
Vol:.(1234567890)

Journal of Electronic Materials (2022) 51:5528–5549
https://doi.org/10.1007/s11664-022-09825-y

1 3

REVIEW ARTICLE

PVDF‑based and its Copolymer‑Based Piezoelectric Composites: 
Preparation Methods and Applications

Xiaofang Zhang1 · Weimin Xia1  · Jingjing Liu2 · Mengjie Zhao1 · Meng Li2 · Junhong Xing3

Received: 13 December 2021 / Accepted: 8 July 2022 / Published online: 24 July 2022 
© The Minerals, Metals & Materials Society 2022

Abstract
Recently, for their advantages of lightweight, easy-shaped, good corrosion resistance, biocompatibility, etc., a series of flex-
ible poly (vinylidene fluoride)-based (PVDF-based) piezoelectric composites have been proposed for use in self-powered 
electronic devices, such as piezoelectric nanogenerators, sensors, wearable electronic units, etc. In this review, we classify 
the polymer-based piezoelectric composites, combine their preparation method, filler type, structure, and performance, etc., 
and explain in detail the effects of different preparation methods and filler types on the piezoelectric properties of the com-
posites. Then, the influence of composition, structure, and forming method on the piezoelectric and energy-transforming 
performances are investigated. Finally, the development trends of these PVDF-based piezoelectric composites are prospected. 
This review may provide a reference for the academic and application of the polymer-based piezoelectric composites in 
energy transfer-related  and harvesting-related areas.
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Introduction

The increasing demands of environmental protection, low 
energy consumption, portable, and miniature self-powered 
electronic equipment require transducers, sensors, and 
energy-harvesting devices possessing not only the advan-
tages of high electromechanical transferring performance 
but also the merits of flexibility, light weight, and easy-shap-
ing.1 As a typical flexible piezoelectric material, polymers 
show the characters of good chemical stability, high dielec-
tric permittivity (εr), and high breakdown voltage (Eb). How-
ever, compared with inorganic ceramics or single crystals, 
piezoelectric polymers often exhibit a relatively low piezo-
electric coefficient which limits the polarization mechanism 

of molecular dipoles.2,3 Thus, in recent decades, to solve 
this problem and allow the piezoelectric materials to retain 
their flexible character, many progressive inorganic/polymer 
piezoelectric composites, consisting of polymer and filler 
(ceramics or single crystals) phases have been proposed, 
in which inorganic fillers are often carbon-based materials, 
metal oxides, and metal particles, and the polymer matrix is 
mainly comprised of polyvinylidene fluoride (PVDF)-based 
polymers.4

PVDF, as a semi-crystal polymer, is commonly crystal-
lized into four states, the α-phase, β-phase, γ-phase, and 
δ-phase, among which the β-phase PVDF with a polar crys-
tal structure shows a high piezoelectric property.5–7 Thus, 
when using PVDF as the polymer matrix, the key to improv-
ing the piezoelectric property of PVDF is to increase the 
content of the β-phase. Moreover, compared with PVDF, 
polyvinylidene fluoride-hexafluoropropylene (P(VDF-
HFP)) has a relatively high piezoelectric response, a spe-
cific relationship of two piezoelectric coefficients, d31 and 
d33 (|d31/d33|> 1), a proper electromechanical coupling coef-
ficient (k31 = 0.187), and a high Young’s modulus.8,9 The 
addition of HFP components in the P(VDF-HFP) copolymer 
greatly improves the mechanical flexibility of the materi-
als.10 For example, the traditional PVDF film has an elas-
tic modulus of about 2200–2600 MPa, thus it only has an 
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inverse piezoelectric coefficient of about 25 pm/V, while 
the elastic modulus of the copolymer P(VDF-HFP) film is 
360~440 MPa, and its inverse piezoelectric coefficient is 
much higher than that of PVDF.11 Therefore, by combining 
P(VDF-HFP) with different functional fillers, it can not only 
enhance the piezoelectric properties of materials but also 
improve the mechanical flexibility of the materials, facilitat-
ing the preparation of flexible electronic devices.

In addition, binary copolymer polyvinylidene fluoride-
trifluoroethylene (P(VDF-TrFE)) were prepared in 1979 by 
introducing the trifluoroethylene (TrFE) monomer into the 
VDF chain segment. P(VDF-TrFE) introduces a number 
of F atoms, whose atomic radius of van der Waals force 
is greater than that of H atoms. As such, when the content 
of TrFE exceeds a certain amount, -CHF-CF2- and -CH2-
CF2-, the rotation barrier between block polymer TGTG,' is 
formed within the molecular chain structure, which is ben-
eficial for the β-crystal phase.12,13 Therefore, P(VDF-TrFE) 
with proper TrFE contents (20–50 mol%) possesses a higher 
content of the β-crystal that that of PVDF regardless of 
stretching.14 Based on this characteristic, P(VDF-TrFE) has 
attracted considerable attention, and its application scope is 
increasingly being expanded. Nevertheless, as a polymer, 
P(VDF-TrFE) has a limited d33 of about –30 pC/N, which is 
far smaller than that of piezoelectric ceramics.15

Recently, electrical energy-harvesting systems, including 
flexible self-powered electronic devices using piezoelectric 

polymers and polymer-based composites as raw materi-
als, have been paid increasing attention, and most of them 
have been applied in our daily life. We have summarized 
the recent progress of PVDF-based and its copolymer-
based self-powered electronics as illustrated in Fig. 1, which 
include relevant energy-harvesting applications in different 
fields.16–20 For example, based on the advantages of good 
flexibility, light weight, and easy processing of PVDF and 
its copolymers, fabricated self-powered electrical equip-
ment can act on any irregular object,  and be used to sense 
various forms of external forces,21 such as human motion, 
wind energy, vehicle movement, etc. In addition, these poly-
mers can be used to make wearable electronics or clothing, 
and are even expected to be used in aerospace and sports in 
the future. Therefore, optimizing self-powered electronics 
based on PVDF and its copolymers for higher sensitivity 
and greater output power, thus laying the foundation for a 
variety of applications such as wearable devices, implant 
fields, industrial environments, etc., is an ongoing goal for 
researchers.

To compound the inorganic fillers into polymer matrix, it 
is still necessary to consider the effects of different prepara-
tion processes on the defects and losses of materials, as well 
as the orientation effect of processing methods on the filler. 
A reliable preparation method can improve the compatibil-
ity between the polymer matrix and the filler, reduce the 
interface defects, and thus achieve the purpose of effectively 

Fig. 1  (a) Scheme of energy harvesting performance in distinct meth-
ods. (Adapted with permission from Ref. 16, copyright Elsevier). (b) 
Schematic of a piezoelectric nanogenerator (PENG) application for 
space energy harvesting. (Adapted with permission from Ref. 17, 
copyright Elsevier). (c) Schematic and photographic images of the 
corresponding vehicles passing on a Ag/BTO-PNG device. (Adapted 

with permission from Ref. 18, copyright Elsevier). (d) A wireless 
system presenting the function of locating the ball. (Adapted with 
permission from Ref. 19, copyright Elsevier). (e) Schematic of a 
multi-functional sensor and its potential applications. (Adapted with 
permission from Ref. 20, copyright Elsevier).
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enhancing the piezoelectric properties of polymer-based 
composites. In this review, we will provide the different 
types of filler doping and different preparation methods for 
the preparation of PVDF, P(VDF-HFP), P(VDF-TrFE), and 
other PVDF copolymer-based piezoelectric composites. 
Then, the use of different preparation methods of polymer-
based piezoelectric composite materials is presented,  and 
the prospects of applications in the future will be discussed. 
This work is expected to provide a help and guidance for 
further research on PVDF-based piezoelectric composites.

Fabrication Methods of Polymer‑Based 
Piezoelectric Composites

Although the piezoelectric properties of the PVDF-based 
composites can be improved by the addition of highly polar 
inorganic fillers, the influencing mechanisms are not very 
clear. Moreover, the piezoelectric properties of the materi-
als are closely related to the preparation method, which is 
used to design the structure of these composites. The main 
preparation methods of these polymer-based piezoelectric 
composites include electrospinning, solution-casting, spin-
coating, hot-pressing, tape casting, etc.

Electrospinning

Electrospinning is a special fiber manufacturing mothed, 
referring to a process of a polymer solution forming 
nanoscale fibers under the action of a high-voltage elec-
trostatic field.22,23 Under  a high voltage, the spinning 
liquid droplets or melt will be changed from spherical to 
cone-shaped (that is, a “Taylor cone”), and a continuous 
increase of the electric field force will charge the droplets 
and eventually form a cone. Then, the cone indicates the 
surface tension of the jet and continues to be stretched, 
refined, and solidified through solvent evaporation. Finally, 
a non-woven fabric falls on the receiver. Electrospinning 
has many advantages, such as simple electrospinning equip-
ment, ease of operating, controllable spinning process, and 
relatively low cost. Moreover, electrospinning is performed 
in an electric field environment, and this process combines 
mechanical stretching and electrical polarization,24 which is 
conducive to the formation of β-phase PVDF.25 Therefore, 
the PVDF-based composite film prepared by electrospin-
ning can be directly treated as a piezoelectric film.26 3D 
multilayer nanofiber mats (NFMs) have been designed and 
prepared using both electrospinning and electrospraying, in 
which piezoelectric PVDF nanofibers are the piezoelectric 
layer, PPy/PVDF nanofibers the upper and lower electrode 
layers, and  CsPbBr3@PVDF bead particles the piezoelec-
tric layer,27 as illustrated in Fig. 2. Compared with that of 
piezoelectric nanogenerators (PENGs) based on ordinary 

three-layer PVDF nanofibers (piezoelectric PVDF nanofiber 
and ppy/PVDF nanofiber), the piezoelectric output voltage 
of 3D multilayer NFMs increased from 6.79 V to 10.3 V, and 
the current density was enhanced from 0.88 μA/cm2 to 1.29 
μA/cm2. It is believed that the introduction of  CsPbBr3@
PVDF microbeads into NFMs can effectively transfer the 
applied stress and promote the stress excitation of piezoelec-
tric nanogeneratorpiezoelectric layer, and thus improve the 
output performance.28 However, there are some problems in 
the process of preparing piezoelectric films by electrospin-
ning, as the internal fibers of polymer-based piezoelectric 
composites prepared by electrospinning may have a chaotic 
arrangement, which will produce mutually canceling effects, 
so that the overall piezoelectric properties of the film will 
be reduced.

Spin‑Coating

Spin-coating is the preferred method for obtaining thin and 
uniform films on flat substrates.29–32 Filler/polymer mixed 
solution droplets are spun on a horizontal rotary table rotat-
ing at a certain rotation speed, resulting in the projecting and 
evaporation of the solution, forming solid films. Compared 
with the preparation of composite membranes by a variety 
of methods, spin-coating has many advantages, such as pre-
cision control of the thin film thickness, energy saving, low 
pollution, with no stretching or hot polarization during the 
post-processing step.33 In the process of spin-coating, the 
composite film is sheared, equivalent to the role of mechani-
cal drawing. Moreover, it undertakes orientations that induce 
polymer molecular chains, promotes the formation of the 
β-phase, and improves the piezoelectric properties. There-
fore, spin-coating has a broad application prospect in micro-
electronics technology, nanophotonics, biology, medicine, 
and other fields. A strategy of preparing different compos-
ite layers to achieve synergistic effects has been reported. 
Figure 3 shows a double-layer (DL) PVDF-based nano-
composite, preparing by spin-coating, which is composed 
of a layer of barium titanate  (BaTiO3) nanoparticles (NPs), 
forming a BT NPs)/PVDF layer, and a pure PVDF layer.34 
As a comparison, pure PVDF monolayer (SL) films of a  
similar thickness and content were also prepared. The results 
show that the piezoelectric output of the PENGs made of DL 
nanocomposite film is greater than that of the piezoelectric 
output of the PENGs made of SL nanocomposite film. When 
the BT NPs content was 20  vol%, the DL film exhibited an 
excellent comprehensive performance of an output voltage 
of 6.7 V and an output current of 2.4 A, and showed good 
ductility and output stability. However, some parameters 
in the spinning process will affect the performance of the 
composite film and, therefore, it is necessary for the film 
preparation to be continuously optimized.35
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Fig. 2  (a) Schematic of 3D multilayer NFMs constructed by PPy/
PVDF NFMs (Layer I),  CsPbBr3@PVDF beads (Layer II) and neat 
PVDF NFMs (Layer III), respectively. (b) Cross-section scnning 
electron microscope image of 3D multilayer NFMs. (c, d) Simulation 

piezoelectric responses of (c) the three-layer NFMs and (d) 3D mul-
tilayer NFMs at an applied pressure of 6 kPa. (Adapted with permis-
sion from Ref. 27, copyright Elsevier).

Fig. 3  Schematic of the solution spin-coating process of the double-layered BT/PVDF nanocomposite films. (Adapted with permission from 
Ref. 34, copyright Elsevier).
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Solution‑Casting

Solution-casting, as a preparation method of filler/polymer 
composites, selects a polymer and a filler according to cer-
tain proportions and joins a specific percentage of solvent 
in the filler/polymer mixed solution.36–38 By making a dis-
solved mixture at a certain temperature, a dispersed filler/
polymer mixed solution is obtained and placed in a vacuum 
drying oven. After the solvent has completely evaporated, 
a composite film is obtained from the casting solution on a 
clean substrate. Compared with other methods, the prepara-
tion process is simpler and more convenient. Therefore, the 
preparation of filler/polymer composites by solution-casting 
has been commonly applied. For example, Wegener et al. 
prepared a composite film of lead zirconate titanate (PZT) 
and P(VDF-HFP) with a thickness of 100 μm by solution-
casting.39 Within the 0–3 composites, the ceramic volume 
fraction was varied between 0.19 and 0.65, which yielded 
films with different structural and dielectric properties. 
These influenced the piezoelectric properties of the com-
posite films found after electric poling, which was performed 
at room temperature. The polarization experiments under 
corona discharge and direct contact show that the polariza-
tion of ceramic particles is the main source of piezoelectric 
activity in the direction of ceramic film thickness, and the 
maximum d33 is 11 pC/N (actually d33 should be a negative 
value). Although the process of solution-casting is simple 
and easy to operate, and the requirements for experimen-
tal equipment are not very high, the thickness of the film 
prepared by this method is not easy to control, resulting 
in a poor thickness uniformity of the film. Therefore, it is 
only suitable for products with low requirements for film 
thickness. In addition, most of PVDF-based films pro-
duced by solution-casting are of the α-PVDF crystal type, 
which has little piezoelectric property. In order to improve 
the piezoelectric properties, the prepared film needs to be 
further treated, such as high-electric field polarization,40 
stretching,41 etc., to make it have a larger β-crystal phase 
proportion.

Hot‑Pressing

In the process of hot-pressing, a certain amount of filler and 
polymer is first prepared, with the functional filler evenly 
dispersed in the polymer matrix by solution- or melt-blend-
ing. After heating the compounds to reach the melting point 
of the polymer, it is hot-pressed into a designed shape, and 
the piezoelectric composite is obtained after slow cooling. 
Many researchers have adopted hot-pressing to prepare com-
posite materials, due to its advantages, such as not need-
ing to prepare slurry and its relatively simple process.42–44 
PZT/PVDF composite materials by hot- and cold-pressing 
were prepared, and the influence of different preparation 

processes on the structure and electrical properties of PZT/
PVDF piezoelectric composite materials were investigated.45 
It was found that the PZT/PVDF composite prepared by hot-
pressing has better electrical performance than that prepared 
by cold-pressing, and that the PZT/PVDF composite pre-
pared by hot-pressing is compact, and has the characters of 
a high dielectric constant and low dielectric loss. The main 
reason is that the preparation process of hot-pressing can 
significantly reduce interface defects between the ceramic 
and polymer phases and depress the porosity of the com-
posites. Recently, a textured flexible piezoelectric compos-
ite with excellent service characteristics of polar nanorods 
was developed by hot-pressing.46 In order to obtain the best 
energy-harvesting performance in the cantilever mode, ori-
ented  BaTi2O5 nanorods (BT2) were arranged horizontally 
in the polymer matrix, so that they could adapt to the stress 
orientation and undergo sufficient deformation. As a result, 
under the guidance of design theory of molten salt synthesis 
with single-axle strong polarity of BT2 as the filler, PVDF as 
the matrix, and by the hot-pressing orientation process with 
BT2 in the polymer matrix orientation, energy-harvesting 
BT2/PVDF piezoelectric composites were constructed with 
a high transfer coefficient, as shown in Fig. 4. It wasfound 
that the cantilever-type flexible piezoelectric energy scaven-
ger exhibited a high energy density of 27.4 μW/cm3 under 
severe vibration conditions (10 g acceleration). More impor-
tantly, after a long period of vibration cycles (~ 330,000), 
the flexible piezoelectric energy scavenger could maintain 
its power generation characteristics without deterioration.

Although the hot-pressing is widely used for its many 
advantages, it is still difficult to control the distribution of 
the filler phase in the powder mixing process, so that the 
filler phase is seriously agglomerated. Thus, the interface 
between the filler phase and the polymer phase is poor, and 
the high porosity of the composite material has negative 
influences on its piezoelectric property. In addition, the elec-
trical properties of the piezoelectric composites prepared by 
hot-pressing are affected by the temperature and pressure 
during the preparation process. When the hot-pressing tem-
perature is too high, defects inside the materials will occur 
and the samples are not easy to be polarized, which reduces 
the piezoelectric properties of the piezoelectric compos-
ites,47 and thus the thermal pressure and temperature should 
be strictly controlled.

Other Preparation Methods

In addition to the main preparation methods mentioned 
above, there are many other preparation methods for differ-
ent purposes, such as cold-pressing,48 in situ polymerization, 
blade-casting,49,50 tape-calendaring,51,52 low-temperature 
hydrothermal,53 melt-blending,54 solvent evaporation,55 
double-helix melting spinning, and so on.56 A composite 
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with enhanced hydrophilicity was prepared by adding 
 TiO2 or  SiO2 nanoparticles during the in situ polymeriza-
tion of methyl methacrylate (MMA) in PVDF.57 The in situ 
polymerization method could evenly disperse  TiO2 and  SiO2 
into a PVDF matrix and provide strong interface effects in 
 TiO2/poly(methyl methacrylate) (PMMA)/PVDF and  SiO2/
PMMA/PVDF samples. The results showed that the  TiO2/
PMMA/PVDF composites with  TiO2 content (0~5 wt%), 
and PVDF matrix in the β-phase content increased from 19 
to 43%, and exhibited enhanced piezoelectric performance. 
Moreover, in the  SiO2/PMMA/PVDF composites with  SiO2 
content (0~5 wt%), the β-phase content shoiwed almost no 
change even with the addition of  SiO2, and, therefore, the 
piezoelectric performance of this composite did not improve. 
Zhou et al. proposed a PENG based on BT NPs, P(VDF-
TrFE), and a silver flake-based electrode by using an all-3D 
printable process suited for additive manufacturing.58 The 
introduction of PENGs can make any design of rapid proto-
typing in the shape of complex three-dimensional structures, 
which have low cost and high efficiency. Also, the process 
can eliminate cutting and subsequent steps, such as mound 
manufacturing. Figure 5 shows the printing and polarization 

process of this piezoelectric device. Because the PENG has 
excellent tensile properties, the maximum open-circuit volt-
age  (Voc) was 6 V and short-circuit current iwass 2 μA/cm2, 
and it can withstand large strains up to 300%.

In order to explore a new preparation method for pre-
paring high-performance composites, researchers have 
tried combing two or more methods to prepare composite 
materials. For example, Guan et al. used polydopamine 
(Pdop)-modified BT NPs (Pdop-BT) and P(VDF-TrFE) to 
prepare Pdop-BT/P(VDF-TrFE) composite films by using 
the ultrasonic process and electrospinning to fix Pdop-BT 
on the surface of P(VDF-TrFE) nanofibers.59 Figure 6 shows 
the preparation process of a P(VDF-TrFE) fiber network. 
Pdop-BT nanoparticles were fixed on the P(VDF-TrFE) fiber 
network. The process of ultrasonic stirring will produce 
the bursting of bubbles and shock waves with a microjet, 
and the Pdop-BT nanoparticles distribute to the nanometer 
fiber membrane surface at a very fast speed, where the two 
interfaces collide, softening the polymer nanofibers, and 
the nanoparticles attach to the surface of the nanofibers. 
This preparation method can not only effectively avoid the 
agglomeration of nanofillers in the polymer matrix but also 

Fig. 4  (a) Schematic of the hot-pressing process for building a tex-
tured BT2/PVDF composite. (b) Schematic of cantilever beam vibra-
tion and force analysis results. (c) Spatial distribution of the stress 

along the load direction of a single BT2 nanorod.(Adapted with per-
mission from Ref. 46, copyright Elsevier).



5534 X. Zhang et al.

1 3

enhance the interface density of nanocomposites, and thus 
the output performance is significantly improved. Com-
pared with PENG-based pure electrospun P(VDF-TrFE) and 
BT/P(VDF-TrFE), the piezoelectric performance of PENGs 
prepared by Pdop-BT/P(VDF-TrFE) nanocomposite mats 
is significantly improved. In addition, the output voltage 
and current of Pdop-BT/P(VDF-TrFE)-based PENGs can 
reach ~ 6 V and ~ 1.5 μA, which are 4.8 times and 2.5 times, 
respectively, those of PENG-based pure P(VDF-TrFE). Sim-
ilarly, Zhang et al. prepared PVDF/PZT piezoelectric films 
by extrusion-casting and solvent-casting, and investigated 

the mechanical, dielectric, ferroelectric, and piezoelectric 
properties, as well as the breakdown strength of the PVDF/
PZT films.60

As discussed above, the piezoelectric properties of poly-
mer-based piezoelectric composites are closely related to the 
preparation method. When the functional filler is combined 
with the polymer matrix, different preparation methods have 
different effects on the piezoelectric properties of the com-
posites. For PVDF, electrospinning is preferred, because 
the electrospinning of PVDF nanofiber composite materi-
als is usually better than solution-casting or cold-pressing. 

Fig. 5  Schematic of the fabrication process of a 3D-printed PENG.58

Fig. 6  Schematic of the preparation of Pdop-BT/P(VDF-TrFE) nano-
composites. (a) Schematic of the electrospinning process. (b) Digital 
image of the as-electrospun mat (inset 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) Digital image of Pdop-BT/P(VDF-
TrFE) nanocomposite. (g) Schematic of Pdop-BT nanoparticles-
anchored P(VDF-TrFE) fibrous network. (Adapted with permission 
from Ref. 59, copyright Elsevier).
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Moreover, the electrospinning is carried out for the polari-
zation and stretching of composite nanofibers, and revokes 
the redundant steps of secondary polarization. Therefore, 
electrospinning has become a preferred method to develop 
the electroactivity of PVDF-based piezoelectric composites.

Furthermore, for P(VDF-TrFE)-based piezoelectric com-
posite materials, the TrFE introduction in P(VDF-TrFE) will 
hinder the free rotation and arrangement of VDF chains, and 
makes part of the VDF molecular chain arrangement change 
into a trans-structure, which is conducive to the formation 
of the β-phase Therefore, P(VDF-TrFE) films with suitable 
TrFE content favors a high β-crystal content; that is, the 
stretching step such as in electrospinning is not required. 
Meanwhile, among the various preparation methods of 
P(VDF-TrFE)-based piezoelectric composites, e solution-
casting is the most selected.

Functional Fillers

Ferroelectric Ceramics

Piezoelectric ceramics, such as PZT,61 BT, and potassium 
sodium niobate (KNN),62,63 have the advantages of excellent 
piezoelectric properties, low dielectric loss, high electrome-
chanical coupling coefficients, and high dielectric constants. 
According to the effective medium theory,64 the introduction 
of ceramic fillers with high dielectric constants and large d33 
into the polymer matrix is beneficial for improving the elec-
trical properties of the composites.65–68 Ponraj et al. prepared 
KNN/PVDF composites by embedding PVDF with KNN 
powders of different grain sizes (nano-sized and micron-
sized) using hot-pressing.69 They found that, when the nano-
sized and micron-sized KNN fillers exceed 10 vol% in the 
PVDF, the added KNN filler can promote the formation of 
the polar β-phase, and especially when the nano-sized KNN 
is added. As such, PVDF-based composites with 70 vol% 
KNN (micron grain size) has a higher d33 of 35 pC/N. An 
et al. prepared P(VDF-TrFE)-based composite nanofibers 
embedded with barium strontium titanate  (BaSrTiO3) nano-
particles by electrospinning, and further prepared PENGs 
for water wave energy harvesting.70 The sustainability of 
the PENG was improved by the addition of the  BaSrTiO3 
nanoparticles in the P(VDF-TrFE) nanofibers by enhanc-
ing their ferroelectric properties. Compared with previously 
reported PENGs, these samples show a superior durability 
in terms of mechanical properties and cyclability. A high 
output voltage of 8~12 V was obtained at a pressure of 
10 kPa lower than finger pressure. Singh et al. used sodium 
metaniobate  (NaNbO3), graphene oxide (RGO), and PVDF 
to synthesizing  flexible  NaNbO3/RGO/PVDF nanocompos-
ite films by solution-casting and explored its application in 
nanogenerators.71 It was found that the output voltage of 

nanogenerator-based  NaNbO3/RGO/PVDF nanocompos-
ite films is ~ 2.16 V, and the short-circuit current reachesd 
0.383 mA. In this composite,  NaNbO3 nanorods contrib-
ute to the arrangement of electric dipoles in the PVDF, and 
improve the overall piezoelectric properties of the composite 
film due to their inherent piezoelectric properties. Simul-
taneously, the presence of RGO helps to move the charge 
generated inside the film, and further allows PVDF dipole 
alignment, which favors an enhanced piezoelectric response.

In addition to PVDF, composites comprised of ceramics 
and P(VDF-TrFE), P(VDF-HFP), and P(VDF-CTFE) have 
been commonly investigated. The research on the composite 
materials based on these copolymers has mainly focused 
on their dielectric and energy storage properties rather than 
on their piezoelectric properties. Kang et al. prepared a 
0–3 PZT/P(VDF-TFE) piezoelectric composite film with 
a weight ratio of 85/15 by using a hot-rolling mill and 
corona discharge, and, following that, developed an acous-
tic emission sensor based on the piezoelectric composite 
film.72 The d33 of PZT/P(VDF-TFE) was 34.0 pC/N, and 
the static piezoelectric strain constant (dh) was 18.1, which 
exhibited a fast response and a high sensitivity, and so can 
be used in acoustic emission sensors. Choi et al. prepared 
PZT/P(VDF-CTFE) composites by hot-pressing,73 and 
found that, although the volume fraction of ceramics added 
in previous studies was similar, the values obtained were 
much higher than those in the other studies, as shown in 
Table I. Especially, when the volume fraction was 70 vol%, 
the d33 of the piezoelectric composite reached its maximum 
value of 93 pC/N.

Metal Oxides

Because metal oxides have a large specific surface area, it is 
easy to produce interface polarization with a polymer. Metal 
oxide-doped polymer matrix composites have achieved 
improvedg piezoelectric properties. The main reason is that 

Table I  Ceramic volume fraction, permittivity, and piezoelectric 
properties of piezoelectric ceramic-polymer  composites73

g33 and d33 × g33 stand for the piezoelectric voltage constant and fig-
ure-of-merit, respectively

Material Volume 
(vol%)

Permittivity εr d33 (pC/N) d33 × g33 
 (pm2/N)

PZT-P(VDF-CTFE) 50 80 53 3.98
60 118 87 7.27
70 149 92 6.44

PZT-polyester resin 65 88 29 1.08
PZT-PVDF 65 45 33 2.73
PZT-P(VDF-HFP) 48 62.6 11.3 0.23
PMN-PT-P(VDF-

TrFE)
40 37.3 31 2.91
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metal oxides can serve as β-phase crystallization of a poly-
mer matrix or as a nucleating agent, and promote the forma-
tion of the β-phase. The commonly used metal oxides are 
ZnO,  TiO2, etc. Among them, ZnO is a direct band gap II–VI 
semiconductor, which has the advantages of high-tempera-
ture and high-pressure resistance, abundant sources of low 
noise materials, and low price. As a typical piezoelectric 
material with an asymmetric crystal structure, ZnO has a 
strong spontaneous polarization,74 and the films made from 
it also have good piezoelectric properties.75–79 Phooplub 
et al. prepared ZnO/P(VDF-HFP) composites by combin-
ing the polymer P(VDF-HFP) with different forms of ZnO, 
i.e., nanoparticles (NPs), nanorods (NRs), and microrods 
(MRs), using solution-casting.80 Table II summarizes the 
material properties of ZnO NPs, ZnO NRs, and ZnO MRs 
with different additions. Compared with ZnO NPs, poly-
mer matrix composite films containing ZnO NRs and ZnO 
MRs have a higher crystalline phase and a higher elastic 
modulus. For ZnO NPs and ZnO NRs, when the addition of 
ZnO is 2 wt%, the electroactive phase of the polymer matrix 
film is significantly enhanced. When the cantilever vibration 
is 32 Hz, the composite doped with 2 wt% ZnO NRs has 
the best open-circuit voltage output and energy-harvesting 
performance, and can harvest mechanical energy at a lower 
vibration level. Karumuthil et al. prepared a P(VDF-TrFE) 
ZnO NPs and exfoliated graphene oxide (edcx) composite by 
solution-casting used it as the friction piezoelectric layer of 
an energy-harvesting device,81 and they found that the maxi-
mum output voltage and current of the prepared device were 
2.27 V and 9 nA, respectively, using the finger-tapping test.

Carbon‑Based Materials

Recently, for their specific electronic transport and surface 
structure characters, carbon-based materials RGO, graphene 
oxide (GO), carbon nanofibers (CNFs), carbon nanotubes 

(CNTs), graphene (Gr), carbon black (CB), etc., have shown 
great application value in improving the piezoelectric prop-
erties of PVDF-based piezoelectric composites. RGO, 
CNTs, and CB are typical low-dimensional carbon-based 
materials, and the sp2 hybridization of the carbon atoms that 
make up Gr gives it the high carrier mobility and conduc-
tivity. In the preparation process of Gr, a large number of 
defects and groups are introduced, which destroys the com-
plete lattice structure of the Gr, leading to the redistribution 
of electronsr, and making many positive and negative charge 
centers gather to form dipoles and polarization enhancement. 
In this material, the large specific surface area is more con-
ducive to the construction of conductive networks and can 
reduce the internal resistance, which is conducive to PENGs, 
and soobtain a better piezoelectric output performance. RGO 
has abundant defects and groups as polarization centers,82 
which increases the polarization. CB has a very large surface 
aream and can promote β-nucleation during the preparation 
of polymer matrix composites. Moreover, some other car-
bon-based materials have been selected as fillers.83–86

Anand et al. prepared PVDF, RGO/PVDF,  Bi2Al4O9/
PVDF, and  Bi2Al4O9/RGO/PVDF nanocomposites by 
solution-casting, and investigated the effects of  Bi2Al4O9 
nanorods and RGO nanosheets on the piezoelectric prop-
erties of the composites.87 X-ray diffraction (XRD) and 
Fourier-transform infrared (FTIR) spectrocopy showed that 
the β-phase content of PVDF increases from 53 to 76% with 
the addition of these nanofillers, as shown in Fig. 7. Through 
the working mechanisms of different composites, it has been 
found that the increase in piezoelectric properties is mainly 
attributed to the surface charge of  Bi2Al4O9, which has a 
good interaction with the  CH2- and  CF2- dipoles of PVDF. 
In addition, the RGO nanosheets provide a conductive path 
for more charge to move to the electrode surface. When the 
applied electric field is 165 kV/cm, the residual polariza-
tion of the  Bi2Al4O9/RGO/PVDF nanocomposite reaches 
0.0189 mC/cm2, and the output voltage and current of the 
piezoelectric nanogenerator prepared by a  Bi2Al4O9/RGO/
PVDF nanocomposite are 5.92 V and 0.76 mA, respectively.

Kumar et al. prepared CNFs/PVDF composite nanofib-
ers by electrospinning.88 The synergistic effect of CNFs and 
subsequent electrical polarization steps could improve the 
piezoelectric properties of composite nanofibers by more 
than 5 times. Compared with other composite nanofibers, 
the CNFs/PVDF sample with 0.5 wt% CNFs exhibited a 
maximum voltage of 5.80 ± 0.17 V and a short-circuit cur-
rent of 1.2 ± 0.1 μA,. Moreover, the carbon-based material 
CB has a very large surface area and plays a role in pro-
moting β-nucleation in the preparation of P(VDF-HFP)--
based composites,89 it can significantly increase the β-phase 
content of P(VDF-HFP) and thus improve the piezoelectric 
properties of P(VDF-HFP). Hu et al. added two kinds of 
CB#300 and CB#3350 into P(VDF-HFP) by double-helical 

Table II  Properties of P(VDF-HFP) composites doped with different 
shapes and concentrations of ZnO.80

ZnO Concen-
tration 
(wt%)

Crystallinity 
(%)

Electro-
activity

Elasticity (GPa)

– 0 46.21 0.34 1.89 ± 0.30
NPs 1 46.21 0.47 2.66 ± 0.60

2 46.38 0.54 2.68 ± 0.67
3 46.02 0.49 1.80 ± 0.25

NRs 1 46.09 0.49 3.24 ± 0.36
2 46.26 0.51 3.36 ± 0.39
3 46.23 0.49 2.57 ± 0.33

MRs 1 47.58 0.48 3.16 ± 0.32
2 47.98 0.43 4.43 ± 0.70
3 48.04 0.39 3.42 ± 0.41
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melt-blending to improve its piezoelectric properties.90 They 
found that the piezoelectric values of the composite film 
containing 0.5 wt% CB#3350 were 204%, 464%(AC), and 
561%(DC), and the samples containing 0.5 wt% CB#300 
were 211%, 475%(AC), and 624%(DC) higher than those of 
pure P(VDF-HFP) film.

Metal Particles

Metal particles are also one of the functional fillers com-
monly used to enhance the piezoelectric properties of 
PVDF-based composites, where the doped particles are 
commonly Cu, Li, Fe, Pt, and Ag.91,92 This is because 
the metal particles in the polymer matrix can be used as a 
β-build nuclear agent, which is helpful in raising the content 
of the electro-active phase. Jin et al. prepared ZnO/PVDF 
composites doped with Co, Na, Ag, and Li by spin-coating, 
and investigated their output voltages.93 Under the same 
experimental conditions, Li-ZnO/PVDF devices produce 
peak voltage of the maximum 3.43 V, about 9 times of pure 
ZnO device, 1.2 times of Co-ZnO, 4.9 times of Na-ZnO, 
and 5.4 times of Ag-ZnO, respectively. In addition, the 
composite with doping ratio of 5 wt% shows a maximum 
output voltage. Moreover, by using an in-situ generation 
to Ghosh et al. compounds Pt nanoparticles and P(VDF-
HFP) and prepares a nanocomposite film.94 After that a 
new type of efficient ferroelectric nanogenerator (FTNG) 
based on the composite film was designed, which exhibited 
a good piezoelectric energy harvesting capability and a large 

piezoelectric charge coefficient of -698 pC/N was obtained. 
They also found, under the compression normal stress of 
4 MPa, FTNG has an open-circuit output voltage of about 
18 V, a short-circuit current of 17.7 mA, and a high energy 
conversion efficiency (0.2%), respectively. In addition, Chen 
et al. prepared P(VDF-TrFE) based composites by vacuum 
solvent evaporation using Ag NPs and silver nanowires (Ag 
NWs) nanoparticles with different morphology as nanofill-
ers.95 It indicates that a decreasing of diameter of Ag NWs 
or an increasing of concentration of Ag NWs will improve 
the piezoelectric properties, leading to a high piezoelectric 
response by more than 3 times than that of pure P(VDF-
TrFE) film.

Other Fillers

In additon to the piezoelectric ceramics, carbon-based mate-
rials, and metal particles as functional fillers listed above, 
many other fillers, including cellulose nanocrystalline 
(CNC),96 clay mineral sepiolite,97 nano-clay (silicate alu-
minate),98 nickel ferrite  (NiFe2O4),99 hydrated metal salts,100 
the rare earth element, Ce,101 boron nitriding nanotubes 
(BNNTs), and two-dimensional materials of MXene can 
usually be used to fabricate the piezoelectric properties of 
polymer-based piezoelectric composites.17 The mechanism 
is that the addition of these filler particles can induce the 
formation of β-phase crystals in the composite film, which 
is similar to other fillers. Taking Mxene as an example, Kim 
et al. demonstrated self-powered piezoelectric eskins with 

Fig. 7  (a) XRD pattern and (b) FTIR of PVDF, PVDF/RGO, PVDF/
Bi2Al4O9, and PVDF/Bi2Al4O9/RGO nanocomposite films. (c) Out-
put voltage and (d) output power density of the nanocomposite films 
as a function of different load resistance (range 0~20 MΩ). (e) Work-

ing mechanism of PVDF, PVDF/RGO, PVDF/Bi2Al4O9, and PVDF/
Bi2Al4O9/RGO nanocomposite films. (Adapted with permission from 
Ref. 87, copyright Elsevier).
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a high sensitivity and broad sensing range based on 3D 
porous structures of MXene  (Ti3C2Tx)/PVDF.102 MXene 
 (Ti3C2Tx) has abundant surface functional groups, includ-
ing oxide (= O), hydroxyl (-OH), and fluorine (-F). These 
can induce intermolecular hydrogen bonding with the  CH2 
groups of PVDF, which would result in the intercalation and 
confinement of PVDF between MXene nanosheets and the 
crystallization of polar β-phase PVDF (Fig. 8a). The forma-
tion of crystalline phases of PVDF was verified by XRD, 
FTIR, and x-ray photoelectron spectroscopy (XPS) analyses 
(Fig. 8b–d). These figures indicate that the interaction of the 
surface functional groups of MXene with the  CH2 groups of 
PVDF promotes the formation of the β phase.

Therefore, when the functional filler is a composite 
with the polymer matrix, different polymer and functional 
fillers have different effects on the piezoelectric proper-
ties of the composites. For pure PVDF matrix, the dop-
ing effect of piezoelectric ceramic fillers is significient, 
since the piezoelectric property of traditional piezoelectric 
ceramic is larger than that of other fillers. However, no 
matter which filler is selected, the added amount should 
not be too large, so as not to exceed the compatibility value 
between the matrix and the filler interface, because defects 
will be introduced into the composite material, leading to 

a considerable dielectric loss. Moreover, if P(VDF-HFP) 
is used as the matrix of the piezoelectric composites, 
their piezoelectric properties are significantly improved 
when P(VDF-HFP) is doped with metal particle fillers. 
The addition of metal particles can effectively promote the 
formation of the active phase of the piezoelectric β-phase 
in the composite material, thus effectively improving the 
piezoelectric properties of the material.

Especially, in P(VDF-TrFE)-based composites, the self-
powered and wearable electronic devices based on P(VDF-
TrFE)/BN NTs nanocomposites have the advantages of 
good piezoelectric output performance and shielding of 
neutron radiation, which can be applied in extreme space 
environments. In addition, RGO is also a filler that can sig-
nificantly improve the piezoelectric properties. The inter-
action between RGO and the P(VDF-TrFE) matrix helps to 
break the central symmetry of the RGO, thereby enhancing 
the piezoelectric, ferroelectric, and triboelectric properties 
of P(VDF-TrFE)-based composite films. However, due to 
some limitations,103 such as the low Curie temperature 
(Tc) of 80–110 ℃, reduced dipole density (defects caused 
by TrFE elements), insufficient raw material sources, and 
high cost, the use of P(VDF-TrFE) as a popular matrix on 
piezoelectric devices is restricted.

Fig. 8  (a) Schematic of the interior structure formed by intermolec-
ular hydrogen-bonding between PVDF and MXene, and the signifi-
cantly enhanced formation of the polar β-phase. (b) XRD patterns and 
(c) FTIR analysis of PVDF and MXene/PVDF composites with dif-

ferent MXene concentrations. (d) XPS spectrum of the C1 s region 
of 10 wt% MXene/PVDF e-skin. (Adapted with permission from Ref. 
102, copyright Elsevier).
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Prospect of Applications of PVDF‑Based 
Piezoelectric Composites

Energy-harvesting devices mainly utilize the positive 
piezoelectric effect of piezoelectric materials to harvest 
and convert mechanical vibration energy in the environ-
ment into electric energy, thus providing energy for the 
working of micro-electronic components.104 PVDF and its 
copolymer-based piezoelectric composites have attracted 
much attention because of their ease of manufacture and 
excellent flexible and piezoelectric properties. However, 
when piezoelectric composites are used as functional lay-
ers of flexible electronic devices, their low energy conver-
sion efficiency seriously limits their further commercial 
applications. Therefore, it is difficult to obtain excellent 
performances of self-powered electronic devices solely by 
material optimization. It is still a challenge to improve the 
piezoelectric output and conversion performance of piezo-
electric composites in piezoelectric electronic devices by 
optimizing their intrinsic structure design.105 In this sec-
tion, we will first introduce the application of self-powered 
electronic devices based on flexible polymer PVDF and 
its copolymer-based piezoelectric composites in the field 
of energy collection and conversion. The main research 
progress of piezoelectric nanogenerators and piezoelectric 
sensors is systematically summarized. The influence of 
different structure design on the piezoelectric output and 
sensing performance of flexible self-powered electronic 
devices is discussed. Finally, the challenges facing flexible 
self-powered electronic devices are proposed.

Piezoelectric Nanogenerators

Piezoelectric nanogenerators are a kind of device that uses 
the piezoelectric effect of materials to convert mechanical 
energy into electrical energy. Under the action of external 
machinery, the polarization charge and the time-varying 
electric field generated by piezoelectric materials can 
drive the electrons to flow in an external circuit. Due to 
the advantages of small size, simple fabrication process, 
long working cycle, good stability, and environmental 
friendliness, piezoelectric generation based on piezoelec-
tric composite materials is a promising method to realize 
the self-supply of electronic devices.106,107

Wang Zhonglin et  al. first proposed the concept of 
energy harvesting in 2012, based on human motion, and 
designed a simple, practical, and durable flexible ZnO/
PVDF plane/fiber piezoelectric nanogenerator, which 
has an ability to convert low-frequency (1 Hz) physical 
activity into electrical energy at different deformations. 
In addition, piezoelectric ceramics, such as KNN and BT, 

are often selected as ceramic fillers.18,108–110 Kang et al. 
further dispersed KNN nanoparticles into P(VDF-TrFE) 
nanofibers, which could effectively improve the piezoelec-
tric energy-harvesting characteristics of the nanogenera-
tors.111,112 They found that the output voltage and cur-
rent of the composite nanogenerator were 10 vol% KNN 
are 0.98 V and 78 nA, respectively. Moreover, Guo et al. 
designed and fabricated a flexible piezoelectric nanogen-
erator based on a modified BT nanoparticle MBT/P(VDF-
TrFE) composite material, in which the BT is modified by 
2-phosphobutane-1, 2, 4-tricarboxylic acid.113 Compared 
with the generator with the BT NPs without modification, 
the MBT NP-doped nanogenerator possessed improved 
output performance of piezoelectric, as shown in Fig. 9. 
The main reason is that, after the modification of MBT 
NPs with organic phosphonic acid reactive groups, can 
make a strong inorganic nanopowder and polymer matrix 
interaction, and make MBT NPs in P (VDF-TrFE) disperse 
uniformly in the matrix and introduce fewer defects.

When ZnO is added to P(VDF-TrFE) matrix,114,115 not 
only the piezoelectric properties of the two can be integrated 
but ZnO can also act as a nucleating agent to promote further 
crystallization of the polymer matrix, so that the piezoelec-
tric property can be better improved. Li et al. modified ZnO 
NPs by adding da ispersant (n-propylamine, PA) and silane 
coupling agent (1H, 2H, 1H, 2H, perfluorooctyltriethylsi-
lane, PFOES).116 Then, modified ZnO NPs was added into 
the P(VDF-TrFE) matrix as filler, forming a P(VDF-TrFE)-
based composite film with high crystallinity, which was used 
as the functional layer of  a piezoelectric nanogenerator. The 
piezoelectric strain constant of P(VDF-TrFE)/ZnO@PA@
PFOES (P-Z-P-P) thin film is 73.5% higher than that of pure 
P(VDF-TrFE) film, and the output voltage of ITO/P-Z-P-P/
Au PENG is 24.4% higher than that of ITO/P(VDF-TrFE)/
Au PENG.

In addition to the piezoelectric nanogerators based on 
the piezoelectric composite material prepared by the ZnO-
doped polymer, other researchers have attempted to choose 
the metal oxides  SnO2 and  MnO2 as functional fillers to add 
to polymer matrix PVDF for the fabrication of piezoelectric 
nanogerators.117 Zhao et al. prepared  MnO2/PVDF nano-
composites by electrospinning, hot-pressing and a rolling 
three-step method, and then designed and manufactured a 
piezoelectric nanogenerator based on  MnO2/PVDF nano-
composites.118 The addition of  MnO2 significantly improved 
the mechanical properties of the nanocomposites, and 
slightly increased their dielectric constants, which is con-
ducive to the enhancement of piezoelectric output. When 
the content of  MnO2 is 1.0 wt%, the d33 is ~ 38 pC/N and the 
corresponding piezoelectric output response of the compos-
ite film reaches its peak value.

Polymer-based piezoelectric composites prepared by 
carbon-based multi-walled carbon nanotubes (MWCNTs), 
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RGO, and the polymer P(VDF-TrFE) are also an effec-
tive way to fabricate piezoelectric nanogenerators with 
excellent performance.119 Zhao et al. prepared flexible 
MWCNTs/P(VDF-TrFE) composite fiber thin films by 
electrospinning.120 It was found that, when the MWCNTs 
content was 3 wt%, the electromechanical output volt-
age of the piezoelectric nanogenerator peaked at 18.23 V 
and the current was 2.14 A. In the load resistance of 10 
MΩ and a frequency of 1 Hz strain for 20% of the test 
conditions, the output power density was 6.53 μW/cm2. 

Moreover, a lead-free, simple, and low-cost RGO/P(VDF-
TrFE) nanocomposite was prepared, and then was used 
as the raw material for a PENG and hybrid piezoelectric 
frictional electric nanogenerator (HPTENG) equipment.121 
The structural analysis of the material showed that the 
interaction between the RGO and the P(VDF-TrFE) matrix 
was helpful in breaking the central symmetry of Rthe 
GO, thus enhancing the piezoelectric, ferroelectric, and 
triboelectric properties of the composite on the original 
P(VDF-TrFE) film. The piezoelectric output voltage of the 

Fig. 9  Output voltage of MBT nanogenerator in (a) forward direc-
tion and (b) reversed direction. Output voltage of (c) BT and MBT 
with different content, (d) 15 wt% BT and 15 wt% MBT with differ-

ent amplitudes. Output current of (e) BT and MBT with different BT 
content, (f) 15 wt% BT and 15 wt% MBT with different amplitudes. 
(Adapted with permission from Ref. 113, copyright Elsevier).
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composite PENG device was 22 times higher than that of 
the pure P(VDF-TrFE)-based PENG. When the RGO con-
tent was 0.5 wt%, the maximum output voltage was 89.7 V. 
In addition, the average  Voc emission of composite thin 
film-based HPTENG devices was 227 V, which was much 
higher than that of pure P(VDF-TrFE)-based HPTENG.

In order to explore more new fillers used to enhance 
the piezoelectric properties, many researchers have chosen 
the metal ion salt  (Zn2+,  Eu3+),122,123 zinc ferrite (ZF-R) 
moisture absorption of the rare earth salt, ytterbium,124,125 
in which half as many cage poly siloxane (POSS), polar 
additive  BiCl3, etc., can also play a role in the effect of pie-
zoelectric properties of piezoelectric composite reinforced 
polymer matrixes. Liu et al. prepared POSS/P(VDF-TrFE) 
piezoelectric nanocomposites containing 0, 3, 5, and 
8 wt% POSS by low-the temperature solvent evaporation 
and thermal polarization.126 The results show that POSS, 
as a kind of nanofiller, has good interfacial compatibility 
with P(VDF-TrFE) and does not affect the formation of 
β-phase in the P(VDF-TrFE) matrix. In addition, the aver-
age output voltage and current density of piezoelectric 
nanogenerators and friction nanogenerators were 3 V and 
0.5 mA/cm2, respectively, when the piezoelectric and fric-
tion nanogenerator designed and fabricated by composite 
materials were subjected to a force of 38 N over a 1-cm2 
area. A  BiCl3/PVDF nanofiber composite film was pre-
pared by electrospinning through adding the polar addi-
tive  BiCl3 into the PVDF matrix.127 The output voltage of 
the piezoelectric nanogenerator based on a  BiCl3/PVDF 
composite membrane reached 1.1 V under the condition 
of vertical vibration, which was 4.76 times that of the pure 

PVDF membrane piezoelectric nanogenerator, as shown 
in Fig. 10.

Although the performance of piezoelectric electronic 
devices can be improved to a certain extent by optimizing 
the materials, the main challenge of 0–3 piezoelectric com-
posites is the poor stress conduction efficiency. That is, when 
the composite material is subjected to external forces, only 
a low level of stress is transferred to the piezoelectric func-
tional layer, and most of the stress is wasted, which leads 
to poor piezoelectric conversion and output performance. 
In view of this challenge, many researchers are trying to 
prepare piezoelectric nanogenerators with excellent perfor-
mance using both material selection and device structure 
design (Fig. 11). For example, Ye et al. synthesized a novel 
PENG based on P(VDF-TrFE)/BN NTs nanocomposite 
micropillar arrays with enhanced performance and excel-
lent neutron radiation shielding using a reliable nano-imprint 
lithography.17 These results demonstrated that a PENG based 
on the P(VDF-TrFE) micropillar array greatly enhanced the 
piezoelectric performance by a factor of 4.2 compared to 
pristine flat P(VDF-TrFE) film. By comparison, the intro-
duction of BNNTs within the microstructured P(VDF-TrFE) 
film adds nearly another 2.6-fold enhancement,totaling an 
11-fold enhancement. The high performances of PENGs 
based on P(VDF-TrFE)/BNNTs nanocomposite micropillar 
arrays are primarily ascribed to the synergistic effect due to 
flexible micropillar structure and high piezoelectric BNNTs 
nanofiller.128

Similarly, Chen et al. proposed a high-performance flexi-
ble piezoelectric nanogenerator based on a piezoelectrically-
enhanced nanocomposite micropillar array of P(VDF-TrFE)/

Fig. 10  (a) Digital image of a  BiCl3/PVDF (2  wt%) piezoelectric 
nanogenerator attached to a vibrating table under a 150-g mass block, 
(b) the output voltage of the  BiCl3/PVDF (2 wt%) piezoelectric nano-
generator under continuous vibration with a frequency of 5  Hz and 

an amplitude of 3 mm, (c) and (d) output voltage curve features and 
a schematic of the working mechanism during one vibration cycle, 
respectively. (Adapted with permission from Ref. 127, copyright 
Elsevier).
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Fig. 11  (a) Schematic representing the structure of a piezoelectric 
nanogenerator. (b) A flexible nanogenerator. (c) Schematic of the 
PENG's application for space energy harvesting. (d) The depend-
ence of output voltage on applied forces for different piezoelectric 
nanogenerator based on bulk P(VDF-TrFE) film, bulk P(VDF-TrFE)/
BNNTs nanocomposite film, P(VDF-TrFE) micropillar array, and 
P(VDF-TrFE)/BNNTs nanocomposite micropillar array. (e) Com-
parison of output voltages of four nanogenerators under 20 N applied 
force. (Adapted with permission from Ref. 17, copyright Elsevier). 
(f–h) Experimental methods for fabricating a high-performance 

piezoelectric nanogenerator based on P(VDF-TrFE)/BaTiO3 nano-
composite micropillar array. (i) A comparison of output voltages for 
piezoelectric devices based on a P(VDF-TrFE)/BaTiO3 micropil-
lar array, P(VDF-TrFE)/BaTiO3 nanocomposite film, and for a bulk 
P(VDFTrFE) film. (j, k) Simulation results of generated piezopoten-
tial distribution of two-unit blocks, (j) a unit micropillar array with a 
diameter of 22 μm and a height of 55 μm, the residual layer is 5 μm, 
(k) a flat film unit with a thickness of 60 μm. A constant external load 
of 5 mN was applied to simplify the simulation. (Adapted with per-
mission from Ref. 129, copyright Wiley).
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BT for energy harvesting and highly sensitive self-powered 
sensing.129 By a reliable and scalable nanoimprinting pro-
cess, piezoelectrically-enhanced vertically aligned P(VDF-
TrFE)/BT nanocomposite micropillar arrays were fabricated. 
The piezoelectric device exhibited an enhanced voltage 
of 13.2 V and a current density of 0.33 μA  cm−2, which 
is an enhancement by a factor of 7.3 relative to pristine 
P(VDFTrFE) bulk film. The mechanisms of high perfor-
mance are mainly attributed to the enhanced piezoelectricity 
of the P(VDF-TrFE)/BT nanocomposite materials and the 
improved mechanical flexibility of the micropillar arrays.

Piezoelectric Sensors

Piezoelectric sensors are based on the dielectric material 
piezoelectric effect of a sensor device. The so-called piezoe-
lectric effect means that certain dielectric materials will pro-
duce deformation (compression, tensile deformation) when 
subjected to external forces in a certain direction, and that 
the polarization of internal charges will cause the surface 
of the dielectric material to become electrically charged. 
Piezoelectric sensors can convert the received pressure sig-
nal into an electrical signal, according to a certain conver-
sion method, and have the advantages of simple structure, 
easy portability, wide frequency band, high sensitivity, and 
high operating stability. For example, wearable electronics 
have promising applications in physical and physiological 
monitoring, electronic skins (e-skins), and robotic sens-
ing.102 Flexible wearable pressure sensors have two impor-
tant parts, namely elastic substrates that provide mechanical 
flexibility and sensitive materials that determine the sensing 
performance. As one of the most critical parameters, the sen-
sitivity can be further improved by structural tuning of the 
sensitive material, affecting the fundamental performance 
of the sensor.

Recently, flexible piezoelectric sensors based on PVDF 
piezoelectric composite materials have been used to perceive 
the size of the surface reaction of flexible electronics,130,131 

and they are commonly attached to a variety of irregular sur-
faces in the health, robotics, biomechanics, and other fields. 
Yang et al. modified a BT with polydopamine (PDA) as the 
surface modifier, and prepared PDA-BT/PVDF composite 
film by solution-casting.132 The sensor based on 17 wt% 
PDA-BT/PVDF composite film exhibited a fast response 
of 61 ms and a piezoelectric output voltage of 9.3 V. In 
addition, as an energy supplier, even in the case of a high 
load resistance of 70 MΩ, the sensors could also produce a 
maximum power of 0.122 W/cm2. Such pressure sensors are 
believed to be sensitive to all kinds of human movements 
and show great potential in wearable electronics.

In addition to ceramic fillers. Lee et al. prepared a ZnO/
PVDF composite film, and then designed a hybrid functional 
measurement sensor with high sensitivity, with the compos-
ite film as the piezoelectric functional layer and graphene 
as the electrode.133 This sensor can simultaneously meas-
ure pressure and temperature in real time. The sensor uses 
piezoresistive changes in the piezoelectric functional layer 
to monitor pressure, and infers the temperature based on the 
signal recovery time. Thus, it can detect pressure changes of 
less than 10 Pa, three times lower than the minimum required 
for artificial skin, and temperature changes in the range of 
20 ~120℃. Chen et al. prepared a new strain sensor based 
on a ZnO/P(VDF-TrFE) nanofiber composite by using elec-
trospinning and hydrothermal processes,134 which showed 
that the sensor had a fast response and recovery speed (0.4 s 
and 0.2 s, respectively), a high sensitivity (60% under 30% 
strain), a large strain coefficient (4.59), and a multifunctional 
sensing capability, including tensile deformation above 30% 
and bending deformation of up to 150%.

Moreover, carbon-based fillers are still used to enhance 
the piezoelectric properties of piezoelectric sensors, and 
P(VDF-TrFE)-based repolarized electrospinning compos-
ite film filled with modified RGO was proposed by electro-
spinning, and then a self-powered flexible pressure sensor 
was designed.135 This showed that the piezoelectric output 
voltage and current of the repolarized composite film were 
up to 1.5 V and 0.125 A, respectively, and that the volt-
age is three times that of pure P(VDF-TrFE) film. Liu et al. 
designed a flexible sensing sensor based on electrospinning 
a MWCNTs/PVDF nanofiber array and an interdigital elec-
trode.136 This sensor could work under low-frequency envi-
ronmental forces able to generate a peak voltage and current 
of 20.2 mV and 39 nA, respectively, under 6-Hz vibration 
condition, while the peak voltage of 24.4 mV and current of 
130 nA were obtained at 15 Hz.

Piezoelectric sensors also have the same problems as 
piezoelectric nanogenerators, such as low stress transfer 
efficiency and poor piezoelectric output performance. To 
solve these problems, Yang Weiqing's team, starting from 
the device structure design, through the joint high-pressure 
nonsolvent-induced phase separation of two steps, prepared 

Fig. 12  (a) Schematic of a smart racket for table tennis monitoring. 
(b) General illustration and detailed structure of the designed sensor. 
(c) The fabrication process of the piezocomposite and optical image 
of the smart racket. (d) The application of the smart table tennis 
racket. (Adapted with permission from Ref. 19, copyright Elsevier). 
SEM images of (e–h) cross-sectional and  (e1-h1) surface morpholo-
gies of (e,  e1) device 1, (f,  f1) device 2 and (g, h,  g1,  h1) device 3. 
Insets in (e–g) are the copper templates used to fabricate the wave-
shaped structures. (i) Tensile stress–strain curves of both flat-type and 
wave-shaped (device 3) fibrous membranes. (Adapted with permis-
sion from Ref. 137, copyright Springer Nature). (j) Schematic of the 
high-performance textile piezoelectric pressure sensor. (Adapted with 
permission from Ref. 138, copyright Springer Nature). (k) Schematic 
of porous MXene/PVDF e-skin and molecular structures of MXene 
and PVDF. (Adapted with permission from Ref. 102, copyright Else-
vier).

◂
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a unique class of a wafer-structured puff pastry-shaped flex-
ible PZT/PVDF piezoelectric composite sensor,19 and suc-
cessfully demonstrated its application in personalized table 
tennis training guidance. Using the unique structure of an 
interlayer potential accumulation effect and rapid stress 
release, the sensor shows excellent sensitivity (6.38 mV/N), 
ultra-fast response time (21 ms), and good mechanical stabil-
ity (Fig. 12).

Similarly, a wavy PVDF nanofiber sensor has been fab-
ricated.137 The wavy PVDF nanofiber sensor achieves bet-
ter longitudinal and transverse piezoelectric properties than 
planar devices, and can be applied to the detection and rec-
ognition of audible sound. In addition, a self-powered piezo-
electric electronic skin based on MXene(Ti3C2Tx)/PVDF 
3D porous structure with high sensitivity and wide sens-
ing range has been reported. The porous structure increases 
the contact area and local stress concentration in response 
to changes in applied pressure.102 Tan et al. successfully 
designed a novel piezoelectric pressure sensor with flexible 
fabric based on ZnO nanorods.138 Based on the above stud-
ies, it has been found that better piezoelectric performances 
can be achieved by the design of the device structures. For 
example, materials with a fully porous structure have higher 
compressibility (produce larger deformation) under the same 
pressure, and can also improve the sensitivity of the device.

Consequently, polymer-based piezoelectric composites 
are often used in piezoelectric nanogenerators, sensors, and 
other self-powered electronic components. Different com-
positions, designs, and manufacturing methods will sig-
nificantly affect the piezoelectric output properties (output 
voltage and current) and performance parameters of piezo-
electric devices.

Figures  13 and 14 summarize the main piezoelec-
tric output parameters and d33 of parts of different pol-
ymer-based composites doped with different fillers. 
Table  III summarizes the performance parameters of 
different piezoelectric devices. To some extent, self-
powered electronic devices based on polymer-based 
piezoelectric composites doped with different fillers can                                                                                                                  
harvest various forms of mechanical energy in the environ-
ment and convert it into electrical energy for use, but there 
are still some shortcomings. PVDF-based and its copolymer-
based composites have a good mechanical performance, high 
dielectric, and the advantages of high voltage. However, low 
interfacial compatibility between the filler and the polymer 
matrix will lead to the phenomenon of a separation of two 
phases, further influence the mechanical properties of mate-
rials, and reduce the service life of the device in practical 
application. In addition, for their power, electronic devices 
typically require rigid metal as the electrode layer,140 which 
requires a good flexibility of the electronic equipment and 
corrosion resistance of the metal electrode layer. Therefore, 
it is expected that research and development of a fully flex-
ible self-powered electronic device with polymer piezoelec-
tric composite material as the piezoelectric layer and flexible 
material as the electrode layer will take place in the future.

Summary and Perspective

At present, piezoelectric composite self-powered electronic 
devices based on PVDF and its copolymers have been widely 
studied for their excellent sensitivity, flexibility, durability, 
and compatibility with human skin. This paper firstly sum-
marizes and analyzes the types of polymer matrix, functional 

Fig. 13  Comparison of output voltage of PVDF-based, P(VDF-HFP)-
based, and P(VDF-TrFE)-based piezoelectric composite PENGs rein-
forced with various fillers.

Fig. 14  Comparison of d33 of PVDF-based and its copolymer-based 
piezoelectric composites reinforced with various fillers.
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fillers, and preparation technology of polymer matrix pie-
zoelectric composites, and then introduces the research 
progress of piezoelectric nanogenerators and piezoelectric 
sensors, two self-powered electronic devices, focusing on 
material selection and structural design. The piezoelectric 
properties of a single piezoelectric polymer can be improved 
by introducing a specific filler or selecting a suitable pro-
cessing technology. In addition, the output and sensing per-
formance of the device can be significantly enhanced by 
the design of the device structure. Although the conversion 
and output performance of piezoelectric composite-based 
electronic devices have made great progress, through the 
continuous optimization of materials and preparation pro-
cess selection, device structure design, and other aspects, 
there are still many problems to be solved, and more work 
needs to be carried out in the following aspects to solve the 
key problems:

(1) The interaction mechanism between substrate and filler 
in piezoelectric composites needs to be further studied. 
For example, since the electrical properties of compos-
ites depend to a large extent on the degree of polariza-
tion generated by the materials, the interface polari-
zation is a major contributor to the total polarization 
of the composites. Therefore, more in-depth research 
is needed on the mechanism of action at the interface 
between the matrix and the filler.

(2) For piezoelectric composites, the polymer matrix and 
the filler are not of the same material, the dispersion of 
the filler in the polymer matrix is poor, and the filler is 
easy to agglomerate in the matrix, leading to defects. 
Thus, how to optimize the preparation processes and 
compositions of the two different phases, and how to 
add appropriate modifiers and improve the dispersion 
of the filler in the matrix, is also an attractive area.

(3) In addition, by developing new polymer-based piezo-
electric composites for energy harvesting, researchers 
have designed and fabricated a number of self-powered 

electronic devices that meet the needs of various fields. 
However, due to self-powered electronic devices gener-
ally requiring rigid metal electrode layers, the flexibility 
of the devices is limited, and the metal electrode layers 
are susceptible to corrosion. Therefore, it is expected 
that research and development of a fully flexible self-
powered electronic device with polymer piezoelectric 
composite material as the piezoelectric layer and flex-
ible material as the electrode layer will take place in the 
future.

In brief, although the current development of self-pow-
ered electronic devices based on flexible PVDF and its 
copolymer-based piezoelectric composites faces various 
challenges, flexible electronic devices are still the future 
development trend. With the successive proposals of new 
materials, new structures, and new preparation methods 
and their application in the design of flexible piezoelectric 
devices, it is believed that flexible piezoelectric nanogenera-
tors and sensors that meet practical application requirements 
will be developed and designed in the near future.
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