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HIGHLIGHTS

• This review focuses on recent development of the piezo‑electro‑chemical coupling multiple systems based on various piezoelectric 
materials.

• Comparison of operating conditions and their electro‑chemical performance is provided.

• Challenges, potential future directions, and applications for the development of piezo‑electro‑chemical hybrid systems are described.

ABSTRACT Piezoelectric materials have been analyzed for over 100 years, due to 
their ability to convert mechanical vibrations into electric charge or electric fields 
into a mechanical strain for sensor, energy harvesting, and actuator applications. A 
more recent development is the coupling of piezoelectricity and electro‑chemistry, 
termed piezo‑electro‑chemistry, whereby the piezoelectrically induced electric 
charge or voltage under a mechanical stress can influence electro‑chemical reactions. 
There is growing interest in such coupled systems, with a corresponding growth in 
the number of associated publications and patents. This review focuses on recent 
development of the piezo‑electro‑chemical coupling multiple systems based on vari‑
ous piezoelectric materials. It provides an overview of the basic characteristics of 
piezoelectric materials and comparison of operating conditions and their overall 
electro‑chemical performance. The reported piezo‑electro‑chemical mechanisms are 
examined in detail. Comparisons are made between the ranges of material morpholo‑
gies employed, and typical operating conditions are discussed. In addition, potential 
future directions and applications for the development of piezo‑electro‑chemical hybrid systems are described. This review provides a 
comprehensive overview of recent studies on how piezoelectric materials and devices have been applied to control electro‑chemical pro‑
cesses, with an aim to inspire and direct future efforts in this emerging research field.
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1 Introduction

Piezoelectricity was first discovered by P. Cure and J. Curie 
in 1880 based on their observations of the production of an 
electrical charge when specific materials were subjected to 
a mechanical force [1]. The term ‘piezoelectricity’ origi‑
nates from ‘piezo’ and ‘electricity,’ where ‘piezo’ represents 
the application of a pressure and ‘electricity’ corresponds 
to moving electrons [2]. Materials that exhibit piezoelec‑
tricity are termed piezoelectric materials, which generate 
an electric charge in response to applied stress (the direct 
piezoelectric effect), and develop a mechanical strain when 
subjected to an applied electric field (the converse piezo‑
electric effect) [3–7].

The origin of piezoelectricity is related to a non‑cen‑
trosymmetric distribution of positive and negative elec‑
tric charges in the unit cell of a material [8, 9]. When a 
piezoelectric material is subjected to an applied stress or 
mechanical vibration, the induced displacement of ions 
results in a net electric charge due to a change in the dipole 
moment of the unit cell, which builds a piezoelectric poten‑
tial across the material [10, 11]. Generally, among the 21 
crystal point groups of non‑centrosymmetric crystals, there 
are 20 point groups of crystals possessing piezoelectricity, 
where 10 point groups belong to nonpolar crystals which 
show piezoelectricity and the other 10 point groups of polar 
crystals exhibit piezoelectricity and ferroelectricity [8, 9]. 
Piezoelectric materials belonging to nonpolar crystals which 
are non‑ferroelectric can have no electric net dipole in the 
zero‑stress state and only generate an electric dipole under 
stress due to the separation of electric charge centers and a 
resulting induced piezoelectric potential; a good example 
of such a material is quartz [12–18]. There are also piezo‑
electric materials belonging to polar crystals that exhibit a 
spontaneous polarization in the zero‑stress state or no elec‑
tric field state since there is a separation between positive 
and negative charges [19, 20]. A good example of such a 
material is zinc oxide. A subclass of piezoelectric materi‑
als are ferroelectric materials belonging to polar crystals, 
whose spontaneous polarization can be changed perma‑
nently and switched when exposed to an external strong 
electric field, for example, in barium titanate [21, 22]. Since 

the polarization of a ferroelectric changes with stress, all 
ferroelectric materials exhibit piezoelectricity by default 
[11, 23, 24].

Irrespective of the mechanism by which polarization 
is induced, whether spontaneously or mechanically, the 
induced electric field across material affects its electri‑
cal properties dramatically on the interior and the exterior 
regions of the material, where the built‑in electric field can 
disrupt electronic energy states, and electric charges are 
rearranged [25, 26]. If the outside surface of the material 
is in contact with a medium, the rearrangement of electric 
charges can alter the electric conductivity, which is highly 
dependent on the density of electric charge as well as the 
continuity of the occupiable electronic energy states between 
the material and the medium [27]. We will see in the review 
that this process can have a particularly strong influence on 
electro‑chemistry.

Typically, an electro‑chemical reaction is driven by an 
external power source [28–30], and the coupling of power 
generation with electro‑chemical process remains a vibrant 
topic. Large‑scale renewable and clean power generation 
approaches are being considered that store solar and wind 
energy and subsequently convert it into electrical power for 
driving electro‑chemistry [31–34]. However, smaller‑scale 
and more local energy, such as mechanical energy in the 
range of microwatt to milliwatt, can be harvested and uti‑
lized by systems based on piezoelectric materials [19, 35]. 
In recent decades, piezoelectrically induced electric fields 
have been used to control catalytic rates in chemical solu‑
tions [36–38], the corrosion rate of metals in etchant solu‑
tions [39–43], self‑charging systems [44–50], and a variety 
of other electro‑chemical processes [51–53]. The coupling 
of piezoelectricity and electro‑chemistry is termed piezo‑
electro‑chemistry, where a piezoelectrically induced elec‑
tric charge or potential difference generated by a mechani‑
cal stress can influence electro‑chemical reaction systems 
[54–56].

There are a variety of excellent reviews on electro‑
chemistry [19, 57–64], but those that specifically focus 
on piezoelectrically influenced electro‑chemical reactions 
have received limited attention to date. This review places 
a focus on the range of piezoelectric materials used for 
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controlling electro‑chemical processes. It will provide 
an overview of the basic characteristics of piezoelectric 
materials and comparison of the operating conditions 
and electro‑chemical performance. The reported piezo‑
electro‑chemical mechanisms will then be examined in 
detail. Within this review, we have collected virtually all 
published research work to date on the use of piezoelectric 
materials for controlling electro‑chemistry; this body of 
work is summarized in Table 1 which contains detailed 
information regarding the specific piezoelectric materi‑
als, along with the electro‑chemical processes and perfor‑
mance. In addition, the piezo‑electro‑chemical reaction 
systems to be covered within this review include materi‑
als that are in bulk [65, 66], fiber [67–69], sheet [70, 71], 
flower [37, 72, 73], particle [74, 75], and irregular [32, 
76] form. The piezoelectric materials include ferroelectric 
perovskites [77, 78], wurtzite zinc oxide [79, 80], two‑
dimensional layered transition metal dichalcogenide‑based 
materials [81, 82], organic piezoelectric materials [44, 83, 
84], and biological materials [85] that are used for a vari‑
ety of applications such as selective deposition [38, 77, 
86], hydrogen production [32, 65, 69], dye degradation 
[73, 76, 87–89], self‑charging power cells [44, 45, 49, 83], 
and others [47, 90]. The above‑mentioned piezo‑electro‑
chemical reactions are shown schematically in Fig. 1, and 
the intention of this review is to overview recent studies on 
piezoelectric materials and devices that have been applied 
to control electro‑chemical processes and inspire increas‑
ing efforts in this new and emerging research field.

2  Mechanism of Piezoelectric Controlled 
Electro‑chemistry

2.1  Fundamental Electro‑chemical Mechanism

The piezo‑electro‑chemical processes, which involve the 
coupling of piezoelectricity and electro‑chemistry, are 
chemical reactions driven by piezoelectrically induced 
electric charge and voltage. The fundamental quantitative 
relationships in electro‑chemistry can be concluded as the 
well‑known law of ‘Faraday’s laws of electrolysis,’ pub‑
lished by Faraday in 1834 [91]. During a typical electro‑
chemical reaction, the mass of produced material (m) is 
related to the total transferred electric charge (Q), which 
can be summarized by:

where M and z, related to specific materials, represent 
the molar mass of the substance in grams per mol and the 
valence number of ions of the substance (individual elec‑
tric charges transferred per ion), respectively. In addition, 
F is known as the Faraday constant with a fixed value of 
96,485.3 C mol−1. For a specific electro‑chemical reaction 
system, it can be seen that M, F, and z are constant, so that 
the larger the value of Q the larger the mass of produced 
material, m.

For piezo‑electro‑chemistry, the magnitude of Q is pri‑
marily a response to the charge output of the specific pie‑
zoelectric materials as a result of a change in polarization 
under a mechanical load. The material factors for output will 
be discussed in the following section.

2.2  Piezoelectric Material Factors

Piezoelectric material factors that influence the value of Q 
can be firstly related to aspects of the most suitable structure, 
since materials of the same nature and different structures 
have a far‑reaching effect on the transfer of electric charges 
or ions. A range of structures have been suggested as a 
piezo‑separator for self‑charging power cells. For example, 
the migration rate of lithium ions can be evaluated by an 
important parameter, the ionic conductivity, and this mate‑
rials parameter in the solid state refers to the ease of ion 
motion in a crystal lattice. Porous nanostructured PVDF 
films have shown higher ionic conductivity compared to a 
quasi‑bulk film, and the reported explanation of this phe‑
nomenon is that the pores can act as a pathway for Li ions to 
move across the piezo‑separator solid [83, 84]. Additionally, 
porous structures are beneficial for a higher intake of elec‑
trolyte solution to facilitate the migration of lithium ions. 
Therefore, the design of piezoelectric material structures 
should take account of the influence in the transfer of ions 
and electric charges.

In addition, in order to ensure efficient ion or elec‑
tric charge transfer to surrounding atoms/molecules that 
participate in electro‑chemical oxidation–reduction pro‑
cesses, the selected material requires an enhancement of 
the specific surface area and reactivity [91]. On varying 
the shape and size, especially at the smaller scale, Li et al. 
observed a peak shift and an intensity change of the peaks 
for Raman spectra of ferroelectric BFO materials due to 

(1)m =
QM

Fz
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changed spin–phonon coupling and lattice distortions 
[92], and a shift in absorption edge for UV–Vis absorp‑
tion spectra of differing BFO samples which depended 
on varying crystal field intensity [93]. Thus, the optical 
absorption properties of materials can be strongly influ‑
enced by variations in the crystal structure including shape 
and size and play a significant role in electro‑chemical 
reactions affected by light illumination; the influence of 
illumination on a piezo‑electro‑chemical reaction system 
will be discussed in the following section. In all, there are 
a variety of shape‑ and size‑controlled physical/chemical 
factors that are related to mass transfer, contact area, bond‑
ing interactions as well as local crystal structure change, 
where factors mentioned here are generally issues of mor‑
phology, and more piezoelectric‑related details will be 
described in the following paragraphs.

The practical output performance of piezoelectric mate‑
rials closely relates to piezoelectricity, a linear electrome‑
chanical coupling, which can be considered as the follow‑
ing equation:

where Pi, dijk, and σjk represent the polarization vector, 
the piezoelectric third‑rank tensor, and the stress tensor, 

(2)Pi = dijk�jk
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Fig. 1  Piezo‑electro‑chemical reaction systems to be covered in the 
review with various materials and practical applications
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respectively [94]. The piezoelectric third‑rank tensor dijk 
comprises a piezoelectric matrix with typical values depend‑
ent on the specific crystalline structure. During a typical 
piezo‑electro‑chemical process, the piezoelectrically 
induced open‑circuit voltage (Vi) follows the rule of piezo‑
electricity [27]:

where w is the material size, ε0—is the vacuum permittivity, 
and εr is the relative permittivity. In addition, dijk is always 
considered as the piezoelectric charge sensitivity coefficient 
or piezoelectric constant in the pC/N or pm/V range [95, 
96]. On the basis of Eqs. (2) and (3), the piezoelectrically 
induced output depends on the piezoelectric constant, the 
permittivity, the size, and the applied stress for a typical 
material.

The loading stress for a specific material can be related 
to the shape of the material [78, 97–99]. A larger and 
easier level of deformation can be achieved in piezoelec‑
tric materials with a higher aspect ratio, which induces a 
higher electrical charge generation [100]. Therefore, the 
piezoelectric output of materials in one or two dimensions 

(3)Vi =
dijk�jkw

�0�r

such as nanofibers (nanowires or nanorods) and nanoflow‑
ers is often larger than the equal‑size spherical particles’, 
because of the nature of its large and easy deformation [67, 
97]. Taking issues of material shape and size into consid‑
eration, the piezoelectric potential distribution of nanow‑
ires and nanoparticles was simulated via a finite element 
method with COMSOL multiphysics software, as shown in 
Fig. 2 [101]. Individual BTO nanowires oriented along the 
z‑axis are strained by a point‑applied lateral force, face‑
applied axial compression, and face‑applied lateral pres‑
sure in Fig. 2a–c. For contrast, a BTO nanoparticle with 
a quadrilateral shape indicates the piezoelectric potential 
is proportional to the applied pressure and the size of 
nanoparticle, as in Eq. (3). When the applied pressure is 
 108 Pa, BTO nanowire and nanoparticle of the same size of 
100 nm exhibit distinctly different voltage outputs: 11.2 V 
for the nanowire and only 1.1 V for a nanoparticle due 
to higher and easier deformation of the nanowire. These 
simulation results are consistent with the actual phenom‑
ena of observations, where the practical degradation rate 
constant k is in the order: knanowire > knanoparticle [101].
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In addition, the loading stress created by external forces or 
mechanical vibrations can induce a forced oscillation of the 
material. When an oscillating force is applied at the resonant 
frequency of a material/structure, it will oscillate at a higher 
amplitude compared to non‑resonant frequencies, where a 
resonant frequency is in harmonic proportion to a natural 
frequency of material. Therefore, a larger deformation can 
be achieved in materials forced at its resonant frequency. 
A variation in the geometry, size, crystalline structure, and 
atomic composition can influence the fundamental mechani‑
cal properties of materials. Here, we consider materials 
under an elastic deformation, which obey the rule of reso‑
nance, as follows [102]:

Equation (4) describes the resonance frequency (f r) of a 
typical rod vibrated longitudinally, where l, E, and ρ are the 
length, Young’s modulus, and density of the rod material, 
respectively. In addition, E is one of mechanical properties 
that define the relationship between stress and strain.

Equation (5) is based on the same rod material vibrated 
by a lateral oscillation, where I and S represent the axial 
moment of inertia and cross‑sectional area, respectively.

Equation (6) provides the value of f r that is dependent on 
a rectangular sheet with a thickness of H and an area size of 
a × b, where σ is Poisson’s ratio that equals to the negative 
of the ratio of transverse strain to axial strain. For the reso‑
nance equations above, when the values of both x = y = 1, 
the resonance frequency f r is the first‑order resonance fre‑
quency, which can be considered as the natural frequency 
of the material.

According to Eqs. (4)–(6), the dependence of the reso‑
nant frequency on its vibration mode, geometry, size, and 
fundamental mechanical properties can be determined. A 
variety of piezoelectric materials show a different response 
to an applied mechanical force or vibration, ranging from 
low frequency to high frequency, so that the selection and 
design of piezoelectric materials or related hybrid systems 

(4)f r =
x

2l

√

E

�
.

(5)f r =
11.2x2

�l2

√

EI

�S
.

(6)f r =
�H

2

[

(

x

a

)2

+
( y

b

)2
]√

E

12�(1 − �2)
.

can be optimized to match practical applications with a 
specific frequency band spectrum. As reported, the use of 
hydrothermally synthesized BFO square sheets for piezo‑
electro‑chemical hydrogen production exhibits an enhanced 
production rate when subjected to mechanical vibrations at a 
frequency near their natural frequency (~ 45 kHz) compared 
to other frequencies [71]. For further practical applications, 
oceans provide a wide range of vibration energy sources 
with a frequency band ranging in 10 to 500 Hz for seismic 
exploration and commercial shipping, 500 Hz to 500 kHz for 
small vessel sonar, and sea‑surface agitation, and > 25 kHz 
for thermal noise [103–107].

In this section, we have discussed the dependence of 
piezoelectric materials characteristics on the output perfor‑
mance, where the shape, size, and mechanical properties 
have been taken into detailed consideration. We now discuss 
the charge transfer mechanism for piezo‑electro‑chemical 
and piezo‑photo‑electro‑chemical processes.

2.3  Charge Carrier Separation and Transfer

In addition to the geometry, size, and mechanical properties 
of the piezoelectric materials affecting the piezoelectric out‑
put, the applied experimental conditions are also of impor‑
tance for piezo‑electro‑chemical processes. To induce piezo‑
electricity, mechanical vibrations with a specific orientation 
and amplitude can affect the emergence of electric carriers 
[19, 108]. In addition, illumination by light leads to excited 
photo‑electro‑chemical reactions in piezoelectric materials 
that are affected by the built‑in piezoelectric potential of the 
material [38, 109].

During a typical piezo‑electro‑chemical reaction, the 
charge transfer mechanism can be described by the follow‑
ing. When there is no externally applied mechanical force 
on the piezoelectric material, it remains at equilibrium, with 
occupiable electronic states and the surface energy bands 
in quasi‑static states. When subjected to only mechanical 
vibrations, piezoelectricity leads to a change of polarization, 
which can develop a piezoelectrically induced electric field 
across the piezoelectric, thereby leading to electric charge 
carriers reorienting across different ends of the material. 
Consequently, both the occupiable electronic states and the 
surface energy bands are affected by the accumulation of 
these electric charges on the different sides of the material 



Nano‑Micro Lett.          (2020) 12:149  Page 11 of 39   149 

1 3

[110, 111]. Of particular note is that the temperature of the 
reaction system must be over 0 K; as a result, separated elec‑
tron–hole pairs in such a piezoelectric semiconductor can 
be thermally activated. The above‑mentioned occupiable 
electronic states and bending energy bands guide the ther‑
mally activated separated electron–hole pairs to the surface 
of the material, which can participate in oxidation and reduc‑
tion reaction to generate active species for electro‑chemical 
processes [37]. When the accumulated electric charges on 
the material surface counteract the built‑in electric field, the 
system returns to an equilibrium level. The reverse change 

of polarization results in reverse accumulation of electric 
charges and reverse transfer of electron–hole pairs.

A schematic of this piezoelectrically induced charge 
transfer mechanism is shown in Fig. 3a, which is a system 
that is stimulated by mechanical vibration only [37]. The 
variation of the orientation and magnitude of polarization 
electric field across the material depends on the material 
type (ferroelectric or piezoelectric), and the force as a func‑
tion of time since both varying the direction of vibration 
and mechanical intensity can influence the polarization field. 
Starr and Wang have pointed out the difference between the 
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three subcategories of materials in terms of their polariza‑
tion and electric dipoles [3]. In the absence of strain, ferro‑
electric materials exhibit a spontaneous polarization, where 
positive and negative electric charge centers exhibit no 
superposition, giving rise to resultant electric dipoles along 
the material, while piezoelectric materials without ferroelec‑
tricity such as quartz exhibit a zero internal dipole. However, 
upon the application of a strain both polarization orienta‑
tion and magnitude can be varied for piezoelectric materials, 
since there is a separation between the positive and negative 
electric charge centers, where the polarization orientation is 
related to the direction of applied force in general.

For individual photo‑electro‑chemical process in a semi‑
conductor, as is well known, the absorption activity is deter‑
mined by the band gap, which is relevant to the electronic 
energy states [112]. For a typical semiconductor with a 
direct band gap which is suitable for the separation of elec‑
tron–hole pairs, the general absorption coefficient near the 
band edge obeys the Tauc equation [93, 113]:

where α, h, ν, A, and Eg are the absorption coefficient, 
Planck’s constant, irradiation frequency, proportionality 
constant, and energy band gap, respectively. According to 
Eq. (7), the adsorption activity is relevant to irradiated light 
and the material’s Eg. Generally, irradiated light sources with 
a different wavelength and intensity throughout the reaction 
can be controlled precisely; however, the value of Eg is also 
related to changing spin–phonon coupling and lattice distor‑
tions which is influenced by shape and size. A high absorp‑
tion coefficient is preferred for optical absorption during 
the photo‑electro‑chemical reaction and demands that the 
optical absorption of a material’s characteristic wavelength 
corresponds to the value of Eg within in the solar spectrum. 
In addition, the selection of material’s Eg should also take 
the challenge of charge separation into consideration.

In order to achieve efficient photo‑electro‑chemical reac‑
tions, research effort has been focused on impurity doping, 
increasing the reaction temperature, and the construction 
of heterojunction structures to restrain the recombination 
of photo‑generated electron–hole pairs [114, 115]. When 
piezoelectric materials participate in photo‑electro‑chemical 
reactions, the piezoelectric polarization acts as an adjust‑
ment for the barrier height of the semiconductor at the 
interface, where electronic energy states can be influenced 
strongly. Two examples of electric charge transfer mecha‑
nism for the hybrid piezo‑photo‑electro‑chemistry system 

(7)�h� = A
(

h� − Eg

)1∕2

are now described. One example is based on  Ag2O–BTO 
hybrid nanostructures, where a schematic of the charge car‑
rier transfer mechanism is shown in Fig. 3b [36]. To sum‑
marize the  Ag2O–BTO hybrid system in brief, the  Ag2O 
acts as a semiconductor to produce photo‑generated carriers, 
while the ferroelectric polarization of BTO accelerates the 
separation of electron–hole pairs. Under dark conditions, 
there are limited electron and hole electric carriers in the 
 Ag2O. When excited by photons, charge carriers generated 
in the  Ag2O nanoparticles are attached on two sides of the 
BTO nanocube; however, electrons and holes often exhibit 
high rates of recombination. An electric field is built across 
BTO along its spontaneous polarization orientation, which 
provides a driving force for attracting electrons and holes 
moving to opposite sides, thereby reducing recombination. 
The separation of electron–hole pairs continues until all of 
the piezoelectric polarization charges are fully screened. 
When subjected to a compressive stress, the polarization 
potential is diminished, indicating the screened charges 
can be released, which is a fast discharge process. Subse‑
quently, the recovery of deformation reconstructs the bal‑
ance between the screened charges and the built‑in field, 
which is a recharging process.

Another example is based on a ITO/ZnO heterojunction 
structure, where both ITO and ZnO are n‑type semiconduc‑
tors, but the free charge carrier concentration of ZnO is 
much lower [116]. Figure 3c demonstrates the band lineup 
of the photo‑electro‑chemical reaction system under no illu‑
mination or external bias. At the interface between ITO and 
ZnO, a Schottky barrier‑like n–n junction is formed with a 
small barrier (φBn) due to the larger work function of ZnO. 
In addition, the depletion region near the ZnO is much wider 
than that near ITO since the free charge carrier concentra‑
tion of ZnO is much lower than ITO. When subjected to 
illumination, photo‑generated separated electron–hole pairs 
move through the interface between ZnO and ITO and even‑
tually reach the electrode and electrolyte to participate in 
electro‑chemical oxidation–reduction reactions. Therefore, 
the heterojunction barrier φBn between piezoelectric semi‑
conductor and electrode becomes a significant obstacle for 
charge transfer. Additionally, when a piezoelectric semicon‑
ductor ZnO is subjected to a tensile strain, the energy bands 
near the electrolyte increase, where the valence band (VB) 
is closer to the oxidation potential (Eox). Thus, holes are suf‑
ficiently active to drive the oxidation process, and electrons 
on the conductor band (CB) drift to the ITO side due to the 
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increase of the energy band near the electrolyte interface. 
Meanwhile, the energy bands of ZnO decrease near the ITO 
region, and φBn decreases as a result that can benefit charge 
transfer. When the piezoelectric semiconductor ZnO is sub‑
jected to a compressive strain, the energy bands near the 
interface of ZnO and ITO increase, while those near the 
interface of ZnO and electrolyte decrease. As a result, there 
is an increase in φBn, so that the separation and transfer of 
the photo‑generated electric charge carriers show a further 
restrain, which prevents the progress of the electro‑chemical 
reactions.

2.4  Electro‑chemical Processes in Specific Applications

In the previous section, we have discussed electro‑chemical 
processes controlled by piezoelectricity. A detailed descrip‑
tion and contrast in mechanisms for specific applications 
will be provided in this section. As mentioned in Sect. 2.1, 
electro‑chemical processes for practical applications obey 
Faraday’s law of electrolysis. The premise of whether or 
not a redox reaction can occur is the relationship between 
the induced piezoelectric output and the oxidation–reduc‑
tion potentials of the target products. The possible electro‑
chemical equations in detail for a variety of applications are 
given in Table 2.

For selective deposition, the characteristic oxida‑
tion–reduction potentials of a variety of metal salts lead to 
various electro‑chemical reactions occurring on opposite 
facets of the piezoelectric particles. Typical selective depo‑
sition reactions take place on the surface of piezoelectric 
BTO in  AgNO3 and Pb(C2H3O2) aqueous solutions, where 
the chemical equations are illustrated as follows [77]:

For piezo‑electro‑chemical hydrogen evolution, different 
piezoelectric materials generate a specific voltage when sub‑
jected to applied force, and piezoelectric materials can theo‑
retically drive electro‑chemical hydrogen production when 
the piezoelectrically induced potential exceeds the oxidation 
potential of hydrogen ions (1.23 V), where the fundamental 
electro‑chemical reactions of hydrogen production are as 
follows [69]:

(8)Ag+ + e− → Ag

(9)Pb2+ + 2H2O + 2h+ → PbO2 + 4H+.

Here, the mass of produced hydrogen and oxygen is in 
proportion to the amount of generated electric charge, and 
a large amount of hydrogen production is preferred, where 
of great significance is the long lifetime of negative charges 
actively for hydrogen generation. In order to decrease the 
recombination of piezoelectrically induced charges and 
extend the lifetime of negative charges, sodium sulfite 
 (Na2SO3) is a common sacrificial agent which can scav‑
enge positive charges effectively [117]. For piezo‑electro‑
chemical dye degradation, the generation of active radicals 
is suggested as the necessary species for further decom‑
posing organic dye molecules, such as superoxide (·O2

−) 
and hydroxyl (·OH) radicals [118–120]. Brief procedures 
for piezo‑electro‑chemical wastewater treatment can be 
expressed by the following [69]:

(10)2H+ + 2e− → H2

(11)H2O + 2h+ → 2H+ + 1∕2O2.

(12)e− + O2 → ⋅O−
2

Table 2  Reported electro‑chemical reactions in a variety of piezo‑
electric applications

Piezo‑electro‑chemical applica‑
tions

Electro‑chemical reactions

Selective deposition Ag+ + e− → Ag
Sn2+ + 2e− → Sn
H2O + 2h+ → 1/2O2 + 2H+

Al3+ + 3e− → Al
Zn2+ + 2e− → Zn
Pb2+ + 2H2O + 2h+ → PbO2 + 4H+

PbO + 2h+ → Pb2+ + 1/2O2

PbO2 + 2h+ → Pb2+ + O2

3NO3
− + 4H+ + 2e− → N2O4 + 2H2O

NO3
− + 4H+ + 3e− → NO + 2H2O

2Cl− + 2h+ → Cl2 (g)
Cl− + 4H2O + 8h+ → ClO4 + 8H+

Cl− + H2O + 2h+ → HClO + H+

Cl− + 2H2O + 4h+ → HClO2 + 3H+

Fe2+ + 2e− → Fe
Hydrogen production 2H+ + 2e− → H2

H2O + 2h+ → 2H+ + 1/2O2

Dye degradation e− + O2 → ·O2
−

h+ + OH− → ·OH
Self‑charging power cells LiCoO2 → Li1 − xCoO2 + xLi+ + xe−

TiO2 + xLi+ + xe− → LixTiO2
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The degradation products generally include 2‑naphthol, 
2‑hydroxy‑1,4‑naphthoquinone, and smaller aromatic inter‑
mediates [87, 121–123].

(13)h+ + OH−
→ ⋅OH

(14)⋅O−
2
+ ⋅OH + dye → degradation products.

The electro‑chemical processes in self‑charging power 
cells exhibit a more complex behavior, which can be gen‑
erally divided into several steps for charging reactions 
driven by a cyclic compressive strain. If we take a typical 
self‑charging power cell device as an example, as shown 
in Fig. 4, when the power cell device is subjected to com‑
pressive strain, the piezoelectric PVDF separator builds 

Fig. 4  a Schematic of the self‑charging power cell in discharged state. b Under compressed stress, piezoelectric PVDF film can create a poten‑
tial. c Under the piezoelectric field, Li ions are driven to migrate from the cathode toward the anode, which leads to the corresponding charg‑
ing reactions at the electrodes. d Chemical equilibrium is rebuilt in the self‑charging power cell. e When the compressive stress is released, the 
piezoelectric field across the piezo‑separator disappears; in the meanwhile, the Li ions diffuse to the cathode side. f New chemical equilibrium is 
reached, and one typical cycle of self‑charging reaction is accomplished. Reproduced with permission [44]. Copyright 2012, American Chemi‑
cal Society
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positive and negative potentials at the cathode and anode 
sides, respectively. Li ions from the cathode move across 
the piezo‑separator film driven by the built‑in piezoelectric 
field. This process can be considered as the charging reac‑
tions for the special lithium‑ion battery, where the electro‑
chemical oxidation–reduction reactions occur at the cathode 
and anode sides as follows [44]:

Meanwhile, free positive and negative charges dissipate, 
respectively, at the cathode and anode sides, until an elec‑
trostatic equilibrium status is rebuilt. When the compressive 
strain is released, partial Li ions diffuse back to the cathode, 
and the as‑mentioned electro‑chemical reactions process to 
the inverse sides. Thus, when a cyclic compressive strain is 
applied, the power cell can realize intermittent self‑charg‑
ing cycles. From the perspective of a chemical reaction, the 
greatest difference of self‑charging power cells with other 
electro‑chemical systems is that the reactions can be con‑
trolled to react toward the inverse directions when subjected 
to appropriate conditions.

In Sect. 2, we overview the reported mechanisms of cou‑
pling piezoelectric and electro‑chemical effects. In the fol‑
lowing section, specific piezoelectric materials applied in 
electro‑chemical processes will be described in detail.

3  Piezoelectric Materials in Electro‑chemical 
Processes

Since Jaffe discovered lead zirconate titanate ferroelectric 
ceramics in 1954 [124], lead‑based piezoelectric materials 
including ceramics as well as single crystals have been fab‑
ricated that operate in a wide variety of transducer devices 
(SONAR, sensors, and actuators) and occupied an essential 
place in functional materials for the following three decades 
as a result of their high performance and stable piezoelectric 
properties. More recently, these materials have been used 
as particles for the hydrogen evolution reaction and waste‑
water treatment in electro‑chemical applications [125–129]. 
However, these lead‑based piezoelectric materials contain 
the element Pb, which is one of the major heavy metal pol‑
lutants and can endanger human health [130–133]. Lead‑
free piezoelectric materials are being examined intensively 

(15)LiCoO2 → Li1−xCoO2 + xLi+ + xe−

(16)TiO2 + xLi+ + xe− → LixTiO2.

as a green initiative [134–137], and due to the need for 
environmental protection and socially sustainable materi‑
als, research related to alternative lead‑free materials has 
become a significant research activity in recent decades 
[130, 138, 139]. The general piezoelectric/ferroelectric 
perovskites  (ABO3‑type) [140, 141], in particular barium 
titanate [142–145] and bismuth ferrite [146–149], have been 
utilized to process functional advanced devices [150–153]. 
In addition to  ABO3‑type ferroelectric materials, wurtzite 
and non‑ferroelectric zinc oxide materials have been con‑
sidered as advanced piezoelectric materials and have been 
prepared in a variety of dimensions and morphologies to 
convert mechanical vibration energy into electric charge for 
a range of applications [18, 25, 47, 69, 154–156]. During 
the last 10 years, remarkable piezoelectric properties have 
been observed in two‑dimensional (2D) layered transition 
metal dichalcogenide‑based materials with single‑layered 
and odd‑layered structures [72, 82, 157, 158], such as 
molybdenum disulfide [159–162], tungsten disulfide [163, 
164] and molybdenum diselenide [165–169], which have 
received worldwide scientific attention for electronic device 
applications and nanoscale electromechanical systems. The 
piezoelectric effect in 2D layered materials is a consequence 
of the non‑centrosymmetry of monolayers [72, 157, 158]. In 
addition to inorganic piezoelectric materials, organic piezo‑
electric materials such as polyvinylidene fluoride possess 
the ability to convert mechanical stress into electricity, and 
represent the most widely available piezoelectric polymer in 
functional materials and devices due to their physical char‑
acteristics of transparency and mechanical flexibility [45, 
84, 90, 170–175]. In addition, specific biomaterials, such as 
collagen, exhibit piezoelectric properties which have been 
linked to the promotion of healing and reconstruction, due 
to the polar uniaxial orientation of molecular dipoles in the 
structure [10, 85, 176–178].

Above all, typical piezoelectric materials can be divided 
into groups of piezoelectric/ferroelectric perovskites 
[140–149], wurtzite zinc oxide materials [18, 27, 50, 72, 
157–159], layered transition metal dichalcogenide piezo‑
electric materials [72, 82, 157–169], organic piezoelectric 
materials [45, 84, 90, 170–175], and piezoelectric bioma‑
terials [10, 88, 179–181]. For piezo‑electro‑chemical pro‑
cesses, researchers have fabricated both single‑component 
[76, 81] and polynary systems [49, 74, 90], and piezoelectric 
nano‑/micro‑/bulk materials with a variety of shapes, sizes, 
and piezoelectric constants using a variety of approaches. 
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Depending on the preparation method, the material size 
spans the nanoscale to macroscale and the synthesis methods 
include hydrothermal reactions [47, 75], sol–gel processes 
[77, 179], ball‑milling methods [38, 49], high‑temperature 
calcination [74], chemical precipitation [36], electrospinning 
[37], thermal evaporation [79], spin‑coating [180, 181] and 
bioactive extraction [85]. Bulk polycrystalline ferroelectric 
materials require poling to exhibit a remnant polarization 
and piezoelectricity; however, a number of microscale and 
nanoscale materials formed by bottom‑up manufacturing, 
whose sub‑crystal grows along certain crystallographic face, 
exhibit piezoelectric effects without undergoing a poling 
process [182, 183].

Piezoelectric coefficient aside, each of materials with dif‑
ferent morphologies has respective advantages. Piezoelec‑
tric materials with high aspect ratio are preferred to obtain 
optimum deformation under a mechanical load, which can 
realize a high piezoelectric output. In general, materials in 
fiber and sheet form possessing high aspect ratio are ben‑
eficial to induce high piezoelectric output. Besides, some 
morphologies such as flower and nanostructured surface 
own high specific surface area, which makes large contact 
area between piezoelectric materials and solution medium, 
and piezo‑electro‑chemical performance can be improved. 
In addition, bulk and particle materials have advantages in 
material preparation.

The range of materials used to control electro‑chemical 
reactions is now discussed in detail.

3.1  Piezoelectric/Ferroelectric Perovskites 
Morphologies

Piezoelectric Pb(Mg1/3Nb2/3)O3‑32PbTiO3 (PMN–PT) sin‑
gle‑crystal slab with the size of 24 mm × 4 mm × 0.25 mm 
has been used to form a piezoelectric cantilever and 
achieves excellent piezo‑electro‑chemical hydrogen 
production [65]. Sol–gel processed lead zirconate titan‑
ate (PZT) has been fabricated as particles with an aver‑
age size in the range of 70–100 nm and films of 70 nm 
in thickness for selective deposition investigations of the 
photochemical reaction with a variety of metal salts, and 
the influence of Zr/Ti ratio on the preferential growth of 
Ag onto their surfaces [77, 179]. Hydrothermally synthe‑
sized piezoelectric PZT fibers have been fabricated which 

achieved an excellent acid orange 7 dye degradation under 
the application of ultrasonic vibrations [67]. As shown in 
Fig. 5a, the as‑prepared PZT fibers are several micrometers 
in length and 500 nm in diameter [67]. You et al. reported 
on hydrothermally synthesized bismuth ferrite (BFO) 
square sheets for harvesting mechanical vibration energy 
for wastewater treatment and hydrogen evolution [70, 71]. 
The BFO square micro‑sheets are shown in Fig. 5b with an 
average size of ~ 1 μm, whose size and shape are used to 
facilitate bending of the sheets and thereby obtain a strong 
piezoelectric effect since their dimensions are of the same 
magnitude as the diameter of the cavitation‑induced micro‑
bubbles in solution [70]. Mushtaq and coworkers prepared 
BFO nanosheets and nanowires via hydrothermal reactions 
to decompose a rhodamine B dye solution under UV light 
irradiation and excitation by ultrasonic vibration [78]. 
The nanosheets exhibit an edge length of 2–3 μm and a 
thickness of approximately 150 nm, and the nanowires are 
~ 30 μm in length and 200–700 nm in diameter [78]. Ferro‑
electric barium titanate (BTO) has been produced to form a 
variety of particle shapes [37, 49, 75, 86, 101], nanocubes 
[36], nanowires [101], microdendrites [32, 87] for dye 
degradation and dechlorination [36, 37, 75, 76, 87, 101], 
hydrogen evolution [32], selective deposition [74, 86], as 
well as Li‑ion batteries [49]. Hydrothermally synthesized 
BTO microdendrites researched by Hong et al. displayed 
a dendritic morphology with 10 μm primary branches and 
secondary branches with dimensions of a few microme‑
ters, and achieved efficient direct water splitting to produce 
hydrogen and oxygen [32, 87]. Wu et al. compared the 
piezo‑catalytic dye degradation activities of hydrothermal 
BTO nanowires, hydrothermal BTO nanoparticles, and 
commercial BTO nanoparticles [150]. As shown in Fig. 5c, 
the BTO nanowires are predominately straight, smooth, 
and elongated with an average diameter of 100 nm and 
are several micrometers in length [101]. Hydrothermal and 
commercial BTO nanoparticles generally exhibit a quad‑
rilateral shape and spherical shape with average sizes of 
200 and 50 nm, respectively [101]. Qian et al. reported 
BTO particles made by electrospinning with an average 
size of < 1 μm were encapsulated in polydimethylsiloxane 
(PDMS) as a porous foam for wastewater treatment [37]. 
In addition, hydrothermal zinc stannate (ZTO) nanowires 
showed excellent catalytic performance, with dimensions 
from a few 100 nm to dozens of micron range [68, 89].
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3.2  Wurtzite Zinc Oxide Morphologies

In general, wurtzite zinc oxide (ZnO) nanofibers, nanowires 
or nanorods have been synthesized via simple hydrothermal 
methods under appropriate conditions [109]. Piezoelectri‑
cally induced water splitting and dye wastewater decol‑
orization has been performed using pure ZnO fibers and 
nanorods with an average diameter of 0.4 μm and 25 nm 
and length of 4–10 and 1.25 μm, respectively [32, 184]. In 
addition, ZnO nanowire arrays have been fabricated through 
a two‑step hydrothermal processes, where ZnO seeds are 
initially deposited on a substrate and the nanowire arrays 
are then hydrothermally grow on it. Hong et al. aligned 
ZnO nanowire arrays and combined copper sulfide (CuS) 
on the surface, which led to a high piezo‑photocatalytic 
efficiency for the degradation of methylene blue solutions 
using mechanical and solar energy [80]. Figure 5d shows 

detailed images of bare ZnO nanowire arrays on a stain‑
less steel mesh with a diameter of 25 μm, and the nanowire 
arrays are vertically aligned on the mesh with an average 
diameter of 150 nm and an average length of 4 μm from a 
side view [80]. Xue et al. designed a tailored structure from 
seed‑assisted hydrothermal ZnO nanowires that were verti‑
cally aligned on carbon fibers for decomposing methylene 
blue by coupling a piezoelectric with a semiconductor [88]. 
The ZnO nanowires attached on the carbon fibers are shown 
in Fig. 5e, which exhibit an average diameter and length 
of 500 nm and 6 μm, respectively [88]. Through thermal 
evaporation, tetrapod‑ZnO nanostructures have been synthe‑
sized which consist of four needle‑shaped legs with a  109o 
angle between any two legs. Sun et al. achieved an ultrafast 
degradation of methylene blue solutions efficiently by co‑
application of mechanical and ultraviolet energy on silver 
oxide  (Ag2O)/tetrapod‑ZnO (T‑ZnO) nanostructures [79]. 

Fig. 5  a TEM of PZT fibers. Reproduced with permission [67]. Copyright 2014, AIP Publishing LLC. b SEM image of BFO square micro‑
sheets. Reproduced with permission [70]. Copyright 2017, Elsevier. c SEM images of hydrothermal BTO nanowires, hydrothermal BTO 
nanoparticles, and commercial BTO nanoparticles. Reproduced with permission [101]. Copyright 2018, Elsevier. d SEM images of bare ZnO 
nanowire arrays on stainless steel mesh. Reproduced with permission [80]. Copyright 2016, American Chemical Society. e SEM images of ZnO 
nanowires. Reproduced with permission [88]. Copyright 2015, Elsevier. f SEM image of  Ag2O/T‑ZnO nanostructures. Reproduced with permis‑
sion [79]. Copyright 2016, Royal Society of Chemistry. g TEM image of  MoS2 nanoflowers. Reproduced with permission [73]. Copyright 2017, 
Elsevier. h SEM image of  WS2 nanoflowers. Reproduced with permission [82]. Copyright 2018, Elsevier. i SEM image of  MoSe2 nanoflowers. 
Reproduced with permission [81]. Copyright 2017, Elsevier. j SEM image of PVDF mesoporous nanostructured film in a top view. Reproduced 
with permission [83]. Copyright 2014, Elsevier. k PVDF surface image. Reproduced with permission [84]. Copyright 2015, Elsevier. l Micro‑
graphs of propidium iodide fluorescent staining cells on cortical bone collagen. The nuclei of the cells are stained in red. The deformed internal 
side corresponds to the face subject to compression. The deformed external side corresponds to the face subject to tension. Reproduced with 
permission [85]. Copyright 2017, Trans Tech Publications
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The composite nanostructures were synthesized by the fol‑
lowing method: First, the tetrapod‑ZnO was mass produced 
by thermal evaporation, and then,  Ag2O was loaded on the 
surface of the T‑ZnO. Figure 5f shows that the T‑ZnO are 
uniformly loaded with  Ag2O nanoparticles on the surface, 
and the composite nanostructures have a tetrapod structure 
with four 4‑μm needle‑shaped legs and an average diameter 
of 200 nm [79]. Qian and coauthors encapsulated T‑ZnO 
into PDMS to address the challenge of secondary pollution 
and reusable limits for dye degradation; the T‑ZnO nanoma‑
terials had an average needle length of ~ 10 μm [37].

3.3  Morphology of Layered Transition Metal 
Dichalcogenide Based Materials

Single‑layer and odd‑layered transition metal dichalcoge‑
nide‑based materials have been reported that demonstrate 
excellent piezoelectricity [72, 82, 157–168, 185]. Wu’s 
group has published a number of research articles on the 
use of hydrothermally synthesized layered transition metal 
dichalcogenide family nanoflowers for electro‑chemical 
processes [72, 73, 81, 82]. An ultra‑high piezo‑catalytic 
degradation rate in the dark was achieved for single‑ and 
few‑layered molybdenum disulfide  (MoS2) nanoflowers 
[72]. The same  MoS2 nanoflowers were also encapsulated 
in a PDMS film to destroy rhodamine B dye, and the  MoS2/
PDMS was combined with copper to produce a triboelectric 
nanogenerator (TENG) for wastewater mechanical energy 
harvesting [73]. PDMS/tungsten disulfide  (WS2) composite 
materials have also been investigated for piezo‑catalytic rho‑
damine B degradation, and the prepared  WS2 nanoflowers 
achieved an almost complete antibacterial performance for 
Escherichia coli (E. coli) [82]. Single‑layer and few‑layered 
molybdenum diselenide  (MoSe2) nanoflowers exhibited an 
ultra‑high degradation rate to decolor rhodamine B by 90% 
within only 30 s [81]. Images of the typical morphologies 
of the range of nanoflowers that have been described above 
are shown in Fig. 5g–i [73, 81]. While the size of the nano‑
flowers exhibits some variation, a common aspect is that 
all possess an abundant surface area, where the  MoS2,  WS2 

and  MoSe2 nanoflowers are in the range of 0.4–0.6, 1–2, and 
2–3 μm, respectively [72, 73, 81, 82].

3.4  Morphology of Organic Piezoelectric Materials

Transparent and flexible organic piezoelectric polyvinylidene 
fluoride (PVDF) has been investigated as the most widely 
available piezoelectric polymer for practical electro‑chemical 
related energy conversion applications [48, 87, 126, 173–178], 
which can be produced via simple spin‑coating methods [45, 
84, 90]. The majority of applications for PVDF‑based mate‑
rials have been related to battery power cells. Soroushian 
and coauthors proposed a poly(vinylidene fluoride‑co‑hex‑
afluoropropylene) PVDF–HFP, solid electrolyte self‑healing 
structure with 4 mm thickness and 25 mm side dimension, 
which was able to redistribute the structural mass in response 
to dynamic loads [186]. Xue et al. replaced the polyethylene 
(PE) separator of the battery cell with a commercial PVDF 
film (a thickness of ~ 110 μm) in lithium battery to drive the 
migration of Li ions to achieve a self‑charging power cell 
[44]. Subsequently, this group combined a cupric oxide 
(CuO) anode with PVDF to create a CuO/PVDF nanocom‑
posite anode with a thickness of ~ 80 μm and achieved stabil‑
ity and efficiency for the application of self‑charging power 
cells [180]. Zhang and coworkers also designed a PVDF–PZT 
nanocomposite film with a thickness of 90 μm that served as a 
piezo‑separator in self‑charging power cell [181]. Xing et al. 
and Kim et al. reported on porous piezoelectric PVDF films 
to enhance the properties of self‑charging power cells, respec‑
tively [83, 84]. The former processed the PVDF mesoporous 
nanostructured film using ZnO nanowire arrays as a template 
[83]. The mesopores of the PVDF share the same shape and 
size with hexagonal ZnO nanowire template, and the diam‑
eters of the pores ranged from 700 to 900 nm, as shown in 
Fig. 5j [83]. In Kim’s research, an image of the mesoporous 
PVDF is shown in Fig. 5k, where randomly distributed and 
highly interconnected pores are located within the PVDF [84]. 
Ramadoss et al. investigated PVDF–ZnO film that acted as a 
separator to manufacture a self‑charging supercapacitor power 
cell [45]. Zhang et al. verified the feasibility of PVDF films 
for self‑powered cathodic protection nanogenerators [90].
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3.5  Morphology of Piezoelectric Biomaterials

Collagen, extracted from bone of animals, is of interest to 
promote the self‑healing of bone due to the polar uniaxial 
orientation of molecular dipoles in the structure [10, 176, 
177]. Karem et al. have described the electro‑chemical 
influence of collagen piezoelectric effect in bone healing 
[85]. Cells on cortical bone collagen are stained by pro‑
pidium iodide fluorescent, and the nuclei of the cells are 
red in color. The deformed internal and external sides cor‑
respond to the faces subject to compression and tension, 
respectively. [85]. In addition, piezoelectricity can also be 
found in different parts of living body, such as deoxyribo‑
nucleic acids (DNA), cartilage, tendon, dentin, ligaments, 
skin, as well as cell membranes, which plays a signifi‑
cant role in physiological phenomena for the living body 
[187–189]. However, reports on the combination of these 
piezoelectric biomaterials with electro‑chemical processes 
remain limited to date, where they are focused only on the 
threshold of the hybrid piezo‑electro‑chemistry systems in 
piezoelectric biomaterials.

The morphologies of the variety of piezoelectric and fer‑
roelectric materials have been described, which indicate the 
range of dimensions, shapes and porosity levels of the mate‑
rials employed; these are summarized in Table 1. We will 
see later that such factors can strongly influence the surface 
area and resonant frequency of the particles in response to 
ultrasonic vibrations. The following section will overview 
the range of piezo‑electro‑chemical processes which have 
been explored.

4  Piezo‑Electro‑chemical Processes 
and Practical Applications

An electro‑chemical reaction is regarded as a chemical reac‑
tion driven by an externally supplied electric circuit [28–30]. 
Generally, the reaction can be classified as an electro‑chem‑
ical oxidation–reduction reaction if a chemical reaction is 
a result of an externally supplied current, and positive and 
negative electrical charges are transferred between atoms 
or molecules throughout the whole reaction [190, 191]. 
Piezoelectrically induced electric fields have been used as 
an external electric potential for electro‑chemical processes 
[54–56]. In this section, we will examine recent research 
on piezo‑electro‑chemistry and consider their practical 

applications which include selective deposition [38, 77, 
86], water splitting for hydrogen production [32, 65, 69], 
catalytic‑related dye degradation and dechlorination [76, 79, 
90, 124, 125], self‑charging power cells [44, 45, 49, 83], and 
others [50, 126].

4.1  Selective Deposition

The depolarization field is partially internally screened for 
a ferroelectric material [192], and the valence and conduc‑
tion band edges near the material surface can be bent by 
polarization charges as well as surface states due to dangling 
bonds and defects, where the pinning of the Fermi level is 
influenced by the density of electric charges [193, 194]. As a 
result, the electronic states can be influenced by the polariza‑
tion field along the ferroelectric material, which provides an 
opportunity to control the atomic deposition and the growth 
of new material on the surface of a material [38]. The polari‑
zation of the ferroelectric materials plays an important role 
in controlling the deposition reaction rate and the location 
of material growth [38, 74, 77, 86, 179].

Ferroelectric PZT films have been investigated to assist 
in photo‑induced oxidation–reduction deposition [77, 179]. 
Under irradiation by a 400 W Hg lamp, clear selective elec‑
tro‑chemical reactions could be observed on the surfaces of 
ferroelectric positive (c+) and negative (c−) domains, where 
the surface of the c− domain was unaffected by the photo‑
excitation in stannous chloride  (SnCl2) solution, which is 
shown in Fig. 6a [179]. In addition, the films could be polar‑
ized by an atomic force microscope (AFM) under a potential 
of 14 V and the shape of the deposition structure changed as 
a result. A piezo‑response force microscopy (PFM) image 
of poled patterns is shown in Fig. 6b, where bright squares 
and dark squares represent c+ domains and c− domains, 
respectively, and the surrounding area represents an unpoled 
region [77]. Rohrer’s group proposed to deposit titanium 
dioxide  (TiO2) films on the surface of ferroelectric BFO and 
BTO using pulsed laser deposition [38, 74]. Spatially, the 
patterns of products (Ag and  Pb2+) on the surface of  TiO2 
film reproduced those on the bare ferroelectric materials, 
which could be observed by AFM. As the thickness of  TiO2 
film increased, the orientation of ferroelectric dipoles had a 
diminished influence of selective electro‑chemical reactions 
at the surface of the  TiO2 film, where silver ions  (Ag+) were 
reduced to silver atoms (Ag) and bivalent lead ions  (Pb2+) 
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were oxidized to tetravalent lead ions  (Pb4+) under ultra‑
violet illumination. There are multi‑domain BTO substrates 
with a 15‑nm‑thick  TiO2 coating after selective deposition in 
an aqueous silver nitrate  (AgNO3) solution and lead acetate 
((CH3COO)2Pb) solution, respectively, where the arrows on 
the upper left corner of the figures highlight the width of the 
reduced Ag and oxidized Pb stripes [74].

In general, a variety of orientations of spontaneous polari‑
zation are present in bulk ferroelectric materials, while 
nano‑/micro‑piezoelectric particles can exhibit more simplex 

dipole arrangement due to single polarization orientation 
throughout the whole crystal with the sub‑crystals along a 
certain crystallographic face [86, 182, 183]. The occupied 
and unoccupied energy states at the interfaces between the 
material and its surroundings are influenced by the spon‑
taneous polarization, which control the movement of elec‑
trical charge. In this case, piezo‑electro‑chemical selective 
deposition can have negative effects on precisely engineered 
nano‑/microstructures. Giocondi et al. utilized the spontane‑
ous polarization within 1–5‑μm BTO microparticles to drive 
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photo‑deposition reactions in  AgNO3 and  (CH3COO)2Pb 
solutions [86]. The spatial distribution of deposited silver 
is related to the domain structure as well as the surface ori‑
entation. The relative reactivity of the faces increases in the 
order of {110} < {111} < {100} [86]. In some cases, reduced 
silver could be exposed merely on the faces of {100}. These 
reactive regions were surrounded by unreactive regions in 
the boundaries of the face, which indicates a range of polar‑
ized domains were formed to minimize electrostatic energy.

Moreover, the above‑mentioned selective deposition reac‑
tions involve semiconductive photovoltaic effects, since 
PZT, BTO, and BFO materials can be considered as piezo‑
electric/ferroelectric materials and semiconductors. The 
structure of the energy band can be significantly affected 
by the spontaneous polarization field across the semicon‑
ductors. For typical photo‑electro‑chemical deposition, the 
substances that can be deposited possess appropriate redox 
potentials, which must be less than the bandgap (Eg) of the 
semiconductor. Specifically, the photo‑generated electrons 
and holes ideally arrive at the material surface with poten‑
tials determined by the energy of the conduction band (Ec) 
and the valence band (Ev) at the surface [195]. Generally, 
the ability of electrons and holes to drive electro‑chemical 
reactions is dictated by the quasi‑Fermi energy of the elec‑
trons (EFn) and holes (EFp) at the surface, and EFn must be at 
a more negative potential than the desired reduction reaction 
and EFp must be more positive than the oxidation reaction 
[196, 197]. However, there is a difference in piezoelectric/
ferroelectric materials since energy band tilting under an 
induced piezoelectric field can make the conduction band 
and valence band more positive or negative than the redox 
potentials, which determines whether the photo‑electro‑
chemical oxidation–reduction reactions take place or not 
[71].

To sum up, the polarization field induced by ferroelectric 
materials influences the electronic states, and the polariza‑
tion field is a mostly important determiner to control the 
selective atomic deposition, where high piezoelectric con‑
stant of materials is preferred.

4.2  Hydrogen Production

Environmental pollution and the energy crisis are major 
challenges to humanity on the Earth; thus, pollution‑free 
clean and renewable energy sources have gained increasing 

attention throughout the world [198, 199]. Hydrogen fuel 
contains abundant chemical energy and has become one of 
the most welcome environmentally friendly energy sources, 
since it possesses a high energy density and produces no 
greenhouse gases compared with traditional fossil fuels 
[200–203]. Therefore, hydrogen production has become a 
topic of intense interest over recent decades [200–203]. In 
general, hydrogen fuels can be harvested via the following 
approaches: coal gasification, partial oxidization, bacteria 
fermentation, electrolysis and water splitting [204, 205]. 
Piezo‑electro‑chemical water splitting is a recently examined 
approach to combine the piezoelectric properties and the 
electro‑chemical redox reactions for hydrogen production.

Starr et al. investigated piezo‑catalytic hydrogen produc‑
tion in a single‑crystalline piezoelectric 68Pb(Mg1/3Nb2/3)
O3–32PbTiO3 (PMN–PT) cantilever, where the piezo‑
electric cantilever was strained by a computer‑controlled 
vibrator and linear actuator to control its high‑frequency 
oscillation and strain state [65]. As shown in Fig. 6d, 
hydrogen production was related to the direct piezoelectric 
effect. Under different strained frequencies,  H2 concen‑
trations were measured as a function of oscillation time, 
with a constant piezoelectric potential of 20 V throughout 
the entire reaction. A linearized fit showed the rate of  H2 
concentration increased to 0.02, 0.22, and 0.68 ppb s−1 by 
oscillating at 0, 10, and 20 Hz, respectively. Zhang et al. 
realized an indirect piezo‑electro‑chemical hydrogen gen‑
eration in a device composed of a piezoelectric bimorph 
cantilever based on PZT‑5 ceramics [66]. The hydrogen 
evolution rate is relatively low at ~ 1.21 mmol h−1, and 
high ion concentration of  NaHSO4 electrolyte aqueous 
solution benefits the piezo‑electro‑chemical water splitting 
reaction for hydrogen evolution. A high hydrogen genera‑
tion rate of approximately 124.1 mmol g−1 was realized 
under 100 W mechanical vibration for BFO nanosheets 
within 1 h [71]. In Fig. 6e, the hydrogen production rates 
per unit mass of BFO nanosheets under 100 W vibra‑
tion power are 20.4, 124.1, and 8.3 mmol h−1 at vibra‑
tion frequencies of 28, 45, and 100 kHz, respectively. 
At a frequency of 45 kHz, the hydrogen evolution rate 
under a vibration power level of 50 W is lower than under 
a vibration power of 100 W, which is shown in Fig. 6e. 
Additionally, hydrogen and oxygen production via direct 
water splitting was realized by vibrating piezoelectric 
ZnO microfibers and BTO microdendrites using ultrasonic 
waves. In the work of Hong, rapid hydrogen and oxygen 
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evolution was achieved at an initial rate of 3.4 × 10−3 and 
1.7 × 10−3 ppm s−1, respectively, using ZnO microfibers 
as the piezo‑catalyst in the first period (0–40 min), where 
the stoichiometric equivalence of the produced hydrogen 
and oxygen gases was  H2/O2 = 2:1 [32]. When the exter‑
nally applied ultrasonic wave vibrations were stopped, the 
production of hydrogen and oxygen terminated immedi‑
ately with a  H2 generation rate of < 0.0001 ppm s−1. For 
piezoelectric BTO microdendrites, it was shown that 
an average hydrogen evolution rate is 1.25 × 10−2 and 
9.13 × 10−3 ppm s−1 during the first and second piezo‑
electro‑chemical reactions, respectively, where the first 
period of vibration was 0–50 min, the second period was 
100–150 min, and the ultrasonic vibrations were turned off 
during 50–100 min [32].

Novel metal–semiconductor branched heterostructures 
(BHS) of hybrid Cu/CuS–ZnO/ZnS (CSZS) and Ag/
Ag2S–ZnO/ZnS (ASZS) materials have been used to fab‑
ricate a hybrid cell to harvest multiple energy sources, 
namely mechanical and solar energy, for hydrogen pro‑
duction [69]. The hydrogen production performance of 
ASZS BHS and CSZS BHS under both UV–Vis and vis‑
ible illumination is shown in Fig. 6f, where the hydrogen 
generation rates are 1250 and 182 μmol h−1 g−1 for the 
CSZS BHS and 98.8 and 20 μmol h−1 g−1 for the ASZS 
BHS, respectively, under UV–Vis illumination and visible 
illumination. The CSZS BHS exhibited the highest activity 
under UV–Vis illumination, due to sulfurized CSZS BHS 
possessing a higher absorbance across the wavelengths of 
300 to 800 nm. This approach was able to overcome the 
challenges in photocatalytic hydrogen production, such 
as inadequate power conversion, high recombination of 
photo‑induced charges, and intermittent availability of 
solar illumination, due to visible light absorption, and high 
charge separation efficiency.

Results from hydrogen production procedures using the 
above‑mentioned single or hybrid piezoelectric materials 
indicate that the challenges for generating hydrogen are to 
drive a potential, through the applied approaches of either 
single piezoelectrically induced or hybrid piezoelectric/pho‑
tovoltaic coupling induced, in order to overcome the stand‑
ard oxidation–reduction potential of water. This suggestion 
is discussed in more detail in Sect. 2, in relation to Faraday’s 
law of electrolysis. In summary, methods to reduce environ‑
mental pollution are attracting increasing research interest, 
and the next section will introduce piezo‑electro‑chemical 

processes for environmental purification in wastewater 
treatment.

4.3  Dye Degradation and Dechlorination

Paper, dyeing, and textile industries produce a large amount 
of organic dye pollutant each year, which accelerates envi‑
ronmental pollution [206]. Dye degradation for wastewater 
treatment has attracted long‑term and substantial atten‑
tion for a variety of research fields, including environmen‑
tal physics [207–209], chemistry [210–213], and biology 
[214–216]. Advanced chemical oxidation processes offer an 
environmentally friendly approach to decompose a range of 
dye molecules efficiently, and recently, scientists have placed 
significant effort in applying a piezoelectric built‑in potential 
to drive electro‑chemical wastewater treatment [72, 101].

Piezoelectric BTO nanoparticles and nanowires were 
synthesized to investigate the piezo‑catalytic dye degra‑
dation in aqueous methyl orange solutions, and enhanced 
piezo‑catalytic activity was exhibited in nanowires com‑
pared to nanoparticles due to their increased susceptibil‑
ity to mechanical deformation [101]. The piezo‑catalytic 
activity of BTO nanowires for degrading methyl orange dye 
solutions is shown in Fig. 7a, b. The UV–Vis absorption 
spectra of 5 mg L−1 methyl orange dye solution range from 
350 to 650 nm with a peak at 460 nm, where the intensity 
of the peak shows a sharp decrease with increasing piezo‑
catalytic time. Within 160 min, complete dye degradation 
could be achieved, as shown in the inset of Fig. 7a, where the 
color of the initial orange solution becomes transparent. The 
piezo‑catalytic stability of the materials allows recycling of 
the BTO nanowires up to four times, while maintaining a 
high catalytic activity. An ultra‑high degradation activity in 
single‑ and few‑layered  MoS2 nanoflowers was obtained in 
dark, where the degradation ratio of the rhodamine B solu‑
tion was up to 93% within 60 s of the piezo‑catalytic reaction 
[72]. In this work, the electro‑chemical piezo‑catalysis of 
the rhodamine B dye solutions in  MoS2 nanoflowers, com‑
mercial  MoS2, and  TiO2–P25 has been evaluated in different 
conditions, as shown in Fig. 7c–f. The catalytic activities of 
commercial  MoS2 and  TiO2–P25 exhibit a relatively low 
performance, with or without the application of ultrasonic 
mechanical vibrations and light illumination. Interestingly, 
for single‑ and few‑layered  MoS2 nanoflowers, the piezo‑
catalytic performance increases rapidly when the ultrasonic 
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mechanical vibrations are applied during ultrasonic excita‑
tion in the dark. The degradation ratio reached 93% within 
60 s and 100% within 300 s. In general, light illumination 
improved piezo‑catalysis and reduced the time for complete 
degradation to 180 s. Thus, light plays an important role in 
catalytic dye degradation, which is generally well known 
for photocatalytic wastewater treatment, which has been 
widely researched [217–219]. Research and activities of 
piezo‑potential‑modulated photocatalysis have been widely 
reported, where the performance of typical photocatalysis 
can be extended to new approaches of piezo‑photocatalysis, 
which features the simultaneous coupling of piezoelectric‑
ity, semiconduction, photocatalysis, and photoexcitation [68, 
79, 89].

Under a combined excitation of ultrasonic mechanical 
vibration and UV irradiation,  Ag2O/T‑ZnO nanostructures 
with a mass of 2 g L−1 were able to completely degrade 
5 mg L−1 methylene blue solution within 120 s [79]. The 
enhanced photocatalytic activity was thought to be mainly 
due to the piezoelectric field of the T‑ZnO nanostruc‑
tures and the build‑in electric field of the  Ag2O/T‑ZnO 

heterojunctions, which can improve the separation of 
photo‑generated positive and negative electric carriers and 
suppress their combination. Similarly, well‑aligned LN‑
type single‑crystalline ZTO nanowire arrays exploited syn‑
ergistic piezo‑photocatalysis to degrade aqueous methyl‑
ene blue solutions efficiently [68, 89]. It was suggested that 
synergistic piezo‑photocatalysis was attributed to material 
band bending, sono‑vibration, mass transfer enhancement, 
as well as abundant active reaction sites. Figure 8a shows 
the piezo‑potential‑modulated photocatalytic activities of 
different added catalysts under a variety of applied excita‑
tions including ultraviolet A (UVA) source illumination 
(320–340 nm and 30 W) and ultrasonic vibration (40 kHz 
and 0.2 W), where ultrasonic vibration was applied with or 
without a 1.7‑g transparent glass attached on ZTO nanow‑
ire arrays for piezo‑photocatalytic measurement, and no 
additional pressure was applied to the reaction system 
for the contrastive photocatalytic measurement [68]. The 
self‑degradation of the aqueous methylene blue solutions 
can be negligible, while the piezo‑potential‑modulated 
photocatalytic activity leads to an improved degradation 
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ratio of 75% within 120 min with both ultrasonic vibra‑
tion and a transparent glass applied simultaneously. When 
vibrations or stress are applied to the system, the ZTO 
nanowires are bent which lead to electric potential vari‑
ations across the nanowires that enhances the movement 

of the electric carriers and attenuates their recombina‑
tion. The photodegradation kinetic behavior of ZTO 
under pressure from ultrasonic vibration and a transparent 
glass can be calculated as a degradation rate constant (k) 
of ~ 1.5 × 10−2 min−1, which is approximately four times 
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higher than that without any external pressure from glass 
or ultrasonic vibrations.

However, when piezoelectric micro‑/nanocatalysts are in 
particulate form, they can flow into the water being treated 
to provide environmental challenges and secondary pollu‑
tion. This can make it an expensive and time‑consuming 
process and involve complex recycling procedures. To 
address the challenge of secondary pollution and reusable 
limits for particle based piezo‑catalysis, approaches related 
to particle integration have been analyzed and achieved 
excellent piezo‑catalytic activity. A two‑step seed‑assisted 
synthesized of hydrothermal ZnO nanowires led to verti‑
cally grown and tightly connected wires that were attached 
to polycrystalline carbon fibers, as reported by Xue and cow‑
orkers [88]. A device for both mechanical and solar energy 
harvesting to drive catalytic methylene blue dye degrada‑
tion under UV irradiation was fabricated that was operated 
under a periodically applied force; this was achieved through 
weaving a ZnO/C composite woven using multiple fibers, as 
shown in Fig. 8b. Additional work on piezoelectric material 
encapsulation has included a composite porous foam which 
comprised of piezoelectric materials and a PDMS polymer 
which was able to generate a strong oxidizing superoxide 
and hydroxyl species for organic rhodamine B dye degrada‑
tion under the application of ultrasonic vibrations [37], as 
shown in Fig. 8c. Repeated decomposition reactions were 
achieved for up to 12 cycles, since the porous foam could 
be easily placed in the reaction system and removed from 
wastewater.

In addition, the degradation of 4‑chlorophenol and 
dechlorination were achieved by the mechanical deforma‑
tion of tetragonal BTO (t‑BTO) nano‑/micrometer‑sized par‑
ticles [75]. The dechlorination efficiency of 4‑chlorophenol 
in different catalysts is shown, and ~ 35.2% of chlorines were 
removed from 4‑chlorophenol in t‑BTO within 120 min. As 
the annealing temperature was increased, the dechlorination 
efficiency rapidly increases above 200 °C, due to the genera‑
tion of t‑BTO. Deposited Ag on t‑BTO was also shown to 
improve the piezo‑dechlorination activity.

For piezo‑electro‑chemical hydrogen production, dye deg‑
radation and dechlorination, the similarity of majority of 
these applications can be summarized that electro‑chemical 
processes are driven by piezoelectric material under forced 
vibration in aqueous solution, where piezoelectric property, 
easy‑to‑bend shape, vibration frequency range, and non‑
toxicity of material are the notable factors for researchers.

4.4  Self‑charging Power Cells

Energy generation and energy storage sources are often 
designed as two separate unit devices where the generators 
can convert different forms of energy sources into electricity 
for energy generation and power cells can store electrical 
energy as chemical energy for storage, which is released on 
demand [220–228]. Xue and the coworkers were the first to 
propose an integrated self‑charging power cell that hybrid‑
ized both energy generation and storage [44]. As shown in 
Fig. 9a, the exterior appearance of the integrated self‑charg‑
ing power cell is that of a stainless steel coin‑type cell, and 
the major components within the cell comprise an anode 
with anatase  TiO2 nanotubes aligned on Ti foil, a cathode 
with  LiCoO2/conductive carbon/binder mixtures on Al 
foil, and a separator formed by a polarized PVDF film. The 
above‑mentioned structure was designed on the basis of the 
combination of piezoelectric effect and electro‑chemistry, 
which can be used in practical applications of self‑powered 
nano‑/microsystems and personal electronic devices.

In further research, the components of the electrode and 
separator were modified to attain a high energy conversion, 
high piezo‑electro‑chemical charge/discharge performance 
and high stability. The hybrid structure of the electrode 
on the anode side was improved and obtained high stabil‑
ity and efficiency, by being fabricated using a CuO/PVDF 
nanocomposite piezo‑anode [180]. This type of piezo‑anode 
structure benefited from an effective use of induced piezo‑
electric field by external mechanical deformation or vibra‑
tion due to large interface area and intimate contact between 
the CuO and PVDF. Subsequently, the porous structure of 
the PVDF separation was used to achieve effective lithium 
ion transfer channels [83, 84], which could be attributed 
to a geometrical strain confinement effect. A PVDF–PZT 
nanocomposite film was proposed that acted as the piezo‑
separator to enhance the piezoelectric signals, since PZT 
was a more piezoelectrically active material [181]. Figure 9b 
shows the self‑charging power cell fabricated by hybrid Al/
LiCoO2/PVDF–PZT/MWCNT/Cu, which was constructed 
as a sealed stainless steel 2016‑coin‑type cell with a diam‑
eter of 20 mm and was positioned underneath the touch but‑
tons of a keyboard to harvest and store mechanical percus‑
sive forces. Generally, a unidirectional force was applied on 
the flexible devices to create additional forces in different 
directions and the induced strain along different directions 
can be effectively improved when pores are present in the 
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flexible materials [229]. In this case, the porous PVDF nano‑
structured film exhibited an enhanced piezoelectric output 
under an applied stress [83, 84]. The charge and discharge 
properties of highly porous piezoelectric PVDF membrane 
for a self‑charging power cell are illustrated in Fig. 10 [84]. 
Under the application of a mechanical compression with 
an energy of 282 mJ and a frequency of 1 Hz, the voltage 
increases from 1.2 to 1.4 V within 200 s. Subsequently, the 
galvanostatically discharged reaction performs a constant 
voltage drop until 1.185 V with a current of 0.01 mA, where 
0.4 μAh is needed to return to the original potential of 1.2 V. 
Finally, the self‑charging power cell reaches an equilibrium 

level. Under mechanical energies of 141 and 282 mJ at a 
frequency of 1 Hz for 200 s, the cell can be self‑charged to 
1335 and 1400 mV, respectively. The charge and discharge 
processes are stable under the same condition and even 
under the application of finger pressure, the power cell could 
be self‑charged. After mechanically shocking for 3000 s, the 
device exhibited no unexpected fluctuations, thereby indicat‑
ing the stability of the piezo‑separator in the self‑charging 
power cell.

Supercapacitors are universally known as one of the 
most potential next‑generation energy storage candi‑
dates because of their ultra‑high power density, high 

Fig. 9  a Schematic showing the design and structure of the self‑charging power cell. This structure is sealed in stainless steel 2016‑coin‑type 
cells, as shown in the inset. On adhering a power cell to the bottom of a shoe, the compressive stress generated by walking can be converted and 
stored directly by SCPC. Reproduced with permission [44]. Copyright 2012, American Chemical Society. b Schematic structure of a SCPC with 
a PVDF–PZT nanocomposite film as a piezo‑separator for charge storage. Photograph of PVDF–PZT nanocomposite film. Adhering an SCPC 
underneath the button of a calculator, the mechanical energy generated by pressing the button can be converted and directly stored by the SCPC. 
Reproduced with permission [181]. Copyright 2014, IOP Publishing Ltd
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charge, and discharge rates, as well as long service life 
[230–233]. Ramadoss et al. investigated a self‑charging 
supercapacitor power cell with PVDF–ZnO film as the 

separator and  MnO2 nanowires as the positive and nega‑
tive electrodes in a supercapacitor [45]. The cell exhib‑
ited a self‑charging capability under palm impact, where 
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the aluminum‑foil‑based and the fabric‑based devices 
were charged 110 and 45 mV within 300 s, respectively. 
In addition, green LEDs could be illuminated when the 
power cell acted as a power source. The application of 
piezo‑electro‑chemical‑related self‑charging power cells 

offers a promising research direction for advanced func‑
tional self‑powered small‑scale devices.

Piezoelectric properties aside, materials that facilitate 
ion transfer and flexibility are ideal issues for piezo‑electro‑
chemical practical applications in self‑charging power cells.
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Nano‑Micro Lett.          (2020) 12:149  Page 29 of 39   149 

1 3

4.5  Additional Piezoelectric Electro‑chemical 
Applications

In the previous section, we have discussed self‑charging 
power cells, which combined a Li‑ion battery structure and 
a nanogenerator for simultaneous generation and storage of 
energy sources. Individual nanogenerators have also been 
utilized in practical applications in electro‑chemistry sys‑
tems. Zhang et al. produced a flexible hybrid nanogenerator 
for cathodic protection without the need for any external 
power source, where the nanogenerator output protected the 
metal surface from chemical corrosion [90]. In Lin’s work, 
a  MoS2/PDMS composite nanogenerator with a different 
structure exhibited sensitive characteristics which depended 
on the water flow rate and position, as well as contamination 
detection in wastewater [73]; schematics of the devices and 
their performance are illustrated in Fig. 11. A nanogenerator 
was produced by coating a  MoS2/PDMS composite (additive 
 MoS2 amount of 5% in weight percentage) on a commercial 
stainless steel grid, as shown in Fig. 11a–f, with the compos‑
ite nanogenerator being 5 × 5 cm2, and the grid diameter and 
area of 200 µm and ~ 2 cm2, respectively. The nanogenerator 
was placed under a kitchen faucet, and the distance between 
the faucet and the nanogenerator was fixed at ~ 30 cm. It was 
observed that a faster water flow rate led to a higher output 
voltage and current density of the device. When the water 
flow rates were 2.5 and 20 mL s−1, the generated electric 
output ~ 23 and ~ 4 V was able to drive two and nine LEDs, 
respectively. A nanogenerator was also produced by coating 
a  MoS2/PDMS composite on a flexible substrate with a con‑
ducting layer, as shown in Fig. 11g–l. The output generated 
was at a maximum when the nanogenerator was the nearest 
to the water inlet. With an increase in the distance from the 
water inlet, both the output voltage and current density of 
the generator gradually decreased. In addition, the generated 
output was dependent on the oil content of the water, since 
any interaction between the nanogenerator and oil weakened 
the contact between the aqueous solution and the piezoelec‑
tric nanogenerator.

Biological systems have also been examined. The self‑
healing phenomenon of organisms is a stable and balanced 
mechanism to achieve self‑recovery and self‑regulation 
[234–237]. Generally, osteoblasts control the reaction of 
bone healing and growth in living bodies [238]. Without 
osteoblasts present, Karem et al. reported that deformed 
collagen produced the deposition of hydroxyapatite (HA) 

via an electro‑chemical process due to the piezoelectric 
effect, where the rate of deposition of HA was able to con‑
trol bone healing and growth, which indicated the possibil‑
ity to help with the self‑healing of bones via harvesting 
biomechanical motion [85]. For bionic applications, self‑
healing devices and structures have been fabricated to re‑
establish the structural mass under dynamic service loads 
excitation via imitating biological bone healing structures. 
Soroushian and coauthors proposed a PVDF–HFP solid 
electrolyte and self‑healing structure, which was able to 
redistribute the structural mass in response to dynamic 
loads due to the piezoelectricity to convert mechanical 
energy into electrical energy [186].

5  Conclusion

This review has covered in detail current progress on the 
variety of piezoelectric materials for controlling electro‑
chemical processes to inspire rising efforts in the emerging 
research field. Table 1 provides a summary of the piezoelec‑
tric material types, their characteristics, and piezo‑electro‑
chemical processes which cover a wide range of piezoelec‑
tric materials including piezoelectric perovskites, wurtzite 
zinc oxide, two‑dimensional layered transition metal dichal‑
cogenide family, organic piezoelectric materials, and bio‑
logical materials. The material magnitude and morphology 
are varied for the creation of macro‑/micro‑/nanomaterials 
and include materials in bulk, fiber, sheet, flower, particle, 
and irregular form, which have been synthesized by differ‑
ent physical, chemical, or biological methods. The practical 
electro‑chemical applications of these piezoelectric materi‑
als include selective deposition, hydrogen production, dye 
degradation, and self‑charging power cells. The degree by 
which the piezoelectric materials and external conditions 
influence the electro‑chemical system is of significant inter‑
est and has also been summarized. In order to achieve a high 
piezoelectric output, materials with high aspect ratio are 
preferred to obtain optimum deformation under a mechani‑
cal load. In addition, piezoelectric materials with a specific 
resonant frequency can be exploited to harvest mechanical 
vibrations ranging in different frequency bands for different 
practical applications. These factors provide a reliable guid‑
ance on the selection of piezoelectric materials for experi‑
mental designs.
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Today, energy generation and environmental pollution 
have become significant challenges for humanity. Piezo‑
electric materials in electro‑chemical applications can play 
important roles in bringing new ideas and approaches to 
resolve issues from challenges of energy and environment. 
We have seen that specific piezoelectric domains can affect 
the electro‑chemical selective deposition, where polariza‑
tion structures can be controlled by an electric field. This 
research can lead to the potential in developing methods to 
coat materials with specific polarized piezoelectric mate‑
rials that can be utilized in corrosion resistance. Further‑
more, the strong ability of piezoelectric materials in cleaning 
wastewater could be a replacement for photo‑cleaning and 
enable piezoelectric materials to be used for self‑cleaning 
the surface of buildings. For energy harvesting, piezoelectric 
materials allow the conversion of environmental mechani‑
cal vibrations across a large range of frequencies into an 
electric energy source. Energy storage is the capture of elec‑
tric energy produced that is available for use at a later time, 
and self‑charging power cells that use a piezo‑separator can 
realize a simultaneous approach to combining energy har‑
vesting and storage, which can be applied in ocean wave 
vibration energy harvesting and storage for further because 
there are abundant water fluctuations in ocean. However, 
piezo‑electro‑chemical applications in laboratory work are 
far inferior to commercial market to benefit humans. First, 
energy conversion efficiency is always needed to improve in 
order to achieve maximum energy use and minimize waste 
at sources. Second, actually most materials and devices in 
laboratory perform great in ideal circumstances, but when 
these products come to real tests, they will be difficult to 
maintain a long lifetime. Third, a variety of samples man‑
ufactured with sophisticated equipment and costed costly 
manpower and material resources in order to pursue high 
performance; however, cost is an indispensable considera‑
tion in business models.

In addition, the potential for coupling multiple systems is 
of great interest and piezo‑electro‑chemistry has the poten‑
tial to work together with photo‑electro‑chemistry, includ‑
ing piezoelectric affected photo‑deposition, photocatalytic 
hydrogen production, and photodegradation. To achieve 
piezoelectric and photovoltaic coupling, ferroelectric semi‑
conductors can exhibit piezoelectricity, pyroelectricity, 
ferroelectricity, as well as photovoltaic effects, which can 
achieve multiple coupling in a single material. On the basis 
of piezoelectric, pyroelectric photovoltaic, thermoelectric, 

triboelectric, and flexoelectric effects, the design for their 
efficient coupling could be analyzed for further. Finally, 
although piezo‑electro‑chemical applications have attracted 
a large amount of interest with a growing number of 
researches, patents, and publications, the business conver‑
sion of these potential applications is necessary.
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