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Abstract
Traditional chemical processes often generate substantial waste, leading to significant pollution of water, air, and soil. Developing eco-
friendly chemical methods is crucial for economic and environmental sustainability. Mechano-driven chemistry, with its potential for material
recyclability and minimal byproducts, is well-aligned with green chemistry principles. Despite its origins over 2000 years ago and nearly 200
years of scientific investigation, mechano-driven chemistry has not been widely implemented in practice. This is likely due to a lack of
comprehensive understanding and the complex physical effects of mechanical forces, which challenge reaction efficiency and scalability. This
review summarizes the historical development of mechano-driven chemistry and discusses its progress across various physical mechanisms,
including mechanochemistry, tribochemistry, piezochemistry, and contact electrification (CE) chemistry. CE-induced chemical reactions,
involving ion transfer, electron transfer, and radical generation, are detailed, emphasizing the dominant role of radicals initiated by electron
transfer and the influence of ion transfer through electrical double layer (EDL) formation. Advancing efficient, eco-friendly, and controllable
green chemical technologies can reduce reliance on traditional energy sources (such as electricity and heat) and toxic chemical reagents,
fostering innovation in material synthesis, catalytic technologies, and establishing a new paradigm for broader chemical applications.
© 2024 Institute of Process Engineering, Chinese Academy of Sciences. Publishing services by Elsevier B.V. on behalf of KeAi Communi-
cations Co., Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction interestingly, a multitude of chemical phenomena are observed
In nature, mechanical processes, physical phenomena, and
chemical reactions are intricately intertwined, shaping myriad
natural landscapes and intricate material transformations. It is
widely acknowledged that mechanical forces possess the ca-
pacity to alter the physical state of substances, such as through
shape deformation or structural transformation. More
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in, or closely related to, such physical and mechanical pro-
cesses. For instance, the extreme pressure and temperature in
the Earth's crust can change crystal structures, leading to the
genesis of new minerals. Crustal movements subject rocks to
forces including compression, torsion, and tension, precipi-
tating deformation, rupture, and reorganization of chemical
bonds, thereby creating rocks with diverse chemical properties
and structures. Moreover, weathering and hydraulic forces
exert mechanical pressures on rock surfaces, triggering erosion
and the dislodgment of particles, profoundly influencing the
chemical composition and structure of rocks. Phenomena such
as muscle contractions and skeletal movements involve
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mechanical forces within organisms that exert a discernible
impact on the chemical composition and structure of biolog-
ical molecules and cellular formations. Therefore, scientists
recognized that chemical reactions occur naturally in response
to various mechanical processes [1], and the reaction products
had the potential to generate diverse molecules capable of
supporting extremophilic microbes [2], thereby influencing the
early evolution of life [3].

In scientific research, there is a lack of detailed historical
information regarding the initiation and timeline of the first
mechano-driven reactions. In 315 B. C., the philosopher-sci-
entist Theophrastus wrote a book entitled “On Stones”, which
recorded that cinnabar (HgS) could be reduced to mercury
(Hg0) through the grinding process, which involved a copper
vessel and a copper pestle filled with some vinegar (containing
acetic acid) [4]. However, following this probable pioneering
example of a mechano-driven reaction, scarcely any such re-
cord had been found over a long period. It was not until 1820
that Faraday described a “dry way” approach to reduce silver
chloride by grinding it with zinc, iron, tin, and copper in a
mortar [5,6]. This recorded approach hinted at the existence of
knowledge regarding mechano-driven reactions, but its casual
terminology suggested that it had not attracted significant
research interest from researchers. Matthew Carey Lea,
referred to as the father of mechanochemistry, conducted an
incidental experiment linking mechanical action and chemical
response in 1866. Specifically, he used a glass rod to apply
pressure on a sensitized photographic plate, “drawing” a
developable pattern with light [7]. Subsequently, he estab-
lished the first systematic investigations on chemical reactions
in large numbers of compounds induced by mechanical
grinding, and distinguished them from commonly used ther-
mochemical methods [8]. Additionally, another prominent
mechanochemist, Walther Spring, conducted a salt metathesis
reaction between barium sulfate and sodium carbonate through
repeated compression and pulverization in 1883 [9]. Interest-
ingly, in 1893, Ling and Baker synthesized halogen derivatives
of quinhydrone by grinding the reactants with small amounts
of liquid, such as water or light petroleum [10]. This method is
now referred to as the “liquid-assisted grinding (LAG)”
method for mechano-driven reactions. In 1919, the term
‘‘mechanochemistry’’ was officially coined in the ‘‘Textbook
of General Chemistry’’ by Wilhelm Ostwald [11]. He classi-
fied mechanochemistry as a branch of chemistry along with
thermochemistry, photochemistry, and electrochemistry.
Almost a century later, the International Mechanochemistry
Association (IMA) was established in 1984, and subsequently
became an associate member of the International Union of
Pure and Applied Chemistry (IUPAC) [12]. Gerard Heinicke
formalized mechanochemistry as “the discipline relative to
physical-chemical modifications of the solid produced by the
action of mechanical factors” [13].

Mechano-driven chemistry represents a genuinely inter-
disciplinary domain, including physics, chemistry, materials
science, and mechanical engineering. Moreover, the research
methodologies within mechanochemistry have gradually
expanded to study the distinct objectives. In addition to the
initial grinding techniques (mortar and pestle), mechanical
action processes could be carried out by non-manual methods,
such as ball mills, ultrasonication, atomic force microscope
(AFM) and other mechanical equipment [14]. The search for
“green” catalysis extends beyond traditional thermocatalytic,
electrocatalytic, and photocatalytic fields [15], with mechano-
driven chemistry emerging as a reliable and reproducible
approach to achieve this objective. This work succinctly
summarized the developmental history of mechano-driven
chemistry in Fig. 1a. With the rapid progress of scientific
technology, numerous physical effects and factors were being
considered to explain or distinguish various mechano-driven
reactions under different conditions. Although there have been
many excellent reviews of mechano-driven chemistry with
typical examples [16–18], the underlying mechanisms of
mechano-driven reactions remain elusive and their reactive
efficiency is still limited in scalability in practical applications.
This is mostly because of a lack of comprehensive under-
standing for mechano-driven reactions with intricate interplay
of multiple physical and chemical phenomena.

Different from most reviews that primarily offer insights
from their respective fields, this work transcends these limita-
tions by conducting a comprehensive review based on typical
mechanochemical methods (e.g., mechanical force, friction,
piezoelectricity, and contact electrification (CE)). We aim to
provide insight into recent developments through representative
examples, focusing on their reactionmechanisms and proposing
perspectives for future advancement. The mechanism of me-
chano-driven chemical reactions could be generally divided into
four parts. (1) Mechanochemistry explores the impact of local
mechanical energy or force on reactant molecules to induce
chemical reactions. Mechanochemistry minimizes dependence
on hazardous or explosive metal reagents commonly used in
conventional solvothermal syntheses, promoting the explora-
tion of cost-effective, highly stable metal-free alternatives for
green chemistry [19]. (2) The phenomenon ofmaterial chemical
transformation during mechanical friction and wear at the
interface is categorized as tribochemistry. The tribochemical
reactions affect both the break-in of the mechanical system and
its long-term lifetime, which can be controlled and be used to
protect against wear. (3) Some reactions induced by piezo-
electric materials under mechanical pressure or stress belong to
piezochemistry, which investigates the correlation between
piezoelectric effects and chemical reactions. Piezochemistry
holds significant potential in catalytic reactions, particularly in
elucidating the underlying correlation between catalytic activity
and piezo physics. (4) The CE effect has garnered widespread
attention in the field of mechano-driven reactions due to its
ubiquity in various mechanical movements and its lack of re-
striction by material selection. Reactions induced by CE are
termed contact-electro-chemistry (CE-Chemistry), focusing on
interfacial charge transfer and chemical reactions. CE-Chem-
istry is an emerging technology that producing reactive oxygen
substance (ROS) under the mild mechanical conditions, is
highly consistent with the principle of green chemistry.

This work significantly summarizes several common forms
of mechano-driven chemistry from different physicochemical



Fig. 1. The development of mechano-driven chemistry.
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perspectives. Moreover, this work also elucidated the research
focus and methods in different branches of mechano-driven
chemistry, further reflecting the diversity and interdisciplinary
nature of the field. Understanding mechano-driven reactions
based on distinct mechanical and physical effects is beneficial
for opening up effective and environmentally friendly avenues
for new material synthesis, basic chemical research, and
beyond. The work concluded with perspectives on current and
near-term challenges for various branches of mechano-driven
chemistry. It is acknowledged that while attempts have been
made to summarize important and pertinent results, the vast
amount of available literature renders it impossible to mention
all references herein.

2. Methods of mechano-driven chemistry

Mechano-driven chemistry, which employs mechanical
force to combine reactants and form products, is a truly
interdisciplinary field encompassing physics, chemistry, ma-
terials science, and mechanical engineering. Typical methods
and classifications of mechano-driven chemistry were shown
in Fig. 2. Grinding reactants with a mortar and pestle is a
straightforward method to form products without using liquid
solutions or solvents. While this technique requires no
specialized equipment and is feasible in any laboratory, it has
limitations. It demands short reaction time for viability and
often faces reproducibility challenges due to dependence on
the operator's physical strength.

Ball milling is a more efficient grinding method performed
by an instrument that grinds substances into a fine powder. The
simplest ball mill consists of a cylindrical reaction vessel
mounted on its side and spun around its central axis. The
vessel is a jar filled with powdered chemical reactants and
several hard balls. As a motor rotates the vessel, the balls roll
up the vessel wall and then fall back onto the other balls in the
chemical mixture. Each ball-on-ball strike crushes and mixes
small amounts of powder at the strike point. This process
continuously churns the materials through rotation and colli-
sion. Moreover, these instruments allow the energy input to be
controlled by adjusting the milling frequency, thereby
ensuring better reproducibility. Additionally, they are safer, as
the reactions occur in closed vessels, protecting the operator
from exposure to reactants, catalysts, and products. However,
scaling this solvent-free chemical technology for commercial
manufacturing remains a challenge.

Extrusion techniques have recently emerged as remarkably
effective alternatives to milling, circumventing scalability and
temperature control issues. Extrusion, commonly used in the
polymer, materials, and food industries, is now being explored
for continuous, scalable mechanochemical synthesis in fine-
chemical production. In screw extruders (SE), solid reagents
are ground together by a rotating screw while being trans-
ported along an extrusion path through a barrel. Different
sections or zones of the screw can be exchanged to allow
distinct mechanical actions (i.e., mixing, conveying, or
grinding). The reagent feed rate, screw and barrel lengths, and
screw-rotating speed can be adjusted to optimize reaction
conditions. However, if the torque becomes too great, the
screws can no longer turn, causing the reactor to automatically
shut down. Additionally, a high reaction feed rate can lead to
blockages, necessitating careful optimization of feed rates.

Although mechanochemistry can be readily conducted
using ball-milling, extrusion, or other types of agitation, the
mechanistic understanding of these processes remains limited
due to substantial gaps in our comprehension of reaction ki-
netics. AFM and spectroscopy have represented a major
advance in elucidating how directed mechanical force affects
the structure and reactivity of molecules on surfaces, revealing
how mechanochemistry can access unusual reaction products
and selectivity.

In contrast to conventional mechano-driven chemical pro-
tocols, which typically require minimal solvent usage, me-
chanical and chemical effects promoted by ultrasound occur in
a liquid medium. Ultrasonication can drive various reactions
that usually happen only under extreme conditions through the
cavitation effect. An oscillating bubble can accumulate energy
from the ultrasonication in the form of heat. With continuing
energy input, the bubble grows until reaching a size (typically
tens of mm) at which the void structure is no longer stable. The
bubble then suddenly collapses resulting in the rapid release of



Fig. 2. Typical methods and classifications of mechano-driven chemistry.
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the stored energy with a heating rate of > 1010 K s�1. This
transient cavitation implosion is highly localized with asso-
ciated temperature of roughly 5000 K and pressure of about
1000 bar. Ultrasonication offers several advantages, including
low operating costs, simplicity of operation, modest power
requirements, and the absence of a need for sophisticated
equipment or intensive technical training. The diversity of
mechanical methods suggests that mechano-driven chemical
reactions exhibit various forms and working mechanisms. This
review will detail several typical mechano-driven chemical
reactions, including mechanochemistry, tribochemistry, pie-
zochemistry, and CE-Chemistry.

3. Mechanochemistry
3.1. Mechanochemical reactions induced by different
forces
Diverse phenomena in which mechanical load affects
chemical reactivity were described by mechanochemistry. For
instance, certain luminescent reactive molecules, known as
mechanophores, undergo changes in intermolecular and
intramolecular interactions under mechanical action [20],
thereby altering the efficiency of fluorescence resonance en-
ergy transfer [21–24] or controlling excited-state intra-
molecular proton transfer [25]. These mechanophores are
typically bound by weak covalent bonds [26]. When subjected
to forces exceeding specific threshold values, they undergo
homolytic or heterolytic cleavage [27–30], imparting me-
chanical color-changing responsiveness to polymers. This
property is often utilized in pressure-sensing films, tamper-
evident packaging materials, and early detection of structural
damage [31–33]. Sagara et al. reported a supramolecular
mechanical carrier based on cyclophanes, which exhibited
reversible fluorescence upon deformation due to the elastic
separation of quencher and emitter in space [34]. In
cyclophane-based mechanical carriers, the intramolecular as-
sembly of a blue-light emitting 1,6-bis(phenylethynyl)pyrene
luminophore (blue) and a pyromellitic diimide (PMDI)
quencher (brown) led to the formation of a charge-transfer
(CT) complex (red) with reddish-orange emission (Fig. 3a(i))
[35]. Upon deformation of polyurethane (PU) elastomers
containing the new mechanical carrier, the separation of the
CT complexes resulted in an instantaneous, reversible and
easily detectable emission color change (Fig. 3a(ii)). As shown
in Fig. 3b, a linear, segmented PU elastomer covalently
embedded with cyclophane 1 (1-PU) films exhibited orange
fluorescence. Upon deformation, the color gradually shifted to
blue, attributed to the reversible separation of the luminophore
and quencher. In contrast, reference films did not show any
detectable emission color change upon deformation. Regard-
less of the strain, a reference polymer containing compounds 2
(2-PU) and films of PU embedded with cyclophane 1 (1inPU)
exhibited blue monomer emission and charge-transfer com-
plex dominated orange emission, respectively. This new su-
pramolecular cyclophane mechanophore, based on the change
of emission species from CT-complex to monomer, allowed
for the detection of mechanical events in polymers. It was
useful for mechanistic studies, sensing applications, and fail-
ure detection. Polymers with force-induced luminescent
properties could be employed to monitor and characterize the
real-time response of materials to tensile or strain forces,
revealing structural changes, chemical reactions, and energy
release occurring within the material.

According to the classical theory of mechanochemistry, the
shear deformation of solid reagents is accompanied by the
formation of active states within the substance, the disordering
of its structure, and the polarization of molecules [36–39].
Shear deformation provides numerous possibilities to over-
come many processing obstacles typical for the interaction of
hydrophilic polymers and hydrophobic organic reagents.
Furthermore, mechanochemical synthesis, which involves the



Fig. 3. Mechanochemical reactions induced by different forces. (a(i)) The cyclophane-based mechanophore and a(ii) its function in a polymer. Reprinted with

permission from Ref. [35]. Copyright (2022) Clearance Center. (b) Pictures of 1-PU, 2-PU, and 1inPU films before stretching (left), strained to 600% (center), and

after stress release (right). Reprinted with permission from Ref. [35]. Copyright (2022) Clearance Center. (c) Schemes of reactions occurred at solid-state synthesis

in mixtures of chitosan and allyl bromide in the absence of NaOH (1) and alkaline medium (2). Reprinted with permission from Ref. [53]. Copyright (2019) Royal

Society of Chemistry. (d) Schematic illustration of the wet milling synthesis process. Copyright (2022) Royal Society of Chemistry.
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joint action of high pressure and shear strains on solid mixtures
of reagents (including polymers) [14,40], can serve as an
alternative method for producing polysaccharide derivatives.
This method avoids the use of solvents and does not require the
melting of reactive mixtures, making it a convenient and
effective way of chemically modifying infusible poly-
saccharides. Due to the low thermal stability and long strain
relaxation times of organic substances, particularly polymers,
the most suitable technique for their solid-state modification is
twin-screw extrusion. This method enables precise temperature
control during the slow continuous deformation of solids
[41,42]. As demonstrated by Akopova et al. highly deacetylated
chitosan [43], its salts and complexes with bioactive organic
compounds [44], as well as acylated and carboxymethylated
derivatives could be produced via solid-state extrusion (Fig. 3c)
[45,46]. A series of polysaccharide-based new materials have
been obtained by co-extrusion of mixtures of polysaccharides
such as chitosan, chitin, or cellulose with synthetic polymers or
monomers [47–51]. Additionally, solvent-free synthesis of
vinyl-substituted chitosan derivatives was achieved through co-
extrusion of chitosan powder with allyl bromide under shear
deformation [52]. This method indicated mechanochemistry
can proceed without the need for any initiators and catalysts,
making their products more simplicity and cleanliness with
human health and the environment (simpler and cleaner for
human health and the environment).
Some studies have also demonstrated that the use of an
appropriate solvent could effectively enhance the efficiency of
mechanochemical reactions. Du et al. reported a wet milling
synthesis method to obtain Pt/Ir nanoclusters loaded on various
substrates at room temperature [53]. Compared to traditional
synthesis strategies [54–56], the wet milling synthesis method
offers cost-effectiveness, environmental friendliness, and
versatility. As shown in Fig. 3d, the ethanol solution of racemic
Co3O4 and noble metal precursors was thoroughly stirred and
transferred to an agate mortar. During wet milling, after the
ethanol solvent evaporated in an open system, the resulting
solution was directly converted into solid powder. Single-metal
Pt@Co3O4 and Ir@Co3O4 catalysts were prepared using the
same method as control samples. Compared to traditional so-
lution-based synthesis methods that produce solid materials, the
wet milling synthesis method eliminates the need for separating
the product from the solvent and further purification processes.
Importantly, incorporating appropriate volatile solvents in
solid-state mechanochemical treatment allows for precise con-
trol over particle size, morphology, and uniformity. Due to its
simplicity and versatility, this wet millingmethod is expected to
further facilitate the large-scale preparation of supported noble
metal catalysts and provide guidance for future endeavors in this
field. It holds promising prospects for applications in various
fields such as air purification, water treatment, industrial pro-
duction, and renewable energy.
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3.2. Mechanochemical reactions induced by
ultrasonication
In structurally susceptible materials, polymers exhibit a
wide range of mechano-driven reactions that can be controlled
and amplified through mechanical force. Bielawski et al.
inferred that the configuration inversion should proceed via a
planar intermediate, which could be generated by tension
exerted by polymer chains possessing a critical molecular
weight on the naphthyl ring. This force ultimately overcame
rotational constraints, thereby converting one enantiomer into
another (Fig. 4a) [57]. Moreover, the mechanical activation of
polymers appeared to depend largely on their molecular
weight. Below a certain molecular weight threshold, the ma-
terials treated after ultrasonication showed no significant
change compared to the pre-ultrasonicated polymers. In other
words, polymer chains that were too short could not transmit
the mechanical force required for bond breaking, although an
increase in chain scission rate could be achieved when weak
bonds existed at specific positions along the polymer backbone
[38]. On the contrary, high molecular weight polymers were
prone to degradation during ultrasonication. Chain scission
along the polymer backbone occurred more rapidly than
isomerization of the mechanical carriers, where selective bond
cleavage at the chain center of the mechanical carrier was
triggered by the mechanical force generated by ultra-
sonication. For instance, Sijbesma et al. applied this concept to
activate catalysts that could further promote organic reactions
[58]. Specifically, the metal center was chelated by two N-
heterocyclic carbenes (NHCs), with each NHC connected to a
polymer chain. Ultrasonication of longer polymers generated
greater shear forces in the solution, ultimately breaking the
metal–ligand bonds, resulting in active catalysts. Under
ultrasonication, polymer-bound Agand Ru–NHCs catalyze
ester exchanged reactions and ring-opening metathesis poly-
merization, respectively (Fig. 4b).

In recent years, the exploration of the coupling of me-
chanical force and bond breaking has promoted the develop-
ment of mechanical responses in materials, such as damage
sensing and self-strengthening. Lee et al. used sonochemical
polymer mechanochemistry to assess the relative mechanical
strength of a multicatenane copolymer relative to copolymers
of cyclic and linear analogs (Fig. 4c(i)) [59]. The relative
mechanical strengths were obtained by comparing the limiting
molecular weights (Mlim) and contour lengths (Llim) of the
polymers under pulsed ultrasound of their dilute solutions. The
values of Mlim and Llim, and thus the inferred mechanical
strengths of the polymers, were effectively identical
(Fig. 4c(ii)). The mechanical bonds of the catenanes were
therefore as strong, or stronger, mechanically as the covalent
bonds along the polymer backbone. Additionally, to investi-
gate the mechanochemical response of all block copolymers
(BCPs), Zhang et al. prepared polymers containing different
ratios of butyl acrylate and methyl methacrylate with similar
degrees of polymerization (Fig. 4d(i)) and applied stress to
them using ultrasonication [60]. Interestingly, BCPs, regard-
less of the amount of methyl methacrylate monomer, exhibited
mechanochemical rate constants similar to those of methyl
methacrylate homopolymers, while the response of random
copolymers resembled that of acrylic ester homopolymers
(Fig. 4d(ii)). Utilizing size exclusion chromatography coupled
with multi-angle light scattering detection, the mechano-
chemical reaction corresponding to BCPs after ultrasonication
treatment was carefully investigated. The results showed not
only a shift in the main polymer peak to a longer retention
time, which was common in homopolymers, but also the
appearance of a new isolated peak with a retention time
similar to that of the polymethyl methacrylate (PMMA)
macroinitiator used to produce BCPs. (Fig. 4d(iii)). This
observation suggested that C–C mechanochemistry occurred
not only around the chain centers but also at the interfaces
between blocks, resulting in the selective formation of distinct
polymer peaks. Additionally, molecular dynamics modeling
using acrylic acid ester and methyl methacrylate oligomers
showed that dynamic phase separation occurred even in proper
solvents, explaining the faster polymer mechanochemistry.
3.3. Mechanochemical reactions induced by ball milling
Ball milling procedures are one of the most important
mechanochemical synthetic tools, since they can act as
attractive alternatives to conventional grinding methods, such
as grinding. Moreover, the advantages of ball milling methods
include solvent-free reactions, faster reaction rates, and rela-
tively pure products. Since Faraday's initial report on mecha-
nochemical methods (also known as “dry way”) for
conducting chemical reactions, the development of solvent-
free ball milling or grinding methods in organic synthesis has
sparked widespread theoretical and practical interest [12].
Additionally, under ball milling (solvent-free) conditions, the
reaction medium evolves over time as the reagents and sub-
strates gradually convert to the final products. In specific cases
of organic/supramolecular/organometallic synthesis, ball
milling or simple grinding had been shown to be more
effective than reactions in solvents [61]. As shown in Fig. 5a,
compared with conventional stirring methods, ball milling
technology had been demonstrated to be a superior choice for
asymmetric aldol reactions, resulting in shorter reaction times
and higher stereoselectivity [62]. Although reactions took 48 h
to complete with conventional magnetic stirring, they still
proceeded with good yields. When the reaction was conducted
in an organic solvent (such as tetrahydrofuran), racemic
mixtures of the alcohol-aldehyde products were obtained after
10 days of reaction.

Mechanochemistry induced by ball milling can effectively
facilitate the preparation of composite materials. Meng et al.
proposed a solvent-free, green, and cost-effective preparation
method using ball milling technology to fabricate functional
epoxy resin/graphene nanocomposites [63]. During the ball
milling process, graphene nanoplatelets (GnPs) were modified
with long-chain surfactants, enabling better dispersion of gra-
phene and establishing strong interfacial adhesion within the
epoxy matrix, leading to significant improvements in function-
ality and mechanical properties (Fig. 5b). Compared to the



Fig. 4. Mechanochemical reactions induced by ultrasonication. (a) Configurational inversion of chiral atropisomers under ultrasonication. Reprinted with

permission from Ref. [57]. Copyright (2010) by Copyright Clearance Center. (b) A catalytic mechanophore became active under ultrasonication only when the

attached polymers reached a critical mass. Reprinted with permission from Ref. [57]. Copyright (2010) by Copyright Clearance Center. c(i) Schematic of strategy

for characterizing the mechanical strength of mechanical bonds. c(ii) Decrease of molecular weight at time intervals during ultrasonication. After 4 h, the mo-

lecular weight of each polymer approaches between 28 and 30 kDa as Mlim. Reprinted with permission from Ref. [59]. Copyright (2016) by Copyright Clearance

Center. d(i) Polymer structures of homopolymers, BCPs, and random copolymer. d(ii) Mechanochemical rate constants of the six polymers and SEC curves of

BCP3 before and after ultrasonication, and the related macro-chain transfer agent. Reprinted with permission from Ref. [60]. Copyright (2023) by Copyright

Clearance Center.
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unmodified GnPs system, the modified GnPs (m-GnPs) exhibi-
ted enhanced dispersion quality and interfacial strength with the
epoxy matrix, resulting in higher mechanical performance as
well as improved electrical and thermal conductivity. This study
demonstrated the tremendous potential of mechanochemical
methods in the synthesis of functional epoxy resin/graphene
composite materials. Moreover, Hao et al. investigated a Ni-
catalyzed C–S coupling between bromides and disulfides under
mild mechanochemical conditions. This study not only opti-
mized the application of transition-metal catalyzed C–S
coupling reactions but also advanced the development of an
eco-friendly mechanochemical synthesis approach [15]. Addi-
tionally, Giri et al. utilized high-energy planetary milling to
prepare polyethylene (PE)/iron composite materials [64]. Fang
et al. synthesized ultrahighmolecularweight PE/hydroxyapatite
composite materials through wet ball milling [65]. Planet me-
chanical milling was employed to successfully prepare UV-
curable epoxy resin/organo-montmorillonite (OMMT) nano-
composites [66]. Deng et al. uniformly prepared UV-curable
epoxy resin/OMMT nanocomposites using wet ball milling
[67]. These advancements indicate that mechanochemistry is a
rapidly evolving field in the preparation of composite materials.



Fig. 5. Mechanochemical reactions with ball milling. (a) Comparative study employing ball milling and conventional magnetic stirring. Reprinted with

permission from Ref. [62]. Copyright (2020) by Royal Society of Chemistry. (b) Illustration for preparation of m-GnP and reaction between GnPs and D2000.

Reprinted with permission from Ref. [63]. Copyright (2016) by Copyright Clearance Center. (c) Mechanochemical ring-opening polymerization of lactide by ball

milling. Reprinted with permission from Ref. [68]. Copyright (2016) by Copyright Clearance Center. (d) Illustration of the HMCS process. Reprinted with

permission from Ref. [71]. Copyright (2016) by Copyright Clearance Center. Reprinted with permission from Ref. [93].
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Ball milling process continuously agitates the materials through
rotation and collision, enable precise control of energy input by
adjusting the milling frequency, ensuring enhanced reproduc-
ibility.Moreover, they enhance safety by conducting reactions in
closed vessels, shielding operators from exposure to reactants,
catalysts, and products. Nevertheless, scaling this solvent-free
chemical technology for commercial manufacturing presents
ongoing challenges.

Liquid assisted grinding (LAG) is a common approach to
accelerate or achieve mechanochemical solid-state reactions,
in which a small amount of solvent (usually in drops) is used
as an additive to enhance or control reactivity. Ohn et al.
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conducted mechanochemical ring-opening polymerization of
lactide using LAG technology [68,69]. Furthermore, the con-
version of lactide to poly (lactic acid) was enhanced by LAG
technology, compared to solvent-free ball milling. The degree
of lactide ring-opening polymerization could be adjusted by
ball milling time, vibration frequency, ball medium mass, and
so on. While the chain scission of polymers induced by strong
collision energy hindered the synthesis of high molecular
weight polymers driven by mechanical force, the addition of a
small amount of liquid enabled sufficient energy dissipation.
Rissanen et al. utilized LAG to prepare halogen-bonded ad-
ducts and a halogen(I) complex akin to Barluenga's reagent,
employing N-iodosaccharin. These mechanochemical mate-
rials were subsequently applied in the iodination of antipyrine,
showcasing their promise as alternatives to Barluenga's re-
agent for both solution and solid-state synthesis, aligning with
a modern, environmentally conscious approach [70]. In addi-
tion to synthesis reaction, LAG can create a better mixing
environment between growing polymer chains and lactide
monomers (Fig. 5c). This indicated that the use of LAG
effectively prevented chain degradation during the polymeri-
zation process, ultimately producing poly (lactic acid) with
molecular weights exceeding 100,000 g mol�1.

Despite its feasibility and scalability, the mechanical en-
ergy applied in ball milling is largely arbitrary and difficult to
quantify. To further advance mechanochemical synthesis, Liu
et al. proposed a direct approach called heat mechanochemical
synthesis (HMCS) to prepare special metal-nitrogen-doped
carbonaceous (NC) materials (Fig. 5d) [71]. Specifically, the
process entailed placing the NC matrix derived from the
thermal decomposition of urea at elevated temperatures,
alongside the requisite chemical additives and metal com-
pounds, within an agate jar. Subsequently, subjecting it to ball
milling at approximately 150 �C for a predetermined duration.
Through thermal activation, the resultant material manifested
augmented surface metal content and engendered distinctive
metal sites amidst the collision of mechanical energy.
Following robust acid leaching, and without necessitating
high-temperature annealing, the material showed exceptional
activity. This approach simultaneously provided mechanical
energy and heat to drive the reaction, effectively encapsulating
the target metal atoms within the pre-prepared nitrogen-doped
and defect-rich carbon. Its merits include (1) enhanced metal
content on the outermost surface; (2) generation of unique
metal sites amid collisions of mechanical energy; (3) elimi-
nation of the requirement for high-temperature annealing,
thereby preserving select active sites on the material. A suite
of singly transition metal (e.g., Cr, Mn, Fe, Co, Ni, Cu, or Zn)
surface-anchored carbons had been procured via the HMCS
method. Furthermore, the facile one-step preparation of highly
dispersed and anchored multiple metals (e.g., combinations
thereof) on carbon materials was notably convenient.

4. Reactions induced by friction

With ongoing technological advancements, the field of
mechano-driven reactions continues to expand. Mechano-
chemistry refers to reactions triggered by mechanical force,
while those occurring at sliding interfaces are termed “tri-
bochemistry.” Unlike traditional mechanochemistry, tri-
bochemistry reactions are primarily initiated at sliding
interfaces due to friction and surface interactions. These in-
teractions often lead to the formation of an intermediate layer,
known as a “friction film”, which serves to mitigate friction
and wear [72]. The distinction between tribochemistry and
mechanochemistry involves several factors [73], with the
primary difference lying in the dissipation of energy. In tri-
bochemistry, energy is primarily dissipated through shear at
the interface of two surfaces, whereas mechanochemical
processes, such as ball milling, initiate reactions by dissipating
energy into the bulk material (Fig. 6a). Tribochemistry lever-
ages externally applied work to influence the bond energies of
materials, facilitating chemical bond rearrangement with re-
actants, and thereby reducing or replacing the activation en-
ergy associated with thermodynamics. The chemical rate
kinetics of tribochemical reactions can be characterized by a
reduction in activation energy with increasing externally
applied stress, such as frictionally rubbing two interfaces
together. Boldyrev demonstrated that shear stress, rather than
normal stress, was the primary driving factor for film forma-
tion [74]. With advancements in computational power,
enhanced modeling capabilities, and novel characterization
methods, tribochemistry has emerged as a recognized inter-
disciplinary branch of chemistry.

In tribochemical reactions, various factors contribute
significantly, among which frictional heat, wear, applied force,
and frictional emission are particularly noteworthy. These el-
ements co-occur during tribochemical reactions, lending a
distinctive character to tribochemistry. Notably, surface wear
during the reaction process emerges as a significant parameter
warranting attention. Many material surfaces, especially
metals and ceramics, possess highly oxidized boundary layers
that act as barriers, separating the bulk material from oxygen-
rich atmospheres and largely exhibiting chemical inertness.
Early investigations underscored the importance of removing
these outer layers through wear, thereby continuously
exposing the fresh underlying material, which accelerates
tribochemical reactions. Lubricant additives in tribochemical
activation play a pivotal role by forming solid or viscous films,
segregating surfaces within the boundary lubrication region.
This action serves to prevent wear and mitigate friction,
aligning with the objectives of tribochemical reactions [75].
The tribofilm formed during tribochemical reactions was
initially discovered in zinc dialkyldithiophosphate (ZDDP)
additives of lubricants [76], which improved the wear resis-
tance of the lubricated surface [77]. Later, it was found that
other additives could also form films with different friction
behaviors through tribochemical reactions [78]. As shown in
Fig. 6b(i), ZDDP was the first lubricant additive studied for
tribochemical processes, highlighting the significance of fric-
tion conditions. From the late 1980s to the 1990s, new surface
characterization methods greatly enhanced the understanding
of the mechanisms behind tribochemical reactions. This also
advanced the understanding of other tribochemically active



Fig. 6. Reactions induced by friction. (a) Direct comparison between tribochemistry and mechanochemistry. Reprinted with permission from Ref. [73]. Copyright

(2020) by Creative Common CC BY. (b(i)) Development of tribochemically active lubricant additives, their reaction mechanisms, and underlying thermal dynamic

principles. Reprinted with permission from Ref. [79]. Copyright (2020) by Creative Common. (b(ii)) Cross-section image of ZDDP tribofilms. Ref. [79]. Copyright

(2020) by Creative Common. (c(i)) Mechanism of MoDTC tribochemical reaction by oxidation. Reprinted with permission from Ref. [79]. Copyright (2020) by

Creative Common. (c(ii)) Mechanism of MoDTC tribochemical reaction by decomposing to LI. Reprinted with permission from Ref. [79]. Copyright (2020) by

Creative Common. (d) Snapshots from reactive molecular dynamics simulations of hexadecane lubricated sliding of tungsten on diamond. Hexadecane lowers

friction by physically separating the surfaces, as well as chemically by forming a low-density film on the surfaces. Reprinted with permission from Ref. [89].

Copyright (2020) by Creative Common. (e) A schematic diagram of the tribochemical reactions for the combination of DBDB and DOPD on the metal surface.

Reprinted with permission from Ref. [93]. Copyright (2017) by Copyright Clearance Center.
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lubricant additives, such as molybdenum dithiocarbamate
(MoDTC) and molybdenum dithiophosphate (MoDTP). In the
2000s, the popularity of molecular dynamics methods further
refined the elucidation of the mechanisms of tribochemical
reactions.

Two novel types of lubricant additives, ionic liquids and
nanoparticles, were developed over the past decade, with their
reaction mechanisms elucidated after ten years of research.
Fig. 6b(ii) illustrated the cross-section of the ZDDP friction
film. Notably, friction films formed at lower temperatures
exhibited longer polyphosphate chains [79], distinguishing
them from thermal films that lack this oxide layer [80].
Moreover, the friction film exhibited better wear resistance
than the thermal film [81]. Aktary et al. pointed out that the
nano hardness of the ZDDP reaction film formed by tri-
bochemical processes was twice that of the thermally formed
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film [82]. Similar structures of molybdenum sulfide-based
compounds were introduced in the 1970s, such as MoDTC and
MoDTP. Unlike ZDDP, the friction films formed by MoDTC
and MoDTP contained solid lubricant MoS2 that could be as
friction modifiers. However, the low shear strength of MoS2
made the MoDTC and MoDTP friction films prone to wear
[83]. This indicated that the low friction could not be main-
tained without continuous replenishment of MoDTC.
Compared to ZDDP, MoDTC also exhibited a “fast” tri-
bochemical reaction. When MoDTC was added to lubricating
oil, the friction reduction effect was observed almost imme-
diately [84]. In the late 1990s, Grossiord et al. proposed a
route for the tribochemical decomposition of MoDTC [85].
Specifically, MoDTC on the friction surface first decomposed
into two radicals, and the Mo radicals oxidized to form MoS2
particles (Fig. 6c(i)). However, this pathway could not explain
why MoDTC performs better when the metal oxide layer was
stripped under vacuum [86]. Therefore, Onodera et al. pro-
posed molecular dynamics simulations of the tribochemical
reaction of MoDTC. They hypothesized that MoDTC initially
formed a bridging isomer (LI-MoDTC, as depicted in
Fig. 6c(ii)) due to its lower Gibbs free energy and the lower
Gibbs free energy of the transition state compared to the in-
termediate Mo radical [87]. The simulation results indicated
that these chemisorbed molecules would further decompose
under frictional actions. The first bond to break was the Mo–O
bond, which then directly formed MoS2 along with the
MoDTC. This molecular dynamic simulation pathway
explained why MoDTC can undergo tribochemical reactions
with a freshly exposed iron surface in a vacuum, as it does not
require the presence of oxygen. Moreover, some researchers
explored tribochemistry through “reactive” molecular dy-
namics simulations based on empirical models that capture
chemical bond formation and breaking. These simulations had
been employed to model interactions between lubricants and
surfaces, providing insights into how lubricants function under
various conditions. Recently, Romero et al. captured the
sliding of hexadecane lubricated H-passivated diamond by
simulation [88]. This study suggested that low friction was
caused by a low-density hydrocarbon film formed by dehy-
drogenation of hexadecane lubricant molecules. As shown in
Fig. 6d, the key step in the formation of this film was the
transfer of hydrogen from hexadecane to the octahedral sites
on the tungsten surface, followed by the chemical adsorption
of hexadecyl radicals onto the dangling C-bond sites of the
diamond [89]. As empirical potentials evolved to offer greater
accuracy and became more accessible, and computational re-
sources continued to advance in speed, reactive molecular
dynamics simulations were poised to play a pivotal role in
shaping novel concepts within tribological design.

In the past decade, ionic liquids had been reported as pure
lubricants (or base oils) and lubricant additives, achieving
promising results. Currently, they had sparked great interest in
both fundamental and applied research fields. Ionic liquids are
compounds consisting of asymmetric cations and anions. They
manifest as liquids at temperatures below 100 �C, exhibiting
negligible vapor pressure, elevated viscosity, non-
flammability, strong affinity for metal ions, and exceptional
thermal stability. These attributes are notable and modifiable,
rendering them versatile in both their physical and chemical
attributes [90,91]. Due to the unique geometric and charge
properties of ionic liquids, the adsorption film of ionic liquids
on metal surfaces can effectively act as a lubricant. On one
hand, the irregular shapes of both cations and anions
contribute to lower shear stress in comparison to non-polar
molecular liquids, consequently resulting in reduced friction.
On the other hand, the inherent polarity of ionic liquids fa-
cilitates frictional reactions when subjected to frictional heat
and stress on the counterpart surface, consequently leading to
the formation of boundary films [92]. Li et al. introduced the
synergistic effect between phosphoric di(2-ethylhexyl)
ammonium (DOPD) ionic liquid and 2-(4-dodecylphenyl)-6-
octadecyl-1,3,6,2-dioxaborine (DBDB) in extreme pressure
[93]. Their results indicated that DBDB and DOPD exhibited
outstanding synergistic effects in extreme pressure, anti-fric-
tion, and anti-wear properties, which were enhanced with
increasing external load. This excellent synergy arose from the
effective collaboration of the friction reaction products
generated by DBDB and DOPD, forming stable, dense, and
low shear strength friction films. Firstly, the additive mole-
cules adsorbed onto the metal surface to form an adsorption
film (Fig. 6e). Then, the additives decompose, and the active
elements participated in frictional chemical reactions, result-
ing in frictional chemical products composed of boric oxide
(B2O3), boron nitride (BN), phosphates, and/or poly-
phosphates, organic amines, organic and/or inorganic amines,
and iron oxide (Fe2O3). When the applied loads were above
196 N, more frictional heating and high shearing force as well
as the mutual promotion between DBDB and DOPD led to the
formation of a more compact and smooth protective film with
low shearing strength, resulting in the low coefficient of fric-
tion of the combinations of DBDB and DOPD.

Furthermore, frictional heating at sliding interfaces plays a
crucial role in driving tribological chemical reactions. The
interaction between localized temperature and reaction rate is
a well-established concept in chemistry based on the Arrhe-
nius relationship [94]. In the field of tribochemistry, frictional
heating refers to the localized temperature increase caused by
sliding contact between two surfaces. In instances involving
impeccably smooth surfaces, stress is uniformly dispersed
across the complete contact area. Yet, in the realm of tangible
surfaces characterized by inherent roughness, energy dissi-
pates through the interaction of contact asperities. This contact
typically leads to the generation of localized high tempera-
tures, which exist for an extremely short duration. Due to the
observation of flash temperatures at sliding contacts by
Bowden et al. [95], surface temperature became a key factor
for explaining almost all tribological chemical reactions by the
latter half of the 1940s [96], along with some catalytic effects
on the surface. Nevertheless, numerous tribochemical re-
actions defy simple explanation solely through surface tem-
perature dynamics. They entailed a spectrum of dynamic
physical processes underpinning friction, occurring both at
and in proximity to the sliding contact interface.
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Consequently, these reactions transcend traditional static re-
action mechanisms reliant on heat and catalysis. Fig. 7a
depicted schematic diagrams of three positions of frictional
physical and tribochemical phenomena based on a frictional
electromagnetic phenomenon model proposed by Nakayama
et al. [97] As shown in Fig. 7a, the tribochemical reactions
occurred within the in-contact area (ICA triboreactions), the
near-contact area (NCA triboreactions) primarily consisted of
the contact gap, and the outer contact area (OCA tribo-
reactions) included worn surfaces away from the contact point.
According to the location and frictional system, ICA reactions
involved acid-base reactions and changes in crystal structure,
Fig. 7. Tribochemistry. (a) Conceptual view of tribochemical reactions at differ
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while NCA reactions could be facilitated by electrons, ions,
radicals, and photons generated in the frictional plasma to
decompose adsorbed lubricants. In comparison to those high-
energy processes, the action of OCA reactions was usually
limited because of the lower number of low-energy electrons
and the fewer surface species produced by static interactions.
It is well known that the different reactions occur in various
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the adsorption of HCOOH was slow, while the desorption of
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H2 and CO2 was fast. Their conclusion was that adsorption and
desorption occurred at two separate sites on the freshly
exposed surface. These two reactions should be assigned to
different reaction regions, as shown in Fig. 7b [99]. Initially, a
rapid reaction was initiated during the friction and wear pro-
cess near the contact zone, characterized by the liberation of
CO2 and H2. Subsequently, a gradual reaction ensued, linked
to the formation of a freshly generated surface, precipitating
water. The adsorption of gases occurred either proximate to
the contact area or on the recently exposed surface post-con-
tact, contingent upon the reaction mechanism. The disparity in
time constants governing fast and slow reactions hinged upon
the mode of reactant species supply. In the case of the slow
reaction, the rate-determining step entailed either gas
adsorption from the ambient environment or diffusion from
the bulk. Conversely, for the fast reaction, the reactive gas was
already prepped on the surface, poised for immediate reaction.
The extent of the reaction was dictated by the frictional and
wear processes dictating the interaction of the reactive gas on
the catalyst surface.

Friction catalysis as a branch of tribology that studied
changes in solid catalytic performance due to the influence of
mechanical energy. The distinction between catalytic reactions
and chemical reactions lies in the presence of a catalyst. The
correlation between tribological chemistry and friction catal-
ysis mirrors that of chemical and catalytic reactions. In
essence, a chemical reaction intensified by friction in the
absence of a catalyst is denoted as a tribochemical reaction,
whereas with the presence of a catalyst, it transforms into a
friction catalytic reaction. With frictional energy harvesting,
Li et al. noted the spontaneous occurrence of dye decompo-
sition in a suspension of Ba0.75Sr0.25TiO3 (BST) nanoparticles
(size: 20 nm) under normal stirring conditions in the absence
of light at ambient temperature. (Fig. 7c) [100]. Crucially, they
discovered that substantial improvements in decomposition
efficiency could be attained through straightforward alter-
ations to the stirring rod. This led to the decomposition of as
much as 99.0% of Rhodamine B (RhB) within a span of 3 h,
under mild stirring conditions at 300 r min�1. Moreover, the
dye decomposition was directly correlated with the friction
between BST nanoparticles and the stirring rod during stirring
process. It was believed that mechanical energy absorbed
through friction enables BST nanoparticles to catalyze dye
decomposition in a frictional catalytic process, as confirmed
by the detection of intermediate species hydroxyl radicals
($OH) and superoxide radical ($O2

�) during stirring. In addi-
tion, Zhao et al. discovered that hydrothermally synthesized
zinc oxide (ZnO) nanorods exhibited excellent friction-cata-
lyzed dye decomposition performance by harnessing the
frictional energy generated during stirring (Fig. 7d) [101].
After stirring for 60 h, the friction-catalyzed dye decomposi-
tion rate reached approximately 99.8%. The advantages of
ZnO nanorods with high dye decomposition rates hold po-
tential for the treatment of dye wastewater using frictional
energy available in the environment. These findings unmis-
takably showcased the capability of nanostructured oxide
materials to utilize mechanical energy from their ambient
surroundings, catalyzing dye decomposition through friction.

5. Reactions induced by piezoelectric effect
5.1. Band theory in piezochemistry
In 2010, Hong et al. discovered that the use of ultrasonic
vibration of ZnO microfibers directly enabled water splitting
and successful generation of H2 and oxygen (O2) (Fig. 8a)
[102]. This finding linked the piezoelectric effect, which has
been known for over 100 years, with chemical energy. The
study demonstrated that under ultrasonic oscillation conditions
in aqueous environments, the hexagonal structure of ZnO
materials generated a non-zero dipole moment in the lattice,
resulting in strain-induced surface charges. These charges
could induce reduction and oxidation reactions by transferring
to substances such as surface-adsorbed water molecules. The
generated potential must exceed the standard redox potential
of water (1.23 eV) to initiate redox reactions; otherwise, no
reaction will occur. This research provided a simple and cost-
effective direct water splitting technology that could generate
hydrogen fuel by harnessing energy waste such as noise or
stray vibrations in the environment. In recent decades, pie-
zochemistry has emerged as a focal point of research,
exploring the intricate interplay between mechano-driven
piezoelectric effects and chemical reactions. Leveraging the
distinctive attributes of piezoelectric materials, it aims to
propel and regulate chemical transformations. Unraveling the
underlying principles of piezoelectricity holds significant po-
tential for advancing interdisciplinary. Drawing inspiration
from photocatalysis, the band theory elucidates the behavior of
piezoelectric materials in piezoelectric chemistry, delineating
band levels comprising valence band (VB) and conduction
band (CB). According to this theory, the piezoelectric poten-
tial induced within these materials by mechanical stress pri-
marily functions as a “gate” to initiate chemical reactions. By
fine-tuning the band structure and orchestrating the migration
of internal charge carriers towards the material's surface,
conducive conditions for reactions are established (Fig. 8b)
[103]. Through the application of mechanical milling or
ultrasonication, piezochemistry offers a promising avenue for
the development of innovative synthesis routes, catalytic
processes, and energy conversion technologies. Jiang et al.
employed a unique Bi25FeO40 photochemical etching strategy
to prepare Bi25FeO40/Bi2O2CO3 (BFO/BCO) piezoelectric
catalysts [104]. As a lead-free piezoelectric catalyst, the BFO/
BCO piezoelectric composite material exhibited excellent
degradation activity for 4-chlorophenol (4-CP) under ultra-
sonic vibration, with degradation efficiency exceeding 90%
within 120 min. Introducing BCO onto through the action of
the built-in electric field. It was also found that $OH and $O2

�$
are the main active species responsible for the degradation of
4-CP. As shown in Fig. 8c (i), the piezoelectric catalytic per-
formance of the composite material slightly decreased when
potassium dichromate or sodium oxalate was added.



Fig. 8. Band theory in piezochemistry. (a) H2 and O2 were produced by deforming a ZnO fiber or BaTiO3 dendrite inwater via redox reactions. Reprinted with

permission from Ref. [102]. Rightslink® by American Chemical Society. (b) Schematic illustration of the energy band theory of piezocatalytic mechanism using

the redox reactions of O2 þ e /,O2 and H2O þ hþ/,OH þ Hþ, where ECB and EVB were the positions of CB and VB, respectively, Eg and fP were energy

band gap and piezopotential, respectively. Reprinted with permission from Ref. [103]. Rightslink® by Creative Commons CC-BY. (c(i)) Piezoelectric degradation

curves of 4-CP by BFO/BOC with different trapping agents. (c(ii)) ESR spectra of BFO/BOC during the piezoelectric processes. (c(iii)) Piezoelectric catalytic

mechanism of 4-CP by BFO/BOC. Reprinted with permission from Ref. [104]. Rightslink® by Copyright Clearance Center. (d) Schematic of porous piezo-

catalysis process in BTO-PDMS. Reprinted with permission from Ref. [107]. Rightslink® by American Chemical Society. (e(i)) Lattice distribution of BF

nanoplates along (001), including details of Fe(2)O6 octahedral distortion and surface polarization. (e(ii)) A schematic illustration of the piezocatalytic mechanism

during ultrasonic vibration. (e(iii)) An estimation of the energy band diagram of synthesized BF nanoplates with water splitting and superoxide redox potential vs.

NHE. Reprinted with permission from Ref. [108]. Rightslink® by Copyright Clearance Center.
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Moreover, the introduction of isopropanol, methanol, TEM-
POL, and 1,4-benzoquinone significantly inhibited the piezo-
electric catalytic performance, which capture e�, hþ, $OH,
and $O2

�, respectively. Furthermore, the identification of sextet
and quartet peaks via electron spin resonance (ESR) provided
additional insight into the formation of $O2

� and $OH radicals
during the experimental procedure (Fig. 8c (ii)). Subsequently,
the investigation proposed a mechanistic explanation for the
augmented piezoelectric activity was observed in BFO/BOC
composite materials. As illustrated in Fig. 8c (iii), the CB and
VB of BFO were positioned at 0.1 eV and 1.9 eV, respectively,
while those of BOC were situated at 0.21 eV and 3.51 eV

http://creativecommons.org/licenses/by/4.0/
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[105]. Due to the lower CB of BFO (0.1 eV) compared to that
of BOC (0.21 eV), electrons from the CB of BFO could easily
transfer to the CB of BOC. Simultaneously, owing to the
higher VB of BOC (3.51 eV) compared to that of BFO
(1.90 eV), holes from the VB of BOC could be injected into
the VB of BFO. The heterojunction structure formed at the
interface region between BFO and BOC generated an internal
electric field, thereby facilitating the separation of electrons
and holes. In the absence of externally applied ultrasound to
induce piezoelectric polarization, charge carriers in the BFO/
BOC composite material might migrate to either side. How-
ever, when ultrasound was applied to induce piezoelectric
polarization, either BFO or BOC in the complex would un-
dergo electron and hole separation in the direction opposite to
polarization, and then electrons and holes participated in redox
processes [106].

During the piezoelectric catalytic process, the introduction
of micro-nano catalysts into water pollutants can lead to sec-
ondary contamination. Moreover, additional time and re-
sources are required for recovery, measurement, and
deposition or filtration procedures involving micrometer/
nanometer particles. Qian et al. encapsulated piezoelectric
particles in porous foam using polydimethylsiloxane (PDMS),
as illustrated in Fig. 8d, presenting a facilely deployable and
replaceable barium titanate (BaTiO3) PDMS composite porous
foam catalyst [107]. This design showcased advantages in
recyclability and reusability, mitigating secondary pollution
and enhancing repeatability thresholds. Under ultrasonic vi-
bration, the piezoelectric BaTiO3 material generated distinct
electron–hole pairs, which subsequently reacted with hy-
droxide ions and oxygen molecules to yield $O2

� and $OH
radicals. Consequently, these radicals effectively degraded
RhB dye solution by approximately 94%, with the composite
material demonstrating exceptional stability after 12 cycles of
repeated decomposition. The degradation efficiency of RhB
was correlated with the piezoelectric constant, specific surface
area, and morphology of the material. The piezoelectric ma-
terial-PDMS composite porous foam catalyst for piezoelectric
catalytic dye degradation presented promising prospects for
future practical environmental purification applications.

In addition to conventional non-centrosymmetric piezo-
electric materials characterized by remarkable piezoelectric
coefficients, piezochemistry can also be realized using nano-
materials with centrosymmetric structures. The nanosheets of
Bi2Fe4O9 with a centrosymmetric structure were found to
exhibit unprecedented high-pressure catalytic performance
during the hydrogen evolution process (1058 mmol g�1 h�1 in
pure water, 5723 mmol g�1 h�1 in 10% methanol) and organic
degradation. Du et al. proposed a new perspective to elucidate
the observed piezoelectric catalysis [108], suggesting that this
piezoelectric property might originate from the presence of
localized dipoles on exposed surfaces, which in turn arose from
non-centrosymmetric ligands within the crystal cell. When
external force was applied to the material, deformation caused
by compressive or tensile stress altered the state of the dipole
moment, originating from the non-centrosymmetric ligands
exposed on the material surface, such as the Fe(2)O6 octahedra
shown in Fig. 8e(i). Material deformation disrupted the charge
balance in localized regions, thereby generating instantaneous
electric fields that drove electron movement. The escaping
electrons participated in redox reactions with hydrated
hydrogen ions to produce hydrogen gas and reactedwith oxygen
to form superoxide, which was utilized for organic degradation
(Fig. 8e(ii)). These surface polar structures provided function-
ality similar to spontaneous polarization in typical ferroelectric
materials and did not form multi-domain structures due to ori-
ented growth and precise arrangement of crystal cells in the
single crystal. This naturally occurring surface polarization
facilitated electron movement and mitigated carrier recombi-
nation, contributing to the excellent catalytic performance of
Bi2Fe4O9 nanosheets. Fig. 8e(iii) schematically illustrated the
principle of the catalyst's band levels acting as gates to trigger
redox reactions. The CB level of �1.06 eV (vs. NHE) was far
more negative than the hydrogen reduction potential, substan-
tiating the catalytic capacity of as-synthesized Bi2Fe4O9 nano-
plates for hydrogen evolution. Electrons in excited states were
also capable of triggering the formation of $O2

�, which well
explained the observed competence of BF nanoplates in RhB
dye degradation.
5.2. Screening charge effect in piezochemistry
As indicated by band theory, the piezoelectric potential
primarily serves as a “gate” to initiate reactions by modulating
the band structure and regulating the movement of internal
charge carriers toward the catalyst surface, facilitating re-
actions. In contrast, another mechanism, known as the
screening charge effect, underscores the predominant influ-
ence of the piezoelectric potential and its related surface
shielding behavior in piezoelectric materials [109]. The
magnitude of the piezoelectric potential must accurately
correspond to the required redox levels. It is crucial to ensure
that the piezoelectric potential, serving as a driving force, fully
meets or exceeds the specific Gibbs free energy change
required for a given reaction, which is essential for piezo-
electric catalysis. Moreover, the surface shielding behavior
induced by polarization governs the piezoelectric catalysis
process. Hence, a distinguishing characteristic between the
screening charge effect and band theory is that the charges
involved in the redox reactions originate from surface-adsor-
bed shielding charges from external systems, rather than from
internal charges of the material.

Wang et al. reported a non-destructive, harmless, and
convenient teeth whitening strategy based on the piezoelectric
catalytic effect, achieved by replacing abrasive agents tradi-
tionally used in toothpaste with piezoelectric particles
(Fig. 9a) [110]. Organic dyes were degraded by the piezo-
electric catalysis of BaTiO3 nanoparticles under ultrasonic
vibration to simulate daily brushing. Teeth stained with tea,
blueberry juice, wine, or their combinations were significantly
whitened after 3 h of vibration with polarized BaTiO3 turbid
solution. Similar treatments using non-polarized or cubic
BaTiO3 showed negligible teeth-whitening effects. Moreover,
the piezoelectric catalytic teeth whitening procedure based on



952 S. Li et al. / Green Energy & Environment 10 (2025) 937–966
BaTiO3 nanoparticles significantly reduced damage to tooth
enamel and biological cells. Based on the generation of
reactive oxygen species (ROS), such as $OH and $O2

�, using
BaTiO3, the screening charge model of the piezoelectric cat-
alytic process was demonstrated. In the pristine state
(Fig. 9b(i)), surface-bound charges balance through screening
charges to ensure the neutral electrostatic state of material
[103]. During the application of external mechanical stress,
the concentration of bound charges would change, and the
associated movement of screening charges would occur on the
surface. Charges can depart from the surface and reacted with
localized substances such as water to produce ROS
(Fig. 9b(ii)). The screening charges would continuously
modify until reaching the maximum level of strain before
Fig. 9. Screening charge effect in piezochemistry. (a) The proposed piezocatalys

traditional abrasive in the toothpaste, to generate ROS via piezocatalysis to blea
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achieving a new electrostatic equilibrium (Fig. 9b(iii)).
Correspondingly, as polarization was enhanced under stress,
the combined charge density would increase with more
adsorbed screening charges on the surface. Simultaneously,
carriers of opposite polarity would participate in the genera-
tion of ROS (Fig. 9b(iv)). Piezoelectric materials utilized
piezoelectrically driven potential as the driving force, while
oscillating mechanical forces continuously catalyzed the
release and adsorption of redox reactions of screening charges
[111,112].

The efficiency of piezoelectric catalyzed ROS generation
essentially depends on the piezoelectric coefficient, and typi-
cally, piezoelectric catalytic activity increases with the in-
crease in piezoelectric coefficient. Classic piezoelectric
is effect based tooth whitening method wherein piezoelectric particles replace

ch tooth stains. Reprinted with permission from Ref. [110]. Rightslink® by

zocatalysis effect. Reprinted with permission from Ref. [110]. Rightslink® by

lectric catalysis of ZnO NRs and holey ZnO NRs. Reprinted with permission

al (d) Schematic of the preparation of Fe@MoS2 and piezo-degradation of

t Clearance Center.
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materials proven to be used as piezoelectric catalysts include
inorganic BaTiO3, ZnO, and BiFeO3, as well as organic pol-
yvinylidene fluoride (PVDF) [113,114]. The advantages of
ZnO include good chemical stability, high catalytic activity,
high reusability, low cost, non-toxic, environmentally friendly,
etc. ZnO rods can generate surface charges under an external
mechanical force, triggering electrochemical reactions and
realizing energy conversion. Li et al. employed the built-in
nanopores in singlecrystal ZnO rods (holey ZnO NRs) to form
stress to intensify piezo-catalytic efficiency (Fig. 9c) [115].
The piezoelectric coefficient of holey ZnO NRs increased by
1.92 times than that of the ZnO rods without built-in nano-
pores (ZnO NRs). The enhanced piezoelectric coeffect of
holey ZnO NRs triggered the amplification of piezoelectric
catalytic property, which was about 1.7 times that of ZnO
NRs. This work demonstrated that the method of induced
stress with built-in nanopores was a promising strategy for
improving the piezoelectric catalytic efficiency of single-
crystal ZnO rods.
5.3. Repeatability of piezomaterial in piezochemistry
In addition to high degradation activity, the repeatability
and stability of piezoelectric materials are also crucial for
expanding their engineering applications. However, current
research findings suggested that mechanical activation could
disrupt the microstructure of piezoelectric materials, leading to
a decrease in piezoelectric catalytic activity and stability
[116]. To overcome this limitation, numerous studies had been
conducted. Wu et al. discovered that the introduction of
NaNbO3 could significantly enhance the piezoelectric activity,
durability, and stability of ZnO catalysts [117]. Wu et al. re-
ported the synthesis of PDMS/WS2NF using PDMS embedded
with richly layered WS2 nanoflowers, exhibiting stable
piezoelectric catalytic performance in degrading RhB dye
[118]. After ten cycles of testing, the degradation efficiency of
RhB was maintained at approximately 82%. Recently, Kubota
et al. demonstrated that piezoelectric materials with tempo-
rarily highly polarized particles could be produced through
ball milling [119]. Interestingly, Meng et al. found that the
piezoelectric catalytic activity and reusability of few-layer
WS2 could be significantly improved by self-renewing [120].
Additionally, Meng et al. synthesized a friction-positive
Fe@MoS2 piezoelectric catalyst with significantly prolonged
lifespan through a simple mechanochemical process (Fig. 9d)
[121]. The prepared Fe@MoS2 exhibited excellent piezo-
electric catalytic activity activated by ball milling. Wet ball
milling was used as the driving force to successfully eliminate
the destruction of its piezoelectric catalytic sites. After 50
cycles of testing, Fe@MoS2 maintained a piezoelectric
degradation efficiency of over 99% for tetracycline. Free
radical quenching results and electron paramagnetic resonance
spectra indicated the generation of _OH and 1O2, which
participated in the degradation of tetracycline. Moreover, the
toxicity of most intermediates, from the piezoelectric catalysis
of Fe@MoS2, was significantly lower than that of tetracycline,
suggesting the potential of Fe@MoS2 in reducing wastewater
toxicity. It provided a deeper understanding of the role of
loaded iron in piezoelectric catalysis and offered a new
perspective for effectively reducing the quantity and toxicity
of antibiotics in water through practical piezoelectric catalytic
degradation.

6. Reactions induced by CE effect

Although piezochemistry finds widespread application in
numerous significant mechanochemical reactions [119], its
limited selection of piezoelectric materials has somewhat
constrained further advancements in this field. Additionally,
commonly used piezoelectric materials, such as BaTiO3 and
lead zirconate titanate (PZT), are brittle [122], environmen-
tally harmful due to their lead content, and challenging to
recycle [123]. Moreover, the piezoelectric polar charged state
is typically transient, reverting to an uncharged state once the
external force is removed and electron–hole pairs recombine
[124]. However, it is noteworthy that insulating dielectric solid
materials, selected from a broad spectrum, have attracted
considerable attention for their ability to facilitate chemical
reactions via the ubiquitous Contact Electrification (CE) effect
[125]. Once two objects come into contact under mechanical
force, a significant charge transfer occurs at the interface,
establishing a strong electric field in the separation space upon
their separation, thereby enhancing the efficiency of chemical
reactions [126]. More recently, most of studies demonstrated
the dominance of electron transfer in the CE process [127–

129], which strongly supported the feasibility of CE induced
reactions [130]. Furthermore, with the advantages of a diverse
range of CE materials, cost effectiveness, and stable proper-
ties, the research on CE induced chemical reactions has gained
increasing attention [131,132]. Chemical reactions induced by
the CE effect can be broadly classified into two categories: (1)
Reactions driven by surface charges on triboelectrically
charged insulating dielectric solids; (2) Reactions initiated by
the CE process between insulating dielectric solids and liq-
uids, primarily involving electron transfer and radical
generation.
6.1. Reactions induced by electrostatic charge
Liu et al. reported that charged PTFE could engage in re-
actions with solution species [133]. Specifically, PTFE,
negatively charged via CE with PMMA, initiated chemical
reactions when immersed in an aqueous solution. These re-
actions included a pH increase, hydrogen gas formation, metal
deposition, reduction of [Fe(CN)6]

3�, and chemical lumines-
cence in the Ru(bpy)3

2þ/S2O8
2� system (Fig. 10a and b). Since

such phenomena were similar to electron transfer reactions
observed in electrochemistry with metal electrodes, charged
PTFE could be used for “single-electrode” electrochemical
reduction reactions [134]. Furthermore, Liu et al. reported that
the [Fe(CN)6]

3� could be reduced to [Fe(CN)6]
4� by the

negatively charged polyethylene (PE) that CE with polyamide
(PA). (Fig. 10c) Additionally, Liu et al. demonstrated that
pristine PMMA could spontaneously transfer electrons to
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substances in the aqueous solution, initiating various chemical
reactions [135]. The transferred charges were termed cryp-
toelectrons, somewhat analogous to “excess electrons” on
oxide dielectrics. Their surface density was approximately
5 � 1013 cm�2, possessing significantly more negative
reduction potentials compared to the bonded electrons in
PMMA. Metal ions including Agþ, Cu2þ (Fig. 10d), and Pd2þ

were reduced and plated onto the surface of PMMA, and
[Fe(CN)6]

3� was reduced to [Fe(CN)6]
4�. Furthermore, when

PMMA powder was dropped into a weakly acidic solution,
protons were reduced, leading to an increase in pH and the
generation of hydrogen gas. Adding PMMA powder to a so-
lution containing Ru(bpy)3

2þ and S2O8
2� also produced chem-

ical luminescence reactions. These results clearly indicated the
presence of available electrons in PMMA, capable of partici-
pating in redox reactions at substantially negative potentials.

The total net charge of polymer samples can be measured
directly and with high precision using Faraday cups. This
measurement represents the arithmetic sum of net negative and
positive local surface domains. A dielectric solid with a net
charge of �1 nC (equivalent to the charge of 6.24 � 109

electrons) may carry significantly larger localized charges.
Importantly, the degree to which the sample acts as an electron
source far exceeds the net charge measured in Faraday cups/
electrostatic meter setups. Zhang et al. demonstrated that CE
encompasses an intricate mosaic of positive and negative
charges, rather than a homogeneous entity, thereby pioneering
the quantitative characterization of these charges within the
realm of electrochemistry. They also provided circumstantial
evidence for lateral charge migration on dielectric solid sur-
faces towards metal nanoparticle nucleation sites, as well as
inhomogeneous charge densities across the dielectric surface.
Additionally, they demonstrated a material-specific slope in
the redox work versus electrostatic charge density curves,
highlighting the necessity of considering a sensitivity factor
when utilizing dielectric solids to deliver a precise amount of
coulombs to a reaction mixture. Materials characterized by a
substantial negative electron affinity and relatively low ioni-
zation energies, which favor stable cations and unstable an-
ions, could effectively facilitate redox processes to a
considerable degree. Dielectric solids with stable anions (less
negative electron affinity) and large ionization energies will
probably be of greater importance when one attempts to
deliver small redox changes with high precision. (Fig. 10e)
[136]. The maximal magnitude of redox reaction also depends
on the material: metal particles undergo greater growth on
charged dielectric solids, resulting in the formation of stable
cationic fragments with lower ionization energies.

While the phenomenon of inducing chemical reactions
through contact with charged dielectric solids has garnered
widespread attention among researchers, its origins remain
largely obscure. To date, it is commonly believed that this
effect arises from an excess of electrons generated on the
negatively charged surface, which subsequently transfer to
reactants in the solution. The involvement of so-called
“cryptoelectrons,” as proposed by Liu et al. [135], namely
high-energy state electrons existing on or near the surface of
the polymer, has been proposed. In these studies, various
sources of these electrons had been suggested, including im-
purities or additives within the dielectric solids, reactive end
groups of the dielectric solids, cosmic rays, and surface states
induced by the unique status or mechanical fracture of
dielectric solids chains. However, works by Lubomirsky et al.
cast doubt on the participation of cryptoelectrons in driving
solution reactions. Specifically, they replicated several
PMMA/PTFE CE experiments and employed X-ray photo-
electron spectroscopy (XPS) to demonstrate that negatively
charged PTFE did not reduce Pd2þ or Cu2þ salts but rather
facilitated the adsorption of metal cations [137]. While the
influence of plasma (utilized for cleaning the polymers) in
their study had also sparked some debate over these findings
[138]. Baytekin et al.'s research findings on reactions involving
free electron transfer suggested that during CE processes, the
contacting materials did not uniformly charge but rather form
a “mosaic” of positive and negative charges on both contacting
surfaces (Fig. 10f). Consequently, both surfaces, not just those
with a net negative charge, should be capable of providing
electrons. In fact, each charged surface exhibited a “mosaic”
of nano-sized (þ) and (�) regions, and the total charge of the
macroscopic material corresponded to the sum of charges over
these domains [139]. Since each nano-domain carried a high
charge (approximately mC cm�2) theoretically, each (�) re-
gion on a charged dielectric solid contact patch could provide
sufficient electrons to drive redox reactions in the surrounding
solution. Thus, macroscopic measurements of charged mate-
rials (e.g., via Faraday cups) alone cannot conclusively prove
or refute whether electrons mediate reactions influenced by
contacted charged dielectric solid. It also suggested that re-
actions induced by dielectric solid surfaces are not attributable
to electron (or free electron) reduction but rather to the pres-
ence of free radicals [140], which are generated concomitantly
with surface charging and material transfer during contact and
separation processes.

Prior research has predominantly focused on electrostatic
charges on dielectric solids, making direct observation of
potential in the aqueous phase as a driving force for redox
reactions unattainable. Indirect measurements, relying on
concentration changes triggered by dielectric solid redox re-
actions, have been used as proxies for assessing the extent of
these reactions at equilibrium. However, discerning between
reactant adsorption and reduction remains unclear, leading to
controversial results. Yun et al. investigated the electrostatic
and electrochemical behavior of conductive gold, which ac-
quired charge upon contact with the insulating PDMS [141].
This study was motivated by several factors: (1) clarifying
electrostatic charges on the conductive phase of gold to
elucidate the prevailing mechanism (charge or ion transfer);
(2) evaluating the interface potential difference between
charged gold and electrolyte using the Nernst equation to gain
direct insights into the driving force for electrostatic charge
redox reactions; and (3) accurately quantifying charges and
adsorbates through stripping voltammetry and surface-sensi-
tive electrochemistry to deepen understanding of redox re-
actions facilitated by CE. Initially, Au was charged by simple



Fig. 10. Reactions induced by electrostatic charge. (a) Electrostatic electrochemiluminescence induced by a negatively charged PTFE rod. Reprinted with

permission from Ref. [126]. Copyright (2021) by Copyright Clearance Center. (b) The electrochemiluminescence emission phenomenon of electrostatic elec-

trochemiluminescence. Reprinted with permission from Ref. [134]. Copyright (2008) by Copyright Clearance Center. (c) Cyclic voltammograms (10 mV s�1) at a

23 lm glass-encased Pt ultramicroelectrode in water containing 0.2 mmol L�1 [Fe(CN)6]
3� and 0.2 mol L�1 KCl before (grey) and after (black) contact with

PMMA rubbed PE disks. Reprinted with permission from Ref. [133]. Copyright (2010) by Copyright Clearance Center. (d) Copper plated on untreated PMMA

surface. Reprinted with permission from Ref. [135]. Copyright (2009) by Copyright Clearance Center. (e) An almost linear relationship between a plastic sample's
net negative charge and the amount of solution metal ions discharged to metallic particles with a coefficient of proportionality linked to its electron affinity

(stability of anionic fragments). Reprinted with permission from Ref. [136]. Copyright (2019) by Copyright Clearance Center. (f) Kinetics of % bleaching of

Neutral Red (NR) aqueous solutions by PDMS charged negatively by rubbing against PC (red line) and charged positively by rubbing against Teflon (blue line).

Reprinted with permission from Ref. [139]. Copyright (2012) by Copyright Clearance Center. (g(i)) VCPD images before (top left, 25.9 ± 3.1 mV) and after

(bottom left, �13.9 ± 1.3 mV) water exposure. (g(ii)) The corresponding Line profiles of the VCPD. (g(iii)) Illustration of proposed mechanism for electrification

and redox reaction in aqueous phase. Reprinted with permission from Ref. [141]. Copyright (2018) by Copyright Clearance Center.
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contact and separation with PDMS. Given the extremely low
surface energy and inertness to chemicals, PDMS had been
widely used as a stamp in soft lithography and microfluidics
[142], indicating a low likelihood of chemical interactions
between PDMS and Au. Surface potentials measured using
Kelvin probe force microscopy (KPFM) in air were utilized to
monitor the electrostatic charges on gold. Upon contact with
water, the initial positive potential observed on charged Au
exhibited a reversal to a negative potential (as shown in
Fig. 10g(i)). Subsequently, the study estimated the interface
potential difference or Nernst potential based on (1) the open
circuit potential (OCP), (2) electrochemical studies of charged
Au after redox reactions with electrolyte containing Agþ

cations using stripping voltammetry, and (3) copper under-
potential deposition (UPD) to measure the surface coverage of
adsorbates through CE. The focus of this investigation was on
the charged Au rather than charged PDMS, to leverage the
capability of the conductive phase (equipotential surface) for
direct electrical/electrochemical measurements. The OCP
result indicated that charged Au has more negative potential
than bare Au, and reduction was favorable by the charge
transfer between chemicals on Au and [Fe(CN)6]

3�. This
demonstrated that the charged Au induced reduction from the
inverted charges/radicals instead of the oxidation. Apart from
charged species, gold may harbor neutral radical species
resulting from the homolytic cleavage of the covalent bonds of
PDMS [143]. The inverted charge density (1.2 nC cm�2) from
�13.9 mV in air in Fig. 10g(ii) was not sufficient to drive
chemical reduction. This charge density on gold corresponded
to only �0.17 mV in the highly dielectric medium of water,
considering the relative permittivity of water (the value of
80.1). Thus, this study speculated that radicals themselves or
their anionic derivatives in Fig. 10g(i) may also induce the
reduction reaction. As illustrated in Fig. 10g(iii), this study
suggested that for the conversion of mechanical energy to
chemical reactions, prioritizing radicals generated via mech-
anochemistry over triboelectricity is advisable.
6.2. Reactions induced by solid–liquid CE
CE at solid–liquid interfaces is also a prevalent phenome-
non, alongside solid–solid CE [144]. Some studies had solely
attributed the charge transfer process at the solid–liquid
interface to ion adsorption or ion transfer stemming from
ionization reactions. However, recent research had demon-
strated the presence of electron transfer during the CE process
at solid–liquid interfaces, indicating that in certain cases,
electron transfer was the predominant process [145]. An
electron cloud potential-well model had been proposed
(Fig. 11a) to elucidate the general scenario of CE between two
materials [146]. When two materials interact under external
mechanical force, their electron clouds overlap, reducing the
energy barrier between them. Sufficient input energy surpasses
this barrier, prompting electron transfer from one atom to
another. The transferred electrons remain on the receiving
atom, suggesting the feasibility of catalyzing chemical re-
actions via electron transfer in CE.
Moreover, the charge transfer, mainly electron transfer,
occurring in solid–liquid CE could be measured by the
spatially arranged electrode probes made of self-powered
liquid droplet triboelectric nanogenerator (TENG) [147].
Subsequently, Zhang et al. proposed a strategy for electrostatic
modulation of chemiluminescence (CL) by CE between re-
action solution and dielectric solids (Fig. 11b) [148]. The
charged polarity (positive or negative) of luminol droplets,
determined by their CE characteristics with various dielectric
solids, significantly influenced the reactivity of chem-
iluminescence. Luminol droplets, positively charged through
CE with PTFE, exhibit heightened reaction activity and
intensified chemiluminescence. Conversely, luminol droplets
negatively charged via CE with nylon tend to suppress
chemiluminescence. This phenomenon may arise from elec-
tron competition between the negatively charged luminol
droplets and Fe3þ ions, hindering the chemiluminescent re-
action. Fe3þ could be reduced by electrons to Fe2þ (Fe3þ þ e
/ Fe2þ), and Fe2þ in alkaline solutions (the pH of the
luminol solution in this work is 12) could further be oxidized
to form Fe(OH)3 (4Fe2þ þ 8OH� þ O2 þ 2H2O /
4Fe(OH)3), thereby suppressing CL emission (Fig. 11c). This
work provided a strategy to promote/inhibit chem-
iluminescence by simply statically charging the reaction so-
lution with a dielectric solid, extending our understanding and
control of static electricity, with direct implications for tribo-
electric charge.

In 2022, Wang et al. proposed the contact-electro-catalysis
(CEC) strategy for the first time to demonstrate that electrons
transferred between original dielectric powders and water
during the CE process could be utilized for catalytic reactions
without the need for conventional catalysts [149]. Specifically,
frequent CE at the interface of fluorinated ethylene propylene
(FEP) and water induces electron transfer, triggering the
generation of ROS to degrade methyl orange in waste water
(Fig. 11d(i)). The cavitation bubbles (CBs) induced by ultra-
sound was believed to cause frequent contact and separation at
the FEP-water interface, facilitating the interfacial electron
transfer. As shown in Fig. 11d(ii), CBs initially nucleated
during ultrasonic processing. Subsequently, CBs containing
dissolved gas grew from the nucleus until reaching a critical
size. At this point, the collapse of CBs generated high-pressure
microjets, displacing water molecules previously adsorbed on
the FEP surface. Electrons transfer from water to FEP upon
contact, and the symbol FEP* was introduced to describe the
charged state of FEP after separation from water. Simulta-
neously, upon collision, trapped O2 was released and captures
electrons from the charged surface of FEP*. FEP* returned to
its initial uncharged state after exchanging this electron for O2,
and as long as ultrasonication process continues, this electron
transfer cycle repeated. Fig. 10d(iii) summarized the potential
mechanism of CEC for degrading organic pollutants. On one
hand, electron transferred between water and FEP during the
CE process led to the formation of water radical cations. The
resulting water radical cations underwent rapid proton transfer
from water, forming hydrated hydrogen cations and hydroxyl
radicals. On the other hand, electrons accumulated on the



Fig. 11. Mechanochemical reactions induced by S-L CE. (a) An electron cloud potential-well model. Reprinted with permission from Ref. [146]. Copyright

(2024) by Copyright Clearance Center. (b) Schematic depiction of the electron transfer between a liquid droplet and the PTFE interface and thus the ions adsorbed

due to the coulombic attraction. After separation, the positively charged luminol droplet attracts anions at the interface. Reprinted with permission from Ref. [148].

Copyright (2022) by Copyright Clearance Center. (c) Schematic depiction of the electrons from the negatively charged luminol droplet competing with luminol for

Fe3þ. Reprinted with permission from Ref. [148]. Copyright (2022) by Copyright Clearance Center. (d(i)) Schematic of the experimental setup and protocol of

CEC. c UV-Vis spectra of a 50 mL aqueous methyl orange solution during ultrasonication in presence of FEP powder (20 mg) for 3 h (d(ii)) Schematic of the CEC

phenomenon during ultrasonication. (d(iii)) Proposed mechanism for the degradation of methyl orange by CEC generated radicals. Reprinted with permission from

Ref. [149]. Copyright (2022) by Creative Commons Attribution 4.0 International. (e) The powder and SiO2 catalyst were put into citric acid solution under ul-

trasonic conditions. Reprinted with permission from Ref. [151]. Copyright (2023) by Copyright Clearance Center. (f) Mechanism of CEC to generate H2O2.

Reprinted with permission from Ref. [152]. Copyright (2023) by Copyright Clearance Center. (g) Schematic diagram and reaction pathway of the oxidation of CH4

to HCHO and CH3OH via CEC. Reprinted with permission from Ref. [153]. Copyright (2024) by Copyright Clearance Center.
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FEP* surface were captured by O2, forming $O2
� radicals.

Subsequently, $O2
� was protonated to form hydroperoxyl

radicals (HO2$), which, generate $OH radicals through chain
reactions [150]. $OH radicals produced at the end of these two
steps then reacted with organic pollutants in the aqueous so-
lution. CEC had been demonstrated to be effective with
various dielectric materials such as Teflon, Nylon-6,6, and
rubber. This original catalytic principle not only broadened the
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scope of catalytic materials but also allowed us to envision
catalytic processes facilitated by mechanically induced CE.

CEC, utilizing electron transfer and free radical generation
during contact electrification between diverse materials, effi-
ciently degrades organic pollutants and retrieves electrode
materials from lithium-ion batteries. Li et al. harnessed the
generation of radicals from CEC approach to facilitate metal
leaching under ultrasonication [151]. SiO2 was employed as a
recyclable catalyst in CEC. For lithium cobalt oxide (III) bat-
teries, lithium leaching efficiency reached 100% within 6 h at
90 �C, while cobalt leaching efficiency reached 92.19%. In the
case of ternary lithium batteries, within 6 h at 70 �C, the
leaching rates for lithium, nickel, manganese, and cobalt
reached 94.56%, 96.62%, 96.54%, and 98.39%, respectively.
This method offered a green, efficient, and cost-effective
approach for lithium-ion battery recycling, meeting the expo-
nential growth in demand for lithium-ion batteries. The entire
recycling process was illustrated in Fig. 11e, lithium cobalt
oxide (LCO) was first separated from lithium-ion batteries
(LIBs), followed by metal extraction through CEC leaching.
After a 6-h reaction, the solution turned pink, indicating suc-
cessful metal leaching from the cathode material. Then the
metals were separated through continuous precipitation, and the
catalyst (SiO2) was recovered. Ultrasonication induced the
growth and collapse of cavitation bubbles, leading to frequent
CE between SiO2 and the water interface. Consequently, elec-
trons transfer from DI water to the SiO2 surface. This process
generated hydroxyl radicals cations, which reacted with water
molecules to form $OH and hydrated hydrogen ions. During the
collapse of cavitation bubbles, oxygen present in the bubbles
reacted with electrons on the SiO2 surface, forming $O2

�.
Electrons, superoxide species, and hydroxyl radicals all
potentially participated in the leaching process. Finally, a pre-
cipitation method was employed to separate the mixture of
lithium and cobalt ions from the solution.

Zhao et al. had proposed a straightforward method for the
direct production of hydrogen peroxide (H2O2), based on CE
between PTFE particles and deionized (DI) water, without the
need for any other traditional catalysts such as noble metals,
intermetallic alloys, and transition metal oxides [152]. Under
ultrasonication treatment, electron transfer occurred between
PTFE particles and water, with repeated contact and separa-
tion cycles at the interface. Electrons could flow from water to
the surface of PTFE, forming a charged interface, effectively
catalyzing chemical reactions that typically did not occur
under ambient conditions. Electron paramagnetic resonance
(EPR) was employed to capture intermediate radical species
($OH and $O2

�). As shown in Fig. 11f, the contact between
PTFE and water and the PTFE-O2 interface triggered electron
transfer and also might generate radicals, so that the recom-
bination of radicals produces H2O2, with a yield of up to
313 mmol L�1 h�1. Furthermore, the influence of locally
elevated pressure environments induced by ultrasonication on
the reaction was investigated through theoretical simulation
methods. Through Raman spectroscopy, scanning electron
microscopy (SEM), and X-ray photoelectron spectroscopy
(XPS) that the surface structure and chemical composition of
PTFE particles remained unchanged during the ultrasonic
treatment. This physical and chemical stability might favor the
large-scale production of H2O2. Therefore, we proposed a
simple and cost-effective production system based on the
principles of CEC, which achieved long-term stable perfor-
mance and held promise for application in various systems,
pioneering new frontiers in catalysis.

Recently, Li et al. demonstrated that CEC could effectively
catalyze the direct synthesis of H2O2 under ambient condi-
tions, concurrently generating abundant reactive oxygen in-
termediates [153]. H2O2, as an oxidant, had been shown to
effectively oxidize methane (CH4) under mild conditions.
Ultrasonication was utilized to facilitate CE between FEP
particles and water to catalyze the oxidation of CH4 to
formaldehyde (HCHO) and methanol (CH3OH) under ambient
conditions, with yields of 467.5 and 151.2 mmol gcat�1,
respectively. The reaction was conducted at 25 �C and 1 bar
pressure under ultrasonic treatment (Fig. 11g). In the presence
of ultrasound, water contacted and separated from the FEP
surface. Due to the strong electron-absorbing capability of
FEP, H2O lost electrons to form $OH, while electrons were
adsorbed onto the FEP surface to form static charges. In the
presence of cavitation bubbles, oxygen gained electrons and
was activated into $OOH. These oxygen radicals further
activated CH4. The FEP surface, upon receiving electrons,
activated O2 in a negatively charged chemical environment
and combined with hydrated hydrogen ions to form $OOH.
Additionally, the catalyst used in CEC was readily available,
exhibiting good universality, durability, recyclability, and
scalability for CH4 conversion. The significance of this
method and its potential applicability to a wider range of gas-
phase catalytic reactions underscored significant advance-
ments in the catalysis field.

CEC has facilitated the development of non-metallic cata-
lytic methods for efficiently degrading persistent organic
compounds, producing hydrogen peroxide, and recovering
metals from spent lithium-ion batteries. Su et al. demonstrated
the application of CEC principles in devising a non-metallic
catalytic route for the reduction of precious metals in aqueous
solutions [154]. FEP particles, owing to their high CEC ac-
tivity, could drive CEC-mediated reduction of gold (Au),
mercury (Hg), palladium (Pd), platinum (Pt), iridium (Ir),
rhodium (Rh), and silver (Ag) ions in aqueous solutions under
both aerobic and anaerobic conditions (Fig. 12a). More
significantly, this water-solid CE-based method enabled the
extraction of gold from synthetic solutions with concentrations
ranging from as low as 0.196 ppm to as high as 196 ppm, with
extraction capacities ranging from 0.756 to 722.5 mg g�1 in
3 h. Fig. 12b depicted a schematic diagram of the mechanism
of metal ion reduction via CEC. Following ultrasound-assisted
water-solid CE, the charged FEP (denoted as FEP*) emitted
electrons into the solution under the excitation provided by
ultrasonic vibration. These electrons could reduce the metal
ions present in the solution. After the electrons departed from
FEP*, the latter returns to its ground state (FEP), and if the
ultrasound conditions were maintained, the catalytic cycle as a
method for extracting metals from aqueous solutions, CEC
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offered several advantages. The widespread availability of
high-performance dielectric insulating fluoropolymer and
ceramic particles resolves common challenges related to
contamination experienced by novel catalysts. Due to the
chemical inertness of fluoropolymer, the extracted metals
precipitated at the bottom of the reactor rather than being fixed
on the catalyst, floating on the surface. This facilitated the
recovery of the desired compounds compared to adsorbent
processes requiring further post-treatment (i.e., selective
dissolution and reprecipitation). Moreover, CEC metal
reduction allowed for metal recovery from solutions with low
pH values, such as industrial filtrates obtained from electro-
plating waste. Due to significant differences in the reduction
kinetics of gold and other metals, CEC enabled the selective
recovery of gold from filtrates of the same waste solution.
Lastly, the physicochemical properties of FEP conferred
excellent recyclability to this material. Future research en-
deavors should prioritize optimizing CEC efficiency, identi-
fying low-contamination materials, and exploring the broader
spectrum of reactions achievable through this method.
Furthermore, investigating CEC's potential across diverse
catalytic and mechanochemical processes remains paramount.

The essence of initiating CEC relies on introducing effective
contact-separation cycles at the target interface. During these
cycles, electron transfer is expected to facilitate the rate of
chemical reactions. Ultrasound is commonly used to induce
CEC, exploiting the variation in cavitation bubbles during the
propagation of ultrasound waves to generate high-pressure
microjets, thereby causing contact-separation cycles between
solids and liquids and the corresponding electron transfer.
Additionally, ultrasound treatment can not only induce high-
frequency CEC but also provide a high-pressure environment,
thereby promoting the generation of reactive ROS by reducing
the energy barrier for electron transfer. These ROS can effec-
tively degrade organic pollutants or directly synthesize H2O2. In
addition, ball milling is another representative strategy applied
in CEC. Wang et al. explored its feasibility through a LAG
device made from triboelectric materials (Fig. 12c) [155]. They
proposed the existence of a velocity threshold to initiate CEC.
Specifically, when the rotation speed was low, the energy for
electron transfer during the CE process was insufficient. Further
increasing the rotation speed would lead to an increased rate of
ROS generation. This could be explained by the increase in
impact frequency at higher speeds and the reduction in the en-
ergy barrier for interface electron transfer.

Additionally, Zhao et al. proposed a highly sensitive strat-
egy to investigate electron transfer and free radical generation
during solid–liquid contact processes [156]. In this approach,
small droplets were propelled by a nitrogen flow through a
long capillary to provide continuous solid–liquid contact,
which could generate a sufficiently high concentration of free
radicals within the droplets without the need for ultrasound
assistance (Fig. 12d). The results indicated that the free radi-
cals produced without ultrasound are $OH, formed by the loss
of an electron from hydroxide ions (OH�) during the solid–

liquid interface CE process. It was worth noting that no $O2
�

was detected during the solid–liquid contact process.
However, after the introduction of ultrasound, $O2
� was

noticeably detected, confirmed that the use of ultrasound did
indeed interfere with the electron transfer process and inter-
face reactions. Furthermore, with the assistance of ultrasound,
the concentration of $OH also significantly increased. Addi-
tionally, ultrasound-assisted free radical generation could be
used to degrade tetracycline contamination. Besides, Zhang
et al. proposed a wind-driven, Al@Al2O3 and PTFE combined
rotational mode liquid–solid TENG CEC and adsorbable de-
vice (Fig. 12e) [157]. The CE of the liquid–solid interface
during mechanical rotation made the treatment efficiency of
organic pollutants much higher than other advanced oxidation
processes. Taking crystal violet (CV) as the target pollutant,
when the linear speed of the rotator is 1.41 m s�1, the k values
for low-concentration and high-concentration crystal violet are
2.24 min�1 and 0.26 min�1, respectively. This was a huge
advance in the field of catalysis.

Due to the manipulable nature of the CE process and its
correlation with the electronegativity of solid dielectrics, it
provides a mechanism for controlling chemical reactions and a
reliable platform for studying solid dielectric-liquid in-
teractions. Generally, the electron acceptance/donation ability
of solid dielectrics in the CE process is closely related to their
electronegativity, which depends on the electron affinity of
atoms in their chemical structure, similar to the electron theory
in the Lewis acid-base law. Combining the work function of
charge collectors and the standard electrode potential of
electroactive substances in the liquid, the electronegativity of
solid dielectrics in the triboelectric series could serve as a
benchmark for predicting the thermodynamics of CE-Chemi-
cal reactions. Therefore, we proposed a guideline for the
unified concept of work function, electronegativity in the
triboelectric series, and standard electrode potential to guide
chemical reactions and assess their extent. Defining order
parameters by electron transfer capability could not only
provide a new way to steer chemical reactions via triboelectric
charges, but also offer a new perspective to develop a green
and sustainable chemistry with interdisciplinary subjects of
physics and material science. Furthermore, we introduced the
comprehensive paradigm of contact-electro-chemistry (CE-
Chemistry), demonstrating that chemical reactions can be
driven by free radicals that initiated during the CE process of
solid dielectric-liquid (Fig. 12f) [158]. CE-Chemistry covered
a wide range of chemical disciplines, including contact-elec-
tro-redox (CE-Redox) reactions of [Fe(CN)6

3�/[Fe(CN)6]
4�,

contact-electro-polymerization (CE-Polymerization) of ani-
line, contact-electro-catalysis (CE-Catalysis) of phenol, and
contact-electro-fluorescent (CE-Fluorescent) of terephthalic
acid (THA), and so on. Exploring the formation of the elec-
trical double layer (EDL) elucidates the electron-ion transfer
relationship and optimizes CE-Chemistry reactions in aqueous
systems. Moreover, CE-Chemistry has been conducted for the
first time in non-aqueous environments, underscoring the
universality of CE-Chemical mechanisms beyond aqueous
systems. Unlike chemical reactions initiated by light, heat,
electricity, or chemicals, CE-Chemistry based on mechanical
contact-separation methods opens new avenues for



Fig. 12.Mechanochemical reactions induced by S-L CE. (a) Reduction of metal ions in solution by ultrasonication in presence of FEP microparticles. Reprinted

with permission from Ref. [154]. Copyright (2024) by Copyright Clearance Center. (b) Schematic description of the reduction of various metal ions (Mnþ) in
aqueous solution by ultrasonically driven CEC in presence of FEP. Reprinted with permission from Ref. [154]. Copyright (2024) by Copyright Clearance Center.

(c) Production of ROS via contact-electrocatalysis (CEC) in ball milling. Reprinted with permission from Ref. [155]. Copyright (2024) by Copyright Clearance

Center. (d) Generation of $OH induced by CE at solid–liquid interface. Reprinted with permission from Ref. [156]. Copyright (2023) by Copyright Clearance

Center. (e) Rotation-mode liquid–solid triboelectric nanogenerator for efficient CEC and adsorption. Reprinted with permission from Ref. [157]. Copyright (2023)

by Copyright Clearance Center. (f) A green approach to induce and steer chemical reactions using inert solid dielectrics. Reprinted with permission from

Ref. [158]. Copyright (2024) by Copyright Clearance Center.
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interdisciplinary research on interface interactions across
physical, materials science, and chemistry domains.

Furthermore, the CE-Chemistry and CEC could couple
other effects for enhanced chemical reactions. It significantly
broadens the range of catalyst selection, enabling the possi-
bility of designing more diverse catalytic systems. Jiang et al.
prepared a novel contact piezoelectric dual-catalytic
ZnO@PVDF composite membrane using electrospinning
technology (Fig. 13a) [159]. The resulting ZnO@PVDF
composite membrane outperformed pure PVDF membrane in
the ultrasound decomposition of methyl orange (MO) at room
temperature, primarily due to the synergistic effect of the
contact-electrocatalysis of dielectric PVDF and the piezo-
electric catalysis of tetrapod ZnO and a-phase PVDF
(Fig. 13b). The heterostructure of piezoelectric-ZnO@di-
electric-PVDF composite material was advantageous in
reducing electron/hole recombination. The catalytic degrada-
tion efficiency of the ZnO@PVDF composite membrane under
ultrasound treatment increased by 444.23% compared to pure
PVDF membrane. Additionally, the reusability and stability of
the composite membrane were comparable to traditional
powder catalysts. This study was based on exploring the high
degradation efficiency of MO solution under ultrasound
treatment using electrospun ZnO@PVDF composite mem-
brane. Under the dual catalytic action of contact piezoelec-
tricity, the prepared ZnO@PVDF composite membrane
generated a large number of electrons at the interfaces of
PVDF-water and ZnO-water. PVDF, as a dielectric material,
can timely store the electrons generated by the contact-electric
and piezoelectric effects, prolonging the presence of electrons
Fig. 13.Mechanochemical reactions induced by S-L CE and other effects. (a) Th

Reprinted with permission from Ref. [159]. Copyright (2022) by Copyright Clearan

different ZnO@PVDF composite membrane; C0 and C is the initial and instant con

(2022) by Copyright Clearance Center. (c) Mechanism of the contact-piezoele

permission from Ref. [159]. Copyright (2022) by Copyright Clearance Center. (d

Reprinted with permission from Ref. [160]. Copyright (2022) by Copyright Cleara
and holes at these interfaces, thereby ensuring the long-term
existence of free radicals. As shown in Fig. 13c, when the
cavitation bubbles generated by ultrasound burst, they pro-
duced high-pressure and high-temperature microjets, impact-
ing the water molecules previously adsorbed on the
ZnO@PVDF composite membrane. Water loses electrons to
form H2O

þ, which reacted with H2O to form $OH and H3O
þ.

Upon contact, an electron transferred from water to PVDF, and
the symbol PVDF* was proposed to describe the charged state
of PVDF after separation from water. Simultaneously, O2

captured electrons from the charged PVDF* surface. PVDF*
transferred this electron to O2, forming $O2

�. Afterward,
PVDF* transferred the electron to oxygen, and PVDF returned
to its original uncharged state, catalyzing the reaction. H3O

þ

reacted with O2 to generate pure water and $OH. Dissolved O2

in water exhibited intense vibration under ultrasound,
impacting the PVDF surface. Oxygen had the ability to attract
electrons from the negatively charged PVDF, leading to the
continuous cycling of PVDF between charged and uncharged
states. The system continuously generated $OH, which were
the primary reactive species for MO degradation. This work
provided a promising strategy for improving pollutant degra-
dation by combining contact-electric catalysis with piezo-
electric catalysis.

Additionally, traditional mechanochemical controlled
reversible deactivation radical polymerization (RDRP) utilized
ultrasound or ball milling to regenerate catalysts, which could
lead to side reactions due to high-energy and high-frequency
stimulation. Wang et al. proposed a simple friction-induced
chemical control ATRP (tribo-ATRP) method (Fig. 13d),
e SEM image of ZnO@PVDF composite membrane (ZnO/PVDF ¼ 1:3, w/w).

ce Center. (b) Decomposition of MO solution at different treatment times using

centration, respectively. Reprinted with permission from Ref. [159]. Copyright

ctric bi-catalysis of MO degradation under ultrasonication. Reprinted with

) Proposed mechanism of tribo-ATRP under ultralow frequency stimulation.

nce Center.



Fig. 14. Mechano-driven reactions with different mechanisms.
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which relied on contact-electric catalysis between titanium
oxide (TiO2) particles and CuBr2/tris(2-pyridylmethyl) amine
(TPMA), without the need for any high-energy mechanical
force [160]. Under stirring-induced friction, TiO2 particles
became charged and continuously reduced CuBr2/TPMA to
CuBr/TPMA, converting dormant alkyl halides into active
growing radicals, thus initiating ATRP. Additionally, the
impact of stirring-induced friction on the reaction was
explored through theoretical simulations, indicating that
increasing the frequency could lower the energy barrier for
electrons to transfer from TiO2 particles to CuBr2/TPMA.
Successful implementation of tribo-ATRP had allowed CEC
(~10 Hz) to achieve various polymers with predetermined
molecular weights, low disparities, and high chain-end fidelity.

7. Conclusions and perspectives

This article reviews several typical types of mechanically
induced chemical reactions, as depicted in Fig. 14, namely
mechanochemistry, tribochemistry, piezochemistry, and con-
tact-electric chemistry. Mechanochemistry focuses on the in-
teractions between mechanical energy and chemical reactions.
Under the action of mechanical stress, changes in molecular
structure, charge distribution, or chemical bonds of substances
may occur, leading to the initiation of new chemical reactions
or the enhancement of existing ones. These interactions can
result in the synthesis of new materials, activation of catalysts,
and modulation of biological and chemical processes. How-
ever, mechanochemistry remains qualitative and intuitive
rather than quantitative and precise. For instance, the me-
chanics vary by the type of stress involved. Namely, the re-
action results under head-on pressure may differ from those
under shear stress. Moreover, kinetic effects and thermody-
namic effects during mechanochemistry should be separated.
The prevalence and importance of localized heating at ball
impact locations are also unclear. Therefore, real-time mea-
surements of reactants and products in mechanochemistry are
required. Measuring the fractions of different molecules pre-
sent throughout the mechanical process is crucial for quanti-
fying the reaction dynamics and providing data for modeling.
Models that consider the particles as a pseudo-fluid may be
help to understand and predict reactions. New techniques and
a better theoretical understanding could encourage the
commercialization of mechanochemistry.

Tribochemical reactions are profoundly influenced by the
concurrent occurrence of friction and mechanical impact,
typically accelerating reaction rates and sometimes altering
reaction pathways. The technological relevance of tri-
bochemistry spans various applications, including lubricant
additive formulation, micro-abrasion in bolt connections, mild
wear of metals, mechanically activated reactions in processing
industries, seal operation in rotating machinery, and the po-
tential development of novel friction materials. Tribochemis-
try primarily investigates the chemical reactions induced
during friction processes, where surface interactions can lead
to the formation, breaking, or transformation of chemical
bonds, thereby affecting frictional force and wear behavior.
Research in this field advances our understanding of friction
phenomena, aids in the development of new lubricants and
materials, and enhances the performance of friction interfaces.
Despite its potential, the complexity of reaction processes and
the demand for higher fidelity and in-situ characterization to
better understand and optimize tribochemical processes.
Advanced techniques like AFM, transmission electron mi-
croscopy (TEM), and the emerging Atomic Probe Tomogra-
phy (APT) are increasingly utilized to investigate mechanical
properties, such as hardness and strength of tribofilm. How-
ever, the costs of these advanced techniques outweigh their
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benefits, and thus the issue of cost-effective is crucial
considering for achieving tribochemistry in efficiency, safety,
and sustainability.

Piezochemistry explores the chemical phenomena associ-
ated with charge separation or electric field generation under
strain or pressure in piezoelectric materials. Research has
elucidated two primary mechanisms underpinning pie-
zochemistry: the band theory and the screening charge effect.
Both frameworks offer plausible explanations for piezoelectric
catalysis, supported by their core principles and empirical
evidence. Notably, while both mechanisms highlight the
strong correlation between piezoelectric potential and catalytic
activity, they differ in the sources of active charge carriers.
Proponents of the band theory argue that internally generated
charges, resulting from mechanical excitation or material de-
fects, are the primary drivers of reactions. In contrast, the
screening charge effect posits that externally released
screening charges, stemming from surface shielding phe-
nomena, initiate redox reactions. However, the correlation
between piezochemical reaction kinetics and physical mech-
anisms remains largely unexplored across various aspects. For
example, piezoelectric properties are intricately linked to
ambient temperatures that will change due to the thermal ef-
fects ultrasonication time. Therefore, quantitative analysis is
needed to understand the relationship between temperature
variations, ultrasonication power density, and duration to
effectively manage these thermal effects. Moreover, sup-
pressing the recombination of electron–hole pairs and pro-
longing the charge carrier lifetime are considered to be the
major contributions of piezopotential to photocatalysis.

Unlike the aforementioned types, the CE effect, occurring at
interfaces such as solid–solid, solid–liquid, and liquid–liquid,
has attracted significant research interest due to its ability to
modify surface charge distribution and chemical environment,
thereby influencing catalytic activity. By adjusting charge dis-
tribution and electric field intensity at contact interfaces, the
adsorption capacity and activation energy for reactants on sur-
face catalysts can be controlled, altering reaction rates and
selectivity. Furthermore, the electrostatic field generated by CE
can drive specific electrochemical reactions by affecting reac-
tant migration rates, electron transfer processes, or activation
energies. CEC relies on electron transfer at the solid–liquid
interface, generating active radicals that initiate chemical re-
actions. CE can occur without intense friction and across diverse
materials, offering milder conditions and more selective stra-
tegies for enhancing reaction rates. However, under mild me-
chanical conditions, such as stirring or continuous flow at the
solid–liquid interface, CE-Chemistry places higher demands
on the CE performance of friction materials. Enhancing CE
performance can be achieved through physical etching to in-
crease surface area or surface chemical modifications to boost
surface charge density. Moreover, designing new CE materials
by optimizing their composition, structure, and morphology
also holds promise for improving reaction efficiency. Addi-
tionally, composite solid dielectrics with varied electron gain
and loss capabilities, or metal coatings with diverse electron
escape functionalities, can create a built-in electric field,
enhancing CE performance. Ongoing research aims to improve
reaction efficiency and expand the scope of liquid reaction
systems through CEC. Overall, continuous efforts in advancing
CE-Chemistry technology are crucial for achieving a more
sustainable and greener future.
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