Nano Energy (2015) 14, 296–311

Available online at www.sciencedirect.com

journal homepage: www.elsevier.com/locate/nanoenergy

Coupling of piezoelectric effect
with electrochemical processes
Matthew B. Starr, Xudong Wangn
Department of Materials Science and Engineering, University of Wisconsin-Madison, Madison,
WI 53706, USA
Received 16 October 2014; received in revised form 16 January 2015; accepted 22 January 2015
Available online 30 January 2015

KEYWORDS

Abstract

Piezotronics;
Piezoelectric;
Ferroelectric;
Piezocatalysis;
Electrochemistry

The coupling effect between piezoelectric polarization and electrochemical processes makes possible
the engineering of charge-carrier conduction characteristics at the heterojunction between a strained
piezoelectric material and a chemical solution. It is a unique subcategory of piezotronics. This mini
review paper introduces the fundamental principles of such coupling effects. Applications of this
coupling effect are reviewed and discussed in several different aspects, including selective etching
enabled by piezo(ferro)-electric polarization; selective (photo)electrochemical deposition directed by
piezo(ferro)-electric potential; and the direct utilization of piezoelectric potential to drive electrochemical reactions (piezocatalysis). At the end, perspectives of this coupling effect are discussed as a
new approach in the ﬁelds of corrosion management, nanomanufacturing and renewable energy
conversion.
& 2015 Elsevier Ltd. All rights reserved.

Introduction
Piezoelectrics are a class of materials that create an electric
ﬁeld in response to mechanical deformation. The origin of the
electric ﬁeld (i.e. piezoelectric ﬁeld) is a break in the inversion
symmetry which lead to electric dipoles within the material,
the strength of which changes as the material is strained. The
changing dipole ﬁeld leads to a change in the electric ﬁeld
which permeates the material (Fig. 1). Piezoelectrics as a
phenomenological description encompasses three subcategories
of materials: ferroelectrics, pyroelectrics and piezoelectrics
(Fig. 2) [1,2]. Piezoelectric materials that are non-ferroelectric
n
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and non-pyroelectric (e.g. SiO4) have no electric dipoles when
under no strain, but upon strain there is a separation between
the positive and negative charge centers which results in an
non-zero electric ﬁeld. Pyroelectric materials that are nonferroelectric (e.g. LiTaO3) exhibit spontaneous polarization:
even in the absence of mechanical deformation or an electric
ﬁeld, the positive and negative charge centers in each unit cell
do not coincide, giving rise to a resultant electric dipole. Upon
strain, the separation between charge centers changes and
thus the electric ﬁeld changes. Pyroelectric materials will also
experience a change to their dipoles when subjected to a
change in temperature. The polarization in piezoelectric
materials that are not ferroelectric is not permanently changeable by applying an external electrical ﬁeld. Ferroelectric
materials (all of which are piezoelectric) also contains a
spontaneous polarization in the absence of strain, as well as a
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Fig. 1 (a) Piezoelectric materials that are non-ferroelectric and
non-pyroelectric begine with zero internal dipole. When these
materials are strained, the lattice displacement creates dipole
moments that create an electric ﬁeld across the material.
(b) Ferroelectric and pyroelectric materials have spontanious
dipoles without strain. When these materials are strained, their
dipoles change in strength, changing the electric ﬁeld strength
saturating the material.

Fig. 2 Piezoelectric materials experience a change in internal
dipole moment when mechanically deformed. Pyroelectrics are
piezoelectric materials which have spontaneous dipoles in the
absence of mechanical deformation. The dipoles cannot be made
to permanently switch direction by applying an external electric
ﬁeld. The spontaneous dipoles of pyroelectric materials change as
a function of temperature. Ferroelectric materials are a special
subclass of pyroelectrics. The spontaneous dipole in ferroelectric
materials can be made to permanently change orientation by
applying a strong enough external electric ﬁeld.

temperature-sensitive polarization, but differ from the other
classes of materials in that a ferroelectric material’s spontaneous dipoles need not necessarily align from one unit cell to
the next. Regions in which neighboring dipoles are aligned with
one another are called domains. The direction of spontaneous polarization in a ferroelectric’s unit cell can be changed if
exposed to a sufﬁciently strong electric ﬁeld.
The electric ﬁeld exhibited by piezoelectric materials,
whether strain induced, temperature induced, or spontaneously
realized, can have a dramatic effect on the electronic properties
both inside and outside of the material. Electric ﬁelds disrupt the
energy of electronic states throughout the material (Fig. 3a) and
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can cause the rearrangement of free charge inside and outside of
the material (Fig. 3b). This electronic rearrangement can
dramatically affect charge-carrier conduction characteristics at
the heterojunction between a piezoelectric material and another
medium, because these characteristics depend sensitively upon
the continuity of occupiable electronic states from one medium
to the other and on the number of charges free to move
between the mediums. This phenomenon is known as the
piezotronics effect [3–5]. One such heterojunction that is
particularly dynamic is that which exists between a piezoelectric
material and a chemical solution [6,7]. Piezoelectric ﬁelds have
been used to control the corrosion rate of materials exposed to
etchant solutions [8–18], selectively control the energetics and
spatial separation of adsorbed [19,20] and photo-deposition
materials [21–28], and have even been used to directly drive
electrochemical reactions across piezoelectric/solution interface
[6,7,29–31].
Using piezoelectric ﬁelds to inﬂuence chemical reactions
happening at the material’s surface is closely related to electrochemical processes which typically take place at the surface of
an electrode in contact with solution, inﬂuenced by an outside
voltage source (Fig. 4). A chemically stable electrode material in
contact with solution containing electroactive species will arrive
at a steady state electrochemical equilibrium with solution
(Fig. 4a). Applying a voltage to a metal electrode can have
one of two results: (1) the electrode potential rises above that of
unoccupied states in solution, or (2) the electrode potential
drops below that of occupied states in solution. In the ﬁrst case it
is now energetically favorable for there to be a net electron ﬂow
from occupied states in the electrode to unoccupied states of
electroactive species in solution (i.e. cathodic current, Fig. 4b).
In the second case it is energetically favorable for a net ﬂow of
electrons to come from occupied states of species in solution
into the unoccupied states in the electrode (i.e. anodic current,
Fig. 4c). In the case of an insulating piezoelectric material
(Fig. 4d) the piezoelectric ﬁeld, induced by mechanically
deforming the piezoelectric material, exerts an energy shift on
the occupied (valence band) and unoccupied (conduction band)
states throughout the material. With sufﬁcient shifts to the
energies of these states, it is possible to drive the ﬂow of
electrons from the piezoelectric’s surface to species in solution
or from species in solution to the piezoelectric’s surface (Fig. 4e)
[7]. In pyroelectric and ferroelectric materials, the presence of a
spontaneously dipole means an electric ﬁeld, and its associated
electronic distortion, is present throughout the material even in
the absence of an applied strain. It is the presence of these
spontaneous dipoles that allows pyroelectric and ferroelectric
materials to exhibit useful corrosion, photochemical and electrochemical properties.

Applications of the piezopotentialelectrochemistry coupling effect
Piezopotential used for material removal
The selective removal of a material can have disastrous
effects, such as in the case of corrosion, or it can be used to
craft useful, precisely engineered structures like undercut
etching in microelectromechanical (MEM) or nanoelectromechanical (NEM) device fabrication [32–41]. Regardless whether the
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Fig. 3 The electric ﬁeld created by straining a piezoelectric material effects the energetics of electronic states throughout the
material. (a) In a perfect insulator, no charge is able to move in response to the piezoelectric ﬁeld and the electric ﬁeld linearly
augments the energy of occupied (valence band) and unoccupied (conduction band) states across the material. (b) In a
semiconducting peizoelectric, the piezoelectric ﬁeld pushes mobile charge carriers to opposite sides of the material. The mobile
charges continue to migrate under the inﬂuence of the piezoelectric ﬁeld until the enough mobile charge accumulates on opposite
sides of the material to create an electric ﬁeld which counters that of the piezoelectric and effectively screens the bulk of the
material for the piezoelectric potential shift.

process is purely chemical (electro-less) dissolution (Fig. 5a),
electrochemical (Fig. 5b) or photoelectrochemical etching
(Fig. 5c), the selective removal of material is a two-step process:
(1) The bonds that hold an atom to the surface of the material
are broken. In solid state materials like semiconductors,
the valence band represents the energy states of the
electrons bonding the atoms of the material together. A
broken bond is represented as a hole and thus processes
that create holes (e.g. thermal or photoexcitation, electron extraction, etc.) or increase the concentration of
holes (e.g. inversion regions) weaken the cohesive forces
holding the materials constituent parts together.
(2) The saturation of a dangling atom by nucleophilic species in
solution (e.g. OH ). When the bonds holding an atom to
the surface of a material are broken, the atom is susceptible to having its broken bonds satisﬁed either by nucleophilic species from solution, which can then surround and
shepherd the dangling atom away from the surface, or by a
native electron from elsewhere in the material (and thus
mending the atom's broken bond).

The electric dipoles present in piezoelectric materials inﬂuence the rate of dissolution by acting to enhance process 1.
The electric ﬁeld present within the material applies a force to
all of the material’s charges, causing segregation of broken
(holes) and unbroken bonds to opposite sides of the material.
The side of the material that accumulates the broken bonds is

more damaged, experiences more dangling atoms and is more
susceptible to dissolution. In addition to concentrating broken
bonds, the piezoelectric ﬁeld also shifts the relative energies of
occupied and unoccupied states across the material. Where the
piezoelectric ﬁeld increases the energy of electronic states
occupied by electrons, the thermodynamic driving force for
electron extraction by electroactive species in solution is
increased and thus the number of broken bonds is increased,
making more opportunities for nucleophilic attack.
The precise manufacturing of ﬁne ferroelectric structures
has found use in MEM devices [32–40], NEM devices [41], nonvolatile memories [42–44] and integrated optics [13,16,17].
Conventionally, piezoelectric elements have been processed by
chemical wet etching or argon milling techniques. In ferroelectric materials, anisotropic etching is widely observed
between regions of differing polarization (i.e. domains) [45–
51]. The prototypical case for domain speciﬁc etching is in the
widely studied optoelectronic material, ferroelectric LiNbO3,
etched by a HF:HNO3 solution [52]. Fig. 6 is a schematic
showing what one would expect to see if a free-standing LiNbO3
ﬁlm with a periodic domain structure, as is typically used in
optoelectronic applications, were exposed to an etchant
solution. In LiNbO3, negative domains (areas with a negative
surface charge) etch appreciable faster than positive domains.
LibNbO3 is a wide bandgap material that has negligible free
charge carriers. The different etching rates observed on the
positive and negative domain surfaces are due to the energetic
difference between the electroactive etchant species in solution
and the valence band position on the negative and positive
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Fig. 4 Changes in electrical potential between and electrode and solution drive electrochemical reactions. (a) A metal electrode is at
equilibrium with its chemical surroundings. (b) A potential is applied to the electrode, lifting up the energy of electrons in its orbitals above
that of unoccupied states in solution. Electrons leave the electrode and go into solution, reducing the systems energy (cathodic current). (c) A
potential is applied to the electrode that lowers the energy of electrons in its orbitals below that of occupied states in solution. Electrons leave
the solution and go into the electrode, reducing the systems energy (anodic current). (d) A insulating piezoelectric is unstrained and in
equilibrium with its chemical surroundings. (e) The strained piezoelectric has dramatically changed the energy state of occupied and
unoccupied states across the material, making electron transfer possible out of the valence band and into the conduction band.

domain’s surface. At the negative domain’s surface, the energy
of occupied electronic states is elevated, making them more
easily accessible to electron extraction by etchant species. There
is a reversed effect on the positive domain’s surface, where the
energy of occupied electronic states is reduced with respect to
the unoccupied states that characterize etchant species.

Piezopotential used for selective deposition
The piezoelectric ﬁeld’s augmentation of electronic states can
be wielded to enable the selective growth of new material on
the pieozelectric’s surface. The adhesive forces that deﬁne the
bond between the new material and the pieozelectric’s surface
come in two forms, secondary bonding and primary bonding.
Secondary bonds are deﬁned by their weak cohesive forces, e.
g. electrostatic and van der Waals bonds. Material additions
made to the piezoelectric that have this bonding character may
subsequently experience a desorption process with an energy
barrier dependent on piezoelectric potential. Primary bonds
experience a strong ionic or covalent character. These strong
inter-material bonds mean they experience intimate electrical
and mechanical relationships with the piezoelectric and may
readily be used to enhance or inhibit one or more of the
piezoelectric’s native surface properties.
Effect of polarization on absorption and desorption
energy of polar and nonpolar molecules
Electrostatic and van der Waals forces can characterize the
attractive forces bonding polar and nonpolar molecules to
piezoelectric’s surface [53–58]. Experiments carried out by

Altman and Yun evaluated the inﬂuence of ferroelectric domain
polarization on the absorption and desorption energy of polar
acetic acid and 2-propanol and nonpolar dodecane on the
(0 0 0 1) surface of ferroelectric LiNbO3 [19]. Careful absorption
and desorption cycles were carried out in an ultrahigh vacuum
(UHV) chamber equipped with a differentially pumped microwave electron cyclotron resonance plasma source, an X-ray
source, a cylindrical mirror analyzer, and a quadrupole mass
spectrometer. The two polar molecules were found to adsorb
signiﬁcantly more strongly on the positive surface (Fig. 7a and b).
Temperature-programmed desorption (TPD) data yielded desorption energies of the two polar molecules more than 11 orders
of magnitude lower than expected. The non-polar dodecane
adsorption/desorption energies were independent of surface
polarity (Fig. 7c and d).
Absorption and desorption experiments were conducted at
multiple temperatures. These experiments demonstrated a
dependence of the polar molecules’ desorption energies on
temperature. Altman and Yun analyzed the trend of desorption
with temperature and determined the difference to be due to
the pyroelectric property of LiNbO3, where the spontaneous
dipole (and the corresponding surface charge) change as a
function of temperature. In the end, electrostatic interaction
between the pyroelectric surface and the polar molecules were
shown to effect surface absorption properties, encouraging or
discouraging desorption of surface molecules.
Piezopotential-engineered photo deposition
The coincidence of piezoelectric domain structures being on
the order of nanometers and the persistent interest in the
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Fig. 5 Etching can take place spontaneously or under an external bias. (a) In pure chemical etching, the energetics of electroactive
species in solution are naturally such that they are able to interface with the material, donating or extracting electrons as is
necessary to isolate and extract atoms out form the surface and into solution. (b) In electrochemical etching, an external bias is
applied to a material, typically a metal or semiconductor, such that the energy of electronic states at the surface are made to be
unoccupied (full of holes) and thus available for electroactive species in solution to donate to and interact with surface atoms.
(c) Photoelectrochemical etching is typically used in insulating materials, where the application of a bias alone is insufﬁcient to
drive the electrochemical etching process. Applying a potential to an insulating material results in a relatively diffuse electric ﬁeld
permeating the material. This ﬁeld may be insufﬁcient to focus a high concentration of charge carriers at the material/solution
interface. Photoexciting mobile charges within the material allows charge to migrate throughout the material, concentrating at the
material’s walls. As broken bonds accumulate at the material/solution interface, the surface atoms are made available for electron
donation and interaction from electroactive species in solution.

Fig. 6 Etching rates of ferroelectrics depend on the local
polarization. Here, a free-standing ferroelectric LiNbO3 is
etched from both sides. Negative domains etch fasters than
positive domains, resulting in this jagged structural formation.

bottom-up manufacturing of miniscule electrical components
for integrated circuit, memory and sensing applications has
encouraged the investigation of how piezoelectric potentials,
and in particular ferroelectric domain structure engineering,
can be used to control the atomic deposition and growth of
new materials. In this instance, the ferroelectric polarization
acts as a kind of ‘mask’, dictating the locations of material
deposition and growth. A number of experiments have been
carried out on both ferroelectric particles and ﬁlms to explore
the feasibility of this possibility [21–28]. Bulk ferroelectric
materials exhibit a complicated arrangement of spontaneous
electrical polarization orientations. In small ferroelectric
particles, it is often observed that a single polarization
orientation (domain) dominates the entire particle (Fig. 8)
[59]. Because of their simple dipole arrangement, ferroelectric
particles make an ideal system for testing polarization’s
inﬂuence on material deposition processes.
Studies conducted by Rohrer and Giocondi on ferroelectric
BaTiO3 particles less than 5 μm in diameter demonstrated the
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Fig. 7 The bonding energy of surface absorbed molecules depends on both the polarization of the molecules and the surface.
(a) and (b) are Desorption curves for acedic acid on positively and negatively poled LiNbO3(0 0 0 1) surfaces, respectively. Acetic acid
desorbs from both surfaces. The desorption peak for acedic acid on the positive face is  101 K higher than on the negative face,
indicating that acetic acid adsorbs more strongly on the positive surface. (c) and (d) Show that the desorption peaks for the nonpolar
dodecane are approximately equal.
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ability of the spontaneous polarization within these particles
to spatially segregate photodeposition reactions occurring on
their surfaces (Fig. 9). In a series of experiments, BaTiO3
particles were suspended in an aqueous solution containing
0.115 M aqueous AgNO3 (for the reduction reaction) and
0.0115 M aqueous Pb(C2H3O2) (for the oxidation reaction).
These reagents were chosen because of the energies of
the Ag + and Pb2 + redox potentials, which are within BaTiO3’s
bandgap (Fig. 10).
The reactions expected to occur on opposite facets of the
particles are as follows:
Ag + + e = Ag,
Pb

Fig. 8 The spontaneous polarization in ferroelectric particles
inﬂuences how mobile charges move about the particle, as well
as the energetics of occupied and unoccupied states at the
interface of the material and its surroundings. The polarization
can dramatically effect how one end of the material reacts with
its environment compared to the other.

2+

(1)
+

+

+ 2H2O+ 2h = PbO2 + 4H .

(2)

The BaTiO3 solution was continuously stirred and exposed
to a UV lamp capable of photoexciting charges within the
BaTiO3 particles. Careful investigation of the particles’
surfaces after UV exposure revealed that the particles
photochemically reacted with the electroactive species in
their surroundings. Evidence for lead oxidation was found on
the [60], {1 1 0}, and {1 1 1} surfaces. Silver reduction was
most prominently found on the {0 0 1} surface. Giocondi

Fig. 9 The effect of a single polarization within small ferroelectric particles can be seen in photodeposition experiments. (a) An
SEM of a ferroelectric BaTiO3 particle exposed to aqeous AgNO3 and photo-excited into reacting with its environment. The
photodeposited silver deposits are primarily on the (0 0 1) facet. (b) An SEM of a small BaTiO3 particle after it was exposed to
aqueous Pb(C2H3O2)2 and driven by light to photo-react with its environment. The deposits seen in the picture contain oxidized lead
and also primarily fall on a single facet, (1 0 0).

Fig. 10 The spontaneous polarization of ferroelectric materials can effect what reactions take place on their surfaces. (a) is An
energy diagram depicting what the energy landscape looks like on a positive BaTiO3 domain. (b) and (c) Depict the energetic
landscape for a nonpolar and negative BaTiO3 domain, respectively. Both Ag + /Ag and Pb4 + /Pb2 + are accessible redox potentials
for BTO.
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Fig. 11 The spontaneous polarization of ferroelectric particles causes charge migration within the particles, resulting in reduction
and oxidation reactions occurring on opposite sides of the material.

Fig. 12 Ferroelectric domains dramatically effect the result of photodeposition experiments taking place on ﬁlms. (a) An SEM
image of an interface between a negative and positive ferroelectric domain, after a photodeposition experiment. Sn deposited on
the c + domain from an aquous SnCl2 solution. The surface of the c domain was unaffected by the photoexcitation. (b) Fe
deposited on c + in from an aquous FeCl2 solution. The surface of the c domains remained unaffected in this sample.

et al. attribute the photodeposition selectivity of the
BaTiO3 particles to their spontaneous polarization. The spontaneous polarization is theorized to inﬂuence photodeposition of solid Ag and PbO2 by controlling the migration
direction of photoexcited electrons and broken bonds
(holes) in the particles (Fig. 11).
In the large band gap material BaTiO3, photoexcited electrons
occupy conduction band states that are at higher potential
energy than the reduction potential of the electroactive Ag +
cations in solution. These energetic, photoexcited electrons can
lower the systems energy by transferring to the electroactive
cations, in this case reducing them from Ag + to solid Ag metal.
On the other end of the particle, broken bonds (holes in the
valence band) accumulate and are able to accept electron
injection from any number of courses, including water moles.
The ability of spontaneous dipoles to orchestrate the photodeposition process was further investigated by Zhang, Dunn
et al. [23,26]. In a series of carefully conducted experiments, Q.
Zhang and Dunn showed that for ferroelectric lead zirconate
titanate (PbZrxTi1 x)O3 ﬁlms, photoreduction and photoxidation
reactions occur nearly exclusively on the positive and negative
domain surfaces, respectively (Fig. 12). Zhang and Dunn were
able to show that poling the ferroelectric with an AFM tip is
capable of engineering the shape of photodeposited structures.

Checkerboard patterns, nested squares and wire shapes were all
poled in the surface of a PZT ﬁlm and shown to predictably
control the photodeposition of structures on its surface.
Subsequent work by Rohrer et al. examined the inﬂuence
of ferroelectric dipoles on photochemical processes occurring beyond the ferroelectric/solution interface [61,62].
Rohrer conducted a series of studies to examine how the
ferroelectric dipoles effected the photochemical reactivity
of TiO2 ﬁlms of varying thicknesses deposited by pulsed laser
deposition on the surface ferroelectric BaTiO3. The inﬂuence of spontaneous polarization was indeed seen in the
patterns of photodeposited Ag on the TiO2 surface, even
when the TiO2 ﬁlm thickness extended 100 nm away from
the buried ferroelectric’s surface (Fig. 13). A careful set of
characterization experiments was able to conﬁrm that it
was the domain polarization alone, and not other surface
features correlated with polarization, which determined
the photodeposition behavior of the TiO2 coating.

Piezopotential-driven materials evolution
In the subsequent section we reviewed how the dipoles present
in piezoelectric materials could inﬂuence material dissolution,
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Fig. 13 A 15 nm thick TiO2 coated, multi-domain ferroelectric substrate exposed to photodoposition experiments. (a) A
topographic AFM images of the ﬁlm after reaction with aqueous AgNO3 solution. Ag is deposited on top of the TiO2 coating in the
same pattern as the ferroelectric domains beneath the surface. (b) A topographic AFM images of the ﬁlm after reaction with a Pb
solution. The arrows in ﬁgures (a) and (b) direct attention to domains that avoid deposition reactions under one experimental
condition while encouraging it under another.

the condensation and evaporation of a gas phase, and the
photodeposition of an electro active species in solution. The
same process that physically segregates reduction and oxidation
photodeposition reactions can also be used to separate concurrent gas evolution reactions, such as the photolysis of water
into H2 and O2, where back reactions can be parasitic to the
energy conversion process.
Piezopotential-engineered photoelectrochemical
material evolution
The conversion of renewable energy sources, especially solar,
into chemical fuels that can provide drop-in, sustainable drivers
for our energy intensive economy has been a scientiﬁc pursuit
for decades [63–69]. One of the many ensembles currently
pursued for achieving this goal is the ‘photocatalytic’ approach,
whereby a semiconductor or a series of semiconductor heterojunctions absorbs light from the sun and uses the nonequilibrium distribution of photoexcited carriers to simultaneously electrochemically reduce and oxidize water to H2 and
O2 gas, respectively [66,69–88]. The H2 and O2 gas can then be
extracted and used by fuel cells to generate electricity, or the
H2 can be used to synthesize carbon based fuels by combining it
with reduced CO2. Many designs have been proposed for the
photocatalytic approach. One of the most economically inexpensive of the proposed approaches consists of a suspension of
light sensitive semiconductor particles in a transparently
encapsulated pool of water where the particles have direct
access to both the sunlight and H2O (Fig. 14). This approach has
encountered a number of challenges, including a high recombination rate of photoexcited charges within the semiconductor
particles themselves and the back reaction of 2H2 and O2
molecules into 2H2O in the moments immediately following the
electrochemical splitting of water on the particles surface.
Semiconducting ferroelectric particles employed for the
photolysis of H2O offers an eloquent solution to both of these
challenges [89–94]. In small particles, electrons and holes
are spatially conﬁned resulting in a high rate of photoexcited
charge recombination. The spontaneously polarization present

Fig. 14 Free ﬂoating semiconducting particles absorb light
from the sun and use it to split water into H2 and O2 gas.

throughout a ferroelectric particle pushes the electrons and
holes to opposite sides of the material, reducing their wavefunction overlap and thus reducing their probability of recombination. A reduced recombination rate leads to a longer carrier
lifetime and subsequently a greater number of attempts for the
photoexcited electron and hole to react with their chemical
environment. In addition to reducing the recombination rate and
increasing the likelihood that a photoexcited carrier will react
with its chemical environment, the segregation of electrons and
holes also ensures that the electrochemical reduction and
oxidation of water will happen on spatially segregated surfaces.
The separation of reaction products (H2 and O2 in this case)
dramatically reduces the likelihood that these chemical species
will immediately back-react to form water.
Piezopotential-driven electrochemistry
The use of piezoelectric materials in chemical systems was
classically restricted to their ‘static’ deployment. In these
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ﬁeld within the material. This continuously varying system is
prevented from achieving thermodynamic (electrochemical)
equilibrium with its environment, the result of which is an
enduring, though ﬂuctuating, exchange of charge between
the piezoelectric and its environment [6,7,29,30].
The procedure of a typical electrochemistry experiment
includes submerging an electrode of interest in a chemical
environment of interest and then using an external power
source to control the ﬂow of charge between the electrode/
environment interface. Li et al. explored a set of experiments
that combined the power source and electrode into a single
material [29,30]. Using an ultrasonic bath and water based
solutions, Li subjected suspensions of wire-like ZnO and BaTiO3
to ultrasonic vibration and micro-cavitation forces with the
objective of getting them to bend and strain, generate a
piezoelectric ﬁeld, and piezoelectrochemically split water into
H2 and O2. While a number of questions remain as to what kinds
of forces the piezoelectrics were subjected to and what
magnitude of piezoelectric potentials were created, the H2
and O2 evolution and piezoelectric ultrasonication were clearly
correlated (Fig. 15).

Fig. 15 Ultrasonication of piezoelectric wires suspended in a
water solution show an correlation with evolved H2 and O2 gas.
(a) and (b) Show the H2 and O2 production are both dependent
on the piezoelectric nature of the material and the mechanical
agitation to solution. (c) The system is repeatable. Here, where
the environment is refreshed, the system continues to convert
mechanical energy into H2 and O2 evolution.

cases, the piezoelectric would be un-poled, poled, or
statically strained and the resulting spontaneous or straininduced piezoelectric ﬁeld would modify the energetics of
electric states and the direction of migrating changes, to
achieve some engineered goal [60,89–95]. Recently there
have been investigations into the use of dynamic applications, where a piezoelectric material is continuously and
alternately strained between a tensile and compressive
state resulting in a large and rapidly varying piezoelectric

Piezocatalysis on metal surfaces
Three factors complicated a detailed investigation in Li et al.’s
system, including: (1) the logistical difﬁculties with observing
nanomaterials in situ, (2) the known unknowns surrounding the
surface structure and chemistry of nanomaterials, and (3) the
miniscule signal that is expected to come from any single
nanostructure even under ideal circumstances due to piezoelectric materials low surface charge density combined with a
nanomaterials low surface area. Given these limitations, Starr
et al. further investigated the use of piezoelectric potential as
a power source for driving electrochemical reactions by using a
bulk (24 mm  4 mm  0.25 mm) single crystal of piezoelectric
Pb(Mg1/3Nb2/3)O3-32PbTiO3 (PMN-PT), coated with gold electrodes, attached to a computer controlled actuator for
applying strain (Fig. 16) [6].
Starr’s experiments showed a correlation between the system's H2 output (a byproduct of the H2O reduction reaction) with
both the amplitude and frequency of strain subjected to the
piezoelectric (Fig. 17). Additional experiments to study the
effect of electrolyte concentration on the efﬁciency of the
mechanical to chemical energy conversion process revealed a
dramatic inverse relationship (Fig. 18). In piezoelectrochemistry
systems, the electrolyte’s spectator ions contribute to a detrimental capacitive current, sapping the electrical potential
energy stored in the piezoelectric and thereby interfering with
the conversation of piezoelectric surface charge into chemical
energy.
The results gained from the bulk PMN-PT experiment were
later generalized to other piezoelectric materials and the
hydrogen production capacity of those materials was calculated
as a function of their unique material properties (Fig. 19) [7].

Piezocatalysis on bare piezoelectric surfaces
Starr et al. theoretically extend their experimental results to a
host of other piezoelectric materials, each with their own
mechanical, electrical and piezoelectric properties [7]. Select
efﬁciency parameters were extracted from their experimental
work and applied to bare piezoelectrics. The individual ability of
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the bare piezoelectrics to drive the evolution of H2 as a function
of mechanical strain was then compared (Fig. 20).
At high strains, the plots of the mechanical-to-chemical (H2)
production capacity for metal coated and bare piezoelectric
materials behave similar. In both instances a high strain
generates a strong piezoelectric ﬁeld, the effects of which
are much stronger than the differences seen between the bare
piezoelectrics and the metal coated materials, namely the
electronic state occupancy about the Fermi energy. At small
strains, the similarity seen in H2 production capacity (Inset of
Fig. 20) is superﬁcial. Qualitatively and quantitatively, the
electrochemical behavior of bare piezoelectric materials differs
from that of metal coated piezoelectrics. In Starr’s model, the
difference between a metal coated PZT material and a bare
PZT slab arises from the difference between the Fermi energy
of the metal and the conduction and valence band states of the
bare piezoelectrics. In metals, there are a large number of
occupied and unoccupied states about the Fermi energy for
donating and accepting electrons, respectively, whereas an
ideal semiconductor can only accept additional electrons in its
conduction band and donate electrons from its valence band.
Unlike in a metal, semiconductors possess an energy gap
between these acceptor and donor states which the
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piezoelectric potential must move up or down in energetic
space in order to initiate an electrochemical reaction (Fig. 21).

Perspective
As long as electrical charges play a role in the removal, addition,
or evolution of chemical species from the surfaces of a piezoelectric, an electric ﬁeld inside the piezoelectric will affect the
directionality and locality of these chemical processes. Photoexcited charges are one way of driving chemical reactions, and
the dipoles in unstrained ferroelectrics have been used to direct
their ﬂow. A piezoelectric that is non-pyroelectric can be
strained to induce dipoles that can be used to inﬂuence
photoexcited charges. However, these materials can never be
poled like ferroelectrics and thus the spatial locality of chemical
reactions cannot be intricately written into their surface, which
is a useful property when making a polarization ‘mask’ for
depositing intricate micro and nanostructures.
Some instances require strain in order to drive chemical
reactions between the piezoelectric and the environment. For
example, when a piezoelectric is in equilibrium with its surroundings and there is no illumination to provide photoexcited

Fig. 16 (a) The piezoelectric cantilever setup for studying the piezocatalytic effect. It consists of a ﬂexible substrate for strain
induction, a piezoelectric element for generation of piezoelectric potential, and a clamp for securing the cantilever’s base.
(b) Photo of the experimental setup and reaction apparatus used for studying piezocatalyzed hydrogen evolution from water.

Coupling of piezoelectric effect with electrochemical processes
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Fig. 18 H2 evolution correlated with electrolyte concentration.
(a) The peak piezoelectric voltage (triangles) and H2 production rate
(diamonds) as functions of the electrolyte concentration.
(b) Corresponding piezocatalytic efﬁciency of H2 production per
strain as a function of electrolyte concentration.

Fig. 17 H2 evolution correlated with the direct piezoelectric
effect. (a) H2 concentrations measured as a function of oscillating
time of the piezoelectric beam in DI water medium with a
frequency of 10 Hz (green triangles) and 20 Hz (blue diamonds). A
Si cantilever with identical conﬁguration was used as a control and
the corresponding H2 concentrations are marked by red circles.
(b) H2 production per oscillation values derived from experiments
shown in (a). Inset is a box-whisker plot of the data shown in
(b) representing a reference for the dispersion. (c) H2 production
per oscillation as a function of peak piezoelectric potential, where
an exponential dependence was identiﬁed (red dashed line),
consistent with the application of the Bulter–Volmer relationship.
Inset is the corresponding peizocatalytic efﬁciency calculated as a
function of peak piezoelectric potential.

charges to drive chemical reactions, then an electronic perturbation, such as that which accompanies the mechanical strain of
a piezoelectric, is required to push or pull electrons out of or into
the surface of the piezoelectric.
Much of the work done to date for exploring the use of
piezoelectric polarization for inﬂuencing chemical reactions
at the surface of the piezoelectric, or within the vicinity of
the piezoelectric, have focused on simple systems and

Fig. 19 The H2 production per straining event predicted as a
function of strain magnitude in the case of piezoelectric materials
with metal electrodes on their surfaces. Inset shows the turn-on
strain value is dependent on the ratio of εr,x/dxk. The electrical
permittivity and surface charge density induced per unit strain is
different from one material to the next, and thus the voltage
change as a function of strain for each piezoelectric is different.
These differences account of the difference in turn-on strain seen
from one material to the next, as seen in the inset of the ﬁgure.

delivered proof of principle results. Extending the work of
polarization’s effect on corrosion rate beyond the development of a characterization technique for conﬁrming domain
structure orientation, for example to applications in corrosion prevention, is a natural but meaningful progression of
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this work. Rohrer’s work with ferroelectric BTO coated with
TiO2 ﬁlms demonstrates that the effect of ferroelectric
polarization can extend well beyond the piezoelectric’s
surface, affecting the chemical reactivity of its surroundings. This work points the way to developing paints and
other coating materials impregnated with polarized

Fig. 20 The H2 production per straining event predicted as a
function of strain magnitude in the case of bare surfaced
piezoelectric materials. Inset shows the turn-on strain values
depends upon both the ratio of εr,x/dxk and the value of φOp.
The turn-on strain for bare surfaced piezoelectrics is different
from their metal coated counterparts. Shown here, all turn-on
strains were larger than when the piezoelectrics have metal
coatings, but that need not always be the case. At high strain
values, the hydrogen production per unit strain is equivalent to
the scenario where the piezoelectrics have metal coatings
because the valence band states in the materials are taken as
a continuum.
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piezoelectric materials that imbue the objects they coat
with enhanced corrosion resistance properties.
The photo deposition selectivity of precise nanostructures on
speciﬁc ferroelectric domains may have important applications
for device manufacturing if several difﬁculties can be overcome. In practice, an AFM can be used to ‘write’ extremely
small and intricate polarization structures on the surface of a
ferroelectric, and the use of photochemistry triggered by broad
UV exposure opens up the possibility of large area, simultaneous
growth of photodeposited nanostructures across an entire
wafer. However, the AFM writing process is slow, akin to the
slow and expensive process of using electron beams to make
ﬁne-featured photolithography masks. Like in current photolithographic schemas, the ferroelectric polarization ‘masks’
made by AFM will be expensive and viewed as a nonconsumable. Today, photodeposition of nanostructures on written ferroelectric domains proceeds directly on the surface of
the ferroelectric, with no regard to how these structures could
be securely removed and transferred without irreversibly
damaging the expensive ferroelectric mask. A possibility forward is to focus work on developing ﬁlm coatings for the
ferroelectric masks that will be strongly photochemically
inﬂuenced by the ferroelectric domains (such as in Rohrer’s
work with TiO2 ﬁlms) and may also be easily removed as a
sacriﬁcial layer, making transferability of the photochemically
deposited nanostructures possible. Following the nanostructure
transfer step, the process could again be repeated with a new
sacriﬁcial ﬁlm being grown on top of the ferroelectric mask and
the photodeposition step proceeding. Realizing a process like
this means the expensive ferroelectric polarization mask could
be used many times, reducing the cost of using this strategy for
nanoarchitecture growth.

Fig. 21 Energy diagrams describing the electrochemistry and piezocatalysis process. (a) and (b) In the case of a bare piezoelectric,
conduction and valence bands act as the reservoirs for electrons donated or accepted from molecules in solution. The piezoelectric
polarization applies a variable bias across the material, lifting and lowering valence band and conduction band energies. (c) and
(d) Applying electrodes to the piezoelectric simpliﬁes the electron reservoir to that of the metal’s Fermi energy, while maintaining
the piezoelectric potential as the source of bias.

Coupling of piezoelectric effect with electrochemical processes
The use of ferroelectric particles as a single material system
for simultaneously (1) absorbing solar energy, (2) separating
photoexcited electrons and holes to reduce charge recombination, and (3) spatially segregating reaction products and thereby
reducing the probability of back reactions, is a tantalizing
prospect. Additional measures are needed to overcome these
obstacles when using non-ferroelectric material systems, such as
binary phase particles and artiﬁcial membranes to help separate
photoexcited charges and reaction products. Ferroelectric water
photolysis systems still face many challenges, such as large
bandgaps and low activity with respect to water splitting, but a
renewed interest in perovskite light absorbers that has recently
taken to the literature and will no doubt be accompanied by the
creation of novel ferroelectric materials for future photolysis
systems to exploit.
When applying the direct piezoelectric effect as the driving
force for electrochemical reactions on bare piezoelectrics,
whether it be a nanomaterial’s facet or a bulk slab’s polished
surface, the biggest questions that remain pertain to what
exactly is the energetic effect of the piezoelectric ﬁeld on the
surface electronic states and what is the exact nature of the
interaction between electroactive species in solution and the
piezoelectrics’ surface atoms. These systems have promise,
directly leveraging the ubiquity of mechanical energy for use
in energy storage or environmental chemical remediation applications. The presence of metal ﬁlms on the piezoelectric’s
surfaces greatly reduces the complexity of these systems, and
perhaps makes the systems immediately suited for some applications, but these ﬁlms also obscure our ability to observe novel
phenomena in this unexplored ﬁeld. If we don’t know how the
systems work, we cannot intelligently engineer better systems.
Until recently it would be impossible to probe the electronic
nature of the surface of these piezoelectric materials, under
strain, while exposed to various solution chemistry. Developments in the ﬁeld of ambient pressure X-ray photoelectron
spectroscopy (AP-XPS) are beginning to shine light on once
unseen electronical and chemical phenomena occurring in-situ
in fuel cells during their operation. These new AP-XPS techniques can be extended to strained piezoelectric systems, where
the electronic evolution of a piezoelectric surface can be
observed in real-time, during mechanical strain and exposed
to a condensed liquid phase. These results can feedback in the
materials design process, focusing on elemental compositions
that most readily react with desired electroactive species
without going as far as to irreversibly deconstruct the piezoelectrics bonds.

Conclusion
The ability of piezoelectric materials to create an electrical
polarization, either spontaneously (e.g. pyroelectrics and ferroelectrics) or through mechanical deformation (i.e. direct piezoelectric effect), has traditionally been exploited for mechanical
actuators and radar systems where they mediate the conversion
of electrical signals into mechanical signals. As our use of
technology has evolved, we seek novel ways of engineering on
ever-ﬁner scales and require new means of converting the
ubiquitous, renewable energy around us into the electrical and
chemical forms that our technology demands. Piezoelectric
materials have again and again demonstrated their ability to do
more with less by allowing us to tailor the mechanical,
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electrical, and now chemical properties simultaneously within
a single material, for speciﬁc applications. Corrosion management, nanomaterials growth and renewable energy conversation, from both mechanical and solar means to both electrical
and chemical ends, are all ﬁelds that stand to beneﬁt from
further investigation of the novel interactions between piezoelectric materials and their chemical environment.
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