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Contact electrification (CE) is a ubiquitous interfacial phenomenon that occurs when
two materials come into contact and subsequently separate! . Traditionally, CE has
been understood mainly as a physical process associated with electrostatic charge
accumulation, surface potential generation, and mechanical energy conversion**..
This understanding has enabled broad advances in electrostatic control, triboelectric
nanogenerators, self-powered sensing, and interfacial charge manipulation'*.
However, the role of CE in driving chemical transformations has remained largely
underexplored” . At contacting interfaces, charge transfer can generate localized
electric fields, reorganize interfacial molecules and ions, and create non-equilibrium
microenvironments that are intrinsically relevant to chemical reactivity"?. At solid-
liquid interfaces, these processes are further coupled with electrical double layer

[13,14

(EDL) formation, solvent polarization, and ion redistribution"*'". Interfacial electron
transfer and ion redistribution reshape the local reaction microenvironment and
enable chemical activation"?. We define chemical transformations directly driven by
these CE-induced interfacial processes as Contact-electro-chemistry (CE-

Chemistry)".

CE-Chemistry differs from conventional electrochemistry, photochemistry, and
thermochemistry in the origin, spatial localization, and dynamic evolution of its
chemical driving force!"”'*!. Rather than relying primarily on external electrodes,
applied bias, photon excitation, or bulk heating, CE-Chemistry harnesses CE-
induced interfacial charge transfer to establish localized interfacial electric fields,
whose magnitude and spatiotemporal evolution are further shaped by the EDL!"**\.
These localized fields can polarize water and organic molecules, reorganize
hydrogen-bond networks, redistribute ions within the EDL, lower activation barriers,
facilitate electron transfer, and stabilize reactive intermediates"**. By coupling CE,
EDL-mediated field regulation, radical chemistry, and redox transformations, this
paradigm offers opportunities for mild, spatially confined, and potentially sustainable
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chemical processes without conventional electrodes or external bias"**'l.

In this Perspective, the conceptual foundations, regulatory strategies, key challenges, and future
opportunities of CE-Chemistry are examined. Rather than providing a comprehensive catalog of reported
reactions, emphasis is placed on the mechanistic framework linking CE-induced interfacial charge transfer to
EDL-mediated electric field generation, the spatiotemporal evolution of localized interfacial fields, and their
influence on reaction kinetics and selectivity. Strategies for enhancing CE performance are first discussed,
including the rational design of materials, surface chemistry, interfacial morphology, reactor architectures,
and contact dynamics. Approaches for regulating chemically operative interfacial electric fields through EDL
engineering are then considered, with particular attention given to the control of ionic and molecular
environments, field strength and fluctuations, EDL screening, and local reactant accessibility. Finally, the
major challenges associated with establishing quantitative charge-field-reaction relationships, resolving
dynamic EDL structures under operando conditions, controlling reaction pathways and selectivity, and
developing standardized performance metrics for scalable implementation are outlined. Through continued
advances in these areas, CE-Chemistry is anticipated to evolve into a predictive, scalable, and sustainable
platform for interfacial chemical transformations, operating either independently or in concert with
established electrochemical and photochemical technologies.

STRATEGIES FOR ADVANCING CONTACT-ELECTRO-CHEMISTRY

Strategies for enhancing CE performance

A central prerequisite for advancing programmable CE-Chemistry is the ability to amplify and regulate CE
performance, as interfacial charge transfer defines the strength of localized electric fields and the extent of
chemical activation"”. This requires coordinated regulation from both material and engineering perspectives
[Figure 1A]: the former determines intrinsic charge-transfer capability, whereas the latter governs effective
interfacial contact, contact-separation dynamics, and scalable operation.

In CE-Chemistry, enhancing CE performance is the fundamental basis for strengthening interfacial charge
transfer and accumulation, which in turn governs the formation of interfacial electric fields and the efficiency
of chemical activation®?). This performance is largely dictated by material properties, particularly
electronegativity, which determines whether a material can efficiently accept or donate electrons during CE
with liquids®. Accordingly, rational material selection and surface modification are central to enhancing the
reactivity of CE-Chemistry. Depending on the targeted reaction system, CE-active platforms can be selected
or developed from polymers, inorganic oxides, semiconductors, carbon-based materials, and hybrid
composites, with their surface functionality, wettability, chemical and thermal stability, and recyclability
tailored for specific interfacial environments”’. Surface engineering provides a versatile route for modulating
CE activity by tailoring the density, distribution, and electronic properties of surface functional groups. In
particular, fluorination plays a pivotal role in solid-liquid CE, as fluorinated moieties enhance electron
affinity and facilitate interfacial electron transfer from liquid molecules to the solid surface, thereby

[24

increasing charge generation™. Additional control can be achieved through defect engineering, electret
polarization, work-function modulation, and metal-dielectric hybridization, which collectively influence
charge transfer kinetics, charge retention, and interfacial charge density""**”. Through these approaches, the
generation and localization of interfacial charges can be systematically regulated, advancing CE-Chemistry
from empirical material optimization toward the predictive design of interfacial charge-transfer pathways

and localized electrostatic reaction environments.

Interface morphology, reactor architecture, and contact dynamics play pivotal roles in translating intrinsic
material properties into sustained chemical performance in CE-Chemistry'?.. Because CE-driven reactions
are initiated at continuously regenerated solid-liquid interfaces, overall reactivity is governed not by material
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Figure 1. Strategies for advancing contact-electro-chemistry through enhanced CE and EDL engineering. (A) Strategies for enhancing CE
performance: material selection, surface engineering, structural configuration, reactor architecture, and contact dynamics. (B) Strategies
for regulating interfacial electric fields within the EDL: Wang's hybrid EDL model® lonic strength, ion identity, hydration structure, pH,
dissolved gases, and solvent properties. CE: Contact electrification; EDL: electrical double layer.

loading alone, but by the accessible interfacial area, the frequency and effectiveness of contact-separation
events, and the efficiency of interfacial renewal”!. Accordingly, morphological engineering strategies,
including surface roughening, chemical etching, templating, electrospinning, porous-structure fabrication,
and micro/nanopatterning, have been widely employed to increase the effective contact area and amplify
localized interfacial electric fields***”. By promoting interfacial interactions, charge generation, and electric-
field concentration, these approaches enhance charge-transfer efficiency and the magnitude of chemically
operative interfacial fields, thereby improving CE-driven chemical activity*****). At the architecture level,
nanoscale powders and microscale particles provide high specific surface areas and frequent collision
opportunities”>*’; fibrous membranes, porous scaffolds, coated textiles, and immobilized particles improve
recyclability and long-term stability””*"; magnetic composite designs further enable rapid material separation
and reuse under an external magnetic field, reducing secondary contamination from dispersed micro/nano
materials””; and planar films provide model or immobilized interfaces, whereas tubes, microfluidic chips,
and packed-bed flow reactors enable spatially controlled and continuously renewed solid-liquid interfaces for

23,33

continuous CE-Chemistry”**!. In parallel, contact dynamics provide another key route for enhancing CE
performance. Mechanical inputs, including ultrasonication, liquid flow, ball milling, stirring, and
macroscopic droplet motion, modulate CE by regulating frequency, time, energy, rotation speed, and flow
rate””. Notably, because these mechanical inputs may also introduce additional effects, such as cavitation,
mass-transfer enhancement, or local heating, appropriate control experiments are needed to distinguish

genuine CE-driven mechanisms from other mechanically induced contributions. Moreover, morphology and



Page 4 of 9 Qian et al. lontronics 2026, 2, 29

contact dynamics should be regarded not as auxiliary engineering parameters, but as core determinants of
interfacial charge transfer and accumulation, EDL evolution, reactive species generation, and reaction
efficiency"”. Future progress requires coordinated design principles that correlate effective interfacial area,
surface charge density, mechanical input parameters, interfacial electric field strength, and reaction kinetic
parameters, enabling CE-Chemistry to advance from proof-of-concept reactions toward predictable,
efficient, and scalable interfacial chemical platforms.

Strategies for regulating interfacial electric fields within the EDL

Once interfacial charge transfer occurs, the key challenge shifts from charge generation to the regulation of
chemically active interfacial electric fields"*. Within CE-Chemistry, the EDL should be viewed not simply as
a charge-screening layer, but as a dynamic electrochemical microenvironment that controls local field
strength, ion distribution, reactant accessibility, reactive-species formation, and reaction pathway
evolution™?. As such, EDL engineering provides the mechanistic bridge between CE and chemical reactivity
[Figure 1B]. Whereas materials selection and interfacial engineering govern how charges are generated and
accumulated, EDL regulation determines how these charges are spatially distributed, temporally sustained,
and ultimately converted into chemically operative electric fields capable of directing interfacial reactions.

According to Wang’s hybrid EDL model, EDL formation at the solid-liquid interfaces follows a two-step
process'?. In the first step, when a liquid contacts a virgin solid surface, liquid molecules and ions, including
H,O molecules, cations, and anions, impact the solid surface owing to thermal motion or fluid pressure.
During these interfacial impacts, the electron clouds of liquid molecules and solid-surface atoms overlap,
enabling interfacial electron transfer across the solid-liquid interface"?’. Meanwhile, ion adsorption and
surface ionization reactions may also occur simultaneously”. This step generates initial surface charges and
determines the origin and composition of initial charges on solid surfaces. In the second step, oppositely
charged free ions in the liquid are attracted toward the charged surface by electrostatic interactions, leading
to EDL formation®!. This model provides a mechanistic basis for EDL formation at solid-liquid interfaces,
especially for understanding how CE-induced electron transfer and subsequent counter-ion migration
establish localized interfacial electric fields in CE-Chemistry.

Regulation of the ionic and molecular environment within the EDL provides a direct route for controlling
interfacial electric fields and reaction microenvironments®®. Tonic strength, ion identity, hydration structure,
valence state, mobility, and specific adsorption collectively determine EDL organization, electrostatic
screening, and local reactant distributions””*. While excessive ionic strength may attenuate interfacial fields
through enhanced screening, appropriate ionic regulation can strengthen field localization and promote
reactant enrichment near electrified interfaces”. Ion hydration is particularly important”, as weakly
hydrated ions can form more compact Stern layers and generate stronger localized electric fields"”. In
addition, pH, solvent properties, and dissolved gases influence EDL structure by regulating proton activity,
surface ionization, solvation environments, radical reactivity, and competing charge-transfer pathways"***.
EDL engineering should therefore be regarded not merely as electrolyte optimization, but as a means of
programming chemically active interfacial microenvironments that govern charge transfer, field distribution,
and reaction selectivity.

The temporal evolution of the EDL is equally critical in CE-Chemistry"*!. CE-driven reactions are often
initiated under transient, non-equilibrium conditions, where interfacial charge transfer, triboelectric charge
accumulation, ion redistribution, and electric-field formation are dynamically coupled". The resulting
spatiotemporally heterogeneous electric fields can create transient high-field microenvironments that
promote electron transfer, radical generation, and bond activation!"’’. As the EDL evolves toward
equilibrium, increasing ionic screening attenuates field gradients" and limits further interfacial charge
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transfer, leading to diminished reactivity*!. EDL engineering should therefore focus on balancing charge
generation, field localization, dynamic field fluctuations, ionic screening, and reactant accessibility, rather
than maximizing any single parameter!**’’. Developing quantitative relationships between interfacial charge
density, EDL structure, field dynamics, and reaction kinetics will be essential for transforming CE-Chemistry
from an empirical phenomenon into a predictive framework for interfacial chemical reactivity.

CHALLENGES AND OPPORTUNITIES

Key challenges

Despite rapid progress, CE-Chemistry remains at an early stage of mechanistic development. A central
challenge is to establish quantitative charge-field-reaction relationships that link CE-induced interfacial
charge transfer with EDL-mediated electric field formation and downstream chemical kinetics. In most
reported systems, key descriptors, including surface charge density, surface potential, charge-transfer
kinetics, ion distributions, EDL evolution, interfacial electric-field dynamics, and reaction rates, are still
measured independently or inferred indirectly">* !, Extensive experimental evidence indicates that
hydrophobic solid-liquid interfaces often exhibit enhanced electron transfer efficiency and higher CE-
Chemistry reactivity!*. The strong interfacial electrostatic potential and associated electric fields may
originate from differences in electronegativity between contacting phases, as well as from polarity
reorganization and orientation of interfacial water at hydrophobic surfaces™*”. However, this fragmented
understanding obscures the direct coupling between CE processes, interfacial electric-field formation, and
reaction kinetics. Dynamic solid-liquid contact, transient charge accumulation, EDL screening, and radical
generation are typically investigated separately across different spatial and temporal scales. As a consequence,
it remains difficult to quantitatively resolve how CE-induced charge transfer governs the magnitude,
spatiotemporal fluctuations, and relaxation dynamics of interfacial electric fields, and how these evolving
fields ultimately regulate reaction rates and selectivity.

A second challenge lies in resolving and controlling the dynamic EDL under realistic reaction conditions. In
CE-Chemistry, the EDL is not a static screening structure but an evolving interfacial microenvironment in
which charge accumulation, counter-ion migration, solvent polarization, and chemical reactions occur
simultaneously. During the initial stages of CE, non-equilibrium interfacial electric fields may promote
electron transfer, radical generation, and bond activation®. As ion migration proceeds, however, the EDL
may enter a more stabilized screening regime that suppresses further interfacial electron transfer!>'.
Disentangling these two regimes requires operando methods capable of probing interfacial electric fields, ion
distributions, hydration structures, and reaction intermediates with high spatial and temporal resolution,
such as Kelvin probe measurements, Raman spectroscopy, and infrared spectroscopy'"'*. At present, the lack
of such direct measurements limits the ability to resolve the spatiotemporal evolution of the EDL and to
delineate how its distinct dynamic stages differentially regulate interfacial reaction pathways and kinetics.

Reaction selectivity represents another major challenge. CE-Chemistry often proceeds through coupled
charge transfer, radical-mediated, and proton-involved pathways, which can be highly sensitive to local pH,
ionic strength, solvent identity, dissolved gases, and surface chemistry”’. While such sensitivity provides
opportunities for pathway programming, it also complicates mechanistic interpretation and product
control"®. Radical intermediates and hydrated electrons are short-lived and can undergo secondary
reactions, recombination, scavenging, or cross-coupling with other species in the interfacial region?!.
Therefore, achieving selective CE-driven transformations requires not only enhancing charge generation, but
also controlling where and when reactive intermediates are produced, how long they persist, and which
reactants they encounter.
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Scalability and benchmarking also remain unresolved. Reported CE-Chemistry systems differ widely in
material form, contact mode, mechanical input, liquid volume, reaction time, interfacial area, and product
quantification method"”. These differences make it difficult to compare intrinsic activity across systems!’.
For practical deployment, standardized metrics should be established to correlate chemical output with
effective interfacial area, material loading, surface charge density, mechanical energy input, and reaction
volume. In addition, dispersed micro/nano materials may provide high contact areas but raise concerns
regarding recyclability and secondary contamination. Therefore, future systems must balance high interfacial
activity with material durability, operational stability, and scalable reactor design.

Future opportunities

At the material level, rational control of electronegativity, surface functional groups, defect states, electret
polarization, work function, wettability, and chemical stability can enable more predictable interfacial charge
transfer and accumulation. Hybrid materials, magnetic composites, immobilized particles, porous scaffolds,
and coated architectures may further combine high charge-generating capability with improved recyclability
and long-term operation. Such material strategies will be essential for moving beyond empirical screening
toward surface-charge-engineered reaction platforms.

EDL engineering offers a second major opportunity. By regulating ionic strength, ion identity, hydration
structure, pH, solvent properties, and dissolved gases, it should become possible to tune the balance between
field amplification, field fluctuation, reactant enrichment, and EDL screening. In this context, the goal is not
simply to maximize interfacial electric field strength, but to maintain a productive non-equilibrium
interfacial microenvironment in which electron transfer, ion migration, and chemical activation are
temporally coordinated. This perspective opens opportunities to design ion-programmed and solvent-
programmed CE-Chemistry systems for selective radical generation, redox conversion, proton-coupled
pathways, and interfacial molecular activation.

Reactor and process engineering will be equally important for practical implementation. Flow-through tubes,
microfluidic chips, packed-bed reactors, immobilized membranes, and modular solid-liquid contactors can
provide spatially controlled and continuously renewed interfaces for scalable CE-Chemistry. Mechanical
inputs such as ultrasonication, stirring, flow, ball milling, and droplet motion can be optimized not only to
increase contact frequency, but also to regulate contact time, mechanical energy input, residence time, and
interfacial renewal. Integrating these engineering parameters with material and EDL design will enable CE-
Chemistry to evolve from batch proof-of-concept reactions toward continuous, controllable, and energy-
efficient reaction systems.

More broadly, CE-Chemistry may offer a new paradigm for distributed and sustainable chemical production.
Emerging applications include water disinfection, pollutant degradation, in situ generation of reactive
oxidants, hydrogen peroxide synthesis, resource recovery, seawater transformation, nitrogen and carbon
conversion, and interfacial organic synthesis. Rather than competing with conventional electrochemical or
photochemical approaches, CE-Chemistry is expected to complement these established technologies by
enabling localized interfacial electric fields without the need for external bias, engineered electrodes, or
noble-metal catalysts. With continued advances in mechanistic understanding, material design, and reaction
design, CE-Chemistry could evolve into a general platform for harvesting ambient mechanical energy to
drive selective, scalable, and sustainable interfacial reactions. In addition, its unique ability to generate
transient, spatially confined electrostatic environments may allow seamless integration with electrochemical
and photochemical systems, opening opportunities for synergistic reaction pathways and enhanced overall
catalytic performance.
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