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ABSTRACT 

Piezoelectric nanogenerators based on piezoelectric nanocomposites have attracted 

significant interest in recent years due to their excellent piezoelectric properties and 

potential application in self-powered systems and wearable sensors. As a promising 

piezoelectric ceramic filler in composite-based generators, one-dimensional (1D) 

piezoelectric nanowires have been introduced into a polymer matrix to improve the 

dielectric and piezoelectric properties. In this paper, flexible PVDF-TrFE composite 

films containing highly aligned Ba0.85Ca0.15Ti0.9Zr0.1O3 (BCZT) nanowires (NWs) have 

been fabricated using a direct ink writing method. The effect of BCZT nanowire content 

on the dielectric, ferroelectric and piezoelectric properties was investigated in detail. 

The piezoelectric energy harvesting figures of merit initially increases, and then begins 

to decrease, with an increasing content of BCZT nanowires, where a maximum 

harvesting figure of merit value of 5.3×10-12 m2/N was obtained for a 15 wt% BCZT 

NWs/PVDF-TrFE composite film. Interdigital electrodes were combined with the 

composite to fabricate a patterned piezoelectric nanogenerator, where the piezoelectric 

nanogenerator is shown to generate a maximum output voltage of 17 V, with a peak 

output power density of 5.6 µW/cm2. This work provides new opportunities for the 

design and manufacture of high-performance piezoelectric composites for piezoelectric 

energy harvesting and sensing applications. 

 

KEYWORDS: direct ink writing, BCZT nanowires, nanowire alignment, interdigital 

electrodes, energy harvesting 



1. Introduction 

The development of 5G technology and smart cities has brought significant 

benefits with regards to the Internet of Things (IoT) and wireless sensors [1, 2]. In the 

era of smart cities, smart wireless sensors can play the role of monitoring the whole city 

in real time due to the ability to detect a range of stimuli, including mechanical loads 

and temperature signals [3-5]. However, the development of sustainable energy sources 

and self-powered sensing systems for smart cities represents a primary challenge, which 

has inspired researchers to develop new technologies for both energy harvesting and 

sensing. The emergence of piezoelectric nanogenerators has also led to significant 

interest in this field, since they can convert mechanical vibrations, force, accelerations, 

and human movements into electrical energy [6-8]. Therefore, piezoelectric 

nanogenerators can provide sustainable and clean power for wearable sensors of smart 

cities. 

As an important component of a piezoelectric nanogenerator, the piezoelectric 

materials have been investigated by many researchers in recent few decades. 

Piezoelectric ceramics, such as lead zirconate titanate (PZT) [9] and barium titanate 

(BT) [10], have been studied for sensing and energy harvesting applications. However, 

the inherent brittleness and high relative permittivity of piezoelectric ceramics make 

them undesirable in sensors, harvesters and wearable electronic devices. Piezoelectric 

polymers, which are often based on poly(vinylidene fluoride), PVDF, and its 

copolymers, are also candidate materials but exhibit relatively low piezoelectric 

coefficients [11, 12]. As a result, piezoelectric nanocomposites, which combine the high 



piezoelectric coefficient of ceramics with the mechanical flexibility of piezoelectric 

polymers, have attracted significant interest in this field. Among these piezoelectric 

nanocomposites, poly-[(vinylidene fluoride)-co-trifluoroethylene] (PVDF-TrFE) based 

nanocomposites have been considered as promising candidates for piezoelectric 

nanogenerators due to its enhanced piezoelectric properties and tunable mechanical 

properties and flexibility [13-16]. 

A variety of piezoelectric ceramic fillers have been introduced into a piezoelectric 

polymer matrix to create piezoelectric nanocomposites, including zero-dimensional 

(0D) piezoelectric nanoparticles, one-dimensional (1D) piezoelectric nanowires and 

two-dimensional (2D) piezoelectric nanosheets [17,18]. For example, BaTiO3@Carbon 

(BT@C) nanoparticles have been introduced into a piezoelectric PVDF-TrFE matrix to 

fabricate a flexible piezoelectric nanogenerator, and the output voltage was 16 V [19]. 

Shi et al. proposed a flexible piezoelectric nanogenerator that consisted of polymethyl 

methacrylate (PMMA) encapsulated BaTiO3 nanowires and PVDF-TrFE. The output 

voltage and current of the piezoelectric nanogenerator were 12.6 V and 1.30 μA, 

respectively [20]. It is demonstrated that piezoelectric nanocomposites with 1D 

piezoelectric fillers exhibit a higher polarization and output power density compared to 

composites based on 0D piezoelectric nanoparticles [21, 22]. For example, Zhou et al. 

demonstrated that the output power density of a nanogenerator based on 

0.5Ba(Zr0.2Ti0.8)O3−0.5(Ba0.7Ca0.3)TiO3 (BCZT) nanowires and poly(dimethylsiloxane) 

(PDMS) was approximately nine times higher than a nanoparticle-based composite 

[23]. Moreover, the load transfer efficiency of piezoelectric nanowires-based 



composites is higher than that of a piezoelectric nanoparticles-based nanocomposite 

[24]. As a result, piezoelectric nanowire-based nanocomposites have attracted much 

attention in recent years due to their piezoelectric and mechanical properties. 

For piezoelectric nanocomposites based on 1D nanowires, the degree of alignment 

of the piezoelectric nanowires has a significant effect on performance [25]. Xie et al. 

investigated the effect of the alignment of the barium titanate nanowires within a 

piezoelectric P(VDF-CFE) matrix on the dielectric, ferroelectric and energy storage 

performance; their results showed that aligning the piezoelectric nanowires parallel to 

the poling direction leads to a higher dielectric constant, remnant polarization and 

energy density compared to the alignment of piezoelectric nanowires perpendicular to 

the poling direction [26]. Zhu et al. fabricated a piezoelectric nanogenerator based on 

arrays of vertically aligned ZnO nanowires, which exhibited a maximum power density 

of 0.78 W/cm3 [27]. Subsequently, Malakooti et al. arranged barium titanate nanowires 

in a polylactic acid (PLA) solution along three different axes of alignment (0°, 45°, and 

90°) via a 3D printing process. The power generation capacity of the nanocomposites 

with nanowires orientated a 0° was 273% higher compared to nanocomposites with 

randomly oriented nanowires [28]. The literature therefore demonstrates the potential 

of piezoelectric nanocomposites based on highly aligned nanowires in piezoelectric 

nanogenerators. Currently, the fabrication of piezoelectric nanocomposites with aligned 

nanowires are primarily based on electrospinning [29], hot pressing [30], in situ 

dielectrophoretic [31] and uniaxial strain assembly [32]. Unfortunately, these 

fabrication methods have their own limitations, which make them complex and less 



versatile for the manufacture of piezoelectric nanocomposites with aligned nanowires. 

Recently, direct ink writing has been considered as a facile, rapid, and versatile 

fabrication method for the alignment of piezoelectric nanowires in polymer matrices 

[33-35]. The shear-induced alignment of direct ink writing is relatively simple and easy 

to achieve without the application of an external field, and various types of piezoelectric 

nanocomposites can be fabricated with proper control of processing conditions [36, 37]. 

For example, Gao et al. fabricated a flexible piezoelectric nanogenerator that was 

composed of (Na,K)NbO3 (KNN) nanowires in a polydimethylsiloxane (PDMS) matrix 

by a direct ink writing method. The output voltage was nearly 400% higher than a 

material based on a traditional spin-coated process due to the alignment of nanowires 

[38]. Despite these developments, research of piezoelectric nanocomposites with an 

aligned structure fabricated by direct ink writing is still less well developed, and most 

are based on PDMS. In addition, the device architecture and electrode optimization 

required further investigation. 

Herein, a direct ink writing method was utilized to fabricate a flexible piezoelectric 

nanogenerator consisting of highly aligned BCZT NWs and a PVDF-TrFE matrix for 

piezoelectric energy harvesting applications. Interdigital electrodes were designed and 

optimized to enhance the output performance of the piezoelectric nanogenerator. The 

effect of BCZT nanowire content on the dielectric, ferroelectric, piezoelectric properties 

and energy harvesting performance was investigated in detail. The results show that the 

15 wt. % BCZT NWs/P(VDF-TrFE) piezoelectric nanogenerator can generate an 

optimal output voltage of 17 V, with a maximum output power density of 5.6 µW/cm2. 



This work provides a new strategy to design and fabricate high-performance 

piezoelectric nanogenerators with highly aligned fillers and expands their application 

for sensing and energy harvesting.  

2. Experimental Section 

2.1 Fabrication of Ba0.85Ca0.15Ti0.9Zr0.1O3 (BCZT) nanowires 

The Ba0.85Ca0.15Ti0.9Zr0.1O3 (BCZT) NWs were fabricated by using an 

electrospinning method. All chemicals used were analytical grades. Barium acetate, 

calcium acetate monohydrate, zirconium acetylacetonate, acetylacetone and tetrabutyl 

titanate were weighed according to the required molar ratio. Then, they were 

sequentially added in the mixed solvent of acetic acid and ethylene glycol monomethyl 

ether and continuously stirred for 6 h at 40 °C to form a homogeneous BCZT sol. 

Polyvinylpyrrolidone was added to the BCZT sol and stirred for 12 h to obtain an 

electrospinning precursor solution. The as-spun BCZT nanowires were formed under a 

voltage of 10 kV, an injection rate of 1.2 ml/h, and a pinhead-to-collector distance of 

15 cm. Finally, high aspect ratio BCZT nanowires were formed after being sintered at 

800 °C for 2 h. 

2.2 Preparation of piezoelectric composites films 

The piezoelectric composites films with aligned BCZT NWs were fabricated via 

a direct ink writing method. Firstly, BCZT NWs were added to the mixed solvent of 

dimethylsulfoxide and acetone (3:2) and sonicated at room temperature for 1 h to make 

them dispersed uniformly in the solution. Then, PVDF-TrFE powder was added and 

stirred for 12 h at 40 °C to form a homogeneous solution. The solution was concentrated 



by evaporating the solvent of acetone to obtain high viscosity for the printing process. 

The solution was then transferred to an extrusion syringe with a nozzle of 260 μm 

diameter and the composite films with the mass fraction of 5, 10, 15 and 20 BCZT 

nanowires were printed onto the glass substrate. Finally, these composite films were 

dried at 70 °C for 24 h in the vacuum oven to evaporate the residual solvent. 

2.3 Fabrication of the flexible piezoelectric nanogenerator 

The fabricated PVDF-TrFE composite films with BCZT nanowire with a loading 

content of 15 wt% were cut into rectangular pieces with dimensions of 1.5 × 3 cm2. 

Then, gold interdigital electrodes were deposited on the top and bottom sides of the 

composite film by magnetic sputtering. Silver wires were pasted on the electrodes by 

silver epoxy, and polyimide films were used to package the composite films to protect 

them from harmful environment. Finally, the packaged composite films were polarized 

under an electric field of 10 kV/mm at 60 °C in an oil bath for 8 h. 

2.4 Finite element simulation analysis 

COMSOL Multiphysics 5.4 (combinations of Solid Mechanics, Electrostatics, and 

Electrical Circuit Modules) was used to evaluate the distribution of the piezoelectric 

potential and electric field in the PVDF-TrFE composite films with aligned and 

randomly distributed BCZT NWs. Two two-dimensional models with dimension of 72 

× 72 μm were created, and the diameter of the BCZT nanowires was 300 nm. A load of 

20 N was applied to the upper surface with the lower set to ground (0V) to investigate 

the piezoelectric potential distribution of the composite films. Moreover, an electric 

field of 30 kV/mm was applied to explore the electric field distribution within the 



composite films. 

2.5 Characterization and measurements 

The morphology of BCZT NWs and PVDF-TrFE composite films was examined 

by field emission scanning electron microscopy (FESEM, NovaNanoSEM230, USA). 

High-resolution transmission microscopy (HRTEM Titan G260-300) was used to 

analyze the microstructure of BCZT NWs. The crystal structure of BCZT NWs and 

PVDF-TrFE composite films were evaluated by X-ray diffraction (XRD) using Cu Kα 

radiation. The BCZT NWs were examined by X-ray photoelectron spectroscopy (XPS, 

ThermoFisher Scientific Escalab250Xi), and the chemical structure and functional 

group of the PVDF-TrFE composite films for different loading contents of BCZT NWs 

were characterized by Fourier-transform infrared spectroscopy (FT-IR, VERTEX 70 V). 

The rheological properties of ink were tested by Rheometer (AR 2000EX, TA 

Instruments). The dielectric constant and dielectric loss of the composite films were 

measured using a Precision Impedance Analyzer (4294A; Agilent Technologies, Santa 

Clara, USA). The polarization-electric field (P-E) loops were characterized by a TF 

Analyzer 3000 (AixACCT systems, Germany). The piezoelectric charge coefficient d33 

was measured using a piezoelectric d33 meter (ZJ-4AN, Institute of Acoustics, 

Academic Sinica, China), and the piezoelectric output of the PVDF-TrFE composite 

film with 15 wt% BCZT NWs was evaluated in detail. A periodic compressive stress at 

a specific frequency of 2 Hz was applied through a linear motor. The output voltage and 

current of the flexible piezoelectric nanogenerator were measured by a Keithley 6517B 

electrometer. 



3. Results and discussion 

Fig. 1a shows the fabrication process to create piezoelectric composite films with 

highly aligned BCZT nanowires and a flexible piezoelectric nanogenerator with 

interdigital electrodes; detailed information has been provided in the Experimental 

Section. Firstly, BCZT NWs were synthesized by an electrospinning method, as shown 

in Fig. 1a (i) and (ii). Then, the BCZT NWs were dispersed into a mixed solvent of 

dimethyl sulfoxide (DMSO) and acetone, followed by the addition of PVDF-TrFE 

powder to the solution to form an ink for direct ink writing, as shown in Fig. 1a (iii). 

The prepared ink was transferred to a syringe and extruded through a micronozzle onto 

the glass substrate, and the BCZT NWs were aligned by the shear force during this 

process, as shown in Fig. 1a (iv). After evaporation of the solvent, the PVDF-TrFE 

composite films with different loading contents of BCZT NWs were peeled from the 

substrate. Finally, interdigital electrodes were deposited on the top and bottom sides of 

the film, as shown in Fig. 1a (vi). A schematic of the flexible piezoelectric 

nanogenerator is presented in Fig. 1b. It can be seen from Fig. 1c and Fig. 1d that the 

printed film with interdigital electrodes (IDE) possessed good flexibility. Two 

conductive wires were connected to the IDE electrodes and polyimide films were used 

to package the composite film to form the flexible piezoelectric nanogenerator, as 

shown in Fig. 1d. 

 

 



 

Fig. 1 (a) Schematic for the fabrication process of the flexible piezoelectric 

nanogenerator. (b) Schematic configuration of the flexible piezoelectric nanogenerator. 

Photographs of (c) PVDF-TrFE composite film with 15 wt% BCZT nanowires (NWs) 

and (d) flexible piezoelectric nanogenerator. 

Scanning electron microscopy (SEM) images of the BCZT NWs before and after 

sintering are presented in Fig. 2a-b. It can be observed that the as-spun BCZT NWs are 

smooth and continuous, without any pores or beads. After sintering, the BCZT NWs 

become discontinuous and the surface is relatively rough due to the volatilization and 

decomposition of organic solvent. High resolution transmission electron microscopy 

(HRTEM) was performed to further investigate crystalline structures and physical 

properties of the BCZT NWs. The HRTEM images demonstrate that the BCZT NWs 

have a polycrystalline structure, as indicated in Fig. 2d, the crystal plane spacing is 



0.282 nm, which corresponds to the (110) crystal planes of XRD results [39]. Energy 

Dispersive Spectroscopy (EDS) mapping analysis of the BCZT NWs is shown in Fig. 

2e. It can be seen that all elements related to Ba, Ca, Zr, Ti, and O are collected by EDS, 

and these elements are homogeneously distributed in mapping images, indicating the 

successful synthesis of BCZT NWs. 

 

Fig. 2 SEM images of the BCZT NWs (a) before sintering. (b) after sintering. (c-d) 

HRTEM images. (e) EDS mapping of the BCZT NWs. 

Fig. 3a shows the XRD pattern of the BCZT NWs, where it can be observed that 

all peaks can be indexed with pure perovskite phase, without any second phase. It can 

be observed from the inset of Fig. 3a that there is a small splitting of the (200) peak. 

For BaTiO3-based piezoelectric ceramics, splitting of the (200) peak is related to the 

existence of a tetragonal phase [40]. In order to conform the chemical states of the 

elements of BCZT NWs, XPS measurements were conducted, where it can be observed 



from Fig. 3b that all the peaks that belong to Ba 3d, Ca 2p, Zr 3d, Ti 2p, and O 1s are 

detected in BCZT NWs. Fig. 3c and Fig. 3d show fitting curves of Ba 3d and Ti 2p 

peaks, where peak splitting is attributed to the co-occupancy of Ba2+ and Ca2+ in the A 

site and Zr4+ and Ti4+ in the B site [41]. The Raman spectrum of BCZT NWs is presented 

in Fig. 3e, where three main peaks can be observed in the spectrum; the peak of E, 

B1(TO + LO) modes appear at approximately 300 cm-1 and demonstrate the existence 

of the tetragonal phase in the lattice. The peak at approximately 520 cm-1 represents the 

vibration of the TO6 octahedron, and the peak at approximately 723 cm-1 is related to 

the A1(LO3)/E(LO3) modes [42]. To further investigate the piezoelectric properties of 

BCZT NWs, piezoresponse force microscopy (PFM) was performed to explore the 

local piezoelectric response. As shown in Fig. 3f, the typical amplitude voltage butterfly 

loops and well-defined piezo-response phase reversal hysteresis loops can be observed, 

demonstrating the excellent piezoelectric features of the BCZT nanowires. 



 

Fig. 3 (a) XRD pattern of BCZT nanowires (NWs). (b) XPS spectrum. (c) XPS spectra 

of Ba 3d. (d) XPS spectra of Ti 2p. (e) Raman spectroscopy of BCZT NWs. (f) 

piezoelectric response force microscopy (PFM) hysteresis loop (phase) and butterfly 

loop (amplitude) of BCZT NWs.  

Since BCZT NWs/PVDF-TrFE composite films were fabricated by a direct ink 

writing method, therefore, the rheological properties are very important. Fig. S1 shows 

the relationship between shear rate and viscosity of PVDF-TrFE ink with different 

weight contents of BCZT NWs. It can be seen that the viscosity of all the PVDF-TrFE 



inks decreases with increasing shear rate, thereby exhibiting a shear thinning behavior, 

which is highly suitable for a direct ink writing process. The viscosity increases with 

an increasing load content of BCZT NWs, and could reach approximately 30 Pa·s at a 

shear rate of 0.1 s-1 when the loading content of BCZT NWs was 20 wt%. Moreover, 

the inks show a high viscosity at a low shear rate, which is beneficial for avoiding 

agglomeration of BCZT NWs in the printing needle tube. The viscosity is low at a high 

shear rate, which allows the composite inks to be extruded during the printing process. 

The cross-sectional morphology of the BCZT NWs/PVDF-TrFE composite films are 

shown in Fig. 4. It can be observed that the BCZT NWs are homogenously dispersed 

in the PVDF-TrFE matrix and exhibit a preferred orientation along the direct writing 

direction when the content of BCZT NWs is 5 wt.%. With an increasing content of 

BCZT NWs, the alignment of BCZT NWs becomes clearer, and the composite film 

with 15 wt.% BCZT NWs content exhibits the best alignment. However, when the 

nanowire content reaches 20 wt.%, the degree of alignment of BCZT NWs reduces, and 

the nanowires tend to be randomly distributed in the matrix. This is because the BCZT 

NWs cannot be dispersed uniformly and are easy to agglomerate at higher contents. 

The surface morphologies of the PVDF-TrFE composite films are presented in Fig. S2. 

It can be seen that the BCZT NWs were uniformly distributed in the PVDF-TrFE matrix 

when the loading content was lower than 15 wt.%. However, the BCZT NWs began to 

agglomerate in the matrix when the loading content was 20 wt.%. Therefore, the 

addition of BCZT NWs with 15 wt.% less to composite films with the most aligned 

nanowires. 



 

Fig. 4 Cross-sectional SEM images of PVDF-TrFE composite films with different 

BCZT NWs contents. (a) 5 wt.%. (b) 10 wt.%. (c) 15 wt.%. (d) 20 wt.%. 

The XRD spectrum of the pure PVDF-TrFE film and BCZT NWs/PVDF-TrFE 

composite films with characteristic diffraction peaks at 2θ range from 10° to 70° is 

presented in Fig. 5a. The sharp diffraction peak appears at 2θ = 19.8° represents the 

reflections of the (110) and (200) orientation planes, which correspond to the polar β-

phase of the PVDF-TrFE film [43]. The diffraction peaks of BCZT NWs can be indexed 

in the composite films without any impurity phases, indicating the existence of BCZT 

NWs in the films. Moreover, the intensities of the peaks become stronger and the peak 

intensity of PVDF-TrFE decreases with increasing content of BCZT NWs, which may 

be attributed to the shielding effect from the high intensity of the diffraction peaks from 

the BCZT NWs [44]. FITR analysis was performed to further investigate the effect of 

BCZT NWs content on the β-phase crystallinity of the composite films. As shown in 



Fig. 5b, the characteristic peak at 766 cm-1 represents the non-polar α-phase, and the 

characteristic peaks of the typical vibration characteristics of the polar β-phase appear 

at 843 cm-1 and 1276 cm-1 according to previous reports [45]. The fraction the polar β-

phase can be calculated by the following equation, assuming that the infrared 

transmittance follows the Lambert−Beer Law: 

                       𝐹𝐹(𝛽𝛽) = 𝐴𝐴𝛽𝛽

𝐴𝐴𝛽𝛽+(
𝑘𝑘𝛽𝛽
𝑘𝑘𝛼𝛼

)𝐴𝐴𝛼𝛼
                         (1) 

Where Aα and Aβ represent the absorption peaks at 766 cm-1 and 843 cm-1, and Kα = 6.1 

× 104 cm2mol-1, Kβ = 7.7 × 104 cm2mol-1, respectively. It can be seen from Fig. 5c that 

the fraction of β-phase increases with an increasing content of BCZT NWs and reached 

a maximum value of 84.3% for composite film with 10 wt.%, indicating the positive 

effect of BCZT NWs on the piezoelectric activity. The dielectric properties as a function 

of frequency for the composite films with various BCZT NW contents are shown in Fig. 

5d and Fig. 5e. For all the composite films, the dielectric constant decreases with an 

increase of  frequency, and the dielectric loss initially increases with frequency and then 

begins to decrease at high frequency due to relaxation of the PVDF-TrFE dipole 

polarization [46]. A comparison of dielectric constant and loss at 1 kHz for the 

composite films is presented in Fig. 5f, where the dielectric constant increases with an 

increasing content of nanowire filler, which can be attributed to the large dielectric 

constant of BCZT. As the content of BCZT NWs increases, the dielectric loss increases 

slightly due to the formation of conductive pathway induced by the increasing content 

of BCZT NWs. 



 

Fig. 5 (a) XRD pattern of the composite films. (b) FITR results of the composite films. 

(c) calculated results of β phase fraction in the composite films. (d) dielectric constant. 

(e) dielectric loss. (f) comparison of dielectric constant and loss at 1 kHz.  

Typical ferroelectric hysteresis loops of PVDF-TrFE composite films with 

different loading content of BCZT NWs measured under an electric field of 150 kV/mm 

are shown in Fig. 6a. It can be observed that the shape of hysteresis loops for the 

composite films with various content of BCZT NWs was symmetrical, demonstrating 

a good ferroelectric response and domain switching [47]. As shown in Fig. 6b, the 



remnant polarization (Pr) increases from 2.61 to 9.93 μC cm-2 when the content of 

BCZT NWs increases from 0 to 20 wt.%. Moreover, it can be seen from Fig. 6c that 

the rectangularity (Pr / Ps) increases significantly with the addition of BCZT NWs 

compared with pure PVDF-TrFE film, which can be attributed to the excellent 

ferroelectric properties of the BCZT phase. The coercive field (Ec) decreases from 68.2 

to 48.1 kV mm-1 when the BCZT NW content increases from 0 to 15 wt.%, and 

increases slightly with a further increase in BCZT NW content. It can be concluded that 

the addition of BCZT NWs is beneficial in enhancing the ferroelectric polarization and 

reducing the coercive field of the PVDF-TrFE composite films. In addition, the 

breakdown strength also plays an important role on the properties of ferroelectric 

composites. As shown in Fig. 6d, the breakdown strength of composite is 173.1, 168.2, 

164.7 and 150.1 kV/mm for BCZT NWs contents of 5, 10, 15 and 20 wt.%, respectively. 

It can be observed that the breakdown strength decreases due to the addition of BCZT 

NWs, while it decreases more significantly when the content of nanowires reaches 20 

wt.% compared to the composite film with 15 wt.% BCZT NWs. It can be concluded 

that a high loading content of BCZT NWs leads to the formation of a conductive 

pathway, therefore, the breakdown strength of ferroelectric composites decreases [48]. 

The piezoelectric properties of the composite films are also evaluated, where it can be 

seen from Fig. 6e that the piezoelectric coefficient increases and then begins to decrease 

with an increasing content of BCZT NWs. The maximum piezoelectric coefficient of 

30 pC/N is obtained when the content of BCZT NWs is 15 wt.%. Furthermore, the 

piezoelectric voltage coefficient (g33 = d33/𝜀𝜀33𝑇𝑇 ε0) and the piezoelectric energy harvesting 



figure of merits (FoM33 = 𝑑𝑑332 /𝜀𝜀33𝑇𝑇 ε0) are also shown in Fig. 6f. It can be observed that 

the composite film with 15 wt.% BCZT NWs possesses the highest harvesting FoM33, 

which is 93.4% higher than that of the pure PVDF-TrFE film. Therefore, the composite 

film with 15 wt.% BCZT NWs are more suitable for energy harvesting applications. 

 

Fig. 6 (a) Ferroelectric hysteresis loops. (b) Spontaneous polarization (Ps) and remnant 

polarization (Pr). (c) coercive field and rectangularity. (d) breakdown strength. (e) 

piezoelectric coefficient (d33). (f) piezoelectric voltage coefficient (g33) and 

piezoelectric energy harvesting figure of merit (FOM33).  



PVDF-TrFE composite films with 15 wt.% BCZT NWs were selected to evaluate 

the piezoelectric energy harvesting performance. Gold interdigital electrodes were 

deposited on the both sides of the film by magnetron sputtering, and polyimide (PI) 

films were used to encapsulate the composite film to form a flexible piezoelectric 

nanogenerator. The open circuit voltage of the piezoelectric nanogenerator under a 

range of mechanical loads (30 – 180 kPa) is presented in Fig. 7a and Fig. 7b. It can be 

seen that the output voltage increases from 9.9 to 17 V when the applied pressure 

increases from 30 to 180 kPa. Moreover, the output voltage exhibits almost a linear 

relationship with increasing pressure. As shown in Fig. S3, the short circuit current is 

approximately 0.7 µA for an applied pressure of 180 kPa. The output voltage and power 

as a function of load resistance ranging from 100 kΩ to 1 GΩ are shown in Figure 7c. 

The output voltage increases with increasing load resistance, while the output power 

increases first, and then begins to decrease with increasing load resistance. The 

maximum output power density of 5.6 µW/cm2 was obtained with a load resistance of 

20 MΩ, and corresponds to an impedance matching condition between the piezoelectric 

device and the electrical load. For practical applications in real-life situation, the 

stability and durability of the flexible piezoelectric nanogenerator is important. 

Therefore, a cyclic tapping test was conducted to evaluate the stability and durability 

of the piezoelectric nanogenerator. As shown in Fig. 7d, the output voltage remains 

almost unchanged after 5000 cycles, demonstrating the excellent mechanical stability 

of the material and device. A piezoelectric nanogenerator with BCZT NWs randomly 

distributed in the PVDF-TrFE matrix was fabricated via a facile tape casting method to 



make a comparison with the sample fabricated by a direct ink writing method. It can be 

seen from Fig. S4 that the output voltage could reach 4.4 V under the pressure of 180 

kPa. The voltage generated by the composite film with aligned BCZT NWs could reach 

17 V, which is 2.7 times higher than that of the composite film with randomly 

distributed BCZT NWs. These results confirm the excellent piezoelectric energy 

harvesting performance of PVDF-TrFE composite films with aligned piezoelectric 

nanowires fabricated by direct ink writing. 

 

Fig. 7 (a) Open-circuit voltage generated by the piezoelectric nanogenerator. (b) Output 

voltage as a function of pressure. (c) Output voltage and power with various load 

resistances. (d) Reliability test of the piezoelectric nanogenerator within 5000 cycles. 

Finite element analysis was performed by COMSOL 5.4 software to further 

explore the output performance enhancement of PVDF-TrFE composite film with 



aligned BCZT NWs. The electric field and piezoelectric potential distributions in the 

composite films with aligned and randomly distributed BCZT NWs were simulated 

based on two two-dimensional models. The applied electric field and mechanical load 

was 30 kV/mm and 20 N, respectively. It can be seen from Fig. 8a-b, the maximum 

electric field in the PVDF-TrFE polymer matrix was 9.83×108 V/m and 8.67×108 V/m 

for composite films with the aligned and randomly distributed BCZT NWs, respectively. 

Moreover, the magnitude of the electric field in aligned BCZT NW composite is three 

times higher than that of randomly distributed BCZT NWs, demonstrating that aligned 

BCZT NWs can be polarized to a greater extent compared with randomly distributed 

BCZT NWs. As shown in Fig. 8c-d, the piezoelectric potential of the composite film 

with aligned BCZT NWs is higher than that with randomly distributed BCZT NWs, 

which is due to the higher stress transfer efficiency of the aligned structure [49]. 

Therefore, the excellent output performance of the composite film with aligned BCZT 

NWs can be attributed to the more complete polarization and higher degree of stress 

transfer.  



 

Fig. 8 Electric field distribution of (a) PVDF-TrFE composite film with aligned BCZT 

NWs. (b) PVDF-TrFE composite film with randomly distributed BCZT NWs. 

Piezoelectric potential of (c) PVDF-TrFE composite film with aligned BCZT NWs. (d) 

PVDF-TrFE composite film with randomly distributed BCZT NWs. 

A piezoelectric nanogenerator can harvest mechanical energy from our living 

ambient, for example, harvesting energy from human body movements. Therefore, 

several scenarios have been designed to explore the potential applications of the flexible 

piezoelectric nanogenerator in real-life situations. As shown in Fig. 9a, the piezoelectric 

nanogenerator can generate an output voltage of ~ 3.1 V under human finger pressing. 

It can be seen from Fig. 9b and Fig. 9c that an output voltage of ~ 6.5 V and 7.7 V can 

be generated under impact from a human fist and foot, respectively. Moreover, the 

flexible piezoelectric nanogenerator can be attached to human elbow to produce an 

output voltage of ~ 12.2 V during elbow bending, as shown in Fig. 9d. These results 



demonstrate that the flexible piezoelectric nanogenerator can harvest mechanical 

energy in real life scenarios. 

 

Fig. 9 (a) Output voltage response by light finger pressing. (b) Output voltage response 

by fist beating. (c) Output voltage response by foot stamping. (d) Output voltage 

response elbow bending. 

 

4. Conclusion 

This paper has developed a novel flexible and high performance piezoelectric 

nanogenerator that is based on PVDF-TrFE composite films containing highly aligned 

Ba0.85Ca0.15Ti0.9Zr0.1O3 (BCZT) nanowires and interdigital electrodes. The PVDF-TrFE 

composite films containing aligned BCZT NWs were fabricated via a facile direct ink 

writing method, and gold interdigital electrodes were deposited on the film to fabricate 



a flexible piezoelectric nanogenerator. The effect of BCZT nanowire content on the 

dielectric, ferroelectric and piezoelectric properties was investigated in detail. With an 

increase in BCZT nanowire content, the piezoelectric coefficient initially increases and 

then begins to decrease. A maximum piezoelectric coefficient was achieved in a 15 wt% 

BCZT NWs/PVDF-TrFE composite film, which also possess a high piezoelectric 

energy harvesting figure of merit of 5.3×10-12 m2/N. The piezoelectric energy 

harvesting performance of the flexible piezoelectric nanogenerator with 15 wt.% BCZT 

NWs was also evaluated, where the output voltage generated by the sample could reach 

17 V, which is 2.7 times higher than that of PVDF-TrFE composite film with randomly 

distributed BCZT NWs, with the maximum output power of 5.6 µW/cm2. Multi-physics 

modelling demonstrated that controlling the alignment of BCZT NWs in the polymer 

matrix can increase the effective electric field in composite and nanowires during the 

poling process, leading to a more complete polarization and improved piezoelectric 

properties. Therefore, the piezoelectric energy harvesting performance can be enhanced. 

Moreover, the flexible piezoelectric nanogenerator is demonstrated to have the ability 

to harvest mechanical energy from human body movements in real-life situations. This 

work thereby opens a new path for the fabrication of high performance lead-free 

piezoelectric nanogenerator by controlling the alignment of piezoelectric nanowires in 

the polymer matrix and introducing interdigital electrodes. 
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