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CONSPECTUS: Contact electrification (CE) is a ubiquitous interfacial phenomenon
in which charge transfer occurs when two materials come into contact and
subsequently separate. Remarkably, a growing body of evidence shows that CE can
initiate and sustain a wide range of chemical reactions without the need for
conventional thermal or photonic activation. In particular, solid−liquid CE has recently
emerged as a versatile platform for sustainable chemistry, characterized by broad
material compatibility, in situ radical generation, and the ability to drive diverse redox
transformations. Besides, reactions occurring at gas−liquid and immiscible liquid−
liquid interfaces often proceed orders of magnitude faster than in the bulk phase,
underscoring the unique reactivity associated with interfacial environments. Despite
these advances, the fundamental driving forces behind CE-induced chemistry remain
contested, including the pathways of charge transfer and the mechanisms by which
interfacial charges influence reaction coordinates. This perspective focuses on the interplay among solid−liquid CE, interfacial
electron and ion transfer, and the localized triboelectric fields established during CE. By highlighting the triboelectric field as an
intrinsic, tunable driving force capable of modulating interfacial reactivity, we advance the view that CE offers a distinct platform for
reagent-free, sustainable chemical transformations.
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1. INTRODUCTION
Contact electrification (CE) has garnered significant attention
as a powerful driving force for initiating chemical reactions on
triboelectrically charged solid dielectric surfaces. A comprehen-
sive understanding of CE mechanisms at heterogeneous
interfaces is pivotal for deciphering charge-transfer kinetics
and enabling the rational design of interfacial reactions. When
two surfaces come into contact and subsequently separate
interfacial triboelectric charge accumulation often occurs. In a
previous study, Liu and Bard demonstrated that CE can generate
highly energetic electrons on triboelectrically charged polytetra-
fluoroethylene (PTFE) surfaces, which are capable of driving
metal-ion reduction and electrochemiluminescent reactions.6

Collectively, these studies underscore the decisive role of CE-
induced interfacial polarity in governing chemical reactivity,
establishing CE as a fundamental factor that modulates
interfacial reaction pathways. For example, contact-electro-
catalysis (CEC) has emerged as a novel and transformative
approach that leverages charge transfer driven by CE at solid−
liquid interfaces to initiate and accelerate chemical reactions.5

This paradigm-shifting approach unlocks new possibilities for
catalytic innovation by harnessing CE-induced interfacial
charges as a clean, sustainable energy input for driving chemical
transformations. For instance, CE-induced triboelectric charges
have enabled the direct synthesis of hydrogen peroxide (H2O2)
under ambient and even anaerobic conditions, without the need
for costly reagents or the generation of harmful intermediates or
byproducts.7 The utility of CEC has also been extended in
environmentally friendly recovery of cathode materials from
spent lithium-ion batteries, achieving high leaching efficiencies
of cobalt and lithium under mild, acid-free conditions.8 In our
previous studies, we extended the role of triboelectric charge
into a wider range of chemical transformations, including
contact-electro-redox reactions involving [Fe(CN)6]3−/[Fe-
(CN)6]4−, contact-electro-polymerization of aniline and con-
tact-electro-fluorescence of terephthalic acid and contact-
electro-luminescence of luminol.4,9,10 Collectively, these results

lead to the establishment of a broader conceptual framework,
contact-electro-chemistry (CE-chemistry), which has also been
successfully applied in nonaqueous systems such as dimethyl
sulfoxide (DMSO).3

Besides, numerous studies have demonstrated that gas−liquid
interfaces, such as those created by microdroplets within
reaction vessels, can spontaneously promote diverse chemical
transformations, including addition, elimination, and redox
reactions, even in the absence of catalysts or external electric
fields.11−22 Moreover, reactions such as hydrogen−deuterium
exchange and biomolecular conformational dynamics, including
protein folding and unfolding, have been shown to proceed
markedly faster at microdroplet interfaces than in homogeneous
bulk phases.23 Hao et al. reported that electric fields aligned
along free O−H bonds at the air−water interface are about 1.6 ×
109 V m−1 stronger than those within the droplet interior.24

Using vibrational Stark−sensitive probes and stimulated Raman
excited fluorescence microscopy, Xiong et al. measured fields of
∼ 109 V m−1 at water−oil interfaces, attributed to anion
adsorption−induced charge separation.25 Similarly, Dai et al.
found that biomolecular phase separation generates ∼5 × 106 V
m−1 fields across condensate interfaces, driving ion gradients
and chemical activity.26 These observations highlight the
intrinsic chemical reactivity of interfacial environments, where
local electric fields, asymmetric solvation, and nonequilibrium
charge distributions can collectively lower activation barriers
and alter reaction pathways.27−29

Notably, interfacial fields induced by CE have recently drawn
attention for their comparably high electrostatic potentials
arising from triboelectric charge transfer. Considering that
interfacial charge transfer, including both electron and ion
migration, is intimately coupled with the formation of interfacial
triboelectric fields or electrical double layer (EDL). This
perspective advances the concept that interfacial triboelectric
fields, arising from CE, are central to initiating and steering
chemical transformations. It surveys recent progress across
solid−liquid, gas−liquid and liquid−liquid boundaries, with
particular emphasis on how solid−liquid CE couples interfacial

Figure 1. (a) Schematic diagram of electron transfer between the water molecule and PTFE molecule (copyright 2019, Wiley-VCH).37 (b)
Mechanism of liquid−solid CE and formation of EDL (copyright 2020, The Author(s)).36
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charge transfer and localized electric fields to govern reaction
processes. Ultimately, this perspective reframes triboelectric
charge into an active, tunable platform for sustainable, catalysis-
free chemical transformations, offering a new paradigm for
interfacial catalysis and green chemistry.

2. SOLID−LIQUID CE
In 1971, Kamra made a striking observation of electrostatic
activity as a thunderstorm passed over the gypsum sand dunes of
New Mexico.30 At the crest of several dunes, he recorded
straight, meter-high sparks shooting upward from the ground,
clearly distinct from conventional thunderstorm lightning.
Intriguingly, when similar strong winds occurred on days
without a nearby thunderstorm, no sparks were seen. Kamra
concluded that these discharges appeared only when an external
electric field and sufficient humidity were present, reporting field
strengths of approximately 4 × 103 V·m−1 and relative humidity
between 36% and 58%. In other words, sparks were observed in a
dust storm when a thunderstorm was present, indicating strong
dust-particle charging, but not under equally strong winds in fair
weather.31 This observation underscores the critical role of
water vapor in enabling visible discharges within particle clouds.
Although many questions remain regarding triboelectric
charging mechanisms, the humidity requirement may suggest
that the solid−liquid interface can sustain charge imbalance
during the CE process, thereby enabling the formation of
stronger interfacial triboelectric fields.
2.1. Charge Transfer Mechanism

As early as the 1980s, El-Kazzaz and Rose-Innes demonstrated
that liquid metals in contact with insulating solids can induce
surface charging on the insulator.32 Later studies revealed that
water contacting polymeric surfaces likewise generates sub-
stantial charge,33,34 though the identity of the charge carriers in
water remains complex. Despite decades of investigation, the
fundamental mechanism of solid−liquid CE remains contested.
This ongoing debate highlights the multifaceted character of
solid−liquid CE and underscores the need for refined
experimental and theoretical approaches to unravel its true
origin. One of the mainstream explanations is proposed by Wang
et al. solid−liquid CE is mainly governed by electron transfer
arising from the overlap of electron clouds under mechanically
forced contact, consistent with the “electron-cloud potential-
well” model.35 As shown in Figure 1a(i), the outer-shell
electrons of oxygen(O) atom in water form a potential well,
while PTFE provides a low-energy lowest unoccupied molecular
orbital (LUMO) that can act as an electron acceptor. Before
contact, electrons remain localized within their respective wells
(Figure 1a(ii)). Upon contact, electrons can hop from the O
atom of water to the PTFE LUMO, transitioning to a lower
energy state and reaching equilibrium (Figure 1a(iii)). During
separation, as the contact area decreases, charge density builds
and the interfacial local field strengthens. If thermal energy is
insufficient to overcome PTFE’s energy barrier, the transferred
electrons remain trapped on the PTFE surface, leaving PTFE
negatively charged and water positively charged (Figure 1a(iv)).
Direct experimental evidence distinguishing electron from ion
transfer has been provided by Lin et al., who demonstrated that
CE-generated charges removable by thermal excitation corre-
spond to electrons, whereas ions remain surface-bound, using
thermionic emission analysis combined with Kelvin probe force
microscopy (KPFM).36 The relative contribution of electrons vs
ions is now described as depending systematically on (i) the

liquid’s ionic environment, (ii) hydrophobic/hydrophilic
character of the solid, and (iii) interfacial tension and surface
ionization propensity. For hydrophobic dielectrics such as
PTFE, both experimental data and density functional theory
(DFT) calculations indicate that electron transfer dominates.37

This interpretation is further strengthened by the recently
observed linear correlation (R2 ≈ 0.993) between the work
function of superhydrophobic surfaces, where ion transfer is
excluded, and the triboelectric charge acquired after liquid
impact.38

2.2. Interfacial EDL Formation

The solid−liquid interface is not merely a passive boundary but
an active platform where CE occurs through electron transfer,
ion migration, and the establishment of interfacial EDL
formation. Developments in the study of CE at solid−liquid
interfaces have led to a paradigm shift beyond traditional
electrochemical EDL models, emphasizing the critical role of
electron transfer in forming the insulating solid−liquid
interfacial structure. In 2018, Wang et al. proposed a hybrid
EDL model with a two-step formation process that incorporates
both electron transfer and ion adsorption.36 The first stage
involves molecules and ions impacts on the solid surface driven
by thermal motion and liquid pressure (Figure 1b(i)), where
electron cloud overlap enables electron transfer between solid
atoms and water molecules (Figure 1b(ii)). Simultaneously,
ionization and ion adsorption alter the local surface potential
(Figure 1b(iii)). In the second stage, free ions migrate toward
the charged surface under electrostatic attraction to complete
the EDL (Figure 1b(iv)). The extent of EDL formation depends
on the solid’s electron-donating ability, consistent with known
CE behavior between solids. Electrons transferred during solid−
liquid collisions typically occupy surface states and are weakly
bound, removable by heating, whereas those generated by
ionization remain tightly bound in atomic orbitals. The EDL
thus provides ionic-electronic coupling essential for controlling
nanoscale process such as ion transport and interfacial field.
Meanwhile, they proposed that, because water molecules are
highly polarizable, the positively charged water molecule at the
interface can orient and polarize neighboring water molecules
through Coulombic interactions.37 As a result, the electrostatic
energy between the negatively charged PTFE surface and the
interfacial water molecule is partially redistributed among the
surrounding polarized molecules, effectively lowering the
energetic cost required for their separation. A similar physical
picture was advanced by Borwankar et al., who showed that
interfacial electrostatic interactions can induce long-range,
directional ordering of water molecules extending over several
nanometers.39 Moreover, the electron transfer of solid−liquid
CE and its relationship to EDL formation have been elucidated
through step-by-step first-principles and molecular dynamics
simulations.40 These simulations show that electron transfer
generates a built-in electrostatic potential at the interface, a
distinct potential drop between the solid and liquid phases. This
interfacial potential acts as the driving force for ion rearrange-
ment in the adjacent liquid, leading to EDL formation that
screens the triboelectrically charged surface. These results
directly support Wang’s two-step model and provide detailed
mechanistic insight into the coupling between CE-driven
electron transfer and subsequent EDL development. Dynamic
modulation of the EDL, whether by mechanical or electrostatic
methods, offers new opportunities for enhancing energy
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harvesting and information transfer by tuning charge carrier
behavior.41

3. CHEMISTRY INITIATED BY SOLID−LIQUID CE
Once considered unpredictable and hazardous due to risks such
as explosions and fire, CE is now recognized as a controllable
nanoscale driving force capable of modulating diverse interfacial
processes. Recent studies demonstrate that CE can be
deliberately harnessed to influence wetting, adhesion, interfacial
catalysis, and electrochemistry,42−44 particularly by tuning
interfacial triboelectric charge dynamics at inert solid dielec-
tric-liquid interfaces.
3.1. Reactions of CE-Chemistry

Unlike conventional mechanochemistry driven purely by
mechanical stress, CE-chemistry under mechanical motion

with interfacial charge separation, where triboelectrically
generated electric fields induce electron transfer and redox
reactions. This field-driven mechanism extends mechanochem-
istry beyond force activation, enabling chemical transformations
through dynamic interfacial polarization. Wang et al. proposed a
representative CEC redox cycle (Figure 2(a)), in which reactant
A transfers electrons to the catalyst surface (C) during contact,
generating oxidized A and a triboelectrically charged surface
(C*). C* then donates electrons to reactant B, reducing it to
reductive B and regenerating C.45 Specifically, at the FEP-water
interface, electrons transfer from water to FEP, forming
triboelectrically negative charged FEP, while the dissolved O2
captures electrons from charged FEP to restore charge balance.
Reactive oxygen species (ROS) produced during this process
degrade organic pollutants such as methyl orange (MO) without
added catalysts (Figure 2(b)).5 ROS coupling further yields

Figure 2. (a) The proposed mechanism of CEC (copyright 2024, American Chemical Society).45 (b) CEC for the degradation of organic pollutants
using pristine dielectric powders (copyright 2022, The Author(s)).5 (c) A CEC cathode recycling method for spent lithium-ion batteries (copyright
2023, The Author(s), under exclusive license to Springer Nature Limited).8 (d) Reduction of precious metal ions in aqueous solutions by CEC
(copyright 2024, The Author(s)).50 (e) Unveiling janus chemical processes in CE-chemistry through ORR. (copyright 2025, American Chemical
Society).1
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H2O2, enabling catalyst-free synthesis under ambient con-
ditions.7 Recently, CEC has emerged as a powerful and
sustainable route for degrading diverse emerging pollutants.
Reusable PTFE particles degraded multiple antibiotics, up to
90% for tetracycline, through ·OH and 1O2 pathways.46 For
persistent perfluoroalkyl substances (PFASs), contact-induced
ROS generation in ultrasound/PTFE systems enabled efficient
redox and defluorination of perfluorooctanoic acid (PFOA),
perfluorooctanesulfonic acid (PFOS), and related species,47 and
Bi2WO6/PTFE composites achieved 90% removal of 2,4-
dichlorophenol.48 Together, these advances establish CEC as
a robust, recyclable approach for eliminating antibiotics, PFASs,
and other refractory contaminants. Li et al. demonstrated the use
of CEC for metal extraction from spent lithium-ion batteries
(Figure 2(c)).8 Mixing LiCoO2 with citric acid and silicon oxide
(SiO2) under ultrasonication enabled cavitation-driven contact-
separation cycles that transferred electrons from water to SiO2,
generating ·OH, H+(aq), and ·O2

− to promote leaching. Lithium
and cobalt were recovered as CoC2O4 and Li2CO3 precursors,
while SiO2 was readily reused by filtration. CEC has also proven
effective for uranium removal: using PTFE as the dielectric
under ultrasonication, >95% of U(VI) was extracted within 5 h
via CE-driven generation of electron, superoxide radicals (·O2

−),
and H2O2, forming insoluble (UO2)O2·2H2O.49 Beyond

actinides, ultrasonic CEC enables reduction and recovery of
Ag+, Pd2+, [AuCl4]−, Rh3+, Ir3+, and related metals under both
aerobic and anaerobic conditions (Figure 2(d)).50 Electron
paramagnetic resonance (EPR) and ab initio studies linked CE-
induced charge transfer to metal reduction, achieving gold
extraction from 0.196−196 ppm solutions with capacities up to
722.5 mg g−1 in 3 h. Collectively, these advances position CEC
as a metal-free, selective, and recyclable strategy for sustainable
resource recovery.

Most CE-driven studies have examined isolated oxidation
(e.g., pollutant degradation) or reduction (e.g., metal-ion
reduction) reactions, leaving the underlying principles of their
Janus behavior, the concurrent promotion of both processes,
largely unexplored. This gap obscures the mechanistic basis for
reaction directionality. Wei et al. systematically investigated
ultrasound-assisted CE redox processes and identified the 2e−

oxygen reduction reaction (ORR) as the key determinant of this
duality (Figure 2(e)).1 Reduction of metal ions (e.g., [AuCl4]−,
Pd2+, [PtCl4]2−, Ag+, Rh3+, and Ir3+) was achieved when their
SEPs lie above the 2e− ORR (E° = 0.695 V vs SHE). Conversely,
SEPs below the 2e− ORR threshold favored oxidation (e.g.,
ferrocyanide). In addition to direct electron transfer from the
charged solid surface, other redox-active species may also
participate. For example, Ag+ can be reduced both by electrons

Figure 3. (a) A paradigm of CE-chemistry via solid−liquid CE initiates various reactions (copyright 2024 Elsevier Ltd., all rights reserved).4 (b)
Nonaqueous CE-chemistry via triboelectric charge (copyright 2024, American Chemical Society).3 (c) CH3OH oxidation to HCHO through CE-
chemistry (copyright 2025, American Chemical Society).1
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originating from the triboelectrically charged dielectric surface
and by ·O2

− generated during CE.51 Moreover, a synergistic
interplay between Ag+ reduction and MO oxidative degradation
was observed, indicating coupled redox pathways operating
concurrently at the interface. These findings deepen the
mechanistic understanding of CE-chemistry and highlight new
opportunities for exploiting synergistic catalytic processes with
tunable reaction kinetics.

Solid−liquid CE has been shown to drive diverse reactions,
including [Fe(CN)6]3−/[Fe(CN)6]4− redox cycling, aniline
polymerization, phenol degradation, and terephthalic acid
fluorescence (Figure 3(a)). Building on these findings, Wei et
al. introduced the unified concept of CE-chemistry, emphasizing
the universality of triboelectric charge-induced transforma-
tions.4 Moreover, they found triboelectric charges, arising even
from flow electrification, can directly initiate reactions such as
[AuCl4]− reduction, luminol chemiluminescence, and H2O2
generation.9,52 Reaction kinetics depend on dielectric geometry
and flow parameters, while ROS can be tuned by dielectric type
or additives (e.g., xylitol, p-benzoquinone).10 Wei et al. later
proposed that EDL buildup can inhibit CE-driven reactions.4 In
the oxidation of ferrocyanide, product yield peaked at 0.01 mM
KCl and decreased at both lower and higher concentrations,
revealing that excess ions suppress charge transfer. Zhan et al.
confirmed that ion-rich droplets produce weaker triboelectric
charging than pure water, demonstrating that EDL formation
suppresses charge transfer during solid−liquid CE.53

Mechanistically, electron transfer from water to FEP leaves
the surface negatively charged, generating H3O+ and ·OH
radicals, while dissolved O2 accepts electrons to form ·O2

−,
driving oxidation. As charge accumulates, hydronium adsorption
forms a Stern layer that screens further electron transfer and
limits O2 access. These studies establish triboelectric charge as a
controllable driver of interfacial reactivity, bridging CE-
chemistry with electrochemistry. Analogous to conductive

electrodes, an EDL forms at insulating dielectric-liquid
interfaces through a two-step process: electron transfer
generates surface charge, followed by ion rearrangement that
screens further transfer.42 Optimizing ion concentration or
switching to nonaqueous media can overcome this effect. Using
DMSO, Wei et al. demonstrated markedly enhanced CE
reactivity (Figure 3(b)): phenol degradation reached 100%
within 4 h versus ∼40% in water after 46 h, a >30-fold rate
increase.3 DMSO suppresses EDL formation, and enables
synergistic reactions such as methanol-assisted formaldehyde
generation, ∼25 times higher than in water (Figure 4(c)).1

These findings highlight solvent selection as a key lever to
modulate EDL effects, radical speciation, and CE-chemistry
efficiency.

In addition, multiple independent studies now demonstrate
that CE at solid−liquid can directly drive redox reactions. Hu et
al. showed that dielectric-water contact can continuously
generate H2O2 and electrical power via CE-driven interfacial
electron transfer.54 More recently, Wang et al. demonstrated O2-
independent H2O2 production from water−polymer CE,
confirming that water−polymer CE can function as an
autonomous chemical driving force rather than a secondary
consequence of flow or cavitation.55 Collectively, these studies
reinforce the broader principle that CE at solid−liquid interfaces
is capable of acting as a genuine driving force for redox
transformations.
3.2. Interfacial Reactions of CE-Chemistry

In CE-chemistry, the surrounding gas environment plays a
pivotal role by dictating how triboelectric charges on solid
dielectrics are consumed. O2, for instance, can capture interfacial
electrons to form ·O2

− radicals that promote pollutant
degradation while competing with metal-ion reduction. Gases
may also act directly as reactants: Huang and co-workers
recently achieved ambient nitrogen fixation to HNO3 via
ultrasonically driven contact between PTFE and water, without

Figure 4. (a) Schematic of the experimental setup for HNO3 production via CEC in the presence of PTFE (copyright 2025, American Chemical
Society).56 (b) Continuous ammonia synthesis from water and nitrogen via CE (copyright 2024 the Author(s)).57 (c) CO2 reduction from ambient air
through CEC (copyright 2024 the Author(s)).58 (d) CEC for direct oxidation of methane under ambient conditions (copyright 2024 Wiley-VCH
GmbH).59
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external bias or light (Figure 4a).56 The process attains
production rates of 6.9 ± 1.3 μM h−1 under pure nitrogen and
40.7 ± 1.8 μM h−1 under air, driven by ·OH radicals generated
through water oxidation and oxygen reduction. Reaction
efficiency depends sensitively on PTFE dosage, particle size,
and interfacial area. Isotopic labeling and high-resolution mass
spectrometry (HRMS) analyses confirmed ·OH-mediated
nitrogen activation, establishing CE-chemistry as a distinct,
energy-free route to nitrogen fixation. Zare and co-workers
reported an ambient-condition route for ammonia synthesis by
bubbling nitrogen through an aqueous suspension of PTFE
particles (∼5 μm, ∼50 mg in 200 mL, stabilized with 0.05 vol %
Tween-20) at 25 °C (Figure 4(b)).57 Ammonia formation was
attributed to nitrogen activation and reduction driven by CE-
induced electron transfer at the solid−liquid interface. Under
ultrasonic agitation and near-neutral pH (6.5−7.0), the system
achieved an NH3 production rate of ≈420 μmol L−1 h−1 g−1

PTFE. Incorporating PTFE into titanium dioxide (TiO2) via
hydrothermal synthesis produced a TiO2@PTFE hybrid catalyst
that couples mechanical and optical energy inputs.[Shi, 2024
#496] This composite enabled sustainable nitrogen fixation
under ambient conditions without sacrificial agents, reaching
133.6 μmol g−1 h−1 activity. Together, these advances highlight
the potential of synergistic CE and photodriven strategies for
green ammonia production.

CEC has also emerged as a promising strategy to address key
challenges in carbon dioxide (CO2) reduction. Wang and co-
workers developed a triboelectric nanogenerator (TENG)
system achieving a Faradaic efficiency of 96.2% for carbon
monoxide (CO) production with a yield of 33 μmol g−1 h−1

(Figure 4(c)).58 In this design, a positively charged quaternized
cellulose nanofiber (CNF) layer captures CO2 via hydrogen
bonding and generates protons through water oxidation, while a
negatively charged polyvinylidene fluoride (PVDF) layer

embedded with single-atom Cu on polymeric carbon nitride
(Cu-PCN) provides active sites for CO2 reduction. Tribo-
electric charges produced during contact-separation cycles drive
electron transfer from Cu-PCN to adsorbed CO2, coupling
capture, proton generation, and redox conversion into a single,
bias-free process. Extending this concept, Fan et al. demon-
strated methane activation via ultrasonic electrification of FEP in
water (Figure 4(d)),59 directly converting methane (CH4) and
O2 into methanol (CH3OH) and HCHO with yields of 151.2
and 467.5 μmol g−1, respectively. EPR detected ·OH and ·O2

−

radicals, while isotope mass spectrometry confirmed CH3OH
formation and its subsequent oxidation to methanal (HCHO).59

4. CHEMISTRY AT LIQUID SURFACES

4.1. Microdroplet Chemistry
In recent years, unusual behaviors of water microdroplets have
attracted increasing attention. Rapid and spontaneous formation
of gold nanoparticles (AuNPs) and nanowires has been reported
in aerosol microdroplets, even without reducing agents or
templates.60 At the air−water interface, water oxidation
generates H2O2, as evidenced by strong peroxyfluor-1
fluorescence in atomized microdroplets (1−20 μm) but not in
bulk solution, with smaller droplets yielding higher signals.61 A
broad range of mechanisms has been proposed to account for
the unusual chemistry observed at microdroplet interfaces,22

including enhanced interfacial concentration,62 partial solva-
tion,63 gas-phase partitioning and reactions,64 accelerated
evaporation,65 etc. Time-resolved imaging revealed that H2O2
generation in microdroplets is governed by droplet curvature
and interfacial electrostatics.66 Real-time mass spectrometry
further showed one-step, catalyst-free oxidation of alcohols to
ROO− intermediates on microdroplet surfaces under ambient
conditions.67 The accumulation of hydroperoxide ions at the
air−water boundary indicates that intrinsic surface potentials

Figure 5. (a) Setup of a typical mass spectrometry experiment for microdroplet chemistry and the electron-mediated redox mechanisms that occur at
the air−water interface of the droplets (copyright 2023 The Authors).18 (b) Cumulative charge density using the ReaxFF/C-GeM model (copyright
2022, The Author(s)).24 (c) Methane C(sp3)-H bond activation by water microbubbles (copyright 2024, CC BY-NC 3.0).70 (d) Spraying of water
microdroplets forms luminescence and causes chemical reactions in surrounding gas (copyright 2025, The American Association for the Advancement
of Science).75
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promote asymmetric charge separation and water oxidation,
driving interfacial alcohol oxidation.68 A broad range of redox
reactions can thus be initiated by interfacial electric fields
through electron abstraction from OH−, producing ·OH radicals
and free electrons (Figure 5(a)).18 Although average interfacial
fields at the air−water interface reach ∼1.6 × 109 V m−1, Hao et
al. showed that reaction acceleration cannot be explained by field
magnitude alone (Figure 5(b)).24 Instead, fluctuations in the
electrostatic potential, arising from the dynamic restructuring of
interfacial solvation shells, lower the activation barrier for ·OH
formation, as confirmed by first-principles molecular dynamics
simulations.69

Inspired by the pronounced reactivity of water microdroplets,
a microbubble system was designed to probe gas−liquid
interfacial oxidation and methane C−H activation (Figure
5(c)).70 The enlarged interfacial area of microbubbles promotes
the generation of ·OH and H· radicals, initiating methane
activation and yielding CH3· intermediates that couple to form
ethane and formic acid. Although bubble formation in
electrochemical systems is often regarded as a parasitic process
reducing active surface area, the gas−water interface itself carries
intrinsic electrostatic potential.71 Zeta potential measurements
further showed that bubbles in ultrapure water possess negative
charge due to OH− enrichment, establishing an interfacial
potential gradient that extends into the aqueous phase.72

Moreover, Zhou et al. demonstrated that charged microdroplet
sprays can activate and dissociate dioxygen, generating ozone
anions (O3

−) without catalysts.73 Intense interdroplet electric
fields and transient “microlightning” events between oppositely
charged droplets drive O−O bond cleavage and ROS formation.
High-speed imaging under uniform fields provides direct
evidence of the Lenard effect, revealing smaller negatively
charged droplets and larger positively charged ones.74 Localized
electric fields approaching ∼109 V m−1 arise between such
droplets, promoting charge transfer and even gas ionization, as

confirmed by open-air mass spectrometry detecting N2
+, O2

+,
NO+, and NO2

+. Meng et al. further observed spontaneous
luminescence from sprayed water droplets without applied
bias,75 indicating microlightning sufficient to excite or ionize
nearby molecules. Remarkably, spraying room-temperature
water microdroplets into nitrogen, methane, carbon dioxide,
and ammonia mixtures produced C−N-containing organic
compounds (Figure 5(d)), reminiscent of Urey-Miller-type
prebiotic synthesis.

Studies has also suggested that CE contributes to the intrinsic
electrification of microdroplet surfaces.68 Supporting this view,
recent work on gas−liquid TENG architectures demonstrates
that two-phase flows can generate substantial electrical outputs
through contact and inductive electrification, with voltages
ranging from hundreds to several thousand volts depending on
hydrodynamic conditions and device geometry.76 Remarkably,
controlled gas−liquid interfaces in Venturi-type and atomization
systems can sustain continuous charge separation, with as little
as 1 mL of liquid capable of illuminating more than 1,500
LEDs.77−79 Furthermore, bubble-driven two-phase flows have
been shown to generate output voltages of tens of volts using
underwater bubble-based generators.80−82 Chen et al. reported
that sprayed microdroplets undergo H2O2 formation through ·
OH radicals recombination initiated by water−solid CE.83 Xia et
al. further revealed that interactions between silicate surfaces
and water vapor produce ROS over extended time scales, again
attributing the chemistry to CE-mediated charge transfer at gas/
solid−water boundaries.84 These findings indicate that gas−
liquid CE can produce significant surface charge densities and
interfacial electric fields capable of driving redox processes.85

Dynamic contact-separation cycles inherent to droplet breakup,
coalescence, and jet−air interactions can rapidly accumulate
charge at curved gas−liquid interfaces. Several experimental
studies report local interfacial fields of 108−109 V m−1 in highly
curved microdroplets, sufficient to oxidize OH− to ·OH and to

Figure 6. (a) Schematic of custom-built confocal micro-Raman system (copyright 2025, The Author(s), under exclusive license to Springer Nature
Limited).89 (b) Sprayed oil−water microdroplets as a hydrogen source (copyright 2024, American Chemical Society).92 (c) Hydrocarbon degradation
by contact with anoxic water microdroplets (copyright 2023, American Chemical Society).93 (d) Catalyst-free selective oxidation of C(sp3)-H bonds
in toluene on water (copyright 2024, The Author(s)).94
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generate H2O2 spontaneously.61,86 While not definitive, these
observations suggest that CE-induced electron transfer may
constitute one mechanistic contributor to reaction acceleration
and selectivity in charged microdroplets.
4.2. Chemistry at Immiscible Liquid Interfaces

At water-hydrophobic interfaces, water orientation, ionic
enrichment, hydrogen-bond disruption, and strong interfacial
electric fields have been widely observed.87,88 Shi et al. used
interface-selective Raman spectroscopy with multivariate
analysis and a monomer-field model to probe hexadecane-in-
water emulsions (Figure 6(a)).89 They found reduced
tetrahedral order, weakened hydrogen bonding, and abundant
free hydroxyl groups with a ∼95 cm−1 red shift relative to planar
oil−water interfaces. From the known zeta potential of oil
droplets,90 the interfacial field was estimated at ∼(5−9) × 109 V
m−1, arising from charge separation in the oil phase. Xiong et al.
quantified ∼ 109 V m−1 electric fields at water−oil interfaces
using vibrational Stark spectroscopy, attributing them to charge
separation from preferential anion adsorption during ultra-
sonication.25,91 Charge and EPR measurements revealed that
CE at oil−water microdroplet interfaces extracts electrons from
water, enhancing charge separation and neutralization.92 The
process yields ∼13-fold more charge carriers than pure water
sprays and a ∼16-fold increase in hydrogen production for
selective CO2-to-CO conversion, underscoring the potential of
emulsified systems to drive hydrogenation reactions (Figure
6(b)). Chen et al. further showed that water−oil charge transfer
produces H2, CO2, and short-chain hydrocarbons in emulsified
water-hexadecane mixtures (Figure 6(c)).93 At similar inter-
faces, Lee et al. achieved catalyst-free oxidation of toluene via ·
OH radicals, where interfacial OH groups extending into the oil
phase favored H-abstraction over addition, yielding benzalde-
hyde with >99% selectivity under mild conditions (Figure
6(d)).94 Together, these studies highlight how triboelectric
fields at immiscible liquid boundaries govern interfacial redox
and catalytic reactivity. Dai et al. further reported electric fields
of ∼5 × 106 V/m at the liquid−liquid interface between
biomolecular condensates and surrounding bulk solution, strong
enough to drive in situ redox reactions in vitro and in living
systems, underscoring interfacial electric fields as active
electrochemical environments.26 Moreover, their recent studies
have revealed that biomolecular condensates, membraneless
assemblies with strong interfacial electric fields, can catalyze
hydrolysis reactions by modulating local water activity and

electric potentials at phase boundaries, suggesting that similar
field-driven chemistry may operate at immiscible liquid
interfaces in biological systems.95

5. PERSPECTIVE
Systematic analysis shows that chemical activity in CE-chemistry
arises from interfacial electron transfer and the consequent
formation of a nanoscale, localized electric field, here termed the
triboelectric field. Its magnitude is governed by the electro-
negativity or chemical-potential difference between the
contacting phases. In the PTFE-water system, for example,
PTFE’s higher electronegativity drives electron accumulation on
the polymer surface, generating a negative interfacial potential
and a spatially confined triboelectric field across the PTFE-water
boundary. The initial step in solid−liquid CE is dominantly
governed by electron transfer driven by electron-cloud overlap
under mechanically enforced contact, consistent with the
“electron-cloud potential-well” model proposed by Wang and
co-workers.35 Following electron transfer, the triboelectrically
charged dielectric surface electrostatically redistributes nearby
ions, leading to counterion accumulation and the formation of a
nascent EDL. Although analogous to the EDL at electro-
chemical interfaces, this structure is fundamentally distinct
because the dielectric is nonconductive and no external bias is
applied. At elevated ionic strengths, this EDL rapidly screens the
surface charge, producing pronounced EDL suppression of
subsequent CE-driven electron transfer.37

Importantly, before the EDL is fully established, repeated
contact-separation cycles permit continued charge accumula-
tion on the dielectric surface as the continue CE of PTFE-water,
progressively increasing its negative potential while rendering
the adjacent liquid phase increasingly positive. Upon nanoscale
separation, this charge asymmetry gives rise to a highly confined
transient triboelectric field, experimentally evidenced by macro-
scopic air-gap breakdown events observed during PTFE-water
CE at atmospheric pressure.96 Because air breakdown occurs at
∼3 × 106 V m−1, the interfacial field within the nanometer-scale
CE contact zone must be substantially higher, sufficient to lower
reaction barriers and activate otherwise inaccessible interfacial
redox pathways. Furthermore, it was recently shown by Jin et al.
that the electrostatic field generated during CEC is sufficiently
strong to drive C−F bond cleavage in perfluoroalkyl substances.
Because the SEP for C−F dissociation is approximately E° =
−2.755 V vs SHE,97 this reaction can proceed only if the local

Figure 7. Schematic illustration of triboelectric charge transfer at CE-chemistry.
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interfacial potential difference reaches several volts. Consistent
with this requirement, the authors measured PTFE surface
potentials of −2 to −10 V after high-pressure water impinge-
ment (0.1−0.5 bar). If this potential drop is confined within a
subnanometre reaction zone, the corresponding instantaneous
interfacial field is on the order of 109−1010 V m−1, which is
comparable to the interfacial electric fields ∼109 V m−1 of
conductive electrode−electrolyte interfaces in electrochemis-
try.98−100 Recent 3D atomic force microscopy (3D-AFM) and
theoretical studies showed that altering surface charge via CE
markedly reorganizes hydration-layer structure, demonstrating
that CE-generated triboelectric fields modulate interfacial water
at the atomic scale.101 Besides, their in situ experiments showed
that the oscillation of the hydration layer caused by CE is
comparable to that observed in electrochemical systems. It is
important to note that these two systems differ fundamentally in
origin: whereas electrochemical interfaces require an externally
applied potential to a conductive electrode, solid dielectric-
liquid interfaces can spontaneously develop strong interfacial
triboelectric fields under mechanical stimulation. These tribo-
electric fields are fully capable of initiating redox processes that
are mechanistically analogous to electrochemical Faradaic
reactions, yet they proceed without any applied bias, arising
solely from CE-driven electron transfer and the subsequent
radical-mediated chemical reactions.

Therefore, we have now clarified that this transient tribo-
electric field precedes and is later moderated by EDL formation
(Figure 7). During this transient window, the triboelectric field
can polarize interfacial solvent molecules, reorganize hydrogen-
bond networks, and initiate redox processes through tribo-
electric electrons and radical intermediates. CE-generated
electrons stored on PTFE surface, for example, can directly
reduce metal ions in the absence of external bias.50 The resulting
redox selectivity follows the SEP of the reactant, establishing a
predictable threshold that separates oxidative from reductive
regimes.1 The solvent environment further modulates radical
speciation: ·OH radicals dominate in water, whereas methyl (·
CH3) radicals form in DMSO.3 Collectively, the selective
generation of radicals, solvent-dependent product distribution,
and SEP-correlated redox behavior demonstrate that the
triboelectric field functions as an intrinsic driving force, one
that polarizes interfacial solvent molecules, redistributes ions,
and lowers activation barriers to enable redox and radical
transformations.

In conclusion, triboelectrically charged solid−liquid interfaces
exhibit catalytic activity driven by dynamic CE. Highly
electronegative dielectrics, such as fluorinated polymers,
efficiently extract electrons from liquids, producing ROS that
mediate subsequent transformations. In addition to direct
charge transfer, CE induces persistent surface charges that create
intense interfacial triboelectric fields. Solid−liquid CE can
generate voltages of hundreds to thousands of volts,
corresponding to nanoscale fields strong enough to polarize
molecules and enable metal-free, field-driven chemical activa-
tion at quasi-electrode surfaces. Despite these advances, probing
and controlling triboelectric fields at solid−liquid interfaces CE
remain challenging. Progress will require refined experimental
techniques and theoretical models to accurately measure
interfacial triboelectric field strength and spatial distribution,
track their dynamic evolution during CE, and enable their
deliberate modulation to control chemical reactivity. Strategies
that mitigate EDL shielding, such as the use of aprotic,
nonaqueous solvents, may be can enhance charge accessibility

and improve reaction efficiency. Looking forward, rational
design of solid−liquid CE interfaces through the control of
dielectric properties, surface chemistry, and morphology
presents a promising paradigm for metal-free, sustainable
catalysis. Realizing this potential will require multidisciplinary
efforts integrating operando spectroscopy, theoretical modeling,
and nanoscale electrochemical mapping to elucidate the
spatiotemporal evolution of interfacial charge, triboelectric
fields distribution, and reaction dynamics. Collectively, these
advances position interfacial triboelectric fields as autonomous,
programmable triggers for chemical transformations, opening
new frontiers in catalysis, synthetic chemistry, energy con-
version, and environmental remediation.
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