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Microplastics

Abstract

Microplastics are persistent solid polymer pollutants, and their pollution of the oceans has
become increasingly severe. However, due to their high chemical inertness and long
degradation period, existing treatment strategies have not been effective in addressing this
problem. In recent years, a large number of researchers have focused on photocatalysis
and photoelectrocatalytic degradation of microplastics; however, there has been very little
research on piezoelectric photocatalysis for microplastic treatment. Therefore, this review
provides an in-depth analysis of the advantages and disadvantages of piezoelectric
photocatalytic technology in this application area, as well as the challenges involved in the
degradation of microplastics. We hope to summarize the existing findings of other
researchers to conduct a comparative analysis of the aspects that require optimization and
improvement in different degradation processes. This paper also explores the structure-
dependent reactivity of various typical plastics, as well as the effects of multiphase
transport and chemical pretreatment on piezoelectric photocatalytic efficiency. Finally, this
review proposes future research directions aimed at establishing a reliable conversion
evaluation system and developing practical piezoelectric photocatalytic platforms for
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microplastic remediation and resource recycling.

INTRODUCTION

Owing to its versatility, low density, chemical stability, and low production costs, plastic has become an
indispensable material in people’s daily lives. Furthermore, its widespread use in packaging, transportation,
medical devices, electronic products, and other industrial sectors has driven the continued growth in global
plastic consumption. But the excessive use and improper disposal of plastics have led to a massive
accumulation of plastic waste in terrestrial and aquatic environments, making the management of
microplastic pollution an urgent priority" ). Under the influence of environmental weathering processes,
such as mechanical abrasion, ultraviolet radiation, thermal oxidation, chemical aging, and biodegradation,
large plastic fragments gradually break down into microplastics and even nanoplastics'*. These plastics,
which are challenging to see with the naked eye, continue to have adverse effects on our physical health.
Microplastics generally refer to plastic particles smaller than 5 millimeters'®. Because of their tiny size, they
are likely to be present in various environments and can easily be transported in a variety of ways.
Microplastics can travel over long distances through rivers, lakes, oceans, sediments, and biological systems,
causing pollution. They may also interact with organic matter, minerals, microorganisms, and other
pollutants, thereby posing long-term risks to aquatic ecosystems and environmental health” "),

Researchers have begun to explore solar-energy-driven methods for microplastic conversion, leading to the
application of photocatalysis. The field of photocatalysis has already achieved some success in removing
organic pollutants"'**. However, the application of photocatalysis to microplastic degradation is more
challenging because they are water-insoluble solid polymers. It is a complex, heterogeneous process in which
both the occurrence of reactions during degradation and the conversion efficiency depend heavily on
whether the free radicals generated by the catalyst can effectively break down the polymer’s surface and
interior in solution. Common microplastics (such as polyethylene and polypropylene) have chemically inert
C-C main chains and strong C-H bonds. Their hydrophobic surfaces further limit contact with
photocatalysts and reactive species in the water, making activation and transformation difficult under mild
conditions"*. When light strikes the surface of a semiconductor material, it will generate electron and hole
pairs which can produce -OH and -O,"*'”. These reactive oxygen species can oxidize and break the C-H and

C-C bonds on the surface of microplastics. Therefore, photocatalysis is regarded as a highly valuable method
for the sustainable conversion and recycling of microplastics"*'*.. However, it still faces challenges in several
aspects of microplastic degradation. First, during the photocatalytic process, photo-generated electrons and
holes often recombine rapidly. Second, widely used catalysts such as TiO, have limited light absorption’.
These inherent limitations drive research to find a strategy to overcome both charge separation and

interfacial reactions in microplastic degradation.

Since then, piezo-photocatalysis has emerged as a new approach for environmental remediation by
combining piezocatalysis with photocatalysis®’. In simple terms, piezo-photocatalysis involves using the
polarized electric field generated within a piezoelectric material by mechanical stimuli, under the combined
action of light and mechanical stimulation to promote the separation of photo-generated electrons and holes.
At the same time, mechanical effects such as ultrasound, vibration, and fluid flow can improve catalyst
dispersion, thereby theoretically increasing the contact area between the catalyst and microplastics to
enhance degradation efficiency. However, the mechanism of piezocatalysis remains under debate.
Specifically, the main proposed mechanisms include energy-band theory and the screening-charge effect.
At this stage, it is very important to reveal how piezocatalysis truly enhances the photocatalytic process in
applications. The coupling between piezocatalysis and photocatalysis should not be regarded as simply two
superimposed independent processes. In this process, the mechanically generated piezopotential can
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Figure 1. Conceptual illustration of future piezo-photocatalytic microplastic degradation and chemical upcycling in the marine
environment.

modulate the local band bending of catalysts, thereby guiding the migration of electrons and holes®*. To
date, piezoelectric photocatalysis has achieved some success in environmental treatment. It has also
demonstrated, to a certain extent, that the piezo-photocatalytic synergy is more effective than piezoelectric
catalysis or photocatalysis alone”>'". However, there is still relatively little research on piezoelectric
photocatalysis in the field of microplastic treatment. Microplastics cannot be dissolved in water; on the
contrary, they have relatively large sizes and complex surface properties, which make them very difficult for
catalysts to capture in an aqueous solution. Those conditions significantly reduce the effectiveness of the
catalytic process. Furthermore, when evaluating the degradation of microplastics, relying only on the
fragmentation of plastic particles, the roughening of their surfaces, or the observation of the introduced
functional groups on the surface is insufficient to prove that microplastics have been completely degraded.
More rigorous evidence of degradation should specifically include substantial breakage of long polymer
chains, a significant decrease in molecular weight, the final degree of mineralization, the conversion of
carbon, and toxicity assessments of degradation products”””. Therefore, the evaluation standards for
degrading microplastics should be clarified in a more systematic and comprehensive way. The relevant
details will be discussed later in this review.

Ideally, in the future it would be possible to use a combination of tidal energy and solar energy in a seawater
environment to enable a piezo-photocatalyst to directly degrade microplastics in seawater. The reaction
products could then be collected and reprocessed into plastic products, or the hydrogen generated during the
reaction could be stored and directly supplied for everyday use. Finally, the system would continue to treat
pollutants in seawater, thereby achieving a resource cycle. Figure 1 schematically illustrates the overall
degradation cycle. However, the practical realization of such a system remains challenging. Currently, most
studies still use ultrasonic equipment. However, real-world seawater environments are more complex and
pose a greater challenge to the lifespan and stability of catalysts"***°.
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Table 1. Structure-dependent reactivity, representative degradation pathways, and major challenges of common microplastics

. . Key structural Typical initial attack Representative degradation = Major challenge for
Microplastic ... . . Ref.
characteristics / cleavage pathway / products catalytic conversion
Saturated C-C
backbone; mainly . Alkyl radical — peroxyl radical — HydropAhobluty a_md -
secondary C-H bonds;  H abstraction from the . . crystalline domains limit
PE ; hydroperoxide — carbonyl species [39,40]
no readily hydrolysable  C-H backbone 3 C-C chain scission catalyst-polymer contact
groups; hydrophobic and ROS accessibility
and semicrystalline
Saturated C-C L
backbone with pendant . Carbon-centered radical — HydropAhf‘)b|C|ty "f”d
-CH, groups and Preferential H peroxyl/hydroperoxide — alkoxy crystallinity restrict
PP 3 R abstraction at tertiary C- X . interfacial ROS attack [39,41]
tertiary C-H sites; ) radical — B-scission; alcohols,
. H sites ) and subsequent deep
hydrophobic and ketones and acids can form i
. ; oxidation
semicrystalline
Benzyl-type radicals — Aromatic intermediates
C-C backbone bearing H abstraction / oxidation gxygenatgd aromatic may per5|s:t; mass loss or
PS phenyl groups and at benzvlic positions intermediates; benzaldehyde, surface oxidation does [39,42,43]
benzylic C-H sites yliep acetophenone, benzoic acid and not demonstrate
related products complete mineralization
Aromatic polvester Ester cleavage — oligomers, Crystalline regions
containin pesiler Ester-bond hydrolysis terephthalic acid (TPA) and restrict penetration of
PET R g and/or oxidative attack  ethylene glycol (EG); soluble water/reactive species; [44,45]
linkages; generally ) ) ; . !
A . on accessible segments  intermediates can undergo further  aromatic segments resist
semicrystalline o o
oxidation further oxidation
Chlorinated
C-C backbone N C-Cl cleavage or HCl elimination intermediates and
containing C-Cl bonds Dehydrochlorination / — unsaturated/polyene-like chlorine release
PVC dechlorination followed [46,47]

and high chlorine
content

by backbone oxidation

structures — further oxidation and
chain scission

introduce additional
toxicity and require
chlorine-fate analysis

PE: Polyethylene; PP: polypropylene; PS: polystyrene; PET: polyethylene terephthalate; PVC: polyvinyl chloride.

STRUCTURAL CHARACTERISTICS AND DEGRADATION CHALLENGES OF MICROPLASTICS

Types and structure-dependent reactivity of microplastics

Currently, polyethylene (PE), polypropylene (PP), polystyrene (PS), polyvinyl chloride (PVC), and
polyethylene terephthalate (PET) are among the most frequently detected types of microplastics in the
natural environment””. Because the different chemical structures of common microplastics determine their
distinct preferred reaction sites and oxidation pathways, there is no single reaction pathway for microplastic
degradation that applies to all polymers. The rate at which they age in the environment and the difficulty of
their degradation are primarily determined by the chemical structure of their polymer main chains.
Specifically, PE, PP, PS, and PVC are all typical carbon-chain polymers, and their backbones are composed
of relatively stable C-C bonds. Therefore, their catalytic activity typically depends on the oxidation state of
the C-H/C-C bonds on their surfaces. In contrast, because PET contains ester bonds in its structure, it is
easier for hydrolysis reactions to cause chain breakage and degradation in an aqueous environment”®. The
characteristics of these common microplastics are summarized in Table 1.

Polyethylene (PE) and polypropylene (PP) are typical polyolefin microplastics; their backbones consist
primarily of stable C-C and C-H bonds, and their structures lack functional groups. Therefore, before
catalyzing the degradation of such microplastics, chemical treatment can be used to increase the number of
oxygen-containing functional groups on their surfaces, thereby improving their surface wettability in
aqueous solutions. Furthermore, because polyethylene and polypropylene are typically highly hydrophobic,
they cannot come into extensive contact with the aqueous solution or the catalyst, which significantly
reduces the degradation efficiency. Therefore, the strategy in degrading PP and PE mainly relies on
oxidation-induced chain scission?****’!. For PE, C-H abstraction typically involves oxidation to form
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carbon-centered radicals, followed by reaction with O, to form peroxyl radicals and hydroperoxides, which
ultimately lead to the formation of carbonyl-containing products and the cleavage of C-C bonds"***".. Unlike
polyethylene, PP contains tertiary C-H sites with the methyl-substituted backbone in its structure. These sites
are generally more prone to hydrogen abstraction. The resulting carbon-centered radicals can subsequently
undergo peroxide formation and alkoxy radical formation, which may ultimately lead to the formation of
ketones and alcohols™*"*>**). However, the extent of degradation is still influenced by the stability of the
crystalline regions and the number of surface reactive sites. Since PS contains aromatic phenyl side chains, its
catalytic or oxidative transformation often results in the formation of certain aromatic oxygen-containing
compounds, such as benzaldehyde and benzoic acid"*>**. Therefore, the degradation of PS cannot be assessed
solely based on mass loss or surface oxidation; it also requires analysis of the intermediates formed during
the catalytic process. The PET main chain contains both hydrolyzable ester bonds and aromatic structures.
The ester bonds can be hydrolyzed through simple chemical treatment or enzyme-catalyzed hydrolysis;
however, the highly ordered crystalline regions inhibit the penetration of water and catalytic sites into the
polymer interior to facilitate the reaction, thereby reducing the efficiency of microplastic degradation'*. In
the case of PVC, the presence of C-Cl bonds makes its degradation process more complex; therefore, when
evaluating the degradation of PVC, attention must be paid to its dechlorination efficiency and the toxicity of
its byproducts'***”..

Pretreatment effects

Because of their properties, microplastics are typically insoluble or poorly dispersed in water. Therefore,
different chemical pretreatment methods may be used to modify microplastics'®*’. Among the polymers,
polyethylene and polypropylene both have poor wettability, which reduces the contact area between the
polymer surface and catalyst. As a result, the oxidation reaction occurs primarily on the exposed surface and
has difficulty propagating into the polymer. Previous studies on the photocatalytic degradation of
polyethylene-based microplastics have shown that degradation efficiency is closely related to the particle size
and morphology of the microplastics, as well as the degree of contact between the photocatalyst and the
polymer particles”™. Crystallinity is also one of the key factors. Amorphous regions typically exhibit higher
chain mobility and better reactant accessibility, which make these regions more sensitive to the reactive
species. This means that even polymers of the same type may exhibit significantly different degradation
kinetics depending on their crystallinity!®..

At this stage, chemical pretreatment becomes particularly important. It is primarily used to effectively
separate microplastics from complex matrices prior to the analysis of environmental samples, or to improve
the surface wettability of microplastics and enhance their reactivity prior to catalytic reforming. Although
these two applications serve different purposes, they may both alter the initial physical and chemical
properties of the polymer.

In fact, the actual effectiveness of chemical pretreatment mainly depends on the type of polymer and the
treatment conditions. Previous comparative studies on PE, PS, PET, and PP have shown that H SO, causes
dramatic changes in the surface morphology and functional groups of these materials. In contrast, HCI,
H,0,, KOH, and NaOH only have relatively limited effects on most plastics*. However, high temperature
and pressure can also cause chemical changes in polymers. Some researchers have found that oxygen-
containing functional groups appear on the surface of PP after hydrothermal treatment"”. Others have also
used ozone to subject microplastics to intense oxidation. The results show that this process successfully
introduces a great variety of oxygen-containing functional groups, and leads to physical cracking on the
plastic surface"”®. However, since some chemical pretreatment methods themselves can cause oxidation and
partial degradation of the plastic, researchers must distinguish the chemical changes resulting from
pretreatment separately or from the photocatalytic process. Therefore, a blank control experiment that
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includes only the pretreatment steps is necessary.

In addition, while pristine microplastics are commonly used in laboratory studies, microplastics in real-
world environments have typically undergone varying degrees of photoaging, thermal oxidation, mechanical
abrasion, and biological colonization. Environmental aging alters the oxygen-containing functional groups,
roughness, surface charge, wettability, and crystallinity of polymer surfaces. Oxidation and surface cracking
may enhance the contact between active species and microplastics in water; therefore, the catalytic behavior
of pristine and aged microplastics cannot be simply equated, and the aging state of the microplastics should
be clearly reported when comparing degradation performance across different studies™ . In summary, the
ultimate goal of pretreatment should be to lay the groundwork for improving subsequent catalytic efficiency;
therefore, when designing catalysts and studying surface reaction mechanisms, it is important to compare the
catalysts’ degradation performance on microplastics that have undergone pretreatment under different
conditions, as well as the selectivity of the products.

PHOTOCATALYTIC MICROPLASTIC DEGRADATION AND THE RATIONALE FOR

PIEZOELECTRIC ENHANCEMENT

Piezo-photocatalysis: fundamental distinction and evidence of enhancement

The photocatalytic conversion of microplastics relies on the absorption of incident light by semiconductors.
When light strikes the surface of the catalyst, electrons in the valence band are excited to the conduction
band, thereby forming electron-hole pairs. These conduction-band electrons can participate in reduction
reactions, while the holes can participate in the oxidation process of microplastics"”'**>**. However, because
photocatalysts are prone to electron-hole recombination, and microplastics possess the characteristics
described in Section STRUCTURAL CHARACTERISTICS AND DEGRADATION CHALLENGES OF
MICROPLASTICS, this process affects the conversion of charge carriers into active species. Therefore,
simply modulating the electronic structure will not result in higher conversion efficiency for microplastics.
Therefore, the piezoelectric effect is introduced to fix the direction of electron migration in the photocatalytic
process. A piezocatalyst undergoes lattice deformation when stimulated by mechanical stresses such as
ultrasonic waves. Piezo-photocatalysis, however, does not involve the superposition of the two catalytic
processes; rather, it regulates carrier migration through piezoelectric polarization and piezoelectric potential
generated by mechanical deformation. The principle is illustrated in Figure 2"2>*. When compared with
other advanced oxidation processes, piezo-photocatalysis can utilize mechanically induced polarization to
regulate the separation of photogenerated charges, thereby enabling interfacial redox reactions. However,
other AOPs, such as ozone oxidation, photocatalytic Fenton oxidation, and electrochemical oxidation,
require the generation of reactive species through chemical oxidants, ozone, electrochemical pathways, or the
Fenton reaction, whereas piezoelectric photocatalysis operates without the need for additional oxidants!*>*..
However, the external mechanical energy required for piezoelectric catalysis may partially offset the energy
efficiency. Therefore, when reporting a comparison between piezo-photocatalysis and other AOP
technologies, chemical inputs and total energy consumption should also be considered!*”’. Therefore, the
advantage of piezo-photocatalysis over conventional photocatalysis should not be limited to the additional
utilization of mechanical energy, but rather to the dynamic regulation of redox chemistry and interfacial
charge transfer at the reaction surface. Furthermore, to demonstrate that piezo-photocatalysis does indeed
enhance the degradation efficiency of microplastics, it is not sufficient to merely compare the reaction rates
under the three conditions of photocatalysis, piezocatalysis, and piezo-photocatalysis. To further compare
the conventional heterogeneous photocatalysis, piezocatalysis and piezo-photocatalysis, we established Table
2 to clarify the advantages and limitations. The next section will further discuss how piezoelectric
polarization modulates local potentials and the migration of photo-generated charge carriers, as well as how
these effects should be verified at the mechanistic level.
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Figure 2. Working principle of piezo-photocatalysis. PFM: Piezoresponse force microscopy; KPFM: Kelvin probe force microscopy; EPR:
electron paramagnetic resonance; ROS: reactive oxygen species; CB: conduction band; VB: valence band; d,;: longitudinal piezoelectric
coefficient; GPC: gel permeation chromatography.

Mechanistic regulation of photocarrier dynamics by piezoelectric polarization

Current research has shown that piezoelectric enhancement works by modulating the charge-transfer barrier
and the built-in electric field, which can alter the charge migration direction and utilization efficiency of
photogenerated carriers. In the chemically bonded BaTiO,@ReS, Schottky heterojunction system developed
by Liu et al., the Schottky junction between ReS, and BaTiO, provides an interfacial channel for electron
transfer, while the mechanically induced BaTiO, polarization field further lowers the Schottky barrier'®. The
electrons can then transfer more easily toward ReS,, thereby enhancing O, activation and -O, formation. The
piezo-photocatalytic apparent rate constant reported in this research reached 0.133 min, which is 16.6 and
2.44 times that of piezocatalysis and photocatalysis'*’!. Li et al. found that the surface potential of a
Bi,0,(OH)NO,/BiOI type-II heterojunction is approximately 1.6 times that of Bi,0,(OH)NO, alone””.. They
demonstrated that piezoelectric polarization and the heterojunction-induced electric field can synergistically
enhance charge separation efficiency. In the most recent research work, Niu et al. used piezoresponse force
microscopy (PEM), Kelvin probe force microscopy (KPEM), and density functional theory (DFT) to further
elaborate on this mechanism in a ZnO/N-CuO S-scheme heterojunction”". Under simultaneous light
irradiation and ultrasound, this system achieved 98.3% cefotaxime removal. However, compared to the
ultimate degradation efficiency, the experiments indicate that the key to heterojunction piezo-photocatalysis
does not lie simply in the simultaneous presence of a built-in field. They mainly consider whether
mechanically induced polarization can enhance the favorable interfacial potential gradient under actual
operating conditions and then ultimately drive the directional migration of charge carriers'”". Jing et al.
recognized that it is still insufficient to infer the piezoelectric contribution based solely on steady-state
photoluminescence (PL) quenching or photocurrent enhancement; therefore, in addition to the
BiVO,/BiFeO, n-p heterojunction, they also analyzed the electron diffusion coefficient, diffusion length, and
electron lifetime'””). The coupled reaction rate of this system reached 6.12 and 4.36 times that of
photocatalysis and piezocatalysis™.
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Table 2. Comparison of conventional heterogeneous photocatalysis, piezocatalysis, and piezo-photocatalysis for plastic conversion

Conventional

Comparison . . . .
as e':t heterogeneous Piezocatalysis Piezo-photocatalysis Ref.
P photocatalysis
Primary energy Light Mechanical stimulation Light + mechanical stimulation [16,21,22,24]

input

Fundamental
charge process

Advantages

Limitations

Representative
plastic
performance

Direct
microplastic
evidence

How
mineralization
should be
interpreted

Minimum
comparison
needed

Photoexcitation generates e
/h* pairs

Can directly use solar photons
and does not require a
mechanical-energy input

Carrier recombination, limited
spectral utilization for some
photocatalysts, and poor
interfacial accessibility
between catalyst and polymer

PS nanoplastics: 10.1%
mineralization after 15 h
under photocatalysis

Direct MP photocatalysis is
comparatively well
established for PE/PP/HDPE
and other polymers, although
reported endpoints vary
across studies

Mass loss, particle-size
reduction, or surface
oxidation alone cannot
establish complete
mineralization

Report light spectrum or
intensity, catalyst loading,
polymer properties, and
conversion endpoint

(ultrasound, vibration, flow)

Mechanical deformation
induces piezopotential that
can participate in redox
reactions

Can use mechanical energy
and drive redox chemistry
without photoexcitation in
suitable piezoelectric systems

Strongly depends on effective
stress transfer and charge
screening, ultrasound can
also cause cavitation and
physical fragmentation that
are not piezoelectric effects

PS nanoplastics: 11.5%
mineralization after 15 h
under piezocatalysis

Direct MP piezocatalytic
studies remain limited and
are mainly useful for isolating
the contribution of
mechanical polarization

The same criterion applies;
mechanical fragmentation
must be separated from
chemical conversion

Report mechanical mode,
frequency power and verify a
measurable piezoelectric
response; include catalyst-
free controls where
appropriate

Photocarriers are generated by light, while
mechanically induced polarization
dynamically modulates local potential

Apply polarization field to a photocatalysis
can enhance charge separation and alter
surface redox chemistry

Requires additional mechanical energy to
separate true piezoelectric enhancement
from cavitation effects, mechanical
durability and reactor design also become
important

The same PS-nanoplastic system: 46.6%
mineralization after 15 h under coupled
piezo-photocatalysis, exceeding the sum
of the two individual processes

Direct MP evidence is still scarce. Fe,.
S/FeMo0,/MoS, achieved 58.46% PS-
MP mass loss after 30 h and linked charge
regulation to H,0,/self-Fenton chemistry
and identified oxidation products

A higher coupled “degradation” or
conversion percentage should not be
interpreted as complete mineralization
unless polymer-derived carbon is
quantitatively traced to inorganic carbon

At minimum, compare light-only,
mechanical-only, and light + mechanical
conditions; mechanistic attribution should
link polarization - potential change -
carrier regulation - ROS - polymer
conversion

[16,19,21,22,24]

[21,22,24]

[16,20-22,24]

[68]

[17-20,36]

[68]

[21,22,24,68]

PS: Polystyrene; MP: microplastic; PE: polyethylene; PP: polypropylene; HDPE: high-density polyethylene.

On the other hand, some researchers have also found that the piezoelectric response does not simply have a

linear effect on catalytic efficiency. BaTiO, samples of different sizes exhibit different properties. A higher

piezoelectric amplitude did not result in a higher reactivity. Furthermore, the authors found that the

photocurrent response of small BaTiO, platelets was 2.89 times that of larger samples, a phenomenon

primarily attributed to switchable surface screening charges'”. This result indicates that the key factor

determining the actual catalytic enhancement is the catalyst’s ability to maintain effective surface charges for

interfacial exchange under dynamic mechanical stimulation. This work also explains why the mechanism of

piezocatalysis remains controversial. In short, Wang et al. summarized the main explanations as energy-band

theory and the screening-charge effect'””’. The former emphasizes the role of the piezopotential in

modulating semiconductor band bending and carrier migration, while the latter mainly discusses the role of

polarization-induced surface charges and screening charges in interfacial redox processes. More recent

articles have further pointed out that, in addition to the two models mentioned above, the displacement-

current mechanism based on the nanogenerator principle has also been used to explain some piezocatalytic

phenomena; therefore, studies of the mechanisms underlying these reactions should integrate evidence from

pressure-dependent spectroscopy, KPEM, chronoamperometry, and in situ electron paramagnetic resonance
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(EPR)/Fourier-transform infrared spectroscopy (FTIR)".

Piezoelectric contribution and its relevance to microplastic conversion

To verify the piezoelectric contribution to catalysis, researchers should establish a chain of evidence that can
demonstrate the material’s piezoelectric response contributes to the final chemical transformation. PEM and
piezoelectric coefficients can confirm whether a material exhibits a measurable electromechanical response.
However, those results cannot prove that piezoelectric polarization plays a role in the catalysis. Further
stress-dependent KPFM is needed to determine whether mechanical deformation produces exploitable local
potential changes. Based on this, photocurrent, electrochemical impedance spectroscopy, PL/ time-resolved
photoluminescence (TRPL), and transient spectroscopic techniques can be used to determine whether
mechanical stimulation alters the lifetime of photo-generated carriers and the charge separation process.
However, further mechanistic validation should be extended to interfacial redox chemistry on the surface
between the catalyst and plastics. Then, EPR/ electron spin resonance (ESR), reactive oxygen species (ROS)-
selective probes, and radical scavenging experiments can be used to determine whether piezoelectric
polarization further alters ROS generation. Therefore, a comprehensive degradation mechanism should
establish a continuous relationship among the piezoelectric response, surface-potential modulation,
photocarrier regulation, reactive-species evolution, and substrate conversion. At the same time, control
experiments are also essential for identifying the contribution of piezoelectricity. At least three experimental
conditions should be established, including light irradiation alone, mechanical stimulation alone, and the
simultaneous application of light irradiation and mechanical stimulation. If ultrasound is used, a catalyst-free
control under simultaneous light irradiation and ultrasound should also be included to evaluate the direct
contribution of these external stimuli. Wu et al. compared non-piezoelectric Bi,Fe,O, with piezoelectric
BiFeO, and Bi ,(Bi,.Fe, ,)O,, . in a PET-MP piezocatalytic/Fenton-like system and evaluated the entire

degradation process by analyzing the piezoelectric contribution!’.

The SnO,/g-C N,/ poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) system was reported by
Fazli et al. In this study, the researchers compared the effects of photocatalysis, piezocatalysis, and combined
piezo-photocatalysis on PS nanoplastics and demonstrated the existence of a coupling effect'®. Furthermore,
this system immobilized SnO,/g-C,N, on a piezoelectric PVDF-HFP nanofiber mat, thereby reducing
excessive dispersion of the catalyst in water under mechanical agitation'”. We summarize the significance of
piezoelectric enhancement for understanding the mechanisms of microplastic transformation in existing
studies in Table 3.

The mechanistic evidence listed in Table 3 summarizes two types of evidence. Mechanistic analog studies
elucidate the mechanism and viability of piezo-photocatalysis in pollutant degradation, whereas a direct
plastic evidence section includes three studies directly involving plastic substrates. Since the literature on the
piezo-photocatalytic degradation of microplastics remains very limited, these studies are included to provide
mechanistic context for understanding the detailed mechanism in polymer conversion. Lu et al. developed a
Fe, S/FeMoO,/MoS, hetero-interpenetrated catalyst and established a mechanistic framework connecting
interfacial charge regulation, oxidant generation, ROS chemistry, and polymer conversion products, thereby
providing relatively comprehensive mechanistic evidence specific to microplastics'**. Recent studies have
also found that piezoelectric enhancement may alter the selectivity of ROS. Li et al. used Fe-doped carbon
nanotubes to modulate the ZnO/carbon nitride heterojunction, making 'O, the dominant ROS during the
peroxymonosulfate (PMS) activation process, with a yield of 67.71 pmol L. Approximately 700 mg of
high-density polyethylene (HDPE) microplastics (MPs) were used, resulting in a weight loss of
approximately 39.2 wt.% and the formation of intermediates such as carboxylic acids; however, this process
did not achieve complete mineralization”. Therefore, establishing a chain of evidence for degradation is
crucial. It can provide a foundation for the subsequent development of reliable microplastic degradation
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Table 3. Representative experimental evidence for piezoelectric enhancement of photocatalytic processes and its relevance to

microplastic conversion
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ROS: Reactive oxygen species; MP: microplastic; PFM: piezoresponse force microscopy; COMSOL: COMSOL Multiphysics; BON: Bi,O,(OH)NO,;
EPR: electron paramagnetic resonance; DFT: density functional theory; KPFM: Kelvin probe force microscopy; PVDF-HFP: poly(vinylidene fluoride-
co-hexafluoropropylene); PS: polystyrene; TOC: total organic carbon; XPS: X-ray photoelectron spectroscopy; NTA: nanoparticle tracking analysis;
LC-MS: liquid chromatography—mass spectrometry; DCN-Cg: two-dimensional graphene/g-C,N, in-plane hybrid heterostructure; PMS:

peroxymonosulfate.

criteria and mechanism-guided catalyst design.

Mechanism-guided principles of designing piezo-photocatalyst for microplastic conversion

From the perspective of materials design, the current optimization of piezo-photocatalysts primarily focuses

on defect engineering, heterojunction construction, and morphology/interface regulation. However, when it

comes to microplastic conversion, simply increasing the bulk charge-separation efficiency is not enough.

Material design for microplastics must address two issues simultaneously: first, how to maintain high
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piezo-photocatalytic activity through structural design; and second, how to concentrate active species at the
interface between the catalyst and the microplastic. Defect engineering does not simply increase the number
of surface active sites. For example, Yuan et al. successfully controlled oxygen vacancies (O,) in BaTiO,"”..
They found that an appropriate amount of O can enhance local polarization while forming Ti**-related
sites”””. However, performance did not improve as the number of defects was further increased. To achieve
the best performance, researchers must find the balance between the number of defects and the degree of
polarization. Defective BaTiO, _in seawater also proves that defect-induced structural distortion can stabilize
piezoelectrically active tetragonal domains. However, the activity in natural seawater is significantly lower
than that in deionized water, indicating that the actual performance of defect-regulated materials is still
influenced by the electrolyte environment. Therefore, when using microplastics, care should be taken to
avoid excessive defects that could lead to carrier recombination. Point defects play a multifaceted regulatory
role in heterojunction band alignment, interfacial charge transfer, and adsorption™.

The advantage of the heterojunction structure is its ability to simultaneously control both the migration of
charge carriers and the generation of surface-active species. Recent advances in conventional photocatalysis
have further demonstrated that S-scheme heterojunction construction can effectively regulate directional
charge transfer while preserving strong redox capability”*". Future heterojunction designs should focus on
how heterojunctions contribute to microplastic oxidation. It is important to ensure that electrons and holes
are transported separately to surface sites, which can actually activate O, or oxidize polymers, rather than
simply pursuing lower PL intensity. Zhao et al. constructed a hierarchical porous TiO, layer and adjusted the
interface from plastophobic to plastophilic’®?. The results showed that optimal performance was achieved
under semi-wet conditions at the interface between the plastic and the catalyst. This system achieved a
mineralization rate of 5.63 mmol g h™ for LDPE and a conversion of 26.3% after 20 h'®\. Strong hydrophobic
adsorption capacity does not equate to the interfacial affinity for plastics. If the catalyst surface is excessively
hydrophobic toward microplastics, it may limit the transport of H,O and O,. Therefore, the equilibrium at
the interface between the polymer and the oxide needs to be optimized. This interface requirement implies
that future material designs should incorporate greater polymer specificity. Due to the varying characteristics
of different microplastics, designs should be based on the surface chemistry of the target microplastics, and
further investigation should be conducted to determine whether this approach truly enhances the efficiency
of the oxidation process. Based on this understanding, two-dimensional materials - which have large
dimensions, relatively short electron transport paths, and tunable surface chemistry - can theoretically serve
as both a contact platform for microplastics and an electron transfer layer. This allows for the dispersion of
additional piezoelectric domains or active sites on the surface of 2D materials. Nowadays, carbon-based
materials have been developed that incorporate a hierarchical carbon nitride-supported single-atom Fe
catalyst capable of stabilizing Fe-N; sites, enabling the conversion of various practical plastic substrates and
stable operation over six consecutive cycles'®. However, there is currently insufficient evidence to prove that
2D-0D morphology is inherently superior to other common, high-performance material designs; therefore,
this paper presents it as a structure worthy of systematic comparison. In direct water treatment, if large
amounts of nanoscale catalysts are freely dispersed in water, this is likely to cause secondary pollution,
thereby negating the environmental benefits of the process. Fazli et al. used a SnO,/g-C,N,/PVDF-HFP
nanofiber mat to immobilize the photocatalytic components on a flexible piezoelectric substrate to prevent
catalyst dispersion'®®. Confining both the capture of microplastics and their subsequent degradation to a
single interface can significantly reduce the use of nanoparticle catalysts, which is proved by the application
of immobilized photocatalytic membrane reactors in conventional MP treatment. This approach will provide
a basis for the direct application in rivers or seawater®. Therefore, rather than simply studying catalysts with
smaller particle sizes, it may be more practical in the future to focus on fibrous mats, flexible films, and
supported porous layers - structures that are not only easier to recover but also more readily stimulated by
mechanical forces.
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EVIDENCE CRITERIA FOR MICROPLASTIC CONVERSION

For microplastic conversion, the term degradation is often used to describe entirely different processes.
Fragmentation, surface oxidation, mineralization, and resource recovery can all be described as degradation.
These results cannot be directly evaluated in terms of degradation rate. Fragmentation refers only to the
conversion of plastic particles into smaller particles through catalysis; surface oxidation indicates a chemical
change on the surface of microplastics, but polymer-chain scission can only be demonstrated when there is a
significant change in the main-chain structure; Mineralization requires that the carbon in the polymer
ultimately be converted into inorganic carbon. Upcycling primarily focuses on the yield and selectivity of the
products. Some researchers have shown that non-selective polymer oxidation and selective conversion are
distinct objectives, and therefore their final evaluations will also differ®). Therefore, the changes observed in
mass loss, particle-size reduction, surface roughening, and FTIR/Raman measurements can only be
considered preliminary evidence. When Meides et al. studied on PS weathering, they found that surface
oxidation and ultimate structural failure occur at different stages, which indicated that surface damage is not
synonymous with degradation®’. And when significant cracks appeared on the surface of PP-MPs, the
extensive fragmentation did not necessarily occur. Only a portion of the dissolved organic carbon could be
attributed to carbon lost from the polymer!”. This issue is even more significant when mechanical
stimulation is introduced in the system because ultrasound itself can cause physical changes in microplastics.
Therefore, the absence of observable chemical changes should not be directly regarded as evidence of
degradation™. The assessment system should track the migration of polymer carbon in solids, in liquids, and
in the air. During photodegradation, polymers simultaneously release dissolved organic carbon and form
colloids'®!. The degradation of microplastics into soluble organic compounds does not follow a single
pathway. Chain scission, oxidation, and recombination reactions may occur simultaneously in the whole
process"®. Therefore, dissolved organic carbon (DOC)/total organic carbon (TOC) should be used in
conjunction with techniques such as gas chromatography-mass spectrometry (GC-MS), liquid
chromatography-mass spectrometry (LC-MS)/high-resolution mass spectrometry (HRMS), and nuclear
magnetic resonance (NMR) to distinguish between the two distinct processes, which are the transfer of
carbon from the solid phase to the liquid phase and further chemical transformation of carbon. The
molecular weight analysis is an important indicator of degradation in polymers. For soluble polymers, chain
scission should be analyzed by comparing the Mn and Mw values before and after the reaction using size-
exclusion chromatography (SEC)/gel permeation chromatography (GPC). It is important to note that solely
considering molecular weight cannot be used to make a determination, and molecular-weight data should
not be interpreted in isolation either, since cross-linking may also occur during the degradation process.
Actual carbon recovery cannot be determined solely by comparing the carbon mass before and after the
reaction; instead, the carbon mass before the reaction must be compared to the final target products resulting
from the degradation®*'!. And a decrease in liquid TOC does not fully correspond to the degree of
mineralization. This is because some of the carbon may be released into the air as CO,, or it may be adsorbed
onto the surface of the catalyst and converted into volatile organic compounds, among other things. A large
number of blank experiments must be conducted to analyze the actual mineralization of the polymer!*?..
Overall, when discussing the degradation efficiency in the paper, it is important to clarify the context such as
whether it refers to mineralization, the amount of target product produced, or the reduction in solid mass,
among other factors. A single degradation percentage should not be used without qualification. For enabling
quantitative comparison across different studies, the specific performance metrics should be reported.

Therefore, the conversion rate can be expressed as y,,, = Am,,, / m_,t with a unit of mg,,, g, ' h™ for the

cat
polymer mass conversion. For mineralization, the unit should be mmol. g ' h", which depends on what
kind of carbon-based rate researchers aim to describe. Then we establish an evidence hierarchy and
standardized reporting framework for microplastic conversion, as summarized in Figure 3, to improve the
comparability of research results.
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Figure 3. Evidence hierarchy and standardized reporting framework for microplastic conversion. MP: Microplastic; DOC: dissolved organic
carbon; TOC: total organic carbon; TIC: total inorganic carbon; GC-MS: gas chromatography—mass spectrometry; LC-MS: liquid
chromatography—mass spectrometry; HRMS: high-resolution mass spectrometry; HPLC: high-performance liquid chromatography; NMR:
nuclear magnetic resonance; SEC: size-exclusion chromatography; GPC: gel permeation chromatography; Py-GC/MS: pyrolysis—gas
chromatography—mass spectrometry; SEM: scanning electron microscopy; AFM: atomic force microscopy; FTIR: Fourier-transform
infrared spectroscopy.

The environmental safety of the degradation process should also be a factor in the evaluation. This is because
microplastics that have undergone catalytic reactions may produce nanoscale microplastics and soluble
organic compounds, all of which can cause secondary environmental pollution”>**!. Therefore, if a
researcher’s goal is pollution control, they should not only focus on degradation efficiency but also
emphasize the analysis of the environmental impact of the degradation products; they cannot evaluate the
research results solely based on the aforementioned criteria. When comparing degradation data across
different studies, it is essential to standardize the types and sources of microplastics. For example,
microplastic particles that meet commercial standards are completely different from the actual plastic waste
we encounter in everyday life. The chemical properties of virgin plastic and plastic that has undergone
oxidation and seawater aging are also different. Therefore, the complete properties of the microplastics and
the reaction conditions must be reported. Furthermore, the pretreatment and catalytic degradation steps
must be described separately™.

At the same time, specific details regarding the photocatalytic conditions must be clearly stated. For example,
the actual power delivered to the reactor by a 300 W Xe lamp may fall far short of the stated intensity;
therefore, reporting the irradiation area is crucial. Furthermore, the spectrum and wavelength of the light
source should be clearly defined, as photons of different wavelengths have different energies, which results in
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different numbers of photons being excited”"**. Therefore, comparisons between different studies must be
based on a thorough description of the actual lighting conditions. In research on piezoelectric photocatalysis,
it is essential to standardize the input mechanical energy. For example, 40 kHz only indicates the vibration
frequency, but does not directly indicate the intensity of the mechanical stimulation received by the catalyst
and microplastics; similarly, a 300 W equipment rating does not indicate the power directly input into the
reaction system. Therefore, in research on piezoelectric systems, the actual input power should be calculated
by reporting the power per unit volume, the duration of the mechanical stimulation, and the increase in fluid
temperature during mechanical vibration®'*). At the same time, if we want to highlight energy-saving
breakthroughs in the reaction system, we must calculate the external energy consumption during the
catalytic process. For example, while the combination of light and mechanical stimulation does improve
catalytic efficiency and reduce reaction time, it may result in higher total energy consumption.

Finally, experiments should not be limited to idealized and standardized models; they should gradually move
toward real-world degradation environments. Different scenarios involving catalyzed plastics should
correspond to different levels of experimental significance and cannot be entirely categorized as microplastic
transformation. The same applies to the environment in which the reaction system is located; different
aquatic environments different aquatic environments represent different experimental conditions. Therefore,
in future studies, microplastics themselves, the choice of water bodies, the specific aquatic environment, pH
levels, and the types of major ions should all be clearly reported to ensure the conditions are as close as
possible to real-world environments!**'**). Furthermore, real water can influence the conversion of
microplastics via piezo-photocatalysis through a combination of ROS chemical reactions and interfacial
processes. Soluble organic matter may also compete with reactive species and adsorb onto the catalyst
surface. For example, studies have shown that oxidation products derived from humic substances form
surface complexes, thereby inhibiting interfacial charge transfer!"*'*”. Inorganic ions may also influence the
reaction pathways of reactive oxygen species. For example, carbonate ions can scavenge highly reactive -OH
radicals to form less reactive carbonate radicals, while chloride ions can participate in chemical reactions
involving hypochlorite radicals.

CONCLUSION AND OUTLOOK

Through a comprehensive analysis of the various aspects of piezo-photocatalysis in the degradation of
microplastics, it can be observed that the degradation of microplastics fundamentally differs from that of
soluble organic pollutants, based on the properties of the pollutants. The mechanisms of degradation
reactions and the criteria for evaluating degradation also vary. Therefore, there are still many challenges that
need to be overcome.

Although piezo-photocatalysts show considerable potential for degrading microplastics, research in this
application area is still in its early stages. This may be attributed to several factors: microplastics still struggle
to interact effectively with the catalyst. By analyzing these current challenges, future catalyst design should
focus on well-defined and polymer accessible interfaces. Strategies such as heterojunction engineering,
interfacial chemical bonding, and structured catalyst architectures may provide useful routes for charge
transfer and interactions between polymer and catalyst.

Future research should be based on claim-specific evaluation criteria that distinguish apparent weight loss
and surface oxidation from polymer chain degradation, mineralization, and selective upcycling. Additionally,
more catalytic experiments should be conducted under simulated real-world conditions. Practical evaluation
should move on from pristine microplastics to aged and real plastic waste. The experimental conditions
should progress from DI water to river water or seawater. Long-term stability should also be evaluated. The
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mechanical integrity and piezoelectric performance under continuous mechanical stimulation will be
important for future study. For catalyst design, future researchers should establish a material system for
different polymer types due to their different chemical structures. Tailoring the design of materials can also
improve the selectivity of the target product®.

Long-term stability for piezo-photocatalysts, catalyst stability, structural integrity, and piezoelectric
performance are three different stability dimensions, which should be tested separately. Catalyst loss or
deterioration of its piezoelectric response may gradually occur on a catalyst while retaining an apparent
conversion rate under repeated mechanical stimulation. A flexible PVDF/Sb,S -NiS membrane maintained
piezo-photocatalytic operation for more than 280 h over 70 cycles. A PVDF-networked membrane kept its
morphology and ferroelectric phases after 50 cycles!"”'**). Therefore, future microplastic conversion studies
should report not only catalytic retention rate but also the piezoelectric response before and after cycling.
The durability should be correlated with the applied mechanical mode, frequency, amplitude, and cycle
number. For example, two different experiments have reported that the catalyst underwent five cycles.
However, because the mechanical stimulation methods chosen in each experiment differed, the number of
mechanical vibrations to which the catalyst was subjected also varied. Therefore, it is not possible to directly
compare the stability of the two catalysts. Different intensities of stress applied on the catalysts can also lead
to inaccurate reports. Then simply discussing the number of times the material was subjected to vibration is
insufficient to evaluate its stability. The type of force acting on a material also affects the assessment of its
service life. For example, the forces exerted on a material by ultrasound and flow are completely different, so
the deformation of the material throughout the catalytic process cannot be generalized. Therefore, reports on
catalyst activity should not simply equate catalytic cycling with mechanical fatigue testing. The specific
mechanical stress parameters experienced by the catalyst during the catalytic process should be described in
detail, followed by a thorough discussion.

For scale-up, simply increasing reactor volume is unlikely to solve the major limitations of microplastic
conversion. This is because, as the reactor volume increases, the catalyst at the bottom of the flask does not
receive sufficient light intensity, and microplastics also clump together, making it more difficult for ROS to
come into contact with the surfaces of more microplastic particles. Taken together, these factors will also
affect the transmission of mechanical stimuli. Therefore, for microplastic conversion, a more practical
research direction would be to increase the surface area of the reactor and construct a thin-layer structure.
This would ensure that light and water flow act uniformly on the catalyst, and since the catalyst is
immobilized on a support substrate, there would be no need to separate the particulate catalyst after the
reaction. Furthermore, films are easier than powder to control the degree of deformation during mechanical
stimulation"*”"**!. Also, such reactors further demonstrate that key conditions can be specifically tailored to
different situations"”’. For microplastics, this suggests a future capture-excite-convert configuration. First,
use structures such as porous membranes or filter beds to adsorb microplastics from the liquid; then, expose
the membrane structure to uniform sunlight and water flow simultaneously. At this point, the microplastics
concentrated near the catalyst interface can be directly converted on the surface of the structure. However,
this strategy has not yet been validated for long-term microplastic conversion'*'"". Based on the challenges
discussed above, we established a roadmap for piezo-photocatalytic microplastic conversion in Figure 4.

Opverall, piezo-photocatalysis is an emerging approach for microplastic conversion.

Future research should focus on integrating mechanistic verification, standard conversion criteria, catalyst
recovery, and application in the real world.
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