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The last decade has witnessed the emergence of the application of piezoelectric
and ferroelectric materials for catalytic and photocatalytic applications that
harness light, thermal and mechanical energy into chemical reactions. This
article surveys the different concepts of pyro- and piezocatalysis and
differences with respect to ferrocatalysis and switchable catalysis and delves
into the current understanding of the mechanisms underlying piezocatalysis. The
outlook for advancing in the surface science studies required for the design of
new and better catalysts based on polar electromechanically active materials is
discussed in the context of the state of the art experimental studies and potential
future nanoscience developments.
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1 Introduction

Catalysis, a multidisciplinary field by nature covering areas from physics to chemistry
and biology and at the base of the chemical industry, uses catalysts as materials to
intermediate chemical reactions that lead to the final reaction product through lower
energetic pathways. In photogenerated catalysis, the photocatalytic activity of a material
depends on the ability of the catalyst to create electron/hole pairs upon light absorption to
accelerate desired reactions. A primary practical application is based on the discovery of
photocatalytic water splitting by titanium dioxide (TiO2), a process of artificial
photosynthesis that generates hydrogen (and oxygen) from water and light (Fujishima
and Honda, 1972; Man, Su et al., 2011; Zhao and Liu, 2014; Lampimäki, Schreiber et al.,
2015). The problem of photocatalysts is that they must meet restrictive bandgap
requirements, and typically need dopants and/or additional co-catalysts to optimize
their performance. Moreover, heterogeneous catalysis on surfaces is highly selective,
since the catalysts efficiency is limited by the Sabatier principle which balances the
catalytic efficiency against the optimal strength of the adsorbate-surface interaction
(Medford, Vojvodic et al., 2015) and available active sites, and thus its optimization for
each chemical reaction requires a dedicated research effort.

While photocatalysis is a straightforward green methodology to convert light to
chemical energy, there are other possible sources of charge to be exploited to harvest
green energy for catalysis applications. In this regard, electromechanically active oxide
perovskites are emerging as one of the most promising material systems to open new
opportunities in the area of catalysis (Kim, Nguyen et al., 2018; Li, Li et al., 2020; X.-K. Wei,
Domingo et al., 2022). In this class of materials, the polarization is coupled to strain and
temperature fields therefore making it possible to create polarization by means of
mechanical and thermal energy. In this mini review, we will sketch the state of the art
in the understanding of the fundamental mechanisms of ferrocatalytisis, piezocatalysis and
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pyrocatalysis and discuss the current research gaps and potential
future developments in the field.

2 Polarization assisted catalysis

Polarization assisted catalysis is an emerging catalysis field that
embraces the use of pyroelectric, piezoelectric and ferroelectric
materials to harvest light, thermal and mechanical energy into
chemical reactions. These different concepts sketched in Figure 1
have been coined in the last decade to refer to different mechanisms
in which these polar and electromechanical active materials are
observed to enhance catalytic efficiency in different type of redox
reactions. Piezoelectric materials are generally non-
centrosymmetric crystals that can create electrical dipoles as a
response to an applied mechanical stress or deformation, leading
to the emergence of a voltage drop across the material (also called
piezopotential), based on the different charges accumulated on
opposite surfaces. These are electromechanical active materials
that will also deform under applied electric fields due to the
inverse piezoelectric effect. A crystal that poses spontaneous
polarization even under unstrained conditions is defined as a
pyroelectric material, and its electric polarization changes as a
function of temperature. A subclass of pyroelectric materials are
ferroelectrics, exhibiting an spontaneous polarization that can be
reversed upon the application of an electric field giving rise to
ferroelectric hysteresis loops. Both, pyroelectric and ferroelectric
materials are also piezoelectric and thus its polarization can be
modulated by mechanical stress.

2.1 Piezocatalysis and pyrocatalysis

In piezoelectric and pyroelectric materials, the change of its
polar state creates a bound charge on the surfaces with stray electric
fields that need to be compensated to reach stability, a property that
has been exploited to build up piezoelectric nanogenerators by
short-circuiting opposite surfaces (Wang and Song, 2006).
However, when the polar materials are exposed to ambient, the
most relevant screening mechanism is the appearance of surface
adsorbates layers composed by different types of ionic species and
dipolar chemical groups that compensate the surface stray electric

fields. Being a subclass of piezoelectrics, ferroelectric materials are
known to show the highest piezoelectric coefficients and also
spontaneous stray electric fields that need to be compensated to
stabilize the ferroelectric polarization. Thus, similar to
photocatalysis, the thermal or mechanical induced change of
polarization in any pyroelectric or piezoelectric material can be
regarded as a source of potential that can lead to the accumulation of
charge at the surfaces available to accelerate catalytic reactions,
leading to “pyroelectrocatalysis” (Kakekhani and Ismail-Beigi, 2016;
Wu, Mao et al., 2016) and “piezoelectrochemical” effects (Starr and
Wang, 2013; Starr and Wang, 2015; Zhang, Xie et al., 2017; Wu, Qin
et al., 2018; Liang, Yan et al., 2019; Yu, Liu et al., 2019) respectively.
The efficiency of polar materials to implement pyrocatalysis and
piezocatalysis will strongly depend on the balance between the
polarization change (instantaneous upon the change of
temperature and strain), the screening dynamics and the charge
generation rates as compared to the physical chemical features of the
reactions to catalyze.

However, the piezopotentials and pyroelectric potential
differences created by thermal and mechanical changes in
dielectric piezoelectrics cannot supply enough charges for
efficient catalytic processes on their own, so most of the times
practical applications are based on semiconductor piezoelectrics
[and dopped ferroelectric (Dubey, Keat et al., 2022)] materials that
can provide free and photoinduced carriers to enhance the catalytic
reactivity (Mushtaq, Chen et al., 2018). In this case, the internal
generated electric fields, similar to the concept of piezotronics and
piezo-phototronics, are expected to regulate charge carrier transport
behavior and force the free charges to move towards opposite
directions, inhibiting the recombination of photocharge carriers
and enabling more holes and electrons to reach the active sites
on opposite surfaces of the catalysts for the redox reaction.

2.2 Ferrocatalysis and switchable catalysis

Ferroelectric materials are also known as wide band gap
semiconductors and show a permanent internal polarization that
can be rotated through the application of an electric field. This
polarization leads to a discontinuity on the electric fields at their
surface that needs to be screened to ensure their stability (Sergei,
Yunseok et al., 2018). Archetypal ferroelectrics show polarization

FIGURE 1
Illustration of the different concepts of pyrocatalysis, photocatalysis based on ferroelectric materials and piezocatalysis. The right panel illustrates
the selectivity of ferroelectric surfaces to drive oxidation and reduction reactions as a function of the ferroelectric polarization.

Frontiers in Nanotechnology frontiersin.org02

Domingo 10.3389/fnano.2024.1320503

https://www.frontiersin.org/journals/nanotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fnano.2024.1320503


values in the range of P ϵ (10-70) μC·cm−2, leading to stray electric
fields of the order of E = 1·e10 V/m on the surface (~1.1 V at 1 nm
above the surface for p = 10 μC cm−2). The most efficient way to
cancel the electric field is the accumulation of equal amounts of
compensating opposite charges, that would be the charge equivalent
to about 1.5 electrons/nm2 for a ferroelectric material with p =
25 μC cm-2 like BaTiO3 (~2.8V nm−1, enough field for water
splitting). This can be achieved by internal screening mechanisms
such as band bending near the surface to accumulate electrons, holes
or ionic charges as oxygen vacancies, or by the adsorption of external
species. In UHV, the adsorbates are species found in the bulk such as
oxygen anions while in ambient conditions the range of available
species is much wider. Among all the external adsorbates, water
molecules either physisorbed or dissociated play the major role
(Segura, Domingo et al., 2013; Cordero-Edwards, Rodríguez et al.,
2016), since as a polar molecule is sensitive to the stray electric fields
and can dissociate on the surface forming hydroxyls or providing
ionic charges. Other known active species include carbonated
organic molecules, with different carboxylic groups and Si oxides,
or other salts formed from ions contained in the material. So far, the
race towards understanding the interplay between ferroelectricity
and surface electrochemistry still faces crucial unresolved issues,
since at the nanoscale the ferroelectric state is fundamentally
inseparable from the electrochemical state of the surface (Yang,
Morozovska et al., 2017) and determines ferroelectric switching
dynamics (Spasojevic, Verdaguer et al., 2022). This coupling has
strong impact on the application of ferroelectric materials in
nanodevices such as Tunnel Junctions (Lu, Lipatov et al., 2014;
Guo, Wang et al., 2017) since it can create an imprint in the
ferroelectric state (Lee, Kim et al., 2016) or alter associated
fundamental physical properties such as tunnelling
eletroresistance (Gruverman, Wu et al., 2009). On the other
hand, it also opens the door to chemically control the
ferroelectric polarization (Wang, Fong et al., 2009).

Finally, the family of ferroelectric materials has been targeted as
a new generation of exciting heterogeneous catalysts for (electro)
chemical reactions involving OER (Hong, Risch et al., 2015; Hwang,
Rao Reshma et al., 2017; Wei, Rao et al., 2019; Sun, Alonso et al.,
2021; Wang, Adiga et al., 2021; Zhang, Jeerh et al., 2021), and HER
since i) some recent works demonstrate the feasibility to use strain to
tune the electroactive sites in oxide perovskites for applications in
electrocatalysis (Hwang, Feng et al., 2019) and ii) polar materials are
known to show specific electrochemical reactivity of their surfaces as
a function of the ferroelectric polarization, as depicted in the right
panel of Figure 1 (Kalinin, Bonnell et al., 2004; Cordero-Edwards,
Rodríguez et al., 2016; Li, Zhao et al., 2017; Domingo, Gaponenko
et al., 2019; Tian, Wang et al., 2022). Thus, polarization becomes a
switch to control surface chemical activity since the polarization
direction (out of plane vs. in plane) modifies the surface strain and
the polarization sense (or polarity, changing between up or down)
can selectively change the reactions between oxidation and
reduction. In this regard, catalysis based on ferroelectrics
promises a controllable chemical reaction with boosted efficiency
(Wan, Ge et al., 2021). However, the study of catalytic processes on
polar surfaces is challenging, and therefore only a few ab initio and
DFT studies of FE surface chemistry are available (Geneste and
Dkhil, 2009; Rakotovelo, Moussounda et al., 2009; Sanna, Hölscher
et al., 2012; Li, Wang et al., 2014; Tymińska, Wu et al., 2017). A

direct consequence of the tunable surface electrochemistry of polar
materials is the fact that polarization becomes a switch to adjust
surface catalytic properties, thus opening a door to design and
implement catalytic loops enabled by alternating two polarization
states, overcoming the Sabatier principle. These catalytic loops could
drive reactions that are otherwise impossible to achieve using a fixed
substrate. Even though the exploitation of polar materials for
switchable surface chemistry has recently been theoretically
proposed (Kakekhani and Ismail-Beigi, 2015; Kakekhani, Ismail-
Beigi et al., 2016; Efe, Spaldin et al., 2021), there has been no direct
experimental verification. Ferroelectric materials, as a subgroup of
piezoelectric and pyroelectric materials show spontaneous electric
polarization that can be rotated by the application of electric fields
but these requires the use of electrodes on the surfaces. It is
important to note that since polarization is coupled to strain and
temperature fields, it is possible to create polarization by means of
mechanical and thermal energy, but these fields cannot switch
polarisation between two different ferroelectric states as required
for switchable surface chemistry.

2.3 Flexoelectricity to harness
mechanical energy

A completely new approach as a renewable source of electrons is
the mechanical energy obtained from environmental noise or friction
by movement (triboelectricity). In this sense, “piezotronics” has
recently emerged as a promising pragmatic area for low power
consumption devices, and was proposed as a mechanism to
engineer photoelectrochemical (PEC) cells (Yu and Wang, 2018).
It exploits the polarization induced in piezoelectric materials under
applied forces and thus it is limited to the use of non-centrosymmetric
materials. Opposite to this, flexoelectricity is a universal property of
materials whereby they generate a polarization and associated (free
and structural) charge displacement when subjected to an
inhomogeneous deformation such as bending, creating strain
gradients. Moreover, the ubiquitous presence of strain gradients
compels us to include flexoelectric effects in any serious attempt to
understand the fundamental underlying mechanisms behind any
mechanical-to-chemical energy conversion process. Flexoelectric
effects are expected to be favored in ferroelectric materials due to
their high dielectric permittivity, but we have demonstrated that they
can also be surprisingly huge in oxide semiconductors with metal
electrodes (Narvaez, 2016; Narvaez, Vasquez-Sancho et al., 2016),
paving the way to exploit flexoelectricity at the macroscale by the
design of the proper heterostructures and interface engineering. Of
importance, flexoelectricity strongly couples to ferroelectricity leading
to some of themost recent advances in nanoscale ferroelectrics such as
the demonstration of flexoelectricity as an effective field for
ferroelectric polarization switching (Lu, Bark et al., 2012; Bhaskar,
Banerjee et al., 2016).

Recently, there has been a growing interest on the application of
2D and low dimensional materials for catalytic applications due to
its huge surface to volume ratio (Wei, Domingo et al., 2022). While
most of these materials are centrosymmetric, its characteristic
geometry is expected to enable the appearance of huge strain
gradients and eventually significant flexoelectric fields. In this
regard, some recent studies of flexocatalysis in 2D
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centrosymmetric semiconductors already demonstrate the efficiency
of this materials to drive redox reactions under ultrasonic
stimulation (Wu, Liu et al., 2023).

3 Discussion

3.1 Enhanced efficiency of piezo and
ferroelectric materials in catalytic
applications

In the last few years, there has been an explosion of experimental
studies on the enhanced efficiency of piezoelectric and ferroelectric
materials for catalytic applications, mainly in the field of
environmental remediation (e.g., organic pollutant
decontamination) (Liu, Qi et al., 2023), but also for energy
production (Zhang, Xie et al., 2017) from water splitting and CO2

reduction and materials synthesis (selective growth/deposition and
organic synthesis) (Ren, Peng et al., 2023). In all cases, the catalysts are
nanoparticles, nanowires or nanoplates/nanosheets and the catalytic
activity is accelerated by the use of light and sonication, which is
expected to maximize photocatalytic carriers and create polarization
induced internal electric fields (piezopotential changes) within the
material that play a crucial role in charge separation and transport of
free and photo-carriers in these materials. Similar effects are also
observed in dye degradation when the solution is subjected to thermal
cycling in pyrocatalytic applications (Singh, Sharma et al., 2023).
However, while all these experimental works demonstrate the
enhanced catalytic efficiency of such combinations in unison, the
mechanisms behind piezocatalysis are still under debate and there is a
lack of fundamental studies to understand the coupling of induced
bulk electric fields and chemical reactions at the interface. Moreover,
in most of the cases, the mechanism by which sonication induces
piezopotentials in the nanoparticles is speculative and based on
simulations. Finally, there is also a sever lack of knowledge of
distribution of the different redox active sites within the
nanocatalysts, also associated with low understanding of the
ferroelectric domain structure of the nanoparticles and nanosheets.

3.2 Energy band theory vs. screening
charge effect

Considering that piezoelectric and ferroelectric materials under
strain changes transformmechanical energy into a piezopotential, one
can find two distinguishable mechanisms in the literature on the

piezopotential coupling to catalysis (Wang, Han et al., 2022; Meng,
Liu et al., 2023), with its main features summarized in Table 1. The
first one, called the “energy band theory” is inspired by photocatalysis,
and identifies the piezopotential as a gate to initiate the reaction by
adjusting the band structure and controlling the internal charge
carrier flow to the catalyst surface to allow the reaction. In this
case, the catalytical process uses the material internal charges and
the band level determines the catalytic capacity. By contrast, another
mechanism called “screening charge effect” can be considered, which
emphasizes the critical role of the piezopotential on generating
external screening charges in the form of external surface charge
adsorbates from external molecules. In this case, the piezopotential
should exceed the required Gibbs free energy change to trigger a
specific reaction (i.e., reaching the redox potential for the reaction)
(Su, Wang et al., 2021) determining the catalytic activity very similar
to the process of electrolysis. Also, now the charges participating in the
redox reaction are surface adsorbates rather than internal carriers
from the material (i.e., there is no charge transfer through the
interface) (Dubey, Keat et al., 2022). While experimental works
have been able to identify specific chemical compounds
participating the overall chemical pathway of the reaction (by
using specific blocking agents limiting the catalytic performance),
the origin of the involved charge is not yet reasonably explained.
Moreover, in some aspects both theories are contradictory, since in the
second case the dynamic screening behavior is beneficial for
piezocatalyis while the former demonstrates that capacitive current
induced by screening phenomena would lead to adverse effects for
piezocatalysis.

3.3 Ferroelectric structure at the nanoscale

One of the key elements for the understanding of the role of
ferroelectric materials in piezocatalytic and photocatalytic applications
is the ferroelectric domain structure of the nanocatalysts units. The
most simple approach is to consider that the nanostructures are single
crystal domains with a uniform polarization. However, ferroelectric
polarization is extremely sensitive to boundary conditions and size
effects, and the stability of a single domain can be strongly
compromised at the nanoscale in single particles or nanosheets,
where the surface to volume ratio is maximized and the strain
cannot be tunned with a substrate. Moreover, some theoretical
studies of ferroelectric nanoparticle domain configuration predict
the formation of complex topological structures such as hopfions
(Luk’yanchuk, Tikhonov et al., 2020). In this regard, it is important
to take into account the local ferroelectric nanostructure, including the

TABLE 1 Comparison of the piezocatalysis mechanisms.

Energy band theory Screening charge effect

Origin of charges in the catalytic
reaction

Material internal charges External screening charges

Mechanism Mechanical excitation Change of polarization

“Piezopotential” role “Gate” to initiate the reaction by adjusting the band structure and controlling the
internal charge carrier flow

Triggers the specific reaction by exceeding the redox
potential

Catalytic efficiency Catalytic capacity determined by the band level, similar to photocatalysis Catalytic activity determined by piezopotential,
similar to electrolysis
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presence of domain walls and polarization rotation effects,
morphotropic phase boundaries and defects manipulation and
configuration (Meng, Liu et al., 2023). Functional studies of
individual nanoscale entities are scarce and most of the times fall in
the limit of spatial resolution. The most common study is based on
structural spectroscopies or the change of work function between dark
and illumination conditions that points to the appearance of a
piezopotential due to photocharge separation. Beyond that,
piezoelectric force microscopy and ferroelectric switching
spectroscopy measurements are in general doubtful and cannot be
extrapolated to the behavior of a single nanoparticles in the solution.

3.4 The effect of mechanical
stimulation methods

There are several different mechanical stimulation methods
available for catalytic processes, roughly divided into high-frequency
ultrasonication, low-frequency shear force or mechanical bending.
While the efficiency is typically maximized by ultrasonication at
frequencies around 40 kHz, practical implementation of this
methodology at the industrial scale is hindered by its high energy
input. In these cases, the applied sonication frequency can maximize
the piezopotential when it matches the resonance frequency of the
nanostructure (You, Wu et al., 2019).

However, the piezoelectric effect in non-centrosymmetric
crystalline materials is based on the piezoelectric tensor that
correlates the application of a directional strain with the
appearance of an electric field. Ultrasonic vibrations create intense
pressure by the collapse of cavitation bubbles deforming the catalysts
via a periodic external strain. Still, the effect of every single
nanocatalytic unit is divers and there are only theoretical
simulations available on the predicted piezopotential obtained. In
this regard, strain gradients and associated flexoelectric effects cannot
be neglected and should be included in the study of piezocatalysis.

Finally, the sonication processes are also known to accelerate the
chemical reactions by maximizing the interaction time between
reactants (in this case, the external molecules and the
piezocatalysts), so it can have an important role in breaking the
capacitive double layer and preventing the stabilization of screening
charge at the surface of the piezoelectric and ferroelectric materials,
thus enhancing the surface reactivity.

3.5 Research gaps and future challenges

Advances for the control and design of better piezocatalysts
urgently require a deeper understanding of the underlying
mechanism that should take into account the different time scales
of all the processes involved in the two cases. In this regard, while the
formation of piezoelectric potential and photocarriers can be
considered instantaneous, the time constants for the mobility of
internal carriers, the activation of different internal and external
screening mechanisms, the stabilization of capacitive double layers
at the surface of the catalysts and the chemical reaction times should
be carefully balanced. In order to delve into a better knowledge of the
coupling between internal electric fields and surface chemical
reactions it is urgent to develop new characterization tools that

allow fundamental studies of this coupling with nanoscale
resolution, to correlate functional properties with chemical
composition and reaction dynamics. To this end, it is important to
control the ferroelectric state of the surface and isolate and identify the
active sites of reduction and oxidation paths of the reactions and their
local correlation with the polarization, as well as the size effect of the
nanostructures on the ferroelectric and piezoelectric configuration.
Up to now, pollutant decontamination has probably been the
straightforward benchmarking application due to its direct
correlation with reduction and oxidation reactions. However, its
efficiency for market applications for CO2 reduction or water
splitting are still to be demonstrated. Nonetheless, the singular role
of piezoelectric and ferroelectricmaterials in this field is that they open
a new paradigm by coupling the chemical reactions with bulk
materials functional properties and new ways of energy harvesting.
So, while there are evidences of their ability to reduce CO2 and water
splitting, more fundamental research needs to be driven in order to
enhance their efficiency and make it competitive enough. Only with a
better understanding of the associated surface science underlying
piezocatalytic and ferrocatalytic processes it will be possible to
advance in the prediction, design and improvement of
nanomaterials for such applications as well as future advances in
biomedical applications (Chen, Zhu et al., 2023; Wang, Zhang
et al., 2023).
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