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ABSTRACT: Flexible piezoelectric nanogenerators (FPENGs) have attracted a great 

attention owing to their promising applications in harvesting mechanical energy and 

driving portable devices. To develop high-performance FPENGs, the significant 

relationship among material, structure and performance inspired us a rational design 

of FPENGs from Pdop-BaTiO3@P(VDF-TrFE) nanocomposite fiber mats with a 

hierarchically architected microstructure. In contrast with previous approaches, the 

polydopamine (Pdop) modified barium titanate (BaTiO3, BT) nanoparticles have been 

anchored onto the surface of electrospun poly(vinylidene fluoride-trifluoroethylene) 

P(VDF-TrFE) fibers to fabricate hierarchical micro-structured membrane in this study, 

which not only effectively avoids the agglomeration of nanofillers but also enhances 

the density of interfaces in the nanocomposites. As a result, the as-fabricated FPENGs 

show a significantly enhanced output of 6V and 1.5μA as compared to the PENG with 

only P(VDF-TrFE) membrane (1.25V and 0.6μA). Furthermore, output voltage of the 

new FPENGs is 40%-68% higher than that of composite membranes with 

nanoparticles at the interior of nanofibers. The improved output of the PENG is 

attributed to the high density of interfaces in the hierarchical microstructure and the 

corresponding enhancement of dielectric response. Then, electric performance of 

FPENGs was investigated in terms of force, frequency and load resistance. Finally, 

the FPENG was employed to efficiently detect human body movements as 

self-powered sensors. The hierarchical nanocomposite membrane designed in this 

study provides an effective approach for developing mechanical energy harvesters, 

wearable sensor network and self-powered devices. 
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1. Introduction 

In the past few decades, an enormous amount of research effort has been devoted 

to developing eco-friendly sustainable energy storage and conversion systems for 

combating the global problems of energy crisis, climate change and environmental 

pollutions caused by the consumption and rapid depletion of fossil fuels.[1-7] 

Particularly, numerous attempts have been afforded to explore innovative energy 

conversion systems such as nanogenerators to harvest energy sources in surrounding 

environment for driving smart portable electronics.[8-14] Piezoelectric 

nanogenerators (PENGs) and triboelectric nanogenerators (TENGs) exhibit excellent 

capability to efficiently convert different forms of mechanical energy to electric 

energy, including human body motion,[15-17] vehicle movements,[8, 18, 19] water 

flow,[20-22] air flow,[20, 23, 24] and acoustic wave etc.[25, 26] Compared with 

TENGs, PENGs have the advantages of lower dimension, compact structure, high 

sensitivity and durability, thus have attracted considerable attention as energy 

harvesters, sensor networks and self-powered systems.[1] However, with the 

development of flexible electronics in wearable devices, implantable biomedical 

devices and smart textiles [27-31], the commonly used piezoelectric inorganic 

semiconductors (e.g., ZnO, GaN and InN), and piezoelectric ceramics (e.g., 

BaTiO3(BT) , ZnSnO3, PbZrxTi1-xO3, (K, Na)NbO3 cannot meet the demand of 

adequate flexibility due to their intrinsic frangibility.[32] 

Because of their merits of excellent flexibility, easy processing and lightweight, 

piezoelectric polymers such as polyvinylidene fluoride (PVDF) and their copolymers 



[e.g., poly(vinylidenefluoride-co-trifluoroethylene), P(VDF-TrFE)] show promising 

potential in flexible and wearable applications.[33-35] PVDF and related co-polymers 

based PENGs have been extensively studied to improve piezoelectric output and 

energy conversion efficiency for practical usage.[10, 36, 37] For instance, 

electrospinning is an efficient technique to realize larger piezoelectric coefficient and 

higher energy conversion efficiency because of the combination of the mechanical 

stretching and electric poling.[33, 38, 39] However, the output of polymer based 

PENGs is limited because the polymer materials intrinsically represent relatively low 

polarization and inferior piezoelectricity to inorganic piezoelectric semiconductors or 

piezoelectric ceramics, which restricts their applications.[40] To address this 

drawback, nanocomposites comprising inorganic piezoelectric nanoparticles and 

flexible polymers have been developed for improving the piezoelectric output 

performance of polymeric PENGs, taking advantages of the high piezo-response of 

the former and the flexibility of the latter.[1, 14, 41, 42] Among the piezoelectric 

polymers, P(VDF-TrFE) is attractive owing to its enhanced spontaneous 

polarization.[43-45] For the inorganic piezoelectric nanofillers, BT nanoparticles have 

been used to enhance the piezoelectric property of polymers because of their high 

piezoelectric coefficient, lead-free and low cost.[46-48] Currently, piezoelectric 

nanocomposites are normally formed by inorganic nanoparticles dispersed into 

piezoelectric polymer matrix (as shown in Figure 1a).[8, 46, 49-52] However, this is 

not an ideal construction of nanocomposite for PENGs, because of the serious 

agglomeration of nanofillers and inevitable deterioration of flexibility and mechanical 



properties caused by the mixture of inorganic nanofillers, which downgrades the 

durability and stability of PENGs.[44, 53, 65] Therefore, to resolve the poor 

dispersion of nanofillers in polymer matrix and make full use of inorganic 

nanoparticles, it is of great important significance to designing a new nanocomposite 

structure which can not only meet the high output performance requirement but also 

satisfy the need for good flexibility and robust mechanical properties of PENGs. 

Herein, we have designed and developed a new, facile and efficient approach to 

prepare Pdop-BT@P(VDF-TrFE) composite membranes with a hierarchical structure 

for high performance FPENGs. Specifically, P(VDF-TrFE) membranes were initially 

prepared by electrospinning technique to build a nanofiber network for nanoparticle 

adsorption. Then, BT nanoparticles were functionalized with polydopamine by in situ 

polymerization route to increase the interaction and compatibility between BT 

nanoparticles and P(VDF-TrFE) fibers. Finally, an ultrasonic induced adsorption 

process was applied to fabricate Pdop-BT@P(VDF-TrFE) nanocomposite with 

hierarchical structures (As shown in Figure 1b). The as-prepared PENGs not only 

exhibited excellent flexibility, significantly enhanced piezoelectricity and durability, 

but also show their potential applications for scavenging biomechanical energy and 

monitoring human movement as self-powered wearable sensors in our daily life. 



Figure 1. Schematic diagram of comparison for the different mechanisms for 

construction of BT/P(VDF-TrFE) nanocomposite prepared by prior art and our work. 

(a) BT nanoparticles showing aggregation in PVDF matrix; inset showing the β phase 

formation on BT nanoparticles. (b) Pdop-BT showing the good dispersion on the 

surface of electrospun P(VDF-TrFE) fiber; inset showing the interfacial interaction 

between BT, Pdop and P(VDF-TrFE).

2. Experimental

2.1 Materials

P(VDF-TrFE)-copolymer powder with a 75/25 mol % VDF/TrFE ratio was 

purchased from Piezotech (Piezotech S.A.S, France). Barium Titanate nanoparticles 

(BaTiO3, cubic crystalline phase, < 100 nm particle size) was supplied by Aladdin 

(China), dopamine hydrochloride, Tris base, N,N-Dimethylformamide (DMF) and 

acetone, hydrochloric acid (HCl) purchased from Sigma-Aldrich (USA) were used as 

solvent for the P(VDF-TrFE). All the materials were used as received without any 



further purification. 

2.2 Electrospinning of P(VDF-TrFE) nanofibers 

The P(VDF-TrFE) powder was dissolved in 3:7 (w/w) DMF/acetone solvent 

system by mechanical stirring for 8 hours at room temperature. The weight fraction of 

P(VDF-TrFE) in the solvent was 20 wt %. The schematic illustration of the 

electrospinning setup (TL-Pro, TONGLI Co. Ltd, China) is shown in Figure 2a. A 10 

mL plastic syringe fitted with an 18 G stainless steel nozzle was fed by a syringe pump 

at a flow rate of 1 mL/h. The positive lead from a high-voltage supply was connected to 

the metal nozzle, and a high voltage of around 25 kV with a separation of about 14 cm 

between the nozzle tip and grounded electrodes was applied. The electrodes were fixed 

on the rotating drum with a diameter of 10 cm, which was rotated at a rate of 500 rpm, 

corresponding to a linear speed of 2.6 m/s at the drum surface. Figure 2b shows a digital 

photograph of electrospun P(VDF-TrFE) mat and the inset schematically illustrates 

P(VDF-TrFE) nanofiber network. 

For comparison, composite nanofibers with BT or Pdop-BT nanoparticles 

interfused in P(VDF-TrFE) matrix were also electrospun. Prior to electrospinning, 

pristine BT or Pdop-BT nanoparticles were dispersed in the DMF/acetone solvent by 

ultrasonication for 1 h. Then, P(VDF-TrFE) was dissolved in this complex by 

continuous stirring for 8 h at room temperature to obtain the BT/P(VDF-TrFE) and 

Pdop-BT/P(VDF-TrFE) solution. The weight fractions of nanoparticles and 

P(VDF-TrFE) in the solvent were 4 wt% and 20 wt %, respectively. The 



electrospinning is conducted under the above-mentioned conditions for 5 h. 

2.3 Preparation of Pdop-BT@P(VDF-TrFE) nanocomposite mat 

To prepare Pdop-BT nanoparticles decorated P(VDF-TrFE) nanofiber, 0.01 M 

dopamine hydrochloride and 0.2 wt% BT nanoparticles were ultrasonically dispersed 

in 0.01 M Tris-HCl buffer solution (pH= 8.5) and stirred for 12 hours at 60 °C, as 

shown in Figure 2c. After that, the resultant solution was centrifuged, dried and ground 

well. Finally, black colored coating was obtained over the BT nanoparticles which were 

white. 

To prepare Pdop-BT nanoparticles anchored P(VDF-TrFE) nanofiber, different 

quantities of Pdop-BT nanoparticles were firstly dispersed in deionized water at various 

concentrations (0.05, 0.1, 0.2, 0.4, 0.6, 0.8 wt%), and then the suspensions were 

pre-dispersed under ultrasonication using ultrasonic processor (VCX 750, SONICS & 

MATERIALS. INC, USA) with a nominal frequency of 20 kHz and a power of 300 W 

for 1 hour (Figure 2d). Next, the loose P(VDF-TrFE) nanofiber mats (Figure 2b) were 

immersed into the solution for various adsorption time (1, 2, 5, 10, 20, 30 min) to 

determine different Pdop-BT contents in the Pdop-BT/P(VDF-TrFE) nanocomposite, 

where Pdop-BT nanoparticles would be gradually anchored onto the nanofiber surface 

under ultrasonication (Figure 2e). Therefore, the relationships between the Pdop-BT 

contents, output performance and adsorption time can be obtained. 

Pdop-BT@P(VDF-TrFE) nanocomposite mats were washed with deionized water 5 

times and dried in a vacuum oven at 60 °C for 24 h. Finally, the 



Pdop-BT@P(VDF-TrFE) nanocomposite was obtained (Figure 2f). 

2.4 Preparation of PENGs 

The power generator devices were prepared by sandwiching a 

Pdop-BT@P(VDF-TrFE) nanocomposite mat between two conductive fabric 

electrodes. Two copper wires were attached to the two electrodes separately. After 

cutting the sandwich structure into 2.5 cm × 2.5 cm, the whole generator device was 

fully packaged with polyimide tape to enhance mechanical robustness and protect it 

from dust and water. Finally, after the poling process (conducted on PK2674A, 

MEIRUIKE electronic technology co., LTD) with an electric field of 50 MV m−1 at 

room temperature for 12 h, the flexible composite based PENG was successfully 

fabricated. 

2.5 Characterization and Measurements 

Photographs were taken with a digital camera (Nikon D5600). Scanning electron 

microscopy images were recorded by using a TESCAN VEGA3 operating at 20 kV, 

and the samples were prepared by coating a thin layer of gold prior to the observation. 

The fiber diameter was calculated using the Image J software. The crystalline structures 

of the samples were determined via X-ray diffraction (Rigaku, SmartLab) and Raman 

spectroscopy (Nomadic Raman Microscope, BaySpec, Inc., USA). Fourier-transform 

infrared (FT-IR) spectra of the samples were obtained by a PerkinElmer Paragon 100 

FT-IR spectrometer in the attenuated total reflectance (ATR) mode. Thermogravimetric 



analysis was performed under a nitrogen atmosphere on a TGA/DSC 

1-Thermogravimetric Analyzer (Mettler-Toledo International Inc.) from 100 to 800 °C 

with a heating rate of 10 °C/min to determine the BT content in 

Pdop-BT@P(VDF-TrFE) nanocomposite. The output performance of the as-prepared 

PENGs was evaluated by utilizing a Keyboard Life Tester (ZX-A03), which can 

provide a continuous dynamic sinusoidal motion with controlled levels of displacement 

from 0 to 10 mm and frequency from 1 to 3 Hz. The force signal was monitored by 

DAQ (Dewetron, Dewe-2600 DAQ system), and at the same time, the voltage signal 

was collected by Keysight DSO-X3014A oscilloscope and N2790A high voltage probe 

with 8 MΩ internal resistance. The output currents were tested using an electrometer 

(Keithley 6514).

Figure 2. Schematic of preparation of Pdop-BT/P(VDF-TrFE) nanocomposite. (a) 

Schematic of electrospinning process; (b) A digital photograph of the as-electrospun 

mat (inset is illustration of P(VDF-TrFE) network); (c) schematic of preparation of 

Pdop-BT; (d) Preparation of Pdop-BT dispersion with ultrasonication; (e) Pdop-BT 

decoration using ultrasonic treatment; (f) A digital photograph of 

Pdop-BT@P(VDF-TrFE) nanocomposite; (g) Schematic illustration of Pdop-BT 

nanoparticles anchored P(VDF-TrFE) fibrous network.

3. Results and discussion



3.1 Preparation of the Pdop-BT@P(VDF-TrFE) nanocomposite 

Figure 2 illustrates the fabrication of Pdop-BT@P(VDF-TrFE) nanocomposite. 

Firstly, P(VDF-TrFE) membranes were prepared by electrospinning technique to build 

a nanofiber network for nanoparticle adsorption. Secondly, The Pdop-BT nanoparticles 

were prepared through self-polymerization of dopamine in Tris–HCl buffer solution 

(pH=8.5, 10 mM) in which BT nanoparticles had already been dispersed. The 

as-prepared P(VDF-TrFE) nanofiber membrane was then immersed into the Pdop-BT 

nanoparticles suspension solution, and these nanoparticles are driven to bombard the 

nanofibers under ultrasonication, and finally anchored on their surfaces. The schematic 

demonstration of ultrasonication induced decoration of Pdop on the electrospun 

P(VDF-TrFE) fiber is shown in Figure 2g. Here, micro-jets and shock waves generated 

near the solid surfaces after collapse of the bubbles during ultrasonication can cause 

sintering of the nanoparticles and push Pdop-BT nanoparticles towards the nanofiber 

surface at very high speeds. When the fast-moving Pdop-BT nanoparticles hit the 

nanofiber surface, interfacial collision between Pdop-BT and P(VDF-TrFE) nanofibers 

occurs. Thus, the polymer nanofiber may become softened and Pdop-BT nanoparticles 

can be attached to the nanofiber surface.[54-56] Besides, polydopamine can work as a 

bridge between the BT nanoparticle and P(VDF-TrFE) fiber. The – OH group of 

polydopamine will attach to the surface of BT nanoparticles and at the same time the – 

NH group will bind to the C–F group of the P(VDF-TrFE) fiber.[47, 57-59] Hence, 

interaction between the BT nanoparticles and the P(VDF-TrFE) polymer will be 

enhanced. Figure 2b & f also show digital photographs of P(VDF-TrFE) membrane and 



Pdop-BT@P(VDF-TrFE) nanocomposite. The as-electrospun P(VDF-TrFE) nanofiber 

mat seems loose and displays a white color. After decoration with Pdop-BT 

nanoparticles, it becomes dark brown. 

3.2 Characterization of the Pdop-BT nanoparticles 

The morphologies of the BT and Pdop-BT nanoparticles were characterized by 

using SEM and the typical images are shown in Fig. 3a and b, respectively. Figure 3a 

shows the SEM image of the as-received BT nanoparticles, which indicates that the 

diameter of BT nanoparticles is about 90 nm. While for the Pdop-BT nanoparticles (as 

shown in Figure 3b), the diameter is increased to 120.65 nm, which indicates the 

coating of polydopamine on the surface of BT nanoparticles and the average thickness 

of polydopamine is about 55 nm. The X-ray diffraction patterns of the pristine BT 

nanoparticles and Pdop-BT nanoparticles are shown in Figure 3c. The tetragonal phase 

of BT is confirmed by comparing the observed pattern with the JCPDS (# 073644) 

ICDD pattern. The splitting up of the peak at 45° in the XRD pattern of both BT and 

Pdop-BT is caused due to off-centering of Ti4+ ions, attributing to a tetragonal 

non-centrosymmetric phase in BT. The peak intensity in Pdop-BT nanoparticles is 

found to be slightly higher than that in the non-modified (as-received) BT nanoparticles. 

Raman spectra of BT and Pdop-BT are shown in Figure 3d. The spectra present peaks 

at 276, 305, 516 and 713 cm-1 suggest a tetragonal structure and the bands at 1358cm-1 

and1568 cm-1 confirm the Pdop in nanocomposite. 



Figure 3. (a) SEM image of BaTiO3 (BT) nanoparticles; (b) SEM image of dopamine 

functionalized BaTiO3 (Pdop-BT) nanoparticles; (c) X-ray diffraction patterns of BT 

and Pdop-BT nanoparticles; (d) Raman spectra of BT and Pdop-BT nanoparticles.

3.3 Characterization of Pdop-BT/P(VDF-TrFE) nanocomposite

Figure 4a-b show the SEM morphology images of as-electrospun P(VDF-TrFE). 

The nanofibers are arranged randomly and the diameter is observed quite uniform (0.86 

± 0.19 μm). Under a higher magnification (see Figure 4b), the as-electrospun 

P(VDF-TrFE) nanofibers are observed to be defect free and exhibit very smooth 

surface with many pores and gaps among the nanofibers. Compared with the 

as-electrospun P(VDF-TrFE), the surface of nanofibers become very rough after the 

anchoring of Pdop-BT nanoparticles (see Figure 4c-d), because many Pdop-BT 

nanoparticles are densely adhered onto the P(VDF-TrFE) nanofiber surface. Such 



interaction must be strong since Pdop-BT nanoparticles remain on the surface even 

after washing in deionized water for 5 times, implying that Pdop-BT nanoparticles are 

not simply located on the nanofiber surface. Figure 4e-f show the images of electrospun 

BT/P(VDF-TrFE) and Pdop/P(VDF-TrFE) composite membranes with 20 wt% BT or 

Pdop-BT nanoparticles (i.e. the control sample for comparison) respectively. Visible 

defects are easy to be found on the straight fibers, which can be ascribed to some of the 

incorporated BT or Pdop-BT nanoparticles aggregating and emerging from the fiber 

surface.[60] 

Figure 4g shows the XRD pattern of the as-electrospun P(VDF-TrFE) mat and 

composite mat samples. The peaks of the polymer P(VDF-TrFE) are represented by ‘P’ 

and those of BT are represented by ‘B’. The peak at 20.50° in the XRD pattern of the 

mat samples represents the reflection from (110) and (200) planes of the beta polar 

phase of P(VDF-TrFE). Peaks of BT are visible in the XRD pattern of nanocomposite 

mat containing Pdop-BT nanoparticles. The XRD pattern of the nanocomposite mat 

shows an additional peak at 45°, which confirms the presence of the tetragonal phase of 

BT in the nanocomposite. 



 

Figure 4. (a, b) The SEM images of as-electrospun P(VDF-TrFE) nanofiber membrane 

(inset shows the diameter distribution of nanofibers). (c, d) The SEM images of 

Pdop-BT@P(VDF-TrFE) nanocomposite mat. (e) The SEM image of the control 

sample of electrospun BT/P(VDF-TrFE) mat. (f) The SEM image of the control 

sample of electrospun Pdop-BT/P(VDF-TrFE) mat. (g) X-ray diffraction patterns of 

as-electrospun P(VDF-TrFE) and Pdop-BT@P(VDF-TrFE) nanocomposite mats. (h) 

The FT-IR spectra of the as-electrospun P(VDF-TrFE) and Pdop-BT@P(VDF-TrFE) 

nanocomposite. (i) TGA curves of as-electrospun P(VDF-TrFE) and 

Pdop-BT@P(VDF-TrFE) nanocomposite. 

FT-IR spectroscopy was further performed on P(VDF-TrFE) and 

Pdop-BT@P(VDF-TrFE) to analyze the interface interaction between the Pdop-BT 

nanoparticles and P(VDF-TrFE) fibers. The main characteristic peaks of the samples 

are shown in Figure 4h. Both the as-electrospun P(VDF-TrFE) and 

Pdop-BT@P(VDF-TrFE) mats exhibit strong vibration peaks at 840 cm-1 and 1290 

cm-1, which are typical for the β crystalline phase. This result suggests that the 



electrospinning process favors the formation of β phase crystalline. However, it can be 

found that several peaks for the P(VDF-TrFE) fibers have slightly shifted after the 

decoration of the Pdop-BT nanoparticles. For example, the peak at 1126 cm-1 has 

shifted to 1123 cm-1 and the peak at 1186 cm-1 has shifted to 1183 cm-1. These changes 

also suggest interfacial interactions between the P(VDF-TrFE) and the Pdop-BT 

nanoparticles.[61-62] Specifically, the -NH2 groups of dopamine may react with C-F 

groups of P(VDF-TrFE) based on the hydrogen bonds to form F-H bonds and such 

coupling interaction may induce the shift of peaks.[59] Polydopamine can be easily 

coated onto BaTiO3 nanoparticles and modify their surface, which helps to improve the 

interface interactions and compatibility between BaTiO3 nanoparticles and the 

P(VDF-TrFE) matrix.[66] The interface interactions induced by polydopamine 

modification may play an significant role in the formation of Pdop-BT@P(VDF-TrFE) 

hierarchical architecture.  

TGA was also performed to evaluate the thermal stability and Pdop-BT content of 

the nanocomposite. As shown in Figure 4i, the Pdop-BT@P(VDF-TrFE) 

nanocomposite degrades in a similar manner to that of as-electrospun P(VDF-TrFE), 

indicating that Pdop-BT decoration would not essentially change the thermal properties 

of P(VDF-TrFE) nanofibers. However, the TGA curve for Pdop-BT@P(VDF-TrFE) 

has no obvious shift as compared to as-electrospun P(VDF-TrFE) nanofibers, 

indicating that the thermal stability of the P(VDF-TrFE) fibers is not obviously affected 

after the decoration of Pdop-BT nanoparticles. A one-step degradation process is 

obviously observed from the corresponding derivative thermogravimetric (DTG) 



curves in Figure S1. The as-electrospun P(VDF-TrFE) begins to degrade at 

approximately 445 °C and the major decomposition region around 445~515 °C should 

be attributed to the degradation of P(VDF-TrFE) (black line in Figure S1). Compared 

with as-electrospun P(VDF-TrFE), the Tmax (the temperature at which the maximum 

DTG occurs) of the Pdop-BT@P(VDF-TrFE) composite has no obvious shift, 

suggesting that the successive decoration of the Pdop-BT nanoparticles have no 

negative effect on the thermal stability.  

The approximate content of Pdop-BaTiO3 in the nanocomposite mats can be 

estimated using Equation 1 [61]: 

                ωPdop-BT = CP(VDF-TrFE) – CPdop-BT@P(VDF-TrFE)                (1) 

where CP(VDF-TrFE) is the weight loss percentage of as-electrospun P(VDF-TrFE), 

CPdop-BT@P(VDF-TrFE) is the weight loss percentage of Pdop-BT@P(VDF-TrFE) 

nanocomposite mat, and ωPdop-BT is the content of Pdop-BT in 

Pdop-BT@P(VDF-TrFE) nanocomposite mat. As can be seen in Figure 4(i), the 

CP(VDF-TrFE) and CPdop-BT@P(VDF-TrFE) are about 92.17% and 71.78%, respectively. 

Thereby, the calculated ωPdop-BT is about 20.39%. 

3.4 The basic characterization of PENG device 

The digital photograph in Figure 5a shows the flexible Pdop-BT@P(VDF-TrFE) 

nanocomposite based PENG which can be easily wrapped by fingers. The 

metal-insulator-metal framework of the all-fiber PENG is demonstrated by a 

three-dimensional design (Figure 5b) where flexible Pdop-BT@P(VDF-TrFE) 



nanocomposite membrane (Figure 5c) was sandwiched between two flexible 

copper–nickel plated woven polyester conducting fabric electrodes (Figure 5d). Finally, 

sandwich structure was packaged with polyimide tape for protection from any 

environmental pollutes, such as dust and water. It is noteworthy to mention that the 

electric dipoles (–CH2–/ –CF2–) of P(VDF-TrFE) are transversely isotropic, as shown 

schematically in Figure 5e. The polarization direction of –CH2/–CF2 dipoles is 

perpendicular to the planar of P(VDF-TrFE) membrane due to need of low potential 

energy during electrospinning.[38, 63] Therefore, the maximum polarization is along 

thickness direction (i.e., d33 mode). 

Figure 5f-h schematically described the working mechanism of 

Pdop-BT@P(VDF-TrFE) PENGs for generating an electrical output. This PENG 

device mainly works based on the piezoelectricity of electrospun P(VDF-TrFE) along 

with the Pdop-BT nanoparticles anchored on the surface of P(VDF-TrFE) electrospun 

fiber, under an external impact force. Initially, in the spatial arrangement of hydrogen 

and fluorine along P(VDF-TrFE) polymer chain, the difference between electron 

preference of atoms generates polarization in the molecules and the magnitude of 

polarization is proportional to the distance (r) between hydrogen and fluorine atoms. 

There is no piezoelectric output in the absence of external compacting force on the 

device because the distance (r) is unchanged (Figure 5f). When the PENG device is 

subject to a vertical pushing force, which makes it compressed, both the Pdop-BT 

nanoparticles and P(VDF-TrFE) nanofibers undergo a compressive deformation. 

Resultantly, with the decrease of distance (r) between hydrogen and fluorine atoms, the 



polarization of P(VDF-TrFE) molecules decreases and a piezoelectric potential 

gradient across the nanocomposite membrane can be generated and thereby induce the 

formation of potential difference between the two electrodes and drive a flow of 

electrons between the two electrodes through the external circuit, generating a 

piezoelectric output current (Figure 5g). Afterwards, when the applied impact force 

releases, the deformation of the nanocomposite membrane recovers and the distance (r) 

between hydrogen and fluorine atoms increases. As a result, a reversed piezoelectric 

output current can be detected (Figure 5h).
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Figure 5. (a) A digital photograph of flexible Pdop-BT@P(VDF-TrFE) nanocomposite 

PENG. (b) Schematic illustration of the PENG structure. (c) SEM image showing the 

surface morphology of Pdop-BT@P(VDF-TrFE) nanocomposite membrane. (d) SEM 

image of Cu-Ni plated conducting fabric. (e) Schematic demonstration showing the 

polarization direction along the thickness direction. (f-h) Schematic diagrams showing 

the principles of piezoelectric output of nanocomposite based PENGs during 

impacting/releasing process. 

3.5 Output performance characterization 

The electrical output performance of the PENGs was examined on a periodic 

impacting/releasing machine. During the measurement, the external pushing force and 

frequency are maintained as constant at 700 N and 2 Hz, respectively. Firstly, the 

membrane thickness and output performance of electrospun P(VDF-TrFE) membrane 

with different spinning durations were investigated, and the representative data are 

shown in Figure 6a-b. As shown in Figure 6a, when the spinning time increased from 1 

h to 7 h, the membrane thickness increased from 0.0054 ± 0.0013 mm to 0.0590 ± 

0.0072 mm. The output voltage of electrospun P(VDF-TrFE) is observed to increase in 

proportional to the electrospinning duration in shorter time range (less than 5 h), 

meaning that the longer electrospinning time in this range can significantly improve the 

output voltage (shown in Figure 6b). The output voltage increases to a maximum of 

0.77 V when the electrospinning time is 5 h. Unexpectedly, with further increase in the 

time, the output voltage decreases slightly in longer electrospinning time range. These 

indicate that the excessive longer electrospinning time cannot offer remarkable 

contribution to the improvement of output voltage, which may be attributed to the more 

uneven membrane thickness. Therefore, in the following section, the P(VDF-TrFE) 



membrane with spinning time of 5 h will be chosen to prepare Pdop-BT@P(VDF-TrFE) 

nanocomposite mat. 

The Pdop-BT content of Pdop-BT@P(VDF-TrFE) prepared with different 

concentrations of Pdop-BT suspension was carefully investigated, and the 

representative data are listed in Figure 6c. The Pdop-BT content is observed to 

generally increase with increasing the concentration of Pdop-BT suspension in lower 

concentration range (less than 0.4 wt %) and then increases slightly and then 

generally keeps constant in higher concentration range. As shown in Figure 6c, when 

the suspension concentration is 0.4 wt%, the Pdop-BT content of nanocomposite mat 

measured by weight method is about 20.4 ± 1.84 wt%, which is consistent with the 

amount of 20.39 wt% obtained from TGA in Figure 4i. Figure 6d show the output 

voltage curves of various PENG devices designed with Pdop-BT@P(VDF-TrFE) 

nanocomposite mats from Pdop-BT suspension of various concentrations (i.e., 0.05, 

0.1, 0.2, 0.4 and 0.6 wt%). By adsorbing the Pdop-BT nanoparticles onto P(VDF-TrFE) 

fiber, the output performance of the resultant Pdop-BT@P(VDF-TrFE) PENG device 

was increased (Figure 6d), owing to the piezoelectric potential of non-centrosymmetric 

BT nanoparticles along with the β-phase PVDF. The output voltage values of various 

PENG devices increased from ∼0.74 V to ∼3.02 V when the concentration of Pdop-BT 

suspension was enhanced from 0.05 to 0.4wt% and then generally keep constant with 

further increase in the concentration. Therefore, the Pdop-BT@P(VDF-TrFE) 

nanocomposite from 0.4 wt% of Pdop-BT suspension was chosen as an optimized 

sample to employ in further studies. Furthermore, the influence of adsorption time of 



Pdop-BT on electrical output properties was also studied. As shown in Figures 6e, the 

optimum adsorption time was found to be 20 min. Therefore, an adsorption time of 20 

min was chosen to prepare Pdop-BT@P(VDF-TrFE) nanocomposite with high 

performance in the following section. 

In order to affirm the superiority of our approach, electrospun BT/P(VDF-TrFE) 

and Pdop-BT/P(VDF-TrFE) nanocomposites with 20 wt% nanoparticles located in the 

interior of polymer fiber matrix were also respectively prepared for comparison, of 

which the mechanism is described in Figure 1a. As shown in Figure 6f, when adding 

BT or Pdop-BT nanoparticles into the electrospinning solutions, the electrical output 

voltage of the resultant electrospun fibers is increased from ~0.7 V to ~1.85 V and 

~2.28 V respectively, as compared to pristine P(VDF-TrFE) electrospun mat. Such 

enhanced performance is consistent with the previous reported literatures and can be 

attributed to the enhanced piezoelectric β-phase.[40, 47, 64] However, this enhanced 

piezopotential is presumed to be limited by the agglomeration of BT or Pdop-BT 

nanoparticles in piezopolymer matrix and ineffective stress transferability.[46] 

Promisingly, when Pdop-BT nanoparticles were decorated on the surface of 

electrospun P(VDF-TrFE) fibers, the output performance of the resultant 

Pdop-BT@P(VDF-TrFE) device was further increased up to 3.1 V, which is 68% and 

40% higher than that of BT/P(VDF-TrFE) and Pdop-BT/P(VDF-TrFE) based PENGs, 

respectively. The improved output of the PENG is mainly attributed to the 

hierarchically architected design of Pdop-BT@P(VDF-TrFE) nanocomposite mat and 

effective piezoelectric synergy of Pdop-BT nanoparticles and electrospun P(VDF-TrFE) 



fibers. The reasons can be explained as follows: During the poling process, the 

existence of Pdop-BT nanoparticles, which exhibit high specific surface areas and high 

dielectric constant, would introduce a quantity of interface charges upon electrical field 

and induce localized field concentration, contributing to an enhanced efficiency in 

dipole polarization and the consequent piezoelectricity improvement.[67] In addition, 

the hierarchical structure can not only avoid the agglomeration of nanoparticles but also 

enhance the density of interfaces in the nanocomposites, which can reduce the defects 

and effectively improve the stress transfer between P(VDF-TrFE) polymer matrix and 

BT nanoparticles and therefore enhance the performance of PENG. 



Figure 6. (a) Thickness of the P(VDF-TrFE) membranes prepared with different 

electrospinning times. (b) Output voltage of the P(VDF-TrFE) membranes prepared 

with different electrospinning times. (c) Dependence of Pdop-BT content on the 

concentration of suspension. (d) Output voltage curves of the Pdop-BT@P(VDF-TrFE) 

nanocomposite PENG from various suspension concentrations. (e) Dependence of 

Pdop-BT content on the adsorption time. (f) Output voltage curves of various PENGs 

with four composite mats of pristine P(VDF-TrFE), BT/P(VDF-TrFE), 

Pdop-BT/P(VDF-TrFE) and Pdop-BT@P(VDF-TrFE) under an impacting force of 

700N at 2 Hz.

In the view of fact that various magnitudes of impacting forces and frequencies 



could be applied to the Pdop-BT@P(VDF-TrFE) devices in the practical application 

scenarios, it is quite essential to evaluate the effects of external impact force and 

frequency on the output performance of Pdop-BT@P(VDF-TrFE) device. Figure 7a-b 

show the output voltages and current curves of Pdop-BT@P(VDF-TrFE) device at 

various impacting forces ranging from 300 to 700 N. Measured results clearly revealed 

that the output voltage and current values of Pdop-BT@P(VDF-TrFE) device were 

gradually enhanced from 1.2 V and  0.52 μA to 6 V and 1.52 μA, by enhancing the 

applied impacting force from 300 to 700 N, respectively. Such an enhancement is 

attributed to the strong electric polarization across the nanocomposite membrane of 

Pdop-BT@P(VDF-TrFE) PENG device at a large magnitude of applied impacting 

force. 

To further assess the adaptability of Pdop-BT@P(VDF-TrFE) PENG to the 

environment, the output performance was tested under different impact frequency by 

maintaining the external impact force at 700 N, as shown in Figure 7c d. The results 

show that both the output voltage and current of PENG increased proportionally with 

increasing impacting frequencies. More specifically, output voltage and current values 

of the device were increased from 1.8 V and 0.44 μA to 6 V and 1.52 μA, with the 

increase of impacting frequency from 1 Hz to 3 Hz, respectively (Figure 7c d). This 

can be understood that, with the same charge transfer, a higher impacting frequency can 

shorten the sustained period of current peak, leading to a higher current amplitude. 

Such results clearly demonstrate that, along with the impacting force, the external 

impacting frequency can also predominantly affect the electrical output performance of 



Pdop-BT@P(VDF-TrFE). 

Similarly, output voltage and current of the pristine P(VDF-TrFE) based PENG 

show the same trend with an increase of impact magnitude and frequency, as shown in 

Figures S2-S3. However, as shown in Figure S3, the electrical outputs of P(VDF-TrFE) 

PENG are much inferior to those of Pdop-BT@P(VDF-TrFE) countparts due to the 

small piezoelectric coefficient of organic polymer. Specifically, the as-fabricated 

Pdop-BT@P(VDF-TrFE) based FPENGs show significantly enhanced electric outputs 

of ~6 V and ~1.5 μA, which are 4.8 times and 2.5 times over P(VDF-TrFE) based 

PENGs (~1.25 V and ~0.6 μA) under a pressure force of 700 N and cyclic 

pressing-releasing frequency of 3 Hz, as shown in Figure 7(c-d) and Figure S2(c-d). 

Correspondingly, the superior electrical output performance of 

Pdop-BT@P(VDF-TrFE) PENG demonstrates that the nanocomposite prepared in 

this study exhibits significantly enhanced electromechanical conversion efficiency. 

The dependence of the electrical outputs on the external load resistance has been 

systematically studied. As shown in Figure 7e, the results show that as the external load 

resistance increases, the output voltage tends to increase and the output current shows 

the opposite trend due to the ohmic loss. The instantaneous power output calculated by 

W = I2R first increased and then decreased with the increase of load resistance from 

nearly 200 KΩ to 10 MΩ. The maximum load power density arrives at 8.78 ± 0.54 

mW/m2 with an external load resistance of 5 MΩ, as shown in Figure 7f. The load 

voltage and output current can reach 5.24 V and 1.05 μA, respectively. The maximum 

instantaneous power occurs when the external load resistance is the same as the 



inherent impedance of the PENG.

Figure 7. (a) Output voltages and (b) currents of nanocomposite based PENG at 

different impacting forces at a constant frequency of 3 Hz. (c) Output voltages and (d) 

currents of nanocomposite based PENG at different impacting frequencies under a 

constant pressure force of 700 N. (e) Dependence of output current and voltage on load 

resistance. (f) Dependence of power density on load resistance.

3.6 Application as self-powered wearable sensors

Considering the practical application in the real-life situation, it is necessary to 



evaluate the stability and durability of FPENGs. As shown in Figure 8a, after 10,000 

continuous impacting/releasing cycles, the electrical output performance of the 

Pdop-BT@P(VDF-TrFE) based FPENG can still keep stable without obvious 

deterioration, showing that the prepared FPENG has excellent stability and durability. 

In order to explore the application potential as a useful power source, the 

energy-harvesting and storage capabilities of the prepared Pdop-BT@P(VDF-TrFE) 

nanocomposite PENG were demonstrated by charging a capacitor (C = 68 nF) using a 

commercial bridge rectifier circuit. Figure 8b shows the voltage-charging curve of the 

capacitor, which was measured under periodically impacting/releasing a PENG based 

on Pdop-BT@P(VDF-TrFE) nanocomposite. The bottom inset of Figure 8b shows that 

the rectified output power of the prepared PENG was able to effectively charge the 

capacitor and the voltage increased continuously with the number of impact/release 

cycles. 

Furthermore, the Pdop-BT@P(VDF-TrFE) device is integrated into the insole of 

shoe to monitor human movements such as squatting up and down, walking and 

running. Figure 8d-f show the output voltages for squatting up and down, walking, and 

running when the device is fixed into the insole of a shoe (Figure 8c). The results show 

that the maximum output voltage for squatting up and down is about 1.78 V, which is 

smaller than those for walking (6.7 V) and running (7.2 V), as shown in Figure 8d–f. 

This is because impacting and releasing is slow and gentle during squatting up and 

down, whereas the frequency of running is much higher than those of walking and 

squatting up and down. Thus, the above results reveal that the flexible 



Pdop-BT@P(VDF-TrFE) nanocomposite PENG device is potential candidate for 

various real-time/practical applications to harvest biomechanical energy or detect the 

human body movements.

Figure 8. (a) Stability test of the Pdop-BT@P(VDF-TrFE) based PENG under 10,000 

continuous working cycles (b) Voltage-charging curve of a capacitor while impacting 

and releasing a Pdop-BT@P(VDF-TrFE) based PENG. The top inset shows the circuit 

diagram and the bottom inset shows a magnified view of 3 cycles. (c) Photographs of 

Pdop-BT@P(VDF-TrFE) based PENG integrated into the insole of a shoe. Schematic 

diagrams and output voltages generated by (d) squatting up and down, (e) walking and 

(f) running, respectively.

To demonstrate its flexibility and potential to detect human movements, its 

electrical output performance under different bending conditions were systematically 

investigated. Figure 9a-b show the piezoelectric output voltage curves generated by the 

Pdop-BT@P(VDF-TrFE) PENG device at small and large bending conditions, 

respectively. The results reveal that the flexibility of Pdop-BT@P(VDF-TrFE) PENG 



device is good enough to generate electrical outputs under various bending positions. In 

addition, the Pdop-BT@P(VDF-TrFE) PENG exhibited a high output voltage of ∼2 V 

under a large bending position, while the voltage value is low (i.e., ∼1 V) at the small 

bending position. This can be explained that the Pdop-BT nanoparticles and 

P(VDF-TrFE) fibers experienced a significantly increased strain under a large bending 

position, resulting in an enhanced output voltage. Furthermore, the 

Pdop-BT@P(VDF-TrFE) PENG device was put on a human hand to affirm the 

flexibility and detect the human hand motion. Figure 9c and insets show the output 

voltages and digital photographs of Pdop-BT@P(VDF-TrFE) based PENG put on a 

human front elbow under various elbow-bending conditions, respectively. As shown in 

Figure 9c, almost no output voltage signal was detected by the Pdop-BT@P(VDF-TrFE) 

device at the straight condition of the human arm. In contrary, the output voltage values 

of ∼2.2 V and ∼5.1 V were generated by the Pdop-BT@P(VDF-TrFE) device at the 

half- fold and full-fold positions of human arm, respectively. This can be attributed to 

the significantly high strain experienced by the Pdop-BT nanoparticles and 

P(VDF-TrFE) membrane under a full-fold bending condition, which results in an 

increased electrical output. Similarly, this PENG device can also be put on other human 

body parts such as fingers and utilized to detect their motions (Figure 9d). The 

measured results clearly affirm that the Pdop-BT@P(VDF-TrFE) device is flexible 

enough to generate the electrical output under various bending conditions and can be 

utilized to detect human movements. 



Figure 9. Demonstration for the good flexibility of the Pdop-BT@P(VDF-TrFE) 

PENG device. Output voltage generated by the Pdop-BT@P(VDF-TrFE) PENG at (a) 

small and (b) large bending positions. Insets of (a) and (b) present the photos of 

Pdop-BT@P(VDF-TrFE) PENG at the small and large bending positions, respectively.

(c) Output voltages with elbow flexion and extension at straight, half-fold and 

full-fold positions, respectively. (d) Output voltages with bending index finger.

4. Conclusions

In summary, we have design and developed a hierarchically architected 

Pdop-BT@P(VDF-TrFE) nanocomposite via electrospinning the P(VDF-TrFE) mat 

and anchoring Pdop-BT@P(VDF-TrFE) on the surface of electrospun P(VDF-TrFE) 

nanofibers using an ultrasonication process. Herein, Pdop is employed as an effective 

bonder between the inorganic piezoelectric nanoparticles and polymers, displaying a 

new approach in the fabrication of piezoelectric nanocomposites. Resultantly, the 



PENG made from Pdop-BT@P(VDF-TrFE) nanocomposite mats exhibited an 

obviously enhanced electric output performance in comparison with electrospun 

P(VDF-TrFE), BT/P(VDF-TrFE) and Pdop-BT/P(VDF-TrFE) based PENGs. 

Specifically, the harvested output voltage and current of Pdop-BT@P(VDF-TrFE) 

based PENG can reach up to ~6 V and ~1.5 μA, which are 4.8 times and 2.5 times over 

P(VDF-TrFE) PENG. Moreover, up to 68% and 40% of improvement in output voltage 

were achieved by the as fabricated Pdop-BT@P(VDF-TrFE) based PENG over 

BT/P(VDF-TrFE) and Pdop-BT/P(VDF-TrFE) based PENGs under the same 

triggering conditions, respectively. Also, it exhibited a maximum power density value 

of ∼ 8.78 mW/m2. Demonstration of applications showed that the nanocomposite mat 

based flexible PENGs can be well utilized to harvest mechanical energy and are 

expected to be further employed in self-powered devices. 
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