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Theoretical models1, 2 for predicting effective dielectric constant of composites.

Lichtenecker model:   eq.S1𝜀𝑘 = 𝑉1𝜀𝑘
1 + 𝑉2𝜀𝑘

2

Parallel model:   eq.S2𝜀 = 𝑉1𝜀1 +  𝑉2𝜀2

Series model:   eq.S3
𝜀 =  

𝜀1𝜀2

𝑉1𝜀1 +  𝑉2𝜀2

Maxwell-Garnett model:   eq.S4
𝜀 =  𝜀2

(2𝑉1 + 1)𝑉2 +  2(1 ‒ 𝑉1)𝜀2

(1 ‒ 𝑉1)𝜀1 +  (2 + 𝑉1)𝜀2

Jayasundere-Smith model:   eq.S5

𝜀 =  

𝑉2𝜀2 +  𝑉1𝜀1

3𝜀2

𝜀1 +  𝜀2
[1 +  

3𝑉1(𝜀1 ‒  𝜀2)

𝜀1 +  𝜀2
]

𝑉2 +  𝑉1

3𝜀2

𝜀1 +  𝜀2
[1 +  

3𝑉1(𝜀1 ‒  𝜀2)

𝜀1 +  𝜀2
]

Where ε is the dielectric constant of the composites. V1 and V2 are the volume 

fractions of fillers and polymer matrixes, respectively. ε1 and ε2 are the dielectric 

constants of fillers and polymer matrixes, respectively.
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Figure S1. TEM images of the BT particles.

In this work, the diameter of the BT particles used to prepare the BT/EP 

composites was about 50 nm.
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Figure S2. SEM images of the BT skeletons before sintering viewed along the (a, 

b, c) Z-axis and along the (d, e, f) X-axis. These skeletons were prepared from BT 

suspensions with (a, d) 10, (b, e) 20 and (c, f) 30 vol.% solid content.

The BT skeletons containing organic components such as PVA were prepared by 

bidirectional freezing and freeze-drying. Whether viewed along the Z-axis and X-axis, 

the BT skeletons exhibit an ordered lamellar structure. As the solid content of the BT 

suspensions increases, the lamellar spacing of the BT skeletons gradually decreases 

and the lamellar thickness gradually increases. In addition, compared to the YZ plane, 

there are more bridges between the lamellae in the XY plane.
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Figure S3. SEM images of the BT skeletons after sintering viewed along the (a, 

b, c) Z-axis and along the (d, e, f) X-axis. These skeletons were prepared from BT 

suspensions with (a, d) 10, (b, e) 20 and (c, f) 30 vol.% solid content.

After sintering at high temperature, the organic components in the BT skeletons 

were removed. Compared to the unsintered BT skeleton, the sintered BT skeletons 

still maintained the initial lamellar structure with no significant change in lamellar 

thickness. However, the lamellar spacing was slightly reduced. In addition, the BT 

skeleton prepared from a BT suspension with 10 vol.% solid content was slightly 

deformed after sintering, and the lamellae showed a slight bending.
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Table S1. The specific surface area of the BT skeletons before and after 

calcination.

Skeleton 10 vol.%-
unsintered

10 vol.%- 
sintered

20 vol.%-
unsintered

20 vol.%-
sintered

30 vol.%- 
unsintered

30 vol.%- 
sintered

Specific 
surface 

area 
(m2/g)

16.330 0.046 19.151 0.055 20.210 0.061

    As the solid content of the BT suspensions increased, the specific surface area of 

the BT skeletons gradually increased. Compared to the unsintered BT skeletons, the 

specific surface area of the sintered BT skeletons was significantly reduced.
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Figure S4. The pore size distribution of the BT skeletons before and after 

calcination.

Figure S4 shows that the BT skeletons had similar micron-sized pores before and 

after calcination. However, the unsintered BT skeletons also had a portion of nano-

sized pores. This maybe due to the fact that the lamellae formed through bidirectional 

freezing were not sufficiently compact. After calcination, the BT particles were 
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interconnected and eliminated the nanopores on the lamellae.
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Figure S5. SEM images of the parallel-structured BT/EP composites with 

different volume fractions viewed along the (a, b, c) Z-axis and along the (d, e, f) X-

axis.

The parallel-structured BT/EP composites were obtained by impregnating epoxy 

resin into the sintered BT skeletons and curing. SEM images showed that the epoxy 

resin was completely impregnated into the pores of the BT skeletons with no obvious 

defects, and the structure of the BT skeletons was not changed. The BT and EP phases 

showed parallel arrangement.
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Figure S6. Frequency dependence of dielectric constants and losses of (a) pure 

EP and (b) BT ceramic.

The dielectric constants of both pure EP and BT ceramic decrease with 

increasing frequency and their dielectric constants are 4.4 and 3723 at 1 kHz, 

respectively. The dielectric losses of both pure EP and BT ceramic increase with 

increasing frequency and their dielectric losses are 0.008 and 0.034 at 1 kHz, 

respectively.
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Figure S7. Frequency dependence of dielectric constants of BT/EP composites 

prepared by (a) unidirectional freezing and (b) random blending.

The dielectric constants of the composites prepared by unidirectional freezing 

and random blending increased gradually with the increase of BT volume fraction. 

The dielectric constants at 1 kHz of the composites prepared by unidirectional 

freezing are 410, 1125 and 1545, respectively. The dielectric constants at 1 kHz of the 

composites prepared by random blending are 14, 29 and 58, respectively.
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Table S2. Comparison of the maximum polarization intensity and discharge 

energy density under the similar electric field conditions.

Materials Electric field 
(kV/mm)

Maximum 
polarization 

intensity 
(μC/cm2)

Discharge 
energy density 

(10-2 J/cm3)
Reference

BT/EP 10 0.7 1.63 1

BT/PVDF-EP 10 0.347 1.57 3

BT/EP 4 11.2 11.6 2

BT/PVDF 3 0.143 0.16 4

BT/EP 10 8.8 / 5

BZBT/EP 10 1.6 / 6

BT/EP 4 24.8 13.4 This work

    Table S2 listed some composites with different structures of ceramic, and compared 

the polarization intensity and discharge energy density under the similar electric field 

conditions. The parallel-structured composites exhibit higher polarization intensity 

and discharge energy density.
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Figure S8. (a) Variation of dielectric constants of different BT/EP composites 

with BT volume fraction at 1kHz. Fitting curves of the BT/EP composites prepared by 

(b) unidirectional freezing and (c) random blending.

In order to demonstrate that the parallel-structured composites can more 

effectively utilize the intrinsic high dielectric properties of the ceramic fillers and 

greatly improve the dielectric constants of the composites, five commonly used 

theoretical models (eqn (S1) - (S5)) are employed here to compare with the 

experimental results of the parallel-structured composites and the two comparison 

composites. Based on the fitting curves of the dielectric constant, the k-values of the 

composites prepared by unidirectional freezing is 0.69. However, the k-value of the 

composites prepared by random blending is only -0.26.
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Figure S9. Frequency dependence of dielectric constants of the BT/EP 

composites with unsintered BT skeletons.

The dielectric constants of the BT/EP composites with unsintered BT skeletons 

increased gradually with the increase of BT volume fraction. The dielectric constants 

at 1 kHz of the composites are 14, 23 and 36, respectively.
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Figure S10. Average local electric field intensity and average polarization 

intensity of the sintered and unsintered BT skeletons.

The average local electric field intensity and average polarization intensity of the 

sintered BT skeleton are 10 MV/m and 0.330 C/m2, respectively. In contrast, the 

average local electric field intensity and average polarization intensity of the 

unsintered BT skeleton are only 0.39 MV/m and 0.013 C/m2, respectively.
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Figure S11. Models and SEM images of (a, b, c) the parallel-structured 

composites and (d, e, f) composites prepared by unidirectional freezing.

In addition, the structures of the parallel-structured composites and the 

composites prepared by unidirectional freezing are compared, and the reasonable 

explanation is given for the lower dielectric constants of the composites prepared by 

unidirectional freezing than those of the parallel-structured composites when the 

electric field is along the Z-axis: ⅰ) The composites prepared by unidirectional 

freezing are less regular and ordered than the parallel-structured composites, and the 

BT lamellae are not completely parallel to the Z-axis direction; ⅱ) The composites 

prepared by unidirectional freezing are short-range lamellar structure which have 

more interfaces between BT and EP. These two reasons lead to more interfacial 

polarization in the composites prepared by unidirectional freezing, which suppresses 

the contribution of BT.
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