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The evolution of wearable and implantable electronics has been rapidly advancing alongside the
emergence of smart technologies. This raises additional requirements on the energy storage system for
powering these devices. Self-chargeability is a highly demanded feature that can prolong the service life
without the need for an external power supply. The ubiquitous mechanical energy makes it an ideal
source for charging an energy storage system by utilizing the piezoelectric effect. Therefore, the
incorporation of an energy harvesting component into an energy storage unit to form a highly integrated
all-in-one piezo-driven self-charging power system (SCPS) has been attracting extensive attention.
Piezoelectric polymer-based films are the key components in SCPSs either as separators or electrolytes,
which determine the self-charging performance of the device. This review aims to provide an overview
of recent advances in the application of polymer-based films in SCPSs. The configuration and working
mechanism of piezo-driven SCPSs are introduced, and key materials used for polymer-based
piezoelectric films are summarized. The discussion on latest developments in polymer-based
piezoelectric components focuses on materials design and self-charging performance. The future
directions and new perspectives for the development of polymer piezoelectric films for SCPSs are also
presented. This work may provide guidelines and useful information for practical implementation of
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1. Introduction

Wearable electronics and implantable devices have evolved
rapidly over the past two decades, particularly with the advent of
smart and internet of things (IoT) based technologies."™ The
development of these devices is hindered by the constraints of
traditional rigid energy storage systems. In response, a flexible
energy storage device that is able to function normally during
mechanical deformation is designed to meet the requirement of
flexibility.>® However, they are still inconvenient for wearable
electronics, especially implantable devices, due to their limited
lifetime and the frustrating replacement or recharging process.
It is highly desirable for wearable and implantable devices to
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SCPSs in wearable and implantable electronics.

harvest energy from ambient sources such as solar, heat,
vibrations, and motions.”** Biomedical implants and wearable
electronics require relatively low power consumption and high
environmental adaptability. They frequently encounter
mechanical deformations such as breathing, arm-motions and
heart pulses. Once these energies are collected and efficiently
utilized, they may partially or even fully compensate for the
energy consumption of these electronics. In the working
scenario of wearable and implantable devices, piezoelectric
nanogenerators (PENGs) stand out as highly attractive energy
harvesting technology. They are capable of converting low-
frequency mechanical energy (vibration, pressure, and body
motion) into electric energy, making them ideal for integration
with the above-mentioned wearable devices."*™"*

However, there are still some issues to be addressed if
wearable devices were to be directly powered by PENGs. The
application scenario of such devices would be restricted due to
asynchrony of distributed, time-variable mechanical energy and
power requirements. In such circumstances, it holds great
promise to save and accumulate the fluctuating, small amount
of piezo-energy using energy storage devices to ensure a stable
power output. Nevertheless, the incorporation of energy
harvesters into energy storage systems offers a more efficient
way to offset the power consumption or even fully recharge the
device. The concept of an integrated “self-charging” system is
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then proposed which combines an energy harvester with an
energy storage unit together and then has experienced consid-
erable development.” At present, the dominant electro-
chemical energy storage (EES) systems consist of metal-ion
batteries and supercapacitors. Rechargeable metal-ion batteries
offer large energy, but they often necessitate long re-charging
time. Nonetheless, the current secondary batteries exhibit
a minimal memory effect and low self-discharge rate, which
facilitate energy accumulation by the harvesting unit. Super-
capacitors possess high power density and can deliver high
instantaneous current output. However, they have low energy
density. The combination of supercapacitors and energy
harvesters facilitates “self-charging” and provides adequate
power for wearable and implantable electronics.” Although
a “joint” device can be easily fabricated by linking a PENG with
a separated energy storage unit via an external circuit, a single
and highly integrated all-in-one device that combines the
energy harvester and energy storage unit together is preferred.*®
In the all-in-one type, one component serves multiple functions
as both a piezoelectric nanogenerator and Dbattery/
supercapacitor component. The all-in-one piezo-driven self-
charging power system (SCPS) is attracting the attention of
researchers*®* and is also the focus of this review. It offers
notable merits, such as simple configuration, high integration
and versatility. This system is particularly well-suited for IoT-
based wearable healthcare devices. The frequently encoun-
tered mechanical forces enable cumulative energy compensa-
tion for these low-power electronics, thereby providing
prolonged device life (Fig. 1).°

There have been several excellent review papers about self-
charging energy storage systems in the past five years. Some
focused on providing an overview of all types of self-charging
devices driven by various power sources such as solar cells,
thermoelectrics, nanogenerators, etc.”*** Other
concentrated on the principle, mechanism, and utilization of
materials for self-charging supercapacitors.’»*”*® This review
specifically focuses on summarizing the recent progress in
polymer and polymer composite components in an all-in-one
piezoelectric-driven SCPS including batteries and super-
capacitors for flexible and wearable electronics. These polymer
or polymer composite-based piezoelectric films are essential
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Fig.1 Schematic diagram of the all-in-one piezo-driven self-charging
power system. Reproduced from ref. 23 with permission from Elsevier,
copyright 2018; reproduced from ref. 24 with permission from
Elsevier, copyright 2019; reproduced from ref. 25 with permission
from Wiley-VCH GmbH, copyright 2017; reproduced from ref. 26 with
permission from American Chemical Society, copyright 2019.
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components that determine the self-charging ability of SCPSs.
They serve as electrolytes and/or separators in the energy
storage unit. As such, SCPSs can be regarded as a derivative of
flexible PENGs. Therefore, the pursuit of polymer-based sepa-
rators or solid-state electrolyte with high intrinsic piezoelec-
tricity is the simplest and most efficient way to realize efficient
piezo-driven self-charging. Given their extensive application in
battery separators and intrinsic modulable piezoelectric effect,
PVDF and its co-polymers have become the first and most
extensively studied polymer piezo-separators.>»*® The piezo-
electric properties of PVDF can be enhanced via structure
engineering, processing techniques, and incorporation of
inorganic piezoelectric fillers.**> These piezoelectric electro-
Iytes can be prepared either by using PVDF as a polymer matrix
or by combing a non-piezoelectric polymer with piezoelectric
fillers, as in flexible PENGs based on non-piezoelectric poly-
mers. Additionally, the unique feature of the piezo-ionic effect,
which drives ion transduction upon mechanical stress, enables
the direct use of polymer ionogels as a piezo-electrolyte, elimi-
nating the need for introducing inorganic piezoelectric
materials.*

Herein, the mechanism of energy conversion and storage of
SCPSs will be briefly discussed from the origin of piezoelec-
tricity to the piezo-driven electrochemical process. The
emphasis will be on the selection of polymer and polymer
composite materials for the SCPS. We will present recent
research advances classified based on functions and discuss
their self-charging properties. Challenges and perspectives will
be presented in the Conclusion section.

2. Working principle of SCPSs
2.1 Introduction to piezoelectricity

The origin of piezoelectricity can be traced back to Maxwell's
equations. As defined using Ampére-Maxwell's equation (eqn
(1)), the displacement current Jp, is produced by a time-varying
electric field, rather than a current of moving charges. Piezo-
electricity, also termed the piezoelectric effect, is actually part of
the displacement current in Ampere-Maxwell's equations,
which arises from the slight motion of charges confined within
atoms (also known as dielectric polarization).**

VXH:Jf+JD (1)
aD d0E 9P
G TR T T )

In eqn (2), the former part of J, is the current due to the
varying external electric field E, which gives rise to electro-
magnetic waves (radio, Wi-Fi, etc.) (eqn (2)). The latter part is
induced by the varying surface charges P, which applies for
piezoelectricity. Some materials can generate electric dipoles
along with an electric field created by applied external
mechanical force. Materials with this unique property are called
piezoelectric materials, which are the key active materials of
PENGs.* Piezo-materials create electrical outputs that are
directly proportional to the applied stress upon mechanical
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Fig. 2 lllustration of the direct piezoelectric effect (A), indirect piezo-
electric effect (B), and two operation modes for piezoelectricity (C).

deformation, a phenomenon known as the direct (or inverse)
piezoelectric effect (Fig. 2A). Its inverse process, in which the
mechanical stress is generated in a piezo-material upon the
applied electrical field, is termed the indirect (or converse)
piezoelectric effect (Fig. 2B).** The equivalent circuit of the
PENG can be represented by capacitors connected to a current
source. The generated energy W can be calculated usingw

—lov- Yo ngoe = Laga
W—EQV—z(daA)(gae)—zdga vV (3)

here d and g are the current and voltage constant coefficients, ¢
is the loading stress, Vis the volume between the parallel plates,
and Q is the accumulated charge. There are two operating
modes for piezoelectricity, “33” and “31” (where the numbers 3
and 1 indicate the spatial dimensions), which are based on the
direction of polarization and stress (Fig. 2C).*” The 33 mode,
evaluated using piezoelectric coefficient dz;, depicts induced
polarization in the z axis direction by stress applied in the z axis.
In the 31 mode assessed using piezoelectric coefficient ds,, the
electric polarization is created along the z axis, perpendicular to
the direction (x axis) of the applied stress. Generally, the value of
d;; is higher than that of d;; for most of the piezoelectric
materials; therefore d;; mode becomes dominant for most
piezoelectric devices.>***3°

2.2 Mechanism and configuration of the self-charging power
system

The concept of the self-charging power system was proposed
based on extensive studies of PENGs. An energy storage unit
associated with an energy harvester accumulates ambient
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energy and outputs it on demand. When an energy harvesting
unit is integrated into an energy storage system, the energy
consumption of the device may be simply compensated via the
conversion of ambient energy without the need for an electric
recharging process. The first integration of an energy harvester
and an energy storage device was implemented by Bae et al., in
which a PENG and supercapacitor were connected via an
external circuit.* Since then, various prototypes of self-charging
power systems have been developed, including separated
module and all-in-one integrated design. For a self-charging
power system with separate-module design, the energy gener-
ated by the piezoelectric nanogenerator (PENG) is collected and
stored in an external energy storage module (Fig. 3A)."**"** The
direct piezoelectric output current signal of the PENG is nor-
mally irregular and even pulsed because of the randomness of
the ambient kinetic energy and the apply/release cycle of the
stress. Owing to the deformation-release cycle, the PENG
generates an AC pulsed signal, which requires the DC conver-
sion to power external loadings. Therefore, a management
circuit, usually a full-bridge rectifier, is required between the
harvester and energy storage module.*

The self-charging power system with separate-module has
complicated configuration. The external connection between
energy storage and rectification units results in unnecessary
energy loss because of increased internal resistance. The
rigidity of the management circuit is also unfavorable for the
flexibility and durability of the device. Such low-level integration
also leads to increased weight and reduced integration of the
fabricated device. In response, a highly integrated all-in-one
self-charging power system (abbreviated as SCPS) which can
simultaneously convert ambient mechanical energy and store it
in the form of electrochemical energy without any rectification
circuit has become a reality (Fig. 3B)."”** In 2012, Xue et al. first
developed an all-in-one self-charging power system (SCPS),
which integrates an energy-harvesting piezoelectric nano-
generator (PENG) and an energy-storing lithium-ion battery
(LIB) within a single coin-type cell."” Later on, the incorporation
of a PENG and supercapacitor, most of which were flexible
prototypes, was reported. For such an all-in-one SCPS, piezo-
electric materials, mainly polymer-based materials, are used
either as piezo-separators or solid piezo-electrolytes to substi-
tute for their conventional counterpart. The working principle
of the SCPS based on batteries and supercapacitors can be
explained on the basis of the piezo-electrochemical process.****

At the initial stage without an external force (by pressing or
bending), no electrochemical reaction occurs in the SCPS
because of electrochemical equilibrium. When compressive
force is applied, a piezoelectric potential is generated across the
piezoelectric separator or solid-state electrolyte at the interfacial
surface between the electrode and piezoelectric component,
which breaks the electrostatic equilibrium. In battery-type
SCPSs, the migration of Li" or Na’ ions from the cathode to
the anode is then induced by the piezo-potential (Fig. 4A). A
similar process occurs in supercapacitor type SCPSs, in which
the electrolytic ions (HY, K", SO,>", etc.) shuttle between two
electrodes directed by a piezoelectric field. The induced elec-
trochemical reactions in the bulk (battery), accumulation of

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Schematics of separate designed (A) and all-in-one (B) piezo-driven self-charging power systems.

ions (electrochemical double layer capacitors, EDLC) or fast
surface redox reactions (pseudo-capacitor) enable the charging
process."”*¢ Interestingly, upon removing the applied force, only
a small amount of ions migrates reversely, and no net current
flows in the opposite direction. Therefore, the connecting
circuit and the rectifier between the harvester and energy
storage unit are no longer required in such all-in-one SCPSs.
The explanation of this rectification-free process in piezo-driven
self-charging remains inconclusive. It has been proposed that
upon the release of external compressive stress, a reversed
piezoelectric field is created, albeit with a smaller magnitude
compared to the compression state due to the lower strain rate
in the relaxation process.”” It is also reported that the piezo-
electrolyte film continues to produce piezoelectric potential to
enable self-charging for a period even after the external force is
removed, attributed to residual strain during slow relaxation.*®
In this scenario, charge carrier ions migrate reversely towards
their original position, leading to self-discharge. However, the
reversed piezoelectric field cannot counteract the previous
forward one in the self-charging process. Successful charging of
the SCPS can be achieved as long as the frequency of the
mechanical vibration exceeds a critical value.

Very recently, a piezoelectric ion (or piezo-ionic) effect induced
self-charging process was proposed, which is slightly different from
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the abovementioned piezo-electrochemical mechanism.*****° The
piezo-ionic effect depicts the separation of cations and anions in
certain materials (e.g. ionogels) upon applied mechanical forces,
resulting in the generation of a voltage or current.** Specifically,
the pressure gradient in response to the applied force leads to
a fluidic flow that drives ionic species. Subsequently, time-varying
ion separation is induced due to different ionic mobilities, result-
ing in ionic voltage or current.* In flexible SCPSs, piezo-ionic
polyelectrolytes are used as an ion source and a piezo-separator as
well. Taking a Nafion based piezo-ionic self-charging supercapacitor
as an example, the protons bound on the sulfate group in the
equilibrium state move towards the elongated region on the
supercapacitor electrode upon external stimulation (Fig. 4B).** The
protons move via the tunneling effect between the sulfonic groups
inside the ionomeric cavity of Nafion.* The adsorbed protons form
an electric double layer at the electrode surface; subsequently, the
resulting net potential triggers the self-charging process.

3. Key materials for polymer-based
piezoelectric films

Since piezo-driven SCPSs are analogous to piezoelectric nano-
generators (PENGSs), the most effective way to improve the self-
charging capability is to enhance the output piezo-potential and
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Fig. 4 Schematic illustration of the proposed mechanism for piezo-electrochemical (A) and piezo-ionic (B) processes.
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enlarge the current density of the piezoelectric component as
verified in PENGs. Considering the relatively low piezoelectric
coefficient of polymeric piezo-materials and the use of other
non-piezoelectric polymer matrices, it is imperative to enhance
the piezoelectric response through hybridization or structure
engineering. In this section, the polymer- or polymer
composite-based piezoelectric films for PENGs are summarized
to provide inspiration for exploring key materials in SCPSs.
They mainly include PVDF and its copolymers, PVDF compos-
ites with 2D materials and piezoelectric inorganic materials,
polyacrylonitrile (PAN) and non-piezoelectric polymer-based
piezoelectric composites.

3.1 PVDF based piezoelectric films

PVDF and its co-polymers have the merits of good flexibility,
mechanical robustness, chemical resistance and biocompati-
bility. They are promising materials for use as a piezoelectric
component in SCPSs. PVDF based films have been extensively
studied as battery or supercapacitor separators due to their
tunable porosity, film-forming ability, chemical stability and
permeability.>”*® PVDF is also considered an ideal matrix for
polymer solid-state electrolytes owing to its high relative
permittivity, toughness, wide electrochemical window and long-
term working temperature.> Moreover, PVDF and its copoly-
mers such as P(VDF-TrFE) (ds; = ~25 pC N~ " and d3; = ~—30 to
—40 pC N ') have the best piezoelectric response among the
reported piezoelectric polymers.®>** The crystalline phase of
PVDF has a decisive influence on piezoelectricity. Among the
three main phases (i.e. «, p and vy), the B and y phases make
a major contribution to piezoelectricity because of their
polarity, while the B phase presents the largest electric dipole
moment. Therefore, one of the key strategies to enhance the
piezoelectricity is to increase the content of the B-phase in
PVDF. This can be realized by stretching, thermal annealing
and filler incorporation.®**

Singh et al. utilized PVDF in the fabrication of a stretchable
and lightweight piezoelectric sensor via an electrospinning
process. The strong electric field and stretching force applied in
the electrospinning technology induced B phase transformation
and the -CH,/-CF, dipole alignment of PVDF.***® During the
electrospinning process, the PVDF nanofibers aligned along the
rotational direction, resulting in a significant increase in crys-
tallinity (49%) and a substantial enhancement of the p phase
(76.2%).” A nanoporous PVDF array was fabricated by the
template-assisted preparation method which used Si pillars or
vertically aligned, hydrothermally synthesized ZnO as the
template (Fig. 5A). Harvesting from sonic waves, the robust
porous PVDF PENGs generated a power density of 0.17 mW
cm 3, and the piezoelectric potential and piezoelectric current
were enhanced 5.2 times and 6 times, respectively, compared to
those from bulk PVDF films (Fig. 5B and C).** Maity et al.
fabricated a self-powered piezoelectric sensor featuring highly
aligned arrays of polyaniline-coated electrospun PVDF nano-
fibers (Fig. 5D).® The superior high content of p phase PVDF up
to 99% endowed the device with a promising mechano-
sensitivity of 0.8 V kPa~" and an excellent energy conversion
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efficiency of 53%. Additionally, the piezo-sensor also presented
a sustainable energy harvesting capability. It exhibited a short-
circuit current density of 4 pA cm ™ under a ~10 kPa pressure by
the human finger (Fig. 5G). The rectified maximum output
power density was about ~7 pW cm > under ~10 kPa applied
stress.

A PVDF-TrFE film has a better piezoelectric response and
thus achieved higher electrical outputs than a PVDF film.” A
robust PVDF-TTFE thin film fabricated via a facile and low-cost
spin-coating technique on a polyimide substrate was used as
a functional layer for flexible PENGs.* The obtained nano-
generator demonstrated an open-circuit voltage of up to 7 Vand
a short-circuit current of 58 nA, with a current density of 0.56 A
ecm™” at each stretching-releasing cycle. Both the measured
open-circuit voltage and short-circuit current exhibited an
increase in accordance with the strain rate. Highly oriented
P(VDF-TTFE) fibers were initially prepared through electro-
spinning, followed by mechanical stretching.”* The ordered,
80% aligned fibers induced by stretching enhanced piezoelec-
tric properties, resulting in a greatly increased output voltage of
84.96 mV, which was more than 1.5 times higher than that of
randomly distributed fibers. The mechanical durability of such
highly oriented P(VDF-TrFE) fibers was also strengthened.
Thanks to the abovementioned features, integrating P(VDF-
TrFE) fibers into clothing can enable various motion-
monitoring technologies.

3.2 PVDF composite piezoelectric films

The piezoelectric output produced by neat PVDF-based poly-
mers, even after annealing or poling processes, is still relatively
low with respect to many practical requirements. The incorpo-
ration of additives or fillers into PVDF is a straightforward and
efficacious approach to improve its mechanical-to-electrical
energy conversion efficiency.*”> Piezoelectric nanofillers
directly enhance the piezoelectric output of composite films
when incorporated with the PVDF matrix. Other nanofillers
such as some 2D materials, although lacking the piezoelectric
effect, can induce the B-phase transformation of PVDF for
enhanced piezoelectric response.””* In general, the roles of
nanofillers include but are not limited to enhancing piezo-
electricity, modulating dielectric properties, constructing
conductive pathways, acting as stress concentrators, etc.”” The
commonly incorporated fillers include metal oxides,”® lead-
based piezoelectric materials,” lead-free piezoelectric
ceramics ’® and 2D materials.”

3.2.1 PVDF/piezoelectric ceramic composites. Convention-
ally, the dominant ceramic piezoelectric material is commer-
cially available lead zirconate titanate (PZT), which has a high
d3; up to approximately 600 pC N™'.>* Hence, PZT-type mate-
rials, particularly in the form of zero-dimensional nano-
particles, have been extensively employed as fillers in PVDF-
based composites for a myriad of piezoelectric devices.””***
The PVDF-PZT nanocomposite fibers were prepared via elec-
trospinning.”” The effect of the volume fraction of PZT on the B-
phase content of PVDF was systematically evaluated. The
dielectric constant, piezoelectric constant, piezoelectric

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 (A) Fabrication process of a narrow nanoporous PVDF array by the template-assisted method. (B) Piezoelectric potential and (C)
piezoelectric currents from the porous PVDF and bulk structure under the same force. Reproduced from ref. 68 with permission from American
Chemical Society, copyright 2011. (D) Fabrication process of a piezo-organic e-skin sensor made of highly aligned PVDF NF arrays. (E) FT-IR
spectra of aligned and random PVDF NF arrays. (F) Signal-responses of wrist bending. (G) Open-circuit output voltage responses under hand
punching. Reproduced from ref. 69 with permission from American Chemical Society, copyright 2020.

sensitivity, and output voltage were enhanced along with the
increased PZT ratio. The piezoelectric coefficient and output
electrical voltage were increased from 10.51 pC N~ " and 22 mV
(PVDF with 0.11 PZT) to 22.93 pC N * and 184 mV (PVDF with
0.37 PZT). To further enhance the piezoelectric properties,
a rich lamellar baklava structure PZT/PVDF film was prepared
via phase separation followed by a hot-press process (Fig. 6A),
which benefits enhanced piezoelectricity, better access to
external stress and faster signal response. ”” The composite film

This journal is © The Royal Society of Chemistry 2024

was able to output a V,. and an I, of 2.51 V and 78.43 nA,
respectively (Fig. 6C and D). The sensor based on such
a composite film exhibited high sensitivity (6.38 mV N~ ') and
rapid response (<21 ms), which can be used for self-powered
wireless real-time monitoring systems.

However, the toxicity of lead in PZT limits the application of
piezoelectric devices in bioelectronics. Therefore, lead-free
piezoelectric materials including BaTiO; (BTO), Ko 5Na, sNbO;
(KNN) and Nay 5Biy sTiO; (NBT) have been developed. They have
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https://doi.org/10.1039/d4ta02965h

Published on 17 July 2024. Downloaded on 2/14/2026 11:07:07 PM.

Journal of Materials Chemistry A

e e e L L T - ———————————— - -

(A)
B-Phase PVDF ? )
Y <

@ Kapton @ PVDF Lamellar Crystal

« Hydrogen &' Fluorine ‘(‘nrbon A

@ PZT Particles

( B) (i) Disorder

Heating Pressing
C— E
Disentangling Recrystallizing

I & L
S\ PVDF Chain () PZT Nanoparticles nmmﬂ Lamellar Crystal

5 (0)..
[—o— et PVDF 754 -

2 25— PZIPVDF-120 ~ 'I"l"":'::_"x

< 77 |e—rzrrvoraas PN e

o e PZTPVDF-1:10 Pad DF~1:15

B0 5 g f—e—rzrrvOFaLS % FLTPNDF-1:10

S “Tee-rzrrvoraa = 125 FPZrRvDRas

° [—e—PZTPVDF-12 @ = —:: :::”iff

Z 154 ~ 1.004 i

-] =

2 104 2 075

(i < os0

&05- =

5 %o.z« |

0.0 0.00 Wbl

0 0 10 20 3 40 50 60 70

Time (s)

View Article Online

Review

BaTiO3 NP: ¥

(E) un:rsnr’ > Vacuum drving
<= -
g ~—~gcrm

NMP solution of PVDF () BaTiOa NPs ‘

The p-NC sandwiched ITO/PET serving
between ITO/PET films as el

4—"9

[

—
F G
(F) _ ( )30
40
0{ 15V
e ol | 1117
3 z
- i
S 20 § -10 ] l ‘ ‘ l
- 20 .
30 e EYDEFilm
$:4.0:011012141618 202224 0246 81012141618202224 1
Time(s) Time(s) 1

A Mexene
B form lamella

PVDF molecules

a form spherulite

'
'
'
'
'
- a form lamella
1
)
'
'
|

Shish-kebab

Fig. 6

|~ PV DF
|—— PV DF-microinjection 15.2v
— PVDF/MXene

| PV DF/MXene-microinjection

5 15

- e e

10
Time(s)

(A) The generalillustration and detailed structure of the PZT/PVDF composite sensor. (B) The conception of preparing a B-phase lamellar
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contents of PZT particles under 34.23 kPa. Reproduced from ref. 80 with permission from Elsevier, copyright 2019. (E) The fabrication procedure
of flexible piezoelectric nanocomposite nanogenerators. (F) The open-circuit voltage of the piezoelectric nanocomposite nanogenerators under
1 MPa stress. (G) The open-circuit voltage signals generated from the pure PVDF film NG under a stress of 1 MPa. Reproduced from ref. 83 with
permission from Elsevier, copyright 2015. (H) Crystalline structure of the microinjected PVDF/MXene composite. (I and J) SEM image of the
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permission from American Chemical Society, copyright 2021.

demonstrated comparable performance to lead-containing
piezoelectric materials.®*® Lead-free piezoelectric ceramics
are environmentally friendly and have greater potential in bio-
related application when combined with PVDF. Among them,
biocompatible BTO is an excellent lead-free piezo-material for
its easy processability and outstanding piezoelectric properties.
A BTO-PVDF film was prepared by incorporating BTO nano-
particles (BTO NPs) into a PVDF matrix via facile and scalable
solvent evaporation in combination with a poling process
(Fig. 6E).** The uniform distribution of BTO NPs and the
oriented structure enabled the realization of an open-circuit

22378 | J. Mater. Chem. A, 2024, 12, 22372-22395

voltage of 150 V and a short-circuit voltage of 1500 nA, which
was one of the highest values among lead-free piezoelectric
films (Fig. 6F and G). Additionally, the stress concentration of
the polymer matrix originated from NP fillers also contributed
to the enhanced power output. Adopting electrospinning tech-
nology for the preparation of PVDF composite films is a more
promising method for the formation of the PVDF B-phase
compared to electric poling.*® The electrospun PVDF-BaTiO; (ES
PVDF-BTO) composite nanofibers were developed to construct
a high-output flexible PENG. The piezo-active crystalline phase
of PVDF was further escalated due to the interfacial interaction
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between the BTO fillers and polymer during electrospinning.
Owing to the high B-phase content up to 91% and the addition
of 10 wt% BTO, the resultant flexible PENG delivered an open-
circuit voltage of ~50 V and a short-circuit current density of
~0.312 mA m™ 2. Ponraj et al. employed KNN fillers with varying
length scales in PVDF to investigate the influence of crystallite
size (over a wide range) on the dielectric and piezoelectric
properties of composite films produced by hot-pressing.*® Due
to the enhanced dipole-dipole and ion-dipole interactions
between B-PVDF and KNN, a higher d;; value of 35 pC N~ was
presented containing 70 vol% micron-sized KNN particles. Teka
et al. prepared PVDF/KNN composite filaments using the melt-
spinning process and then fabricated flexible nanogenerators
based on nanocomposite fiber mesh using electric poled PVDF/
KNN.” The composite with 4% KNN showed the highest
B content of 26%. The corresponding nanogenerator using
PVDF/4%KNN delivered an output voltage and current of 3.7 V
and 0.326 pA, respectively.

Among II-VI piezoelectric semiconductors, ZnO has the
highest piezoelectric coefficient and offers the advantages of
excellent electrical properties, low-cost, high abundance and
chemical stability.”**> Moreover, nanostructured ZnO can be
facilely grown on hard or flexible substrates to adopt to a broad
variety of scenarios.”®* Vertically aligned ZnO nanorods were
embedded into PVDF to obtain a PVDF-ZnO composite film via
simple drop casting.”® The vertically aligned ZnO induced the
formation of B-phase PVDF, leading to an 1800 times enhanced
power output compared to bare PVDF without electrical poling.
Apart from ZnO nanowires or nanorods, the impregnation of
ZnO nanoparticles (NPs) into the PVDF matrix also results in an
increased content of the B-phase.”” It was presumed that the
negative surface charge in NPs had a catalytic effect promoting
the nucleation of the polar B-phase in PVDF at an optimum
volume ratio. The B crystal nucleation was enhanced to over
80%, and the corresponding piezoelectricity was increased to
~50 pC N " (ds3) at 50 Hz. The PENG based on PVDF-ZnO NPs
presented a superior and enhanced output of V,,. ~24.5Vand I,
~1.7 pA and a remarkable power density of ~32.5 mW c¢cm >

3.2.2 PVDF/2D materials composites. The intrinsic piezo-
electricity of some 2D materials such as h-BN, MoS, and GaS
was theoretically predicted as early as the late 2000s.”*°® The
experimental verification of the piezoelectric effect in 2D
materials was first reported by Wang's group in 2014.%° Several
theories have been proposed to explain the fundamental theory
of piezoelectricity in 2D materials. The 2D forms of conven-
tional piezoelectric materials present enhanced piezoelectricity
compared to their bulk counterparts.'® In another scenario, the
bulk form of most common 2D piezoelectric materials such as
(h-BN), transition metal dichalcogenides (TMDCs), group-III
monochalcogenides and group IV monochalcogenides does
not exhibit piezoelectricity. The strong piezoelectric coupling of
the abovementioned 2D materials was predicted based on the
calculation of piezoelectric coefficients using first-principles
studies.’ For instance, regarding hexagonal structured mate-
rials with a D6h symmetry and layered orthorhombic structured
materials with a D4h symmetry, their two-dimensional mono-
layers exhibit inversion asymmetry because the structures are

This journal is © The Royal Society of Chemistry 2024
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changed to the D3h group, leading to in-plane piezoelec-
tricity.*® More specifically, for few-layered h-BN and MoS,, in-
plane piezoelectricity was only found in an odd number of
layers, because the materials with an even number of layers are
centrosymmetric.'®

A graphene/PVDF nanofiber was prepared by electrospinning
a graphene oxide (GO) incorporating PVDF precursor. The
piezoelectric output of the PENG base on graphene/PVDF
nanofiber was significantly enhanced, owing to higher
conductivity and B phase content induced by the incorporation
of graphene. The B phase of the composite fibers containing
2 wt% GO (or rGO) was about 87%. Such a composite film was
assembled into a flexible PENG, achieving a short-circuit
current of 700 nA, an open circuit voltage of 16 V and
a charge value of 5 nC, which were 20 times higher than that
based on pure PVDF.'* Nardekar et al. first prepared 1 T-MoS,
quantum sheets with ultra-low dimensions (5-10 nm) in a 1-5
layer thickness by ball-milling.**® These MoS, quantum sheets
(QSs) were then incorporated into the PVDF matrix to fabricate
a photovoltaically self-charging cell and piezoelectric nano-
generator. At a threshold MoS, QSs ratio of 7.5 wt%, the PENG
showed an output voltage of ~34 V, much higher than that of
pristine PVDF (5 V) and bulk MoS, (8 V). Under an applied force
of 2 N, a rectified maximum output voltage of 32 V and a power
density of 32 mW m™ 2 were recorded at a loading resistance of
0.830 GQ. The PENG was able to charge a dielectric capacitor up
to 0.7 V and lit up a LED bulb. The addition of some foreign
polar 2D fillers can promote the polarization of PVDF due to the
strong interaction between PVDF and the filler, and therefore
the energy- and time-consuming post-poling process is no
longer needed.'*®'”” Han et al. reported a PVDF/MXene PENG
via the microinjection molding process (Fig. 6H).” The intense
shear force and stacked MXene sheets with numerous polar C-F
groups not only promoted the formation of f-phase PVDF, but
also induced regular arrangement of dipoles to produce a self-
polarization effect. One of the microinjected composites iMP-
1-400 containing 1 wt% MXene could reach a 93.4% relative
content of B-phase PVDF. The piezoelectric charge constant and
the voltage coefficient was 3.6 pC N™' and 0.45 pC N},
respectively. The resultant flexible PENG provided an open-
circuit voltage of 15.2 V and a short-circuit current of 497.3 nA
(Fig. 6K).

3.3 Non-PVDF based piezoelectric films

3.3.1 Polyacrylonitrile piezoelectric films. Polyacrylonitrile
(PAN) has been explored as the precursor for carbon fiber or
battery separators for a long time.'*®'*® Research on the piezo-
electric properties of PAN was initiated only very recently due to
the challenges associated with realizing its piezoelectricity.**
The strong interaction between -CN groups induced the
generation of 3"-helical conformation, which has a lower sum of
dipole moments and thus poor piezoelectricity.'™ Even with
successful conformational modulation, maintaining the
stability of the orientation of -CN groups to preserve a specific
arrangement of dipoles under operational conditions remains
a challenge. In response, several strategies have been
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implemented to increase and maintain the zig-zag conforma-
tion in PAN, including the adjustment of fabrication and pro-
cessing conditions and the incorporation of fillers. The
mechanically oriented stress field generated during wet spin-
ning can induce ordered alignment of PAN. Combined with
a mechanical poling post-treatment, the orientation of PAN
chains along the stretching direction is expected. The integra-
tion of high temperature and electric field can also enhance
dipole alignment within polymers (e.g. PVDF), resulting in
increased piezoelectricity.*® However, such processing tech-
niques are less effective when applied to PAN due to the
unstable orientation caused by strong interaction among —-CN
groups." Electrospinning is a widely applied processing tech-
nique to enhance the piezoelectric performance of piezoelectric
polymers via in situ polarization and stretching induced by an
electric field."**> Lin's group reported unusually strong piezo-
electricity in electrospun PAN by adjusting the electrospinning
conditions (Fig. 7)."** The main reason for this unexpectedly
high piezoelectricity is the planar zigzag conformation, which
can be tuned using rotary speed of the drum collector. As the
linear velocity increased from 100 mm s~ to 1800 mm s~ ', fiber
alignment improved and the average diameter decreased. The
maximum planar zigzag conformation contents were acquired
at a speed of 1200 mm s ". The resultant PAN nanofiber mat
generated a voltage of 2.0 V and a current of 1.0 pA, out-
performing the PVDF mat fabricated under the same condi-
tions. The tacticity of the polymer also plays a crucial role in
affecting piezoelectricity in electrospun PAN. PAN with various

View Article Online
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levels of isotacticity can be obtained through radiation-induced
polymerization of urea. Electrospun PAN with 25% and 52%
isotacticity exhibited piezoelectricity with a ds; of 1-2 pC N7,
whereas electrospun free-radical polymerized commercial PAN
presented no piezoelectricity.'** Furthermore, both isotacticity
and planar zigzag conformation can be tuned by in situ polari-
zation and stretching induced by the applied high electric field
during electrospinning.'*® Hereafter, the integration of piezo-
ceramics, semiconductors and inorganic salts with electro-
spun PAN was conducted to realize higher energy output,** "
as demonstrated for PVDF.

3.3.2 Non-piezoelectric polymer-based composite piezo-
electric films. Except for PVDF and its-copolymer-based piezo-
electric films, another facile approach is to integrate
piezoelectric fillers with a non-piezoelectric polymer matrix (e.g.
PVA) to prepare gel piezoelectric polymer electrolytes. From this
point of view, the invention of high performance piezo-
electrolyte relies on the hybridization of piezoelectric fillers
and their interaction with the filler-polymer matrix. PVA-
piezoelectric filler composite based PENGs were rarely re-
ported. However, the examples of piezoelectric fillers compos-
ited with other non-piezoelectric polymers can also serve as
good references. Inorganic piezo-materials applied in polymer-
based PENGs are expected to have great potential in PVA
composite piezo-films as well.”>**

Vertical ZnO NW arrays can be grown on arbitrary shaped
substrates of any material via solution-based technology."****
Since the as-grown vertical ZnO NW arrays naturally have
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consistent polar directions along the c-axis upon applied strain,
they can serve as piezoelectric fillers for polymer composite
films.** PVA-ZnO nanocomposites with different ZnO nanorod
(znR) alignments including unoriented, oriented, and hierar-
chical were prepared as hybrid triboelectric/piezoelectric
nanogenerators (Fig. 8A)."** When the ZnR orientally aligned
along the c-axis, the composite exhibited the highest power
output of 15.9 W m™?, which was ~17-fold enhancement
compared to pristine PVA (Fig. 8B and C). Such large piezo-
electric polarization was due to the strengthened deformation
under vertical compression enabled by highly oriented ZnRs.
The performance of pristine ZnO can be improved by doping
with III-1V group elements.” Sn-doped ZnO was prepared and
then composited with PVA to obtain a thin composite film. With
2.5% Sn doping, the performance of the PVA/ZnO based PENG
was enhanced by 2-fold at the maximum applied force. More
specifically, the open circuit potential and short circuit current
was increased to 4.15 V and 36 nA, respectively.

A self-powered PENG based on a PZT/cellulose (MFC)/PVA
composite was fabricated by the melt copolymerization method
(Fig. 8D)."® PZT greatly enhanced the piezoelectricity and the
introduction of MFC increased the elastic modulus and tensile
strength of the film. The maximum output of the composite film
was 3.3 pW (Vo = 16.5 V, I, = 0.86 pA) (Fig. 8F). In addition, the
composite film exhibited extremely high mechanical strength with
a tensile strength of 41.9 MPa. Although there were very few studies
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on PVA-BTO and PVA-KNN films, composite films composed of lead
free piezo-ceramics incorporated in other non-piezoelectric polymer
matrices can be regarded as good references. Chen et al. developed
a transparent and stretchable highly integrated PENG using spray-
coated AgNWs as stretchable electrodes, BTO embedded PDMS as
the piezoelectric sensing layer and a thin PDMS film as the
protective and triboelectric layer.” The BTO-PDMS piezoelectric
layer generated a typical output voltage of 2.8 V and a current
density of 130 nA cm 2 under a compressive force of 50 N. Potas-
sium sodium niobate (KNN) with recognized biocompatibility is
another promising lead-free piezoelectric ceramic.”'** Using a sol-
gel processing method, KNN piezoelectric films were coated onto
flexible metal foil.**” The flexible KNN@Pt film showed an improved
piezoelectric coefficient ds; of 75.1 pm V', which surpassed that of
the rigid KNN film (52.8 pm V'). To improve the alignment of
dipoles, Ag particles were attached on piezo-particles KNN and then
mixed with carbon nanotube/PDMS to fabricate a PENG. The Ag/
KNN PENG poled at 5 kv mm™" and generated a maximum
open-circuit voltage of 282 V and a short-circuit current of 32.2 pA
under 10 kPa external mechanical stress.

4. Current advances in polymer
piezoelectric films for SCPSs

A highly integrated SCPS is a device that combines the energy
harvesting and energy storage components into a single unit.
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(B) PVA as a reference and (C) oriented (ZnWs and ZnRs) at a constant applied force of 50 N. Reproduced from ref. 121 with permission from
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with permission from Elsevier, copyright 2023.
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The key material for such configuration is multifunctional
polymer-based films, which serve as both a piezoelectric nano-
generator and a separator/electrolyte for energy storage devices.
Some polymer films with intrinsic piezoelectric properties can
be used as a battery/supercapacitor separator after appropriate
structure design. It is facile to fabricate polymer piezoelectric
electrolyte by incorporating piezoelectric nanoparticles/
nanowires/nanofibers into conventional polymer solid-state/
gel electrolyte or using polymer electrolyte with inherent
piezoelectric properties. To date, various polymer-based multi-
functional films have been demonstrated for SCPSs, which will
be discussed in detail below. Also, the performance metrics of
different SCSPCs reported are summarized in Table 1.

4.1 Polymer-based piezoelectric separators for SCPSs

A separator is an indispensable component for batteries and
supercapacitors that physically separates the two electrodes,
preventing the occurrence of a short circuit. Highly flexible
polymer films with well-defined porosity are the most prom-
ising materials for separators. Currently, polyolefins (poly-
propene and polyethene) are the most used polymers for
commercially available battery separators.** To further improve
the electrochemical properties of batteries and overcome
shortcomings such as limited wettability, low porosity and
thermal shrinkage, polymers beyond polyolefins including
poly(acrylonitrile) (PAN), poly(methylmethacrylate) (PMMA),
poly(ethylene oxide) (PEO), and poly(vinylidene fluoride) (PVDF)
and its copolymers have been explored.*** Owing to the features
of easy processability, chemical/electrochemical stability,
controllable crystallinity and high dielectric properties, PVDF
and its copolymer films have been extensively studied as sepa-
rators.” Considering the outstanding piezoelectric properties,
PVDF-based polymers emerge as a promising option for piezo-
electric separators.

Generally, porosity is one of the most important parameters
of polymer separators. Abundant porosity up to 40% is required
to ensure the permeability of electrolyte.”® Also, the pore size
should be appropriate to prevent the penetration of electrode
material particles and even lithium dendrites. Ideally,
submicrometer-sized, evenly distributed and tortuous pores are
favored for uniform current distribution and inhibition of Li
dendrite growth. High wettability, sufficient electrolyte
absorption, and excellent electrolyte retention of the separator
are prerequisites for electrolyte infiltration and ion transport.
The separator should also possess good mechanical strength
including tensile strength and puncture strength, to withstand
the strain during manufacturing and usage." Excellent chem-
ical and thermal stabilities are required for polymer separators
as well. Chemical stability includes not only high resistance to
oxidants, reductants and organic solvents, but also the ability to
maintain mechanical strength during electrochemical
processes. The separator must maintain its dimensions and
physical properties over a wide temperature range without
wrinkles and shrinkage. Besides, there are other requirements
such as electrical insulation, minimal electrolyte (ionic) resis-
tance, air permeability and safety.'>*

22382 | J Mater. Chem. A, 2024, 12, 22372-22395
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While the study of piezoelectric separators is still in the
proof-of-concept stage, it is premature to discuss the above-
mentioned significant separator parameters. As the research
progresses, increasing emphasis will be placed on the electro-
chemical performance rather than solely on the piezoelectric
properties of the separator. Exploring the impact of key sepa-
rator parameters on the self-charging capability of the piezo-
electric separator holds significant research value.

4.1.1 Polymer-based piezoelectric separators for self-
charging batteries. The first proof-of-concept SCPS prototype
was developed by Xue et al. in 2012," in which a pre-polarized
PVDF film was used to replace the conventional polyolefin
separator in a coin cell type lithium-ion battery (LIB) (Fig. 9A).
The self-charging process was driven by the piezoelectric
potential generated by the PVDF film under pressing. Under
a periodic compressive stress of 45 N at a 2.3 Hz frequency, the
voltage of the cell was increased from 327 to 395 mV within
240 s, storing a capacity of 0.036 pAh (Fig. 9B). More interest-
ingly, the integrated design demonstrated a higher mechanical-
electrochemical energy conversion efficiency compared with the
separated design consisting of a piezo-generator and an energy
storage unit connected through a bridge rectifier. The device
based on the latter design showed a voltage increase of only
~10 mV after being charged for 4 min via cycled deformation of
the PVDF PENG. However, this self-charging (SC) Li-ion battery
used rigid, coin-cell type design, which failed to maximise the
piezoelectric output and was also unsuitable for wearable
devices. Later in 2014, the first flexible self-charging battery
using Kapton film as a supporting shell was reported."*® The SC-
LIB consisted of a LiCoO, cathode, graphene anode and pre-
polarized PVDF piezo-separator (Fig. 9C). Such flexible design
can fully utilize the external mechanical stress in comparison to
its counterparts with a rigid shell, leading to higher piezoelec-
tric potential. It was charged from 500 mV to 832 mV within
500 s under a periodic compressive stress of 34 N at 1 Hz, which
was equal to a 0.266 pAh capacity (Fig. 9D). Also benefiting from
the flexible structure, such a device was able to harvest and
convert tiny environmental mechanical energy such as finger
pressing or compression from bicycle tire rolling. Both mate-
rials optimization and device configuration design can boost
the self-charging ability of the SC battery using a bare polymer
piezo-separator. A porous, electrospun P(VDF-TrFE) film was
used as both a flexible support matrix for the electrode and
piezo-separator (Fig. 9E)."*® A hierarchical nano-microporous
structure was created by introducing PEG into the electro-
spinning solution. The unique porous structure of the piezo-
separator, along with a self-supporting electrode on a P(VDF-
TrFE) substrate, endowed the SCPS with excellent flexibility
and high piezo-driven self-charging performance. This SCPC
without the use of liquid electrolyte can be considered a flexible
PENG, which exhibited a maximum output voltage of 180 V at
30 Hz. At an external force of only 6 N at 1 Hz, the SCPC was
charged from 70 to 240 mV within 330 s, demonstrating an
excellent mechanical-electrochemical transduction ability
under tiny mechanical deformation (Fig. 9G). Accordingly, this
flexible SCPC exhibits great potential for collecting the tiny

This journal is © The Royal Society of Chemistry 2024
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movement energy of the human body to power wearable elec-
tronic devices.

Exploring a new polymer separator with better piezoelectric
properties is critical for boosting the self-charging capability.
Polymer composite films, such as piezo-ceramic/polymer and
2D materials/piezoelectric polymer composite films, show
potential for enhancing the piezoelectricity.**® By hybridizing
PZT with PVDF, the piezoelectric potential of the composite
films can be intensified, and the physical properties may be
changed. Yang et al. report a simple, effective and low-cost way
to fabricate a PVDF-PZT nanocomposite film via spin-casting,
which stored twice the capacity of a pure PVDF film (~0.010
vs. 0.004 pAh) as a piezo-separator in a LiCoO,/MWNT coin-cell
type LIB." A similar composite piezo-separator was applied to
fabricate a battery-type flexible SCPS. A flexible and SC sodium-
ion full battery was developed by coupling the elastic composite
piezo-separator with an NazV,(PO,)s;/C cathode and a Ni,P/C
anode (Fig. 9H).** The piezo-film was cast by incorporating
KNN piezoelectric particles into a highly elastic SEBS film and
then forming a bilayer separator with a glass fiber membrane.
The flexible SC SIB exhibited an excellent self-charging behavior
under bending (~60°) or palm patting (~10 N, 2 Hz) (Fig. 91 and
])- It was easily charged from 0.19 to 0.28 V by bending in 150 s,
and the self-charging continued to 0.65 V even after the bending
stopped. Similarly, the voltage of the flexible SC SIB experienced
arapid increase from 0.14 to 0.36 V under palm patting for 300 s
and maintained the increasing trend until ~0.65 V after
external stress was removed. The hysteretic piezoelectric
response can be attributed to the exceptional mechanical
energy absorption and storage capabilities of the elastomer.
Similarly, an all-in-one stretchable, self-chargeable sodium-ion
thin-film battery was fabricated based on an electrospun
PVDF-HFP/PZT/thermoplastic polyurethane (TPU) film and two
symmetric electrospun NazV,(PO,);/C/TPU cathodes.* The
stretchable sodium ion battery can achieve 279.3 to 331.3 mV
under palm patting with 0.083 pAh stored capacity. The excel-
lent stability of the self-charging behavior under repeated
deformation could enable accumulative energy collection
during practical use.

4.1.2 Polymer-based piezoelectric separators for self-
charging supercapacitors. The relatively low output of self-
charging makes it less likely to fully compensate for the
energy required to fully recharge the battery. Therefore, the
design and fabrication of self-charging supercapacitors (SCSCs)
with relatively lower energy density are more promising. A
flexible SCSC has a versatile design that meets the requirement
of ambient working conditions and allows for a broadened
selection criterion for materials. The piezo-electrochemical
process is also the driving force for the self-charging of elec-
trochemical double layer (EDLC) or pseudocapacitive super-
capacitors.”® A rectification-free, self-charging supercapacitor
was first demonstrated in 2015 and consisted of a polarized
PVDF separator, a functional carbon cloth electrode and H,SO,/
poly(vinyl alcohol) (PVA) gel electrolyte (Fig. 10A).* When
a compressive force was applied, the polarization of PVDF was
changed and then a piezoelectric field was generated. Although
a small reversed piezo-potential was created upon removal of

This journal is © The Royal Society of Chemistry 2024
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Fig.9 (A) Structure and applications of a SCPC made of LiCoO, (cathode) and TiO, (anode) separated using a polarized PVDF membrane and (B)
self-charging process under compressive force. Reproduced from ref. 17 with permission from American Chemical Society, copyright 2012. (C)
Structure and optical image of the flexible SCPC made of LiCoO, (cathode) and graphene nanosheet composites (anode) separated using
a polarized PVDF film and (D) self-charging process of the flexible SCPC under compressive force. Reproduced from ref. 129 with permission
from Wiley-VCH GmbH, copyright 2014. (E) Fabrication procedure of the fully flexible SCPC; (F) possible applications of the SCPC to utilize
biomechanical energy and (G) self-charging response of the fully flexible SCPC. Reproduced from ref. 128 with permission from Elsevier,
copyright 2022. (H) Device architecture of the flexible SC SIB; (1) self-charging process by bending and (J) palm patting. Reproduced from ref. 24

with permission from Elsevier, copyright 2019.

compression, it could not counteract the overall self-charging
process. The voltage of the device was increased to 100 mV
within 40 s with an average frequency of 4.5 Hz, storing
a capacity of 0.25 pAh (Fig. 10B). Parida et al. reported a poled
porous P(VDF-TrFE) foam prepared by the vapor-induced phase
separation method as a piezo-separator in a SC supercapacitor,
which generated a voltage 3.5 times higher than that of
a compact P(VDF-TrFE) film (Fig. 10C)."*> Upon an external
compressive force of 70 N at a 5 Hz frequency, the SC device was
charged from ~0 mV to ~60 mV within 10 s and finally reached
~70 mV with a stored capacitance of 95 mF cm™? (Fig. 10D).
Similar to those in flexible PENGs and SC batteries, nanofillers
such as ZnO, 2D materials and piezoelectric ceramics (PZT, BTO,
and KNN) are introduced to enhance the piezoelectric output of
PVDF based polymer piezo-separators. By adding ZnO nanoflakes
and rGO into PVDF, a significant enhancement in the piezoelectric

This journal is © The Royal Society of Chemistry 2024

response was observed. It exhibited a maximum output voltage of
44V, a current density of 1 A cm 2 and a power density of 193.6
uW cm? (Fig. 10E and F)."** The self-charging behavior of the
flexible supercapacitor with the PVDF-ZnO-rGO piezo-separator
showed a stored charge of 1.5 x 10> mC in only 84 s (~190 mV
increases in potential) under a 5 N tapping force, without resorting
to a rectifier. A porous P(VDF-TrFE)/BTO piezoelectric film was
successfully fabricated through spin coating-polarization tech-
niques. It was then assembled into a flexible solid-state self-
charging supercapacitor power cell coupled with NiCoP/NiCoN
and activated carbon electrodes (Fig. 10G and H).**®

Under a 35 N compressive force at a 1 Hz frequency, the
composite piezo-film with 50 wt% of BTO presented a V,. and
an I of 14.2 V and 0.62 pA, respectively. The practical self-
charging properties were characterized by a 133 mV voltage
increase within 146 s under a 35 N force. 2D siloxene was

J. Mater. Chem. A, 2024, 12, 22372-22395 | 22385
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(A) Fabrication process of a hybrid piezo-supercapacitor made of functionalized carbon cloth electrodes separated using PVDF and (B)

self-charging process of the piezo-supercapacitor under a compressive force with an average frequency of 4.5 Hz. Reproduced from ref. 47 with
permission from the Royal Society of Chemistry, copyright 2015. (C) Fabrication of the porous PVDF-TrFE film and (D) self-charging behavior of
the SP-EDLC device. Reproduced from ref. 132 with permission from Elsevier, copyright 2017. (E) Fabrication of the SCPU device made of MnO,-
rGO heterostructure electrodes separated using PVDF-ZnO-rGO film and (F) self-charging test under a hand-tapping force. Reproduced from
ref. 131 with permission from American Chemical Society, copyright 2020. (G) Fabrication process for the synthesis of a NiCoP/NiCoN heter-
ostructure, P(VDF-TrFE)/BTO piezo-film and SCSPC device. (H) Self-charging properties of the SCSPC at a compressive force of 35 N.
Reproduced from ref. 133 with permission from Elsevier, copyright 2022. (I) Overall process involved in the fabrication of a siloxene SCSPC. (J)
Self-charging properties of the siloxane SCSPC at 2 Hz, 1 Hz, and 0.5 Hz at a force of 20 N. Reproduced from ref. 135 with permission from

Springer Nature, copyright 2020.

employed as both the electrode material and piezoelectric
nanofiller to fabricate a self-charging supercapacitor based on
the PVDF-siloxene piezo-separator. As previously revealed in
PVDF composite piezoelectric films, the incorporation of 2D
materials fillers led to improved mechanical energy-harvesting
properties of PVDF. The PVDF-siloxene piezo-film provided an
enhanced output feature (V,. = ~6.5 V) compared to bare PVDF
(Voe = ~3 V), due to the enhanced dipole alignments in PVDF
after the incorporation of siloxene sheets (Fig. 10I and J).*** The
self-charging ability of the siloxene-PVDF supercapacitor was
207 mV, 102 mV and 59 mV within 250 s under a compressive

22386 | J Mater. Chem. A, 2024, 12, 22372-22395

force of 20 N at 2, 1 and 0.5 Hz, respectively. The corresponding
self-charging capacitance of the siloxene SC supercapacitor was
~3.62 mF cm >,

Piezoelectric biopolymers provide an alternative choice for
piezo-separators, in addition to PVDF. They offer the merits of
biodegradability, non-toxicity and biocompatibility.”®” The
piezoelectricity of collagen fibrils relies on the hydrogen bonds
linked to polypeptides.'*® Maitra et al. designed and fabricated
an environmentally friendly, portable, wearable and self-
charging solid-state supercapacitor, which incorporated a bio-
piezoelectric fish swim bladder as the separator (Fig. 11A)."*¢

This journal is © The Royal Society of Chemistry 2024
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circuit current response of the nanogenerator upon repeated finger

imparting. (D) Self-charging and discharging process under human finger imparting. Reproduced from ref. 136 with permission from Elsevier,
copyright 2017. (E) Morphology and fiber diameter of PAN nanofibers and (F) density functional theory (DFT) simulations at different roller speeds.
(G) The self-charging behavior of SCSPC@PAN under a force of 30 N and at a frequency of 1.5 Hz. Reproduced from ref. 138 with permission

from Elsevier, copyright 2023.

The piezoelectric effect of the fish bladder relied on the defor-
mation of the collagen's helical structure and consequent
generation of dipole moments under repeated compressive
stress. The bio-nanogenerator achieved an average voltage of
~6.23 V and a current of ~1.74 pA upon an applied force of
~16.4 N at 1.65 Hz. The self-charging behavior of the flexible
supercapacitor with the fish bladder and PVA-KOH gel electro-
lyte was studied under finger pressing at 16.4 N and 1.65 Hz
(Fig. 11B-D). It was charged from an initial voltage of
~130.1 mV to 281.3 mV after ~80 s of finger motion. Later on,

This journal is © The Royal Society of Chemistry 2024

a bio-waste fish scale was also explored as a bio-piezoelectric
separator to construct a self-charging supercapacitor.”®” The
fish scale nanogenerator provided an open circuit voltage of
~3.6 V. The self-charging device consisted of a MnO, positive
electrode, an Fe-Mn sulfide@reduced graphene oxide negative
electrode and the fish scale piezo-separator. It was charged to
~350 mV from ~115 mV within 20 s under finger pressing. The
device can be finally charged to ~448 mV upon finger pressing/
releasing circles.
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Based on the improved piezoelectric output of electrospun
PAN nanofibers (2.0 V over an area of 5 cm?) via structure
modulation, a multi-scale aligned high-performance PAN
piezoelectric separator was prepared. It demonstrated excellent
hydrophilicity, high mechanical properties, good thermal
stability, and high piezoelectric properties. The ordered align-
ment of PAN fibers was realized by an appropriate rotation
speed during electrospinning. The zig-zag conformation
content and the molecular orientation factor reached the
maximum value when PAN nanofiber obtained at a rotation
speed of 1200 rpm (Fig. 11E).**® The theoretical simulation
revealed that the zig-zag conformation with higher order of -CN
has higher dipole moment, leading to improved piezoelectric
properties. Consequently, the output voltage and current of PAN
nanofibers reached a maximum value of 4.5 V and 2.1 pA (a
working area of 4 cm® under 30 N at 1.5 Hz). The SCPS using the
PAN piezo-separator and activated carbon cloth electrodes
demonstrated a self-charged voltage increase of 117.8 mV under
30 N at 1.5 Hz (Fig. 11G). Most importantly, the PAN piezo-
separator exhibited much improved electrochemical perfor-
mance compared to bare PVDF and PVDF composite piezo-
separators, with respect to the higher power density and
energy density of the device based on the PAN separator. It was
presumed that the high orientation of nanofibers and improved
hydrophilicity guaranteed excellent electrochemical
performance.

4.2 Polymer-based piezoelectric electrolyte for SCPSs

Piezoelectric electrolyte is developed on the basis of polymer
solid-state electrolyte or gel polymer electrolyte (GPE). GPE is
a quasi solid-state electrolyte with the advantages of both solid-
state and liquid electrolytes. It has improved ionic conductivity
compared to solid-state electrolyte and better safety than liquid
electrolyte. GPE demonstrates a favourable balance between
mechanical and electrochemical properties. GPE consists of
a polymer matrix with a liquid solvent containing electrolyte salt
enveloped in the polymer network. The solvated polymer
networks provide high mobility to enable free ion migration.

Selection criteria for polymer hosts include active chain
segment motion, promoted salt dissociation, low glass transi-
tion temperature and a wide electrochemical window."® The
electrolyte salts are expected to have large anions with low
dissociation energy to provide charge carriers.'® The ideal
solvent for GPE should have a high dielectric constant, non-
volatility, a large donor number and low viscosity.'*"*
Commonly used solvents include water, ethylene carbonate
(EC), propylene carbonate (PC), etc. The liquid electrolyte can
also be an acid solution for GPE used in supercapacitors, such
as H,S0,/H,0 and H;PO,/H,0.

For supercapacitor application, PVA-based GPEs are most
extensively studied. As a water-soluble, mass-produced
synthetic resin, PVA has many fascinating features including
high flexibility, easy processability, chemical stability and
environmental friendliness. The abundant hydroxyl groups in
PVA are beneficial for aqueous electrolyte uptake thereby
enhancing ionic conductivity. Various kinds of PVA-based GPE
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have been developed for use in supercapacitors under a wide
range of conditions, such as PVA/H,SO,,'** PVA/KOH,'** PVA/
H3PO,,'* PVA/KCL,*® and PVA/Na,SO,.'*” For batteries (take
lithium-ion batteries as an example), PVDF and its copolymers
are the popular choice as the polymer matrix for GPE. The high
dielectric permittivity of PVDF enhances ion dissociation,
thereby ensuring good electrochemical performance.** The
favorable wettability of PVDF with liquid electrolytes, coupled
with its high mechanical strength, renders it well-suited as
a scaffold material.

The electrochemical performance of PVDF-based gel poly-
mer electrolytes (GPEs) can be further enhanced through the
incorporation of other polymers or inorganic fillers, which can
be achieved by modulating crystallinity and providing addi-
tional ion binding sites.'®® Similarly, further enhancement of
PVA-based GPEs can be achieved through the incorporation of
inorganic materials or nanosheets. The impact of these added
materials on ionic conductivity is closely tied to their specific
surface area and surface chemistry.'®® The strategies mentioned
above for composite electrolytes also hold significant reference
value for incorporating inorganic fillers into polymers to
enhance piezoelectric properties.

4.2.1 Polymer based piezo-electrolyte for self-charging
batteries. Replacing conventional separators with piezoelectric
films offers a straightforward route to fabricate all-in-one
SCPSs. The use of piezoelectric polymer solid-state electrolyte
is more intriguing as it eliminates the need for an additional
separator. This type of polymer solid-state “piezo-electrolyte”
merges the functions of piezoelectric film separators and poly-
mer solid-state electrolyte, endowing the assembled SCPS with
high flexibility and ease of assembly. For metal ion batteries, the
commonly used matrix for polymer electrolyte, PVDF, is
a natural choice to obtain piezo-electrolyte due to its intrinsic
piezoelectricity. Following the strategy used in piezo-films for
PENGS, piezo-ceramic fillers can be integrated into PVDF to
enhance the piezoelectric output. A piezo-electrolyte was facilely
realized via immobilizing liquid LiPFs electrolyte in a meso-
porous PVDF film (Fig. 12A)."** The battery-type SCPS with
a LiCoO, cathode, a graphite anode and PVDF-LiPF, piezo-
electrolyte sealed in a stainless-steel case could be charged by
compressive deformation and stored a 0.118 pAh capacity
within 240 s, which surpassed a non-integrated designed self-
charging battery by 5 times. Such an SCPS with flexible design
could be charged by either periodic compressive force (30 N, 1
Hz) or finger-bending deformation at a frequency of 1 Hz. For
the latter configuration, the device was charged from 100 to
184 mV within 5 min and maintained similar electrochemical
performance after bending 20 times (Fig. 12C and D). A flexible
self-charging sodium-ion battery was constructed, using
BaTiO;-P(VDF-HFP)-NaClO, piezoelectric gel-electrolyte, an
NazV,(PO,4); (NVP)/@C cathode and a hard carbon anode
(Fig. 12E).**® BTO particles were first incorporated into P(VDF-
HFP) to form a composite film with enhanced piezoelectric
properties. The piezoelectric gel-electrolyte was formed by
immersing the pre-poled film into NaClO, liquid electrolyte.
The assembled flexible device was self-charged from 80 to
320 mV by repeated bending for 300 s in the initial stage and

This journal is © The Royal Society of Chemistry 2024
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(A) Design of an all-solid-state SCPC made of graphite (anode) and LiCoO, (cathode) separated using PVDF-LiPF¢ solid piezo-electrolyte.

(B) Optical images of the all-solid state SCPC. (C) Self-charging process of an all-solid-state SCPC (sealed in a stainless-steel cell) and (D) flexible
SCPC under periodic applied force. Reproduced from ref. 134 with permission from Elsevier, copyright 2017. (E) Fabrication process of a flexible
SCSFB made of NazV,(PO4)3:@C (cathode) and hard carbon (anode) separated using BaTiOs-P(VDF-HFP)-NaClO4 piezoelectric gel-electrolyte.
(F) Self-charging behavior of a single device and (G) connected devices. Reproduced from ref. 139 with permission from the Royal Society of

Chemistry, copyright 2020.

experienced a further voltage increase up to 400 mV in the
following 100 h even after the bending was removed. Similar
self-charging behavior was also demonstrated when using palm
patting mode, which exhibited a 230 mV voltage increase within
300 s. The device stored over 0.3 mA h energy for either bending
or patting modes (Fig. 12F, GA). Five serially connected flexible
SCPSs could be self-charged to 2.0 V by palm patting, success-
fully powering a blue LED lamp, a smart watch, an electric
calculator or a humidity indicator in a good working state.
4.2.2 Polymer-based piezo-electrolyte for self-charging
supercapacitors. PVA based gel-type electrolytes have been
extensively applied in flexible supercapacitors to achieve both
mechanical flexibility and good electrochemical perfor-
mance.'® Therefore, one of the most straightforward methods
for creating flexible piezo-electrolyte is to combine piezo-
electric materials with PVA gel-electrolyte, following the strate-
gies applied in composite piezoelectric films with non-
piezoelectric polymers. Zhou et al. developed PVA/KOH/
BaTiO; to fabricate a self-charging flexible solid-state super-
capacitor using NiCo,O,@activated carbon cloth electrodes
(Fig. 13A).** The flexible device could be easily charged from
0.035 V to 0.12 V by repeated bending at 60° at 1.5 Hz. The self-
charging voltage raised to 0.2 V and 0.25 V at a large bending
angle of 90° and 180°, respectively (Fig. 13B). Combined with
PVA/H;PO, gel-electrolyte with potassium sodium niobate
(KNN), a stretchable self-charging supercapacitor (SCSC) with
a high biaxial stretchability of 300% was designed (Fig. 13C).**
The stretchable SCSC could simultaneously harvest and store

This journal is © The Royal Society of Chemistry 2024

mechanical energy via stretchable piezoelectric gel-electrolyte
without a rectifier. When repeatedly stretched by hands for
~40 s (1 Hz), a single stretchable device experienced a voltage
increase from 0.01 to 0.12 V in the initial stage, which then
further increased to 0.8 V after the stretching terminated. A
maximum value of about 1.0 V (from 0.13 V) was finally reached
after 300 s of palm patting at 2 Hz and then stopped (Fig. 13D
and E). A PVA-KCI-BaTiO; piezo-electrolyte was prepared by
blending BTO particles into PVA-KCI gel electrolyte (Fig. 13F)."**
Coupled with Co-doped Fe,O; anchored activated carbon cloth
electrodes, the assembled flexible supercapacitor could work
over 1.2 V with an areal capacitance of ~2.86 mF cm . It could
be easily self-charged to approximately 120 mV by repeated
bending for 7 min at a frequency of 1.0 Hz, demonstrating
practical potential when connected in series (Fig. 13G). A piezo-
powered supercapacitor (PPSC) device was fabricated using
iron-doped graphitic carbon nitride (Fe,03-g-C3N,) electrodes
and a multifunctional nanogenerator/solid-state piezo-
electrolyte PVA/KOH/carbon-doped zinc stannate (CZTO)."** It
exhibited a self-charging voltage (SCV) of 669.2 mV under finger
pressing (9.47 N, 3.7 Hz) for 180 seconds. Interestingly, this
device demonstrated real-time piezo-induced SCV-controlled
enhanced electromagnetic shielding up to 59.2 dB at 500 mV
and 14.5 GHz. Additionally, it showed a unique functional
transformation from an electromagnetic radiation reflector into
an absorber at an SCV of approximately 90 mV.

Despite PVA based gel-type piezo-electrolytes providing
a simple and effective solution for flexible SCSCs, solid-state
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PVDF based piezo-electrolytes are more attractive due to their
high mechanical robustness. Unlike PVA, the PVDF matrix has
intrinsic piezoelectricity. Therefore, PVDF-based flexible piezo-
electrolyte has the potential to achieve an enhanced
mechanical-to-electrochemical conversion efficiency. It should
be noted that most of the PVDF based piezo-electrolytes for self-
charging supercapacitors follow the piezo-ionic mechanism
rather than the piezoelectrochemical process. A piezo-
electrolyte film prepared by combining phosphotungstic acid
(PTA) and PVDF was developed (Fig. 13H)."* The addition of
solid proton conducting PTA significantly improved the
mechanical-to-electrical energy transduction properties,

22390 | J Mater. Chem. A, 2024, 12, 22372-22395

generating a two-fold higher output energy (41 V) than bare
PVDF at 1 N force (Fig. 13I and J). The improved energy har-
vesting properties were attributed to mechano-ionic properties
of the PTA-PVDF interface and interfacial polarization due to
the Maxwell Wagner Sillars effect.’®'”* Under a compressive
force of 2N, the graphene/PTA-PVDF/graphene supercapacitor
was charged from 52 to 162 mV within 200 s.

Recent studies revealed that Nafion membranes had excep-
tional mechano-ionic and piezo-ionic properties and possibly
intrinsic piezoelectricity, making them materials of interest in
piezo-driven SCPSs.'”*"”* Nafion or PVDF-Nafion composites
have already demonstrated a strong ability to generate voltage
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output under mechanical deformation via the piezo/mechano-
ionic effect and therefore can be directly used as electrolyte
and meanwhile as separators for SCPSs."*”* The Nafion
membrane generated an output voltage of 910 mV and a short
circuit piezo-current of 28 nA at an acceleration of 10 m s>
(Fig. 13K).*® A flexible solid state MoS,-Nafion-MoS, SCSPC
could self-charge up to 294 mV when subjected to an applied
force with an acceleration of 10 m s 2 in 600 s, which was
superior to that of many of the reported SCSPCs. The device was
slowly discharged over a time of 13000 s with a potential
decrease of 130 mV, exhibiting excellent charge-retention
capability (Fig. 13L and M).

5. Challenges and perspectives

In the past five years, research on self-charging power systems
(SCPSs) has undergone rapid development. It was no longer
regarded as a sub-topic or peripheral study of PENGs or flexible
energy storage devices but rather as a novel and independent
research field. The SCPS is a promising energy source for
wearable devices with low energy consumption and frequent
mechanical deformations, such as wireless health monitors,
motion sensors, e-skin and soft robotics. Despite the energy
generated by piezo-driven self-charging being small, the
cumulative process can provide compensation to extend the
battery life of the device. In this review, we provide an overview
of the design and mechanism of SCPSs and summarize the
recent advances related to polymer or polymer composite
piezoelectric separators/electrolyte. Our aim is to draw
researchers’ attention to address existing problems and drive
forward their development for practical implementation. Many
issues need to be addressed and key aspects require attention as
listed below:

(1) Standard performance metrics. The evaluation of the
output index of polymer piezoelectric films, in the form of
PENGsS, is quite mature and has standard performance metrics.
However, the output of a piezo-film in PENGs cannot fully
reflect its self-charging capability in SCPSs. One of the most
commonly used parameters is the voltage recharged upon the
application of forces at a certain frequency. Admittedly, this
value may also be strongly affected by many other factors such
as the types of electrodes and electrolytes, as well as the
dimensions of devices. Thus, it is highly demanded to establish
comprehensive, standardized metrics to evaluate the self-
charging performance of polymer piezoelectric components.

(2) Flexibility and mechanical durability. While there's no
mandatory restriction on the design of the SCPS, it is crucial to
prioritize excellent flexibility of the device, especially consid-
ering its primary application in wearable and implantable
devices. Therefore, flexibility and durability during repeated
bending or stretching are required for polymer or polymer
composite films. The electrochemical and piezoelectric perfor-
mances of piezoelectric polymer films upon repeatedly presss-
ing/releasing or mechanical deformation should be
emphasized.

(3) Electrochemical performance. Most research on polymer
piezo-separator and piezo-electrolyte has focused on the

This journal is © The Royal Society of Chemistry 2024
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piezoelectric output under applied stress, neglecting their role
as components of an energy storage device. It has been noticed
that many flexible self-charging supercapacitors using PVDF
based piezo-separators exhibited poor capacitive performance
especially at high current densities. Future studies should focus
on factors affecting electrochemical performance, such as
porosity and permeability for piezo-separators and ionic
conductivity and electrochemical piezo-
electrolytes, and consider them crucial metrics for perfor-
mance evaluation. For instance, achieving a balance between
piezoelectricity and ionic conductivity often involves using
inorganic fillers such as 2D materials. These fillers can enhance
piezoelectric output and ionic conductivity simultaneously. It is
crucial to evaluate how these fillers affect the electrochemical
performance of the polymer composite piezoelectric
component.

(4) Energy conversion efficiency. Generally speaking, current
state-of-the-art self-charging energy storage devices still exhibit
very limited self-charging performance with low mechanical-
electrochemical energy conversion efficiency. The energy har-
vested via the piezoelectric effect is far from adequate to
compensate for the consumption, even for self-charging
supercapacitors with relatively low specific energy density.

The challenge in this self-charging power system lies in
significantly enhancing the energy output of polymer based
piezoelectric components. It can be achieved through various
approaches, such as developing novel materials, optimizing the
fabrication process, or employing rational structural design.
The piezoelectricity of polymers is predominantly influenced by
factors such as the crystalline structure, chain alignment and
dipole moment, all of which can be tuned by using appropriate
processing techniques. Mechanical stretching primarily
enhances the alignment of molecular chains, while thermal
annealing increases the crystallinity, consequently improving
its piezoelectric properties. By modifying electrospinning
parameters, the piezoelectroactive content and dipole orienta-
tion of the polymer film can be optimized, leading to enhanced
piezoelectric output.

Another straightforward yet effective strategy involves
incorporating inorganic fillers with strong piezoelectric effects
into the polymer matrix to achieve increased piezoelectric
output. For example, 2D materials serve as excellent nanofillers
for PVDF based piezo-separators or piezo-electrolyte, enhancing
both piezoelectric and electrochemical properties. Additionally,
employing rational structural design in polymer or polymer
composite films, such as porous or lamellar structures, can
improve piezoelectric output by achieving optimal deformation
format. Regarding device configuration, integration with other
energy harvesting units such as pyroelectric and triboelectric
components can further boost the energy conversion efficiency
of the device.

(5) Mechanism. Piezo-electrochemical and piezo-ionic
mechanisms have been proposed to elucidate the self-
charging process, and the corresponding post-mortem anal-
ysis has also been performed to verify them. For a deep
understanding of the mechanism, molecular-level investigation
is needed on ion transport in the piezo-separator/piezo-

windows for
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electrolyte and interfacial behavior between the piezoelectric
film and battery components.

In summary, recent advances in polymer and polymer
composite films for piezo-driven self-charging power systems
(SCPSs) have been reviewed. The mechanism of the device has
been briefly introduced, covering the origin of piezoelectricity,
configuration design, and piezo-electrochemical/piezo-ionic
processes. As derivative research on piezoelectric nano-
generators, piezo-driven SCPSs and PENGs share commonali-
ties in the selection criteria for key materials. Considering the
specific requirement of SCPSs, we have summarized the appli-
cation of polymer-based materials in PENGs, including PVDF
and its composites with ZnO, 2D materials and piezo-ceramics,
as well as PAN, PVA or non-piezoelectric polymer composites.
These materials have already been used as piezoelectric
components in SCPSs or have great potential for such devices.
The recently developed SCPSs have demonstrated a consider-
able self-charging performance in batteries or supercapacitors.
Despite significant progress, the realization of practical self-
charging performance including adequate energy compensa-
tion for the piezo-generator part and satisfactory electro-
chemical performance for the energy storage part remains a big
challenge. Exploring novel materials, designing new composite
structures and using new processing techniques will advance
the development of polymer-based piezoelectric components to
meet practical application requirements. These advancements
will promote the development of self-charging energy storage
devices for wearable, implantable electronics.
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