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Abstract Ba0.6Sr0.4TiO3 based glass–ceramics were pre-

pared by sol–gel process. Influences of B–Si–O glass

content on the microstructure, dielectric, and energy stor-

age properties of the BST based glass–ceramics have been

investigated. Perovskite barium strontium titanate phase

was found at annealing temperature 800 �C. A secondary

phase Ba2TiSi2O8 was detected and lowered by declining

the mole ratio of element Si (from 50 to 25 mol%) in glass

additive. Microstructural observation indicated that the

microstructure homogeneity can be improved by glass

addition till 2 mol%, while worsened by excessive glass

concentrations. Due to relatively homogeneous micro-

structure, the maximum discharged energy density and

breakdown strength were also obtained in samples with

2 mol% glass additive, which were found to be 0.553 J/

cm3 and 43.2 kv/mm, respectively. Microscopic observa-

tion of the breakdown area was performed and the

mechanical failure, including the formation and accumu-

lation of micro-cracks during the dielectric breakdown

process, was considered to be the main cause of dielectric

breakdown. Results of the charging and discharging energy

densities show that the BST based glass–ceramics prepared

by sol–gel method has a potential for pulse power

applications.

Keywords BST � Sol–gel � Glass–ceramics � Dielectric

breakdown � Energy storage

1 Introduction

In recent years, because of the increasingly deteriorated

energy crisis, more and more interests have been attracted

on high energy storage devices. A variety of materials have

been explored as dielectrics for energy storage capacitors,

such as ceramics [1–4], glass–ceramics [5–8], and poly-

mers [9]. In general, energy density is proportional with

dielectric constant and dielectric breakdown strength

square (J ¼ 1
2
eE2

b). By adjusting glass composition, glass–

ceramics can achieve an compromised state where relative

high permittivity and high breakdown strength coexist,

which makes it a promising candidate for energy storage

applications. Therefore, glass–ceramics attracted extraor-

dinary attention among those materials.

Barium strontium titanate, Bal-xSrxTiO3, is being

widely investigated as a suitable dielectric material for high

energy storage applications because of its high dielectric

constant, low dielectric loss [10]. Many different methods

of manufacturing BST glass–ceramics have been used.

Melt-casting followed by controlled crystallization is a

widely used one. In this approach, a glass matrix comprised

of glass network formers and ferroelectric constituents is

prepared by melt-casting. And then, the controlled crys-

tallization takes place during the subsequent heat treat-

ment. Zhang et al. successfully fabricated the BST

ferroelectric glass–ceramics using BaO–SrO–TiO2–Al2O3–

SiO2 system by the melt-casting and crystallization route. It

was found that the maximum discharged energy storage

density was 1.8 J/cm3 and the low released energy density
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in glass–ceramics was mainly caused by interfacial polar-

ization [11]. More recently, Xiangrong Wang et al. [12]

added AlF3 into BaO–SrO–TiO2–Al2O3–SiO2 system and

investigated effects of AlF3 concentration on the micro-

structure and energy storage properties of BST glass–

ceramics. The AlF3 concentration dependence of energy

storage properties revealed that both the charged and dis-

charged energy densities increased with the increasing

AlF3 concentration (1–2 mol%) and then decreased at

higher AlF3 concentrations. Huang et al. [13] studied the

correlation between the dielectric breakdown performance

and interface polarization (also in BST glass–ceramics).

According to the measurements of impedance spectroscopy

as a function of sintering temperatures, it was found that

the interface polarization critically lowered the breakdown

performance. Although the BST ferroelectric glass–

ceramics reported have both high dielectric constant and

high dielectric breakdown strength, large unreleased-

energy storage density caused by interfacial is a problem

that needs to be addressed urgently.

Another way to prepare ferroelectric glass–ceramics is

the sol–gel method. In previous studies, Zhang et al. [14]

successfully prepared Ba3ZnzCo2-zFe24O41/SiO2 glass

ceramics via sol–gel method and the microwave properties

were investigated Crystallization and properties of sol–gel

derived ferromagnetic glass ceramics were also reported in

works by Zhai et al. [15]. Advantages of using sol–gel

method include good capability in adjusting microstruc-

tures and the much lower operating temperature. Wu et al.

[16, 17] prepared BST glass–ceramics by sol–gel method at

a low sintering temperature. And the relationships between

sintering conditions, microstructure, and dielectric proper-

ties were also reported. Hu et al. [18] also prepared BST

glass–ceramics with B2O3 additive used as a microwave

material. However, to date, few energy storage properties

of the sol–gel prepared BST glass–ceramics was reported.

Recently, the present authors proposed a reverse

boundary layer capacitor (RBLC) model in glass ceramic

composites [19]. In the RBLC model, the grain boundary

has a higher electrical conductivity than the grain, resulting

in a larger electric field across grains and correspondingly

smaller electric field across grain boundaries. The break-

down field is significantly improved because of the field

distribution. The brick wall microstructure model is the

premise of the RBLC theory. The well coated micro-

structure observed in this paper is exactly similar to the

brick wall model. Therefore, glass–ceramics prepared by

sol–gel method may provide experimental applications of

the RBLC theory and achieve larger energy storage density

by introducing glass additives with higher electrical

conductivity.

The main purpose of the present work is to investigate

the energy storage properties of BST glass–ceramics

prepared by sol–gel method. The base composition is

Ba0.6Sr0.4TiO3. At this Ba/Sr ratio, slim P–E loops with

high polarization value and relatively small hysteresis loss

were obtained, resulting in a large energy storage density.

Microstructures and dielectric properties results were also

reported in this paper.

2 Experimental procedures

Starting materials used for preparing (1-x) mol% Ba0.6-

Sr0.4TiO3-(x) mol% B–Si–O glass–ceramics were barium

acetate(Ba(AC)2), strontium acetate hemihydrate(Sr(AC)2.1/

2H2O), titanium isopropoxide(Ti(OCH(CH3)2)4), tributyl

borate(B(OCH2CH2CH2CH3)3), tetraethyl orthosilicate

((C2H5O)4Si), acetic acid(HAC). The glass composition was

set as 75 % B–25 % Si (mol%). And the proportion of glass

additive was 0 mol% (BST), 2 mol% (BST-G02), 5 mol%

(BST-G05), 10 mol% (BST-G10), respectively. These start-

ing materials were used according to the stoichiometry of

each component. Sol–gel experiment routes are shown in

Fig. 1.

Firstly, barium acetate (99.0 %) and strontium acetate

(99.0 %) were dissolved in acetic acid (99.0 %) in

sequence. Titanium isopropoxide was dissolved in Ethanol

with acetic acid as the stabilizer and catalyzer. Then, the

above mixture was slowly dropped into the Ba-Sr solution.

Meanwhile, tributyl borate and tetraethyl orthosilicate were

mixed with alcohol, acetic acid and deionized water, fol-

lowed by stirring for 1 h. And subsequently, the Ba–Sr–Ti–

O precursor and B–Si–O precursor were intensively mixed.

After hydrolysis polymerization reaction, a transparent and

clear Ba–Sr–Ti–B–Si–O sol was formed and finally turned

into gel. The gel was heat treated first at 80 �C (4 h) and

after at 200 �C (4 h). Powder samples were obtained after

annealing at 800 �C. The powders were mixed with PVA,

and then pressed into pellets of 12 mm in diameter. After

Fig. 1 DSC and TG curves of BST samples
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de-blending, these pellets were sintered at temperatures

from 1,200 to 1,300 �C in air. Compositions of different

samples are given in Table 1.

Dry gel powders were analyzed by thermo-gravimetric

analysis (TG) and differential scanning calorimeter (DSC)

(Thermal analyzer: STA449C, NETZSCH). Phase structure

of the samples was studied by a X-ray diffractometer

(XRD) (Model D/Max-IIIC, Rigaku, Tokyo, Japan, Cu Ka,

k = 1.54178 Å). Scanning electron microscopy (SEM) and

energy disperse spectroscopy (EDS) were performed in

(FEI quantum FEG250) to investigate microstructures. And

the dielectric temperature spectra were measured by a LCR

meter (HP 4284, Agilent, Palo Alto, CA) with a frequency

range from 1 kHz to 1 MHz. Ferroelectric hysteresis loops

(P–E) were measured by a modified Sawyer–Tower circuit.

All P–E curves were measured at room temperature and a

low frequency of 1 Hz. Electric fields were supplied by a

high voltage power supply (Trek 609-B, NY, USA) which

was driven by a frequency generator (HP 33220A, CA,

USA). Samples used for P–E measurements were pro-

cessed into disks (10 mm in diameter and about 0.25 mm

in thickness). And then, these samples were covered with

gold electrodes after polishing. Polarizing microscope

(OLYMPUS BX51 M) was used for Optical observation.

Dielectric breakdown strength measurement was per-

formed on a CJ2671 high voltage tester under the DC

condition. Samples used for dielectric breakdown mea-

surement were without electrodes.

3 Results and discussion

Thermal analysis results of the BST glass–ceramics gel

with a heating rate of 10 �C/min are shown in Fig. 1.

Associated with XRD patterns shown in Fig. 2, the crys-

tallization process can be elaborated. In DTA/TG curves,

notable weight loss below 600 �C is attributed to evapo-

ration of the solvent. According to XRD patterns shown in

Fig. 2 (curve d), only small amounts of BaCO3 phase

crystallization appears under 600 �C. The crystallization

reaction process of BaCO3 phase may be described as:

Acð ÞBa� O�Ti ORð Þ2�O� Si ORð Þ2 Acð Þ glass gelsð Þ
! BaCO3 þ Ti� Si� Oþ CO2 þ H2O

Exothermic peaks below 600 �C are caused by decompo-

sition and burning of the organic radicals. At 664 �C, an

exothermic peak occurs without any weight loss. Com-

bined with XRD patterns (curve b c), it is found that this

exothermic peak means the crystallization of BST phase.

Figure 3 shows the XRD patterns of the glass–ceramic

specimens. Structural phase of cubic perovskite is formed

Table 1 Compositions of BST samples

Sequence

number

Glass component Composition (mol%)

BST / Ba0.6Sr0.4TiO3

BSTG-02 0.75B-

0.25Si(G1)

0.98(Ba0.6Sr0.4TiO3)-

0.02(G1)

BSTG-05 0.75B-

0.25Si(G1)

0.95(Ba0.6Sr0.4TiO3)-

0.05(G1)

BSTG-10-1 0.75B-

0.25Si(G1)

0.9(Ba0.6Sr0.4TiO3)-0.1(G1)

BSTG-10-2 0.5B-0.5Si(G2) 0.9(Ba0.6Sr0.4TiO3)-0.1(G2)

Fig. 2 XRD patterns of pure BST glass–gels heat treated at different

temperatures (diamond BaCO3)

Fig. 3 XRD patterns of different BST based glass–ceramic samples

(star Ba2TiSi2O8; diamond BaCO3)
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as the major phase at annealing temperature 800 �C

(PDF#34-0411). A small amount of (Ba,Sr)CO3 phase is

also detected at 800 �C (curve a). And then this (Ba,Sr)CO3

phase decomposed at higher annealing temperature

1,200 �C (curve f). In specimens with G1 additive, no

remarkable secondary phase was detected (curve b c d).

However, a phase of Ba2TiSi2O8 appeared in specimens

with G2 additive (curve e). The chemical reaction equation

of Ba2TiSi2O8 crystallization is that:

BaCO3 þ BaO � TiO2 � 2SiO2 glassð Þ ! Ba2TiSi2O8 þ CO2

The impurity phase is attributed to the reaction between

glass additive with higher [Si] content and the BST phase.

Scanning electron micrographs of BST glass–ceramics

with different amounts of glass additive were shown in

Fig. 4. Pure BST samples have highly inhomogeneous

microstructure, which shows very large grains coexist with

very small ones. It can be seen that the average grain size

decreased significantly with 2 mol% glass concentrations.

Figure 5 shows a more detailed observation of BSTG-02

samples. Some thin layer materials are found on the sur-

roundings of grains. EDS analysis of grains and grain

boundaries is also shown in Fig. 5. Only a corresponding

proportion of BST elements are detected in 1# area (grain).

However, except for BST phase elements, glass additive

elements ([B] [Si]) are also found in 2# area (grain

boundary). So, it can be concluded that these thin layer

materials are glass additives and BST grains are coated by

glass additive layers. This coated structure is understood to

occur because BST grains are crystallized from glass

matrix and embedded in glass phase. During sintering

process, grains grow larger and larger. At the same time,

the glass phase is distributed at the surroundings of grains

uniformly. And then, the well coated structure is formed.

Porosity is also suppressed by this microstructure. How-

ever, as the glass content increased to 5 mol%, this well

coated microstructure is broken. It is found that the glass

phase sticks together and is separated from the ceramic

phase. This phenomenon became more evident in 10 mol%

glass-added BST glass ceramic samples shown in Fig. 4d.

The microstructure transformation might be caused by

agglomeration of glass additives which happens at exces-

sive glass concentrations. Thus, it can be concluded that

proper glass additive can decrease grain size and form the

coated structure. But excessive glass concentration will

Fig. 4 SEM images of the natural surface of a BST 2500*, b BSTG-02 2500*, c BSTG-05 2500*, d BSTG-10 2500*
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destroy the homogeneous microstructure. Similar results

were also reported by J W Zhai et al. In Zhai’s work,

samples with 2 wt% AZO glass content have more

homogenous and dense microstructure than samples with

more AZO glass content [20].

Effects of glass concentration on the temperature-

dependent dielectric properties of the BST glass–ceramics

in the temperature range of -150 to 200 �C is illustrated in

Fig. 6. The maximum dielectric constant decreases as the

glass phase was added. This is duo to the impurity phase

and the significantly reduced grain size caused by glass

additives. It is obtained that plots of the dielectric constant

versus temperature of pure BST samples has three peaks,

which situates at about -110, -65 and 10 �C respectively.

And each peak corresponds to a structural phase transition

with increasing temperature. From low to high tempera-

ture, the structural phase transition is Rhombohedral/

Octahedral/Tetragonal/Cubic, in turn [21]. All the peak

values at the three temperature regimes increase as glass

content decreases, except for BSTG-02 samples.

Meanwhile, Tmax, at which the maximum permittivity was

observed, decreased slightly with the increase of glass

additives. Temperature dependence of dielectric loss is also

shown in Fig. 6.

Figure 7 shows the average breakdown strength of the

BST based glass–ceramics as a function of glass additive.

The average breakdown strength increases firstly, getting

its maximum value at 2 mol% glass concentration, and

then decreases with the increasing glass content. Pure BST

samples have the average breakdown strength of 27.5 kV/

mm. The highest average breakdown strength value is

obtained from 2 mol% glass-added samples, which is

found to be 43.2 kV/mm. Then, as glass content increases

from 2 to 10 mol%, the average breakdown strength drops

from 43.2 to 21.4 kV/mm. This variation of the average

breakdown strength is closely related to the microstruc-

tures. It is well known that the dielectric breakdown

strength of glass–ceramics is mainly influenced by porosity

[22], grain size [23] and interfacial polarization [13]. Low

Fig. 5 EDS analysis of the

grain (1#) and grain boundary

(2#) of BSTG-02 samples

Fig. 6 Temperature dependence of dielectric constant and dielectric

loss of samples with different glass concentrations at 10 kHz
Fig. 7 The average breakdown strength of the BST based glass–

ceramics as a function of glass additive
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porosity, fine grain and less interfacial polarization are

beneficial to obtain high dielectric breakdown strength.

BSTG-02 sample has the most homogeneous microstruc-

ture and the grain size is also smaller than other samples. In

the microstructure of BSTG-02 samples, the glass phase is

uniformly distributed at grain boundaries. Interfacial

polarization and porosity can be drastically reduced by the

coated structure. Consequently, BSTG-02 samples have the

maximum average breakdown strength. As glass content

continues to increase, the coated structure is broken.

Porosity increases and more interfacial polarization appear.

This variation leads to a significant drop of the dielectric

breakdown strength. Dielectric strength of BST glass–

ceramic samples versus thickness is plotted in Fig. 8. In all

curves, it is found that dielectric strength generally

decreases as the increasing thickness. It is a reasonable

result because there are less defects existing in samples

with lower thickness values.

The broken samples were inspected by optical micro-

scope to study the breakdown process from the aspect of

mechanical failure. It can be seen from Fig. 9 that a

breakdown channel passes through the sample and is ended

by a ‘crater’ at the surface of the sample [24]. The

breakdown channel is found to be initially formed at the

weak regions inside the sample. Pores and defects located

in the weak regions would result in local field concentra-

tion leading to a rise in local temperature because of Joule

heating effect. The induced temperature gradient between

weak regions and the surrounding regions may produce

mechanical stress, and therefore, form micro-cracks. As the

electric field increases, the micro-cracks grow larger and

larger. By connecting with each other, the breakdown

channel is formed finally. Molten matter expulsed from the

dielectric breakdown channel can be observed around the

crater. This can be used as a direct evidence of the tem-

perature gradient and local heating. Dielectric breakdown

emerges through the breakdown channel which can be

regarded as an electrical conduction path [25].

P–E hysteresis loop measurements were performed on

the BST based glass–ceramics fabricated in this study to

examine their energy storage properties. Effects of glass

concentration on the P–E hysteresis loops for the BST

based glass–ceramics are shown in Fig. 10. Each of these

loops was measured up to their breakdown field (Eb). It can

be seen that the maximum polarization value is obtained in

samples with 2 mol% glass concentrations, due to its high

max electric field. The maximum Eb value, 12 kv/mm, is

also found in 2 mol% glass additive samples. And then, as

glass content increases, the Eb values gradually decrease to

7.8 kv/mm for 10 mol% glass additive. In addition, with

2 mol% glass concentration, the hysteresis loop is slimmer

than other loops. Unfortunately, all these max electric

fields are far from their average breakdown strength. This

may due to the different methods of testing and effects of

electrode area. The average breakdown strength was

measured under DC voltage and without electrodes.

Moreover, compared to surface contact in P–E measure-

ments, point contact was used in average breakdown

strength tests. Hence, the breakdown probability is larger in

P–E measurements.

Variation in Emax values revealed that appropriate glass

concentration could enhance the breakdown strength.

However, interfacial polarization and porosity caused by

excessive glass additive deteriorated the breakdown

strength. Moreover, glass additive could also reduce the

polarization value. Therefore, to obtain the optimal energy

storage density, the glass content should be controlled in a

relatively lower range.

The charged energy density is equal to the integral of the

area enclosed by charge curve and y-axis. The discharged

energy density is equal to integral of the area enclosed by

discharge curve and y-axis. The unreleased energy density

or the energy loss is equal to integral of the area enclosed

by charge and discharge curve and y-axis. The ratio of

discharged and charged energy density can be used to

evaluate the energy efficiency. The charged/discharged

energy densities and energy efficiency of the BST based

glass–ceramics were shown in Table 2. It is found that all

the values have the same variation as the average break-

down strength. The maximum discharged energy density of

0.553 J/cm3 and the highest energy efficiency of 94.5 %

are obtained in samples with 2 mol% glass additive. From

Fig. 4, the microstructures of BST glass–ceramics prepared

by sol–gel method have strong impacts on their energy

storage properties. Samples with 2 mol% glass concentra-

tion have the most homogeneous and glass coated micro-

structure. Excessive glass additive may destroy the

Fig. 8 Thickness dependence of breakdown strength of samples with

different glass concentrations
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microstructure and worsen the related energy storage

properties.

4 Conclusion

The BST based glass–ceramics with different glass con-

centrations were successfully fabricated by sol–gel method.

It is shown in XRD patterns and DTA/TG curves that the

perovskite BST phase is crystallized from the glass–gel.

The SEM images indicate that a well-coated and uniform

microstructure was obtained in samples with 2 mol% glass

concentration. The highest average breakdown value of

43.2 kV/mm and the maximum discharged energy density

of 0.553 J/cm3 was also measured in these samples because

of the well coated microstructure. Observations of the

broken samples show a breakdown channel inside the

sample. It can be inferred that the breakdown strength will

be increased by reducing the porosity and defects.
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