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Tribocatalysis is an emerging and promising approach that integrates triboelectric effects with
heterogeneous catalysis to drive chemical reactions through mechanical energy input. In contrast to
conventional catalytic methods that rely on thermal, photonic, or electrical stimuli, tribocatalysis utilizes
friction-induced charge generation as a sustainable and energy-efficient means of activating catalytic
processes. This article discusses the underlying principles of tribocatalysis, with particular emphasis on
the dual function of mechanical stirring in facilitating catalyst—substrate interactions and promoting
catalyst activation. Key materials and activation mechanisms are reviewed, highlighting their potential in
applications such as environmental remediation and chemical energy storage. Despite recent advances,
significant challenges remain, including limited mechanistic insight, issues of material durability, and
difficulties in scaling up. This work aims to provide a comprehensive perspective on the current state of
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1. Introduction

Tribocatalysis integrates triboelectricity with catalysis, using
frictional forces to drive chemical reactions. It provides an
alternative to conventional catalytic processes, which are often
energy-intensive. In tribocatalysis, friction generates reactive
sites, localized charges, or electron-hole pairs." Unlike tradi-
tional catalytic systems that depend on external energy sources
such as heat, light, or electrical bias, tribocatalysis harnesses
mechanical energy, an abundant yet underutilized resource,
offering a more environmentally friendly and cost-effective
approach.?

Tribocatalysis is based on the principles of triboelectricity.
Triboelectricity, also known as the triboelectric effect, refers to
the generation of electric charge when two materials come into
contact and are subsequently separated.** This phenomenon
arises from the transfer of electrons between the materials,
driven by differences in their electron affinities. When materials
are rubbed, pressed, or otherwise brought into contact, the
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resulting charge imbalance can be harnessed for various
purposes. As a fundamental phenomenon in tribology, which is
the study of friction, lubrication, and wear, the triboelectric
effect has gained increasing attention in the development of
energy harvesting technologies.*

Triboelectric materials are classified based on their tendency
to gain or lose electrons.® Materials such as glass and wool tend
to lose electrons and become positively charged, whereas
materials like rubber, Teflon, and polyvinyl chloride are more
likely to gain electrons and become negatively charged. The
effectiveness of triboelectric materials in generating electricity
depends on their relative positions in the triboelectric series
and their ability to create a charge difference when paired with
another material. The triboelectric series ranks materials
according to their tendency to gain or lose electrons through
friction. When two materials come into contact and then
separate, one becomes positively charged (by losing electrons)
and the other negatively charged (by gaining electrons). The
series helps predict which material will become charged and in
which direction. Materials higher in the series tend to lose
electrons, while those lower in the series tend to gain them.

Designing efficient triboelectric materials requires an
understanding of their molecular structure and surface prop-
erties. Key factors for optimization include surface area,
roughness, and the dielectric constant of the materials.’
Increasing the surface roughness, for example, enhances the
contact area and therefore the charge generation.® Chemical
modifications, such as introducing functional groups that
increase electron affinity or donating capability, can also
improve performance.” Meanwhile, pairing materials with large
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differences in their positions on the triboelectric series maxi-
mizes charge transfer.®* Multilayer or composite materials can
also be engineered to combine the desirable properties of
different substances, such as flexibility, durability, and high
charge density.’

Triboelectric materials transform mechanical energy into
electrical energy by producing reactive charges that can drive
chemical reactions via redox processes, assuming the redox
potentials are thermodynamically favorable.»'* Thus, mechan-
ical energy is ultimately stored as chemical energy in the bonds
of the target products or used to chemically convert the
substrate into other chemical entities, as in the case of total
oxidation or mineralization of recalcitrant organics. Materials
are considered tribocatalysts only when they drive such reac-
tions. However, not all triboelectric materials qualify as tri-
bocatalysts, as many lack the catalytic activity necessary to
facilitate thermodynamically unfavorable or kinetically sluggish
redox reactions. By definition, tribocatalysts are materials that
enable chemical reactions through frictional forces.* This field
combines tribology, which is the study of friction, wear, and
lubrication, with catalysis, examining how mechanical forces
activate or enhance chemical reactions.

Mechanistically, the application of frictional energy to
a material can induce localized changes in its structure or
surface, thereby lowering the energy barrier for chemical reac-
tions.'" In tribocatalysis, mechanical forces can generate
reactive species, such as free radicals or ions, to drive chemical
reactions. The mechanisms of tribocatalysis involve several key
factors. Friction can break or activate surface bonds, enhancing
material reactivity, and generate electric charges through
triboelectric effects, further promoting chemical reactions.'' In
some cases, friction induces localized heating, accelerating
reactions without bulk heating.” Friction can also expose new
reactive surfaces or create defects in the material, both poten-
tially serving as catalytically active sites. Together, these
processes make tribocatalysts a versatile tool for chemical
transformations.

Although still in its infancy, tribocatalysis shows promising
potential, as it can harness even small amounts of mechanical
forces from the surrounding environment, which are ubiqui-
tous yet barely exploited, such as water flow. This potential
arises from the sensitivity of tribocatalysts to low-frequency
mechanical forces in the form of friction. To advance the field
and stimulate further discussion, this perspective discusses the
state of the art, key achievements, prospects, and challenges of
tribocatalysis. We cover several issues that have not yet been
explicitly ~ discussed in earlier review articles on
tribocatalysis,>**** including comparative features of different
mechanisms, potential techniques for characterizing charge
carrier behavior in triboelectric materials, and key design
considerations.

2. Tribocatalytic materials

The overall performance of tribocatalysis relies on the selection
of catalyst materials. Various classes of materials have exhibited
tribocatalytic responses, each offering distinct advantages.
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(i) Metal oxides: oxide materials such as TiO, are widely
utilized for their ability to generate reactive oxygen species
(ROS) under frictional forces.'® These materials are generally
robust, chemically stable, and capable of enduring repeated
cycles of frictional forces.

(ii) Piezoelectrics: piezoelectric compounds, such as BaTiO3,
ZnO, and lead zirconate titanate (PZT), are effective at convert-
ing mechanical energy into electrical charges under external
mechanical stress, such as pressure and vibration.”” This
property enables piezoelectric materials to facilitate redox
reactions in processes like water splitting, CO, reduction, and
nitrogen fixation.

(iii) Polymers: polymers like polytetrafluoroethylene (PTFE)
and fluorinated ethylene propylene (FEP) exhibit strong tribo-
electric effects, acting as electron acceptors or donors in
chemical reactions.'®" These materials are lightweight, cost-
effective, and capable of generating triboelectric charges
under low-frequency mechanical forces, expanding the scope of
tribocatalysis to diverse settings.

(iv) Composites: hybrid materials that combine the proper-
ties of two or more functional components to form junction
composites are applicable for improving tribocatalytic perfor-
mance. For example, creating heterojunctions such as Ba; 4-
Sr3 ¢NdNb,Tiz03,-N,/g-C3N, (ref. 20) and Cu, §S/CuCo,S, (ref.
21) enhances the generation of reactive species, including ‘OH
and ‘O, radicals. Improved tribocatalytic performance is also
observed in BaTiO; (ref. 22) and CdS* when coated with metals,
particularly metallic Ti, due to the transfer of excited electrons
to the metallic coatings, which then restricts their recombina-
tion with holes.

(v) Semiconductors: semiconductor-based materials (other
than metal oxides), such as CdS and g-C;N,, use their well-
defined energy band structures to generate electron-hole pairs
under mechanical forces, being relevant to tribocatalytic
processes.>

Semiconducting metal oxides are generally regarded as an
effective class of materials for tribocatalysis. Their widespread
use stems from a combination of well-understood electronic
properties that allow for relatively straightforward engineering,
chemical stability, and adaptability to surface modification.
TiO, and ZnO are leading examples, owing to their strong
mechanical robustness and favorable band structures that
support the generation and separation of electron-hole pairs
under mechanical stress. The intrinsic piezoelectricity of ZnO is
particularly advantageous, as it generates an internal electric
field under mechanical deformation, promoting rapid charge
separation. These spatially separated charges then become
available for redox reactions at the surface. This characteristic
has made ZnO one of the most extensively studied tribocatalysts
in recent years, especially for environmental applications.>® ZnO
is especially effective in the degradation of organic pollutants
due to its strong piezoelectric properties, high surface activity,
and non-toxic nature. Under mechanical stress, the internal
electric fields generated by ZnO facilitate charge separation,
leading to the formation of ROS, which are essential for
breaking down organic contaminants in water. Its chemical

This journal is © The Royal Society of Chemistry 2025
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stability and relatively low cost further contribute to its wide-
spread adoption in pollution control technologies.

For energy-oriented applications, such as H, production via
water splitting, other transition metal oxides like NiO and
Co30, are favored.”® These materials offer superior redox
activity, with Ni**/Ni** and Co**/Co®" transitions facilitating O,
evolution and water oxidation under mechanical activation.
Their ability to participate directly in surface redox reactions,
coupled with high electrical conductivity and stability in alka-
line environments, makes them ideal for tribocatalytic water
splitting.”” Moreover, these oxides could be paired with carbo-
naceous supports or conductive frameworks to enhance elec-
tron mobility and surface reaction rates, which is crucial for
efficient H, evolution. Such application-dependent selection
reflects the nuanced material-performance relationship that
defines the evolving field of tribocatalysis.

Another key advantage of metal oxides is their ease of
modification. Metal oxides can be doped with noble metals or
non-metal elements to fine-tune their electronic structure and
elongate the lifetime of the generated charge carriers. Forming
heterojunctions between different oxides or combining them
with carbon-based materials may further enhance charge
separation and surface activity.”® These engineered composites
potentially show improved efficiency, even under low-energy
friction conditions where maximizing electron utilization is
critical.

Despite emerging interest in materials like 2D layered
semiconductors and carbon-based nanostructures, they often
require more sophisticated synthesis and surface functionali-
zation to achieve the same level of catalytic efficiency observed
in oxide systems. Their long-term mechanical durability under
repeated frictional contact is also not always guaranteed,
limiting their scalability. Thus, metal oxides remain the
benchmark for tribocatalytic applications due to their balanced
combination of durability, electronic functionality, and surface
chemistry, making them the most versatile class of tri-
bocatalytic materials in current research.

3. Mechanistic insights

In considering the so-called tribocatalytic reaction, a funda-
mental question arises: How can the simple act of stirring
catalyst particles be sufficient to drive often thermodynamically
demanding reactions, such as water splitting, which generates
H, and O, gas bubbles? This mechanistic question needs to be
addressed to establish a proper research direction for tri-
bocatalyst design.

In their early work, the Domen group investigated the
mechanism of H, production via overall water splitting using
metal oxides such as Cu,O, NiO, and Co30,, driven solely by
mechanical stirring at room temperature.”® Vigorous mechan-
ical rubbing between the catalyst and the Pyrex glass vessel,
rather than simple stirring or collision, was essential to initiate
the reaction, which yielded both H, and O, in a near-
stoichiometric 2 : 1 ratio. Mechanical energy, rather than light
or electricity, was converted into chemical energy, enabling
continuous gas evolution in the dark. Metallic states (Cu®, Ni°,

This journal is © The Royal Society of Chemistry 2025
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Co°) formed transiently during the reaction, suggesting a redox
mechanism in which metals are oxidized by water to produce
H,, and then reoxidized back to oxides, enabling cyclical
activity. While this proposed mechanism is consistent with
observed results, they acknowledged unresolved questions.
Isotope labeling evidence implies O, originates from water, not
the oxide lattice. Thus, although the redox cycling of metal/
metal oxide pairs appears central, the full mechanism
remains partly speculative and likely involves additional tri-
bochemical or electrostatic phenomena.

Later in the 2004 commentary, David S. Ross challenged the
interpretation that these reactions occur via catalytic cycles at
low temperatures, with emphasis on the implausibility of the
proposed endoergic mechanisms based on established ther-
modynamic principles.” The volume of gas produced, along
with the observed stoichiometric H,/O, ratio, suggests not
a low-temperature catalytic process but rather water splitting
driven by transient high temperatures, likely produced by
localized friction. Thermodynamic data and equilibrium
calculations support a reinterpretation showing that the re-
ported gas pressures and product ratios can only occur at
temperatures near or above 1500 °C. This implies the reactions
occur not via proposed catalytic redox cycles but through
thermal decomposition of water in microscale high-
temperature regions. The analysis of copper-based systems
further reinforces this scheme, showing that metallic copper
formation and the absence of CuO are consistent with high-
temperature conditions. The phenomenon may be more accu-
rately explained as thermally driven water splitting facilitated by
frictional heating, possibly enhanced by the catalytic activity of
certain oxides.

Indeed, the mechanism by which tribocatalysis activates
catalysts is not fully understood at present. It is generally
believed that the process primarily involves (1) electron transfer
across atoms and (2) electron transitions (Fig. 1).> Electron
transfer mechanism is driven by mechanical friction between
the catalyst and its surroundings, facilitating electron migration
to generate reactive species important for chemical reactions.
This mechanism is particularly relevant in polymer-based
materials known for their efficient electron gaining capabil-
ities. In contrast, the electron transition mechanism involves
the excitation of electrons from the valence band (VB) to the
conduction band (CB) under mechanical force, leading to the
formation of reactive species such as free radicals or valuable
products like H,. In this context, electron transition is not
equivalent to electron excitation, but rather includes it as one
component of the overall process. The term “electron transi-
tion,” as defined within the research community, refers to
a whole mechanism that encompasses excitation, de-excitation,
and electron hopping or charge transfer between different
atoms or materials. Thus, while all electron excitations are
electron transitions, not all electron transitions are excitations.
Excitation here specifically refers to the transition of electrons
from the VB to the CB, triggered by frictional energy activation.
Closely related to the energy band theory in piezocatalysis,
which in fact, originally comes from photocatalysis, this
mechanism is frequently observed in semiconducting materials

J. Mater. Chem. A, 2025, 13, 27925-27946 | 27927
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Fig. 1 Schematic of the mechanisms of tribocatalysis: (A) electron transfer and (B) electron transition. Band bending is expected in a semi-
conducting catalyst (B), especially near its surface, when exposed to frictional forces.

with well-defined energy band structures. Both mechanisms
rely on the interaction between the catalyst and its environment
to induce reactivity via frictional forces. The two proposed
mechanisms of tribocatalysis are comparatively summarized in
Table 1.

Recall that piezocatalysis refers to a reduction and/or
oxidation reaction driven by mechanical stress applied to
piezoelectric materials. This stress generates an electric field,
which in turn facilitates chemical reactions. Piezoelectric

Table 1 Comparative features of two tribocatalytic mechanisms?*-1530

materials are crystalline substances that lack a center of
symmetry, allowing the displacement of ions within the mate-
rial to generate an electric potential. Readers are referred to
explore our recent articles on piezocatalysis for more details.****

The mechanism based on electron transfer across atoms
assumes overlapping electron clouds between two atoms or
molecules, with friction affecting the strength of this overlap.
Thus far, tribocatalysis mostly involves electron transfer
between catalysts and environmental materials during friction,

Feature

Electron transfer

Electron transition

Basic principle

Energy source

Key driving force

Material dependence

Example materials
Reaction type
Notable observations

Experimental evidence

Advantages

Limitations

Electrons are transferred directly from one atom
to another across contacting surfaces, typically
during friction

Mechanical force induces bond breaking and
promotes charge exchange at interfaces

Contact electrification or triboelectric effect due
to atomic interactions

Strongly depends on the work function
difference and chemical nature of contacting
surfaces

Metal/semiconductor interfaces, triboelectric
pairs (e.g., TiO,—graphite)

Often leads to redox reactions at the interface

Generation of charge carriers due to friction,
typically measured via triboelectric signals
Kelvin probe force microscopy (KPFM),
tribopotential measurements

Works even at low bandgap or metallic systems

Highly dependent on contact conditions and
atomic-scale interface

27928 | J Mater. Chem. A, 2025, 13, 27925-27946

Electrons in a solid are excited from a lower
energy state (e.g., VB) to a higher energy state
(e.g., CB) due to friction

Mechanical energy induces electronic
excitation, similar to photoexcitation but via
mechanical means

Friction-induced excitation of electrons (e.g., via
mechanoluminescence or mechanochemical
bandgap excitation)

Depends on the electronic structure and
bandgap of the material

Semiconductors and dielectrics with well-
defined bandgaps (e.g., ZnO, g-C3N,, TiO,)
Can promote photocatalysis-like reactions (e.g,
ROS generation, water splitting)

Similarity to photochemical processes; often
shows bandgap-dependent activity

Electron spin resonance (ESR),
photoluminescence-like emissions during
friction

Selective excitation possible; parallels to well-
studied photocatalysis

Limited to materials with suitable band
structures; may require high friction

This journal is © The Royal Society of Chemistry 2025
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enabling redox reactions to degrade model pollutants such as
synthetic dyes. In solid-solid friction, such as between a catalyst
and a PTFE magnetic bar, strong electron cloud overlap enables
tribocatalysis. For instance, ZnO nanorods rubbing against
a PTFE bar can degrade rhodamine B dye through electron
transfer, generating hydroxyl radicals.** Similarly, NiCo,0O,
catalysts in friction with PTFE produce superoxide radicals for
dye degradation, with efficiency increasing as contact areas
expand.® Friction between a catalyst and its container also
contributes to tribocatalysis. Optimizing friction surfaces and
the energy band structures of catalysts, such as switching
containers from glass to polypropylene, can further improve
degradation rates by enhancing free radical generation.*®

An early study by Hiratsuka and co-workers suggested that
friction enhances the tribocatalytic oxidation of ethylene on
a Pd catalyst through an electron transfer mechanism.*” Two
types of reactions, fast and slow, were attributed to near-contact
and out-of-contact interactions on the friction surfaces. The
near-contact reaction is driven by tribo-electron emission, while
the out-of-contact activity is attributed to the formation of
nascent surfaces. Friction-induced electron transfer causes Pd
to lose electrons, which then react with CO and O, to form CO,.
Tribo-electron emission here refers to the release of electrons

View Article Online

Journal of Materials Chemistry A

from a material surface caused by frictional contact. These
emitted electrons can drive interfacial chemical reactions.

Hu and co-workers investigated the tribocatalytic degrada-
tion of tightly-bound extracellular polymeric substances (T-EPS)
using Fe-doped ZnO (Fe-ZnO) nanorods under mechanical
friction in dark conditions, focusing on the mechanism of
electron transfer across atoms.*® Tribocatalysis is initiated when
physical contact and friction between ZnO and a material like
PTFE induce electron transfer across atomic interfaces (Fig. 2).
This process results in charge separation, where electrons
accumulate on the PTFE surface and holes remain on the ZnO,
enabling catalytic activity without the need for light or external
electric fields. The introduction of Fe into ZnO enhances this
mechanism by introducing impurity levels, which lower the
material's work function and facilitate more efficient electron
mobility and charge separation. As a result, the tribocatalytic
degradation efficiency significantly increases, with Fe-ZnO
achieving a 75.8% degradation of T-EPS within 12 min,
compared to only 32.2% with pure ZnO. The separated charges
participate in redox reactions at the catalyst interface: the holes
oxidize surface terminal hydroxyl groups (OH,) to form highly
reactive ‘OH radicals, while the electrons reduce molecular
oxygen to generate "O, " radicals, both of which actively degrade

OH s, OH o;

(o)
PTFE CB holes CB V‘
Impurity leve:A— bupwity leve_l _.;_'_/' K et electrons
XN --- oo %
feTo) Sl I s o R
Fe-ZnO 0 [ X ) _._._ -V

— e Yy

VB *° FeZnO0 VB —

VB
Contact friction Separation

Fig. 2 Schematic of the tribocatalytic degradation of recalcitrant organics by Fe—ZnO through ball milling in a PTFE reactor. Reproduced with

permission.®*® Copyright 2021, Elsevier.

This journal is © The Royal Society of Chemistry 2025
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organic pollutants. Mechanical friction not only promotes
electron transfer but also transforms less reactive bridge
hydroxyl groups (OHj,) into more reactive OH,, especially within
the structured hydration layers at the catalyst interface.
In solid-liquid systems, electron transfer can occur between
a polymer (e.g., PTFE or FEP) and water. Ultrasound-induced
cavitation facilitates this interaction, enabling the polymer to
gain electrons while water molecules lose electrons.** These
reactions generate reactive species like hydroxyl and superoxide
radicals, effectively degrading refractory organics such as dye
molecules. In other cases, solid catalysts like zero-valent Fe lose
electrons through friction with solutions, enabling dye degra-
dation through reduction reactions.*
On the contrary, the mechanism based on electron transition
assumes that tribocatalysis involves electron transitions, where
mechanical energy excites catalysts to generate electron-hole
pairs, initiating redox reactions. This process resembles photo-
catalysis but relies on mechanical rather than light energy.
Semiconductors such as barium strontium titanate (BST) or CdS
can harness frictional forces to excite electrons,*! forming radicals
that degrade pollutant molecules. Perovskite-structured mate-
rials, such as PbTiO; and BaTiOj, utilize piezoelectric effects to
enhance electron-hole separation, thereby increasing catalytic
performance. This phenomenon is evident in the mechano-
chemical synthesis of organic compounds, where non-
piezoelectric materials exhibit little to no formation of the
desired products.*** It is to be noted that when assuming an
electron transition mechanism to occur, we can expect band
bending in the semiconducting catalysts under exposure to
mechanical energy including friction, rubbing and sliding. The

View Article Online
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beneficial effect of this phenomenon is enhanced spatial sepa-
ration of charge carriers, which leads to reduced charge recom-
bination. However, a detrimental effect is the decreased reduction
potential of electrons and oxidation potential of holes (Fig. 1).
Sun and co-workers assume that an electron transition
mechanism occurs during dye degradation using a ferroelectric
Ba, 551, sNbgTa,03, (BSNT) submicron particles under
mechanical stirring (Fig. 3).* Tribocatalysis here is driven by
friction between BSNT particles and materials like PTFE, which
induces triboelectric charges due to differences in electron
affinity. This charge transfer disrupts the internal electric field
of the BSNT particles, creating a non-zero field that promotes
the separation of electron-hole pairs. The separated charges
then participate in redox reactions: electrons in the CB reduce
oxygen to generate ‘O, , while holes in the VB oxidize hydroxide
ions to produce ‘OH. These reactive species are responsible for
breaking down dye molecules in solution. The BSNT particles
exhibit high catalytic performance due to their strong sponta-
neous polarization and high density of mobile charges.
Remarkably, the degradation of Rhodamine B reached 99%
efficiency within 1.5 h of stirring at room temperature in the
dark. Control experiments using non-ferroelectric materials like
Ta,05 showed significantly lower degradation rates, confirming
the critical role of BSNT's ferroelectric nature.

Electron transfer and transition may also co-occur during
friction, working synergistically to enhance catalytic perfor-
mance. For instance, materials like ferroelectric Ba,Nd,Fe,-
NbgO3, generate internal electric fields upon electron transfer,
driving electron transitions and creating reactive radicals.
Such interactions suggest that tailoring the energy band

Fig. 3 Schematic of the tribocatalytic mechanism involving ferroelectric BSNT submicron particles. Under frictional force, charge carriers are
generated via electron transitions from the VB to the CB, followed by charge separation and the formation of reactive species responsible for dye

degradation. Reproduced with permission.** Copyright 2021, Royal Society of Chemistry.

27930 | J Mater. Chem. A, 2025, 13, 27925-27946 This journal is © The Royal Society of Chemistry 2025
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structures of frictional materials could optimize electron
transfer and transition processes, improving catalytic perfor-
mance. Further research into the specific mechanisms and
electric field values (quantification) is necessary to fully
understand and exploit these synergistic effects.

Fan and co-workers proposed an alternative perspective on
the tribocatalytic process, which is quite similar to the two
widely known mechanisms.* They hypothesized that when two
materials are agitated, their surfaces become highly polarized
with opposing charges. Upon separation, the negatively charged
surface acts as a reductant, transferring electrons to reaction
precursors, while the positively charged surface functions as an
oxidant, drawing electrons away. This selective electron transfer
closely resembles the principles of redox catalysis.

Very recently, Olson and Marks addressed a longstanding
question of why sliding, rather than simple contact, plays
a dominant role in the triboelectric generation of static elec-
tricity—the “tribo” in triboelectricity.*® They provide a general
explanation rooted in established electromechanical science,
specifically highlighting symmetry breaking caused by elastic
shear during sliding. As material slides, the front and back of
the contact experience different strain gradients, leading to
asymmetric polarization and associated bound charges. This
charge asymmetry induces a current flow, analogous to how
pressure differences across a wing generate lift. Flexoelectricity,
the coupling between strain gradients and polarization, is
suggested as a key mechanism, moving beyond earlier theories
based solely on contact area or heating. The ab initio model
quantitatively explains the observed dependence of triboelectric
charge transfer on sliding velocity, normal force, and contact
geometry. It aligns well with experimental trends and provides
good agreement with observed currents in nanoscale sliding
contacts. Sliding enhances charge transfer due to induced
asymmetries, not merely due to increased contact frequency.
This reframes triboelectricity as a fundamentally

Table 2 Factors influencing tribocatalytic performance?tt-1530.46:47
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electromechanical phenomenon influenced by material-specific
properties, such as doping and surface structure.

4. Factors influencing tribocatalytic
performance

Tribocatalytic reactions are influenced by several factors that
partially differ from those of traditional catalytic reactions.
These factors can be broadly categorized into two groups: (1) the
characteristics of the catalyst, such as its electronic structure,
morphology, and particle size, and (2) the properties of the
reaction system, including the type of stirring bar, choice of
solvent, temperature, pH, and the material and configuration of
the reactor, as summarized in Table 2.

In terms of catalyst characteristics, the selection depends on
which tribocatalysis mechanism is assumed to occur, electron
transfer or electron transition. In the electron transfer mecha-
nism, the surface state of the material determines its ability to
gain or lose electrons during friction. When materials come into
contact, electron clouds overlap, creating an asymmetric
potential well that facilitates electron migration and transfer.
The Fermi level is a critical parameter for tuning the electron
transfer capabilities of metals and polymers. For example,
minimizing the Fermi level difference between materials facil-
itates enhanced electron flow.> However, in the case of natural
or composite materials with unknown energy band structures,
triboelectric charge density measurements can be used to
assess their electron transfer tendencies.> Selecting materials
with pronounced differences in their abilities to gain or lose
electrons can significantly improve tribocatalytic performance
by promoting efficient electron transfer mechanisms.

In contrast, the electron transition mechanism relies on the
energy band structures of materials to influence their redox
capabilities,” thereby determining the types of chemical reactions
that can occur. This mechanism is particularly applicable to

Category Factor

Effect on performance

Catalyst Electronic structure

Fermi level (electron transfer) or band gap & edge positions (electron transition)

control charge movement and redox potential

Particle size and morphology

Smaller size and porous/rough structures increase active sites and friction

contact

Doping and defects

Improve charge separation, reduce recombination, enhance adsorption and

reaction selectivity

Co-catalysts
Material type

Promote carrier separation and transfer
Semiconductors (electron transition) or metals/polymers (electron transfer)

selected based on mechanism

Reaction system Mechanical force

Higher stirring speed, contact area, and multiple/longer bars enhance friction

and charge generation

pH

Slightly acidic pH promotes charge separation; extremes may reduce catalyst

stability (e.g., ZnO in acidic media)

Solvent

Affects frictional charge generation and redox efficiency depending on polarity

and ion mobility

Temperature

Affects reaction kinetics and charge mobility; moderate heat may boost

performance

Reactor material and surface

PP and modified surfaces enhance triboelectrification; glass and unmodified

PTFE perform worse due to low charge generation or nanoparticle adsorption

This journal is © The Royal Society of Chemistry 2025
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semiconducting materials, such as metal oxides and conductive
polymers. Materials with moderate energy band gaps are
preferred, as they require an optimal amount of mechanical
energy to excite electrons effectively. If the band gap is too narrow,
the mechanically extracted charges may be thermodynamically
insufficient to drive the desired redox reactions.** Conversely, if
the band gap is too wide, a substantial amount of mechanical
energy is required for activation, making it difficult to initiate
catalytic activity. Equally important is the band edge position, as
the edge levels determine the redox potential of the generated
charge carriers.** The VB edge top must be lower or more positive
than the oxidation potential of the target reaction, while the CB
edge bottom must be higher or more negative than the reduction
potential of the target reaction. Catalysts with improper band-
edge positions cannot facilitate the desired reactions. Thus,
selecting semiconducting materials with appropriate CB and VB
positions is important.

Mechanical force serves as the energy source for friction-
driven reactions. In tribocatalysis, primary forces include the
impact force from water flow during stirring and pressure from
magnetic bar friction (e.g., container-catalyst, magnetic bar-
catalyst, and magnetic bar-container contact). Catalytic effi-
ciency is influenced by interaction forces between materials,
with increased friction force at higher stirring speeds
enhancing performance.**

Wu and co-workers investigated the impact of stirring speed,
magnetic bar size, and quantity on Rhodamine B degradation.*®
As shown in Fig. 4, increasing the stirring speed from 300 to
500 rpm enhanced degradation efficiency by accelerating dye
molecule transfer and increasing PTFE particle friction. However,
at 700 rpm, efficiency dropped due to bar instability and catalyst
splashing. To emphasize the role of friction, three magnetic bars
were tested: Bar I (standard), Bar II (rubber-capped ends), and an
overhead stirrer. Bar I achieved nearly 100% degradation, while
Bar II and the overhead stirrer showed significantly reduced
activity, indicating that direct friction between PTFE powder and
the beaker bottom is critical. Given PTFE's hydrophobicity and
low density, it tends to float unless stirred. Stirring draws parti-
cles beneath the bar, enhancing contact. Thus, in addition to
increasing speed, enlarging the contact area (by using larger or
multiple bars) also increases activity. Both bar size and number
linearly correlate with degradation efficiency.

For electron transfer mechanism, the force magnitude
determines electron cloud overlap, requiring stronger forces for
solid-solid interfaces compared to solid-liquid interfaces. The
extent of this overlap affects the number of transferred elec-
trons and overall efficiency. In the electron transition mecha-
nism, sufficient mechanical force is required to enable electron
transitions, especially in catalysts with large band gaps. Hypo-
thetically, the contact area plays a role in tribocatalytic reac-
tions, as larger surfaces provide more chances for frictional
interactions. Efficiency can be further improved by using
multiple magnetic stirring bars, while longer bars enhance
performance by increasing the available frictional surface area.

Other structural factors, such as doping with impurity atoms
and the introduction of defective structures, can enhance tri-
bocatalytic performance.** Doping and defects modify the
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electronic structure,” including the work function and the
behavior of friction-generated charges, potentially improving
electron transfer. Doping introduces impurity energy levels,*
which lower the work function, enhance charge separation, and
inhibit charge recombination.” Defects within the bulk of the
catalyst can also create impurity energy levels that facilitate
charge separation and further reduce recombination.” Surface
defects, on the other hand, affect reactant adsorption and
conversion into intermediates, enhancing the production and
selectivity of target products. Although the role of defects in tri-
bocatalysis remains largely unexplored, they hold large potential
for advancing the field. The interaction between frictional forces
and defectrich surfaces may align with the Sabatier principle,
potentially enhancing catalytic efficiency. The Sabatier principle
suggests that the best catalysts bind reactants with intermediate
strength, neither too weak nor too strong. This balance allows
efficient activation of reactants and easy release of products,
optimizing reaction rates and selectivity. Surface morphology
can also influence tribocatalytic performance. Features such as
porous structures increase frictional areas, potentially enhancing
electron transfer, while metal nanoparticles, nanoclusters or
single atoms acting as “co-catalyst” on catalyst surfaces may
promote carrier separation and transfer.

In terms of the properties of the reaction system, solution pH
is an important factor affecting electron transfer and free
radical generation. Acidic environments typically enhance
electron transfer by creating positively charged surfaces that
attract electrons and reduce recombination of electrons with
holes. In contrast, highly alkaline conditions may hinder cata-
Iytic performance due to repulsion between catalysts and
substrates. Adjusting pH to optimize charge interactions may
improve reaction rates and efficiency. However, it should be
noted that some potentially efficient materials for tribocatalysis,
such as ZnO, are sensitive to low pH conditions. ZnO tends to
undergo self-degradation in acidic environments. Therefore, an
optimal pH balance should be achieved to maximize perfor-
mance while maintaining the catalyst stability.

The type of reactor also influences the tribocatalytic perfor-
mance, with polypropylene (PP) and PTFE reactors generally
outperforming glass reactors. Triboelectrification in PP reactors
was reported to enhance the generation of positive charges on
catalysts like Bi,WOg (ref. 52) and Bi;,TiO,,*® improving
Rhodamine B degradation. The tendency of PP to become
negatively charged amplifies charge separation and catalytic
activity. In contrast, PTFE vessels exhibit weaker performance
due to nanoparticle adsorption, reducing friction. PP and PTFE
reactors, with proper surface enhancements, are more effective
for tribocatalytic operations than glass reactors.'>*' The influ-
ence of reaction chamber surface roughness on tribocatalytic
performance has also been investigated, given its strong
dependence on the friction coefficient between the catalyst and
the chamber surface. Material alterations, such as attaching
sandpaper or aluminum oxide plates, have been shown to
enhance performance compared to unmodified system.** This
improvement is attributed to the higher friction coefficient
between tribocatalyst particles and roughened surfaces, which
facilitates greater generation of friction-induced charges.

This journal is © The Royal Society of Chemistry 2025
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