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Contact-electro-catalysis (CEC) is an emerging field that utilizes electron transfer occurring at the
liguid—solid and even liquid—-liquid interfaces because of the contact-electrification effect to stimulate
redox reactions. The energy source of CEC is external mechanical stimuli, and solids to be used are
generally organic as well as in-organic materials even though they are chemically inert. CEC has rapidly
garnered extensive attention and demonstrated its potential for both mechanistic research and practical
applications of mechanocatalysis. This review aims to elucidate the fundamental principle, prominent
features, and applications of CEC by compiling and analyzing the recent developments. In detail, the
theoretical foundation for CEC, the methods for improving CEC, and the unique advantages of CEC
have been discussed. Furthermore, we outline a roadmap for future research and development of CEC.
We hope that this review will stimulate extensive studies in the chemistry community for investigating
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1. Introduction

Catalysis has played a pivotal role in the advancement of human
society owing to its profound significance in industrial processes
and environmental sustainability."® Substantial efforts have been
devoted to gaining a comprehensive understanding of the funda-
mental mechanisms underlying catalysis.”** These efforts have,
in turn, driven the development of catalytic strategies with
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the CEC, a catalytic process in nature.

exceptional performance.””™® Within the spectrum of established
catalytic techniques, mechanocatalysis has attracted extensive
attention, primarily due to its distinct advantages such as
enhanced energy efficiency and diminished environmental
impacts.”*>> Force-induced increase of defects,®*’ extreme
conditions,®*° or other effects***" are three governing operating
mechanisms for conventional mechanochemical processes. How-
ever, the contribution of the contact-electrification (CE) effect to
mechanochemistry has been largely ignored, despite the fact that
mechanical stimuli would inevitably result in frequent contact-
separations between friction pairs. A series of studies have
provided compelling evidence that electrons serve as the primary
charge carriers in a majority of CE cases,”*™° and the high-
intensity electric field at the contact surfaces could facilitate the
electron transfer as well as motivate the subsequent redox
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reactions,’®™** further verifying the feasibility of catalyzing
chemical reactions through the CE effect. In this context,
contact-electro-catalysis (CEC) has been proposed as a bridging
concept that connects CE with mechanochemistry, and has been
demonstrated to be a significant supplement to existing catalytic
strategies.

Contact-electro-catalysis (CEC), first proposed in 2022, is an
emerging field that utilizes CE-driven electron exchange at the
liquid-solid and even liquid-liquid interfaces to stimulate
redox reactions.”> The energy source of CEC is external
mechanical agitations, and the solid to be used is general
organic*® (such as FEP and PTFE) and inorganic materials*’
(such as Si0,, Al,Os3, etc.) despite they are chemically inert. This
paradigm-shift technology opens up exciting possibilities for
the development of innovative catalysts and catalytic processes.
Distinguished from conventional catalytic strategies that
impose specific requirements on their catalysts, CEC paves
the way for virtually any material to serve as a catalyst as long
as it demonstrates satisfactory CE capabilities. For instance,
commercially available pristine polymers can catalyze the pro-
duction of reactive oxygen species (ROS) through CEC,****87°
even though they are considered as chemically and catalytically
inert. Thus, the range of materials that can be envisaged as
catalysts could be considerably expanded due to the ubiquity of
CE. Besides, CEC is highly consistent with the principle of
green chemistry partly because the driving force is readily
available but often wasted mechanical energy, which is bene-
ficial for reducing the dependence on fossil fuels or electricity.
As a consequence, CEC could not only eliminate the utilization
of noble metals and environmentally harmful chemical
reagents during synthesis of catalysts, but also lead to sub-
stantial reductions in carbon emissions during the catalytic
process. More importantly, CEC offers considerable opportu-
nities for coupling with other catalytic mechanisms, and we
expect their synergistic effects could render a substantial
enhancement in catalytic efficiency. On the one hand, CE is a
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ubiquitous surface phenomenon that remains largely indepen-
dent of the bulk property of materials.”’”*® This merit has
enabled diverse methods for integration such as using high
CE-ability materials for fabricating reaction chambers or appro-
priate surface modifications for enhancing the CE performance
of employed catalysts. On the other hand, CE-induced electrons
on the surface could not only directly catalyze target reactions,
but also provide a high-intensity electric field that may promote
the separation of charge carriers within existing catalysts for
achieving a substantially improved catalytic efficiency.

These prominent features endow CEC with unique advan-
tages in practical applications. CEC might be the potential
mechanism for illustrating why the running water does not
rot since the CE phenomenon during the flow of water could
catalyze the production of ROS for degrading organic
pollutants.*> Besides, CEC has enabled direct synthesis of
H,0, under ambient conditions and even anaerobic conditions
with rather low cost, no harmful intermediates or byproducts,
and the potential for scalable production.*® The third repre-
sentative application of CEC focuses on recycling cathode
materials in spent lithium-ion batteries (LIBs).>* High leaching
efficiencies of both Co and Li were achieved under mild
conditions without using toxic and expensive inorganic strong
acids, which could not only simplify the process of waste
management, but also enable considerable economic benefits.
Moreover, we envision that CEC could also be applied in the
research field of biological sciences such as for cancer therapy
and longevity studies, which are closely related to the produc-
tion of ROS.>>*

In this review, we will introduce the fundamental principle,
prominent features, and significant applications of CEC. We
hope this review will provide the reader with a comprehensive
understanding and an extensive overview of the vital role of
contact-electro-catalysis as well as inspire more insightful
opinions in addition with significant breakthroughs in this
field (Fig. 1).
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Fig. 1 Schematic illustration of the fundamental principle, prominent features and significant applications of contact-electro-catalysis (CEC).
Reproduced with permission from ref. 45, 48, and 54. Copyright 2022, Springer Nature and Wiley.

2. Fundamentals of contact-electro-
catalysis
2.1. Electron transfer during contact-electrification

Contact-electrification (CE) is a ubiquitous effect that exists
among a variety of interfaces.’>®°" In addition to the well-known
CE phenomenon at solid-solid interfaces,”**** CE can also
take place when a liquid contacts with a solid.****** The two
contact surfaces after CE are reversely charged, and previous
studies on liquid-solid (L-S) CE have ascribed the charge
transfer process solely to ion transfer that results from ion
adsorption or ionization reactions.*>®> However, a series
of recent investigations have proved the existence of electron
transfer during CE at L-S interfaces, and, in some cases,
electron transfer appears as the dominant process.*>® An
“electron-cloud-potential-well” model has been proposed to
illustrate the mechanism of electron transfer during CE, which
assumes that the overlap of electron clouds due to contact
under mechanical stimuli is the driving force for interfacial
electron transfer.*® Specifically, the liquid will collide with the
solid driven by thermal motion or fluid pressure, which is
capable of inducing the overlap of the corresponding electron
clouds for electron exchanging. Based on the electron exchange
process between different substrates in a typical catalytic
process, we suppose that the contribution from the CE effect
to promote chemical reactions might be ignored.

This journal is © The Royal Society of Chemistry 2024

In this section, we first introduce the recent progress in
electron transfer during L-S CE and its impact on the liquid-
solid interfaces. Afterwards, the feasibility of using the CE effect
to catalyze chemical reactions is discussed by comparison with
several well-established heterogeneous catalytic strategies. The
concept of contact-electro-catalysis (CEC) and its prominent
feature have been elucidated by summarizing the broad selec-
tion range of catalysts and strategies for initiating CEC. The
“two-step” mechanism and the rate determining step of produ-
cing reactive oxygen species (ROS) by CEC have also been
discussed for better understanding the underlying principle
of CEC. At last, the factors influencing the CEC efficiency
and the corresponding strategies for further improvement are
presented.

2.1.1. Evidence of contribution from electron transfer to
L-S CE. Various strategies have been developed for the
investigation of contact-electrification (CE) at liquid-solid (L-S)
interfaces in recent years. By sandwiching a droplet between two
solid films, Nie et al. have proposed a controllable strategy to
quantify the transferred charges during L-S CE.** The CE was
induced by applying an external force on films to squeeze the
droplet, and the contact area between the droplet and the solid
films could thus be modulated by applying different pressures,
as described in Fig. 2a. The quantity of charges on the droplet
after CE was measured using an electrometer. As one of the most
representative L-S CE cases, the CE between the deionized (DI)

Chem. Soc. Rev.
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Evidence of electron transfer during CE
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Fig. 2 Investigations on contact-electrification at liquid—solid interfaces. (a) Schematic of measuring the quantity of charge on a droplet after L-S CE by
squeezing it with two films. Measured charge quantities of a water droplet (b) or a droplet containing various concentrations of NaCl (c) after it contacts
with the PTFE film and the corresponding mechanisms. Reproduced with permission from ref. 33. Copyright 2020, Wiley. (d) Measured charge quantity
when a droplet was squeezed by different polymeric films. (e) Simulated distribution of electron clouds when PTFE chains contact with water molecules.
Reproduced with permission from ref. 70. Copyright 2020, Wiley. (f) Schematic illustration for studying L-S CE based on a SE-TENG. (g) Transferred
charges during CE between water droplets and the original PTFE or the treated PTFE. Reproduced with permission from ref. 36. Copyright 2020,
American Chemistry Society. (h) Schematic of a pixeled TENG array and obtained mapping image of transferred charge density. (i) Illustration of ultraviolet
irradiation for emitting electrons and the corresponding mapping images under various light intensities. Reproduced with permission from ref. 66.
Copyright 2023, American Chemistry Society. The quantity of normalized electrons in the valence bond (j) and a small range near the Fermi level (k) of
SiO;. (1) Calculated band offset of SiO, when Na ions are introduced. Reproduced with permission from ref. 90. Copyright 2021, Springer Nature.

water and a polytetrafluoroethylene (PTFE) film was first inves-  will flow with liquids®”~®® On the other hand, a slight increase of
tigated. The results shown in Fig. 2b indicate that the measured the ion concentration in DI water would promote the ion transfer
charge of the DI water droplet exhibits an increasing trend as the  process, and ion transfer also contributes to the charge transfer
contact area expands, reaching approximately 3 nC when the process during CE. Therefore, the quantity of transferred charges
contact area is 8 cm® It is important to note that this charge first increases with an appropriate increase of the NaCl concen-
transfer process is likely dominated by electrons since the tration (within 10> mol L™ " in this case), and then decreases
calculated charge amount would be only 0.15 nC if all these with further increase of the NaCl concentration. Other effects
charges were contributed by ion transfer. This is also in thatresult from varied ion concentrations may also influence the
accordance with the fact that only traces of ions are contained L-S interface and subsequent CE process, contributing to the
in DI water. To examine the impact of ions on L-S CE, the DI non-linear variation of transferred charges. In addition to
water was replaced by NaCl aqueous solutions with varying studies from the aspect of liquids, Li et al. have investigated
concentrations. As shown in Fig. 2c, the quantity of transferred  the contribution of functional groups on solid films to L-S CE.”°
charges first increases, and peaks when the concentration of The experimental setup remained the same except that PTFE was
NaCl is 107> mol L~'. A further increase in the NaCl substituted by a series of polymers characterized by similar main
concentration leads to less transferred charges and eventually chains but different functional groups at side chains. The
approaches zero at a NaCl concentration of 1 mol L™'. The transferred charges between DI water droplets and various
charge transfer process when PTFE contacts with DI water is polymer films during CE are shown together in Fig. 2d. In
different from the process when it comes into contact with NaCl general, polymers containing fluorine (F) exhibit superior CE
aqueous solution, which can be partly attributed to the duality of abilities compared to others, and a higher density of F-groups in
ions. On the one hand, the free ions in the solution would the side chain leads to an increased quantity of transferred
prohibit the electron transfer by the screen effect and most ions charges. This could be ascribed to that F is a strong electron-

Chem. Soc. Rev. This journal is © The Royal Society of Chemistry 2024
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withdrawing (EW) functional group during CE (Fig. 2€).”"”” The
order of EW abilities among investigated functional groups is
believed to be CH; < H < OH < Cl < F.

In virtue of broad material selection ranges and various
operating modes,”*”® the triboelectric nanogenerator (TENG)
technique represents a powerful platform for studying L-S
CE,**””7® especially for in situ investigations. By customizing
a PTFE-based single-electrode mode TENG (SE-TENG), Zhan
et al. have examined the detailed charge transfer process
between the water droplets and the PTFE films during CE.*®
Liquids were released drop-by-drop for sliding off the PTFE
film, and a Cu electrode on the backside was connected to an
electrometer in the ground mode (Fig. 2f). According to the
operating principle of TENGsS, variation of charge quantities on
the PTFE surface will induce corresponding flow of electrons
between the Cu electrode and the ground.®>”®®® Thus, the
charge transfer process of CE could be monitored by the output
of the SE-TENG. Results shown in Fig. 2¢g indicate that the PTFE
surface accumulated negative charges and reached saturation
at around —51 nC after repeated contact with water droplets.
To identify the contribution from electron transfer, a series of
soaking-dropping experiments have been performed. Fresh
PTFE films were immersed in different aqueous solutions for
a sufficiently long time before contacting with DI water, which
could deposit as many ions as possible on the PTFE surface.
However, the total amount of transferred charges for CE in
base-treated PTFE still reaches around 70% of that in original
PTFE, even though the treated surface is supposed to be
saturated with hydroxide ions (OH™). This result implies that
electrons participate in the charge transfer process since the
ion transfer should be greatly suppressed by the ion-rich sur-
face of base-treated PTFE. Moreover, by replacing the bulk Cu
electrode with a pixeled Cu electrode array in TENGs, Zhang
et al. have firstly in situ investigated the dynamic charge
transfer behavior of CE.°® The electric output of each Cu
electrode was independently acquired using a synchronous
multi-channel acquisition system and processed according to
their time sequence. Thus, the charge distribution on solid
films during the movement of DI water droplets could be
mapped in almost real-time with a spatial resolution of
0.4 mm and a time sensitivity of 0.02 s (Fig. 2h). Exemplified
by CE between DI water and fluorinated ethylene propylene
(FEP), Zhang et al. have found that charges are not uniformly
distributed on the FEP film after CE. The quantity of trans-
ferred charges increases along with the sliding of the water
droplets, which should mainly be ascribed to the evolution of
sliding velocity of droplets.®" Less ions would be adsorbed on
the solid surface if the droplet moves faster on the
membrane,®* which could improve the electron transfer and
the amount of transferred charges by diminishing the screen
effect. The existence of electron transfer was further confirmed
via the ultraviolet light irradiation strategy. Electrons are sup-
posed to be excited from dielectric surfaces through photoelec-
tron emission, while ions should remain on the surface.®® As
depicted in Fig. 2i, the quantity of residual charges on the FEP
surface decreases with the increase of UV light intensity,

This journal is © The Royal Society of Chemistry 2024
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verifying that electrons contribute to the charge transfer pro-
cess of CE between the DI water and FEP.

In addition to these experimental observations, theoretical
calculations have also confirmed the existence of electron
transfer during CE.®*®® Willatzen et al have developed a
quantum-mechanical model for L-S CE without considering
ion transfer.®® The obtained results suggest that electron trans-
fer alone is sufficient for supporting CE at L-S interfaces. A
more detailed quantified model for L-S CE has been proposed
by Sun et al. based on density functional theory (DFT).*® The
solids in this study are oxide materials, and the liquid is pure
water with/without Na ions. The introduction of Na ions is
aimed for investigating the impact from ion concentrations.
The contribution from electron transfer is evaluated using the
quantity of normalized electrons in both the valence band (VB)
and a small range near the Fermi level (Ef) of solids. Exempli-
fied by CE between SiO, and water, significant changes in
electron numbers were observed in both the VB (Fig. 2j) and
adjacent region of E¢ (Fig. 2k) when oxides contact with water,
proving the contribution of electron transfer to CE. Besides, as
depicted in Fig. 21, a noticeable band offset was obtained after
the introduction of Na ions, suggesting that ion concentrations
would greatly affect the electron transfer process for CE. The
consistency between the experimental observations and the
electron transfer-based theoretical calculations further sug-
gests the existence of electron transfer during CE.

2.1.2. Dominant role of electron transfer during L-S CE.
The dominant role of electron transfer during L-S CE was
further elucidated by leveraging the difference in thermal
behavior between electrons and ions.*> Fig. 3a illustrates a
detailed protocol for quantifying the ratio of electron transfer
during CE at liquid-solid interfaces by Kelvin probe force
microscopy (KPFM). The solid film was first fully rinsed by
liquid droplets, and then fixed at a heater for measuring the
evolution of surface charges at various temperatures. According
to the theory of electron thermionic emission, electrons are
supposed to be excited and emitted from the solid surface as
the temperature increases, while ions are more likely to remain
on the original surface.’>” Experimental results concerning CE
between SiO, and DI water in Fig. 3b corroborate this assump-
tion. Electrons dominate the charge transfer process during the
initial contact with DI water since a noticeable decay in surface
charge density was observed during the heating procedure. The
ratio of electron transfer could be quantified by assuming that
the decreased surface charges correspond to electrons, while
the residual charges correspond to ions. A stable surface charge
density was obtained after repeat contact-heat cycles, which
should mainly be ascribed to the saturation of ions on the SiO,
surface that result from the thermionic emission of electrons.

Another distinguishing characteristic between electrons and
ions is that the electron is spin-conservative and should follow
the Pauli exclusion principle during transitions.””® Based on
this feature, Lin et al. have applied a magnetic field to regulate
the spin configuration of unpaired electrons in radical pairs and
examined its correlation with the charge transfer process during
L-S CE.** Fig. 3c depicts the layout of the experimental setup.

Chem. Soc. Rev.
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from ref. 32. Copyright 2020, Springer Nature. (c) Layout of verifying the dominant role of electron transfer by spin conversion under external magnetic
fields. (d) Variation of surface charge density on the FesO4 film in contacting with O,-containing DI water under different magnetic conditions.
(e) Schematic illustration of promoted charge transfer due to applied magnetic fields. Reproduced with permission from ref. 64. Copyright 2022, Springer
Nature. (f) Measured chemiluminescence performance of the potassium ferricyanide when the luminol droplet carries different polarities of charges.
(g) Proposed reaction path for explaining the difference in CL. Reproduced with permission from ref. 97. Copyright 2022, American Chemistry Society.

A ferrimagnetic film was first deposited on a highly doped
silicon wafer, which was then placed inside a liquid cell with a
temperature controller. The magnetic field was provided by an
electromagnetic coil beneath it. Exemplified by CE between O,-
containing DI water and Fe;O, in Fig. 3d, the surface charge
density could be significantly enhanced by applying a magnetic
field (0.5 T), indicating that electrons should be the dominant
charge carrier in this scenario. Besides, this magnetic field-
induced electron transfer is mostly irreversible since no apparent
decrease in charge density was observed even if the magnetic
field was removed. A spin-selected electron transfer model is
proposed in Fig. 3e for illustrating the magnetic field-promoted
CE procedure. HO, radicals in the solution and electrons from
the 3d orbital of Fe;0, were considered as a radical pair. In the
absence of magnetic field, the electron transfer could occur only
when the spin of unpaired electrons in HO, is antiparallel to that
of 3d electrons of Fe;0,. The existence of magnetic field could
not only align magnetic domains in Fe;O,, but also render T-S
spin conversion of the radical pair according to the radical pair

Chem. Soc. Rev.

mechanism.’* ¢

Thus, the electron transfer process could
be greatly facilitated by applying magnetic fields. The overall
magnetic field-promoted electron transfer process could be

described as follows.

10—01 + |e (donated by Fe;0,4, CoFe,0,4) + H,O <
10—01|H + OH" (1)

10—01 |H + | e (donated by Fe;0,4, CoFe,0,) + H,O <
H|10—07|H + OH™ (2)

In addition to the KPFM-based study, Zhang et al. have
verified the dominant role of electron transfer from the aspect
of chemical reactions.”” A luminol droplet was electrified
by sliding through a polymer film before it was mixed with
potassium ferricyanide aqueous solutions. The polarity of this
droplet depended on the CE abilities of polymers. For example,
the droplet will be negatively charged if the PTFE film was
employed and will be positively charged in the case of nylon
films. Results in Fig. 3f suggest that the light intensity and

This journal is © The Royal Society of Chemistry 2024
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reaction rate of chemiluminescence (CL) on the potassium
ferricyanide could be enhanced by a positively charged droplet,
while could be prohibited by a negatively charged droplet. This
disparity could be attributed to the electron transfer process
during CE between the droplet and corresponding polymer
films, as shown in Fig. 3g. To be specific, electrons were
transferred from the droplet to the PTFE film, resulting in a
positively charged droplet that creates an ordered solvent
environment for promoting CL. While under conditions of CE
with nylon films, electrons were grabbed by the droplet, which is
supposed to hinder the CL process by reducing Fe** ions to Fe>*.
2.1.3. Wang’s hybrid EDL model and its “two-step” for-
mation process. An electric double layer (EDL) spontaneously
forms when solids contact with liquids, meanwhile the contact-
electrification also occurs at the liquid-solid contact
interface.”® % Electron transfer occurs and sometimes
dominates the charge transfer process of L-S CE**'%71%
which implies that there is an impact of electron transfer on
the formation of an EDL. A hybrid EDL model that considers
both the electron transfer and ion adsorption effects for the
formation of an EDL was first proposed by Wang et al. in
2018,*® which is also referred to Wang’s hybrid EDL model
(Fig. 4). The formation of Wang’s hybrid EDL can be specified by
a “two-step”” process. In the first step, molecules and ions in the
liquid will collide with solid surfaces driven by thermal motion
or fluid pressure. Electrons will be exchanged at the L-S inter-
faces due to the overlap of the corresponding electron clouds,
and ions will also be adsorbed on the solid surfaces simulta-
neously. This step explains the origin and composition of initial
charges on solid surfaces that remain obscure in the conven-
tional EDL model. The second step is similar to the conventional
EDL model that free ions in the liquid are electrostatically
attracted to the charged solid surface, forming the EDL.
Wang’s hybrid EDL model is compatible with all L-S inter-
faces since the CE effect and electron transfer driven by it exist

Electron +) Cation — Anion
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ubiquitously.*® Not to mention that surface defects are com-
mon in realistic materials, and these defects are usually trap
sites for electrons. Thus, the electron exchange is usually
inevitable during the formation of an EDL. Besides, this hybrid
model is especially suitable for L-S interfaces where the charge
transfer process of CE is dominated by electrons, such as
polymer-liquid interfaces.>” In these cases, the contribution
from electron transfer to the formation of EDL is too strong to
be ignored. For example, although some ions could be
adsorbed on the surface of FEP during its contact with water,
the strong electron-withdrawing (EW) ability of groups (such as
F atoms) of FEP could directly obtain plenty of electrons from
water molecules.”® The surface of FEP after CE is dominated by
electrons instead of ions, which contradicts to the presumption
of the conventional EDL model that the solid surface is fully
adsorbed with ions. Thus, a more accurate description of the
EDL could be derived from the Wang’s hybrid EDL model.
Moreover, by leveraging the thermionic emission of electrons,
the distribution of electrons and ions on the solid surfaces
could also be determined using Wang’s hybrid EDL model.
Exemplified by CE between SiO, and water, the calculated
distance between two adjacent electrons on the SiO, surface
is about 16 nm, while that of two adjacent ions is around
30 nm. These distances are much larger than the thickness of
the Stern layer, suggesting that a much-finer structure of the
EDL could be presented by further considering distances
between adjacent charges in Wang’s hybrid EDL model.

In summary, Wang’s hybrid EDL model provides a more
complete theoretical framework for understanding the charge
transfer process and formation of EDL at L-S interfaces. For
instance, owing to the contribution from electron transfer at
the first step of forming an EDL, the structure of the EDL will be
significantly affected by the CE ability of solids, which has been
neglected in previous investigations of EDLs. Additionally,
EDLs also play a vital role in a series of significant application
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Fig. 4 Wang's hybrid EDL model and its “two-step” formation process. Electron transfer was considered at the first step, and the distribution of
electrons as well as ions on the solid surface could be determined (exemplified by SiO, contacting water), which is of great significance for understanding

the fundamental structure of the EDL.
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fields,'®*'%” such as heterogeneous catalysis that highly relies
on electron/substrate transfer at L-S interfaces.’*®* ' Wang’s
hybrid EDL model is supposed to present better explanations of
existing phenomena and may also stimulate the discovery of
novel mechanisms in research frontiers.

2.2. From CE-driven electron transfer to contact-electro-catalysis

A typical catalytic process usually consists of three key steps:
adsorption, reaction, and desorption.">'''*? The reaction step
refers to rearrangement of electrons with the assistance of
catalysts to produce products, and the driving force for electron
transfer or excitation is one of the fundamental differences
among various catalytic principles. For instance, the electrons
for reaction were exchanged on a charged electrode in electro-
catalysis,"® " and the electron-hole pairs were excited by
light irradiation in photocatalysis.''®"'® Recent studies have
verified the existence of electron transfer during contact-
electrification (CE),>’® and it appears to be the dominant
charge transfer mechanism for CE in a majority of cases.>*%*
Prof. Zhong Lin Wang has proposed an electron-cloud-potential-
well model to elucidate a generalized scenario of contact-elec-
trification between two materials.>® As two materials are brought
into contact by external mechanical agitations, electron clouds of
atoms belonging to these two materials are supposed to overlap,
which could lower the energy barrier between these two atoms.
Electrons will be transferred from one atom to another once the
input energy is sufficient to overcome the energy barrier, and the
transferred electron will remain on the other atom, implying that
catalyzing the chemical reactions by CE-driven electron exchange
should also be feasible.

Furthermore, the charged surface due to CE will create an
electric field in space, and a high-intensity electric field is able to
significantly affect the ambient environment.*>*' For example,
the electric field can induce polarization or modulate the elec-
tronic structure of adjacent molecules, thus changing their
chemical activities."***?° Moreover, the electric field at contact
interfaces can drive the transport and diffusion of charged
species, such as electrons."*"'** Recent studies have suggested
that the high-intensity electric field on the surface of water
microdroplets is the driving force for electron transfer and
subsequent formation of H,0, in sprayed water.*>'**'>* This
electric field also exists at water-oil contact interfaces, and the
derived electron transfer can catalyze the generation of reactive
oxygen species (ROS) for degrading hexadecane.*” Further inves-
tigations have proved that an intensified electric field at inter-
faces could lead to an accelerated reaction rate by facilitating
electron transfer.** These experimental observations further
support that chemical reactions could be promoted by CE.

Contact-electro-catalysis (CEC), bridging contact-electrifi-
cation and mechanochemistry, has been proposed as a signifi-
cant supplement to existing catalytic strategies.”® The defini-
tion of CEC refers to a catalytic process that employs electrons
exchanged during contact electrification to promote the rate of
chemical reactions. Fig. 5a shows a typical CEC process for
redox reactions: Reactant “A” first contacts with the CEC
catalyst “C”, and electrons are supposed to be transferred from
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“A” to “C” driven by CE. “A” will be oxidized to A,xq” by such
electron exchange, and the symbol “C*” is proposed to denote
the charged state of “C”. After the desorption of “Anq’”, the
electrons left on the surface of “C*” could be obtained by
another reactant “B” upon their contact. “B” will be reduced to
“Brea”’, and “C*” will retrieve its initial uncharged state “C”,
completing an entire catalytic cycle. Exemplified by the CE-
driven electron transfer between the FEP particles and the
surrounding substrates, a detailed CEC process for producing
ROS could be expressed as shown in Fig. 5b. According to the
triboelectric series, electrons will be exchanged to FEP upon
their contact with water molecules.*>”%”? After losing electrons,
water molecules are first converted to water radical cations,
followed by the production of hydronium cations and hydroxyl
radicals through a rapid proton transfer.'**™*” The term FEP*
is introduced to represent the charged state of FEP. Electrons
from the surface of FEP* are captured by O, molecules when
they collide with FEP*, resulting in the formation of superoxide
radicals and the restoration of FEP to its original uncharged
state. This cycle will continue as long as the mechanical stimuli
persist.

2.3. Broad catalysts enabled by CEC

Contact-electrification is widely existed at various surfaces,
such as interfaces for solid-solid,>*****® solid-liquid,®®**'3°
and even liquid-liquid®®”°® or solid-gas contact."®" The ubi-
quity of CE endows the CE-based CEC with a much broader
array of catalyst options (Fig. 6). On the one hand, the CE could
take place at both micro- and macro- scales,**>**® which
minimizes restrictions for the configuration of CEC catalysts.
For instance, powders at the micrometer scale,’>*®*° millimeter-
sized spheres, and even centimeter-scale films have all been
demonstrated as viable candidates for CEC catalysts.”® On the
other hand, the operating principle of CEC refers to promote
chemical reactions by CE-driven interfacial electron exchange,
which is majorly dependent on the surface properties of the
employed materials. Thus, the category of CEC catalysts could be
considerably diversified that can be divided into three types in
general: polymers, oxides, and matrix composites. We expect the
combination of various configurations and categories of CEC
catalysts could provide plenty of room for designing catalytic
systems towards a more sustainable and efficient way.

Pristine polymers, due to their outstanding contact-electri-
fication (CE) capabilities and inherent catalytic inertness, were
the first reported CEC catalysts.*® Their successful application
also provides compelling evidence for the feasibility of CEC.
Specifically, Wang et al. have proved that CEC is the dominant
mechanism for catalytic degradation of methyl orange (MO)
aqueous solution during ultrasonication in the presence of
fluorinated ethylene propylene (FEP) powder.*> This degrada-
tion is effective even when FEP was replaced by other pristine
polymers such as polytetrafluoroethylene (PTFE), rubber, and
nylon, as long as they exhibited satisfying CE abilities. The
dominant role of CEC was further confirmed by the fact that
received catalytic efficiency aligns well with the CE ability of
these polymers. Besides, we expect that a Janus-structured

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 From CE-driven electron transfer to contact-electro-catalysis. (a) Contact-electro-catalysis (CEC) was proposed by using the CE effect to drive
electron transfer in a typical catalytic process, where the “grab” from and “release” of an electron from water molecule is animated. (b) A specific CEC

process for producing ROS by ultrasonication in the presence of FEP.

polymer that incorporates a metal layer at the backside could
significantly improve the efficiency of polymer-based CEC.
The enhancement might be explained by the concept of “mirror
charge”. The charged surface of the polymer could supply a
high-intensity electric field to polarize adjacent metals, which
renders the outer surface of metals also being charged. Differ-
ent from the “bounded state” of electrons on polymer surfaces,
induced electrons on metal surfaces are readily exchanged to
other substrates for catalyzing the generation of reactive oxygen
species (ROS). Hence, the yield of ROS could be significantly
promoted by using polymer-metal Janus composites in CEC.
In addition, we envision that the concept of “mirror charge”
may also be feasible for improving the efficiency of existing
metal-based catalysts via a conventional route since the CE
effect appears ubiquitously among various interfaces.
Unfortunately, however, the decreased CE ability of poly-
mers due to glass transition at elevated temperature may
impede the application of CEC in catalyzing chemical reactions
that usually occur at high temperatures.*”"**> To address this
limitation, oxide-based CEC was proposed by Li et al that
employs SiO, to withstand the high temperature required for
recycling cathode materials in spent lithium-ion batteries
(LIBs).>* The leaching efficiency in the SiO, group is around
10% higher than that in the PTFE group when temperature was
set to 70 °C. Although SiO, is applicable for high temperature

This journal is © The Royal Society of Chemistry 2024

conditions, its intrinsic poor CE performance renders a rela-
tively sluggish reaction rate. Chen et al have introduced a
fluorinated layer on SiO, to enhance its CE ability and corres-
ponding CEC efficiency."*® The MO aqueous solution could be
effectively degraded by fluorinated SiO, in 3 h, while no
apparent discoloration of MO was observed in the control
group without a fluorinated layer. More importantly, a Fe;O,
core was also designed inside the fluorinated SiO,, which could
greatly facilitate the recovery of CEC catalysts through the
magnetic properties of Fe;O,. In addition to inorganic non-
metallic oxides, metal oxides such as TiO, were also explored
for CEC by using the tribovoltaic effect. Lin et al. have added
TiO, as well as Al particles into an organic dye solution and
employed ultrasonication or stirring to induce collisions
between these particles.** Electron-hole (e-h) pairs are sup-
posed to be excited at the dynamic contact interfaces of TiO,
and Al due to the tribovoltaic effect,’****” which could in turn
catalyze the generation of ROS to degrade target organic
pollutants.

The diversity of CEC catalysts also provides abundant
opportunities for collaboration with existing catalytic strate-
gies. Metal-organic frameworks (MOFs) have emerged as a
promising category of heterogeneous catalysts that generally
employ transition metal centres to provide active sites for
catalysis.’**4° A possible strategy for incorporating CEC with
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a MOF was proposed by Zhang et al. that has grafted pyridine where ZnO cores were surrounded by PVDF fibers through
molecular groups on the surface of pristine MIL-101(Cr) to electrospinning.’** A 444.23% higher degradation rate was
enhance its CE performance.'*’ The modified MOF could achieved by the prepared ZnO@PVDF composite when com-
effectively degrade methylene blue through CEC. Integration pared to the pure PVDF membrane. In addition to direct
of CEC with piezocatalysis was also demonstrated by Jiang et al. combination with CEC, we also expect a much-improved
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catalytic efficiency via synergistic effects between the CE and
existing catalytic mechanisms. For instance, we assume that
appropriate surface modifications could enhance the CE abil-
ities of conventional catalysts without obvious sacrifice of their
original catalytic activity. CE-induced electrons on the surface
could not only directly participate in chemical reactions to
boost the reaction rate, but may also provide a high-intensity
local electric-field to facilitate the separation of charge carriers
in conventional catalysts. Thus, the catalytic efficiency is sup-
posed to be significantly improved by coupling CEC with
existing catalytic strategies.

2.4. Strategies for initiating CEC

The essence for initiating contact-electro-catalysis relies on
introducing effective contact-separation cycles on target inter-
faces. Electron exchanges during such cycles are supposed to
promote the rate of chemical reactions. Fig. 7 presents repre-
sentative strategies for initiating CEC. Ultrasonication was first
proposed for inducing CEC, which utilizes the variation of
cavitation bubbles during the propagation of ultrasonic
waves.'® Specifically, nuclei of cavitation bubbles tend to form
near dissolved gases (O,, for example) and the growth of nuclei
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will enclose these adjacent gas molecules. Once a cavitation
bubble surpasses a critical size, its implosion will release
contained gas molecules, producing a high pressure microjet
that could cause contact-separation cycles and the corres-
ponding electron exchange. Reactive oxygen species (ROS)
including hydroxyl and superoxide radicals can be produced
by FEP particles in the presence of ultrasonication, and these
ROS were effective for degradation of organic pollutants or
direct synthesis of H,0,."® Besides, Wang et al. have found that
ultrasonication could not only induce high-frequency CE, but
also provide a high-pressure environment to facilitate the
generation of ROS by decreasing the energy barrier for electron
transfer."?

Ball milling is another representative strategy for initiating
CEC, which could naturally bring about frequent contacts and
separations.'*® The presence of triboelectric materials is
expected to induce an apparent CE phenomenon during such
collisions, implying that the CEC could be realized by using
triboelectric materials in ball milling. Wang et al. have exam-
ined the feasibility through a liquid-assisted grinding (LAG)
setup that is made of triboelectric materials. A series of parallel
experiments were conducted under identical conditions, except

Ultrasonication

(
(

i
'\

Contact-electro-catalysis
CEC

\h

N S ‘ +
- 3 N (E
(7]
F K X F
- +
- +
- +
[ |

— I +
)

= 5 |+
=]

- +

ng
d\; f

&

Q)CO
s eST
D¢y %
of o .+ C?
Yl

Stator
' Rotator

? e y W 00
® O\.C,V{—\% Z © g%@
]

2, © % 05 o
oL

® o

Fig. 7 Strategies for initiating the contact-electro-catalysis. To date, ultrasonication and ball milling have been two representative approaches used for
effectively initiating CEC. Besides, contributions from physical adsorption that arises from electrostatic attraction by a charged solid surface were
appropriately recognized in all reported methods. Reproduced with permission from ref. 45,143-145. Copyright 2022, Springer Nature and Elsevier.
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different triboelectric materials being employed. ROS could be
catalytically produced through CE-driven electron transfer, and
the received concentrations correlate with the CE ability of
utilized materials. The dominant role of CEC was further
revealed by a control experiment that uses a conventional
ZrO, ball mill setup. Although ZrO, is supposed to provide a
higher energy impact during grinding, the catalytic efficiency is
still much lower than that in the PTFE group. This result also
suggests that the high energy impact is not necessary for CEC to
take place, which is beneficial for improving the recyclability
and reusability of catalysts. We speculate that developing
materials with higher CE ability may initiate CEC under an
even milder condition. Meanwhile, ball milling also provides
an ideal platform to investigate the relationship between CE
and CEC. Despite that CE could occur at any revolution speeds,
there exists a speed threshold for initiating CEC. This interesting
phenomenon stimulates us to explore the underlying
mechanism and one possible reason should be that the energy
of exchanged electrons during CE is insufficient when the
revolution speed is low. A further increase in revolution speeds
will result in an enhanced rate for producing ROS, which can be
explained by the improvement of impact frequency and
decreased energy barrier for interfacial electron transfer at
elevated revolution speeds.

Other strategies including a droplet sliding through a poly-
mer surface and immersing a triboelectric nanogenerator
(TENG) into aqueous solution have also been reported."**'*’
These approaches require utilizing facile and intuitive contact-
separation at liquid-solid interfaces, and the discoloration of
dye solutions is very effective. However, we should be aware
that physical adsorption might play a dominant role in dis-
coloration. The polarity of target dye ions is reversed to that of
employed materials in these cases. For example, crystal violet
(CV) is a cationic dye and the surface of FEP is negatively
charged after CE with water. Thus, the positively charged CV
molecules could be electrostatically adsorbed on negatively
charged FEP surfaces, and this kind of adsorption is assumed
to hinder further CE on FEP, resulting in the ‘“choke of
catalysts”. To improve the contribution from chemical degra-
dation, efforts should focus on improving the frequency of CE
or supplying higher energy for overcoming the energy barrier
for CE-driven electron exchange.

2.5. Two-step mechanism of CEC

A two-step model for producing ROS by CEC was first proposed
by Wang et al, and involves the oxidation of water and
reduction of oxygen molecules as explicated using eqn (3) and
(4).* In the first step, electrons will be transferred from water
molecules to FEP upon their contact. Water radical cations were
formed due to such electron transfer, and they will undergo a
rapid proton transfer with another water molecule for produ-
cing hydronium cations and hydroxyl radicals.'®>"*?” FEP* was
employed to describe the status of FEP after obtaining electrons
from water molecules. In the second step, electrons on FEP*
will be exchanged to the oxygen molecules when dissolved
oxygen in aqueous solutions comes into contact with FEP*,
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forming superoxide radicals. In the meantime, FEP will retrieve
its initial uncharged state, completing an entire cycle.

2H,0 + FEP — H;0" + OH* + FEP*. 3)
O, + FEP* — °0,  + FEP. 4)

In eqn (3), H,O first loses one electron and becomes H,0",
but the life time of H,O" is less than 200 ps, which immediately
combines with another H,O molecule, leading to

H,0 + H,0" - H;0" + OH* (5)

ab initio molecular dynamic calculations suggest that the
hydrogen bond network of water could facilitate the exchange
of protons and electrons during CEC."’

Zhao et al. have performed a detailed study on the two-step
mechanism for producing ROS by CEC as demonstrated in
Fig. 8a."*® A DI water droplet was injected into a PTFE-made
capillary tube, and then pushed by N, gases to pass through the
tube. A control group was conducted under the same condi-
tions except that the tube was subjected to ultrasonication.
Droplets at the end of both tubes were collected for further
characterization. Electron paramagnetic resonance (EPR) results
in Fig. 8b indicate that the use of ultrasonication could promote
the generation of hydroxyl radicals, while superoxide radicals
are exclusively produced in the presence of ultrasonication. The
facilitation of producing hydroxyl radicals could be ascribed to
that the ultrasonication not only provides additional chances for
CE, but also offers extra energy for CE-driven electron transfer.
The underlying mechanism for the difference in producing
hydroxyl and superoxide radicals might be that the PTFE inclines
to obtain electrons, which renders the process of PTFE grabbing
electrons from H,O molecules to produce hydroxyl radicals is
energy efficient.”” Thus, the generation of hydroxyl radicals
could be catalyzed directly by CE between droplets and the inner
wall of PTFE tubes. However, in the case of producing superoxide
radicals, electrons need to be removed from the electron-
affinitive surface of PTFE, resulting in a much higher energy
for accomplishing this process. Density functional theory (DFT)
calculations for the positions of LUMO and HOMO for H,O-
PTFE and O,-PTFE have confirmed the assumption, as shown in
Fig. 8¢*® Owing to the weak-coupling limit, the difference
between the LUMO of the acceptor and the HOMO of the donor
is considered as equivalent to the energy barrier for charge
transfer.*> Nearly 1 eV more energy is required for transferring
electrons from charged PTFE (PTFE*) to O, molecules, indicating
that the process of producing superoxide radicals should be the
rate determining step. This high energy barrier could be over-
come by improving the energy input, such as using ultrasonica-
tion. Not to mention that the high- pressure environment during
ultrasonication could further reduce the energy barrier for
electron exchanging.

Taking PTFE as an example, a more complete two-step
mechanism for generating ROS through CEC is described in
Fig. 8d. At the first step, electrons will be transferred from H,O
to PTFE upon their contact, producing water radical cations
that would be converted to hydronium cations and hydroxyl

This journal is © The Royal Society of Chemistry 2024
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Fig. 8 Two-step mechanism for generating ROS through CEC. (a) Optical images illustrating the process of CEC. (b) Measured EPR profiles under
conditions of with and without ultrasonication. Reproduced with permission from ref. 146. Copyright 2022, Elsevier. (c) DFT calculations of the values of
LUMO and HOMO levels for H,O-PTFE and O,-PTFE under various conditions. Reproduced with permission from ref. 48. Copyright 2022, Wiley.
(d) Proposed two-step mechanism for producing radical oxygen species through CEC.

radicals through a rapid proton transfer from water. Electrons adequate energy, which is denoted as the second step. PTFE*
accumulated on the charged surface of PTFE* will be will retrieve its initial uncharged states, and O, will be con-
exchanged to dissolved O, molecules once they collide with verted to superoxide radicals after obtaining these electrons.
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This cycle repeats itself as long as the mechanical stimuli are
sustained.

2.6. Factors influencing CEC

In the pursuit of a better understanding of the underlying
principle and optimization of CEC efficiency, investigations
into factors influencing CEC were also carried out."*> Because
ultrasonic frequency and power could significantly affect the
size and quantity of cavitation bubbles that are regarded as the
source of contact-separation cycles, Dong et al. have developed
a frequency- and power-adjustable ultrasonic reactor to exam-
ine the correlation between the CEC efficiency and these
parameters. Taking degradation of methyl orange aqueous
solution as a model reaction, Fig. 9a suggests that a higher
degradation rate was obtained with the increment of ultrasonic
power when the frequency was fixed at 40 kHz. This tendency
could be attributed to enhanced CE frequencies because more
cavitation bubbles will be generated by increased ultrasonic
power.'"” However, a larger number of smaller size cavitation
bubbles were expected as the ultrasonic frequency increases
under the same power."*® Although the CE frequency could be
promoted by enhanced quantity of cavitation bubbles, the
implosion of smaller cavitation bubbles is supposed to release
less energy that will be utilised in the CE-driven electron
transfer. Therefore, the efficiency of CEC is supposed to
increase with the rise of ultrasonic frequencies at the initial
stage, and then decreased due to insufficient energy for driving
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electron transfer. The obtained results shown in Fig. 9b concur
with the assumption that the optimum frequency was 40 kHz.
Temperature is another vital parameter that would not only
directly influence the reaction rate through activation energy,
but also affect the physical nature of polymers and stability of
electrons on the surface. Fig. 9c¢ indicates that the optimum
temperature for CEC was between 20 and 30 °C, which could be
ascribed to the fact that the glass transition of polymers would
affect their CE performance, and such a transition usually takes
place from a temperature as low as 15 °C. Developing materials
that are capable of exhibiting robust CE performance even at
elevated temperatures holds promise for further enhancement
of CEC efficiency.

Revolution speed is a crucial parameter that could greatly
change the impact mode/energy of ball milling."*® Thus, the
optimum conditions for CEC in ball milling were examined
5% pegrading MO was also
regarded as the model reaction, and the evolution of MO
relative concentrations under different revolution speeds is
shown in Fig. 9d."** Almost no degradation was observed when

from the aspect of revolution speeds.

the revolution speed is lower than 100 rpm. However, a 19.5-
times higher degradation rate was observed once the revolution
speed was increased to 150 rpm, and the degradation rate rises
at elevated revolution speeds. Given that both collision fre-
quency and impact energy are related to revolution speeds, a
control experiment was carried out at a low revolution speed
(50 rpm) with a prolonged milling time (600 min) to explore the
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dominant mechanism. Measured variation of the MO relative
concentration in Fig. 9e suggests that the low collision fre-
quency is not the major reason for poor CEC efficiency at low
revolution speeds. A better explanation was proposed from the
impact energy and its effect in CE, as depicted by an electron-
cloud-potential-well model shown in Fig. 9f. The corresponding
overlapping of electron clouds at the atomic scale is expected
when two interfaces are brought into contact through external
force. A higher applied force is supposed to result in a more
pronounced overlap of electron clouds which is beneficial for
facilitating electron transfer between the corresponding atoms.
Thus, there might exist a speed threshold, below which the
impact energy is insufficient to overcome the energy barrier for
electron transfer. Once the speed becomes beyond this critical
value, not only the impact energy is enhanced, but also the
energy barrier is reduced, giving rise to a much higher quantity
of transferred electrons for facilitating the CEC. Not to mention
that the frequency of CE will also increase due to enhanced
collision frequency at elevated revolution speeds.

3. Significant applications of contact-
electro-catalysis
3.1. Organic pollutant degradation

Organic wastewater originates from a wide range of sources,
such as chemical manufacturing, food processing, industrial
facilities (point source), and also diffused pesticides or fertilizers
during agricultural runoff (non-point source).’*'**> Degrading
organic pollutants in water resources is of paramount impor-
tance due to its significant impact on both the environment and
human health.”>®'** The application of CEC in degrading
organic pollutants in water resources possesses several unique
advantages, as depicted in Fig. 10. On the one hand, since
almost no restriction is existed for a material to operate as a
catalyst for CEC, not only the selection range for catalysts has
been much expanded, but also the process for synthesizing
catalysts has been greatly simplified. Even natural materials
such as rocks can potentially be catalysts for CEC. On the other
hand, the energy source for CEC is mechanical stimuli such as
vibrations, sliding, collision, grinding and ultrasonication,
which are readily available in an ambient environment though
usually be ignored. Hence, the degradation of organic pollutants
by CEC can take place even in remote wilderness areas that are
far away from electricity, lights, and synthetic materials, poten-
tially shedding light on the phenomenon of running water does
not rot. Besides, owing to the shape of catalysts could be
powders, balls, or even films, and no harsh conditions are
involved during the reaction, the CEC catalysts could be effec-
tively recycled by simple filtration, and collected CEC catalysts
are supposed to exhibit excellent recyclability and reusability.
For example, almost no diminution in catalytic efficiency was
observed after FEP particles being reused 5 times.*’

Methyl orange (MO) aqueous solution, a typical refractory
and mutagenic organic compound, can be effectively degraded
in the presence of FEP powder via ultrasonication. In addition
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to ultrasonication, ball milling has also been proved as an
effective strategy to degrade organic pollutants through CEC,
and its efficiency is even higher than that of ultrasonication.
Moreover, other organic pollutants such as acid orange 17 (AO-17)
and rhodamine B (RhB) could also be decolored. However, we
should notice that the mechanism for discoloration of RhB is
different from that for other two dyes. RhB is a cationic dye that is
supposed to be electrostatically adsorbed on the negatively
charged surface of FEP, and CE at the adsorption site will be
prohibited by these dye molecules. Thus, physical adsorption
instead of chemical degradation plays a dominant role in dis-
coloration of RhB. A wastewater treatment system was also
devised to fully exploit the advantages of CEC. Dielectric powders
were first dispersed in wastewater using a homogenizer, followed
by transferring the prepared suspension to an ultrasonic reactor
for purification. Purified water could be directly released and
dielectric powders in it could be facilely separated using a filtra-
tion system. Separated powders could be recycled and reused for
the next purification cycle.

3.2. Direct synthesis of H,0,

Hydrogen peroxide is a versatile chemical compound with a
broad range of applications in chemical synthesis, environmen-
tal remediation, and the electronics industry."*>**® However, the
formation of hydrogen peroxide is thermodynamically unfavor-
able and involves multiple reaction steps as well as intermediate
species, which renders the preparation of H,0, rather challen-
ging especially under ambient conditions.">***" CEC has
emerged as a promising candidate for properly addressing these
difficulties due to its salient features of cost-effectiveness, envir-
onmental friendliness, and scalability. First of all, the conditions
for producing H,0O, through CEC are inexpensive ultrasonication
and using commercially available PTFE particles at room tem-
perature, which not only avoid the use of noble metal catalysts
such as palladium, but also reduce energy consumption since
neither high-pressure nor high-temperature conditions are
required. Besides, no hazardous reactants are employed as well
as no environmentally harmful intermediates or side products
will be formed during the reaction, which enable the entire
process sustainable with minimized environmental impact.
More importantly, the production of H,O0, by CEC could be
easily and safely scaled up since every particle dispersed in the
solution could act as reaction sites and no danger of H, explo-
sion exists, further highlighting the practicability of preparing
H,0, by CEC.

Zhao et al. have reported a facile strategy for direct synthesis
of H,0, under ambient or even anaerobic conditions through
CEC, and a detailed mechanistic study was conducted by
Berbille et al., as shown in Fig. 11.***® PTFE particles were
dispersed into DI water and ultrasonication was employed to
initiate CEC. PTFE particles will be separated using a nano-
porous membrane, and produced H,0, can be collected at the
product chamber for further applications. Isotope labelling
experiment coupled with LC-MS analysis have been conducted
to reveal the catalytic mechanism of producing H,O,. Similar to
the mechanism for generating ROS by CEC, the water oxidation
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reaction (WOR) and the oxygen reduction reaction (ORR) could
both contribute to the formation of H,0, by CEC. In the WOR
path, a water molecule loses an electron to PTFE particles that
would produce a hydroxy radical. The recombination of two
hydroxy radicals will give rise to a hydrogen peroxide molecule.
Oxygen is not necessary for producing H,O, via this path,
indicating the synthesis of H,0, via CEC could be achieved
under anaerobic conditions. For the ORR path, oxygen mole-
cules will attain electrons from the charged surface of PTFE,
forming superoxide radicals. Produced superoxide radicals will

Chem. Soc. Rev.

first protonate to hydroperoxyl radicals (*OOH), and then
simultaneously obtain a proton and an electron for conversion
to hydrogen peroxide. The WOR should be the dominant
reaction path for yielding H,O, not only because this path
requires less energy to take place, but also the ORR path needs
to compete with a 4e -ORR side reaction that leads to the
formation of water molecules. Moreover, ab initio molecular
dynamics calculations suggest that the hydrogen bond network
of water could facilitate the exchange of protons and electrons
for producing H,0, through CEC.
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3.3. Recycling of spent lithium-ion batteries

The increasing demand for better lithium-ion batteries (LIBs)
has propelled extensive research into the development of
advanced electrode materials,'®*'®* electrolytes or membranes
for achieving higher capacity,'®® faster charge velocity, and
elongated cycle life.'®® In addition to these achievements in
improving the performance of LIBs, equal attention should be
paid to addressing the issue of how to effectively handle spent
LIBs."®” The CEC has provided an efficient and sustainable
approach for extracting valuable Li and Co metals from cathode
materials in spent LIBs under mild conditions. Distinguished
from pyrometallurgy that often performed at a temperature
reaching 1400 °C,"®® the recycling of Li and Co metals by CEC
can be achieved by ultrasonicating SiO, particles in the
presence of citric acid at 90 °C. Moreover, citric acid instead
of hazardous and expensive strong inorganic acid was
employed for CEC, which greatly relieves the damage to

This journal is © The Royal Society of Chemistry 2024

environment and simplifies the process of waste management
since less wastewater and toxic gases would be produced.'®**”*
Although cheap and unconventional SiO, particles were used as
catalysts, a high leaching efficiency of 100% for Li as well as
92.19% for Co were achieved for lithium cobalt(m) oxide (LCO)
batteries, and used SiO, could be easily recycled with nearly no
diminution in catalytic efficiency.

The detailed procedure for recycling spent LIBs by CEC was
proposed by Li et al. as demonstrated in Fig. 12. Before mixing
with citric acid and SiO, particles, the LCO precursor was
acquired by disassembling spent LIBs. The obtained suspen-
sion was ultrasonicated for 6 h at 90 °C until the solution turns
pink. SiO, particles were separated by filtration for the next
cycle of leaching, and Na,C,0, as well as Na,CO; are added in
sequence to residual solution for converting Co>* and Li* to
CoC,0, and Li,COg, respectively. The principle of leaching can
be described as using CE-driven electron transfer on SiO,
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surfaces to produce hydroxyl and superoxide radicals. These
radicals in addition with CE-produced electrons could all likely
contribute to the leaching of Co®>" and Li" ions. As an essential
section for evaluating the practicability of the proposed recycle
strategy, economic analysis was also conducted, and a profit of
$8.986 per kg spent LiCoO, powders was achieved, which
manifests the superior performance of CEC compared to that
of other acid leaching methods. We believe that the feasibility
of the CEC strategy could be further improved by subsequent
investigations into enhancing the CE ability on SiO, surfaces
and devising a simpler approach for recycling used catalysts.

3.4. Other promising applications of CEC

ROS has been proved effective for cancer therapy through a
series of biochemical effects such as activating immunogenic
cell death (ICD) in tumor cells or improving the body’s adaptive

immune response.'”>”'”* The primary resources for generating

View Article Online

Chem Soc Rev

ROS by CEC are water and dissolved oxygen that are ubiquitous
in the body, eliminating the requirement of additional
chemical reagents. More importantly, the ROS could be
in situ produced in target positions under external mechanical
stimuli (ultrasonication for example). Thus, we believe that the
CEC represents a highly controllable and safe strategy for
effective anti-cancer treatments. Another promising application
field of CEC should be the promotion of solid-solid reactions.
The CE effect and the derived electron transfer process also
exist at the solid-solid interface. Not to mention that the CE at
the solid-solid interface is far more obvious than that at the
liquid-solid interface.”® Hence, in addition to the CEC at L-S
interfaces, we suppose that the CEC also holds the promise to
catalyze solid-solid reactions which is also one of the unique
merits of mechanochemistry.

In addition to these promising applications fields, we
should also be aware of that the CEC is currently unsuitable
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Table 1 Comparison of main features of CEC and the existing catalytic techniques
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Principle Catalysts Condition Applications Kinetic rate/profit Ref.
Piezocatalysis Bi,WO¢ 80 W/40 kHz, 80 min Pollutant degradation 3.9 x 10> min~* 175
Piezocatalysis LiNbO, 70 W/40 kHz, 150 min Pollutant degradation 1.3 x 10 > min! 176
Piezocatalysis BaTiO; 80 W/40 kHz, 160 min Pollutant degradation 1.4 x 10> min ™' 177
Electrocatalysis nZVC-CNT/PMS  J=1mLmin ', V= —-0.5V Pollutant degradation 1.20 min " 178
Photocatalysis CDs/ZnO 125 W UV, 240 min Pollutant degradation 3 x 10™> min™’ 179
Contact-electro-catalysis FEP 120 W/40 kHz, 180 min Pollutant degradation 3.9 x 10> min* 45

Contact-electro-catalysis PTFE Ball milling, 350 rpm, 120 min Pollutant degradation 4.3 x 10 > min* 143
Piezocatalysis BiOCl 150 W/53 kHz, 60 min H,0, production 56 mmolL™'g ' h™' 180
Piezocatalysis HAP 300 W/40 kHz, 30 min H,0, production 9.34 mmol L " g ' h™! 181
Piezocatalysis BCZT-0.5 180 W/40 kHz, 14 h H,0, production 13.84mmol L 'g ' h™" 182
Electrocatalysis CoPc-OCNT 0, supply, 100 mA cm 2 H,0, production 11.53 mol L ' g ' h™! 183
Photocatalysis MX-> PHI O, supply, 150 W, 120 min H,0, production 9.79molL ™' g 'h™’ 184
Contact-electro-catalysis ~ FEP 110 W/40 kHz, 60 min H,0, production 58.8mmol L' g ' h™! 49

Contact-electro-catalysis ~ PTFE 200 W/40 kHz, 60 min H,0, production 15.65 mmol L' h™* 48

Electrodeposition PDADMA/Cu 10 M HCI, 4 g/30 mL, 2 h LIB recycling 0.2 ($ per kg) 185
Oxidation leaching N/A H,0,, 50 °C, 30 min LIB recycling 0.295 ($ per kg) 186
Direct recycling N/A 0.2 M LiOH, 0.08 M CA, 90 °C LIB recycling 1.1 ($ per kg) 187
Acid leaching N/A 1 M H,SOy4, 0.6 M malonic acid, LIB recycling 8.69 ($ per kg) 188

5% H,0,, 70 °C, 60 min

Ball milling N/A Oxalic acid, 500 rpm, 2 h LIB recycling 57.61 ($ per kg) 189
Contact-electro-catalysis SiO, 0.2 M CA, 70 °C, 360 min LIB recycling 13.43 ($ per kg) 54

for catalyzing some frontier reactions that usually take place at
very high temperatures. This is largely because the CEC cata-
lysts are mainly polymers whose CE performance decreases
with the increase of temperatures.’*> We suppose this chal-
lenge could be properly addressed by the development of
materials that can exhibit robust CE ability even at high
temperatures. Moreover, the efficiency of CEC is comparable
and even superior to that of the existing mechanochemical
strategies, but it is relatively sluggish in comparison with
electrocatalysis or photocatalysis. Table 1 compares the main
features of CEC and existing catalytic techniques from several
aspects. We believe that improving the CE ability of existing
materials or devising novel materials that are intrinsically
suitable for CE are both effective to boost the efficiency of
CEC. Alternatively, efforts for developing more effective strate-
gies to initiate CEC should also be feasible. It is expected that
the CEC could be utilized in broader application fields after
addressing these challenges.

4. Summary and perspectives

The interactions between two surfaces under external mechanical
forces would bring about a series of effects, and various catalytic
strategies have been developed based on these effects."**™%* Tri-
bocatalysis has been introduced as a pivotal concept several
decades ago, and mainly exploits the temperature increase or bond
breakage induced by fierce friction to accelerate reaction
rates."”*"*> Although the CE effect should also present in a typical
tribocatalytic process, it may not play the dominant role partly
because electrons will be thermionically emitted rather than
exchanged at elevated temperature. In virtue of the CE-driven
interfacial electron transfer, the concept of contact-electro-
catalysis (CEC) has been proposed recently, which is demonstrated
to be a vital and promising avenue for mechanochemical research.
Because the CE effect could occur even without intense friction

This journal is © The Royal Society of Chemistry 2024

during contact, CEC might offer a much milder condition for
promoting reaction rates.*® In addition, catalysts used in triboca-
talysis are usually metals or their oxides that should withstand
high-temperatures and severe surface abrasions, while also provid-
ing active sites for catalysis."**"*® Benefitting from the ubiquitous
nature of the CE effect, CEC is capable of enriching the spectrum of
available catalysts, and the catalysts are expected to exhibit superior
recyclability and reusability because less damage will be caused
during CEC processes. Moreover, tribocatalysis usually requires
solid-solid friction pairs to induce violent frictions, thus creating
suitable conditions for catalysis. CEC could eliminate such restric-
tions as CE also occurs at solid-gas or liquid-liquid interfaces,
which enables direct electron exchange between substrates even
though they are in gaseous or liquid phases.*®'**

A representative case of liquid-liquid contact-electrification
(L-L CE) takes place at oil-water interfaces,'®® and electrons are the
dominant charge carrier in this situation since nearly no ion is
present in these two liquids. Similar to the L-S CE, we believe that
the CE at the L-L interface could also drive the corresponding
electron transfer and subsequent redox reactions. For example, the
perfluorocarbon (PFC) liquid is ideal for CE with water since the
fluorine group in PFC could facilely grab electrons from the
surrounding water molecules.’* We suppose that electron transfer
during CE between PFC and surrounding water/oxygen molecules
could give rise to ROS in the same manner. Despite several funda-
mental differences between tribocatalysis and CEC, we expect a
scenario that could combine these two catalytic strategies in one
mechanochemical system and make full use of advantages from
both. A comprehensive roadmap has been proposed, which sum-
marizes priority directions and major challenges, paving the way for
further advancements in the rapidly increasing field of CEC (Fig. 13).

1. Enhancing the performance of CEC catalysts

The efficiency of CEC highly depends on the CE ability of used
catalysts, which highlights the necessity for developing
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materials that could exhibit enhanced CE performance. Physi-
cal etching to increase the contact surface area or chemical
modifications to improve the surface charge density are two
representative strategies for improving the CE ability of given

View Article Online
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materials. Another effective approach involves devising novel
materials that are intrinsically suitable for CE. In addition to
explorations on the category of catalysts, optimizing the struc-
ture and morphology also presents significant potential for
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improving catalytic efficiency — an aspect that has been exten-
sively investigated in conventional catalytic methods yet has
not been conducted in CEC. More importantly, the ubiquity of
CE could offer abundant opportunities for implementing CEC
catalysts in conjunction with conventional catalysts to achieve
an improved overall catalytic efficiency. This approach holds
the potential as a universal strategy for boosting the perfor-
mance of existing catalysts.

2. Effective methods for initiating CEC

Ultrasonication and ball milling serve as two representative
approaches for initiating CEC, and their operating parameters
could considerably affect the CEC efficiency. Although theore-
tical explanations about the potential mechanism have been
proposed, there still lack direct observations and concrete
evidence for elucidating how these experimental factors impact
the CE process. To address this challenge, an in-depth investi-
gation focused on specific regions to reveal how the contact-
separations are induced at local spots should be helpful. Such
examinations could not only guide the optimization of CEC
efficiency in current strategies, but also inspire us to explore
novel methods for initiating CEC in a more effective way.
Moreover, the incorporation of diverse stimuli within a single
system should also be considered. For instance, the collision
frequency and input energy could both be improved if multiple
mechanical stimuli are applied together. As a consequence,
the CEC efficiency should be significantly promoted due to
enhanced CE frequency and quantity of exchanged electrons.
Stimuli other than mechanical agitations could also favor the
improvement of CEC efficiency. Exemplified by a system that
combines CEC with photocatalysis or electrocatalysis, we expect
the overall catalytic efficiency could be substantially promoted
by ultrasonication in the presence of light irradiation or exter-
nal electricity, respectively.

3. Fundamental studies on the CEC mechanism

Mechanistic studies of CEC could provide us with a compre-
hensive understanding of CEC and, in turn, advancing its
applications across various domains. Current research in CE
mainly focuses on evaluating and enhancing the charge density
on contact surfaces. However, the energy of electrons is also of
great significance especially for estimating the feasibility of a
catalytic process, which emphasizes the necessity for devising
a reliable strategy to precisely assess the energy levels of
CE-induced electrons. A quantified contact-electro-catalytic
diagram could thus be established for facilitating the selection
of CEC catalysts and suitable methods for catalyzing target
reactions. Furthermore, a time-resolved method that could
in situ characterize the CE-driven interfacial electron transfer
process might enable us to investigate how these electrons are
produced and transferred under external mechanical stimuli.
After fusion with an appropriate intermediate capturing strat-
egy, the stepwise catalytic mechanism and corresponding
reaction path could be elucidated. Besides, computational
investigations are also indispensable for the development of
CEC. On the one hand, theoretical calculations about the

This journal is © The Royal Society of Chemistry 2024
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composition and structure lay the foundation for designing
novel catalysts with enhanced CEC efficiency. On the other
hand, simulations on the catalytic process offer valuable
insights into the interaction between CE-induced electrons
and adsorbed molecules on surfaces. We expect that these
fundamental studies could unravel the operating mechanism
of CEC, thus expanding the category of feasible catalytic
processes and enabling efficient catalysis for a broader spec-
trum of cutting-edge chemical reactions.
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