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ABSTRACT

Triboelectric nanogenerator (TENG) has received a great deal of recent attention

because it can convert mechanical energy into electrical energy. We report the

synthesis of Bi0.5Na0.5TiO3–BaSnO3/NaNbO3–SrTiO3 (BNT–BS/NN–ST) ferro-

electrics and the filling of BNT–BS/NN–ST particles into polydimethylsiloxane

(PDMS). The effect of this inorganic material as fillers on the electrical output

performance was also studied. The aim was to obtain flexible TENGs with

higher output properties. It was found that the BNT–BS/NN–ST samples were

well crystallized and polycrystalline and all ceramics had dense and fine-

grained structures. After combining BNT–BS and NN–ST phases together, the

BNT–BS/NN–ST ferroelectrics exhibited excellent thermal stability. In particu-

lar, we found that the ferroelectric/PDMS composites possessed obviously

higher output voltages as compared to the pure PDMS. The values of voltage for

five samples with different weight ratios (5%, 10%, 15%, 20%, and 25%) were

about 194, 268, 370, 238, and 236 V, respectively.

1 Introduction

In recent years, flexible electronic products have

exhibited rapid growth [1–5]. Triboelectric nanogen-

erator (TENG) is an electronic device based on the

triboelectric effect that can convert mechanical energy

of the external environment into electrical energy

[6–9]. As a sustainable power source, TENG has great

application prospects in the field of energy harvest-

ing because of its advantages of flexible structure and

lightweight [10, 11].

Tribo-material is one of the most critical compo-

nents in TENGs. It is an extremely important research

direction to improve the electrical outputs of TENGs

through the design and preparation of tribo-materi-

als. However, with the deepening of research, the

optimization effect of organic tribo-materials is

becoming saturated. Although many inorganic fer-

roelectric tribo-materials have high dielectric con-

stants, it is difficult for them to achieve flexibility.

Therefore, the organic and inorganic composites have

recently received an increasing interest for their

excellent dielectric properties and coupling
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mechanisms to enhance the electrical output perfor-

mances [12–19].

Recently, Bi0.5Na0.5TiO3 (BNT) and NaNbO3 (NN)

ferroelectrics have received considerable attention as

energy storage materials [20, 21]. It has been found

that the BNT–BaSnO3 (BS) relaxor ferroelectrics

exhibited the coexistence of high polarization and

slim polarization–electric field loops [22]. Meanwhile,

it has been reported that the NN–SrTiO3 (ST) anti-

ferroelectrics possessed high dielectric constant and

excellent energy storage properties [23]. To improve

the electrical performances, the BNT–BS/NN–ST

composite ferroelectrics were prepared by solid-state

reaction in this paper and their dielectric properties

were studied. Then the ferroelectric particles were

filled into polydimethylsiloxane (PDMS), and the

effect of this inorganic material as fillers on the out-

put property of TENGs was investigated.

2 Experimental

2.1 Preparation of ceramics

The 0.78BNT–0.22BS/0.82NN–0.18ST ceramics were

prepared via a traditional solid-state reaction process

using Bi2O3, Na2CO3, TiO2, BaCO3, SnO2, Nb2O5, and

SrCO3 as starting materials. All these oxides or car-

bonates used in this study were of analytical grade.

To synthesize the BNT–BS and NN–ST, above pow-

ders were weighed according to the stoichiometric

ratios and ball-milled in ethanol for 10 h. After dry-

ing, both the BNT–BS and NN–ST mixtures were

calcined at 850 �C for 5 h. Then, the BNT–BS and

NN–ST powders were mixed according to different

molar ratios (100/0, 75/25, 50/50, 25/75, and 0/100)

and ball-milled again for 20 h. The dried BNT–BS/

NN–ST mixtures were pressed into disks with

10 MPa using polyvinyl alcohol (PVA) solution as the

binder. After burning out the PVA at 600 �C, the disk

samples were sintered at 1150–1350 �C for 2 h

depending on their components.

2.2 Fabrication of TENGs

In order to prepare ferroelectric/PDMS composite

films, the BNT–BS and NN–ST powders calcined at

850 �C were mixed according to the molar ratio of

75/25 and ball-milled for 20 h. The mixed powders

were then sintered at 1050 �C for 2 h and ball-milled

again for 20 h to synthesize BNT–BS/NN–ST parti-

cles. These particles were firstly dispersed into PDMS

(Sylgard 184, Dow Corning) solution with different

weight ratios (5%, 10%, 15%, 20%, and 25%). Then,

the ferroelectric/PDMS mixtures were poured into

the molds and cured at 80 �C for 2 h to obtain com-

posite films with the same thickness. Finally, the

films were cut into small pieces with a size of 2 9 3

cm2 and the thin Al foil was adhered onto one side of

films to fabricate the contact separation TENGs. The

formation process of a BNT–BS/NN–ST/PDMS

composite film is showed in Fig. 1. We can see that

both of the BNT–BS/NN–ST particles and BNT–BS/

NN–ST/PDMS film exhibit white color, and the film

on Al foil is flexible with a thickness of * 460 lm.

2.3 Characterization

The phase compositions of BNT–BS/NN–ST ceramics

were carried out by X-ray diffraction (XRD) on an

X’Pert PRO PANalytical diffractometer. The surface

morphologies of samples were studied by scanning

electron microscopy (SEM, Phenom-Word BV,

G2pro). The dielectric properties of ceramics coated

with silver electrodes onto both sides were investi-

gated using an impedance analyzer (Keysight

E4990A). The vertical force was applied on TENGs at

frequency of 2 Hz by a self-made mechanical motor

and then an oscilloscope (Tektronix, TBS 1202C) was

used to record the output voltages.

Fig. 1 Schematic diagram of the preparation process of a BNT–BS/NN–ST/PDMS composite film (left inset: photograph of the BNT–BS/

NN–ST particles with a molar ratio of 75/25, right inset: photograph of the flexible BNT–BS/NN–ST/PDMS film on Al foil)
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3 Results and discussion

The XRD patterns of BNT–BS/NN–ST composite

samples are illustrated in Fig. 2a. Typical perovskite

structure can be identified in all ceramics, and the

appearance of characteristic peaks reveals that five

samples are polycrystalline. It can be seen that the

(111) peak intensity increases with increasing the

concentration of BNT–BS. Figure 2b shows that only

one (200) diffraction peak is displayed at 45�–47� for

the BNT–BS relaxor ferroelectrics. And after com-

plexing with different molar ratios of NN–ST anti-

ferroelectrics, the BNT–BS/NN–ST composite ferro-

electrics present splitting peaks in this range. This

result confirms that three BNT–BS/NN–ST compos-

ites possess a pseudocubic phase structure. Mean-

while, the above splitting peaks shift toward larger 2h
angles with the increase of NN–ST’s content, which is

attributed to the decrease in the lattice volume. This

observation is similar to the previous report for NN–

BNT ceramics [24].

The surface morphologies of BNT–BS/NN–ST

ceramics are presented in Fig. 3a–e. It can be seen

that all samples have fine grained and dense struc-

tures, which indicate that they are well crystallized.

As shown in Fig. 3a and e, the average grain on the

NN–ST surface is significantly larger than of the

BNT–BS. The average grain sizes of NN–ST and
Fig. 2 a XRD patterns and b enlarged patterns around 46� of

BNT–BS/NN–ST ceramics

Fig. 3 a–e SEM images (insets: corresponding grain size distributions) and f average grain sizes of BNT–BS/NN–ST ceramic surfaces
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BNT–BS ceramics are about 3.28 and 1.17 lm,

respectively (Fig. 3f). We can see that the average

grain size of BNT–BS/NN–ST composites decreases

with the increase of BNT–BS addition. Meanwhile,

the fine grains are beneficial to improve dielectric

breakdown strength due to the high resistivity of

grain boundaries [25]. And the average grain sizes of

the 25/75, 50/50, and 75/25 composites are approx-

imately 3.16, 1.49, and 1.48 lm, respectively.

As plotted in Fig. 4, the dielectric constants and

dielectric losses of BNT–BS/NN–ST ferroelectrics

were investigated from room temperature to 250 �C.

Compared to the BNT–BS and NN–ST ceramics, three

BNT–BS/NN–ST composites show obviously better

stability against temperature (Fig. 4a). In particular,

the BNT–BS/NN–ST (75/25 molar ratio) sample

possesses an excellent thermal stability and a high

dielectric constant value of 1320 measured at 10 kHz

and room temperature. The results indicate that the

75/25 sample in this study has a large potential for

temperature stable applications and a similar result

has been reported for the BNT–NN ceramics [26]. In

addition, it is found that three BNT–BS/NN–ST

composites exhibit low dielectric losses and high

temperature stability (Fig. 4b).

Fig. 4 Temperature dependence of a dielectric constant and b dielectric loss for BNT–BS/NN–ST ceramics

Fig. 5 a Schematic illustration of the working mechanism of a contact separation TENG in this study, b output voltages of TENGs based

on composite films with different weight ratios of BNT–BS/NN–ST (75/25 molar ratio) particles
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The working mechanism of a contact separation

TENG is illustrated in Fig. 5a. In the pressed state, the

BNT–BS/NN–ST/PDMS film acquires negative tri-

boelectric charges. In the releasing state, the resulting

charge separation will induce the current flow in

external circuit. Subsequently, the opposite current

signal will be generated in external circuit under the

pressing state. The output voltages of TENGs based

on films with five weight ratios of BNT–BS/NN–ST

particles are plotted in Fig. 5b. It is found that the

voltages first increase and then decrease with

increasing the BNT–BS/NN–ST concentration and

the voltage of TENG with weight ratio of 15% is the

highest in this work. This may be due to the

agglomerations of BNT–BS/NN–ST particles in films

when the weight ratios are above 15%, thereby

reducing their output characteristics. The voltage

values of five samples (5%, 10%, 15%, 20%, and 25%)

were measured approximately 194, 268, 370, 238, and

236 V, respectively. In particular, all BNT–BS/NN–

ST/PDMS composites have obviously larger values

as compared to the pure PDMS (* 102 V). The

results imply that using BNT–BS/NN–ST particles as

fillers can significantly improve the output property

of PDMS-based TENGs.

4 Conclusion

In summary, the BNT–BS/NN–ST ferroelectrics were

synthesized using solid-state reaction method. The

phase compositions, surface morphologies, and

dielectric properties of the BNT–BS/NN–ST ceramics

were detected. And the influence of the BNT–BS/

NN–ST particles as fillers on the output performance

of TENGs was also investigated. All ceramic samples

with strong diffraction peaks were obtained after

sintering 1150–1350 �C for 2 h and they had poly-

crystalline and fine-grained structures. It was found

that three BNT–BS/NN–ST composite ceramics

exhibited a pseudocubic phase structure. In addition,

the BNT–BS/NN–ST composites possessed excellent

thermal stability by combining relaxor ferroelectric

BNT–BS and anti-ferroelectric NN–ST. Compared to

the pure PDMS film, the BNT–BS/NN–ST/PDMS

composite films presented significantly larger volt-

ages and the output value of sample with weight

ratio of 15% was the highest in this work. Further

study on electrical performance of ferroelectric based

tribo-materials will be carried out using the first

principle calculations in our next research.
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