.

Although it is believed that impurities stabilize the cubic

phase of BaTiO3 due to the strain field and hence decrease the

tetragonality, there is no systematic evidence confirming this.

Therefore, this study examined the relationship between the

tetragonality and impurity levels using BaTiO3 synthesized

from barium titanyl oxalate (BTO: BaTiO(C2O4)2�4H2O). Two

types of inevitable impurities associated with the oxalate

method were used as variables: one is a proton (H+) and/or

chlorine ion (Cl�) originating from the starting materials, and

the other is a zirconium ion (Zr4+) from ZrO2 milling media.

When BTO is produced according to the following Eq. (1), H+

and/or Cl� ions are present due to incomplete washing.

BaCl2�2H2O þ TiOCl2þ 2H2C2O4�2H2O

! BaTiOðC2O4Þ2�4H2O þ 4HCl (1)

In addition, contamination from the milling media is always

inevitable where the degree of contamination depends on the

milling time and type of media. From these perspectives, the
Fig. 3. Schematic diagram of (a) high-energy mill and (b) its milling chamber [13]:

separation system.
dependence of the tetragonality of fine BaTiO3 can be

explained in terms of the level of impurities.

2. Experimental procedure

Barium titanyl oxalate (BTO) synthesized from

BaCl2�2H2O, TiOCl2 and oxalic acid was obtained from

Samsung Fine Chemicals Co., Ltd. The Ba/Ti molar ratio after

calcination was 1.000. Eighty grams of BTO mixed with 320 g

of de-ionized water were milled using a high-energy mill

(MiniCer, Netzsch, Germany) at a rotor speed of 3000 rpm with

0.45 mm ZrO2 beads. The mean BTO size and corresponding

slurry viscosity were measured after different milling times.

Three types of BTO samples were prepared with different

impurity levels by changing the milling time and degree of

washing. Twelve and 240 min of high-energy milling were

performed to prepare BTO containing two different Zr4+

contaminant levels associated with milling. The amount of Zr4+

was confirmed by X-ray fluorescence (XRF: Simultix 12,

Rigaku, Japan). To prepare a sample containing different levels

of H+ and/or Cl�, the 12 min-milled BTO was washed 10 times

with de-ionized water, and filtered through filter paper with a
1—rotor with discs; 2—inlet; 3—milling media; 4—cooling jacket; 5 and 6—



Fig. 4. SEM images of BTO showing the morphological change as a function of the high-energy milling time.
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5 mm pore size, as shown in Fig. 2. The change in pH of the

filtered water by washing 10 times was monitored to confirm

the amount of H+ in BTO indirectly.

Heat treatment of the above three types of BTO was carried

out at 910, 950 and 1010 8C for 3 h at a heating rate of 5 8C/min

in air. The change in viscosity of the slurry upon milling was

measured at 20 8C using a computer-controlled viscometer

(DV-II+ Pro, Brookfield, MA, USA) with a small sample

adapter and a SC4-18 spindle at various shear rates. The particle

shape and tetragonality of BaTiO3 were determined by

scanning electron microscopy (SEM: S-4800, Hitachi using
Fig. 5. Evolution of the mean particle size of BTO and the slurry viscosity after

high-energy milling.
15 kV, 10 mA and a working distance of 5–8 mm) and X-ray

diffraction (XRD: X’Pert-PRO MPD, Panalytical using Cu Ka

line, 40 kV and 30 mA), respectively. The mean particle size

was estimated from the SEM images by measuring the

maximum and minimum diameter of 100 particles using image

analyzing software (SigmaScan, Systat Software, USA).

3. Results and discussion

Fig. 3 shows a schematic diagram of the (a) high-energy mill

and (b) the grinding chamber of this mill. The milling efficiency
Fig. 6. Change in pH of filtered water as a function of the washing time.
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is much higher than that of conventional ball mills because this

mill generates a high shear and collision force by rotating up to

several thousand rpm equipped with very fine media. Fig. 4

shows SEM images of BTO after different milling times. In

contrast to the bulk as-received sample shown in Fig. 4(a), most

of the BTO milled into very fine particles after only 12 min

milling, even though some coarse particles exist, as shown in

Fig. 4(c). All particles after 240 min milling were very fine and

showed a uniform size distribution with a mean particle size

�100 nm. Since BaTiO3 is formed by the decomposition of

BTO, it can be anticipated that fine BTO will be more desirable

for producing small BaTiO3 particles. One example that

requires fine BaTiO3 is the multi-layer ceramic capacitor

(MLCC), where the thinnest dielectric thickness is currently
Fig. 7. SEM images of BaTiO3 powder synthesized from BTO
<1 mm [14,15]. Since 5 grains in each dielectric layer are

needed at least to ensure reliability, BaTiO3 �200 nm with a

high dielectric constant is essential. Moreover, the industrial

demand will require a particle size of �100 nm in the near

future because of the miniaturization trend in electronics

[14,15].

Fig. 5 shows the change in mean BTO size and the viscosity

of a slurry as a function of the milling time. The mean particle

size and size distribution decreased drastically for the first

30 min of milling and then decreased gradually at a lower rate

to 240 min. The viscosity of the slurry increased with

increasing milling time because the viscosity is proportional

to the surface area created by milling. The 240 min-milled BTO

contained 0.998 wt.% zirconium, while the 12 min-milled had
for different milling times and calcination temperatures.



Fig. 8. Comparison of the XRD patterns of BaTiO3 powders synthesized using different milling times, washing and calcination temperatures.
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a negligible content of 0.020 wt.% according to XRF. This Zr4+

was reported to be incorporated into the Ti4+ lattice site of

BaTiO3, generating a strain field due to the difference in ionic

size (ionic radius for Zr4+ = 0.079 nm and Ti4+ = 0.068 nm)

[16].

Fig. 6 shows the change in pH of the filtered water during

washing 10 times, indicating a gradual increase from 2.38 to

3.91 due to the removal of protons by washing. Although BTO

was exposed to washing during the production process,

hydrochloric acid (HCl) as a by-product of the oxalic route

always remains in BTO due to the incomplete washing, as

shown in Eq. (1). Both the retained H+ and Cl� are believed to

be incorporated into the BaTiO3 lattice as impurities and create

a strain field. According to a previous report [17], a

hydrothermal powder can contain 40 mol% of protons in the

BaTiO3 lattice sites by generating metal ion vacancies for

charge compensation. As a result, the suppression of tetragonal

distortion in a perovskite unit cell due to the induced strain is

expected. Although there is no specific explanation for the

effect of Cl� thus far, it is also believed to deteriorate the

tetragonality of BaTiO3 for the same reason. An indirect

method of measuring the pH was employed in this study due to

the difficulty in quantitative analyzing the Cl� content in BTO

by inductively coupled plasma (ICP) because sample prepara-

tion involves the dissolution of the material in HCl.

Fig. 7 shows SEM images of BaTiO3 particles synthesized

for two different BTO milling times of 12 and 240 min followed

by heat treatment at 910, 950 and 1010 8C for 3 h in air. The

mean particle size of BaTiO3 increased with increasing heat

treatment temperature, while the BTO milled for 240 min

showed a larger particle size than that for 12 min at the same

temperature. This was attributed to mechanochemical activa-

tion and a finer particle size after a longer milling time, where

both can enhance particle growth during heat treatment [18].
Fig. 8 shows the XRD patterns over the range, 44–468 2u, of

BaTiO3 synthesized by different milling and washing times to

determine the relationship between the impurity level and

tetragonality. The heat treatment temperature, mean particle

size and tetragonality values are also shown in the figure. All

the BTO transformed to BaTiO3 at temperatures�800 8C, even

though it is essentially dependent on the sample preparation

method. The tetragonality increased with increasing particle

size for all cases because the portion of tetragonal phase

increased due to the fixed thickness of the surface cubic layer

within the framework of the phenomenological surface layer

model. Therefore, a comparison of the tetragonality of BaTiO3

particles with similar particle size is desirable to determine the

effect of impurities on the tetragonality in 3 cases. BaTiO3 with

a lower H+ and/or Cl� impurity content shows higher

tetragonality than that with a higher content for a similar

particle size, as indicated by a comparison of Fig. 8(a) and (b).

For example, the tetragonality of the particles prepared without

washing increased from 1.0000 and 1.0043 to 1.0055 and

1.0068 after washing the particles heat-treated at 910 and

950 8C, respectively. In addition, the tetragonality decreased

with increasing Zr4+ content according to a comparison of

Fig. 8(c) with Fig. 8(a) and (b). The tetragonality of the

240 min-milled sample containing 0.998 wt.% Zr4+ was 1.0039

for a particle size of 138 nm, while the 12 min-milled one with

a much lower contaminant concentration of 0.020 wt.% Zr4+

was 1.0043 for 124 nm-sized particles. Moreover, BaTiO3

synthesized by 12 min milling, washing and heat treatment at

1010 8C showed the highest K-factor of 8.6 compared to the

other samples treated at the same temperature, indicating that

the K-factor can be also increased by decreasing the level of

contaminants.

Fig. 9 summarizes the dependence of tetragonality on the

particle size of BaTiO3 synthesized with different impurity



Fig. 9. The relationship between the tetragonality and mean particle size of

BaTiO3 powder synthesized for different milling times, washing and calcination

temperatures.
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levels. Among 3 different sample groups, BaTiO3 powder

prepared by 240 min milling without washing showed the

fastest decrease in tetragonality with decreasing particle size

due to its highest impurity content. On the other hand, BaTiO3

with the lowest impurity content after 12 min milling and

washing showed the highest tetragonality, which was due to the

smallest strain field originating from the impurities. It is

believed that the tetragonality of BaTiO3 prepared by the oxalic

method is generally inferior to that by the solid-state method

[2,11,18]. However, BaTiO3 containing the lowest level of

impurities with a mean particle size of 119 nm showed a

tetragonality of 1.0068, which is comparable to that

synthesized by the solid-state method. Therefore, minimization

of the impurity levels incorporated into BaTiO3 is strongly

recommended to meet the industrial demand for a fine particle

size with high dielectric properties.

4. Conclusions

The relationship between the impurity levels in BaTiO3 and

the resulting tetragonality (=c/a) was explained using two types

of inevitable impurities associated with the oxalate route. The

amount of Zr4+ contaminant in the particle was controlled by

varying the milling time, whereas the H+/Cl� content was

adjusted by BTO washing. Although a longer milling time

resulted in finer BTO with a narrower size distribution, the

tetragonality of the synthesized BaTiO3 was smaller than that

with a shorter milling time due to the increased internal strain

field by Zr4+, which stabilizes the meta-stable cubic phase. At

the same time, H+/Cl� impurities have a similar effect for the

same reason. This finding can be an actual example of the

assumption that impurities stabilize the cubic phase due to the

strain field, and hence decrease the tetragonality and K-factor of

BaTiO3. A tetragonality of 1.0068 with a particle size of

119 nm could be obtained by decreasing the impurity content,

which satisfies the recent industrial demand. In contrast to the
generally held belief, this result provides supportive evidence

that the dielectric properties of BaTiO3 prepared by the oxalate

method can be comparable to those prepared by the solid-state

method simply by minimizing the level of contaminants.
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