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Advancements in Carbon-Based Piezoelectric Materials:
Mechanism, Classification, and Applications in Energy

Science

Mude Zhu, Qingyou Liu, Wai-Yeung Wong,* and Linli Xu*

The piezoelectric phenomenon has garnered considerable interest due to its
distinctive physical properties associated with the materials involved.
Piezoelectric materials, which are inherently non-centrosymmetric, can
generate an internal electric field under mechanical stress, enhancing carrier
separation and transfer due to electric dipole moments. While inorganic
piezoelectric materials are often investigated for their high piezoelectric
coefficients, they come with potential drawbacks such as toxicity and high
production cost, which hinder their practical applications. Consequently,
carbon-based piezoelectric materials have emerged as an alternative to
inorganic materials, boasting advantages such as a large specific surface area,
high conductivity, flexibility, and eco-friendliness. Research into the
applications of carbon-based piezoelectric materials spans environmental
remediation, energy conversion, and biomedical treatments, indicating a
promising future. This review marks the first comprehensive attempt to
discuss and summarize the various types of carbon-based piezoelectric
materials. It delves into the underlying mechanisms by which piezoelectricity
influences catalysis, biomedical applications, nanogenerators, and sensors.
Additionally, various potential techniques are presented to enhance the
piezoelectric performance. The design principles of representative fabrication
strategies for carbon-based piezoelectric materials are analyzed, emphasizing
their current limitations and potential improvements for future development.
It is believed that recent advances in carbon-based piezoelectric materials will

1. Introduction

Piezoelectric materials, characterized by
their non-centrosymmetric structures, can
generate a polarization effect through the
induction of polarized charges in opposing
domains upon the application of an exter-
nal mechanical stress. This phenomenon
leads to the generation of an internal elec-
tric field, enabling the use of these materials
in transistors, light-emitting diodes (LEDs),
catalysts, and solar cells.'™ The piezo-
electric effect, originating at the molecu-
lar level, manifests macroscopically as the
generation of internal positive and nega-
tive charges when certain dielectric mate-
rials are subjected to compressive or ten-
sile stress along a specific crystallographic
direction. The density of these induced
charges is directly proportional to the mag-
nitude of the applied force.>””! Among the
32 crystallographic point groups, 20 lack a
center of symmetry, which is a prerequi-
site for piezoelectric behavior. Most com-
mon crystalline materials, however, exhibit
symmetric structures. When an external
force is applied to a piezoelectric mate-
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rial, it induces a relative shift of the posi-

tive and negative ions within the unit cell,

leading to charge misalignment and the
creation of an electric dipole moment. Consequently, this in-
duces macroscopic polarization within the crystal, giving rise to
a piezoelectric potential,®! where positive and negative charges
are driven to opposite ends of the material. Under tensile or
compressive stress, a piezoelectric material generates oppos-
ing charges at each end, with the direction of the polarized
electric fields oriented oppositely. In the absence of an ex-
ternal force, piezoelectric materials do not exhibit a net po-
larized electric field because the atomic positions within the
unit cell result in charge neutralization.’! For example, in un-
stressed ZnO, zinc and oxygen ions are tetrahedrally coordi-
nated, with the centers of positive and negative charge aligned,
resulting in no net polarization.['%) Upon application of stress,
zinc and oxygen atoms are displaced from their equilibrium po-
sitions, causing the positive and negative charges to separate
and migrate in opposite directions within the crystal, leading
to dipolar polarization and the creation of an intrinsic electric
field.

© 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH


http://www.advmat.de
mailto:wai-yeung.wong@polyu.edu.hk
mailto:linli.xu@polyu.edu.hk
https://doi.org/10.1002/adma.202419970
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadma.202419970&domain=pdf&date_stamp=2025-04-25

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

In recent years, various materials have been explored for piezo-
electric catalysis and sensing applications due to their unique
properties. These include wurtzite materials such as ZnO and
CdS,["-1*] perovskite materials like BaTiO;, PbTiO;, CuCo,S,,
and KNbO, />8] bismuth-based materials including BiFeO, and
BiOX (where X = Cl, Br, I),[1*2!] and transition metal dichalco-
genides such as MoS, and WS,.122%] The piezoelectric effect,
when induced by external forces, can drive the transfer of intrin-
sic charge carriers to the surface, generating an electric current
and voltage suitable for nanogenerators. Additionally, redox re-
actions with absorbed molecules can occur on the surface, fa-
cilitating catalytic transformations. Therefore, these piezoelec-
tric materials can harness renewable vibrational energy, con-
verting it into electrical and chemical energy, offering environ-
mentally friendly approaches for chemical synthesis, biomed-
ical treatments, pollutant removal, water splitting, and CO,
reduction.l??] For instance, BaTiO; has been employed to fa-
cilitate arylation and borylation reactions via ball milling,*%! tu-
mor treatments,*" and has achieved 100% dye degradation along
with a H, production rate of 0.899 mmol g~! h~! under ultrasonic
conditions.3233] However, many reported piezoelectric materi-
als are limited to inorganic compounds produced at an experi-
mental scale, constrained by high raw material costs and time-
consuming manufacturing processes.

Carbon-based materials, owing to their abundance, cost-
effectiveness, and environmental compatibility, are well-suited
for large-scale applications. These materials encompass a range
of structures, including graphitic carbon nitride (g-C;N,), or-
ganic polymers, metal-organic frameworks (MOFs), covalent or-
ganic frameworks (COFs), graphdiyne (GDY), graphene, and car-
bon nanotubes (CNTs). They play a crucial role in piezocataly-
sis due to their high specific surface area, flexibility, excellent
electrical conductivity, significant mechanical strength, and ro-
bust chemical stability, positioning them as compelling candi-
dates for piezoelectric-driven reactions.>*¢! The high specific
surface area of these carbon-based materials provides abundant
active sites for redox reactions, while their superior conductivity
facilitates efficient charge transfer kinetics. Furthermore, their
mechanical strength is crucial for withstanding stresses associ-
ated with piezocatalysis, particularly the intense forces generated
by ultrasonically induced cavitation, which could otherwise com-
promise the structural integrity of materials lacking sufficient
mechanical resilience. For instance, 2D conjugated microporous
polymers, such as Zn-Salen-TEPT, exhibit a high specific surface
area of 420 m? g~! and a high electrical conductivity of 1.362
uS cm~! while demonstrating an exceptional piezoelectric activ-
ity for H, evolution at 3260 umol g~' h™! under ultrasound. Im-
portantly, their structure remains stable after six cycling tests.l>’]
Carbon-based piezoelectric materials offer notable advantages
over traditional inorganic materials in terms of biocompatibil-
ity and reduced toxicity, especially when appropriately function-
alized. Careful consideration of their physicochemical proper-
ties, such as surface functional groups and defect density, is es-
sential to ensure safety in biomedical applications. In contrast,
traditional inorganic materials, such as lead-zirconate-titanate
(PZT) and BaTiO;, have established uses but face challenges re-
lated to toxicity, primarily concerning lead content.*!] External
forces can induce structural deformation in these materials, lead-
ing to an uneven distribution of electron cloud density, thereby
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inducing piezoelectricity. Although pristine 2D graphene, with
its nearly zero bandgap and symmetric structure, typically does
not exhibit piezoelectric properties,3®! recent studies have shown
that graphene can exhibit a band piezoelectric effect when sub-
jected to a biaxial strain. This alters graphene’s electronic struc-
ture and leads to a potential gradient within cavities, demon-
strating a piezoelectric coefficient of 37 nC N~!, surpassing that
of many traditional crystalline piezoelectric materials. Addition-
ally, surface piezoelectric effects, induced by uneven charge dis-
tribution under strain, have been experimentally confirmed in
multi-walled carbon nanotubes.[*>*% Similar to inorganic piezo-
electric materials, the piezoelectric properties of carbon mate-
rials can also be enhanced by doping with heteroatoms or in-
troducing significant defects and morphological engineering,
as these modifications promote improved charge carrier sepa-
ration and transfer.[*!*?] For example, bulk g-C;N,, tubular g-
C;N, (TCN), and porous tubular g-C;N, (PTCN) can be easily
prepared via hydrothermal methods or high-temperature calci-
nation. Among these forms, PTCN exhibits a superior piezo-
electric performance, with 100% removal of rhodamine B (Rh
B) achieved in just 3 min under piezoelectric photocatalysis.
This enhanced performance is attributed to its porous tubular
structure that absorbs more vibrational energy, thereby increas-
ing the piezoelectric potential, which accelerates carrier mobil-
ity as they react with molecules to form radicals that decom-
pose pollutants.[*3] Additionally, many piezoelectric organic poly-
mers are biocompatible and biodegradable, thus they can be ap-
plied in biomedical contexts. For instance, self-aligned piezo-
electric y-glycine/polyvinyl alcohol (PVA) films can achieve 40%
wound healing under ultrasound while being self-degradable
without side effects in murine models.[*] Consequently, incor-
porating carbon-based materials into piezoelectric applications
opens up new avenues for developing efficient, sustainable, and
cost-effective catalytic systems.

To date, some reviews have focused on applications and mech-
anisms related to piezoelectric catalysis, biomedical applications,
and nanogenerators. Chen et al. discussed various inorganic and
organic materials for biomedical applications.*! Yang et al. sum-
marized advancements in piezoelectric photocatalysis for water
splitting,[*°! while Rajaboina et al. focused on porous organic ma-
terials for nanogenerators.[*! Herein, we present a comprehen-
sive review of recent advancements in carbon-based piezoelectric
materials, along with their mechanisms and applications. The
initial section delves into the development of carbon-based mate-
rials for piezoelectricity, highlighting various types of these ma-
terials along with their distinctive structures, and summarizing
mechanisms related to piezoelectric catalysis as well as biomedi-
cal treatments and nanogenerators, while the corresponding en-
ergy band theory concepts, such as charge screening effects,
alongside charge flow dynamics are clarified. The subsequent
section delves into the practical applications of these piezoelectric
materials exploring their underlying mechanisms and diverse
use. Piezoelectric catalysis plays a crucial role in energy conver-
sion and environmental remediation by harnessing mechanical
energy to drive free radical reaction, which are pivotal in initiating
chemical transformations and degradation processes. Addition-
ally, piezoelectric biomedical treatments leverage electric stim-
ulation to enhance tissue regeneration and antitumor therapies,
capitalizing on the ability for these materials to generate electrical
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Figure 1. The piezoelectric mechanism, classification, and piezoelectric applications of carbon-based piezoelectric materials.

signals in response to mechanical stress. Furthermore, piezoelec-
tric generators and sensors are utilized for energy harvesting and
advanced sensing technologies, converting environmental vibra-
tions into usable electrical energy through stress-induced electric
signals. These applications are visually represented in Figure 1,
which provides an overview of the multifaceted roles of piezoelec-
tric materials in energy science and biomedical engineering. Fi-
nally, we critically evaluate recent advancements concerning po-
tential applications alongside current limitations faced by these
materials, while highlighting strategies aimed at improvement.
Additionally, we outline emerging opportunities within this field
while providing insights for future research endeavors.

2. Carbon-Based Piezoelectric Materials

Carbon-based materials, characterized by their high specific sur-
face areas, tunable physicochemical properties, and environmen-
tally benign preparation methods, are emerging as promising
candidates in the field of piezoelectricity.

2.1. Graphitic Carbon Nitride (g-C;N,)

g-C;N, is a polymeric semiconductor featuring a tri-s-triazine
structure with a graphitic z-conjugated framework. g-C;N, ex-
hibits high stability at room temperature and under high pres-
sure, along with inherent semiconducting properties.?*! It of-
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fers several advantages, including good chemical stability, tun-
able electronic structure, n-type semiconductivity, and earth-
abundance constituents.l*”] From a microstructural perspective,
g-C;N, possesses a graphite-like layered architecture. The aro-
matic heterocyclic units within the layers, combined with van
der Waals forces between the layers, confer chemical and ther-
mal stability to g-C;N,.¥8l Additionally, the graphite-like lay-
ered structure endows g-C;N, with a high specific surface area.
Theoretical calculations suggest that an ideal monolayer of the
g-C;N, sample can achieve a specific surface area of up to
2500 m? g~1.1491

It is generally accepted that g-C;N, comprises two primary
structural units: the triazine ring (C;N;), associated with the
R3m space group, and the heptazine ring (C,N,) associated
with the P6m2 space group.>®! However, density functional the-
ory (DFT) calculations indicate that the binding energy of the
heptazine unit is lower than that of the triazine unit, suggest-
ing that the heptazine unit exhibits a thermodynamically more
stable structure.’!l Consequently, g-C;N, predominantly con-
sists of heptazine structural units, which are inherently non-
centrosymmetric (Figure 2a).

As an organic semiconductor, the electronic structure and
band distribution of g-C;N, are of particular interest. In 2D
g-C;N,, carbon (C) and nitrogen (N) atoms are evenly dis-
tributed in a plane, forming a hexagonal network through o
bonds. A highly delocalized z-conjugated framework is estab-
lished Dby lone pairs of electrons on N atoms in the p, orbital
due to sp? hybridization.’?] The formation of this z-conjugated
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Figure 2. a) The geometric structure of g-C3N,. b) Finite element method (FEM) simulations illustrating the stress distribution around smooth planes,
circular pores, and triangular pores in tri-s-triazine sheets of g-C3N,, along with the piezoelectric response under varying stress conditions and the
dipole moment of the g-C;N, monolayer as a function of the number of tri-s-triazine units along the a-axis. Reproduced with permission.[*3] Copyright
2021, Wiley-VCH. c) Piezoelectric behavior associated with different g-C;N, morphologies. Reproduced with permission.[**] Copyright 2023, Elsevier.
d) Schematic representation of a type Il heterojunction and a Z-scheme heterojunction, illustrating the energy band alighment and charge transfer
pathways in each configuration. e) Piezoelectric polarization facilitating carrier transfer and enhancing the piezoelectric response in the C3N,/NaNbO;
heterojunction. Reproduced with permission.l’8] Copyright 2023, Elsevier. f) Polarization changes induced by single Pt atom deposition on g-C;N,,

Reproduced with permission.[¢”] Copyright 2023, Wiley-VCH.

system is believed to be responsible for the catalytic activity of
g-C;N,. The lone pairs of N atoms primarily contribute to the
formation of the highest occupied molecular orbital, while the
lone pairs of C atoms constitute the lowest unoccupied molec-
ular orbital, corresponding to valence band (VB) and conduc-
tion band (CB) in semiconductors, respectively. Therefore, g-
C;N, has been developed as a photocatalyst for pollutant degrada-
tion, CO, reduction, and H, evolution due to its abundant active
sites and suitable electronic band structure. Notably, its unique
nanometer-scale triangular holes are non-centrosymmetric. This
piezoelectricity was initially verified through combined theoret-
ical and experimental research conducted by Matthew Zelisko
et al., with the use of a powerful-technique, piezoresponse force
microcopy (PFM), confirming that g-C;N, is indeed a piezoelec-
tric material.[*! The flexoelectric effect and non-centrosymmetric
holes are major contributors to its piezoelectricity. In Figure 2b,
when a regular non-piezoelectric sheet with circular holes is sub-
jected to uniform stretching, local polarization can be induced
due to flexoelectricity.*] However, the entire sheet does not ex-
hibit piezoelectric behavior because positive and negative charge
centers coincide within circular holes. In contrast, for a non-
centrosymmetric hole, net average polarization is generated un-
der an external force, leading to piezoelectricity. The in-plane
piezoelectric coefficient can reach 2.18 C m™, exceeding that of
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many inorganic piezoelectric materials like hexagonal boron ni-
tride (h-BN) (1.38 Cm™).

2.1.1. Enhancing the Piezoelectricity of g-C;N,

Enhancing the piezoelectric properties of g-C;N, is a significant
area of research due to its potential to expand the material’s ap-
plicability in advanced technological fields, such as catalysis, en-
ergy harvesting, and sensing. Enhancing the material’s response
to mechanical stimuli can generate stronger current signals and
promote the formation of reactive radicals, thereby improving
performance in applications such as pollutant removal. Several
strategies are employed to enhance the piezoelectricity of g-C;N,,
including morphology engineering, heterojunction formation,
doping, and deposition.

Morphology Engineering: Morphology engineering involves
employing various synthetic strategies, such as adding surfac-
tants and adjusting the proportions of fluxing agents, to control
the growth of specific crystal facets, thereby exposing desired sur-
face terminations. Different semiconductor materials and prepa-
ration methods lead to distinct morphological characteristics, en-
abling the catalysts to exhibit unique geometries and electronic
structures that result in varying piezoelectric performances. As
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shown in Figure 2b, thermal oxidation etching of bulk g-C;N,
can produce ultrathin g-C;N, nanosheets (UT-g-C;N,), which
demonstrate enhanced linear piezoelectricity. The piezoelectric
coefficient of UT-g-C;N, was calculated to be ~524 pm V71,
which is 132 pm V! greater than that of bulk g-C;N,, as further
verified by finite element method (FEM) analysis. Additionally,
DFT calculations clarified that increasing the tri-s-triazine units
along the a-axis contributes to enhanced piezoelectric polariza-
tion. Wu et al. applied hydrothermal and high temperature solid-
phase methods to prepare bulk g-C;N,, tubular g-C;N, (TCN),
and porous tubular g-C;N, (PTCN). Among these, PTCN exhib-
ited the largest specific surface area of 53.42 m? g1, enabling it to
readily absorb molecules and capture external vibrational energy.
FEM further clarified that PTCN possesses the strongest piezopo-
tential under 100 MPa stress.[*)] Similarly, Wang et al. utilized
controlled vapor deposition methods to synthesize hollow nan-
otubes (CNNTs), nanosheets (CNNSs), and hollow nanospheres
(CNNPs) from g-C;N,. PEM verified that CNNTs exhibited supe-
rior piezoelectric performance, with a piezoelectric coefficient d;,
0f 34.99 pm V!, while FEM calculations indicated a piezoelectric
potential of 42 V, better than that of CNNSs (10.34 V) and CNNPs
(0.25 V) (see Figure 2c).l*!

Constructing Heterojunctions: The principle behind construct-
ing heterostructures involves combining two or more semicon-
ductor materials based on favorable energy band alignment to
create an energy band offset between them. This promotes effi-
cient electron and hole transfer between conduction and valence
bands.I>! A potential difference forms between the semiconduc-
tors, facilitating charge carrier separation. Therefore, construct-
ing heterojunctions can effectively enhance the separation and
migration efficiency of photogenerated carriers, improving the
photocatalytic activity. Common heterojunction configurations
include type IT and Z-scheme heterojunctions (Figure 2d).>¢7]
In type II heterojunctions, both the valence band and conduc-
tion band positions of semiconductor a (SC-a) are higher than
those of semiconductor b (SC-b). The difference in chemical po-
tential between SC-a and SC-b leads to an energy band bend-
ing at their interface, inducing the formation of a built-in elec-
tric field that drives photogenerated electrons and holes to mi-
grate in opposite directions, resulting in spatial charge separa-
tion. Therefore, forming type II heterostructures is an effective
method to improve charge separation efficiency. In Z-type het-
erojunction, during the excitation process, electrons in the CB
of SC-b recombine with holes in the VB of SC-a. The remain-
ing electrons and holes then reside in the CB of SC-a and VB
of SC-b, respectively. This configuration enhances charge car-
rier separation efficiency and results in high redox capability.
Xu. et al. constructed a type II heterojunction using g-C;N,/g-
C;N,.,S,. In this system, g-C;N,_, S, has a more negative poten-
tial which allows holes to transfer into its CB while electrons mi-
grate from g-C;N, into the CB of g-C;N,_, S, thereby enhancing
the redox activity of the composite.[*’] Under ultrasonic condi-
tions, excited electrons and holes could be accelerated in their
transfer due to the induced piezoelectric fields and interface elec-
tric fields, leading to improved overall piezoelectric activity. Ad-
ditionally, g-C;N, often forms composites with other piezoelec-
tric semiconductors to further enhance the piezoelectric perfor-
mance, as exemplified by NaNbO,/g-C;N, (Figure 2e).5¥] Ac-
cording to Kelvin probe force microscopy (KPFM) and PFM re-
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sults, both materials exhibit enhanced piezoelectric polarization
effects when combined. The overall piezoelectric displacement
significantly increases from ~4.5 nm for NaNbO; and 3.7 nm
for g-C;N, to 6.5 nm for NaNbO, /g-C;N,. FEM further demon-
strates the enhanced piezoelectric potential of NaNbO,/g-C;N,
at 0.67 V compared with NaNbO, at 0.58 V and g-C;N, at 0.45
V. Other composites, such as g-C;N,/Pt-PVDF, Bi,MoO,/C;N,
and Cr/Nb modified Bi,Ti;O,,/g-C;N,, have also been explored
in this context.>-61]

Deposition Techniques: The deposition of metal or non-metal
species onto a primary substrate is a widely adopted strategy in
photocatalysis to enhance the catalytic performance. This tech-
nique not only improves light absorption but also accelerates the
separation and transfer of charge carriers.[®263] By leveraging the
benefits of deposition, many piezoelectric materials are modified
with specific substances, such as noble metals like Au and Ag,
to augment their piezoelectric performance.[**%5] The underlying
mechanism is analogous to that observed in photocatalysis. The
deposition of a secondary material can enhance the generation of
a piezoelectric potential, thereby increasing the internal driving
force that facilitates the separation and transfer of electron-hole
pairs. Furthermore, the deposited material can act as a trap or
barrier for electrons or holes, preventing their recombination and
thus enhancing the efficiency of piezoelectric catalysis. Addition-
ally, the deposited material can serve as active sites, improving the
interface contact between external molecules and the composite
material. Consequently, electrons or holes can be more effectively
transferred to the reaction sites, thereby enhancing the piezo-
electric catalytic reaction. For instance, Yan et al. designed car-
bon quantum dots (CQDs) deposited onto g-C;N,, which exhibits
excellent piezoelectric catalytic degradation activity for Rh B.[¢]
First, the deposition of CQDs increases the surface area, provid-
ing numerous active sites that enhance interactions between the
material and Rh B molecules. Second, CQDs can function as elec-
tron capture sites that promote electron accumulation, leading
to an inhomogeneous surface potential distribution that further
enhances piezoelectricity. Finally, the introduction of CQDs can
act as electron transfer mediators for piezoelectrically generated
electrons, facilitating their transfer and thereby contributing to
enhanced piezoelectric catalytic degradation. Moreover, Pt sin-
gle atom-deposited g-C;N, demonstrates superior piezocatalytic
H, evolution activity because Pt single atoms coordinate with
nearby C and N atoms, significantly disrupting charge symmetry
within g-C;N,. This enhanced asymmetry improves polarization
ability and accelerates carrier transfer and separation. This phe-
nomenon has been investigated through theoretical calculation
(see Figure 2f).167)

Doping: Doping is an effective strategy to influence the cat-
alytic properties of a material by introducing heteroatoms.!*!1 The
substitution sites for different types of ions vary. Specifically, dop-
ing with metal ions creates impurity energy levels within the
electronic band structure, reducing the energy required for elec-
trons to undergo transition to the CB and thereby improving
the separation efficiency and migration performance of electron—
hole pairs. Introducing non-metals into the semiconductor al-
lows hybridization with their energy bands, which can reduce
the bandgap of the semiconductor. Consequently, overall piezo-
electric performance may be enhanced. For example, doping with
ammonium molten salts (NH, X, where X=F, Cl, Br) leads to the
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formation of nitrogen vacancy (NV) defect states that not only re-
duce the required bandgap energy but also create multiple elec-
tron channels to accelerate the separation and transfer of elec-
trons and holes.[®®] Similarly, Se-doped g-C,N, possesses addi-
tional defect energy levels that act as electron mediators to inhibit
carrier recombination. Thus, catalytic activity can be significantly
enhanced.[*!]

2.2. Piezoelectric Polymers

Polymer piezoelectric materials have been extensively studied
due to their inherent advantages, such as flexibility, lightweight
properties, excellent processing capabilities, and the ability to
create large-area and curved surfaces. They are also effective
in converting weak mechanical energy into electrical energy.l®]
Compared to inorganic materials, polymers offer benefits such
as toughness, non-toxicity, and biocompatibility, making them
suitable for applications that require environmental friendliness
and high bending and twisting capabilities in fields such as
environmental remediation, energy conversion, and biomedical
devices.7071]

2.2.1. PVDF

Piezoelectric polymers can be categorized into amorphous, crys-
talline, and semi-crystalline structures. Among these, polyvinyli-
dene fluoride (PVDF) is classified as a semi-crystalline piezo-
electric polymer composed of long-chain units that exhibit a
net dipole moment due to the electronegative fluorine atoms
bonding with positive hydrogen atoms.!”?! PVDF contains piezo-
electric active components and can be synthesized into vari-
ous forms, including nanostructures, wires, fibers, tubes, and
more. Compared to other commercial polymer materials, PVDF
demonstrates superior mechanical strength, variability, chemical
resistance, reinforcement capabilities, high heat resistance, bio-
compatibility, and thermal stability. It is widely used in energy
harvesters, batteries, sensors, and biomedical applications.”!
PVDF has five polymorphs: a-, -, y-, §-, and e-phases. These
phases are associated with monoclinic (P2,/c), orthorhombic
(Cm2m), and orthorhombic (P2,cn) structures, as shown in
Figure 3a. Among them, the a-, f-, y-phases exhibit piezoelec-
tric properties. The f-phase (TTTT), characterized by the high-
est dipolar moment per unit cell, exhibits greater piezoelectric-
ity than the a-(TGTG’) and y-(T3GT3G’) phases.*7>] In molecu-
lar modeling and first-principle calculations (Figure 3b), it was
observed that the length of the PVDF chain increases when
an external electric field is applied along the dipole moment.
The piezoelectric coefficient d;; ranges from —16.6 to —19.2 pC
N-!, demonstrating the excellent piezoelectric properties of -
PVDF.l”l The p-phase is particularly important due to its high
electrical property and superior piezoelectricity and ferroelectric-
ity. Therefore, optimizing piezoelectricity and ferroelectricity to
achieve a high f-phase fraction in PVDF is a priority. Since a-, f-,
and y-phases can interconvert, applying pressure, heat, or electric
field can facilitate the formation of PVDF with optimal piezoelec-
tric properties. Additionally, factors such as stretch ratio, temper-
ature, crystallinity, and poling conditions can significantly influ-
ence the piezoelectric performance.l’”] It has also been reported
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that the piezoelectric coefficient of PVDF can reach 23 pC N~1,178]
which is superior to that of some inorganic materials such as alu-
minum nitride, zinc oxide, and quartz.

PVDF exhibits excellent characteristics as a piezoelectric ma-
terial, including a low thermal conductivity and a low dielectric
constant, which contribute to very high electric field constants.!””!
Despite these advantages, its inherent limitations, such as a
relatively low piezoelectric charge constant (d;;) and a low di-
electric constant, still restrict its application in piezoelectric
catalysis. Various approaches have been employed to increase
the p-phase concentration to enhance the piezoelectricity of
PVDF, including metal loading, copolymerization with PVDF
derivatives, and metal oxide doping. Su et al. reported that an-
choring Ti;C,T, MXene could improve the f-phase fraction
(Figure 3c).®%l The molecular chain of fluoropolymers is ini-
tially curved, resulting in low piezoelectricity due to a small g-
phase content. However, OH surface termination on Ti;C,T,
facilitates hydrogen bonding with fluorine bonds on the fluo-
ropolymer matrix, leading to aligned fluoropolymer units and
enhanced spontaneous polarization in polymer-ceramic compos-
ites. Similarly, CdS can enhance the f-phase fraction through co-
ordination between Cd** ions and F~ ions. Concurrently, this het-
erojunction can generate a built-in electric field that accelerates
electron transfer under the combined effects of the piezoelec-
tric field and built-in electric field.®! Furthermore, copolymers
of PVDF, including poly(vinylidene fluoride hexafluoro propy-
lene) (PVDF-HFP), poly(vinylidene fluoride trifluoroethylene)
(P(VDE-TYFE)), poly(vinylidene cyanide-vinyl acetate) (P[VDCN-
VAC]), and poly(vinylidene fluoride tetrafluoroethylene) (P[VDF-
TeFE]), have been developed and demonstrated excellent piezo-
electric performance.[82-%]

2.2.2. PTFE

Polytetrafluoroethylene (PTFE) is a polymer formed by the
polymerization of tetrafluoroethylene, resulting in a non-
centrosymmetric structure. It has been reported that PTFE ex-
hibits excellent chemical stability, high corrosion resistance, low
dielectric constant, and high thermal stability. Additionally, the
piezoelectric coefficient d,; can reach 220 pC N~! under an ap-
plied pressure of 6.24 kPa.l®¢] Wang et al. investigated the piezo-
electric properties of PTFE under various treatments. Initially,
the piezoelectric response is quite low. However, it increases sig-
nificantly after processes such as stretching, compaction, and
electric treatment.*”] This enhancement occurs because PTFE
is a nonpolar polymer electret material that generates polariza-
tion in response to an external stimuli. Compared with PVDF,
PTFE exhibits superior piezoelectric properties. Furthermore,
PTFE can generate various reactive oxygen species (ROS), in-
cluding H,0,, '0,, *0,~, and *OH. Due to its favorable piezo-
electric characteristics, PTFE has been utilized for dye degra-
dation at a rate of 0.246 min~! and for tooth whitening under
ultrasound. This effectiveness is attributed to the piezoelectric-
generated ROS decomposing dye molecules and bacteria.[%38]
Composites of Fe® and PTFE (Fe@PTFE) have been developed
to enhance *OH generation under ultrasound.”®! The pres-
ence of Fe?* facilitates the reduction of H,0, into *OH, which
possesses stronger oxidizing properties, thereby improving the
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Figure 3. a) Crystal structures and chain packing arrangements of the three primary polymorphs of PVDF: a-, f-, y-phases. Reproduced with
permission.l”>] Copyright 2024, Springer-Verlag. b) Deformation of a segment of the PVDF chain skeleton under an externally applied electric field.
Reproduced with permission.[”6] Copyright 2013, Springer-Verlag. c) Enhanced piezoelectric polarization resulting from the incorporation of combina-
tion of Ti;C, Tx MXene nanosheets into a PVDF matrix. Reproduced with permission.[8] Copyright 2022, The Authors, published by Springer Nature. d)
Changes in the molecular structure of the PLLA chain and the orientation of C=0 dipoles induced by electrospinning. Reproduced with permission.[*°]
Copyright 1998, The Japan Society of Applied Physics. e) Piezoelectric response characterization of PLLA. Reproduced with permission.[°®] Copyright
2017, The Royal Society of Chemistry. f) Influence of film thickness on the mechanical properties and piezoelectric response of PLLA ferroelectrets.
Reproduced with permission.[®’] Copyright 2023, The Authors, published by Wiley-VCH. g) Molecular dipole orientations in a-, f-, y-glycine crystalline
structures. Reproduced with permission.[®®! Copyright 2020, American Chemical Society. h) MPT pathway illustrating variations in the polarization of
p-glycine, y-glycine (P3;), and y-glycine (P3;) during structural transitions. Reproduced with permission.l'%! Copyright 2019 American Chemical Society.
i) Simulated crystal structure of FF peptide nanotubes. Reproduced with permission.[192] Copyright 2013, American Chemical Society. j) Orientation of
spontaneous polarization in layered biomolecular crystals of LDFF. Reproduced with permission.['%7] Copyright 2021, Wiley-VCH. k) Phase transition
of PAN chains. Reproduced with permission.!°l Copyright 2023, Elsevier. |) Phase transition of HEFP under thermal or stress field. Reproduced with
permission.l3] Copyright 2024, The Authors, published by Science.

piezoelectric degradation capability. Enhanced piezoelectricity
can also be achieved by constructing PTFE@TiO, composites,
where fluorine (F) atoms transfer electrons to oxygen (O) atoms.
This interaction results in a built-in electric field at the interface
between PTFE and the TiO, surface, leading to band bending
and significant local dipole enhancement in PTFE containing F
vacancies.*!]

2.2.3. Biodegradable Piezoelectric Polymers

Most inorganic and some organic materials lack inherent bio-
compatibility, which can lead to biotoxicity, rendering these types
of piezoelectrics unsuitable for certain medical devices. Recently,
the emergence of biodegradable piezoelectric materials com-
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posed of small organic molecules presents an opportunity to ad-
dress the e-waste problem while enhancing the biocompatibil-
ity of devices. Furthermore, biodegradable materials can be uti-
lized to develop implantable medical devices designed to func-
tion within the body for a specific duration.”*? This category of
materials shares similar physical characteristics with PVDF, in-
cluding flexibility, ease of synthesis, and favorable piezoelectric
properties.

Polylactic acid (PLLA) is among the most extensively stud-
ied biodegradable piezoelectric polymers. This transparent and
highly flexible plant-derived polymer is considered environmen-
tally benign. PLLA can be synthesized through 1-lactide ring-
opening polymerization.[”®) PLLA exhibits three crystallization
phases: a, §, and y. The a-crystalline phase of PLLA is thermody-
namically stable, with C=0 dipoles randomly oriented along the
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polymer backbone, resulting in no net piezoelectricity.” PLLA
has a complex hierarchical structure that induces both crystalline
and amorphous regions, allowing for modulation of crystallinity.
Consequently, the piezoelectric properties of PLLA films can be
designed and enhanced by increasing crystallinity and molec-
ular orientation. To induce and enhance piezoelectricity, poly-
mer chains can be thermally stretched or subjected to electro-
spinning processes, converting the a-crystalline form into the
p-crystalline form. This transformation results in a shift from
randomly oriented molecular chains to C=0O dipoles aligned
along the stretching direction (Figure 3d).**! The piezoelectric
properties were verified using PFM, which revealed characteris-
tic 180° phase-reversing phase—voltage curves and butterfly-like
amplitude—voltage curves (Figure 3e). The d,, coeflicient was de-
termined to be 3 + 1 pm V~!, while PLLA has a d,, coefficient
of 10 pC N~1.1%I The primary piezoelectric polarization in PLLA
ferroelectrets was investigated through Young’s modulus versus
thickness measurements (Figure 3f). The change in axial strain-
induced d,; effect is analogous to the axial stretch-induced dj,
effect, with maximum values ~500 pC N~ for d,; and 48 pC N~!
for d,,.1”1 Thus, d,; plays a dominant role in determining piezo-
electricity.

Glycine is an amino acid with an achiral structure that has
three crystalline polymorphs: a-glycine, f-glycine, and y-glycine
(Figure 3g).°®%] The antiparallel molecular dipoles in the a-
glycine crystal structure, belonging to space group P2,/n, re-
sults in no net polarization and, thus, no piezoelectricity for
this polymorph.®l In contrast, f-glycine and y-glycine struc-
tures have space groups of P2, and P3; or P3,, respectively,
exhibiting favorable piezoelectric properties. The d,; constant
for the y-glycine has been measured at 10 pm V' using PFM,
while the shear piezoelectricity d,, of f-glycine reaches 178 pm
VL8] DFT calculations and PFM confirm that both y-glycine
and p-glycine possess ferroelectric properties that classify them
as piezoelectric materials.'%%191] In Figure 3h, along the transi-
tion path, the glycine molecule rotates 180° around an axis per-
pendicular to the c-axis. The polarization of the two y-glycine
phases is approximately five times greater than that of g-glycine.
In p-glycine, the dipoles of different molecules are in different di-
rections, whereas in y-glycine, the moments are helically aligned,
and the net components are arranged along the c-axis. The non-
coincidence of the negative charge centers within their unit cell
structure leads to a permanent built-in electric field that gen-
erates an electric dipole moment not equal to zero, resulting
in spontaneous polarity in the crystals. While f-glycine exhibits
better ferroelectricity than y-glycine. y-glycine possesses helical
dipoles along its axis that allow for stronger and more control-
lable polarization compared to f-glycine’s dipoles oriented in dif-
ferent directions.[®! These unique properties have attracted sig-
nificant attention for applications in energy conversion and elec-
tronic information.

Diphenylalanine (FF) peptide nanotubes (PNTs) have been
successfully synthesized as a piezoelectric material composed of
amino acids (Figure 3i).[192] Atomistic replica exchange molec-
ular dynamics simulations have been employed to investigate
structural changes in FF peptides under an external electric
field."%] Tt has been reported that piezoelectric shear constant
d,s for FF PNTs exceeds 60 pm V~1.1% However, achieving
macroscopic piezoelectricity in FF PNTs is challenging because
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polarization arises from orientation and size rather than uni-
form unidirectional growth. To enhance macroscopic piezoelec-
tricity, epitaxially uniform FF microrods with hexagonally ar-
ranged nanochannels have been synthesized. These exhibit a
dy; value of 9.9 pm V-1[1%I Furthermore, polarization in FF
microrods can be enhanced by applying an external voltage
during self-assembly, increasing the d;; constant to 17.9 pm
V~11108] Zelenovski et al. synthesized a layered biomolecular
crystal of FF through co-assembly of 1, 1- and 1, 1-enantiomers
of FF monomers, referred to as LDFF. Each LDFF asym-
metric unit contains two LFF and two DFF monomers con-
nected by hydrogen bond interactions. The polarization abil-
ity of LDFF is lower than that of FF monomers due to dif-
fering polarization directions that partially offset the overall
polarization electric field (Figure 3j).17] Nonetheless, its out-
of-plane piezoelectricity d,; measured by PFM can still reach
20 pm V71,

Polyacrylonitrile (PAN), characterized by a large dipole mo-
ment due to the cyano group on its side chain, is a promis-
ing piezoelectric polymer material that has garnered signifi-
cant attention.[1%1%] The PAN chain structure is depicted in
Figure 3k. It is initially irregular, which limits its piezoelec-
tric properties. However, through thermal polling, mechanical
stretching, or electrospinning processes, dipoles can be effi-
ciently oriented. This orientation leads to a planar zigzag for-
mation of the PAN chain that enhances its piezoelectricity.!'1°]
Applied external forces such as strain can regulate the dis-
tance or direction between atoms or molecules, resulting in
changes to the electric dipole moment. Consequently, both
polarization intensity and direction vary. The d,; coefficient
for PAN ranges from 2 to 10 pC N~ depending on tem-
perature changes. PAN-based piezoelectric elastomers can
even achieve values up to 40 pC NI, illustrating excellent
tunability.111112]

A novel ferroelectric molecular crystal, HOCH, (CF,),;CH,OH
(HFDP), was synthesized. This compound is interconnected
through O—H---O hydrogen bonding with adjacent molecules
(Figure 31).13) The asymmetric C—F bond imparts spontaneous
polarization ability to the molecule. The measured piezoelec-
tric coefficient d,; can reach up to 138 pC N~!. Additionally,
HFDP-PVA exhibits excellent biocompatibility and biodegrad-
ability. Under an impulse force of 40 N, this film can generate
an output voltage of 18 V and functions as a self-powered tran-
sient energy harvesting device for therapeutics applications in
mice.

2.3. MOFs/COFs

Metal-organic frameworks (MOFs), also known as porous coor-
dination polymers, constitute a class of porous materials con-
structed by linking inorganic and organic units through strong
chemical bonds to form 1D, 2D, and 3D structures, as exempli-
fied by MTV-MOF-5 shown in Figure 4a.l''l MOFs possess sev-
eral distinctive properties: 1) Tunable design: MOFs can be ratio-
nally designed through the coordination of metal ions or metal
clusters with organic linkers. The structure of the resulting MOFs
is determined by the geometry of the metal clusters and the shape
of the organic linkers. For example, many MOFs can be formed
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Figure 4. a) The structure of MTV-MOF-5. Reproduced from permission.'’l Copyright 2013, Science. b) Transformations of the space group of
[CH3;NH;][M(H,0)¢](SO4),-6H,0 from the paraelectric phase to the ferroelectric phase. Reproduced with permission.['] Copyright 2012, American
Chemical Society. c) The fabrication and piezoelectric properties of MIL-53(Cr)-F. Reproduced with permission.l'2%! Copyright 2021, The Royal Society
of Chemistry. d) The structure and piezoelectric response of UiO-66, UiO-66-NH,, UiO-66-(OH), and UiO-66-F,. Reproduced with permission.[1>6]
Copyright 2023, Elsevier. e) Representation of the unit cell of ZIFs and their corresponding piezoelectric constants. Reproduced with permission.[127]
Copyright 2022, The Authors, published by American Chemical Society. f) Optimized structures of CgH3; N3 and CgH3 B3 03 monolayers and the relation-
ships between charge polarization and the uniaxial strain applied. Reproduced with permission.!"31] Copyright 2017, AIP Publisher. g) The piezoelectricity
of City-U COFs as measured by PFM. Reproduced with permission.['*2] Copyright 2024, The Authors, published by Wiley-VCH. h) The distribution of
electron density of GDY. Reproduced with permission.['33] Copyright 2011, American Physical Society. i) The piezoelectricity of S-doped GDY. Repro-

duced with permission.l'#2] Copyright 2022, Elsevier. j) An external electric field applied perpendicular to the graphene sheet induces an equiaxial strain

in the plane of the sheet. Reproduced with permission.['#8] Copyright 2011, American Chemical Society. k) The surface potential of strained CNTs.

Copyright 2018, IOP Publisher.

by combining M, (CO,), (where M = Cu, Zn, Fe, Mo, Cr, Co, or
Ru) with various tritopic organic linkers, such as benzene-1,3,5-
tricarboxylate.!'®] 2) Microporosity and high surface area: Porous
MOFs exhibit microporous characteristics, with pore sizes typi-
cally ranging from a few angstroms to several nanometers. This
is commonly achieved by controlling the length of bi- or multi-
dentate rigid organic linkers. MOFs exhibit ultra-high porosity,
with free volumes reaching up to 90% and internal surface ar-
eas exceeding 10 000 m? g~! (Langmuir surface area).!'1%] Conse-
quently, there are a vast number of active sites within MOFs, al-
lowing for the modulation of immobilized functional metal sites.
3) Thermal and chemical stability: MOFs demonstrate high ther-
mal and chemical stability due to their strong chemical bonds, in-
cluding C—C, C—H, C—O0, and metal—O bonds.!''”] Some MOFs
can tolerate high temperatures ranging from 250 to 500 °C, Ze-
olitic imidazolate framework-8 (ZIF-8) and certain MOFs, such
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[154]

as Zr,0,(OH),(BDC);, exhibit outstanding resistance to strong
acids and bases.l'®] It has been reported that many MOFs ex-
hibit piezoelectric properties due to their polar space group trans-
formations (Figure 4b). Examples include [(NH,)[Zn(HCOO),],
[(CH;),NH,][M(HCOO);] (where M = divalent Mn, Fe, Co, Ni,
Zn), [Mn,(HCOO),],-C,H;0H], [Cu(HCOO),(H,0),];*2H,0,
and [Ag(NH,;CH,COO)(NO,)]. However, their ferroelectric prop-
erties typically manifest at high or low temperatures, which is
not favorable for catalytic applications.[!'®] Fortunately, MOFs
such as MIL-53(Cr)-F, UIO-66, MIL-100(Fe), ZIF-8, and UiO-66-
NH, have been developed and successfully applied in piezoelec-
tric catalysis.['20-124] MIL-53(Cr)-F consists of a polar linker con-
taining fluorine-substituted terephthalic acid. PFM measures a
maximum piezoelectric amplitude of 1051 pm (Figure 4c).[']
Zhao et al. synthesized a series of piezoelectric MOFs, including
Ui0-66, UiO-66-NH,, UiO-66-(OH),, and UiO-66-F,, by reacting
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glacial acetic acid (HAC) and zirconium tetrachloride (ZrCl,)
with 1,4-dicarboxybenzene (BDC), 2,5-dihydroxyterephthalic acid
(BDC-(OH),), 2-aminoterephthalic acid (BDC-NH,), and tetraflu-
oroterephthalic acid (BDC-F,). Among these, UiO-66-F, exhib-
ited superior piezoelectric properties, as measured by PFM
(Figure 4d).11?%] The high porosity and large specific surface area
of MOFs can enhance their piezoelectricity by increasing the
amount of charge that can be stored. The tunability of their
properties also allows for optimization of their piezoelectric re-
sponse. The piezoelectric properties of a MOF can be enhanced
by selecting metal ions and organic ligands that increase its
polarizability.['"] Zeolitic imidazolate frameworks (ZIFs) with
various metal nodes and linker substituents have been con-
structed, and their polarization abilities were calculated using
systematic DFT calculations (Figure 4e).['?’] The piezoelectric co-
efficient d,, ranges from —38 to —46 pC N~! for CdIF-1, -9 to —14
pC N~ for ZIF-8, <+8 pC N~ ! for ZIF-90, ZIF-Cl and ZIF-65, and
2 to 50 pC N~! for CdIF-8.

Covalent organic frameworks (COFs) consist of crystalline,
porous organic polymers in which organic building blocks are
connected through strong covalent bonds to form well-defined
2D or 3D structures with long-range order.'?8! The strong co-
valent bonds result in low mass density, high thermal stabil-
ity, and permanent porosity. 2D COFs facilitate charge carrier
transport in the stacking direction. Meanwhile, 3D COFs con-
taining sp* carbon or silane atoms possess high specific surface
area, numerous active sites, and low density.'?°! The properties
of COFs can be tailored by selecting different building blocks.
Thus, they feature a large surface area and tunable pore size. The
rigidity and discrete bond orientations of aromatic compounds
make aromatic z-systems an effective basis for COFs.["*l The di-
verse aromatic systems allow for multiple combinations of build-
ing blocks, providing COFs with a high degree of flexibility in
molecular design. Furthermore, this flexibility can enhance their
piezoelectric performance. The piezoelectricity of 2D COFs com-
posed of CoH;N; and C,H,B,0; monolayers has been studied
through theoretical calculations (Figure 4f). Both monolayers ex-
hibit hexagonal structures with space group P6, indicating non-
centrosymmetric crystal cells. When strain engineering is ap-
plied, the flexible structures of these materials can deform, lead-
ing to modulation of their electronic structures. The piezoelec-
tric coefficient can be determined using the slope of a linear fit,
which describes changes in clamping and relaxation polarization
when uniaxial strain is applied in the direction of the armchair
by the CoH;N; and C H,B; 0, monolayers. The calculated piezo-
electric coefficients d,; are 0.93 pm V~! for CoH;N; and 0.83
pm V1 for C;H,B,0;. These values are lower than those for in-
organic piezoelectric materials, such as 2H-MoS, and 2H-WS,.
However, these COFs offer low cost, high flexibility, and scalabil-
ity as catalysts, contributing positively to improve piezoelectric
performance.['*!] The experimentally verified piezoelectricity of
2D COFs was recently demonstrated by Gu et al. (Figure 2g).[132]
Two distinct 2D COFs, designated as non-centrosymmetric
City-U13 and City-U14, were synthesized through the reac-
tion of BF-CHO with 1,3,5-tris(4-aminophenyl)benzene and
tris(4-aminophenyl)triazine, respectively. These COFs demon-
strated remarkably high piezoelectric properties, with d;
piezoelectric coefficients measured at 20.9 and 18.9 pC N7,
respectively.
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2.4.GDY

Graphdiyne (GDY) is an emerging 2D material distinguished by
its unique diacetylene structure, characterized by both sp and
sp® hybridization. This configuration imparts high superior con-
ductivity (107* to 107> cm? V7! s71) and semiconducting prop-
erties, defined by a narrow bandgap (0.46-1.10 eV), which en-
ables effective catalytic activity.'33134] As illustrated in Figure 4h,
GDY contains adjacent diacetylene linkages between two ben-
zene rings, where sp and sp? hybridized carbon atoms are linked
by “—C=C—" units. These acetylenic linkages enhance the ma-
terial’s flexibility and fracture strain. Furthermore, the distribu-
tion of electron density in GDY is intrinsically uneven, leading
to the emergence of a polarization electric field.['35] The inter-
connected and uniformly hybridized networks exhibit large -
conjugation and triangular porous backbones, providing numer-
ous active sites that facilitate close contact between GDY and ex-
ternal molecules. This promotes efficient electron transfer to ac-
tive sites, thereby improving catalytic activity.*¢! Moreover, due
to its unique sp and sp? hybridization, the carrier mobility can
reach 2.516 x 10° cm? V! s71. The distinctive z-conjugated struc-
ture offers a large surface area, uniform pores, excellent sta-
bility, hydrophobicity, charge carrier mobility, and low aggrega-
tion, demonstrating the significant potential of GDY in catalytic
applications.['”] Additionally, the inherent flexibility and stability
of GDY facilitate modifications of its surface or internal structure.

Planar GDY belongs to the P;mm space group, with optimized
lattice constants of a = b= 9.48 A, and is thus classified as a non-
centrosymmetric 2D material.[!35138] Theoretical calculations and
experimental studies have shown that GDY undergoes irregular
deformation under mechanical stress, leading to the inconsisten-
cies between internal positive and negative charge centers. This
results in the formation of piezoelectricity.'*) Furthermore, the
alkene-alkyne complex transition effect of GDY significantly en-
hances its piezoelectric performance when combined with other
piezoelectric materials (e.g., PVDF and BaTiO,) under ultrasonic
activation. The reversible conversion from C=C to C=C, with
C=C acting as an electron donor that releases electrons when a
mechanical force is applied,[®! contributes to the formation of a
polar electric field due to dimensional changes in electron den-
sity around the alkyne bond. Consequently, GDY-based hetero-
junctions exhibit enhanced piezoelectric activity.

Given the versatile and highly tunable structural properties
of GDY, introducing external atoms to modulate electron cloud
density represents a promising strategy for enhancing its per-
formance. This approach not only disrupts structural symmetry
through electron redistribution but also creates numerous active
sites that amplify piezoelectricity. For instance, 4,12,2-graphyne
with a PAmm space group can be effectively doped with boron
(B)/N atoms due to their facile modulating properties.'*"] N
atoms, being electron-rich, preferentially substitute sp sites due
to their higher stability compared to doping at the sp? sites, while
B atoms are introduced at the sp? sites. Their incorporation in-
troduces charged electrons that significantly affect the distribu-
tion of covalent electrons around C atoms, weakening covalent
bonds. This uneven distribution of electrons leads to the forma-
tion of local dipole moments. Thus, piezoelectricity can be gener-
ated in N/B-doped GDY. Theoretical calculations indicate that the
highest piezoelectric constants for B-GDY and N-GDY are 3.30 X
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1071° and 14.84 x 1071 C m™!, respectively, which outperform
those of 2D h-BN, GaSe and GeSe. Similarly, introducing dipole
pairs (e.g., CN™ and NH, ™ groups) can induce an in-plane dipolar
electric field, and breaking the center symmetry of these dipole
pairs generates additional piezoelectricity.*!]

Zhang et al. synthesized a highly electronegative S-doped GDY
where S was randomly incorporated into the benzene ring of the
dialkyne unit to form C—S and C=S bonds (Figure 4i)..1*?] The
increased electron density may be localized in adjacent aromatic
rings connected to S atoms due to the cooperative activation of
electron-rich S atoms and bonded C atoms. The S atoms disrupt
the inversion symmetry of GDY, thereby inducing a piezoelectric
effect. Additionally, the insertion of S atoms introduces impurity
levels into the GDY network, reducing the energy gap and facili-
tating faster electron transfer into the CB.

2.5. Graphene and Its Derivatives

Graphene consists of 2D sp?-hybridized carbon, where C atoms
form three strong covalent o bonds in a hexagonal structure, with
vertical orbitals contributing to planar z-bonds.'¥] Its unique
properties, such as high mechanical strength, excellent electri-
cal conductivity, and large specific surface area, support the use
of graphene in various electrical and optical applications."* Tt
has long been thought that intrinsic graphene exhibits no piezo-
electric effect. This is primarily because bulk materials lacking a
bandgap cannot demonstrate piezoelectricity, as conductors are
unable to produce sufficient electric polarization. However, flex-
oelectricity has been used to explain the piezoelectric effect ob-
served in some functionalized graphene and graphene nanorib-
bons.

Several strategies have been reported to achieve piezoelectric
effects in graphene. Biaxial strain exerts pressure on graphene,
causing deformation that alters its electrical properties.['*]
Specifically, applying atomic force microscopy (AFM) to measure
the effect of pressure on surface potential reveals that as the back
gate voltage increases, the corresponding surface potential rises.
This occurs because the applied voltage bends the graphene, af-
fecting its electronic structure and creating potential differences
across cavity boundaries. Consequently, this potential difference
promotes the separation of charge carriers, resulting in a band
piezoelectric effect. The generated piezoelectric coefficient has
been measured at 37 nC N~L. It should be noted that piezoelec-
tric effects typically appear in insulators due to the very short
shielding length of conductive metallic materials, which weak-
ens polarization. In contrast, piezoelectricity in semi-metallic
graphene arises because the low carrier density in suspended
graphene results in a longer shielding length, ensuring a sig-
nificant voltage drop along the material. Similarly, first-principal
calculations demonstrate that penta-graphene monolayers (CCC)
and Janus penta-graphene (CBB) exhibit out-of-plane piezoelec-
tricity under stress or strain. The calculated piezoelectric coeffi-
cients d,; are —0.065 pm V~! for CCC and —0.418 pm V! for
CBB, respectively.'*®] Atoms adsorbed on the graphene surface
break inversion symmetry, hence inducing piezoelectricity. Fur-
thermore, surface modification can adjust the piezoelectric prop-
erties of penta-graphene (PG). Fluorinated PG, hydrofluorinated
PG, and hydrogenated PG reduce the symmetry of PG. Hydroflu-
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orination can introduce polarization between hydrogen (H) and
fluorine (F) atoms and induce a transformation of graphene
from a perfect regular hexagonal structure (centrosymmetry) to a
zigzag shape (non-centrosymmetry).['*’] It has been reported that
a uniform coverage of C,HF, C,HF, Li, K, H, and F atoms can in-
duce piezoelectricity by affecting electron distribution and alter-
ing the space group (Figure 4j).[1*8141 Both Li and K atoms cause
modest changes in piezoelectricity, adding F to the top site (on
the C atom) and Li to the hollow site on the opposite side yields
a maximum value for d;; of 0.3 pm V~!. Quantum mechanical
calculations indicate that an in-plane (e;;) piezoelectric effect can
be induced by designing defined triangular holes in monolayer
graphene. Chandratre et al. designed a graphene sheet contain-
ing triangular holes that created a non-centrosymmetric struc-
ture, generating significant polarization under mechanical force.
Its piezoelectric coefficient is 0.124 C m~2.131 The piezoelectric-
ity of graphene oxide was also investigated through DFT calcula-
tions, yielding a coefficient of 0.24 pm V!, where deformation
in the O-doped region dominates the piezoelectric strain of the
clamped graphene oxide (GO).[**"]

2.6. CNTs

Carbon nanotubes (CNTs) are allotropes of carbon that belong
to the fullerene structural family. They have diameters in the
nanometer range and lengths in the micrometer range. Typical
CNTs feature a tubular arrangement of hexagonal carbon atoms,
which confer unique properties due to their symmetrical struc-
ture, including a high aspect ratio, excellent electrical conductiv-
ity, high melting point, low density (1.2-2.6 g cm~3), larger sur-
face area (%1000 m? g~!), and remarkable flexibility.">"13] CNTs
are classified into three types based on their synthesis meth-
ods: single-walled carbon nanotubes, double-walled carbon nan-
otubes, and multi-walled carbon nanotubes (MWCNT5). Among
these, MWCNTs have been demonstrated to possess piezoelec-
tric properties, as evidenced by AFM tests (Figure 4k).['>* During
the tensile deformation process under a mechanical force, posi-
tive charge carriers concentrate at the top of the nanotubes, while
the internal electric field strength opposes the direction of defor-
mation, thereby inducing piezoelectricity. The piezoelectric coef-
ficient could be measured at 0.107 + 0.032 C m~2. Additionally,
defects and N-doping can significantly influence the piezoelec-
tric properties of CNTs. CNTs synthesized via plasma-enhanced
chemical vapor deposition (CVD) often contain various defects. A
low concentration of these defects can substantially enhance the
piezoelectricity due to the redistribution of electron clouds.!'>!
The introduction of N atoms can generate bamboo-like defects
resulting from the presence of pyrrole N, which are major con-
tributors to the piezoelectric properties of N-doped CNTs. Fur-
thermore, the inserted N acts as a donor impurity that modifies
the electronic band structure, leading to enhanced piezoelectric-
ity in N-doped CNTs compared to pristine CNT5.

3. Piezoelectric Mechanisms

The piezoelectric mechanism is a fundamental principle in ma-
terials science and engineering, with significant implications

© 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH

85U8017 SUOWIWOD BAME81D 3|t (dde ay) Aq paussnob ae sl VO ‘85N JO S3|n. 1oy Aleid18UIIUO 481 UO (SUONIPUOD-PUR-SUBILID A8 | IM" ARe.q)1Bul Uo//Sd1y) SUOBIPUOD pue SIS | 811 38S *[202/80/.2] Uo Areiqiauliuo A8|iM ‘9.200001Va - WOH ONNH ALISHIAINN DINHOILATOd ONOX ONOH Aq 0266T720Z eWPe/Z00T 0T/10p/uoo" A | 1m Aleiq 1 jpul [U0"peoueADe//sdny woiy pepeojumoq ‘0 ‘S607TZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

R R b

a Eneray Band Theory

e &

s

"

ternal ehal‘sn | Externa screening charges.
ange in polarizatior

N
P %o Sonography

2 y
us % i
f,j PLBSIE , | f { -
8 Plezoel-
TR ectric
TumorC ils Kiling, effect

Bam"a' '"‘“““’ Treatment  Healed wound

L aa
eoo00

peceed
Feeeen
pecood

200a

F———
—_—

© bound charge
@ free charge

E=8

! Plozopetantal dmm.m % Soreening positive charges @ Polarized positive charges
catalytic capaci & Screening negalive charges @ Polarized negative charges

N MT.MOF mediated sono-piezo dynamic therapy

[ X P
0 @}/@H*IHQ y YAy o
cB ce

www.advmat.de

00000
trbEE

Soe-

Emancig
N- G
= | proterason
S A =%
Mﬂmb'l
W ==
. G aess
e
PO i Voctrzaon
- Electrcal stimulation indu
Electricity triggered drug release PO
 Polypyr- o . o
role tlncl on bpy(HOpic)

15| &

Extranuclear

{: - ectron "o -

iement (lon o ‘*e\

Hi
1 reduction)

Gin ascrons Lose

Figure 5. a) Mechanism of piezoelectric catalysis. Reproduced with permission.['>”] Copyright 2021 Wiley-VCH. b) Schematic illustration of the screen-
ing effect in piezoelectric materials. c) H, generation via the screening effect. Reproduced with permission.l'63] Copyright 2019, Wiley-VCH. d) Diagram
illustrating the energy band theory in piezoelectric catalysis. e) Piezoelectrically generated ROS for tumor treatment. Reproduced with permission.!16°]
Copyright 2023, Wiley-VCH. f) Piezoelectric-induced electric stimulation for nerve repair. Reproduced with permission. Copyright 2023, American Chemi-
cal Society.[1%] g) The piezoelectric effect and ROS generation for anti-infection, antitumor therapy, and wound healing. Reproduced with permission.[168]
Copyright 2023, American Chemical Society. h) The current generation process under external stress in a piezoelectric nanogenerator. Reproduced
with permission.[15%] Copyright 2022, Wiley-VCH. i) Enhanced piezoelectric polarization through the reduction of the screening effect. Reproduced
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permission.!74] Copyright 2023, American Chemical Society. k) Multifunctional applications of nanogenerators. Reproduced with permission.['7%] Copy-

right 2021, Wiley-VCH.

across various fields. At its core, piezoelectricity refers to the abil-
ity of certain materials to generate an electric charge in response
to an applied mechanical stress.

3.1. Mechanisms of Piezoelectric Catalysis

In piezoelectric catalysis, materials with stronger piezoelec-
tric properties exhibit higher catalytic activity. The mechanisms
of piezoelectric catalysis are generally understood through the
shielding effect and energy band theory (Figure 5a).['”158] The
shielding theory posits that shielding charges, including internal
carriers and external charges within the piezoelectric material,
neutralize the piezoelectric charge, thereby facilitating the sepa-
ration of electron-hole pairs. Specifically, the external shielding
charges adsorbed on the surface of the piezoelectric material bal-
ance the polarization charges under ultrasonic irradiation. The
induced enhancement of piezoelectric potential allows these ex-
ternal charges to be transferred to polarized charge sites with op-
posite electronegativities. When the applied force decreases, the
piezoelectric field weakens, and the adsorbed external charges are
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released (Figure 5b). Desorbed charges with sufficient energy can
promote redox reactions with differently charged molecules to
form ROS, such as hydroxyl radicals (*OH), superoxide (°O,"),
and hydrogen peroxide (H,0,). The piezoelectric potential plays
a dominant role in the screening effect, analogous to the on-
set potential in electrocatalysis. For example, the redox poten-
tial of O,/H,0 is 1.23 eV versus the reversible hydrogen elec-
trode (RHE). Thus, the amplitude of the piezopotential must fully
reach or exceed the Gibbs free energy threshold required for wa-
ter splitting to effectively facilitate these reactions. Taking typi-
cal BaTiO; as an example, a nanowire with a diameter of 10 nm
can exhibit an excellent piezoelectric coefficient of 0.45 pm V-1,
while its calculated piezoelectric potential reaches 2.6 V. Un-
der periodic vibration, this 10 nm nanowire could release ac-
tive species with high energy, which split water into H, and O,.
(Figure 5¢).[1% The relationship between piezoelectric potential
(P) and screening charge density (o) can be expressed by the fol-

lowing equations:[160:161]
P
O'S = d - 1
le. (8, +6,) +d] (1)
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dy
V= v ow (2)

where d and e, represent thickness and relative permittivity, re-
spectively. 6, and §, are the thicknesses of the screening charge
layers on two polar surfaces. V is the piezopotential. d;; is the
piezoelectric coefficient. ¢, is the electrical permittivity of free
space. o represents the loading of stress, and w is the width of
the piezoelectric particle. Based on these equations, a stronger
external force can generate a higher piezopotential, leading to an
increased screening charge density. Su et al. reported that strain-
engineered BaTiO; achieved an enhancement of piezopotential
to 1.6 V through finite element method calculations, enabling it
to produce H, and O,. Therefore, engineering sufficiently high
piezopotentials is crucial for making surface mobile charges ther-
modynamically favorable for reactions.[*%]

The energy band theory in piezoelectric catalysis is analogous
to photocatalytic mechanisms, wherein electrons are excited and
transferred from VB to CB. Subsequently, electron—hole pairs are
further separated and transported to the surface to participate in
redox reactions. The energy band structure and electronic states
of piezocatalysts are critical factors that determine their catalytic
activities. Ultrasound-induced cavitation bubbles generate signif-
icant energy and pressure for electron excitation when piezoelec-
tric materials are subjected to ultrasound. Under static strain con-
ditions, the generated piezoelectric field can induce tilting of the
energy band. However, this effect may be shielded by oriented ac-
cumulation of internal carriers. Periodic vibrations formed by ul-
trasound provide fluctuations for the piezoelectric potential field,
causing internal carriers to remain in a metastable state rather
than accumulating in a specific orientation. Energy band tilting
contributes to an increase in redox potentials for both VB and CB,
thereby enhancing the redox activity (Figure 5d). For instance,
catalytic production of H, (0 vs RHE) on BiFeO, is thermodynam-
ically unfavorable because its band levels do not reach the redox
potentials required for water splitting. However, applying strain
to BiFeO, generates a significant increase in piezopotential up to
0.88 V, which is sufficient to tilt its band structure and align CB
positions with reduction potential levels. This rearrangement of
bands is energetically favorable for H, evolution.['®3) Meanwhile,
the piezoelectric field provides a driving force that accelerates car-
rier transport and separation by reducing electronic conduction
resistance. This can be confirmed by observing enhanced piezo-
electric current and reduced electrochemical impedance spectra
with increasing ultrasonic power for SnS.[164

During the catalytic process, stability is a crucial factor for
achieving long-term catalytic activity. Carbon-based materials are
known for their excellent chemical stability, mechanical durabil-
ity, and thermal stability. Their resistance to oxidation and chem-
ical degradation makes them suitable for use in harsh environ-
ments. For instance, Li et al. demonstrated that PVDF could
maintain stability and catalytic activity under strong acid and
high temperature conditions. Forming composites with other
materials can further enhance their stability and durability. For
example, reduced GO (rGO)/PVDF maintained its structural in-
tegrity and catalytic activity in strong acidic (pH = 1) and ba-
sic (pH = 13) conditions and showed good stability under a
slightly elevated temperature of 40 °C. Under these extreme con-
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ditions, rtGO/PVDF could still achieve more than 78% removal
efficiency of pollutants through piezoelectric catalysis, which is
better than that of the pristine PVDF film, highlighting its poten-
tial for stable catalytic performance.3’! Zeng et al. investigated
the fatigue resistance of CNT-based composites, finding that they
maintained their piezoelectric properties after repeated mechan-
ical cycling.3¢!

3.2. Mechanism of Piezoelectric Biomedical Treatment

Piezoelectric biomedical treatments are generally achieved by
combining piezoelectric biomaterials with ultrasound, leverag-
ing the biocompatibility and non-toxicity of biomaterials along-
side the non-invasive and penetrating capabilities of ultrasound.
Two widely recognized mechanisms are ROS generation and
electric stimulation (ES). In the ROS mechanism, piezoelectric
biomaterials with excellent biocompatibility enter cells through
the cell membrane. Under vibration, these biomaterials deform
and induce a piezoelectric field, leading to the generation of ROS,
such as *OH, *0,~, H,0,, and singlet oxygen (*O,). The oxida-
tive ROS can damage cellular components, which include induc-
tion of tissue necrosis and DNA damage, ultimately resulting
in cell apoptosis. This strategy is often employed to kill tumor
cells and combat infections. For example, in Figure 5e, Mn—Ti
bimetallic organic framework tetragonal nanosheets (MT-MOF
TNS) exhibit good biocompatibility with 4T1 tumor cells and are
engulfed by them. Ultrasound cavitation induces MT-MOF TNS
to generate ROS and local charges piezoelectrically. This process
can cause severe mitochondrial dysfunction and activate the mi-
tochondrial apoptosis signaling pathway, leading to the apoptosis
of tumor cells.'%] In contrast to the ROS mechanism, ES origi-
nates from piezoelectric voltage. Externally induced piezoelectric-
ity can create a local electric field that provides a microenviron-
ment for stimulating cells through electron transfer. This stimu-
lation affects biological signaling pathways and promotes the pro-
duction of desired effector molecules that aid in cell repair with
high biosafety. For instance, when a rat with wounds is equipped
with a wearable P(VDF-TtFE) device and engages in motions, the
vibration-induced piezoelectric voltage benefits wound healing
due to accelerated electron transfer. Additionally, more strenu-
ous exercise (e.g., leaping) could generate higher intensity of volt-
age that contributes to the release of drug, thereby improving tis-
sue repair (Figure 5f).11%) The piezoelectric effect of rGO@UIO-
66/polycaprolactone (PCL) scaffolds can enhance the expression
of Kpp channels and reduce Ca?* influx in macrophages, thereby
supporting nerve repair.['®’l A piezoelectric elastomer was con-
structed by copolymerizing with lactic acid, butanediol, sebacic
acid, and itaconic acid. The stretch recovery curve of this elas-
tomer demonstrates full recoverability after 500 loading and un-
loading cycles, with a residual polarization P, value of 1.6 mC m~2
obtained under a coercive electric field of 13 MV m™, indicating
excellent stretchability and piezoelectric properties. The piezo-
electric elastomer was applied to wounds infected with Staphy-
lococcus aureus (S. aureus) in mice and in an MNNG/HOS tumor-
bearing mouse model. When ultrasound was activated for sev-
eral days, the wounds healed, and tumors were eradicated. The
destruction of S. aureus and MNNG/HOS tumors is attributed
to the ROS generated by the piezoelectric effect. During wound
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healing, cell migration was observed. This is attributed to the
piezoelectric effect inducing appropriate ROS production, which
promotes cell migration by regulating the local cytoskeleton at
the molecular level through the initiation of redox signaling cas-
cades (Figure 5g).[168]

3.3. Mechanism of Piezoelectric Nanogenerators

Piezoelectric energy harvesting technology involves converting
mechanical energy into electrical energy. Piezoelectric nanogen-
erators (PENGs) are typically composed of piezoelectric materials
sandwiched between two electrodes positioned at the top and the
bottom. Regarding the generation of piezoelectric current, when
strain or compressive stress is applied to the piezoelectric device,
a piezopotential gradually forms, and polarization changes oc-
cur, creating a negative charge on one side of the material and
a positive charge on another side. The arrangement of electric
dipoles in a specific direction produces significant piezoelectric
potential. At this point, if electrodes, such as conductive fabric,
are connected to external conductive wires, charge will flow from
one electrode to the other, thereby generating an output voltage
and a current signal. The electrostatic potential generated by the
polarization charges is balanced by the flow of electrons from one
electrode to the other through an external load. When the stress is
removed, the piezoelectric effect weakens, and the charge accu-
mulated on the electrode side moves in the opposite direction,
generating a reverse electrical signal (Figure 5h).['] The rela-
tionship between output current, applied strain, and polarization
charges is represented by the following equations:!170171]

Op; 0
Joi= 2=ty (5) o )
_ 0p. _ 00p(2) "
Joe=5, == “4)

where J,; and |, are the output currents, s is the applied strain,
(). is the piezoelectric tensor, and o, (Z) represents surface po-
larization charges along the z-axis. Therefore, increasing the fre-
quency of an applied strain and altering the rate of polarization
contributes to the improved output current. The open-circuit volt-
age for PENGs can be represented by the equation:(172!

Voc = Z0p (Z)/ € (5)

Clearly, increasing surface polarization charge density can en-
hance open-circuit voltage.

For PENGs, the shielding effect exerts a negative influence
on piezoelectricity because piezoelectric charges can be neutral-
ized by screening charges. The internal screening effect can be
mitigated by accelerating the recombination of holes and elec-
trons, as well as improving carrier mobility. Doping with rare
earth ions induces defects and introduces holes that effectively
capture electrons, thereby enhancing piezoelectricity. Addition-
ally, variations in ionic radius and extranuclear electron count can
have diverse effects on piezoelectric polarization (Figure 5i).1173]
Specifically, Y** ions with a small radius and eight extranuclear
electrons doped into ZnO can achieve an output voltage of 2.5
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V, outperforming other rare earth ions doped into ZnO. Further-
more, increasing applied force intensity can lead to higher polar-
ization charge density. For 2D piezoelectric materials, applying
pressure can induce a transition from an insulator to a metallic
state by reducing the bandgap. This pressure also causes signif-
icant changes in in-plane polarization, resulting in high piezo-
electric efficiency. Consequently, a high alternating voltage can
be generated (Figure 5j).174

PENGs serve as sustainable power sources for electronic de-
vices and can also generate electrical signals that directly sense
applied mechanical actions without requiring an external power
supply. Flexible nanogenerators are widely developed because
they can convert weak vibration energy, such as compression and
bending, into electrical energy. Therefore, flexible PENGs can be
designed as wearable devices for applications in human motion
monitoring, biomedical treatment, artificial intelligence, and en-
vironmental monitoring (Figure 5k).17%]

3.4. Key Factors Affecting Piezoelectric Properties
3.4.1. Structural Defects

When investigating the potential origins of charge carriers in
piezocatalysis, it is essential to consider the intrinsic unpaired or
free charges that arise from defects, as they play a significant role
and cannot be overlooked. The piezopotential-induced migration
of free electrons to the material’s surface leads to the formation
of reactive species such as °*O,~ and H, O,. These reactive species
play a crucial role in energy conversion, environmental treatment
and biomedical applications. Common anion vacancies, such as
those of oxygen, nitrogen, and carbon in carbon-based materi-
als, contribute to the generation of free electrons within the ma-
terial, thereby maintaining charge neutrality.'>”) Consequently,
defect engineering is actively pursued to increase the concentra-
tion of free charges, thereby enhancing the piezocatalytic activ-
ity. For instance, Zhang et al. demonstrated that introducing va-
cancy defects in microcrystalline cellulose can improve its piezo-
electric response by increasing asymmetry under external force,
which enhances the titling of energy bands and accelerates car-
rier transfer.!'7%l S. K. Nevhal and S. I. Kundalwal demonstrated
the mechanism of induced piezoelectricity in armchair graphene
nanoribbons (AGNRs) systems with non-centrosymmetric pores,
as well as defects such as divacancies, line defects, and Stone—
Wales defects, using first-principle calculations.['’”] The intro-
duction of defects in graphene nanoribbons (GNRs) results in
the formation of bandgaps, altering their electronic structure and
disrupting the centrosymmetry of the GNR systems. When axial
force is applied, these defects cause bandgaps to emerge at the
Fermi level in the defective GNRs, inducing strain gradient polar-
ization as a consequence of the flexoelectric effect. Additionally,
enhancing the defect concentration in AGNRs leads to an ampli-
fied piezoelectric effect, attributed to the increased alignment of
dipole moments.

3.4.2. Heteroatom Doping

Doping carbon-based materials with heteroatoms like nitrogen
or boron can modify their electronic structure and piezoelectric
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properties. I'ina et al. have experimentally demonstrated that
nitrogen-doped CNTs exhibit piezoelectric properties, with the
magnitude of this effect being dependent on the concentration of
doped pyrrolic nitrogen.['>>! They propose a mechanism for the
emergence of a piezoelectric response in CNTs, which is linked to
the formation of an uncompensated dipole moment. This arises
from the curvature of the sheet surface, induced by the presence
of pyrrolic-like defects and bamboo-like “bridges” within the nan-
otube cavity, indicating that as the pyrrolic nitrogen concentra-
tion increases, the piezoelectric coefficient rises from 30 to 92
pm V-1 Concurrently, the current generated during CNT defor-
mation could increase to 129 nA. Chlorine (Cl)-doped g-C;N,
demonstrates a noticeable enhancement in transient piezocur-
rent compared to pristine g-C;N,, consistent with its improved
piezoelectric properties.['’®! This improvement indicates more
efficient charge separation and transmission facilitated by the
piezopotential field. This enhancement might be attributed to the
creation of polarized bonds and changes in the electronic struc-
ture.

3.4.3. Strain Engineering

A builtin piezopotential field aligned with the dipole mo-
ment within piezoelectric materials can be effectively estab-
lished through mechanical straining, leading to alterations in
the bulk electronic state and resulting in band tilting. Unlike
perfect insulators, where the band levels tilt linearly across the
strained region due to the absence of mobile charges respond-
ing to the piezoelectric potential field, the band tilting in piezo-
electric semiconductors can be mitigated by the oriented ac-
cumulation of internal mobile charges.*! Specifically, under
static deformation, the piezopotential drives opposing mobile
charges to continuously accumulate on the two polar sides, cre-
ating a depolarization field that counteracts the piezoelectric po-
larization effect and thus screens the band tilting."*® To ad-
dress this, periodic mechanical strain is necessary in piezo-
catalysis to prevent the screening of band tilting. With peri-
odic vibrations, such as those induced by ultrasound, the re-
sulting fluctuations in the piezoelectric potential field main-
tain the internal mobile charges in a metastable state, pre-
venting their oriented accumulation. Consequently, this ap-
proach prevents the screening of band tilting and allows for
the manipulation of electronic energy levels in a piezoelectric
semiconductor.'*]

One of the most significant advantages is the enhancement
of redox capability. Even the catalytic generation of *O, and
*OH radicals is thermodynamically unfavorable in some mate-
rials. Under periodic vibration, they could be produced due to
band tilting that enhances redox potential. Applying mechanical
strain to carbon-based materials can induce changes in their band
structure, thereby affecting their piezoelectric behavior. Li et al.
reported a piezoelectric CQD-C; N composite, which could gen-
erate 5025 umol g~ h=! H,0, under ultrasonic irradiation.['”°1 To
further investigate the impact of pressure on energy band, they
applied in situ high-pressure UV-vis spectroscopy. The bandgap
decreases as the pressure increases. The piezoelectricity is rele-
vant to the intensity of external pressure. Hence, pressure could
promote the transfer of electrons.
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4. Applications for Carbon-Based Piezoelectric
Materials

4.1. Piezoelectric Catalysis

Generally, higher redox potential and stronger redox abilities are
desirable. However, a larger bandgap in semiconductors can be
detrimental to the transfer of electrons from VB to CB. Hence,
piezoelectric catalytic activity depends on the combined effects
of redox potential and bandgap energy. To further enhance piezo-
electric performance, several strategies have been employed, in-
cluding exposing more active sites, heteroatom-doping or anchor-
ing, constructing heterostructures, and utilizing strain or light
assistance.[1357178-180] Specifically, surface modifications such as
defects or vacancies can increase active sites and introduce im-
purity levels to improve mass transfer mass rates and reduce
the bandgap. Heterostructures form interfaces with built-in elec-
tric field that accelerate electron and hole mobility. As piezoelec-
tric materials possess light absorption properties, the generated
piezoelectric effect can efficiently improve the separation effi-
ciency of photogenerated electron-hole pairs in both the bulk
phase and at the surface, making it a viable method to enhance
the photocatalytic ability.

4.1.1. Environmental Remediation

Environmental pollution remains a serious issue globally as
economies and industrialization progress rapidly. Contaminants
such as bacteria, heavy metals, and chlorophenols produced by
petrochemicals, pharmaceuticals, and synthetic dye industries
pose significant risks.'8] These contaminants exhibit poten-
tial carcinogenicity, teratogenicity, and biotoxicity, necessitating
the development of efficient remediation methods. Piezoelec-
tric catalysis has been extensively studied for wastewater treat-
ment, demonstrating excellent catalytic activity and environmen-
tal compatibility with carbon-based piezoelectric materials. ROS
(i.e.,*O,7, *OH, and '0,) play a crucial role in pollutant removal.

2D ultrathin g-C;N, nanosheets with an approximate thick-
ness of 2 nm were synthesized using a modified thermal poly-
condensation approach. Under ultrasound excitation, 83.1% of
2,4-dichlorophenol (20 mg L) could be removed, along with ef-
ficient removal of 2,5-dichlorophenol, 2,6-dichlorophenol, and 4-
chlorophenol. *O,™ and *OH are the major ROS responsible for
attacking pollutant molecules.!'8!] The rupture of cavitation bub-
bles generates immense stress (up to ~10% Pa) on the ultrathin
2D g-C;N,. Thus, the deformation of 2D g-C;N, induces piezo-
electric polarization due to its triangular non-centrosymmetric
pores in the host layer. The oppositely polarized charges create
a piezoelectric field that causes tilting of the energy band struc-
ture, thereby promoting charge carrier transfer (Figure 6a). Al-
though the VB (1.3 eV vs NHE) is insufficient to directly oxidize
OH™ to °*OH, the formation of *OH occurs due to the decom-
position of H,0, generated by the reaction between °O,~ with
H, 0. To further enhance the charge carrier mobility, Yan et al. de-
posited CQDs on g-C;N,. Under ultrasonic vibration for 30 min,
92.5% methylene blue (MB) could be removed. The CQDs not
only accelerate the transfer of free charges but also serve as ac-
tive sites to promote the interactions between molecules and ma-
terials (Figure 6b).[%¢] Considering the outstanding visible light
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Figure 6. a) ROS generation by g-C;N, under ultrasound. Reproduced with permission.["®1 Copyright 2021, Elsevier. b) Degradation mechanism of
MB for CQD/g-C;N, composites under ultrasound. Reproduced with permission.[®¢] Copyright 2023, Elsevier. c) Degradation mechanism of Rh B for
ZIF-8 MOF under ultrasound. Reproduced with permission.l'?3] Copyright 2022, Elsevier. d) Tetracycline degradation by PVDF/MoS, membranes un-
der ultrasound. Reproduced with permission.l'3>] Copyright 2021, Elsevier. e) Conceptual illustration of water treatment using an integral piezocatalytic
PVDF/BaTiO; membrane. Reproduced with permission.['8¢] Copyright 2021, The Authors, published by Wiley-VCH. f) Removal of As(l11) by piezoelectric
catalysis in g-C3N4 Reproduced with permission.!'%°] Copyright 2021, Elsevier. g) Schematic diagram of the antibacterial mechanism of ZnO@GDY NRs.
Reproduced with permission.l"®] Copyright 2022, American Chemical Society. h) Illustration of the antibacterial kit sterilization process using piezo-
electric polymer composites. Reproduced with permission.['%2] Copyright 2022, Wiley-VCH. i) Piezoelectric degradation and antibacterial mechanism of

Ca-CN. Reproduced with permission.!'*] Copyright 2024, American Chemical Society.

absorption properties of g-C;N,, combining photocatalysis with
piezoelectric catalysis can further enhance the catalytic activity.
The piezo-photocatalytic efficiency for chlorophenols could reach
~100% because light excitation facilitates greater electron trans-
fer, leading to increased ROS generation. Moreover, the thickness
and porosity of g-C;N, significantly affect its piezoelectric cat-
alytic performance. Chen et al. reported an ammonium oxalate-
modified g-C;N, that exhibits an ultrathin nanosheet with a
thickness of 1.52 nm. This material has a piezoelectric degra-
dation rate constant for Rh B that is twice that of bulk g-C;N,.
Thin nanosheets can absorb more mechanical energy to gener-
ate a stronger piezoelectric field while exhibiting a higher N—(C),
to C—N—H area ratio. Therefore, they possess more bonded tri-
s-triazine units arranged orderly in layers to produce higher in-
plane piezoelectricity as polar groups.

Piezoelectric MOFs have also been applied to treat contami-
nants. ZIF-8 nanoparticles achieved ~94.5% removal of Rh B af-
ter undergoing 90 min of vibration. During this process, *O,~
acts as the primary redox species responsible for decomposing
Rh B (Figure 6c¢).'?*] Piezoelectric activation of persulfate has
emerged as an effective strategy for pollutant degradation. This
has been extensively investigated using inorganic piezoelectric
materials like BaTiO; and SrBi, B,0,,18218] although studies on
organic piezoelectrics remain limited. Recently, metal-organic
framework Bio-MOF-1 was shown to piezoelectrically activate
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peroxymonosulfate (PMS), generating singlet oxygen (10,) as the
major active oxygen species, which effectively removes 98.5%
bisphenol A, a compound released from plastics that poses se-
rious threats to human health.!'8*] MIL-100(Fe) achieved 92% re-
moval of carbamazepine under ultrasonic cavitation. Mechanical
force induces deformation within the MOF structure, creating a
built-in electric field that promotes free charge migration while
modulating the band structure of the sample.['?!) The more pos-
itive oxidation potential compared to H,0,/OH and more neg-
ative reduction potential than *O,~ are suitable for generating
ROS to attack pollutants.

The piezoelectric catalytic activity of pure PVDF has been in-
vestigated in pollutant degradation. However, its performance is
limited due to the low f-phase piezoelectric content. Typically,
PVDF is composed of other inorganic piezoelectrics to signif-
icantly improve its piezoelectricity for practical applications. It
has been reported that pure PVDF could only remove 15.87%
oxytetracycline (OTC) under ultrasonic conditions. However, in-
corporating MoS, nanosheets greatly enhanced its degradation
activity to remove 93.08% OTC (Figure 6d).'*] MoS, acts as a
nucleating agent to increase f-phase concentration while gen-
erating more active sites for interactions between the polymer
matrix and pollutant molecules. This also enhances piezoelec-
tric potential to accelerate charge carrier separation and transfer.
Shi et al. synthesized PVDF/BaTiO, composites where BaTiO,
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nanoparticles are embedded within a PVDF scaffold. The y-
phase content increased significantly while the piezoelectric cat-
alytic degradation efficiency for Rh B improved from ~30% to
87% when ultrasonic power was increased from 60 to 180 W.
This enhancement of piezoelectric potential correlates with in-
creasing ultrasonic power (Figure 6e).['®¢! Similarly, construct-
ing heterojunctions between inorganic piezoelectrics and PVDF
is an effective method for achieving pollutant removal. For
example, BaTiO;/HPVDF nanocomposite fibers exhibit excel-
lent piezoelectric effects because BaTiO; promotes p-phase
conversion.'¥”] The flexible film can easily deform under ex-
ternal forces to induce the piezoelectric potential. Additionally,
BaTiO, can also generate a piezoelectric field. Together, their
effects accelerate charge carrier transfer and separation while
generating numerous radicals for pollutant removal. This phe-
nomenon of enhanced piezoelectric effects through increased g-
phase content has also been investigated in ZnO/CQDs/PVDF
composites.['#>188] Wang et al. reported that the bi-piezoelectric
effect enhances photocatalytic activity in ZnO/PVDF by form-
ing a piezoelectric polarization field in both ZnO and PVDF un-
der pressure. This significantly accelerates electron transfer and
radical formation, which effectively degrades 95% methyl orange
(MO) under stirring at 1000 rpm with light irradiation.[*]

As(III), known for its acute toxicity and carcinogenicity, is
widely present in water environments. Utilizing piezoelectric
catalysis can transform As(III) into less toxic As(V). Shu et al.
reported that polymeric carbon nitride (PCN) and crystalline car-
bon nitride (K-PHI) efficiently oxidize As(III) to As(V) under
ultrasonic conditions. K-PHI, with its higher surface potential
and stronger piezoelectric properties, demonstrated superior ox-
idation ability by oxidizing 98.9% As(III), achieving an oxida-
tion rate constant of 1.486 h™', 6.72 times greater than that of
PCN.[1%I The accelerated separation and transfer of electrons en-
able them to react with O, to form *O,~, while h* act as the ox-
idative species. Both contribute to oxidizing As(III) into As(V)
(Figure 6f).

Combining piezoelectric catalysis with H,0, or persulfate
forms a Fenton-like system where electrons generated from
piezoelectric effects activate oxidative agents to produce higher
concentrations of ROS, thus enabling efficient decomposition
of refractory materials and bacterial. ZnO@GDY combined
with H,O, can piezoelectrically inactivate methicillin-resistant
Staphylococcus aureus at concentrations of around 35 + 1 pg mL™!
and Pseudomonas aeruginosa (P. aeruginosa) at concentrations of
around 53 + 1 uyg mL~! under ultrasound conditions. ZnO@GDY
deforms to induce a piezoelectric field that drives charge car-
rier transfer into surfaces where they can electrochemically re-
act with H,0 and O,, while activating H,0, into ROS (*OH,
*0,7). This process disrupts bacterial biofilms leading to steril-
ization (Figure 6g).!°! Chen et al. developed a piezoelectric poly-
mer composite comprising a matrix PVDF-HFP combined with
P-doped C;N;. Under ultrasonic action, these composites effec-
tively reduce O, into *O,~ and H,0O,. These reactive species can
effectively inactivate E. coli and S. aureus bacteria (Figure 6h).['2]
Ag@LiNbO, /PVDF composite films achieved ~100% removal
of Escherichia coli and 96.65% removal of Staphylococcus aureus
within 180 min under ultrasound conditions. LiNbO; not only
provides piezoelectric potential but also improves f-phase con-
tent in PVDF. Ag further enhances hole—electron separation and
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transfer rates, resulting in substantial ROS generation necessary
for bacteria inactivation."®] In catalysis research fields, single
atoms have been adopted to achieve near-complete conversion ef-
ficiency. Zhao et al. synthesized a composite featuring Ca atoms
embedded within N-doped C alongside PVDF, demonstrating a
record-high degradation rate constant of 0.11 min~' for Rh B
along with an antibacterial efficiency of 99.8% against E. coli,
in which *O,~ and *OH are dominant active species. Contact
angle studies combined with DFT calculations confirm that Ca
not only provides sufficient active sites along with local polarized
electric fields but also enhances both hydrophilicity and piezo-
electricity within PVDF (Figure 6i).[1°*] Tt has also been reported
that S-doped GDY acts as an enzyme mimic by activating H,O,
through piezoelectric means, generating substantial ROS capa-
ble of inactivating both Gram-positive S. aureus strains as well as
Gram-negative E. coli strains under ultrasound exposure.!1#]

4.1.2. Hydrogen Evolution

Hydrogen (H,) is considered an important alternative to tradi-
tional energy sources due to its high energy density and envi-
ronmental friendliness. Piezoelectric H, evolution has emerged
as a promising strategy, involving several processes. Mechani-
cal stress is applied to the piezoelectric material through various
methods, such as ultrasound and fluid flow. The applied stress
causes the piezoelectric material to deform, generating an elec-
tric field within the material due to the displacement of posi-
tive and negative charges. The resulting electric field drives the
electrochemical reaction of water splitting, which involves break-
ing down water molecules into H, and O, gases. Protons (H™)
in the water are attracted to the negatively charged side of the
piezoelectric material, while electrons are attracted to the posi-
tively charged side. On the negatively charged side, protons gain
electrons (reduction reaction) to form H, gas. Simultaneously, at
the positively charged side, water molecules lose electrons (oxi-
dation reaction) to produce O, gas and protons.!*}] Furthermore,
the abundant hydrogen bonds between the polymer unit chains
promote the adsorption and activation of H,O molecules, sug-
gesting that carbonyl polymers may serve as ideal materials for
harvesting mechanical energy to evolve H,.

Zhang et al. synthesized two MOFs, UiO-66-NH, (Zr), and
UiO-66-NH, (Hf), whose piezo-activity was significantly en-
hanced by increasing the strength of the electrostatic field.!'?*]
Applying mechanical force to the MOF material induces a piezo-
electric field, which promotes charge separation and transfer
rates, thereby enhancing catalytic activity. The performance of
the Pt/Uio-66-NH, (Hf) catalyst is greatly improved under ultra-
sound compared to the conditions without ultrasound or stirring.
H, production is optimal when the ultrasonic power gradually
increased to 200 W and the ultrasonic frequency reaches 53 kHz.
The catalysts demonstrated a significant H, production capacity
under the combined effects of ultrasound and light irradiation,
achieving 1615 pmol g™ h™' for UiO-66-NH, (Hf) and 740
pmol g~! h7! for UiO-66-NH, (Zr), respectively (Figure 7a). The
calculated piezoelectric coefficient d;; showed that the d,; for
Hf-MOF (139 pm V~!) was significantly higher than that for Zr-
MOF (4 pm V7). The higher d,; of HE-MOF is attributed to the
greater polarity of Hf—O bonds compared to Zr—O bonds. This
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Figure 7. a) Schematic representation of H, production activities of UiO-66-NH, (Zr) and UiO-66-NH, (Hf) in piezo-photocatalysis. Reproduced with
permission.[24] Copyright 2021, Wiley-VCH. b) Schematic illustration of the piezocatalytic dye degradation and H, production over the Zn—N,—C piezo-
catalyst. Reproduced with permission.[12%] Copyright 2023, Elsevier. c) Schematic illustration of the photo-piezocatalytic process over UT-g-C5N,,. Repro-
duced with permission.[“8] Copyright 2021, Wiley-VCH. d) Scheme depicting piezocatalytic H, production over the g-C;N, /LiINbO, /PVDF piezocatalytic
membrane under water flow conditions. Reproduced with permission.[3%] Copyright 2022, Elsevier. e) Piezoelectric conversion of CO, into CO and CH,
over ZnS/g-C3N,. Reproduced with permission.['¥7] Copyright 2022, Wiley-VCH. f) Mechanism of piezoelectric reduction of CO, over Ag/CdS/PVDF. Re-
produced with permission.[®'] Copyright 2023, Wiley-VCH. g) Piezoelectric generation of H,0, over g-C;N,. Reproduced with permission.[2%0] Copyright
2023, The Royal Society of Chemistry. h) The effect of g-C;N, morphology on piezoelectric H,0, generation. Reproduced with permission.[>4 Copyright
2023, Elsevier. i) Enhanced piezoelectric photocatalytic H,0, generation over phosphorus-modified (CN-P), oxygen-functionalized CN (CN-OF), and
cyano-group grafted. Reproduced with permission g-C5N,4. Reproduced with permission.[2°1] Copyright 2023, American Chemical Society. j) Mechanism
for accelerating electron transfer and O, adsorption to generate H,O, over MOC-AuNPs/g-C;N,. Reproduced with permission.[292] Copyright 2023,
Wiley-VCH. k) Improvement of self-polarization in PVDF for H,0, evolution through CNTs incorporation. Reproduced with permission.[20°] Copyright

2023, Elsevier. l) Defect-enhanced piezoelectric photocatalytic H,O, generation in C;N5.[2%] Reproduced with permission. Copyright 2023, Elsevier.

enhanced polarization contributes to the formation of
ultrasound-induced piezoelectric effects, which facilitate charge
transport and mass transfer. As a result, UiO-66-NH, (Hf)
exhibits superior catalytic activity and cycling stability. Cao
et al. synthesized a Zn, N co-doped porous carbon piezocatalyst
(Zn—N,—C), obtained by pyrolysis of zeolitic imidazolium
framework-8 (ZIF-8). Thus, Zn—N,—C can be regarded as a
derivative of MOFs.'?0] Zn—N, —C exhibits superior piezo-
catalytic performance compared to ZIF-8, achieving an H,
evolution rate of 6.29 mmol g~! h~! (Figure 7b). The d;; value for
Zn—N,—C is calculated to be 38 pm V~'. This high piezoelectric
coefficient results from the asymmetric distribution of positive
and negative charges around zinc atoms. The high specific
surface area and numerous mesopores contribute to enhanced
H, evolution efficiency. The introduction of halogen atoms can
alter the structure and electron distribution within MOFs. Zhao
et al. prepared UiO-66(Zr)-F, MOF, where F element reduces
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the bandgap and increases the asymmetry. This significantly
enhances piezoelectricity, with a maximum H, evolution rate
reaching 35.7 umol g~! under 110 W ultrasound.!*¢]

Hu et al. employed thermal oxidation etching of bulk g-C;N,
to synthesize ultra-thin g-C;N, nanosheets (UT g-C;N,).*8] Tt
has been reported that the increase in polar tri-s-triazine units
along the planar axis of the layers enhances the dipole moment
of g-C;N,. When these tri-s-triazine units undergo stretching or
compression due to strain, the positions of positive and negative
charge centers shift, resulting in generation of in-plane piezo-
electric polarization (Figure 7c). The H, evolution efficiency of
UT g-C;N, is measured at 8.35 mmol g~! h™!, which is 3.1 times
greater than that of bulk g-C;N,. This enhancement is attributed
to the efficient harvesting and conversion of mechanical energy
facilitated by its plate-like structure. Moreover, under illumina-
tion, the piezo-photocatalytic activity significantly improves, al-
lowing H, yield to reach 12.16 mmol g~! h~!. Generally, electrons
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induced by piezoelectric effects can be transferred to the inter-
face between the solution and solid, forming a depletion layer
that drives electrochemical reactions. Under illumination, a more
efficient exchange of electrons occurs between the piezoelectric
surface and the electroactive species, leading to faster charge car-
rier transfer and enhanced electrochemical reactions due to the
increased availability of piezoelectric charges during the photo-
piezoelectric catalytic process. Additionally, ultrasound cavitation
can generate N and C defects that serve as active sites, further
accelerating the adsorption and activation of H,O molecules. In
piezoelectric catalysis, ultrasound is commonly utilized as an ex-
ternal source to deform materials. However, this approach can
incur high energy costs since most piezoelectric catalysts are in
powder form. PVDF, as a flexible film, plays a crucial role in ab-
sorbing weak mechanical energy, such as that from flowing water.
The g-C,N, /LiNbO, /PVDF membrane efficiently absorbs vibra-
tion energy from water flow, generating a piezoelectric field that
facilitates electron transfer to the active sites, resulting in H, pro-
duction (Figure 7d).1]

4.1.3. CO, Reduction

The excessive use of fossil fuels has led to a significant increase
in global CO, emissions, resulting in a dramatic rise in atmo-
spheric CO, levels and contributing to climate change and en-
vironmental degeneration. The conversion of CO, into valuable
chemicals presents an attractive yet challenging strategy to miti-
gate environmental pollution and address energy shortages. CO,
reduction has garnered considerable attention in recent years,
particularly in the pursuit of achieving carbon neutrality. The
transformation of CO, into CO/CH,, as well as other high-value
products, involves multiple electron transfer pathways: convert-
ing CO, to CO requires two electrons, while the conversion to
CH, necessitates eight electrons.'*] Piezoelectricity offers an in-
ternal driving force that enhances electron transfer, positioning
it as a promising technique to accelerate CO, reduction.['%¢] Ad-
ditionally, piezoelectric carbon-based materials, known for their
excellent conductivity and mechanical strength, play a crucial role
in advancing research in piezo-catalytic CO, reduction.
Utilizing the sheet-like structure of g-C;N,, stirring vibra-
tions can be employed instead of ultrasound to induce deforma-
tion and activate the piezoelectric effect. Chen et al. synthesized
ZnS-loaded g-C;N, via a solid-phase method, demonstrating out-
standing piezo-photoelectric catalytic activity for CO, reduction,
achieving a conversion of CO, to CH, with 95.7% selectivity.
This remarkable performance is attributed to the strong piezo-
electric field, the built-in electric field at the interface, and en-
hanced light absorption capacity that facilitate the transformation
of CO, to CH, during piezo-photocatalysis (see Figure 7e).[*7]
The combined effects of light and vibrations significantly pro-
mote charge carrier separation and transfer, thereby enhancing
CO, conversion. Zhu et al. prepared Au,; NCs/RCN, achieving a
CO yield of 111.95 umol g~ h~! under piezo-photocatalysis. This
production rate is 4.03 times and 11.74 times greater than that
achieved through individual photocatalysis and piezo-catalysis,
respectively.'%! Flexible PVDF films facilitate material cycling
and efficiently absorb vibrational energy. Wang et al. incorpo-
rated CdS to increase the piezoelectric f-phase content of PVDF
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through coordination between F~ and Cd** ions, resulting in
the formation of an internal electric field at the heterojunction
between CdS and PVDF (see Figure 7f).8!1 Furthermore, Ag
nanoparticles deposited on CdS generate localized surface plas-
mon resonance (LSPR), which accelerates electron transfer un-
der light irradiation. Consequently, the synthetic effects of piezo-
electric potential, internal electric fields, and LSPR significantly
enhance the reduction of CO, to CO and CH,, yielding 240.4 and
15.3 pmol g~! h™!, respectively. Notably, CH, production occurs
only when PVDF is present, which is attributed to the stronger
driving force for electron transfer provided by the piezoelectric
potential compared to the internal electric field and LSPR, en-
abling the transfer of at least eight electrons to react with CO, to
form CH,.

4.1.4. H,0, Production

In electrochemical processes, the production of H,O, can occur
via a one-step, two-electron transfer mechanism or a two-step,
one-electron transfer mechanism, along with direct water oxida-
tion reactions. The relevant equations are as follows:[1%8!

0, + 2H* + 2¢ — H,0, (+0.68 V vs NHE) (©6)
0,+e —'0; (~0.33 V vs NHE) (7)
0, +2H" + e~ - H,0, (+1.44 V vs NHE) (8)
2H,0 + 2h* — H,0, + 2H* (+1.76 V vs NHE) 9)

The VB and CB of reported g-C;N, are 1.4 V versus NHE
and —1.3 V versus NHE, respectively, indicating that the one-
step, two-electron transfer mechanism is suitable for H,O,
generation.['l However, the piezoelectric O, reduction reac-
tion (ORR) occurs under ultrasonic conditions, where ultrasound
generates localized heat and electrons that can rapidly reduce O,
to H,0,. Simultaneously, the ultrasound-induced piezoelectric
field facilitates energy band tilting to align with the ORR poten-
tial. Wang et al. reported that g-C;N, could produce 34 pmol h!
of H,0, under piezoelectric catalysis, where electron—hole pairs
are separated in-plane via ultrasonic-derived piezoelectric polar-
ization (Figure 7g).[?®! By designing the experiment under dif-
ferent atmospheres, it is proved that H,O, is mainly originated
from O,. The enhanced piezoelectric effect at an increased stir-
ring speed further accelerates the generation of H,O,. The elec-
trons are then transferred to the active sites, participating in both
the two-step one electron transfer and direct water oxidation re-
actions to form H,0O,. The combined effects of piezoelectricity
and photocatalysis enhance catalytic performance. The piezoelec-
tric H,0, evolution activity of g-C;N, with varying morpholo-
gies was investigated by Wang et al., who synthesized g-C;N,
nanosheets, nanotubes and nanoparticles. Among these, g-C;N,
nanotubes exhibited the highest H, 0, yield of 262 pmol g=' h~1,
which is 1.5 times and 6.2 times higher than that of nanosheets
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and hollow nanospheres, respectively. This enhanced perfor-
mance is attributed to the ease of deformation of g-C;N, nan-
otubes under ultrasound, which induces a stronger piezoelectric
potential that facilitates electron transfer (Figure 7h).>*] While
numerous reports highlight the enhancement of photocatalysis
through the piezoelectric effect, it is essential to consider struc-
tural variations as well. Wang et al. explored the role of piezo-
electricity in photocatalytic H,O, production by designing g-
C;N, modified with phosphorus (CN-P), oxygen-functionalized
CN (CN-OF), and cyano-group (CN-CA). The piezo-photocatalytic
H, 0, evolution yields improved compared to individual photo-
catalysis and piezocatalysis for CN, CN-P, and CN-OF. However,
for CN-CA, the piezo-photocatalytic H,0, production was six
times lower than that achieved through photocatalysis alone. This
discrepancy arises because the direction of piezoelectric polariza-
tion in CN-CA opposes that in the other structures under ultra-
sound, inhibiting carrier separation and transfer in CN-CA while
promoting it in CN, CN-P, and CN-OF (Figure 7i).2°! Li et al.
reported on metal-organic cage-coated gold nanoparticles an-
chored to graphitic carbon nitride (MOC-AuNP/g-C;N,), achiev-
ing a generation rate of 120.21 umol g~! h~! for H,0, via piezo-
catalysis. Theoretical calculations indicate that the metal-organic
cage enhances the adsorption of O, and H,0,. AuNP generates
a strong polarization electric field that drives both holes and elec-
trons. The H,O, could be generated by 2e~ ORR and 4e~ WOR
(see Figure 7j).12°2] Mg and Cl co-doped g-C;N, exhibited a piezo-
photocatalytic yield of 1147.03 pmol h~! for H,0, production.
The incorporation of Mg and Cl elements results in crystal dis-
tortion within g-C;N,, enhancing its piezoelectric properties./2%
The construction of an S-scheme heterojunction between CdS
and g-C;N, inhibits carrier recombination due to the built-in
electric field at the interface, achieving an impressive H,0, yield
rate of 23.44 mmol g~! h~1.1204] There are two pathways for H,0,
evolution: one involves h'* oxidizing H,O to form H,O,, while
the other involves *O,~ generated from the reaction between e~
and O, undergoing subsequent chemical reactions to produce
H,0,. Additionally, the flexibility of PVDF allows it to be em-
ployed for piezoelectric H,O, generation. To enhance the g-phase
content, CNT/PVDF composites were constructed, achieving a
p-phase content improvement to 95%. Under ultrasonic irradia-
tion, the composite yielded 1013 umol of H,0, (Figure 7k).[2%!
Introducing defects is also a well-established strategy to improve
piezoelectric performance as they can narrow the bandgap and
promote carrier transfer. Fu et al. prepared N-defect C;N; with
CN groups, generating 1359 pmol g=! h~! of H,0, under piezo-
photocatalysis (Figure 71).12°] KPFM and DFT calculations clar-
ified that these defects enhance carrier transfer, as well as the
adsorption and activation of O,. The combination of H,0, and
PMS activation could further achieve the efficient degradation
of pollutants. A new type of piezoelectric covalent triazine based
nanotube (CTN-1) was synthesized by Jin et al. CTN-1 facilitates
the efficient synthesis of H,O, from atmospheric water through
the conversion of mechanical energy, achieving a remarkable
piezocatalytic H,0, evolution rate of 4115 pmol g=! h=!. The ex-
ternal pressure decreases the band gap and conjugation of the
present covalent triazine framework under high pressure is fur-
ther increased, both of them contribute to strengthening charge
migration.[2%]
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4.2, Piezoelectric Biomedical Treatments

The application of piezoelectric materials in anticancer therapy,
nerve and bone regeneration and wound healing has been exten-
sively documented, with carbon-based materials playing a cru-
cial role due to their low toxicity or non-toxicity both in vitro and
in vivo.[29208209] Piezoelectric biomedical treatments involve the
generation of ROS under external stimulation. These ROS can
oxidize cellular components, leading to cell membrane disrup-
tion and subsequent cytoplasmic destruction. The piezoelectric-
induced Fenton-like reaction is frequently employed in tumor
treatment. Piezoelectrically generated holes can oxidize H,O into
H,0,, which can then be activated to produce *OH that effectively
kills tumor cells. For carbon-based piezoelectric materials, bio-
compatibility and toxicity are critical considerations, especially
when used in applications such as implantable devices, tissue
engineering, and drug delivery systems. Carbon-based materials
can exhibit cytotoxic effects depending on their surface chemistry
and concentration. It has been reported that certain materials,
such as glycine, may exhibit toxicity to cells, and the release of
metal ions from MOFs can also exert toxic effects on cells,[16167]
However, these issues can be mitigated by surface functionaliza-
tion. Modifying the surface of carbon-based materials with bio-
compatible coatings or functional groups can reduce cytotoxicity
and improve compatibility with biological tissues.

Wang et al. reported on sulfur-doped graphdiyne (S-GDY),
which exhibits low toxicity to organisms. The ultrasound-induced
piezoelectric effect demonstrates exceptional nanozyme activity
both in vitro and in vivo, potentially triggering apoptosis or fer-
roptosis in tumors (Figure 8a).21%) S-GDY can catalyze H,0,
piezoelectrically to generate *OH, which inactivates 4T1 tumor
cells under ultrasonic conditions. Au-deposited Fe-doped g-C;N,
(Au-Fe-g-C;N,), with a size of ~#200 nm, can penetrate cell mem-
branes when modified with CYEVHTYYLD and polyethylene gly-
col (PEG). Under ultrasound, electrons and holes are separated
and transferred. Au particles served as active sites that acceler-
ate electron transfer, reducing O, to '0,. Concurrently, holes ox-
idize H,O to H,0,, which is further decomposed into *OH via
the Fenton reaction involving Fe(II). The resulting Fe(III) is re-
duced back to Fe(II) by electrons. Consequently, both *OH and
10, contribute to tissue necrosis and DNA damage, achieving an
85.6% cell apoptosis rate in HCT-116 cells (Figure 8b).[2!1) Sim-
ilarly, single-atom Fe-doped g-C;N, (Fe-C;N,) has been utilized
for tumor treatment (Figure 8¢).2!?] In vitro studies show that
B16F10 mouse melanoma cells can uptake 97.29% of Fe-C;N,,
maintaining 90% cell viability, indicating its superior biocompat-
ibility and biosafety. In the presence of Fe-C;N,, H,0,, and ul-
trasound, the number of B16F10 cancer cells rapidly decreases
due to the generated ROS acting as a potent driver of apopto-
sis. To enhance biocompatibility and biosafety, a gel composed
of chitosan and p-glycerophosphate (f-GP) was used to encap-
sulate Fe-C;N,. When this composite was injected into B16F10
tumor-bearing mice along with H,O,, the tumor inhibition rate
reached as high as 98% under ultrasonic treatment. The piezo-
electric effect has also been employed to treat breast cancer cells,
specifically HER2-positive SK-BR3 cancer cells. Chen et al. syn-
thesized PGd@tNBs nanoparticles composed of P(VDF-TrFE)
as piezoelectric materials, with DSPE-PEG-DOTA-Gd enhancing
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Figure 8. a) S-GDY induces apoptosis in 4T1 cells via ROS. Reproduced with permission.[2'%! Copyright 2023, The Authors, published by Springer Na-
ture. b) P-Au-Fe-g-C3 N, enters the cell through the membrane and generates a Fenton-like reaction under ultrasound, leading to apoptosis in HCT-116
cells. Reproduced with permission.[2'!l Copyright 2023, Wiley-VCH. c) Combination of Fe-g-C;N, with H,0, generates ROS to kill B16F10 tumors.
Reproduced with permission.[212] Copyright 2023, Wiley-VCH. d) PGd@tNBs induce ROS for apoptosis in SK-BR3 cells via piezoelectric mechanisms.
Reproduced with permission.[21*] Copyright 2023, The Authors, published by Springer Nature. e) P(VDF-TrFE) generates an electric field that disrupts cell
membranes. Reproduced with permission.[214] Copyright 2023, American Chemical Society. f) Nerve regeneration facilitated by piezoelectric stimulation.
Reproduced with permission.[2'3] Copyright 2023, Elsevier. g) Piezoelectric wound repair and bacterial growth inhibition using PLLA films. Reproduced
with permission.[218] Copyright 2023, American Chemical Society. h) Snowflake-inspired and blink-driven flexible piezoelectric contact lenses for ef-
fective corneal injury repair. Reproduced with permission.[27] Copyright 2023, The Authors, published by Springer Nature. i) PLLA/VB2 piezoelectric
membranes for repairing renal I/R injury. Reproduced with permission.[2'8] Copyright 2024, Elsevier. j) ZIF-8 decorated PVDF facilitating piezoelec-
tric bone regeneration. Reproduced with permission.[2'] Copyright 2023, Wiley-VCH. k) PMMA/PEI/PVDF composites enhancing the expression of
osteogenesis-related genes for bone tissue regeneration. Reproduced with permission.[22] Copyright 2023, Wiley-VCH.

hydrophilicity and DSPE-PEG-FITC providing fluorescent prop-
erties. Under ultrasound, the composite generates a substan-
tial amount of ROS, particularly *OH, thus achieving excellent
antitumor efficacy both in vitro and in vivo while demonstrat-
ing biocompatibility to organisms (Figure 8d).*"}] In addition
to ROS-mediated mechanisms for eliminating cancer cells, the
current generated by piezoelectric materials can directly induce
cell death. P(VDF-TrFE) microparticles can induce an irreversible
electroporation effect on 4T1 breast cancer cells under ultrasound
exposure, leading to cell rupture and death. This phenomenon
occurs because P(VDF-TrFE) generates a localized electric field
that disrupts the cell membrane and homeostasis due to its low
surface potential (Figure 8e).[?14]

Piezoelectric tissues repair technologies have emerged as
alternatives to traditional surgical methods that are often
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time-consuming. Piezoelectric materials generate ultrasound-
activated electric stimulation that promotes cell regeneration. Pi
etal. utilized piezoelectric nanotracks made from PCL and PVDF
to treat a rat model with a 15 mm sciatic nerve defect. The rats
restored complex motor functions and achieved axonal maturity
comparable to standard autograft treatments (Figure 8f).1?'] Fur-
thermore, piezoelectric materials have been applied for wound-
healing. PLLA piezoelectric nanofibers were placed into skin de-
fects on the backs of mice under ultrasound, leading to skin re-
generation after 14 days. The PLLA film deforms under external
forces, hence, generating polarization charges on opposite sides.
Negative surface charges suppress bacterial growth, while posi-
tive surface charges promote skin regeneration (Figure 8g).[21¢]
Piezoelectricity has also shown promise in repairing corneal in-
juries. Yao et al. developed a flexible blink-driven piezoelectric
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contact lens (BPCL) made from Al/electret/Al film and ITO/PET
film. By using mouse and rabbit models with moderate corneal
injuries, it was found that BPCL significantly improved corneal
healing. The underlying mechanism involves pressure generated
between the eyelid and cornea during blinking, driving the BPCL
and producing a pulse voltage signal that stimulates effective re-
pair through orderly epithelial alignment while alleviating stro-
mal fibrosis (Figure 8h).2'] Feng et al. synthesized PLLA com-
bined with VB,-enhanced piezoelectric composite nanofibrous
membranes for repairing renal ischemia/reperfusion (I/R) in-
jury. This nontoxic and biocompatible film was wrapped around
the injured kidney before implantation into mice, resulting in
significant improvements in kidney function. The study sug-
gests that alleviation of renal tubule injury, promotion of cell re-
generation, and relief from interstitial fibrosis may be achieved
by preserving mitochondrial structure and function and while
rescuing superoxide dismutase through the piezoelectric effect
(Figure 8i).218] Bone defects can also be regenerated using piezo-
electricity. ZIF-8 decorated PVDF has been reported to facilitate
bone regeneration under ultrasound exposure. PVDF generates a
piezoelectric potential that influences the trajectories of released
Zn?* ions from ZIF-8, enriching Zn?* around the PVDF sur-
face while inducing microcurrent stimulation that guides vas-
cularized bone regeneration. Hence, new bone formation oc-
curs via angiogenesis and osteogenesis coupling (Figure 8j).[21°!
PMMA/PEI/PVDF was combined by H bonding. The compos-
ites were developed to mimic the viscoelastic and piezoelectric
microenvironment of bone tissue. When implanted into bone de-
fects of similar size, this composite significantly enhanced the
expression of osteogenesis-related genes in human bone mar-
row stem cells in vitro while facilitating cortical and spongy
bone regeneration though activation of Piezol protein linked to
the mechanotransduction signaling pathway (Figure 8k).[2201 T.
Chorsi et al. fabricated piezoelectric nanofibers embedded with
glycine crystals within PCL, creating a biodegradable ultrasound
transducer designed for delivering chemotherapeutic drugs di-
rectly to the brain, effectively doubling survival time in mice with
orthotopic glioblastoma models.[?2!]

4.3. Nanogenerators and Sensors

Since Wang et al. first reported the ZnO piezoelectric nanogen-
erator in 2010, numerous researchers have entered this field of
study.[222223] Piezoelectric materials deform under compression,
and the induced piezoelectric potential drives electron transfer to
produce current. Many carbon-based piezoelectric materials, par-
ticularly biodegradable polymers, exhibit greater flexibility than
inorganic materials, allowing them to deform and generate elec-
trical signals under low forces.[??*] Recently, these types of piezo-
electric polymers have been applied in pressure nanogenerators
and sensors. It has been reported that composite membranes
of chitosan and p-glycine can be obtained after stripping from a
Petri dish.[??°] In the subsequent step, electron beam evaporation
and shadow mask methods were employed to deposit the gold
electrode patterns. Wires are then attached to both sides of the
deposited electrode, and the sensor is encapsulated using Kap-
ton tape. The results indicate that the sensor can produce an out-
put voltage of 190 mV at the pressure of 60 kPa. Yu et al. pre-
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pared a glycine-PEO composite film with a d,; of ~8.2 pC N1,
This film can generate a maximum voltage of 5 V and can be uti-
lized as a wearable sensor for monitoring joint movement. When
attached to the back of a finger or hand, it can detect and rec-
ognize movement signals for various bending angles or differ-
ent fingers, demonstrating its potential for gesture recognition
applications. The glycine-PEO composite film exhibits excellent
mechanical-to-electrical energy conversion and sensing perfor-
mance in wearable and implantable applications (Figure 9a).[22¢]
A novel biocompatible and biodegradable piezoelectric film com-
posed of f-glycine, alginate, and glycerol (Gly-Alg-Glycerol) was
developed, showcasing exceptional sensing performance both in
vitro and in vivo. Notably, this film features a single, monolithic
p-glycine spherulite within the alginate matrix, contrasting with
the commonly observed multiple spherulites. This unique struc-
ture endows the film with superior piezoelectric properties, in-
cluding a high piezoelectric constant of 7.2 pC N~! and a sensi-
tivity of 1.97 mV kPa~!. The film demonstrates remarkable sen-
sitivity and stability, consistently generating stable output volt-
ages in response to various pressures and bending deformations,
reaching a maximum of 0.95 V under 80 N. In vitro studies in-
dicate that Gly-Alg-Glycerol promotes the proliferation of mes-
enchymal stem cells. Additionally, the piezoelectric sensor accu-
rately detects subtle pulse signals from the human carotid artery,
sound wave signals and shear stress from different directions
(Figure 9b).27] Gu et al. prepared an Al/COF/Al nanogenera-
tor that generated a maximum voltage of ~80 V and a short-
circuit current of 2.4 uA. The COF-based PENG was applied to
directly power an array of LEDs, demonstrating superior long-
term durability of Al/COF/Al nanogenerator without any notice-
able decrease in piezoelectric output voltage (Figure 9¢).['*2] Al-
though organic films used as cores in nanogenerators exhibit ex-
cellent piezoelectric voltage performance, durability is also cru-
cial for achieving industrial applications. To enhance stability,
Wu et al. fabricated a single yarn of CsPbl,Br-decorated PVDF
nanofibers with excellent mechanical properties. The nanofibers
generated an output voltage of 8.3 V and a current of 1.91 pA un-
der pressure, which can be used to charge capacitors for power-
ing electronics. The PENG yarn incorporating HI 0.45 nanofibers
achieved the best output voltage of 8.4 V, an output current of 1.92
pA, and a power density of 281 uW cm~3 (Figure 9d).[228] Self-
poled PENG devices were successfully synthesized by incorporat-
ing oriented ionic salt-montmorillonite (IS-MMT) co-fillers into
a PVDF matrix (MPENG-180), followed by 3D printing. When
MPENG-180 was used as a flexible electronic skin for intelli-
gent sensing mounted on joints, these 3D-printed PENGs ac-
curately detected muscle movements. The MPENG-180 model
exhibited high sensitivity to bending angles, with output volt-
ages increasing from =4 to 6 V as the elbow bending angle in-
creased. This highlights the potential of these self-powered sen-
sors to capture biomechanical energy and monitor human phys-
iological motion. Moreover, MPENG-120 and MPENG-180 were
worn on the metacarpophalangeal (MCP) and interphalangeal
(PIP) joints. The generated voltage signal amplitudes and shapes
were attributed to different mechanical deformations and strain
rates experienced by sensors worn on distinct finger joints. Ad-
ditionally, by analyzing output values and peak patterns of elec-
trical signals, various joint exercise intentions and angles could
also be distinguished (Figure 9¢).1??”! The phenomenon is similar
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Figure 9. a) Schematic illustration of the evaporation and drying process of glycine-PEO aqueous solutions on PTFE interfaces and the resulting piezo-
electric voltage generation. Reproduced with permission.[226] Copyright 2024, Elsevier. b) Piezoelectric voltage output of Gly-Alg-Glycerol film in different
body positions. Reproduced with permission.[22’] Copyright 2024, The Authors, published by Oxford University Press. c) Al/COF/Al nanogenerator gen-
erating current and voltage to power LEDs. Reproduced with permission.['*2] Copyright 2024, The Authors, published by Wiley-VCH. d) Enhanced
piezoelectric signals from perovskite-decorated PVDF yarns. Reproduced with permission.[228] Copyright 2024, The Authors, published by American
Chemical Society. e) Voltage generated by elbow movements at different angles and the signals utilized in a smart gesture recognition system. Repro-
duced with permission.[?2] Copyright 2024, Elsevier. f) Demonstration of transformer vibration monitoring applications based on a piezoelectric fiber
sensor made from PC@PVDF-TrFE. Reproduced with permission.[231] Copyright 2023, American Chemical Society. g) Piezoelectric and degradable per-
formance of ZnO/PLLA films for applications in body motion detection. Reproduced with permission.[232] Copyright 2024, American Chemical Society.
h) Piezoelectric testing of flexible PVDF-OFET-PZTs in various body positions. Reproduced with permission.[233] Copyright 2023, Elsevier. i) Charge dis-
tribution, changes in piezoelectric performance after doping, and voltage generation of the wearable finger-shaped sensor at different bending angles
and when touching various hard materials. Reproduced with permission.[?3”] Copyright 2023, American Chemical Society.

to that observed with PLLA combined with CO,-based polyurea
(PU) film.[23%] The piezoelectric sensor was securely attached to
various body parts including the neck, wrist, elbow, knee, and the
bottom of the insole. It effectively monitored arterial pulsation,
swallowing, joint bending, and walking activities. The varying
motion behaviors exerted different forces on the sensor, thereby
influencing the voltage output.

The PC@PVDF-TrFE core-shell nanofiber could generate an
output voltage of 126 V, sufficient to easily illuminate 50 white
LEDs through mechanical bending due to its high energy-
harvesting performance. PC@PVDF-TrFE can also be integrated
into a wireless transformer vibration monitoring system to en-
able real-time monitoring and alarm functions for power equip-
ment. When tested on real transformers, the sensor generated
a piezoelectric response of x5 V after activation by an electro-
magnet, successfully defecting vibration signals from operational
power transformers (Figure 91).[231]

Adv. Mater. 2025, 2419970 2419970 (23 of 30)

Biodegradable PLLA film embedding yttrium (Y)-doped ZnO
film (Y-Z-PLLA) generated an open-circuit voltage of 17.52 V, a
short-circuit current of 2.45 pA, and an instantaneous power den-
sity of 1.76 yW cm™2 under an external compressive force. Y-Z-
PLLA could be completely degraded in NaOH solution. To sim-
ulate practical application environments, the packaged PENGs
were affixed to the soles of feet during activities such as walk-
ing, running, and jumping with the observed signals varying ac-
cording to different motions (Figure 9g).[2*2) A PVDF membrane
combined with an organic field-effect transistor (OFET) (PVDF-
OFET-PZTS) was constructed. Additionally, this sensor was at-
tached to a finger to detect signals generated by bending at dif-
ferent angles in real-time. At each bending angle, the electrical
signal exhibited a clear linear relationship. Flexible PVDF-OFET-
PZTS devices were mounted on various body parts, including
the wrist, throat, and sole of the foot, to collect pulse signals,
vocal cord vibration signals, and walking signals. These devices
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effectively captured diverse physiological signals when mounted
on different areas of the body (Figure 9h).?33] Tajitsu et al. pre-
pared a high-efficiency medical catheter based on PLLA electro-
spun nanofibers with enhanced piezoelectric properties.[?**] Sub-
sequently, two electrodes with diameters of 40 um were coated
on the top surface of the fiber to act as actuators. PLLA fibers
were fabricated using electrospinning technology followed by
post-treatment strain was observed when an AC voltage rang-
ing from —300 to 300 V was applied. PLLA nanofibers were
fabricated using electrospinning technology followed by post-
treatment involving slow annealing and cooling processes to in-
crease the crystallinity from 70% to 88%. Nanofibers were sand-
wiched between molybdenum electrodes on either side to cre-
ate biodegradable force sensors. For encapsulation purpose, a
PLLA layer force transducer was implanted intraperitoneally for
monitoring intraperitoneal pressure in mice.[?**] The pressure re-
sponse in the mouse’s abdomen could be observed as it periodi-
cally compressed and relaxed.

Phenylalanine-phenylalanine (FF) nanotubes demonstrated
good piezoelectric properties with a piezoelectric coefficient d;
0f 46.6 pm V1. When subjected to a force of 42 N, they generated
an output voltage of 2.8 V, a short-circuit current of 37.4 nA, along
with power generation capability reaching 8.2 nW, sufficient for
operating multiple liquid crystal display panels.[?**] Acid doping
(HCL, HBr, or HI) was applied to PLLA films. Among these vari-
ants, HCl-doped PLLA (molar ratio 1:1) exhibited the largest en-
hancement in piezoelectricity due to the increased charge asym-
metry induced by —NH*— groups accepting protons from HCI,
thus enabling piezoelectric energy harvesters to produce volt-
ages up to 3.4 V with currents reaching 80 nA, surpassing other
doped PLLA variants. However, increasing HCl concentration
could cause charge counteraction, negatively affecting the piezo-
electricity. Therefore, further investigations into piezoelectric en-
ergy harvesters as flexible electromechanical coupling devices
were conducted, specifically focusing on finger-shaped sensors
capable of detecting contact signals in all directions, where bend-
ing from 30° to 90° correspondingly increased generated voltage
from 0.2 to 0.4 V. Additionally, when this wearable sensor con-
tacted various hard materials, distinct piezoelectric voltage sig-
nals were recorded (Figure 9i).[2%7]

5. Challenges and Prospects

The development of emerging technologies and materials aims
to benefit humanity. Carbon-based piezoelectric materials have
been extensively investigated across various fields. However, they
have yet to achieve widespread practical applications. Below, we
outline some key limitations and propose potential future direc-
tions for research and development.

1) Insufficient efficiency: Carbon-based piezoelectric materials
with high specific surface areas possess numerous pores
that enhance contact and reaction with molecules. However,
these same properties can inhibit their secondary utilization,
as molecules can occupy the most active sites, particularly
in environmental remediation applications. Pollutants or by-
product molecules may be tightly adsorbed onto active sites
due to electrostatic interactions, resulting in generally low
catalytic efficiency during secondary treatment compared to
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initial treatment. To address this issue, post-treatment pro-
cesses such as heating are required, which increases associ-
ated costs. Additionally, the presence of deep-level defects can
lead to the recombination of electron and hole transfer, signif-
icantly impacting the catalytic performance. Although strate-
gies such as metal loading, heterojunction formation, and het-
eroatom doping exist to improve efficiency, their effects re-
main limited. Preparing carbon-based piezoelectric materials
with precisely controlled atomic-level structures is a promis-
ing approach that could enhance charge carrier separation
due to reduced transfer distances.

2) Limited external force sources: Current research predom-
inantly utilizes ultrasound as an external force to in-
duce catalytic activity based on cavitation effects, applica-
ble in contaminant removal, water splitting, CO, reduc-
tion, and biomedical treatments. However, the efficacy of
ultrasonic effects is confined to relatively small areas, pos-
ing challenges for broader applications. Ball milling pro-
vides a more scalable source of mechanical force for driv-
ing piezoelectric catalysis and has been successfully applied
in pollutant decomposition and chemical synthesis using
inorganic piezoelectric materials. Therefore, ball milling-
induced piezoelectric catalysis represents a potential avenue
for expanding the applications of carbon-based piezoelectric
materials.

3) Weak piezoelectric properties: A comparison between inor-
ganic and carbon-based piezoelectric materials is detailed in
Table 1. Inorganic piezoelectric materials, such as BaTiO, (90
pC N-1), PbTiO3 (79.1 pC N-1), BiFeO, (100 pm V-1), and
ZnO (33.3 pm V-1), generally exhibit higher piezoelectric co-
efficients compared to their carbon-based counterparts.[**®]
The reported piezoelectric coefficients of many carbon-based
materials are relatively low, which can result in reduced

Table 1. Comparison of piezoelectric coefficients for selected inorganic and
carbon-based materials.

Piezoelectric Refs.
coefficient [pm V=]

Piezoelectric material

Ultrathin g-C;N, nanosheets 524 [48]
g-C3N, hollow nanotubes 34.99 [54]
N-doped GDY 14.84 [140]
PVDF 23 78]
HOCH, (CF,),CH,OH 138 3]
ZIF-90 46 n27]
COF City-U14 209 [132]
Graphene oxide 0.24 [150]
Graphene sheet 0.124 [145]
CNT 0.107 [154]
Hf-MOF 139 [124]
Zn—N,—C 38 [120]
FF nanotubes 46.6 [236]
KNbO, 293 [238]
Zno 333 [238]
BiFeO, 100 [238]
BaTiO, 90 [238]
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charge carrier separation and transfer rates. However, recent
advancements in material engineering and functionalization
have shown potential for enhancing these coefficients. For
example, morphologically engineered g-C3N4 has demon-
strated d33 values approaching 524 pm V-1, indicating sig-
nificant progress in bridging the performance gap between
carbon-based and inorganic piezoelectric materials. The irreg-
ular orientation of many piezoelectric domains further hin-
ders charge carrier separation. By applying an external po-
larizing voltage to piezoelectric materials, the orientation of
these domains can be aligned, thereby enhancing charge car-
rier separation and transfer efficiency. Consequently, employ-
ing an internal polarized electric field is a promising approach
due to the structural stabilization it offers for carbon-based
materials.

4) Mechanical stability under prolonged stress: Carbon-based
materials, such as graphene and CNTs, are renowned for
their exceptional mechanical properties, including high ten-
sile strength and flexibility. However, their performance un-
der prolonged mechanical stress, especially in dynamic ap-
plications involving cyclic loading, remains a concern. Over
time, repeated mechanical loading can induce fatigue, lead-
ing to microstructural changes such as crack initiation and
propagation.[?*] These changes can degrade the piezoelectric
properties, reducing the material’s effectiveness in applica-
tions such as sensors and actuators. To address this limitation,
researchers are exploring composite materials that incorpo-
rate carbon-based elements with polymers or ceramics to en-
hance durability. These composites can distribute stress more
evenly, reducing the likelihood of fatigue. Additionally, sur-
face treatments and functionalization strategies can improve
the interfacial bonding between carbon materials and their
matrices, further enhancing mechanical stability.**%] A com-
prehensive understanding of the underlying mechanisms of
fatigue and the development of targeted strategies to mitigate
its effects are crucial for ensuring the long-term reliability of
carbon-based piezoelectric devices.

5) Scaling up production: Scaling up the production of carbon-
based materials from laboratory-scale syntheses to industrial
levels presents significant challenges. Techniques such as
CVD and liquid-phase exfoliation, while effective at small
scales, often struggle to maintain the uniformity and quality
required for large-scale applications.[>*!] Variations in thick-
ness, purity, and defect density can adversely affect the piezo-
electric properties, leading to inconsistent performance. To
overcome these challenges, researchers are actively devel-
oping modified synthesis processes that enhance scalability
without compromising material quality. Additionally, contin-
uous production methods, such as roll-to-roll processing, are
being explored to increase throughput and reduce produc-
tion cost.[?*!] Ensuring consistent material properties during
scale-up is critical for the commercialization of carbon-based
piezoelectric materials, as it directly impacts their reliability
and performance in practical applications.

6) Control over piezoelectric coefficients: Achieving precise con-
trol over the piezoelectric coefficients of carbon-based mate-
rials is a complex challenge due to their inherent sensitivity
to subtle structural characteristics. Factors such as defect den-
sity, layer stacking, and chemical functionalization can signif-
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icantly influence the piezoelectric response.?*3] Variability in-
troduced during synthesis and processing can lead to incon-
sistencies in performance, hindering the development of re-
liable devices. Advanced characterization techniques, such as
Raman spectroscopy, atomic force microscopy, and electron
microscopy, are essential for elucidating critical structure—
property relationships. These techniques provide insights
into how specific structural features affect piezoelectric behav-
ior, thereby guiding the optimization of synthesis processes.
Additionally, computational modeling and machine learning
approaches are being increasingly employed to predict mate-
rial properties and design materials with tailored piezoelec-
tric responses.[?**l By gaining a deeper understanding of the
factors influencing piezoelectric coefficients, researchers can
develop strategies to achieve consistent and predictable per-
formance in carbon-based piezoelectric materials.

6. Conclusions

This review provides a comprehensive survey of the piezoelectric
potential of carbon-based materials across various applications. It
highlights recent advancements in piezocatalytic activities, nano-
generators, sensors, and biomedical treatments driven by piezo-
electric effects. The analysis encompasses fundamental mecha-
nisms, such as mechanical force-induced polarization, and offers
a detailed overview of carbon-based piezoelectric materials, in-
cluding their distinctive structural characteristics. A key focus is
placed on elucidating the influence of piezoelectric potential on
charge carrier generation and separation in carbonyl piezocata-
lysts. This is contextualized within applications such as environ-
mental remediation, hydrogen evolution, CO, reduction, and the
development of innovative biomedical devices. Finally, the review
critically assesses current limitations and proposes potential so-
lutions aimed at enhancing the practical applicability of carbon-
based piezoelectric materials, while highlighting promising av-
enues for future research.
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