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Hidden interfacial electric fields in chemistry:
contact electrification and beyond

Shaoxin Li,abc Zhong Lin Wang a and Di Wei *ad

A wide range of chemical transformations proceed at immiscible boundaries, including solid dielectric–

liquid, gas–liquid, and liquid–liquid interfaces, even in the absence of light, heat or externally applied

potentials. At these boundaries, intense interfacial electric fields emerging from interfacial charge trans-

fer, molecular orientation, and asymmetric charge distributions can profoundly reshape reaction free-

energy landscapes. Especially at solid dielectric–liquid interfaces, contact electrification (CE) mainly

drives electron transfer, generating substantial surface charge densities and interfacial electric fields that

critically govern radical formation and redox chemistry. Gas–liquid or immiscible liquid–liquid interfaces,

exemplified by microdroplet reactions, as well as processes at biomolecular condensate-solution

boundaries, exhibit intrinsic fields on the order of B106–109 V m�1. Notwithstanding the burgeoning

interest in this area, further fundamental scrutiny is necessary to establish a unified conceptual frame-

work for interfacial electric field-driven reactions, moving beyond empirical observations toward

predictive control. In this review, interfacial electric fields are described as emerging from cooperative

effects, including CE, oriented water dipoles and ion redistribution, while their dynamic fluctuations are

highlighted as a critical factor in driving interfacial chemical reactions. Mechanical excitation, material

electronegativity, solvent structure, ionic strength, pH and dissolved gases are discussed as key

parameters that modulate these fields and the resulting reactivity. We further emphasize some open

questions concerning their spatial distribution, temporal dynamics and reaction-driven evolution and

highlight the need for advanced operando techniques capable of resolving interfacial electric fields with

nanometer spatial resolution and sub-microsecond temporal resolution to establish causal links between

electric field dynamics and reaction outcomes. Overall, interfacial electric fields emerge as hidden forces

with far-reaching implications and should be elevated from passive boundary conditions to explicit

design parameters for sustainable, high-efficiency interfacial chemistry.

1. Introduction

The intrinsic relationship between charge and chemical reac-
tivity, described by DG = �nFE, establishes a fundamental link
among Gibbs free energy, cell potential, and reaction sponta-
neity, forming the foundation of electrochemistry.1 Since
Faraday’s pioneering work, electrochemistry has served as a
bridge connecting electricity with chemical transformations.2,3

Importantly, electrostatic fields have been shown to influence
catalytic activity, highlighting that interfacial electric fields
beyond externally applied potentials can govern chemical reac-
tivity.4 Arieh Warshel proposed an electrostatic contribution

to catalysis, suggesting that the polarity of the active sites in
enzymes, which was overlooked for decades, plays a critical role
in reaction energetics.5 This idea was supported experimentally
in 2014, when Boxer et al. demonstrated a link between charge
anisotropy in enzymes and chemical catalysis.6 Besides, Li et al.
indicated that a strong electrostatic field exists in the
molecular-scale space of zeolites due to the charge distribution
in the zeolite framework, which has a significant impact on the
potential energy of guest molecules and their activation.7

Zeolitic spatial constraints and local electric fields coopera-
tively modulate chemical reactivity, establishing intrinsic elec-
trostatics as a foundational pillar of catalysis. This extends
electrochemical principles to the molecular scale, where auton-
omous interfacial electric fields replace the need for externally
applied potentials.

In this context, contact electrification (CE) has emerged as a
powerful mechanism for driving chemical transformations on
triboelectrically charged solid dielectric surfaces. Achieving a
detailed understanding of CE at heterogeneous interfaces is
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critical for elucidating charge-transfer kinetics and guiding the
rational design of interfacial reactions. In a pioneering study,
Liu and Bard demonstrated that CE on polytetrafluoroethylene
(PTFE) surfaces can generate highly energetic electrons capable
of reducing metal ions and triggering electrochemilumines-
cence reactions.8 Extending this concept, Zhang and colleagues
showed that luminol droplets exhibit distinct chemical beha-
viors depending on the charge polarity induced by CE with
different solid dielectrics.9 Luminol droplets acquiring positive
charge through CE with PTFE exhibited enhanced reactivity and
intensified chemiluminescence, whereas negatively charged
droplets via CE with nylon displayed suppressed luminescence.
These results underscore the critical influence of the net charge
polarity of droplets by CE with a solid dielectric on chemical
reactivity, positioning CE as a central factor in controlling
reaction outcomes. In recent years, contact-electro-catalysis
(CEC) has emerged as a transformative strategy that exploits

triboelectric charge transfer driven by CE at solid dielectric–
liquid interfaces to initiate and accelerate chemical reactions.10

This approach harnesses CE-induced interfacial charges as a
clean and sustainable driving force, offering new opportunities
for catalytic innovation, such as pollutant degradation, hydro-
gen peroxide (H2O2) generation and ammonia synthesis.10–12

The scope of CEC has further expanded to the environmentally
benign recovery of cathode materials from spent lithium-ion
batteries, achieving high leaching efficiencies for cobalt and
lithium under mild, acid-free conditions.13 Building on these
advances, our previous works extended CE-driven chemical
processes to a broad spectrum of chemical transformations,
including contact-electro-redox reactions of [Fe(CN)6]3�/
[Fe(CN)6]4�, contact-electro-polymerization of aniline, contact-
electro-fluorescence of terephthalic acid, and contact-electro-
luminescence of luminol.14–16 Collectively, these studies establish
a unifying framework, contact-electro-chemistry (CE-Chemistry),14

which has also been successfully demonstrated in non-aqueous
media such as dimethyl sulfoxide (DMSO).17 Regarding the Janus
nature of CE-Chemistry systems, in which both oxidative and
reductive reactions can occur, we further demonstrated that the
redox selectivity is dictated by the standard electrode poten-
tials (SEPs) of the reactive species, establishing a threshold
that determines whether oxidative or reductive pathways pre-
dominate.18 These findings underscore that CE extends beyond
a mere physical phenomenon of charge transfer, actively pro-
moting interfacial chemical reactivity and motivating further
mechanistic investigations into its relationship with interfacial
electric fields.

Alternatively, a growing body of evidence demonstrates
that gas–liquid interfaces, particularly those in microdroplet
systems, can intrinsically promote a wide range of chemical
transformations, including addition, elimination and redox
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reactions, even in the absence of catalysts and externally
applied electric fields.19–30 These observations underscore the
intrinsic chemical reactivity of interfacial environments.31–33

Processes such as hydrogen–deuterium exchange and protein
folding–unfolding have been shown to proceed markedly faster
at microdroplet interfaces than in bulk solution.34 In mecha-
nistic interpretations, microdroplet reactivity has been attrib-
uted to a combination of partial solvation, preferential
molecular orientation, extreme interfacial acidity or basicity,
rapid solvent and reagent evaporation, and the presence of
strong local interfacial electric fields.30,34–40 Recent studies
indicate that the emergent interfacial properties of water origi-
nate from its propensity to acquire charge during common
physicochemical processes, including evaporation, condensa-
tion, spraying, splashing and crystallization.30,41 Although the
mechanistic origins of microdroplet-accelerated chemistry
remain under active investigation owing to the complexity of
droplet interfaces, intense interfacial electric fields have
emerged as a particularly compelling driver of microdroplet
reactivity.42 At the molecular scale, interfacial electric fields
along free O–H bonds at air–water interfaces have been
estimated to reach B1.6 � 109 V m�1, far exceeding those
within the droplet interior.43 Using stimulated Raman-excited
fluorescence microscopy with nitrile-based Stark probes,
interfacial electric fields at water–oil microdroplet bound-
aries have likewise been quantified to be B109 V m�1.44

Analogously, in biomolecular condensates formed by liquid–
liquid phase separation, ion partitioning and charge asym-
metry between dense and dilute phases generate interfacial
electric fields on the order of B5 � 106 V m�1, which are
sufficient to actively promote chemical reactions.45 Collec-
tively, interfacial electric fields may profoundly influence by
electron transfer, ion redistribution and molecular orienta-
tion at phase boundaries. Critically, these interfaces may
permit large electric field fluctuations, giving rise to Lorent-
zian distributions of local electric field strengths that can
transiently reach values sufficient to modulate reacti-
vity.30,43,46,47 Thus, this dynamic electric field heterogeneity
constitutes a concealed driving force capable of initiating
chemical transformations.

In this context, we place particular emphasis on the critical
role of interfacial electric fields, especially from the perspective
of CE, which can regulate interfacial electron transfer, ion
redistribution, and the resulting electric field strength and
dynamics. These coupled processes exert a sustained and
profound influence on the recently emerging CE-Chemistry
paradigm. Moreover, interfacial electric fields at gas–liquid
and immiscible liquid–liquid interfaces are also considered,
as growing evidence suggests that they can likewise accelerate
and bias chemical reactions. These emerging insights point to a
broader conceptual shift in interfacial chemistry, where inter-
facial electric fields are not passive by-products of contact, but
active energetic contributors that reshape reaction pathways.
Deciphering and harnessing these interfacial electric fields may
open new avenues for interfacial chemistry and sustainable
catalysis.

2. Hidden interfacial electric fields at
solid–liquid interfaces

An interfacial electric field is generally defined as the negative
gradient of a spatially varying electrostatic potential.48 In the
classical picture derived from Coulomb’s law, the electrostatic
potential is obtained as the superposition of contributions
from all point charges, and the corresponding electric field
follows as its spatial gradient. In continuum treatments, this
description is cast into Poisson’s equation, r2j = �r/e, where
j is the electrostatic potential and e the dielectric constant.
However, both Coulombic and Poisson-based formulations
neglect a crucial molecular-level effect, the local environmental
response to a charged species.48 Recent molecular dynamics
simulations further reveal that electrode–liquid interfaces host
intense, structurally encoded interfacial electric fields that are
largely inaccessible to classical continuum theory.49 In these
systems, interfacial electric field profiles are obtained from micro-
scopic models that prescribe the detailed shape of the potential
across the interface (Fig. 1a). A growing body of studies has
converged on the view that interfacial electric fields play an active
and often decisive role in electrochemistry. They demonstrated
that interfacial electric field amplification arising from nanoscale
confinement,50,51 interfacial polarization,52 or charge accumula-
tion can reshape local electronic structures,53,54 lower activation
barriers, and steer reaction pathways.55 These effects have been
exploited across applications, such as CO2 reduction56,57 and cata-
lysis,58 underscoring interfacial electric fields as a general and
designable driving force in interfacial chemistry.

Strikingly, even under a zero applied bias, a finite intrinsic
interfacial potential persists because interfacial water mole-
cules spontaneously orient their dipoles toward the surface,
generating a built-in electrostatic environment that eludes
conventional mean interfacial electric field descriptions.59

The resulting interfacial electric fields are not smoothly
screened but instead exhibit large magnitudes, rapid temporal
fluctuations, and pronounced spatial oscillations on molecular
length scales.60 Both cations and anions experience net repul-
sive fields near the interface, and electric field fluctuations
intensify away from the surface despite electrostatic screening.
Collectively, these observations establish that electrode–liquid
interfaces are governed not by a single deterministic potential,
but by a fluctuation-dominated electrostatic microenvironment
in which hidden interfacial electric fields arise spontaneously
from molecular organization, persist without an external
bias, and continuously regulate charge transport and reaction
dynamics.61 Interfacial potentials arising spontaneously at
functional interfaces transcend the classical electrode–aqueous
electrolyte paradigm. For instance, at solid–liquid interfaces,
the interfacial electric field stems predominantly from surface
charges or dipoles of the solid, inducing instantaneous coun-
terion adsorption from the ionic liquid and resulting in a
compact, Helmholtz-type monolayer structure.62 The absence
of solvent molecules and the ultrahigh ionic concentration in
ionic liquids render classical double-layer models inadequate
and Debye–Hückel screening inapplicable,63,64 thus necessitating
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theoretical frameworks that incorporate strong ion correlations
and overscreening effects.65,66 Furthermore, at the soda-lime glass-
water interface, Na+ leaching coupled with H+ ingress leads
to the formation of a hydrated, negatively charged silica-rich
layer. Ion partitioning across this fixed-charge interphase gen-
erates a Donnan potential, and thus a localized electric field,
without any externally applied bias.67

The interfacial electric field extends well beyond the realm
of equilibrium electrostatics. When solid dielectrics come into
contact with liquids, they readily accumulate electrical charge
through the ubiquitous CE process, resulting in spontaneously
generated non-equilibrium interfacial potentials. Scientific inter-
est in charge-transfer mechanisms across solid dielectric–liquid
boundaries has persisted for several decades. A foundational
study conducted in the 1980s by El-Kazzaz and Rose-Innes
demonstrated that contacting liquid metals with insulating
dielectric substrates could induce measurable surface charging.68

Subsequent investigations expanded this observation to aqueous
systems, revealing that mere contact between water and dielectric
surfaces, such as polymers, can generate substantial surface
charge.69,70 Nevertheless, the identity of the charge-carrying
species responsible for transfer in aqueous environments remains
unresolved. Despite extensive experimental and theoretical work,
the origin of charge carriers (electrons versus ions) and their
transport pathways in solid dielectric–liquid CE continue to be
actively debated. This section summarizes the current mecha-
nistic understanding of solid dielectric–liquid CE, covering elec-
tron transfer, ion migration, and interfacial electrical double layer
(EDL) formation. Within this framework, the recent research by
our group on triboelectrically regulated EDL formation at solid
dielectric–liquid dielectric interfaces,71–74 conceptually analogous
to electrochemical EDL, suggests that a localized interfacial
electric field (Fig. 1b) may arise from the CE process. This
electric field holds the potential to drive interfacial redox reactions
without an external bias or conventional catalytic inputs.

2.1. Electric fields induced from solid dielectric–liquid CE

For solid dielectric–water interfaces, surface charging has long
been attributed predominantly to ion-transfer processes,

although the underlying microscopic picture remains incom-
plete. In this classical framework, interfacial charge is thought
to arise either from the selective adsorption of solution ions,
such as OH� and H+, onto the dielectric surface,70,75 or from
the dissociation of surface functional groups intrinsic to the
solid matrix.76,77 A representative example is PTFE, which
under neutral or alkaline conditions preferentially binds OH�

and H+ over other electrolyte species.78 This selectivity toward
OH� has been ascribed to its relatively weak hydration and
favorable hydrogen-bonding interactions with interfacial
water.79 However, an ion-adsorption-only model becomes
insufficient in scenarios where charge exchange proceeds in
the absence of dissociated ions, such as at interfaces between
solid dielectrics and non-aqueous liquids, including oils that
also acquire charge upon contact.80 These observations imply
the existence of additional interfacial charge-transfer pathways
beyond simple ion adsorption, thereby motivating continued
efforts to elucidate the fundamental mechanism of solid
dielectric–liquid CE. Beyond this classical picture, Wang et al.
demonstrated that models assuming that CE at the PTFE–water
interface is driven solely by OH� transfer underestimate the
charge density by more than an order of magnitude, indicating
that ion transfer alone cannot account for the observed effects;
instead, electron transfer contributes approximately 90% of
the interfacial charge-generation in deionized water.81 Subse-
quently, they further revealed that electrons preferentially
transfer from water molecules to the PTFE surface during CE.
This behavior can be rationalized in terms of a transient
intermolecular electron-cloud overlap mechanism, whereby
intimate interfacial contact enables transient electronic cou-
pling and charge transfer.82 As illustrated in Fig. 2a(i), the
outer-shell electrons of oxygen in water reside in a potential
well, whereas the lowest unoccupied molecular orbital (LUMO)
of PTFE serves as an efficient electron acceptor. Prior to
contact, electrons are localized within their respective wells
(Fig. 2a(ii)); upon contact, electrons transfer from water to
the PTFE LUMO, reaching a lower-energy equilibrium state
(Fig. 2a(iii)). During subsequent separation, the accumulated
negative charges on PTFE become exposed at the interface,

Fig. 1 Interfacial electric field at the solid–liquid interface. (a) Representative models used to predict distinct interfacial electric field profiles. (b) Interfacial
electric field from the solid dielectric–liquid CE.
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generating a localized electric field (Fig. 2a(iv)). Unlike metallic
electrodes where charge redistribution is governed by the bulk
Fermi level, solid dielectric–liquid interfaces rely on localized
electronic states. Recent ab initio simulations of an insula-
ting solid dielectric interacting with water reveal that charge
transfer is mediated by surface states, localized energy levels
introduced by surface defects, dangling bonds, or functional
groups.83 Electron localization function and Bader charge
analysis were used to provide the first atomistic evidence that
solid dielectric–liquid CE is driven by electron cloud overlap
and subsequent electron transfer. This effectively bridges the
gap between the macroscopic hidden fields and the micro-
scopic electronic structure.84 Thus, for inert fluorinated dielec-
trics such as PTFE and FEP, the CE process establishes an
electric field arising from trapped electrons, which perturbs the
electronic structure of the dielectric by modulating the energies
of its LUMO and highest occupied molecular orbital (HOMO)85

(Fig. 2b).
Advances in the mechanistic understanding of CE at solid

dielectric–liquid interfaces have driven a paradigm shift
beyond conventional electrochemical EDL models, establishing
electron transfer as a central determinant of the interfacial
insulating structure. Within this emerging framework, elec-
trons and ions jointly constitute a composite Stern layer. Wang
et al. proposed a hybrid EDL model based on a two-step process

that couples interfacial electron transfer with subsequent ion
adsorption.83 In the initial stage (Fig. 2c(i)), water molecules
and solvated ions (e.g., H2O, cations and anions) are driven
toward the pristine solid dielectric surface by thermal motion
and hydrodynamic pressure (Fig. 2c(ii)). During these inter-
facial collisions, transient overlap between the electronic
clouds of water molecules and surface atoms enables interfacial
electron exchange (Fig. 2c(ii)),82 while concomitant surface
ionization processes may also occur. As a consequence, both
electrons and ionic species are generated at the interface
(Fig. 2c(iii)). In the second stage, following charge separation,
free counter-ions in the liquid migrate toward the charged
surface under electrostatic attraction, thereby establishing an
EDL (Fig. 2c(iv)). Notably, counter-ions from the liquid phase do
not remain rigidly immobilized on the triboelectrically charged
surface. Instead, thermal fluctuations sustain their continuous
motion within the interfacial region, giving rise to a concentration
gradient characterized by counter-ion enrichment near the
charged surface and co-ion depletion (Fig. 2d).86–88 An atomic-
level investigation on the effect of CE on the solid dielectric–liquid
EDL were performed via first-principles and molecular dynamics
(MD) simulations. Their results suggest that this CE can influence
the distribution of ions in the solution, thus influencing the
formation of the EDL, and even reversing its polarity under a
specific surface charge density (Fig. 2e).89 Moreover, space-charge-

Fig. 2 Theoretical insights into the solid dielectric–liquid CE. (a) Schematic of electron transfer between water and PTFE: (i) before contact, (ii) during
contact, (c) after contact upon separation, and (iv) after separation with a new equilibrium state. Reproduced from ref. 81 with permission from John
Wiley and Sons, copyright 2019. (b) CEC via electret behavior facilitating interfacial electron transfer. Reproduced from ref. 90 with permission from the
American Chemical Society, copyright 2024. (c) Proposed mechanism of solid dielectric–liquid CE and formation of the EDL: (i) before CE, (ii) electron
transfer between the water and the virgin surface during CE, (iii) generation of ions at the electrical charged surface, and (iv) migration of opposite
charged ions toward the surface, electrically screening the first charged layer. Reproduced from ref. 83 with permission from Springer Nature, copyright
2020. (d) Electric potential distribution at the CE interface between water and a solid dielectric. Reproduced from ref. 88 with permission from John Wiley
and Sons, copyright 2020. (e) Electron density difference between SiO2 with a single H2O molecule, with the number of electrons gained and lost marked
on the corresponding atoms. Reproduced from ref. 89 with permission from Elsevier, copyright 2023. (f) Electrostatic breakdown at solid dielectric–
liquid–gas triple-phase interfaces induced by CE. Reproduced from ref. 91 with permission from Elsevier, copyright 2025.
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induced interfacial electric fields can reshape the dielectric band
structure and exert strong electrostatic forces at solid dielectric–
water interfaces, thereby promoting interfacial carrier transfer.90

Ye et al. further demonstrated that charge transfer at solid
dielectric–water interfaces can reach extreme magnitudes, fre-
quently giving rise to electrostatic breakdown at the solid–
liquid–gas triple-phase boundary, where localized interfacial
electric fields in the gas phase are strongly amplified (Fig. 2f).91

Building on this solid dielectric–liquid CE framework, our
group has exploited the resulting EDL to enable nanoscale
ionic–electronic coupling, allowing precise regulation of ion
transport and interfacial electric fields.71 Dynamic modulation
via mechanical, electrostatic or triboelectric-induced ion polar-
ization offers versatile strategies to enhance both energy
harvesting92 and information transduction.74,93–95 Collectively,
these findings underscore the profound and highly tunable
interfacial electric fields intrinsic to solid dielectric–liquid CE.

2.2. CE-Chemistry

2.2.1. Role of triboelectric charges. Triboelectric charges
generated by CE are increasingly recognized as active chemical
actors rather than passive electrostatic artefacts. Early studies
established that dielectrics pre-charged by solid–solid CE can
subsequently function as self-biased single electrodes upon
immersion in solution, thereby enabling spontaneous redox
reactions without external wiring or applied potential. In a
seminal contribution, Liu et al. applied Faraday’s law to

quantify surface charge density and demonstrated the pivotal
role of electron transfer in chemical reactions driven by tribo-
electrically charged polymers.8 Using a triboelectrically charged
polymer as a single electrode, they induced diverse solution-
phase reactions, including pH modulation, hydrogen evolution,
and metal-ion reduction.96,97 For example, after rubbing Teflon
with Plexiglas, the charged Teflon was immersed in a CuSO4

solution, where it directly drove the reduction of Cu2+.8 Energy-
dispersive X-ray spectroscopy (EDS) confirmed the formation of
metallic Cu on the Teflon surface, with Cu signals uniformly
detected at all the examined sites, while no Cu was observed on
the uncharged Teflon. Optical absorbance measurements of the
CuSO4 solution before and after contact further substantiated
the reduction of Cu2+ (Fig. 3a). The observed concentration
change corresponded to an average surface charge density of
B8 � 1014 cm�2 (based on geometric area), in close agreement
with values independently inferred from pH variation. Analo-
gous behaviour was observed for the reduction of [Fe(CN)6]3� to
[Fe(CN)6]4�, which proceeded only in the presence of triboelec-
trically charged Teflon. Moreover, immersion of CE-charged
polymethylmethacrylate (PMMA), generated by contact with
polyethylene (PE), into an acetonitrile/H2O solution containing
[S2O8]2� and [Ru(bpy)3]2+ produced a sharp rise in chemilumi-
nescence intensity, directly correlating the fluorescence
enhancement with the surface triboelectric charge on the
polymer.97 The quantitative application of Faraday’s law in
these studies explicitly established the central role of electron

Fig. 3 Chemical roles of triboelectric charge. (a) Optical absorbance of 1 mM CuSO4 solution before and after contact with charged Teflon. Reproduced
from ref. 8 with permission from Springer Nature, copyright 2008. (b) Device design and performance of CEC CO2RR. Reproduced from ref. 100 with
permission from Springer Nature, copyright 2024. (c) Self-powered liquid chemical sensors based on the solid dielectric–liquid CE. Reproduced from
ref. 105 with permission from the Royal Society of Chemistry, copyright 2021. (d) Triboelectric charge generation at the solid dielectric–liquid interfaces
for chemical analysis. Reproduced from ref. 107 with permission from the American Chemical Society, copyright 2024. (e) Electrostatic charge-regulated
chemiluminescence via interfacial electron-transfer at solid dielectric–liquid interfaces. Reproduced from ref. 9 with permission from the American
Chemical Society, copyright 2022. (f) Insulating polymers enable efficient visible-light catalysis through CE. Reproduced from ref. 108 with permission
from Elsevier, copyright 2022.
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transfer in triboelectrically charged insulating solids. Subse-
quent investigations refined this mechanistic picture by disen-
tangling the relative roles of static charge magnitude and
surface charge chemistry.

Zhang et al. demonstrated that the amount of metal depos-
ited on triboelectrically charged polymer surfaces scales nearly
linearly with surface charge density, with the proportionality
coefficient governed by the stability of anionic surface charge
carriers.98 This result implies that the dominant driving force
is not merely the stored electrostatic charge, but rather the
intrinsic chemical reactivity of the surface-bound charge species.
Accordingly, materials capable of stabilizing anionic carriers,
through favorable electron affinity and ionization-energy align-
ments, support more extensive redox chemistry, whereas dielec-
trics with less stable anions are better suited for delivering small,
precisely metered redox inputs. Consistently, Chamberlayne et al.
provided a rigorous thermodynamic analysis demonstrating
that the electrostatic contribution to the Gibbs free energy is
fundamentally capped, reaching at most the thermal voltage
(B25.7 mV in monovalent aqueous electrolytes at 25 1C).99

Li et al. demonstrated that CE between poly(vinylidene fluoride)
PVDF/single-Cu-atom-anchored polymeric carbon nitride (Cu-
PCN) and quaternized cellulose nanofibers (CNF) can directly
initiate CO2 reduction in ambient air, where triboelectric nano-
generator (TENG)-driven electron transfer forms CO2

� intermedi-
ates that evolve into CO under humid conditions (Fig. 3b).100

Extending this approach, a dual Cu-PCN/CuO catalyst on an
electronegative tribolayer delivered a faradaic efficiency of
63.5% toward C2H4 in dilute CO2 owing to the high triboelectric
charge density at 99% RH.101 Kim et al. further used nanorod-
patterned PPy electrodes to concentrate triboelectric charges for
motion-powered electroporation, achieving 46-log pathogen
inactivation in 500 mL of water within 10 min and robust cycling
stability.102

Repeated contact-separation between solid dielectrics and
water can lead to substantial surface charge accumulation,
yielding interfacial potentials of up to B150 V.103 Thus, tribo-
electrically charged surfaces function as chemically active inter-
faces, whose carrier stability, redox character, and electrolyte-
dependent screening directly couple interfacial chemistry to
electrical output. This coupling provides a mechanistic basis
for triboelectric signal-coupled sensing architectures, in which
analyte-induced modulation of surface charge and interfacial
potential serves as a direct chemical and compositional read-
out. A foundational advance was reported by Gibson et al.,
which is triboelectric charging can serve as a sensitive probe of
surface chemistry.104 Using cascaded metal beads and polymer
films, they showed that both the magnitude and polarity of
charge transfer correlate systematically with surface molecular
structure. Although lacking molecular specificity, this approach
enabled the detection of trace contamination, monolayer-level
chemical modification, and even surface reaction kinetics,
positioning triboelectric analysis as a low-cost, non-destructive,
and highly responsive diagnostic tool. Building on this concept,
Wang et al. developed self-powered triboelectric sensors for
liquid-phase chemical analysis, in which solid dielectric–liquid

CE provides the primary electrical signal.105 A representative
system employs a negatively charged PTFE film coupled with
dual copper electrodes, where passing droplets induce coupled
EDL release in the liquid and surface charge retention on the
solid (Fig. 3c). The resulting characteristic positive and negative
voltage spikes serve as chemical fingerprints. Systematic studies
with amino acids (e.g., glycine, lysine, and phenylalanine)
revealed logarithmic scaling of negative voltage peaks with
concentration, while investigations of organic and inorganic
electrolytes demonstrated strong correlations between signal
polarity/amplitude and free ion content. These observations
indicate that multi-source interfacial charge-generation can pro-
duce binary-like electrical signatures directly reflecting liquid
composition. These triboelectric sensors provide a low-cost,
portable, and surface-charge-driven platform for chemical
identification and quantification. Along similar lines, dual tribo-
electric signals generated at oil–water–solid multiphase interfaces
have enabled a self-powered dual-signal platform for biochemical
sensing, exemplified by dopamine detection.106 More recently,
Zhang et al. advanced this concept through the development of
triboelectric spectroscopy, which integrates solid dielectric–liquid
CE with surface charge-transfer for chemical analysis (Fig. 3d).107

By monitoring triboelectric charges generated as liquids slide
across solid surfaces, this approach achieves chemical identifi-
cation with up to 93% accuracy and detection limits at the parts-
per-billion level.

Building on droplet-based TENG concepts, Zhang et al.
investigated triboelectrically charged luminol droplets interact-
ing with solid dielectrics via solid dielectric–liquid CE.9 The
chemiluminescence was enhanced exclusively for positively
charged luminol droplets, whereas negatively charged droplets
suppressed light emission, providing direct evidence that elec-
trons act as the primary charge carriers at the solid dielectric–
liquid interface (Fig. 3e). This strategy enables the triboelectric
modulation of chemiluminescence through static charging of
reaction solutions and highlights key considerations for sample
preparation in CE-Chemistry. Furthermore, CE between water
droplets and PTFE generates abundant oxidizing radicals, while
the concomitant electrical output enables in situ monitoring of
catalytic activity (Fig. 3f).108 Efficient carrier transport driven by
mechanical forces and the widespread generation of reactive
oxygen species (ROS) markedly accelerate dye degradation;
crystal violet is degraded with 90% efficiency within 38 s,
corresponding to a rate constant of 3.7 min�1. Taken together,
these advances establish triboelectric charge generated at solid
dielectric–liquid interfaces as a versatile and previously under-
explored modality for both chemical activation and molecular
analysis.

2.2.2. From motion to reaction: mechanical activation of
CE-Chemistry. The efficiency of CE can be governed by the
characteristics of the mechanical stimulus, as mechanical
motion directly dictates the frequency, duration, and quality
of solid dielectric–liquid interfacial contact. Enhanced mechan-
ical agitation accelerates interfacial renewal and promotes
electron–cloud overlap between liquid molecules and solid
dielectric surface atoms, thereby lowering the activation barrier
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for interfacial electron transfer.109 Accordingly, beyond simple
droplet-sliding geometries, a diverse range of mechanically
activated modes has been developed to amplify the CE perfor-
mance in CE-Chemistry. As summarized in Fig. 4a, representa-
tive mechanical input strategies include continuous flow,
magnetic stirring, ball milling, and ultrasonication. In flow-
driven systems, liquid continuously contacts the inner surface
of a dielectric channel, enabling sustained charge generation
along the flow path and thereby supporting continuous reac-
tion operation. Key parameters, including flow velocity, resi-
dence time, capillary length, and surface refresh rate, critically
govern both triboelectric charge accumulation and the overall
reaction efficiency. Jiang et al. demonstrated that hydroxyl
radicals (�OH) can be generated when aqueous droplets interact
with the inner walls of solid dielectric capillaries, even in the
absence of any external energy input (Fig. 4b).110 In their setup,
droplets were continuously driven through long dielectric
capillaries by nitrogen flow, producing repeated contact-
separation events and thus flow-induced electrification. Using
o-phenylenediamine (OPD) as an �OH probe, which is oxidized to
diaminophenothiazine (DAP) with a characteristic absorption at

424 nm, they confirmed radical formation in PTFE, silicone
rubber, and nylon-6 capillaries. No DAP signal was detected
in the control samples without capillary traversal, whereas all
three dielectric materials produced distinct DAP absorption. The
�OH yield followed the trend PTFE 4 silicone rubber 4 nylon-6,
directly correlating the radical-generation efficiency with the
electron-withdrawing capability of the dielectric. These results
establish that solid dielectric–liquid CE alone is sufficient to
trigger �OH formation from water and demonstrate the strong
material-dependence of triboelectrically driven radical reactions.
Building on the superior CE properties of FEP, the continuous
degradation of methyl orange (MO) in a flow-electrification FEP
tube was investigated.15 As shown in Fig. 4c, a 0.01 mM MO
solution was circulated through FEP tubes for 7 h, with periodic
alcohol rinsing of the tube surface every hour to restore tribo-
electric charging. The progressive fading of the solution con-
firmed sustained MO degradation throughout long-term
operation. Beyond conventional parameters such as inlet flow
rate, tube inner diameter, and total length, we systematically
evaluated different tubing network architectures. Under an iden-
tical total tube length and pump rotational speed, parallel

Fig. 4 Representative mechanical input strategies of CE-Chemistry. (a) Representative mechanical modes employed in CE-Chemistry. (b) Radical
generation, reproduced from ref. 110 with permission from Elsevier, copyright 2023, and (c) MO degradation, reproduced from ref. 15 with permission
from Elsevier, copyright 2024, induced by flow electrification at a solid dielectric–liquid interface. (d) Low-frequency CEC driven by friction between the
PTFE-coated fabric and dye solution. Reproduced from ref. 111 with permission from Elsevier, copyright 2024. (e) Photograph and UV-vis spectra of
K4[Fe(CN)6] oxidation under stirring conditions via CE-Chemistry. Reproduced from ref. 14 with permission from Elsevier, copyright 2024. (f) CEC process
for producing ROS via ball milling of triboelectric materials. Reproduced from ref. 112 with permission from Springer Nature, copyright 2024. (g) CEC
process for producing ROS via ultrasound. Reproduced from ref. 10 with permission from Springer Nature, copyright 2022.
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configurations consistently outperformed series arrangements,
and increasing the number of parallel branches (e.g., a five-
branch network) further enhanced the degradation efficiency.
This performance enhancement arises because parallel architec-
tures reduce the flow velocity within each branch under a
constant pump power, thereby extending the residence time
and enabling more effective utilization of triboelectric charge
accumulation along the solid dielectric–liquid interface.

Compared with continuous-flow configurations, mechanical
stirring introduces more chaotic, multidirectional, and repeti-
tive solid dielectric–liquid collisions within a confined volume,
offering an alternative and highly effective route to activate
CE-Chemistry. In a recent study, Jia et al. evaluated the CEC
activity of PTFE-coated fabrics via the degradation of
Rhodamine B (RhB) under overhead mechanical stirring.111

As shown in Fig. 4d, the characteristic RhB absorption band at
554 nm decreased steadily during stirring in the dark, directly
evidencing CE-Chemistry. The reaction efficiency exhibited a
strong dependence on the stirring speed, where efficient RhB
de-ethylation occurred only above B800 rpm, whereas signifi-
cantly diminished activity was observed at lower speeds,
underscoring the necessity of sufficient frictional solid–liquid
contact. Increasing both the stirring rate and PTFE loading
further enhanced the catalytic performance, achieving B91.5%
RhB removal after 24 h at 1000 rpm using 1.1 g of PTFE-coated
fabric. Consistently, in our previous work, continuous mechan-
ical stirring of a K4[Fe(CN)6] solution with a PTFE stir bar at
1500 rpm induced a gradual color change from colorless to
green over 7 days, indicative of progressive CE-driven oxi-
dation.14 Accelerated oxidation was observed upon the addition
of PTFE powder, which increased the effective solid dielectric–
liquid interfacial area. As shown in Fig. 4e, the UV-vis spectra
confirmed that a prolonged stirring time and enlarged dielec-
tric contact area both promote the oxidation process, demon-
strating that sustained mechanical stirring alone is sufficient to
trigger CE-mediated redox reactions. Together, CE-Chemistry
induced by continuous flow or mechanical stirring at solid
dielectric–liquid interfaces represents a new reaction paradigm,
enabling bias-free redox chemistry driven solely by mechanical
energy. These findings challenge the long-standing assumption
that hydrodynamic operations are chemically inert. Indeed,
flow-based analytical platforms (e.g., HPLC, flow injection
analysis, and microfluidic devices), as well as routine stirring
in synthetic chemistry, may inadvertently induce interfacial
charge-transfer and radical formation, thereby influencing
reaction pathways, kinetics, or analytical accuracy.

Beyond stirring and flow, ball milling, traditionally exploited
in mechanochemistry and piezocatalysis, has recently been
recognized as a powerful mechanical route to trigger CE-
Chemical reactions. Using triboelectric polymer beads, Wang
et al. demonstrated that repeated solid dielectric–liquid CE
impacts during ball milling generate ROS capable of degrading
organic pollutants (Fig. 4f).112 Among polypropylene (PP), poly-
dimethylsiloxane (PDMS), and PTFE, the latter exhibited the
highest activity, consistent with its superior charge-trapping
capability. A critical rotational speed was identified as the

threshold mechanical energy (DE2) required for interfacial
electron transfer and radical generation, thereby establishing
direct coupling between mechanical impact energy and CE-
induced redox chemistry. At low milling speeds, the impact energy
was insufficient to overcome the interfacial energy barrier (DE1),
resulting in negligible MO degradation. With increasing rotation
speed, both the impact energy and the probability of electron
transition increased, effectively lowering the kinetic barrier (DE3)
and accelerating radical production. These results establish a clear
mechanochemical threshold for initiating CE-Chemistry and
underscore the intimate coupling between mechanical energy
input and interfacial electron-transfer dynamics.

Ultrasonication has emerged as one of the most effective
and widely adopted strategies to enhance CE-Chemistry, owing
to its simple operation, efficient energy delivery, and excep-
tional ability to activate solid dielectric–liquid interfaces. Wang
et al. elucidated the mechanism by which ultrasonic irradiation
promotes CE performance (Fig. 4g). During sonication, cavita-
tion bubbles nucleate, grow, and collapse, generating intense
microjets that repeatedly impact the solid surface. Upon impact,
electrons are transferred from water molecules to FEP, forming a
negatively charged (FEP)e� surface. The released O2 subsequently
scavenges these electrons, regenerating the neutral FEP surface
and completing the CE cycle. Density functional theory (DFT)
calculations revealed that the transient high-pressure environ-
ment created by bubble collapse lowers the energy barriers for
electron transfer by B18% for water/FEP and B23% for (FEP)e�/
O2, thereby markedly accelerating interfacial charge-exchange.
Unlike conventional sonochemistry, which typically employs high-
frequency ultrasound (up to B1 MHz) to optimize cavitation-
driven bond-breaking, CE-Chemistry generally operates at much
lower frequencies (20–100 kHz). In this regime, ultrasound exerts
predominantly mechanical effects, enhancing mass transport,
activating interfaces and inducing frequent contact-separation
cycles that facilitate interfacial electron transfer.113 Furthermore,
the influence of ultrasonic parameters on CE-Chemistry was
systematically investigated using FEP powder for MO degrada-
tion across a wide range of frequencies (20–89 kHz), powers
(120–600 W), and temperatures (10–50 1C).114 At 20 1C, the
strongest enhancement was achieved at 40 kHz and 600 W,
identifying these as the optimal ultrasonic conditions for FEP-
mediated CE-Chemistry. Temperature-dependent studies
further showed that the reaction efficiency peaked between
20–30 1C, beyond which the degradation performance declined.
Importantly, comprehensive post-reaction analyses, including
scanning electron microscopy (SEM), energy-dispersive X-ray
spectroscopy (EDX), X-ray photoelectron spectroscopy, Raman
spectroscopy, and Fourier-transform infrared (FTIR) spectro-
scopy, consistently demonstrated that triboelectric materials
(powders, films, beads, tubes, and stir bars) retain their struc-
tural and chemical integrity after repeated mechanical opera-
tion. This robustness highlights their durability and supports
the feasibility of their sustainable, long-term application in
triboelectric catalytic systems.

2.2.3. Theoretical and computational insights into CE-
Chemistry. Existing studies provide important mechanistic
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support for the physical plausibility of contact-induced
chemical reactivity. Early simulations in CE-Chemistry relied
on DFT to calculate the energy barriers between a solid (e.g.,
PTFE) and a liquid molecule to prove that electron transfer is
thermodynamically possible. In a seminal study, Wang et al.
performed DFT calculations to estimate the electron-transfer
barriers at solid dielectric–water interfaces and between
charged solid dielectrics and O2, proposing that cavitation-
induced high pressures reduce these barriers and thereby
facilitate the formation of ROS (Fig. 5a).10 These calculations
support the idea that mechanical stimulation under CE can
modulate the interfacial electron-transfer energetics. However,
they are necessarily based on simplified, largely static interface
models and therefore do not capture the stochastic, non-
equilibrium nature of real CE processes. Subsequent computa-
tional studies introduced electronic-structure descriptors to

rationalize the material dependence in CE-Chemistry. By eval-
uating the frontier molecular orbitals and vertical electron-
attachment energies of representative polymers, DFT calcula-
tions suggested that materials with stronger electron-accepting
characteristics tend to accumulate higher negative charge upon
contact, correlating with their enhanced CE-Chemical activity.115

More recent simulations have extended CE-Chemistry to reaction-
specific scenarios, such as CO2 reduction. In these studies,
DFT calculations were employed to evaluate the adsorption
energetics, density-of-states modulation, and interfacial
charge-redistribution at catalytic sites, for example metal
single atoms supported on charged polymer substrates
(Fig. 5b).100 Furthermore, Jin et al. demonstrated that CE
generates strong interfacial electric fields capable of lowering
the activation barriers for bond cleavage, such as C–F scission
in the degradation of per- and poly-fluoroalkyl substances

Fig. 5 Theoretical and computational insights into CE-Chemistry. (a) DFT calculations of the values of the LUMO and HOMO levels for water-FEP and
O2-FEP in various conditions. Reproduced from ref. 10 with permission from Springer Nature, copyright 2022. (b) Charge distribution near the single Cu
atom-anchored polymeric carbon nitride (Cu-PCN) surface during contact. Reproduced from ref. 100 with permission from Springer Nature, copyright
2024. (c) Transient state (TS) and reaction energy barriers (DG) for the �O2

� nucleophilic reaction under an interfacial electric field of 0.3 V Å�1.
Reproduced from ref. 116 with permission from John Wiley and Sons, copyright 2024. (d) COMSOL simulation results of the PTFE electrostatic field.
Reproduced from ref. 118 with permission from Elsevier, copyright 2025. (e) Illustration of proton hopping by the Grotthuss mechanism in water
hydrogen bond network and results of the AIMD simulation of the hydrogen bond network under 30% densification of the aqueous solution for various
steps. Reproduced from ref. 119 with permission from John Wiley and Sons, copyright 2023.
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(PFAS) (Fig. 5c).116 Fan et al. proved that the surface charge
on FEP significantly lowers the energy barrier for the rate-
determining step (activation of the C–H bond) through DFT
calculation, making the reaction thermodynamically feasible at
room temperature.117 Finite element simulations validated the
physical mechanism by quantifying the interfacial electric field.
Studies confirmed that the electric field strength surrounding
PTFE reached a maximum of 3.04 � 108 V m�1 (Fig. 5d), thereby
facilitating the generation of ROS.118

Addressing the limitations of static models, ab initio mole-
cular dynamics (AIMD) can simulate the dynamic environment
of a liquid–solid interface. For example, it shows how water
molecules crash into the catalyst surface and split into radicals
(�OH and �O2

�) under the influence of an electric field. Speci-
fically, it visualized that �OH and �O2

� do not diffuse randomly;
instead, they migrate via proton hopping (Grotthuss mechanism)
through the water hydrogen-bond network, explaining the un-
expectedly high reaction rates119 (Fig. 5e). Moreover, both DFT
and AIMD have been used to demonstrate that the mechanical
impact of ultrasound cavitation physically breaks atomic bonds
on the solid dielectric surface, creating dynamic defects that act
as transient catalytic active sites.120 Current theoretical investi-
gations provide robust mechanistic validation for CE-Chemistry,
effectively transitioning this field from empirical phenomenology
to a predictive chemical science. The integration of these compu-
tational tools underscores a critical synergy, where static DFT
confirms thermodynamic feasibility through CE-induced barrier
lowering, while AIMD elucidates the kinetic origins of reactivity,
identifying mechanisms such as proton-coupled transport
(Grotthuss mechanism) and dynamic defect formation. Never-
theless, existing simulations often rely on idealized interface
models that may oversimplify complex stochastic environments.
Moving forward, the theoretical frontier of CE-Chemistry lies in the
development of integrated multiscale modeling frameworks.
By bridging atomic-scale charge-transfer events with macroscopic
interfacial electric field distributions, future research can guide the
rational design of CE surfaces for maximizing the efficiency of
CE-Chemistry.

2.2.4. Interfacial reaction pathways driven by CE-Chemistry.
A prototypical CE-Chemistry redox cycle has been proposed,121

where reactant A transfers electrons to the surface of a solid
dielectric (C) upon contact, generating oxidized A (Aoxd) and a
triboelectrically charged surface state (C*). After desorption of
Aoxd, the charge-storing surface state C* donates electrons to a
second reactant B, reducing it to Bred while regenerating the
neutral surface C, thereby completing the cycle. This model
underscores one fundamental role of the solid dielectric: to
serve as a temporary reservoir for transferred charge, which in
turn drives redox reactions in the adjacent liquid environment.
Furthermore, growing evidence indicates that CE-Chemistry is
substantially more complex than this idealized two-step
electron-shuttling picture, involving strongly coupled pathways
of interfacial electron transfer, radical generation, and proton-
mediated processes. These contributions operate synergisti-
cally, and their mutual interactions collectively govern both
the thermodynamic driving forces and the reaction kinetics.

In the following section, several representative mechanistic
cases are highlighted to illustrate how CE modulates reaction
pathways. Together, these examples demonstrate the unique
capability of CE-Chemistry as a promising platform for green
synthesis and environmental remediation.

2.2.4.1. Reactions enabled by interfacial electron transfer.
Extensive evidence shows that contact–separation between
a solid dielectric and a liquid generates and stores excess
electrons on the dielectric surface.122 Materials with stronger
electron-withdrawing character accumulate higher charge den-
sities, establishing localized interfacial electric fields that lower
activation barriers and directly promote reductive transforma-
tions. Direct spectroscopic evidence for CE-mediated electron
transfer was provided by Wang et al. using the paramagnetic
probe TEMPO.123 Because TEMPO undergoes a one-electron/
one-proton reduction to TEMPOH, attenuation of its EPR signal
reports on electron availability. The reduction efficiencies
of different triboelectric materials (FEP 4 PTFE 4 PP 4
high-density polyethylene (HDPE) 4 control) mirrored their
solid dielectric–water CE outputs, revealing a quantitative corre-
lation between CE charge generation and catalytic electron-
transfer capability. These stored electrons reduced a broad
range of metal ions, including [AuCl4]�, Pd2+, [PtCl4]2�, Ag+,
Rh3+ and Ir3+, in aqueous solution (Fig. 6a), and the reduction
trend for [AuCl4]� matched that observed for TEMPO. Building
on this framework, Zhang et al. showed that triboelectrically
accumulated electrons on negatively charged PTFE can directly
reduce [AuCl4]�, enabling the CE-driven synthesis of gold
nanoparticles (AuNPs) in the absence of conventional reducing
agents.124 Their work established that nanoparticle nucleation
and growth proceed purely via CE-mediated interfacial electron
transfer. Xing and et al. further demonstrated that charged
fluorocarbon polymers (FCPs) operate as efficient charge reser-
voirs that reduce Fe3+ under the guidance of interfacial electric
fields (Fig. 6b).125 Electrons accumulated at the FEP interface
drive rapid Fe3+/Fe2+ cycling, while the concomitant generation
of H2O2 and Fe2+ initiates a robust Fenton process, achieving a
sulfadiazine degradation rate of 0.125 min�1. Electron-transfer-
mediated Fe cycling was likewise observed in a CE-Chemistry
system based on iron-loaded mesoporous carbon (Fe/OMC).126

Mei et al. extended CE-driven reduction to the fabrication of
silver-decorated PTFE composites (PTFE-Ag).127 Under ultra-
sonication, PTFE generated triboelectrically accumulated elec-
trons that accelerated Ag+ reduction and locally enriched Ag+ at
the interface. The resulting Ag nanoparticles, uniformly depos-
ited and exhibiting clear lattice fringes, confirmed a direct
interfacial electron-transfer pathway (Fig. 6c). In our recent
work, CE between glass or PTFE beads and water likewise
enabled Ag+ reduction (Fig. 6d).128 These observations support
a synergistic mechanism in CE-Chemistry comprising: (i) direct
interfacial electron transfer from tribocharged dielectric sur-
faces and (ii) indirect reduction via �O2

� generated during O2

activation. Collectively, these studies show that triboelectrically
accumulated electrons can efficiently reduce diverse metal-ion
redox couples, including Fe3+/Fe2+, Ag+/Ag and Au3+/Au, firmly
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establishing interfacial electron transfer as a defining and
generalizable mechanistic pathway in CE-Chemistry.

2.2.4.2. Reactions initiated by radical intermediates. Radical
pathways represent one of the most prevalent mechanistic
routes in CE-Chemistry. In particular, �OH, �O2

� and singlet
oxygen are frequently generated at solid dielectric–liquid inter-
faces during CE and subsequently drive pollutant degradation,
oxidative transformations and polymerization reactions. There-
fore, detecting and characterizing these short-lived intermedi-
ates is essential for elucidating interfacial electron-transfer
processes in chemically complex CE systems.129,130 Jiang et al.
showed that water droplets produce �OH upon contacting PTFE,
silicone rubber or nylon-6, with the radical yields following the
electron-withdrawing ability of the materials (PTFE 4 silicone
rubber 4 nylon-6).110 The �OH signal increased markedly from
pH 7 to 13, consistent with its origin in the CE-induced
oxidation of OH� (Fig. 7a). By contrast, �O2

� was not detected
under static conditions but appeared upon ultrasonication,
which provides the activation energy required for electron
transfer to dissolved O2 and thereby enables efficient tetracy-
cline degradation. However, it is worth noting that conducting
the experiments under N2 to suppress O2 may inherently limit
�O2
� formation in the absence of ultrasonication. Wang et al.

further verified CE-driven ROS production using EPR, detec-
ting both �OH and �O2

� (Fig. 7b).10 Their results indicate that

single-electron oxidation of interfacial water at the FEP surface
produces �OH, whereas electrons accumulated on the tribo-
charged FEP reduce dissolved O2 to �O2

�. The latter is proto-
nated to HO2� and can be converted to �OH through secondary
reactions, together establishing a robust oxidative environment
for organic pollutant removal. Jiang et al. also observed the
characteristic 1 : 2 : 2 : 1 �OH quartet on SiO2 microspheres,
accompanied by oxidative and reductive fluorescence signals
attributed to the formation of �OH and H�, respectively
(Fig. 7c).131 In addition, Yuan et al. demonstrated that CE
markedly enhances peroxymonosulfate (PMS) activation.132

In the US/FEP/PMS system, EPR spectra revealed both
DMPO-�OH (quartet) and DMPO-SO4�� (sextet) adducts, which
were absent in US/PMS alone, showing that the CE-generated
electrons on FEP activate PMS to form highly reactive sulfate
radicals (Fig. 7d). CE-induced radical chemistry is not
restricted to aqueous media; in a recent study, a non-
aqueous FEP-DMSO system produced both �O2

� and methyl
radicals (CH3

�), enabling efficient phenol degradation via
coupled radical pathways (Fig. 7e).17 Collectively, these studies
establish that CE can generate a diverse suite of radical
intermediates across aqueous and non-aqueous environ-
ments. By modulating interfacial charge-transfer, solvent
identity and mechanical input, CE-Chemistry offers a tunable
platform for directing radical formation and controlling inter-
facial reaction pathways.

Fig. 6 CE-Chemistry enabled by interfacial electron-transfer. (a) EPR detection of TEMPO in CE-Chemistry with various triboelectric materials and
schematic of the reduction of various metal ions (Mn+) in the aqueous solution by ultrasonically driven CEC in the presence of FEP. Reproduced from ref.
123 with permission from Springer Nature, copyright 2024. (b) Fe3+-driven self-cycling Fenton process via CEC for water purification. Reproduced from
ref. 125 with permission from Springer Nature, copyright 2025. (c) Formation of plasmonic silver particles via CEC mediated by acoustic–solid
interactions. Reproduced from ref. 127 with permission from Elsevier, copyright 2025. (d) Synergistic effects in triboelectric charge-driven redox
reactions. Reproduced from ref. 128 with permission from Elsevier, copyright 2025.
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2.2.4.3. Proton-mediated reactivity. Tang et al. showed that
MO degradation in an FEP-water CE-Chemistry system is maxi-
mized at neutral pH.133 Similarly, Liu et al. reported that a low-
cost EPDM catalyst activates PMS to remove 490% of tetracy-
cline within 30 min, again with an optimal performance near
pH 7.134 Consistent with these trends, PTFE-driven H2 evolu-
tion also peaks at pH 7 and decreases under both acidic and
alkaline conditions.135 Yuan et al. further observed that penta-
chlorophenol (PCP) degradation is strongly suppressed at
pH 3–5 relative to neutral conditions (Fig. 8a).136 Under acidic
conditions, PCP exists predominantly as neutral C6Cl5OH,
which is less susceptible to oxidative radical attack, whereas
at neutral to alkaline pH it is converted to the more soluble and
reactive pentachlorophenolate (C6Cl5O�). However, at high pH,
excess OH� scavenges �OH, thereby diminishing the overall
degradation efficiency. Across these systems, the pH depen-
dence of CE-Chemistry activity is governed primarily by ion-
induced screening, which inhibits interfacial electron transfer.
Wang et al. demonstrated that increasing the ionic strength via
the addition of electrolytes, such as H+ or OH�, screens local

interfacial electric fields and suppresses electron transfer
between water and PTFE.81 Because CE charge generation relies
on this interfacial electron transfer, excessive ion concentra-
tions inevitably reduce triboelectric charge production. Protons
are particularly effective suppressors, where in acidic media,
fast-diffusing H+ transiently adsorbs onto PTFE during contact–
separation, competing with electron transfer through physical
and electrostatic interactions.137

Even when CE-Chemistry is initiated at neutral pH, progres-
sive solution acidification is commonly observed as reactions
proceed. As shown in Fig. 8b, DI water rapidly acidifies under
ultrasonication in the presence of FEP.18 Gao et al. similarly
reported a pH decrease from 5.6 to 3.6 over 4 h in a PTFE-water
system.138 This acidification arises because electron loss from
water to FEP generates transient water radical cations, which
undergo proton transfer to form H3O+ and �OH.139–143 On the
one hand, the accumulated H+ establishes an interfacial EDL
that suppresses further electron transfer. In line with this
picture, Zhan et al. showed that ion-rich droplets generate
substantially less triboelectric charge than pure water, owing

Fig. 7 CE-Chemistry initiated by radical intermediates. (a) Process of free radical generation during CE at a solid dielectric–liquid interface. Reproduced
from ref. 110 with permission from Elsevier, copyright 2023. (b) EPR spectrum measurement detecting radicals produced from FEP-water CE.
Reproduced from ref. 10 with permission from Springer Nature, copyright 2022. (c) Fluorescence microscopy image of reductive/oxidative species
and the corresponding ESR signals from SiO2 microspheres after contact with water-carrying argon gas. Reproduced from ref. 131 with permission from
the Royal Society of Chemistry, copyright 2024. (d) EPR evidence of PMS activation triggered by CEC. Reproduced from ref. 132 with permission from
Springer Nature, copyright 2025. (e) Formation of �O2

� and CH3
� radicals in the PTFE-DMSO CE-Chemistry system. Reproduced from ref. 17 with

permission from the American Chemical Society, copyright 2024.
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to interfacial electric field screening.144 On the other hand, H+

can actively participate in CE-Chemistry processes. Fan et al.
recently clarified the coupled proton–electron dynamics under-
lying CE-driven H2O2 formation, which proceeds via two coor-
dinated half-reactions: water oxidation and oxygen reduction
(Fig. 8c).11 In the oxidative branch, CE-induced interfacial
charge-transfer produces water radical cations that rapidly yield
H3O+ and �OH, followed by �OH recombination to form H2O2.
Notably, this direct �OH formation typically requires extremely
high anodic potentials, which are inaccessible in conventional
electrocatalysis.145,146 In parallel, dissolved O2 in collapsing
cavitation bubbles captures interfacial electrons to form �O2

�,
which is protonated to �OOH and further reduced to H2O2.
Because the initial electron-transfer step (O2 + e� - �O2

�)
demands a more negative potential than the classical 2e�

ORR route, synchronized proton and electron availability at
the CE interface is essential.

The importance of this coupled dynamics extends beyond
H2O2 generation. Zare et al. recently reported a CE-driven
ammonia-synthesis pathway in which protons from water
reduce N2 adsorbed on triboelectrically charged PTFE surfaces,
without any applied voltage or irradiation.12 More broadly,
recent studies show that proton-involved pathways can couple
constructively with triboelectric electron transfer to drive CE-
Chemistry. Huang et al. demonstrated direct H2 production
from pure water under CE-Chemistry conditions, even in
Ar-saturated environments, where protons serve as the sole
electron acceptor (Fig. 8d).135 Prolonged mechanical activation
of PTFE increased the H2 yields to 1286.6 mmol g�1 h�1. In this
system, negatively charged PTFE particles accumulate electrons
during repeated contact-separation events and reduce interfacial
protons to �H intermediates, which subsequently recombine to

form H2 (2H+ + 2e� - H2). Ultrasonic agitation further accel-
erates this process by generating abundant solid–liquid inter-
faces and transient microcavitation sites. The linear increase in
H2 production over 12 h (up to 8952.7 mmol g�1, with a
mechanical-to-hydrogen efficiency of 0.17%) highlights both
the robustness of the CE interface and its potential for sustain-
able hydrogen generation. Proton reduction is accompanied by
partial water oxidation, yielding H2O2 as a parallel pathway.

2.3. Role of interfacial electric fields in CE-Chemistry

It is well established that interfacial electric fields exert a
profound influence on electron dynamics. This principle is
clearly illustrated by the design of a polymer/metal Janus
composite catalyst that regulates the rates of the water oxida-
tion reaction (WOR) and ORR via CE-Chemistry.147 Theoretical
simulations were performed to evaluate the CE-derived electric
field and its impact on the work function of the metallic side.
The charge density on the FEP surface after CE with water was
first estimated from experimental measurements, and then
COMSOL Multiphysics was used to simulate the strength of
the CE-induced electric field at different separation distances
between the metal and polymer (Fig. 9a). The electric field
strength decays sharply as the separation increases from
100 nm to 1 mm, indicating an intense electric field (B108 V m�1)
in the immediate vicinity of the FEP film. The calculated Fermi
level of Cu under interfacial electric fields of varying magni-
tudes and directions further shows that the Cu Fermi level
decreases from 4.325 to 2.88 eV as the electric field strength
increases from 0 to 108 V m�1 in the presence of a negatively
charged FEP film, implying that less energy is required for Cu
to donate electrons to the solution. The ability of a triboelec-
trically charged FEP layer to tune the metal work function and

Fig. 8 Proton-mediated reactivity in CE-Chemistry. (a) Reaction rate constants (bars, left axis) and PCP degradation (black line, right axis) under
CE-Chemical conditions at different pH levels. Reproduced from ref. 136 with permission from the American Chemical Society, copyright 2024.
(b) Comparison of the pH of DI water with and without FEP powder after 12-h ultrasonication. Reproduced from ref. 18 with permission from the
American Chemical Society, copyright 2025. (c) Proposed CEC reaction mechanism for H2O2 generation. Reproduced from ref. 11 with permission from
John Wiley and Sons, copyright 2023. (d) H2 evolution via electron capture by interfacial protons to form �H, with durability assessment and comparison
to piezocatalytic H2 production. Reproduced from ref. 135 with permission from the Royal Society of Chemistry, copyright 2025.
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enhance its reducing power provides compelling evidence that
a strong interfacial electric field is established during solid
dielectric–liquid CE, functioning analogously to an effective
electrode–electrolyte potential difference. Building on this con-
cept, our recent work employed dielectric polymer/multilayer-
metal architectures to optimize interfacial electron transfer and
enhance CE-driven reactivity.148 As shown in Fig. 9b, tribo-
electric charge on the FEP surface generates a strong interfacial
electric field that electrostatically polarizes the underlying
metal, driving electron accumulation at its outer surface. These
induced electrons, being less tightly bound than those on FEP,
more readily participate in oxygen reduction. The high electric
field intensity simultaneously lowers the metal work function
and polarizes interfacial water, thereby accelerating �OH for-
mation. In multilayer metal stacks, electronegativity differences
provide an additional lever for regulating electron flow. In FEP/
Cr/Cu, electrons migrate from Cr to Cu, increasing the surface
charge on Cu, lowering its work function and enhancing �O2

�

generation via ORR. Reversing the order (FEP/Cu/Cr) withdraws
electrons from Cr, reducing its surface charge, increasing its
work function and suppressing ORR. Together, electrostatic
induction from the CE-generated interfacial electric field and
electron redistribution within the metal layers furnish a syner-
gistic strategy for tuning ORR activity and improving the
CE-Chemistry efficiency.

Jin et al. further demonstrated that in a US/PTFE system the
high surface voltage generated by CE produces a strong inter-
facial electric field at the PTFE–water interface, which markedly

influences the reactivity of perfluorooctanoic acid (PFOA).
As shown in Fig. 9c, CE renders the PTFE surface negatively
charged, generating surface voltages on the order of tens to
hundreds of volts.116 On the aqueous side, the compensating
cations form a Stern layer, and together with the intrinsic
hydrophobic gap between PTFE and water, spanning a few to
several tens of Å,81 define a nanometric region in which an
intense interfacial electric field of B109–1010 V m�1 develops.
This electric field strongly activates PFAS molecules and lowers
the barrier for �O2

�-driven nucleophilic attack. Beyond this, our
previous work linked CE-Chemical reactivity directly to the
standard electrode potentials (SEPs) of the ORR-relevant redox
couples. We found that the redox selectivity in CE-Chemistry
is governed by a threshold SEP (Fig. 9d), where metal ions with
SEPs above the 2e� ORR potential (E1 = 0.695 V vs. SHE)
undergo reduction (for example [AuCl4]�, Pd2+, [PtCl4]2�, Ag+,
Rh3+ and Ir3+), whereas species with lower SEPs, such as
ferrocyanide, preferentially undergo oxidation.18 This clear
SEP-dependent selectivity indicates that CE establishes a loca-
lized interfacial potential drop, and thus a hidden electric field
capable of supplying the free-energy difference required to
surmount these redox thresholds.

Solid dielectrics with hydrophobic characteristics have
attracted considerable attention as efficient platforms for exploi-
ting solid–liquid CE, as these surfaces promote effective contact-
separation dynamics between liquid and solid interfaces.149

In particular, fluorinated solid dielectrics, which are intrinsically
hydrophobic, exhibit strong electron-withdrawing capability and

Fig. 9 Role of interfacial electric fields in CE-Chemistry. (a(i)) Simulated CE-derived interfacial electric fields, (a(ii)) calculated work-function evolution of
Cu under varying electric field strengths and (a(iii)) proposed operating mechanism for enhancing the CEC efficiency in the presence of polymer/metal
Janus catalysts. Reproduced from ref. 147 with permission from the American Chemical Society, copyright 2024. (b) Modular CE-Chemistry enabled by
dielectrics with metal coatings that allow work-function tuning. Reproduced from ref. 148 with permission from Elsevier, copyright 2025. (c) Interfacial
electric fields driving C–F bond cleavage in perfluoroalkyl substances under CEC conditions. Reproduced from ref. 116 with permission from John Wiley
and Sons, copyright 2024. (d) Janus chemical pathways in CE-Chemistry elucidated through the ORR. Reproduced from ref. 18 with permission from the
American Chemical Society, copyright 2025.
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are frequently associated with enhanced CE performances.140

From a mechanistic perspective, Lin et al. reported that ion
transfer dominates solid–liquid CE on hydrophilic surfaces,
whereas electron transfer becomes the primary charge-transfer
pathway on hydrophobic surfaces.83 Complementarily, Wang
et al. proposed that electron transfer is driven predominantly by
the work-function difference between liquid and superhydro-
phobic surfaces.150 These observations collectively suggest
that constructing interfaces between water and hydrophobic
solid dielectrics provides a favorable environment for electron-
transfer-dominated CE, thereby facilitating CE-Chemistry.
Importantly, the chemical characteristics associated with water-
hydrophobic interfaces are not restricted to solid dielectrics but
can also arise in gas–liquid and liquid–liquid systems involving
hydrophobic phases (e.g., oils). These related interfacial con-
figurations have attracted increasing attention and are briefly
discussed in the following sections for broader perspectives.

3. Hidden electric fields at gas–liquid
interfaces

Liu et al. attributed the rapid oxidation of SO2 in microdroplets
to the unique electrostatic environment of the air–water inter-
face rather than bulk-phase chemistry.151 Raman mapping
combined with MD simulations revealed pronounced surface
enrichment of NO3

� and SO4
2�, forming an interfacial ion

layer that generates a built-in electric field approaching
B1010 V m�1, as quantified by SERS-Stark spectroscopy
(Fig. 10a). Sulfate formation rates increase with both the degree
of ion segregation and the magnitude of the interfacial electric
field, confirming that the kinetics are interface-controlled.
Previous studies have shown that interfacial electric fields on
the order of B107–108 V m�1 can polarize bond dipoles and
weaken O–H bonds.43 DFT calculations further indicate that
partial solvation and strong interfacial electrostatics stabilize
charge-separated transition states, establishing the interfacial
electric field as a primary driver of accelerated SO2 oxidation in
microdroplets. Complementary insight comes from Jackson
et al., who proposed an alternative origin for strong microdro-
plet interfacial fields based on the alignment of surface-active
organic molecules at gas–liquid interfaces.152 Using the voltage-
sensitive fluorophore 4-Di-1-ASP, they showed that only inter-
facial electric fields applied perpendicular to the interface
induce emission shifts, with the peak positions scaling linearly
with electric field strength (R2 4 0.99) (Fig. 10b). Confocal
fluorescence imaging revealed an interfacial emission red-shift
of 18 nm, and combined solvatochromic and DFT analyses
indicated local interfacial electric fields of (0.46–1.3) �
109 V m�1. Remarkably, this enhanced electric field extends
B1 mm into the droplet and is largely insensitive to salt
concentrations up to 2 M, suggesting that classical charge-
separation models (Debye screening) alone cannot account for
the large electric field. Instead, dipole-aligned organic layers at

Fig. 10 Hidden electric fields at gas–liquid interfaces. (a) SERS measurement and Au-NaSCN probe assembly illustrating sulfate production as a function
of the integrated interfacial electric field (10 vol%) and its dependence on the droplet size. Reproduced from ref. 151 with permission from Elsevier,
copyright 2023. (b) Spectral confocal microscopy image of a water-droplet cross-section containing 0.1 mM 4-Di-1-ASP (2.9 nm spectral resolution),
and corresponding emission-maximum shifts relative to the zero electric field value as a function of electric field applied along the chromophore x-axis.
Reproduced from ref. 152 with permission from the American Chemical Society, copyright 2025. (c) COMSOL-simulated electric field distribution at the
gas–liquid interface of the bubbles. Reproduced from ref. 153 with permission from Springer Nature, copyright 2025. (d) Cumulative charge density at the
air–water interface of nanodroplets simulated using the reactive ReaxFF/C-GeM force field, showing nanoscale fluctuations, and the corresponding
Lorentzian distribution of interfacial electric fields derived from the same simulations. Reproduced from ref. 43 with permission from Springer Nature,
copyright 2022.
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the air–water boundary provide a robust additional source of
strong interfacial electric fields. In situ chemiluminescence
imaging, spectroscopy and multiscale simulations show that
OH� enrichment at microbubble surfaces, together with strong
interfacial electric fields, enables catalyst-free �OH formation.153

Simulations indicate that the interfacial electric field reaches
1.02� 109 V m�1 at pH 13 and increases with alkalinity (Fig. 10c).153

Under UV irradiation at pH 12, the local OH� concentration near
the bubble surface becomes B69-fold higher than in the bulk
solution, placing OH� in a highly activated state where electron
loss readily generates �OH. These findings highlight how inter-
facial enrichment and electric field amplification act synergisti-
cally to promote radical formation at gas–liquid boundaries.
Head-Gordon et al. systematically quantified the charge density,
surface potential and local interfacial electric fields in water
nanodroplets, focusing on those experienced by interfacial O–H
vibrational modes (Fig. 10d).43 They reported an average inter-
facial electric field of B109 V m�1, consistent with SREF mea-
surements. Although the mean electric field lies below the
threshold for direct bond dissociation, the inherently flexible
air–water interface produces a broad Lorentzian distribution of
instantaneous electric field intensities. Transient high electric
field events within this distribution can transiently reach values
capable of modulating chemical reactivity. Related studies
further underscore the critical role of interfacial electric field
fluctuations in governing microdroplet chemistry.46,47

The charging of separated droplets also underpins a range of
natural electrostatic phenomena. As early as 1752, Franklin
demonstrated that conductive rods could attract lightning to
charge a Leyden jar, and in 1892 Lenard showed that splashing
and bubbling induce charge separation at water surfaces.154,155

Modern calculations indicate that microdroplet separation can
generate interfacial electric fields approaching B109 V m�1,156

which are strong enough to oxidize OH� to �OH and form H2O2.
The charge carried by sprayed droplets has been visualized by
high-speed imaging and quantified using Kelvin probe force
microscopy (KPFM).157 Localized interfacial electric fields of
similar magnitude arise when smaller negatively charged dro-
plets transfer charge to larger positively charged ones. Depend-
ing on their size and formation conditions, water microdroplets
can carry either a positive or negative net charge,158–162 and
open-air mass spectrometry detects ionic species such as N2

+,
O2

+, NO+ and NO2
+. Meng et al. further showed that sprayed

water droplets emit luminescence in the absence of an applied
voltage,163 consistent with ‘‘microlightning’’ capable of excit-
ing, ionizing or dissociating nearby molecules. Thus, micro-
droplets function simultaneously as high-activity microreactors
and rapid transport carriers. Multiple mechanisms have been
proposed to account for their unusual reactivity, including
confinement-enhanced encounters, partial solvation, preferen-
tial reactant orientation, curvature effects and pronounced pH
deviations at the air–water interface.34,164–167 However, increas-
ing attention has converged on strong interfacial electric fields
at the gas–liquid boundary as a central contributor to micro-
droplet chemistry.168,169 Min et al. further proposed that these
intrinsic interfacial electric fields fundamentally reshape the

chemical kinetics and thermodynamics at air–water bound-
aries, offering a promising strategy for engineering interfacial
reactivity and aqueous-phase synthesis.169

At present, the physical origins of electric fields at gas–liquid
interfaces remain incompletely understood. In this review, we
propose that CE constitutes one of the mechanistic origins of
interfacial electric fields across diverse chemical interfaces.
Experimental evidence for CE-mediated charging at gas–liquid
interfaces has been obtained using low-power, portable acous-
tic levitation platforms, which enable liquid droplets to be
suspended in controlled gaseous environments.170 Under
acoustic excitation, levitated droplets undergo rapid rotational
motion, giving rise to sustained tribological interactions
between the liquid surface and the surrounding gas. The net
charge accumulated on the droplets increases progressively
with levitation time and eventually approaches a saturation
limit upon prolonged suspension. This behavior is consistent
with a non-equilibrium charging process at gas–liquid inter-
faces, in which surface charge gradually accumulates before
reaching a quasi-equilibrium state, with potential implications
for interfacial chemical reactivity. Further evidence supporting
the potential role of CE in microdroplet charging has been
provided by Wang et al., who proposed that CE-induced char-
ging of water microdroplets contributes to the development of
strong interfacial electric fields.156 By analyzing the diameter
distributions of oppositely charged droplets, they observed that
positively charged droplets are generally larger than negatively
charged ones. Based on this asymmetry, the electric field
established between oppositely charged droplets during separa-
tion was estimated to reach approximately 109 V m�1. These
field strengths have been proposed to be sufficient to promote
OH� oxidation to �OH, offering experimental support for the
possible involvement of CE-related interfacial electric fields in
the spontaneous formation of H2O2 in microdroplet systems.
In addition, the formation of microdroplets commonly involves
gas–liquid jetting through confined channels composed of
solid dielectric materials, under which conditions repeated
gas–liquid–solid interactions are unavoidable. Comparable
flow architectures have been extensively investigated in TENG
systems, where the combined effects of CE and electrostatic
induction have been demonstrated to generate electrical poten-
tials on the order of kilovolts.171 These observations further
suggest that CE is likely involved in charge generation during
dynamic gas–liquid transport, although it might not be the sole
contributing mechanism. Beyond mechanistic investigations,
gas–liquid atomization-based TENGs have also been employed
for the degradation of organic dyes, illustrating concrete
chemical applications of two-phase CE processes.172

4. Hidden electric fields at
liquid–liquid interfaces

Min’s group has provided key insights into the molecular and
electrostatic landscapes at liquid–liquid interfaces, substantially
advancing the mechanistic understanding of microdroplet and
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emulsion chemistry. In 2020, they employed stimulated Raman-
excited fluorescence (SREF) spectroscopy to directly quantify the
local interfacial electric fields at water–oil interfaces (Fig. 11a).
Using a nitrile-bearing chromophore as a vibrational Stark repor-
ter, they revealed exceptionally strong interfacial electric fields
(B109 V m�1) oriented normal to the droplet surface.44 Inter-
facial electric fields of this magnitude are sufficient to polarize
reactants and lower activation barriers, providing a physical basis
for the long-observed rate acceleration of chemical reactions in
microdroplets. This work established that, even in the absence of
an external bias, spontaneous charge separation at curved liquid
interfaces can generate electrostatic environments comparable to
those in electrochemical cells. More recently, Min et al. probed
the water structure within oil-in-water emulsion droplets using
interface-selective Raman spectroscopy combined with spectral
decomposition and theoretical modelling (Fig. 11b).173 They
showed that the interfacial water within oil droplets differs
markedly from bulk water, where hydrogen bonding is weakened,
tetrahedral order is reduced and a substantial population of ‘‘free
O–H’’ groups emerges, with its stretching modes red-shifted by
B95 cm�1 relative to planar oil–water interfaces. In light of the
well-established electrostatic zeta potentials of oil droplets,174

they proposed the presence of a strong electric field (B(5–9) �
109 V m�1) emanating from the oil phase. Together, these results
highlight structural disorder and enhanced interfacial electric
fields as defining features of mesoscale oil–water interfaces,
which may contribute directly to the accelerated reactivity
observed at hydrophobic–water boundaries.34 Beyond emulsions,
Dai et al. reported that phase separation itself can generate
interfacial electric fields at condensate–solution interfaces.45

They observed an interfacial electric field of B5 � 106 V m�1

arising from ion and molecular density gradients across the
liquid–liquid boundary (Fig. 11c), enabling spontaneous redox

chemistry both in vitro and in living cells. Subsequent work by the
same group showed that even in the absence of net charge,
hydrophobicity asymmetry across condensates can create inter-
phase electric potentials corresponding to interfacial electric
fields on the order of 108 V m�1.175 Taken as a whole, these
studies establish electric field generation at liquid–liquid bound-
aries as a generic interfacial phenomenon, not restricted to ionic
segregation, with broad implications for biological, chemical and
soft-matter systems.

Similarly, CE at liquid–liquid interfaces should not be over-
looked in the context of this review. By exploiting gravitational
effects and molecular mass differences, liquid droplets in this
system were able to move freely without external mechani-
cal forcing. As droplets continuously fell and contacted one
another, the amount of transferred charge on the droplet
surface gradually attenuated and ultimately reached a satura-
tion state. Complementary studies further demonstrated that
CE at liquid–liquid interfaces can involve both electron and ion
transfer processes.176 Together, these observations indicate
that CE-mediated charge-transfer at liquid–liquid inter-
faces represents an important pathway for the establishment of
interfacial electric fields. Beyond charge accumulation, liquid–
liquid CE has also been directly linked to chemical reactivity.
At liquid–liquid boundaries, Jiang et al. showed that ultra-
sonication-induced perfluorocarbon-water CE drives electron
transfer from water into the perfluorocarbon phase, leading to
the generation of �OH and �O2

� radicals.177,178 Notably, �OH
formation could be further enhanced by the presence of H2O2

even in the absence of ultrasound.178 These findings demon-
strate that liquid–liquid interfaces can function as radical-
generating platforms via CE, highlighting their potential utility
in chemical and therapeutic applications, including tumor
treatment.

Fig. 11 Hidden electric fields at liquid–liquid interfaces. (a) First frame of hyperspectral SREF imaging and solute-correlated Rh800 nitrile-mode spectra
of a water microdroplet in hexadecane. Reproduced from ref. 44 with permission from the American Chemical Society, copyright 2020. (b) Schematic of
a custom-built confocal micro-Raman system and oil-perturbed water spectra of oil droplets. Reproduced from ref. 173 with permission from Springer
Nature, copyright 2025. (c) Surface electrostatics of condensates inducing EDL formation for driving redox reactions. Reproduced from ref. 45 with
permission from Elsevier, copyright 2023.
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5. Perspective and outlook

‘‘God made the bulk, the surface was invented by the devil,’’
remarked Wolfgang Pauli.179 Yet it is precisely at surfaces and
interfaces that nearly all interactions with the external world
occur, from tactile perception to catalytic turnover. The recog-
nition of interfacial electric fields has become a focal point of
growing interest, although recent debates continue regarding the
potential contribution of isobaric interferences or evaporation-
induced concentration gradients.180–182 A wide body of experi-
mental observations and theoretical analyses now indicates that
electric fields are intrinsically generated at interfaces. Across a
wide range of water–hydrophobic interfaces, measured interfacial
electric fields consistently converge near B109 V m�1.169 These
interfacial electric fields are largely equilibrium (or quasi-
equilibrium) in nature and arise from cooperative contributions
including hydroxide enrichment, oriented water dipoles, dielec-
tric discontinuities and interfacial charge-transfer,173,183,184 and
have been quantified by vibrational Stark spectroscopy, electro-
chromic probes, Raman-MCR analysis and electrokinetic
measurements.44,152,185 Despite notable advances, key challenges
remain, particularly in understanding how distinct interfacial
environments give rise to different interfacial electric fields
through variations in molecular organization, charge-transfer
pathways, and dynamics. Importantly, Hao et al. demonstrated
that the mean interfacial electric field alone is insufficient to
account for certain chemical reactivities. Instead, rare but intense
local field fluctuations, occupying the high-field tail of a Lorent-
zian distribution, can substantially lower the activation barriers
for specific reactions.43 These extreme field events occur on
timescales comparable to molecular vibrations and solvent
relaxation, indicating that field-reactant coupling at interfaces
is inherently dynamic rather than static. A similar picture
emerges from 3D atomic force microscopy and theory, where
CE-induced surface charging was shown to markedly reorganize
the interfacial hydration layer and modulate the water structure
at the atomic scale.186 In situ measurements reveal hydration-
layer oscillations comparable to those observed in electrochemi-
cal systems, implying that CE-driven interfacial electric fields can
initiate redox processes mechanistically analogous to faradaic
reactions, yet without applied bias and driven solely by CE-induced
electron transfer and radical chemistry. From this perspective,

these observations indicate that solid–liquid, gas–liquid, and
liquid–liquid interfaces, where charging processes are intrinsically
dynamic, are likely to share a common reactivity origin arising
from transient, high-intensity interfacial electric field fluctuations.

As illustrated in Fig. 12, this review identifies interfacial
electric fields as a common underlying factor, offering a unify-
ing conceptual framework for rationalizing a broad class of
anomalous interfacial chemical phenomena that are not readily
captured by bulk-phase descriptors alone. The growing recog-
nition that interfacial electric fields can be both strong and
highly structured compels a reassessment of many analytical
and technological frameworks that implicitly assume electric
field-free interfaces. Techniques such as interfacial spectro-
scopy, flow-based separations and kinetic profiling may all be
influenced, or even dominated, by CE-active conditions that
impose hidden potential drops. In this context, regulation of
interfacial electric fields emerges as a potentially powerful
route toward green chemistry, providing a fundamentally dif-
ferent strategy for driving and tuning chemical transformations
through interfacial electric fields, rather than relying on con-
ventional catalytic or electrochemical paradigms. For CE-
Chemistry, the interfacial electric fields that arise at multiphase
CE interfaces are poised to reshape how high-efficiency reaction
systems are designed and how multiphase interfacial reactivity
is understood. By deliberately engineering these interfacial
electric fields, through device architecture, material selection
and controlled contact dynamics, it should become possible to
steer electron transfer, radical generation and redox pathways
with unprecedented precision, enabling greener and more
energy-efficient chemistries.

By harnessing interfacial electric fields as a pivotal and
tunable driving forces for chemical reactivity, CE circumvents
the need for noble metals, facilitating self-powered catalytic
pathways for nitrogen fixation, urea synthesis, and carbon
sequestration. Utilizing inert and recyclable dielectric materials,
this approach establishes a highly sustainable paradigm that
transcends traditional energy and environmental boundaries,
unlocking multifaceted utilities across an expansive landscape
of emerging chemical technologies. Within CE-Chemistry,
the electric field generated during CE is now emerging as a
decisive parameter governing reaction pathways, efficiencies

Fig. 12 Challenges and opportunities of interfacial electric fields in chemistry.
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and selectivity. Material properties such as electronegativity,
bandgap, surface functionality and dielectric constant dictate
the extent of interfacial electron transfer, rendering fluorinated
polymers particularly effective at establishing large potential
drops across nanoconfined interfaces.139 Because these inter-
facial electric fields originate from mechanically driven charge
transfer, their magnitude is inherently sensitive to the strength,
frequency and mode of mechanical stimulation. In ultrasound-
induced CEC, Tang et al. estimated the transferred charge per
contact-separation event and, by combining this with contact
frequency, calculated the total flux of activation electrons under
ultrasonication.114 Their analysis indicates that the CE-
Chemistry efficiency is essentially dictated by the number of
activated electrons generated during CE; these electrons seed
subsequent ROS-generation pathways and thereby initiate CEC.
This observation motivates deeper questions including how can
these ‘‘activation electrons’’ be regulated and how are nearby
ions perturbed by the evolving local electric field to participate
in downstream CE-Chemistry? Once triboelectric charge is
established on a solid dielectric surface, the adjacent liquid
phase critically governs the subsequent evolution of the inter-
facial electric field and its effectiveness in driving chemical
activation. Ionic strength controls the rate and extent of EDL
reconstruction, partially screening the electric field and sup-
pressing additional electron transfer when the EDL becomes
overly compact.81 Dynamic pH variations, arising from proton
consumption or generation and associated radical chemistry,
feed back into interfacial ion adsorption–desorption equilibria,
thereby reshaping the local electric field gradients. Solvent
molecular structure dictates which radical species are favored
under strong interfacial electric field conditions, where water
predominantly yields �OH and �O2

�, whereas aprotic solvents
such as DMSO favor C–S bond polarization and methyl radical
(�CH3) formation.17 Dissolved gases add yet another layer of
control. O2, N2 or CO2 can serve as competitive electron or
radical scavengers, redirecting reaction pathways toward �O2

�

formation or CO2 reduction depending on the electric field
strength, solubility and molecular accessibility.187–190 Taken
together, these factors emphasize that the CE-Chemistry reac-
tivity is not simply a function of the presence of triboelectric
charge, but emerges from dynamic coupling among mechan-
ical input, material properties, solvent architecture and ionic
environment, which collectively determine how the hidden
electric field is generated, distributed and ultimately trans-
duced into chemical transformation. From an application
perspective, interfacial electric fields generated through CE-
Chemistry enable low-cost reaction systems with minimal
reliance on an external bias and, importantly, without the need
for conventional counter electrodes, thereby avoiding the parasitic
side reactions commonly encountered in traditional electroche-
mical setups. This feature renders CE-Chemistry particularly
attractive for green and potentially recyclable CO2 transformation.
However, significant challenges remain, including limited effi-
ciency gains for multi-electron CO2 reduction, insufficient control
over product selectivity, and the integration of CO2 capture with
interfacial field-driven activation. Looking forward, CE-Chemistry

might not be regarded as a standalone alternative to conventional
catalysis, but rather as a synergistic strategy that can be integrated
with traditional electrochemical methods to locally amplify inter-
facial electric fields. These hybrid approaches may offer a viable
pathway toward efficient, low-energy, and scalable electrochemi-
cal technologies for greenhouse gas mitigation.

Taken together, CE-driven reactions typically proceed more
rapidly during the initial stages of CE,114 mirroring the tem-
poral profile of charge transfer in these systems.144 This
correspondence indicates that interfacial reactions are prefer-
entially promoted under non-equilibrium, CE-generated elec-
tric fields, which exhibit pronounced temporal fluctuations and
spatial heterogeneity.186 At these early stages, electron transfer
dominates and leads to charge accumulation on the solid
surface, which in turn modulates concurrent ion migration
within the liquid phase.83 The resulting synergistic interplay
between transient CE-generated fields and evolving ionic redis-
tribution dynamically perturbs the interfacial electric field,
thereby initiating and influencing interfacial chemical reac-
tions. As the CE process continues, ion migration progressively
promotes the formation and stabilization of the EDL,73,191

corresponding to an equilibrium screening regime. Once a
compact and fully developed EDL is established, strong ionic
screening significantly suppresses further interfacial electron
transfer,144 thereby inhibiting subsequent CE-driven chemical
reactions. This framework mechanistically explains why CE
performance and CE-Chemistry efficiency might be diminished
in high-ionic-strength environments, where rapid EDL for-
mation could suppress effective interfacial charge-transfer.
Conversely, in organic solvents such as DMSO, where free ions
are limited yet CE activity persists, the formation of a stabilized
EDL might be impeded.17,192 Under these conditions, non-
equilibrium CE-generated fields persist for longer durations,
leading to more efficient phenol degradation and methanol
oxidation compared to aqueous systems.17,18 It should be
emphasized that this framework is presented as a working
hypothesis, grounded in current experimental observations
and theoretical insights. Further comprehensive experimental
and theoretical investigations are required to quantitatively
delineate the contributions of non-equilibrium CE-generated
fields and equilibrium EDL effects, as well as their dynamic
interplay during interfacial chemical reactions.

1. Theoretical models linking triboelectric charge to inter-
facial electric fields.

A key challenge in CE-Chemistry lies in developing theore-
tical frameworks that translate CE-generated triboelectric
charge into spatially and temporally resolved interfacial electric
fields relevant to chemical reactivity. Such models must con-
nect molecular-scale interfacial processes with experimentally
accessible quantities, including surface charge density and
surface potential. Achieving this requires tight integration of
theory and experiment, combining electrostatic and molecular
simulations with direct benchmarks from TENG-based charge
measurements and KPFM surface potential mapping. To capture
realistic CE conditions, models should be implemented within
dynamic simulation frameworks that account for contact-
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separation cycles and the evolution of the EDL. Physics-
informed machine learning approaches may further accelerate
model development, provided that physical constraints are
rigorously enforced.

2. Resolving the spatial distribution of interfacial electric
fields at Ångström-nanometer scales.

Determining how interfacial electric fields are spatially
distributed and localized across molecular length scales is
essential for connecting electric field strength to specific reac-
tion coordinates and active sites. Vibrational Stark effect
spectroscopy, using calibrated IR or Raman probes, provides a
quantitative measurement of local electric field strength. Com-
plementarily, sum-frequency generation (SFG) spectroscopy offers
insight into field-induced molecular orientation and interfacial
ordering. Three-dimensional atomic force microscopy (3D-AFM)
permits direct visualization of hydration-layer structures and
electrostatic landscapes with sub-nanometer resolution, while
scanning tunneling microscopy (STM) can probe atomic-scale
potential variations in conductive systems.

3. Understanding EDL screening and electric field reshaping.
A central mechanistic challenge is to quantify how EDL

formation screens, localizes, or amplifies interfacial electric
fields under both equilibrium and non-equilibrium conditions.
Techniques such as zeta potential measurements and electro-
chemical impedance spectroscopy (EIS) provide insight into
EDL formation and dynamics, while surface-sensitive methods
including X-ray photoelectron spectroscopy (XPS) and neutron
reflectometry resolve the ion and solvent layering perpendi-
cular to solid–liquid interfaces. Systematic variation of ionic
strength and counter-ion identity, combined with reaction
kinetics, allows causal assessment of EDL effects on interfacial
reactivity.

4. Coupling dynamic field fluctuations to reaction
coordinates.

Beyond static field descriptions, a critical challenge is to
elucidate how rapid, transient interfacial electric field fluctua-
tions couple to electron-transfer events, bond activation, and
radical formation. Time-resolved spectroscopic techniques are
essential for probing such dynamics. Scanning ion conduc-
tance microscopy (SICM), with its high sensitivity to local ionic
currents, provides a direct means to visualize ion migration and
EDL perturbations under CE conditions, enabling the discri-
mination of CE-generated non-equilibrium fields from equili-
brium electrostatic contributions.
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