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A B S T R A C T

Contact electrification, a ubiquitous interfacial phenomenon recognized for centuries, has recently been iden
tified as a previously underexplored driving force for chemical reactivity. Beyond its classical roles in electro
statics and energy harvesting, charge transfer and accumulation at contacting interfaces can generate strong 
interfacial electric fields and reactive radical species, which collectively initiate and sustain chemical reactions. 
This Review establishes contact-electro-catalysis (CEC) as a conceptual framework for chemical transformations 
governed by interfacial charge transfer, rather than by externally applied electrical, light, or thermal stimuli. We 
focus on the intrinsic coupling between interfacial charge transfer, the local interfacial microenvironment, and 
reaction pathways. Representative CEC-enabled processes are surveyed, including organic pollutant degradation, 
biomedical applications, direct synthesis of H2O2, activation of gas molecules, reduction of metal ions, and 
recycling of spent lithium-ion batteries. These examples highlight defining attributes of CEC, such as electrode- 
free operation, broad materials generality, and the spatiotemporal decoupling of paired redox reactions. We 
conclude by assessing the current predominance and relative balance of oxidation versus reduction reactions 
reported in CEC, analyzing the underlying mechanistic origins of this disparity, and articulating key scientific 
challenges and emerging opportunities, before proposing a future roadmap that positions CEC as a versatile and 
sustainable platform for chemical transformations.

1. Introduction

Contact electrification (CE) is one of the earliest recognized inter
facial phenomena, with origins tracing back to ancient observations of 
rubbed amber attracting lightweight objects [1–4]. With the develop
ment of classical physics, it was formalized as charge transfer and 
accumulation occurring during contact and separation between dis
similar materials and was long regarded as a macroscopic electrostatic 
effect [5–7]. Although CE is ubiquitous at diverse interfaces, it has long 
remained largely disconnected from mainstream chemical research and 
has seldom been recognized as a viable driving force for chemical re
actions [8,9]. This long-standing neglect stems largely from conven
tional chemical paradigms, in which reactions are classified and 
regulated by externally imposed energy inputs, such as electric fields in 
electrochemistry, photons in photochemistry, or thermal activation in 
thermochemistry [10–15]. By contrast, previous studies on liquid-solid 
CE primarily attributed charge transfer solely to ion adsorption or ion
izations [16–20]. Occurring in the absence of electrodes or stable 

external fields, such processes were therefore widely regarded as 
chemically insignificant [21]. As a consequence, CE has historically 
been relegated to applications in electrostatic control, powder handling 
and, more recently, energy harvesting, while its potential role as a 
genuine interfacial driving force for chemical reactions has remained 
largely overlooked [22–26].

The mechanisms underlying CE are diverse and strongly system- 
dependent [2,27]. Depending on the contacting materials and interfa
cial environment, charge separation may involve electron transfer, ion 
transfer, or material transfer processes [4,28,29]. Earlier studies have 
highlighted ion partitioning in adsorbed water layers [4], 
charge-penetration-depth-dependent contributions from electrons and 
ions [28], and mechanically induced ionic fragment formation [29]. 
Recently, a series of studies have demonstrated the existence of electron 
transfer during CE at liquid-solid interfaces, and in some cases, electron 
transfer has been identified as the dominant process [2,30]. To account 
for this mechanism, an “electron-cloud-potential-well” model has been 
proposed, which attributes interfacial electron transfer in CE to the 
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overlap of electronic clouds induced by mechanical stimulation [16]. 
Specifically, driven by thermal motion or fluid pressure, liquid mole
cules collide with solid surfaces, thereby inducing electron cloud overlap 
that enables electron exchange. Building on this concept, Wang et al. [2]
proposed a hybrid electrical double layer (EDL) model that incorporates 
both electron transfer and ion adsorption effects, in which EDL forma
tion can be described as a “two-step” process (Fig. 1a). In the first step, 
molecules and ions in the liquid collide with the solid surface under 
thermal motion or fluid pressure. Owing to the overlap of electronic 
clouds, electrons are exchanged across the solid-liquid interface, while 
ions are simultaneously adsorbed onto the solid surface (Fig. 1b). This 
step accounts for the origin and composition of the initial surface 
charges, which remain ambiguous in conventional EDL models. In the 
second step, analogous to the classical EDL framework, free ions in the 
liquid are electrostatically attracted to the charged solid surface, leading 
to the formation of the EDL. Crucially, the nature of electron transfer or 
excitation as the primary driving force delineates distinct chemical re
action paradigms. In electrochemical systems, reactive electrons are 
supplied through charge exchange at electrodes, whereas in photo
chemical processes, photoexcitation generates electron-hole pairs that 
initiate reactivity. By extension, the presence of electron transfer during 
CE implies that CE-induced charge separation can, in principle, serve as 
a viable driving force for chemical reactions. We refer to this process as 
contact-electro-catalysis (CEC), which serves as a conceptual bridge 
between CE and mechanochemistry and has been proposed as an 
important complement to existing reaction strategies.

In this review, we articulate the conceptual framework, underlying 
principles, defining characteristics, representative applications, and 
prospective directions of CEC. By integrating recent advances with 
emerging mechanistic insights, we provide a coherent and comprehen
sive perspective on CEC as a distinct, versatile, and sustainable chemical 
paradigm. We anticipate that this review will not only offer an author
itative overview of current progress but also stimulate further critical 
thinking, methodological innovation, and transformative developments 
in this rapidly evolving field.

2. Fundamentals of CEC

From a fundamental physico-chemical perspective, CEC is governed 
by three tightly coupled elements: interfacial charge transfer and 
accumulation, the establishment of intense interfacial electric fields, and 
the generation of reactive radical species, which act synergistically to 
initiate and drive chemical reactions [2]. Wang et al. [31] first proposed 
a “two-step” reaction model for CEC in aqueous systems, involving the 
oxidation of water and the reduction of oxygen molecules. Taking 
fluorinated ethylene propylene (FEP) as a representative material, in the 
first step, electrons are transferred from water molecules to FEP upon 
contact, resulting in the formation of hydronium cations (H3O+) and 
hydroxyl radicals (•OH). The electron-accepting state of FEP after 
acquiring electrons from water molecules is denoted as FEP*. In the 
second step, when dissolved oxygen in the aqueous solution comes into 
contact with FEP*, electrons stored on FEP* are transferred to oxygen 
molecules, leading to the formation of superoxide radicals (•O−

2 ). 
Meanwhile, FEP returns to its initial uncharged state, thereby 
completing the reaction cycle. Subsequently, Wei et al. [32] extended 
this model to non-protic organic systems, in which the first step is 
transformed into the oxidation of organic solvent molecules. Taking 
dimethyl sulfoxide (DMSO) as an example, electron transfer from DMSO 
to FEP results in the formation of methyl radicals (•CH3), while the 
second step remains analogous to that observed in aqueous systems. In 
addition, excess electrons accumulate at the interface during CE, giving 
rise to high-intensity triboelectric fields on the charged surface [33,34]. 
These interfacial electric fields can significantly influence the interfacial 
microenvironment by polarizing interfacial solvent molecules, reor
ganizing hydrogen-bond networks, redistributing ions, lowering acti
vation barriers, facilitating electron transfer, and stabilizing reactive 
intermediates [35–38].

Existing studies have systematically demonstrated that CEC is not 
confined to a single experimental condition, but rather represents a 
general class of interfacial chemical processes driven by mechanically 
induced contact-separation events. In principle, various modes of me
chanical stimulation, including vibration, sliding, collision, grinding, 
and ultrasonication, can trigger CEC by enabling repeated interfacial 

Fig. 1. Fundamentals of contact-electro-catalysis (CEC). (a) Wang’s hybrid EDL model and its ‘‘two-step’’ formation process. (b) The electron-cloud-potential well 
model to elucidate a generalized scenario of contact-electrification between two materials. Reproduced with permission [16]. Copyright 2024, The Royal Society of 
Chemistry. (c) Common types of mechanical stimulation for CEC.
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contact-separation [39–43]. At present, ultrasonication, liquid flow, ball 
milling, stir, and macroscopic droplet motion represent commonly 
employed and effective strategies, as they provide interfacial contact 
events with sufficient frequency and energy to facilitate charge transfer 
(Fig. 1c). Meanwhile, CEC exhibits a high degree of tolerance toward 
material form and length scale, with reactive interfaces spanning from 
nanoscale powders and micrometer-scale emulsions to millimeter-scale 
spheres and centimeter-scale films [33,44,45]. In terms of material 
composition, strongly triboelectric polymers, inorganic oxides, semi
conductors, and their composite systems have been demonstrated to 
exhibit chemical reactivity, among which surface fluorination, as a 
strategy for modulating interfacial electronic structure, plays a critical 
role in enhancing CEC efficiency [46–48]. Further studies indicate that 
operational parameters, including ultrasonic frequency and power, 
ball-milling speed, liquid flow rate, and temperature, exert significant 
influences on CEC processes, revealing that CEC is intrinsically highly 
sensitive to interfacial mechanical energy input [47,49,50].

Compared with conventional chemical reaction systems driven by 
externally applied electric, light, or thermal fields, CEC exhibits a series 
of intrinsic and distinctive advantages. First, CEC operates without 
external fields, as its chemical driving forces originate from spontaneous 
charge transfer and interfacial electric fields generated during contact- 
separation processes [51,52]. This fundamentally eliminates reliance 
on electrodes, power supplies, light sources, or bulk heating, thereby 
simplifying reaction systems and reducing both energy input and device 
complexity. Second, CEC typically enables chemical transformations 
under mild reaction conditions [36,53]. Because reaction activation is 
confined to highly localized interfacial regions, the resulting intense 
electric fields and reactive radical species can significantly lower acti
vation barriers and steer reaction pathways at micro- and nanoscale 
dimensions. Consequently, harsh conditions, such as elevated temper
atures, high pressures, or strongly oxidizing/reducing environments, are 
unnecessary, offering particular advantages for thermally sensitive 
molecules and complex systems. Third, CEC exhibits remarkable mate
rial universality [16,54]. Unlike conventional catalysts, interfacial 
charge generation occurs largely independently of the material type, 
electronic band structure, or the presence of noble metals. A broad 
spectrum of inorganic oxides, semiconductors, polymers, and fluori
nated liquids can serve as reactive platforms. This minimal material 
dependence substantially expands the accessible material space and 
facilitates the development of low-cost, scalable reaction systems. 
Fourth, the functional materials involved in CEC generally exhibit good 
cycling stability [7,16,55]. Because the underlying mechanism depends 
on interfacial charge regulation rather than chemical consumption of 
the material, structural degradation and activity loss are minimal, 
enabling stable performance over repeated contact cycles. This contrasts 
with the deactivation commonly observed in conventional catalytic 
systems. Moreover, the energy input for CEC is broadly available and 
readily accessible [56–58]. Mechanical energy acts as the primary 
driving stimulus and can be harvested from a wide array of sources, 
including ultrasonication, vibration, friction, fluid flow, ball milling, 
and even ambient environmental perturbations. This versatility and ease 
of integration confer substantial flexibility for practical implementation. 
Simultaneously, CEC allows spatiotemporal decoupling of paired redox 
reactions [59]. In this paradigm, charge transfer, accumulation, and 
chemical transformation occur transiently within localized interfacial 
regions, rather than being restricted to fixed electrode surfaces or 
steady-state reaction zones. This spatiotemporal decoupling provides 
unique opportunities to control reaction selectivity, spatial confinement, 
and kinetic pathways, capabilities that are challenging to achieve with 
conventional reaction architectures. Importantly, CEC also demon
strates significant potential as a green and environmentally sustainable 
approach [6,8]. By minimizing external energy inputs, relaxing material 
constraints, and eliminating the need for harsh or complex reaction 
conditions, CEC offers the potential for substantially higher overall en
ergy and resource efficiency compared with conventional reaction 

schemes. Crucially, CEC is not merely a replacement for existing 
chemical strategies; rather, it constitutes a complementary and syner
gized paradigm defined by its unique driving-force origin, reaction 
modality, and system design, opening new avenues to expand the scope 
of chemical transformations and advance sustainable chemical processes 
[31].

3. Applications of CEC

3.1. Organic pollutant degradation

Organic pollutant degradation represents one of the most represen
tative and systematically investigated application areas of CEC [33,48, 
60]. A wide variety of organic pollutants are ubiquitously present in 
aquatic environments, including organic dyes [31,47,49,61], phenolic 
pollutants [62–64], antibiotics [65–67], sulfadiazine [68,69], and per
fluoroalkyl substances [35,36]. These pollutants generally exhibit 
diverse molecular structures, complex reaction pathways, and strong 
environmental persistence, making them difficult to remove efficiently 
using conventional physical separation or traditional chemical oxidation 
methods [69–71]. Recent studies have demonstrated that CEC can 
operate without external electric fields, light excitation, or elevated 
temperatures, and can instead generate reactive species such as •OH and 
•O−

2 radicals through electron transfer and strong localized electric 
fields induced during interfacial contact-separation processes [31,49]. 
Owing to its broad material compatibility and reusability, and without 
relying on noble metals or specific semiconductor catalysts, CEC 
significantly reduces energy input and the risk of undesired side re
actions, thereby exhibiting unique advantages and considerable poten
tial for the treatment of complex organic pollutants.

3.1.1. Organic dye degradation
Organic dyes are among the earliest studied and most representative 

classes of organic pollutants in industrial wastewater [42,45,48,72]. 
Owing to their well-defined molecular structures and sensitive spec
troscopic responses, they are frequently employed as model systems for 
evaluating emerging degradation strategies [31,50,73,74]. In studies of 
CEC, methyl orange (MO) has been widely adopted as a standard probe 
molecule, systematically promoting the transition of this field from an 
interfacial physical phenomenon to a designable chemical reaction 
pathway [31,34,44,49]. At the proof-of-concept stage, Wang et al. [31]
reported that FEP particles can generate reactive oxygen species (ROS) 
in aqueous media through CE with water and dissolved oxygen, thereby 
achieving complete degradation of MO within approximately 3 h 
(Fig. 2a-c). This mechanism was shown to be applicable to multiple 
dielectric materials, preliminarily establishing a reaction paradigm in 
which CEC can directly drive oxidative degradation of dyes. Moreover, 
CEC is not restricted to a single mode of mechanical stimulation but 
instead represents a general reaction process that is highly sensitive to 
interfacial contact-separation events. Beyond ultrasonic cavitation, 
efficient MO degradation has been realized under various mechanical 
conditions, including ball-milling, microdroplet contact, and 
liquid-phase stirring. For example, Wang et al. [49] demonstrated that 
triboelectric polymers such as polytetrafluoroethylene (PTFE) and pol
ydimethylsiloxane (PDMS) can induce interfacial charge transfer during 
liquid-assisted ball milling, enabling the in situ generation of ROS and 
rapid degradation of MO (Fig. 2d-e). Notably, PTFE balls exhibited the 
highest CE capability, followed by PDMS, whereas the polypropylene 
(PP) balls removed only 3.1% of MO, indicating an almost negligible 
ability to extract electrons from water (Fig. 2f). The strong correlation 
between CE capability and degradation rate further confirms that ROS 
generated via CE are responsible for dye degradation. Similarly, in 
microdroplet systems, liquid–solid contact can also trigger dye degra
dation: electron transfer induced by water droplets sliding over PTFE 
surfaces generates ROS, enabling ultrafast degradation of organic dyes 
such as crystal violet, with 90% removal achieved within 38 s [43]. In 
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addition, by introducing PTFE coatings onto waste textiles, 
low-frequency friction driven solely by conventional stirring can realize 
91.5% degradation of Rhodamine B within 24 h [47]. Collectively, these 
studies demonstrate that CEC can be universally induced across multiple 
length scales and mechanical modalities.

In studies of organic dye degradation, extensive efforts have been 
devoted to regulating interfacial structures and material systems to 
systematically elucidate how material design strategies influence the 
efficiency and stability of CEC [74–76]. As interfacial electron transfer 
constitutes the key step in this process, modulation of the surface elec
tronic structure is widely recognized as a direct determinant of ROS 
generation [16,56,77,78]. Among various approaches, surface fluori
nation has emerged as a general and effective interfacial regulation 
strategy, as it markedly enhances electron affinity and CE strength. For 
example, Gan et al. [44] reported a CEC system employing 
surface-fluorinated silicon powders (F-Si) as an alternative to 

conventional fluoropolymer dielectrics, in which a mild self-assembly 
fluorination strategy substantially strengthened solid–liquid interfacial 
electron transfer, enabling efficient ultrasonic degradation of methyl 
orange and phenol. Compared with unmodified silicon, F-Si exhibited an 
approximately 30-fold enhancement in methyl orange degradation ef
ficiency, and its phenol degradation performance was about four times 
higher than that of size-matched FEP powders. Similarly, introducing 
fluorinated functional groups (e.g., 1 H, 1 H, 2 H, 2H-perfluorodecyl
triethoxysilane (FDTES)) onto silicon or silica surfaces significantly 
accelerated methyl orange degradation without relying on bulk fluo
ropolymer matrices, underscoring surface fluorination as an effective 
means of tuning CE activity [54,61,79]. In addition, two-dimensional 
inorganic fluorinated materials have also been explored for 
CEC-driven dye degradation. Fluorinated graphite, as a representative 
example, maintains stable catalytic activity even at elevated tempera
tures, achieving efficient methyl orange removal within several hours 

Fig. 2. Applications of CEC: organic pollutant degradation (organic dye degradation). (a) Schematic of the experimental setup and protocol for the degradation of 
methyl orange. (b) Ultraviolet-visible (UV-Vis) spectra of methyl orange solution during ultrasonication in presence of FEP powder (20 mg) for 3 h. (c) Comparison of 
absorbance of methyl orange solution between situations of with/without FEP powder. Reproduced with permission [31]. Copyright 2022, Springer Nature. (d) 
Schematic illustration of a ball mill process using triboelectric materials. (e) Proposed working principle of CEC during ball milling using triboelectric materials. The 
gray circle represents for milling balls made of triboelectric materials, pink circle for O atoms, purple circle for H atoms, and yellow circle for electrons. (f) Com
parison of degradation rate when different triboelectric materials were utilized. PP is short for polypropylene, and PDMS for polydimethylsiloxane. The size of milling 
balls is 5 mm in this investigation. Reproduced with permission [49]. Copyright 2022, Springer Nature. (g) Pathway diagram of active oxygen species generation 
through water oxidation, oxygen reduction, and FeIII cycling in the system. Reproduced with permission [75]. Copyright 2025, Wiley. (h) Electron transfer principle 
for Janus composites. The delivery of charges on the metal surface is enhanced via the modulation with polymers. (i) Effect of polymer electrification on the induced 
charge at the metal end. The high charge accumulation ability of polymers induces large amounts of induced charges. Reproduced with permission [34]. Copyright 
2024, American Chemical Society.
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while exhibiting good cycling stability [60]. Meanwhile, porous and 
framework materials have been introduced to improve interfacial 
accessibility and tailor the reaction microenvironment. In zeolitic sys
tems, immobilizing small amounts of PTFE onto porous supports allows 
PTFE to remain the primary electron acceptor, while the pore structure 
and surface hydrophilicity of the zeolite enhance dispersion and inter
facial contact in aqueous media, thereby accelerating azo-dye degra
dation (Fig. 2g) [75]. Similarly, metal-organic frameworks (MOFs), 
owing to their tunable ligand structures and ordered pore architectures, 
have been employed to regulate triboelectric properties and interfacial 
charge distribution, enabling efficient removal of organic dyes [76]. 
Collectively, these studies indicate that porous architectures mainly 
function to amplify interfacial interactions and promote reaction syn
ergy in CEC. In some cases, magnetic nanoparticles have been incor
porated to facilitate rapid catalyst separation and recovery, with their 
primary contribution lying in improved operational convenience and 
recyclability rather than changes in the intrinsic reaction mechanism 
[61].

Recent advances in CEC have increasingly focused on the role of 

interfacial electric fields in governing electron transfer, radical genera
tion, and reaction selectivity at solid-liquid interfaces [34,75]. Polarized 
PTFE electrets, prepared via high-voltage corona polarization, achieve 
charge preservation for a long time, leading to markedly enhanced ROS 
generation and accelerated MO degradation with excellent cycling sta
bility [46]. In addition, metal-dielectric hybrid architectures provide an 
additional route to tailoring interfacial electronic environments [33,34]. 
For example, polymer/metal Janus and multilayer systems demonstrate 
that metal coatings can modulate electron injection pathways by 
altering surface electronic states, thereby enhancing dye degradation 
kinetics compared with pristine dielectrics (Fig. 2h) [34]. Systematic 
studies further reveal that different metal configurations distinctly in
fluence ROS yields and degradation efficiencies, underscoring the 
sensitivity of CEC to interfacial electronic structure (Fig. 2i) [33]. 
Collectively, these findings highlight interfacial electric fields as a cen
tral factor coupling charge transfer, radical generation, and reaction 
pathways, offering a unifying framework for the rational design of CEC 
systems.

Fig. 3. Applications of CEC: organic pollutant degradation (phenolic pollutant degradation). (a) Schematic of the experimental setup and protocol for the degra
dation of phenol. (b) UV-Vis spectra of phenol degradation with different conditions. (c) Mechanism of CEC in different solvents. Reproduced with permission [32]. 
Copyright 2024, American Chemical Society. (d) Schematic illustration of the application concept for a solar-driven droplet-based system for phenol degradation. 
Reproduced with permission [82]. Copyright 2025, Wiley. (e) The schematic of fluorocarbon polymers (FCPs)-mediated CEC activating peroxymonosulfate (PMS) for 
phenolic pollutant degradation. Reproduced with permission [39]. Copyright 2025, Wiley. (f) Effect of FEP dosage on degradation of pentachlorophenol (PCP). (g) 
Comparison of the reaction rate constant for PCP removal by different scavengers. (h) Possible mechanism of degradation of PCP in CEC system. Reproduced with 
permission [62]. Copyright 2024, American Chemical Society.
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3.1.2. Phenolic pollutant degradation
Phenolic pollutants constitute a widespread class of organic pollut

ants in industrial wastewater and polluted aquatic environments, with 
representative examples including phenol, halogenated phenols, and 
bisphenol A [39,40,62,64]. These pollutants are typically characterized 
by high chemical stability and pronounced biological toxicity [32,63]. 
The halogenated phenols and BPA further exhibit strong environmental 
persistence and potential endocrine-disrupting effects, rendering them 
difficult to remove effectively by conventional biological treatments or 
traditional oxidative processes [62,64]. Consequently, there is a press
ing need for alternative treatment strategies capable of achieving effi
cient degradation under mild conditions while minimizing the 
formation of highly toxic intermediates [80,81]. In recent years, 
growing evidence has demonstrated that CEC enables the in situ gen
eration of multiple ROS through interfacial electron transfer, thereby 
offering a distinct reaction pathway for phenolic pollutant degradation 
that differs fundamentally from conventional advanced oxidation pro
cesses [32,64,82].

In the structurally simplest phenol system, early studies first estab
lished the fundamental applicability of CEC to phenolic pollutants. Liu 
et al. [32] demonstrated that CE between dielectric materials and liquid 
phase induces interfacial electron transfer, leading to the generation of 
•OH, •O−

2 , and •CH3, which collectively drive the continuous oxidation 
and mineralization of phenol (Fig. 3a). Compared with aqueous systems, 
aprotic organic solvents provide a more favorable environment for 
interfacial charge regulation in CEC and enable markedly faster reaction 
kinetics (Fig. 3b). In water, interfacial electron transfer is inherently 
coupled with solvent ionization and ion accumulation, readily forming a 
compact EDL at the solid-liquid interface that progressively screens 
further charge transfer and limits reaction sustainability. By contrast, 
organic media such as DMSO, characterized by low ionic strength and 
weak self-dissociation, suppress the formation of a dense EDL, allowing 
triboelectrically generated electrons to accumulate at the interface and 
continuously participate in subsequent reactions (Fig. 3c). This work 
identifies organic systems as a powerful platform for probing the 
intrinsic mechanisms of CEC and for extending its reaction scope, laying 
a critical foundation for the efficient and controllable degradation of 
increasingly complex phenolic pollutants, including halogenated phe
nols and bisphenol A. In addition, subsequent studies further introduced 
light fields in synergy with CEC to enhance phenol degradation effi
ciency (Fig. 3d). The photo-CE coupled system promotes the CE-induced 
interfacial electron-transfer process and facilitates the separation of 
photogenerated electron-hole pairs, increasing the overall generation 
rate of ROS [82]. Compared with standalone CE-driven or conventional 
photocatalytic systems, the synergistic strategy exhibits markedly 
improved degradation kinetics for phenol. These results highlight that 
CEC can operate in a complementary rather than competitive manner 
with external fields, offering a flexible route to promote interfacial 
charge transfer and modulate reaction efficiency.

Furthermore, CEC has been extended to the degradation of bisphenol 
A, a molecule with higher structural complexity [39,41]. The degrada
tion process was dominant with 1O2 pathway, accompanied by radical 
pathways (•OH, SO4

•− , and •O−
2 ), avoiding limitations associated with 

single-pathway reactions (Fig. 3e) [39]. In addition, for halogenated 
phenols, which exhibit greater structural complexity and higher toxicity, 
CEC displays reaction characteristics distinct from those of conventional 
oxidative processes [62,64]. In chlorophenol and pentachlorophenol 
(PCP) systems, studies have shown that CEC can not only induce 
oxidative cleavage of the benzene ring but also concurrently trigger 
reductive dichlorination [62]. Through multistep reaction pathways 
involving ROS, chlorine substituents are progressively removed, thereby 
significantly reducing the toxicity of reaction intermediates [64]. 
Notably, in the PCP system, increasing the amount of the dielectric 
material FEP enhances interfacial charge transfer and promotes degra
dation, but excessive FEP dosage leads to ultrasonic attenuation, which 
in turn suppresses PCP degradation (Fig. 3f). Quenching experiments 

further confirm that PCP degradation proceeds via the synergistic 
involvement of multiple ROS, including •OH, •O−

2 , and 1O2, collectively 
driving direct dechlorination, hydroxylation dechlorination, oxidation, 
and polymerization (Fig. 3g). This concerted reaction pathway effec
tively avoids the accumulation of highly toxic chlorinated in
termediates, highlighting the safety advantages of CEC in the treatment 
of highly halogenated phenolic pollutants (Fig. 3h).

Overall, studies on phenol, halogenated phenols, and bisphenol A 
collectively demonstrate that CEC can generate multiple reactive species 
via interfacial electron transfer and drive efficient degradation of 
phenolic pollutants under mild conditions [40]. In contrast to conven
tional advanced oxidation technologies, this approach not only enables 
benzene ring oxidation but can also, under specific conditions, promote 
concurrent processes such as dehalogenation, thereby effectively 
reducing the toxicity of reaction intermediates [32,62]. The distinct 
reaction pathways observed for different phenolic pollutants in CEC 
further highlight the adaptability and versatility of this approach for 
treating structurally complex and toxic organic pollutants, providing 
important experimental evidence for its potential application in prac
tical water treatment systems.

3.1.3. Antibiotics degradation
Antibiotics are a representative class of trace organic contaminants 

that are ubiquitously detected in municipal wastewater treatment plant 
effluents, surface waters, and groundwater systems [83,84]. Their 
long-term persistence at low concentrations not only poses potential 
ecotoxicological risks to aquatic environments but is also widely 
recognized as a key environmental driver for the dissemination of 
antibiotic resistance [85,86]. Typical examples include sulfamethoxa
zole (SMX), ciprofloxacin (CIP), tetracycline (TC), and levofloxacin 
(LEV) [83]. These pollutions generally feature structurally complex and 
multifunctional molecular architectures and exhibit high chemical sta
bility in aqueous environments, rendering them difficult to remove 
efficiently and sustainably using conventional biological treatments or 
standard advanced oxidation processes [87,88]. Against this backdrop, 
CEC, which enables the direct transformation of antibiotic molecules 
under mild conditions without reliance on electrodes or externally 
applied energy fields, has emerged as a promising and distinctive 
strategy for antibiotic degradation [65–67,89].

From an engineering feasibility perspective, initial studies have 
demonstrated the effectiveness of CEC for antibiotic degradation in real 
and compositionally complex water matrices [65]. Using reusable PTFE 
dielectric particles as the CE material, Cao et al. [65] systematically 
investigated the removal of SMX, CIP, and TC in secondary effluents 
from municipal wastewater treatment plants (Fig. 4a). In the absence of 
externally added oxidants, the CEC system achieved degradation effi
ciencies of approximately 50% for SMX, 80% for CIP, and 90% for TC 
within 90 min (Fig. 4b), indicating that ROS generated via interfacial 
electron transfer remain effective across structurally diverse antibiotics 
even under realistic water conditions (Fig. 4c). Furthermore, the con
struction of polyvinylidene fluoride (PVDF) electrospinning nanofiber 
membranes enabled efficient recovery and reuse of PTFE particles, 
providing critical support for the practical implementation and scal
ability of CEC in antibiotic treatment applications. Building on these 
findings, subsequent studies have progressively coupled CEC with oxi
dants such as peroxymonosulfate (PMS) to broaden reaction pathways 
and further enhance degradation efficiency [89]. Using TC as a model 
compound, Liu et al. [89] employed modified 
ethylene-propylene-diene-monomer (EPDM) rubber as the CE material, 
enabling effective PMS activation through CE-induced interfacial charge 
transfer. Under near-neutral conditions, more than 90% TC removal was 
achieved within 30 min. Mechanistic investigations revealed that the 
degradation process is governed by the synergistic involvement of 
multiple reactive species, predominantly 1O2 and SO4

•− , and intermedi
ate analysis combined with toxicity assessment confirmed a substantial 
reduction in the ecological toxicity of transformation products. This 
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work demonstrates that CEC not only accelerates antibiotic degradation 
but also offers a means to modulate reaction selectivity and environ
mental safety through controlled coupling with oxidant activation.

Further studies have shifted the focus from whether degradation can 
be achieved to how interfacial structures can be precisely engineered to 
regulate electron transfer processes. By constructing a Janus-structured 
PVDF@Cu composite, Wang et al. [66] integrated the charge accumu
lation capability of β-phase-enriched PVDF with the electronic respon
siveness of a Cu interface, markedly enhancing CE-induced PMS 
activation in the LEV degradation system (Fig. 4d). Experimental results 
showed that, compared with pristine PVDF, the PVDF@Cu system 
exhibited 1.8-fold improvement in LEV degradation efficiency and an 
8.6-fold increase in PMS utilization (Fig. 4e). Notably, this work further 
introduced electrical current signals as real-time feedback parameters 
for reaction progress, demonstrating the potential of CEC to achieve 
coupled reaction–monitoring functionalities during antibiotic degrada
tion. Beyond polymeric dielectric materials, antibiotic degradation 
studies have been extended to more chemically robust inorganic di
electrics (Fig. 4f) [67]. Using rare-earth oxides as representative exam
ples, Eu2O3 was found to exhibit pronounced activity toward SMX 

degradation in CEC systems, achieving removal efficiencies exceeding 
90% within 90 min (Fig. 4g-h). In this system, •O−

2 was identified as the 
dominant reactive species, while H2O2 was concurrently generated 
during the reaction, highlighting the potential of CEC to couple anti
biotic degradation with functional chemical production, providing 
mechanistic insight and new guidance for the rational design of 
dielectric materials for antibiotic degradation applications.

Overall, studies centered on representative antibiotics such as SMX, 
CIP, TC, and LEV demonstrate that CEC can efficiently degrade struc
turally diverse antibiotic molecules under mild conditions without the 
need for electrodes or externally applied fields, by driving the in situ 
generation of multiple ROS via interfacial electron transfer [67]. 
Through coupling with oxidants, interfacial structure engineering, and 
expansion of material systems, CEC has shown continuously improving 
performance in terms of degradation efficiency, reaction selectivity, and 
engineering applicability [66,89]. These advances not only provide 
alternative strategies for antibiotic pollution control but also establish 
an important foundation for extending CEC to the treatment of more 
complex classes of micropollutants.

Fig. 4. Applications of CEC: organic pollutant degradation (antibiotics degradation). (a) Schematic of antibiotic degradation via CEC. (b) UV-Vis spectra of the 
solutions obtained after an ultrasound of 0–90 min for a ciprofloxacin (CIP) solution in the presence of PTFE particles. (c) Mechanism of CEC in antibiotic degra
dation. Reproduced with permission [65]. Copyright 2024, Elsevier. (d) Proposed mechanism for levofloxacin (LEV) degradation by CEC generated ROS. (e) PMS 
consumption in different systems. Reproduced with permission [66]. Copyright 2025, Elsevier. (f) Schematic of antibiotic degradation via rare-earth oxides (REOx). 
(g) Observed rate constants (kobs) of different materials. (h) High performance liquid chromatography (HPLC) monitoring of SMX degradation (0, 30, 90 min). 
Reproduced with permission [62]. Copyright 2024, American Chemical Society.
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3.1.4. Other organic pollutant degradation
In these studies, CEC has been extensively applied to the degradation 

of typical aqueous organic pollutions, including dyes, phenolic pollu
tions and antibiotics, demonstrating a distinctive capability to generate 
ROS without the need for external electrodes or applied bias [7,16]. 
Beyond these conventional targets, CEC has also been increasingly 
explored for the transformation of other challenging organic systems, 
such as per- and polyfluoroalkyl substances (PFAS), potassium butyl
xanthate (PBX), bromophenol blue (BPB), and solid organic biomass 
exemplified by lignocellulosic straw [35,68,70,90]. Owing to their high 
bond dissociation energies and structural complexity, these substrates 
are generally refractory to efficient conversion by traditional advanced 
oxidation processes, highlighting the significance of CEC as an alterna
tive, interface-driven reaction paradigm.

In the context of PFAS remediation, the US/PTFE system provided 
the first experimental evidence that, under low-frequency ultrasound, 
the polymer-water interface can establish an extremely strong localized 
electric field, which markedly weakens the stability of otherwise inert C- 
F bonds and, in concert with ROS such as •OH, •O−

2 , enables efficient 

defluorination and mineralization (Fig. 5a-b) [36]. Moreover, building 
on this concept, Wang et al. [35] developed an “island-sea” 
Cu-N/C@PVDF hybrid architecture (Fig. 5c), in which a β-pha
se-enriched PVDF matrix constructs a highly polarized interface, while 
Cu-N4 single-atom sites serve as centers for directional electron utili
zation, leading to substantially enhanced PFAS degradation, defluori
nation efficiency and operational stability (Fig. 5d-e). Collectively, these 
works advance CEC from a paradigm primarily reliant on strong inter
facial electric fields to one in which interfacial electron dynamics can be 
rationally engineered, offering a general materials strategy for the se
lective activation of inert C-F bonds. In the extended application to 
complex organic systems, CEC demonstrates broad versatility through 
the synergistic coupling of materials engineering and reaction-scenario 
design. For example, Ye et al. [68] developed a fluorinated magnetic 
mesoporous material (Fluorine-AFS) that markedly amplifies CEC, 
delivering nearly three orders of magnitude enhancement in PBX 
degradation kinetics through the combined effects of surface fluorina
tion, mesoporous nano-confinement and improved aqueous dis
persibility. The material enables near-complete pollutant removal with 

Fig. 5. Applications of CEC: organic pollutant degradation (other organic pollutant degradation). (a) Schematic of antibiotic degradation via CEC. The effect of 
perfluorooctanoic acid (PFOA) concentration on US/PTFE system. (b) Diagram of PFOA degradation process on PTFE-water interface. Reproduced with permission 
[36]. Copyright 2024, Wiley. (c) Structure diagram of Cu-N/C@PVDF. (d) The corresponding degradation kinetic rate constants for PFOA removal of the different 
system. (e) Proposed mechanism of β-phase-mediated IEF-driven PFAS defluorination (Ox: oxidation, Re: reduction). I. US induces piezoelectric polarization in the 
β-phase PVDF; II. The resulting IEF drives directional electron emission from the matrix to Cu-N4 islands; III. Accumulated electrons activate adsorbed O2 into ROS 
while simultaneously polarizing C-F bonds; IV. Cooperative attack by ROS and electrons triggers cascade defluorination and mineralization to CO2 and F− . 
Reproduced with permission [35]. Copyright 2025, Wiley. (f) schematic of the tandem mechano-enzymatic catalysis for pristine wheat straw. (g) Proposed reaction 
pathways of the lignocellulosic biomass by the tandem mechano-enzymatic catalysis. Bond fission, hydrogen abstraction, intramolecular H-migration, and β-scission 
reactions are included. Reproduced with permission [62]. Copyright 2025, American Chemical Society.
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high durability and recyclability at the pilot scale, while producing 
bio-safe effluents compatible with hybrid wastewater treatment sys
tems. In addition, Li et al. [70] extend CEC beyond aqueous-phase 
pollutant oxidation to the treatment of solid organic matrices, 

enabling the effective pretreatment of lignocellulosic biomass such as 
straw under low energy input (Fig. 5f). Under ambient conditions, this 
system achieves more than 80% degradation of wheat straw within 4 h, 
substantially disrupting its compact structure; compared with 

Fig. 6. Applications of CEC: Biomedical applications. (a) Schematic of the working principles of the system. (b) Design of the system with an enhanced nanoscale 
electric field. (c) Disinfection performance of SiO2@NFAu and comparative samples with and without vortexing. (d) Rapid inactivation of various microorganisms, 
including bacteria spanning bacilli (rod-shaped), cocci (spherical; Cocc) and campyliform/curved forms (Campylo; Campylobacter-like), fungi, viruses and protozoa, 
by SiO2@NFAu within 5 min. Reproduced with permission [93]. Copyright 2025, Springer Nature. (e) Schematic illustration of the preparation of human serum 
albumin (HAS)-modified perfluorotributylamine (PFTBA) nanoemulsions (HP NPs), ROS Generation in liquid-liquid CE. (f) ROS-induced immunogenic cell death 
(ICD)-mediated immune recruitment and adaptive immune response. Percentage of cytokine (g) TNF-α, (h) IFN-γ, and (i) granzyme B content from tumors of each 
group. Reproduced with permission [96]. Copyright 2024, American Chemical Society.
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ultrasound alone, the CEC process enhances the enzymatic conversion 
efficiencies of cellulose and hemicellulose by 35.8% and 78.1%, 
respectively, while markedly reducing crystallinity (Fig. 5g).

Collectively, these studies indicate that CEC is evolving from its 
initial application in the degradation of relatively simple aqueous 
organic pollutants toward more challenging targets, including PFAS 
with strong covalent bonds, structurally complex industrial organic 
contaminants, and even solid biomass systems. Through the rational 
construction of interfacial electric fields, the design of electron-transfer 
pathways, and the engineering of material architectures, CEC continues 
to extend the boundaries of conventional advanced oxidation technol
ogies in terms of reaction depth, energy efficiency, and applicability. 
These advances suggest that CEC has the potential to emerge as a general 
interfacial reaction platform for diverse organic pollutant remediation 
and organic resource transformation, providing new theoretical foun
dations and technological routes for low-energy-input and sustainable 
environmental and biomass processing.

3.2. Biomedical applications

CEC exploits CE and interfacial electron transfer at solid-liquid or 
liquid-liquid interfaces to generate ROS without the addition of external 
chemical reagents, establishing a physically triggered, interface- 
mediated route to biological effects for disinfection and antitumor 
therapy [91–94]. In contrast to conventional oxidant dosing or elec
trolytic processes, these systems typically rely on ultrasound or me
chanical agitation to intensify contact–separation events, enabling 
mobile and distributed operation while maintaining effectiveness in 
complex aqueous environments and heterogeneous biological micro
environments [93,95]. Recent studies along this line can be broadly 
classified into two application paradigms: rapid, broad-spectrum disin
fection for public health protection [91,93–95], and ROS-driven anti
tumor therapies that further engage immune activation within the 
antitumor microenvironment [92,96,97].

First, for disinfection and the control of biological hazards in aquatic 
environments, Wei et al. [95] demonstrated that low-frequency ultra
sound-enhanced water–PTFE CE can effectively inactivate Microcystis 
aeruginosa while simultaneously reducing algal toxins. Within 5 h, an 
algal cell removal efficiency of 60.19% was achieved (k = 0.1591 h− 1), 
and the degradation of microcystin-LR (MC-LR) reached 97.2%, mark
edly outperforming ultrasound treatment alone, thereby highlighting 
the advantage of ROS generated via CEC for complex biological partic
ulate systems. Building on this concept, Chen et al. [93] further engi
neered the interfacial reaction into a hand-powered interfacial 
electric-field-enhanced (IEFE) disinfection system (Fig. 6a), in which 
fluorinated SiO2-supported Au nanoparticles (SiO2@NFAu) were 
employed to amplify ROS generation (Fig. 6b). This system enabled 
99.9999% inactivation of Vibrio cholerae within 1 min, with a kinetic 
rate constant of 15.06 min− 1, representing a 6375-fold enhancement 
compared with pristine SiO2 (0.0024 min− 1) (Fig. 6c). Given the di
versity of pathogens potentially contaminating water sources, including 
bacteria, fungi, viruses and parasites, 16 representative highly infectious 
microorganisms were selected for evaluation; the results showed that 
more than 95% of the tested microbes were inactivated within 5 min 
(Fig. 6d). This work has the potential to markedly advance global water, 
sanitation and hygiene (WASH) initiatives and support the World Health 
Organization’s Global Roadmap to 2030.

In antitumor therapy, researchers have approached the problem 
from both solid–liquid and liquid-liquid interfaces, collectively demon
strating the feasibility and tunability of an “interfacial CE, ROS gener
ation, antitumor cell apoptosis and immune activation” paradigm. For 
instance, Zhang et al. [97] employed SiO2 microspheres in combination 
with ultrasound to amplify ROS signals by approximately 13.8-fold at 
the cellular level, increasing the apoptosis rate from 14.2% to 37.8%, 
while simultaneously enhancing the proportion of mature dendritic cells 
(CD80+CD86+) by 4.5-fold relative to controls. This study provides a 

multimodal non-drug anticancer therapy targeting the complex tumor 
environment with translational potential. In parallel, Li et al. [96]
constructed a liquid–liquid interfacial platform using human serum al
bumin (HSA)-modified perfluorotributylamine (PFTBA) nanoemulsions 
(HP NPs) (Fig. 6e), where 5 min of ultrasound irradiation increased 
cellular ROS signals to 3.8 times those at 0 min and elevated the fraction 
of mature dendritic cells by 3.2-fold. The activated T cells further 
secreted antitumor necrosis tumor necrosis factor (TNF)-α, interferon 
(IFN)-γ, granzyme B, and perforin, inducing antitumor cell death, trig
gering apoptotic signaling pathways and eliciting a robust antitumor 
immune response in vivo (Fig. 6f-i). These results highlight and under
score that liquid-liquid interfaces can also serve as deep-penetrating, 
low-toxicity ROS generators. Moreover, Li et al. [92] reinforced the 
mechanistic framework of therapeutic CEC by identifying an additional 
reaction pathway beyond WOR/ORR, whereby the Perfluorocarbon 
(PFC)-water interface promotes the reduction of H2O2 to generate •OH 
radicals; this route can be further amplified by introducing glucose ox
idase to elevate intratumoural H2O2 levels. In vivo treatment using PFC 
nanoemulsions (2.5 mg kg− 1) in combination with GOD (75 mg kg− 1) 
and ultrasound irradiation (3 kHz, 1 W cm− 2, 50% duty cycle, 10 min) 
resulted in pronounced antitumor growth inhibition without noticeable 
body-weight loss, indicating a favorable safety window and promising 
scalability.

Overall, this section delineates a clear dual-application trajectory for 
CEC. On one hand, interfacial generated ROS enable rapid, broad- 
spectrum disinfection and biological hazard control, exemplifying the 
translation from mechanistic understanding to device-level imple
mentation [92,93]. On the other hand, ultrasound-triggered interfacial 
ROS act as therapeutic effectors that further engage antitumor immu
nity, while the identification of an additional H2O2 reduction to •OH 
pathway expands the accessible reaction space at the mechanistic level 
[92]. Collectively, these studies point to several critical future break
throughs, including the quantitative regulation of ROS identity and flux 
in complex matrices and antitumor microenvironments, the definition of 
boundaries for side reactions and collateral tissue damage, and the 
systematic integration with portable disinfection units or immunother
apeutic combinations, advancing CE-driven disinfection and therapy 
towards more verifiable and scalable public health and biomedical 
technology platforms.

3.3. Direct synthesis of H2O2

The direct synthesis of H2O2 has traditionally relied on centralized 
infrastructures and specialized electrochemical or chemical processes 
[98,99]. In recent years, however, a class of CEC pathways driven by 
solid-liquid interfacial charge transfer and ROS generation have 
emerged as an alternative route for producing H2O2 under ambient 
conditions without external power input [100–103]. Early observations 
in microfluidic systems revealed that flowing water in contact with solid 
surfaces can generate quantifiable amounts of H2O2 on the timescale of 
seconds (for example, reaching a maximum within ~10 s and up to 
1.9 mg L− 1 in microchips), suggesting that the water–solid interface it
self can function as a potential “distributed hydrogen peroxide gener
ator” [100]. Building on this concept, strategies that increase interfacial 
contact frequency, enhance charge transfer and radical coupling, and 
incorporate materials structural engineering have enabled this interfa
cial phenomenon to evolve into a sustainable and engineering-scalable 
platform for the direct synthesis of H2O2.

From both mechanistic and implementation perspectives, these 
studies can be distilled into four progressively scalable strategies. First, 
quantification and regulation of interfacial origins were established: 
Chen et al. [100] demonstrated that solid–liquid CE induced by liquid 
flow in microfluidic chips can directly generate H2O2, and revealed that 
the decline in H2O2 yield with increasing ionic strength arises from EDL 
screening in aqueous solutions, providing fundamental design principles 
for subsequent materials and reactor architectures. Second, mechanical 
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stimulation to amplify CE processes was introduced: Wang et al. [104]
reported a simple “PTFE stir bar + ultrasound” system (Fig. 7a) that 
achieves an H2O2 generation rate of 256.6 μM h− 1 in the absence of 
catalysts and sacrificial agents, demonstrating that high-throughput 
production is accessible even in minimalistic setups (Fig. 7b-c). Build
ing on this concept, Zhao et al. [103] developed a PTFE powder-water 
solid–liquid CE reactor capable of directly producing H2O2 under mild 
conditions (Fig. 7d), and clarified that the process proceeds through 
sequential water oxidation reaction (WOR) and oxygen reduction reac
tion (ORR) steps (Fig. 7e), reaching rates up to 313 μM h− 1. In parallel, 
Berbille et al. [102] showed that, mediated by the hydrogen bond 
network of water, ROS can migrate and couple via a Grotthuss mecha
nism with kinetics as high as 58.87 mM g− 1 h− 1. Third, materials en
gineering coupled with external fields to enhance charge-carrier 
utilization was exemplified by resorcinol formalde resin/
polytetrafluoroehtylene (RF/PTFE) composites, where interfacial elec
tric field promotes photogenerated charge separation, enabling 
synergistic visible-light and ultrasonic H2O2 production at 56.5 μmol 
h− 1 and offering a broadly transferable paradigm based on “material 
hybridization + interfacial field regulation” [105]. Finally, with an eye 
toward practical implementation, flow-based contact electrochemistry 
systems were proposed to overcome mass-transfer and 
contact-efficiency limitations imposed by PTFE hydrophobicity in batch 

reactors [106]. Continuous flow packed column reactors (12 μm PTFE 
particles, 35 mm column length, 0.1–1.0 mL min− 1 flow rates) upgrade 
the reaction interface from intermittent contact to continuous renewal 
(Fig. 7f), achieving maximum productivities of 10.7 mM h− 1, claimed to 
be a 34-fold enhancement over batch operation, and marking a transi
tion from mechanistic proof-of-concept toward integrable process units.

Overall, these studies collectively delineate a clear technological 
evolution of direct H2O2 synthesis, progressing from visualized evidence 
of spontaneous interfacial generation to mechanical stirring- or 
ultrasound-enhanced systems, material composite with external-field 
synergy, and ultimately continuous-flow amplification. A central 
consensus emerging from this body of work is that solid–liquid interfa
cial charge generation and electron injection can trigger aqueous redox 
processes to produce H2O2 under mild conditions, while the achievable 
yields are strongly modulated by interfacial area, contact frequency, 
solution ionic strength and pH, as well as by materials structure and 
their coupling with external fields [100,102]. Future breakthroughs are 
expected to focus on maintaining high efficiency and selectivity in 
complex water matrices, suppressing parasitic reactions and peroxide 
decomposition, and tightly integrating continuous reactors with down
stream oxidation, disinfection, or chemical synthesis units. Together, 
these advances are poised to transform CEC H2O2 production into a 
scalable, distributed, and green manufacturing platform for oxidants.

Fig. 7. Applications of CEC: Direct synthesis of H2O2. (a) Schematic of the experimental setup for H2O2 generation. (b) Absorption spectrum of e potassium titanium 
oxalate (PTO) in the reaction solution of the “PTFE stir bar + ultrasound” system. (c) Comparison of H2O2 generation using PTFE and stainless steel stir bars. 
Reproduced with permission [104]. Copyright 2024, The Royal Society of Chemistry. (d) Proposed reaction mechanism of contact-electro-catalysis for H2O2 gen
eration. (e) Schematic representation of the experimental setup and overall reaction. Reproduced with permission [103]. Copyright 2024, Wiley. (f) Schematic 
illustration of batch and continuous flow contact electrocatalysis. Reproduced with permission [106]. Copyright 2025, American Chemical Society.
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3.4. Activation of gas molecules

The inertness of small gas molecules such as N2, CO2, and CH4, 
arising from strong covalent bonds and substantial kinetic barriers, 
renders conventional processes heavily dependent on high temperatures 
and pressures, external electrical inputs, and costly metal-based cata
lysts [12,107–111]. In this context, emerging CEC strategies exploit CE 
at gas-liquid-solid three-phase interfaces to drive interfacial charge 
transfer, generating ROS and key reaction intermediates that enable the 
activation and directional transformation of gas molecules under mild 
conditions [112,113].

In nitrogen fixation, Li et al. [114] first proposed a continuous 
ammonia synthesis strategy driven by CE at FEP-water interfaces, in 
which ultrasonication promotes repeated contact-separation events to 
sustain interfacial charge transfer and reaction progression under 
ambient conditions (Fig. 8a). During 8 h of continuous operation, the 
system delivered an average ammonia production rate of 420 μM h− 1 

g− 1 (Fig. 8b-c). In parallel, Huang et al. [113] demonstrated an direct 
air/water-to- nitrate route with an average nitrate formation rate of 
40.73 μM h− 1 in air gas atmosphere, which validates the feasibility of 
using atmospheric nitrogen as the feedstock and provides a new reaction 
paradigm and conceptual framework for distributed nitric acid pro
duction under mild conditions. Subsequently, Wu et al. [112] reported a 

dual-pathway nitrogen fixation system that simultaneously channels N2 
toward nitrate and ammonium, with parallel formation rates of 330.65 
and 68.16 μM h− 1, respectively, highlighting that oxidative and reduc
tive nitrogen fixation can coexist on a single CEC platform through 
interfacial charge and ROS regulation, providing a foundation for se
lective control and coupled separation. Building on these advances, Shi 
et al. [108] further coupled CEC with photoexcitation, achieving an 
ammonia production rate of 133.6 μmol g− 1 h− 1, offering a reproducible 
paradigm for synergistic external-field modulation and dielectric inter
facial charge engineering.

In the carbon cycle, Wang et al. [107] highlighted the pivotal role of 
interfacial CO2 enrichment in enabling the capture and activation of 
low-concentration CO2, including CO2 at atmospheric levels. By con
structing a system based on electrospun PVDF loaded with single Cu 
atoms-anchored polymeric carbon nitride (Cu-PCN) materials and qua
ternized cellulose nanofibers (CNF) nanofibers, CO2 was effectively 
concentrated at the interface, resulting in the highly selective formation 
of CO (Fig. 8d). The CO production rate of 33.0 μmol g− 1 h− 1 was 
achieved with a corresponding Faradaic efficiency of 96.24%, under
scoring the potential of CEC platforms to integrate CO2 capture, acti
vation, and conversion within a single framework (Fig. 8e). Moreover, 
using a similar architecture, Wang et al. [115] also realized CO2 
reduction with product distributions dominated by CO and ethylene, for 

Fig. 8. Applications of CEC: Activation of gas molecules. (a) Schematic representation of the experimental setup. (b) Absorbance variations using the indophenol 
blue method under sonication with different atmospheres (100 mL DI water, 50 mg PTFE, 25 ◦C). (c) Comparison of NH3 yields under air and N2 at different ul
trasonic times performed. Reproduced with permission [114]. Copyright 2024, Li et al. (d) Schematic diagram showing the structure of experimental setup. (e) 
Schematic illustration of CO2 reduction process in air. Reproduced with permission [107]. Copyright 2024, Springer Nature. (f) Schematic of the experimental setup. 
(g) Proposed reaction mechanism for CH4 conversion through CEC. (h) Results from the durability test of the PTFE over time. Reproduced with permission [53]. 
Copyright 2024, Wiley.
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which the Faradaic efficiencies remained relatively constant, averaging 
63.3% and 35.2%, respectively, providing a scalable device paradigm 
for distributed green carbon conversion, particularly toward multi
carbon products such as ethylene.

For methane (CH4) activation, Li et al. [53] reported a new strategy 
for CH4 oxidation under ambient conditions based on interfacial charge 
transfer (Fig. 8f), in which repeated CE between FEP and water under 
ultrasonic excitation enables efficient C-H bond activation at 
gas-liquid-solid three-phase interfaces (Fig. 8g), delivering formalde
hyde (HCHO) and methanol (CH3OH) yields of 467.5 and 151.2 μmol 
g− 1, respectively (Fig. 8h). Scale-up was further demonstrated using ten 
reactors connected in series, where stable product outputs were main
tained (47.62 and 14.17 μmol of HCHO and CH3OH, respectively), and 
after ten consecutive cycles, the methanol and formaldehyde yields 
remained at 93.2% and 94.4% of their initial values. Complementarily, 
Jia et al. [109] introduced polydopamine (PDA) into the system and 
employed oxygen-atmosphere photo-pretreatment to enrich strongly 
electron-withdrawing C––O functionalities on the PDA surface, 
achieving within 2 h formaldehyde and methanol yields of 
1.5 mmol g− 1 and 0.9 mmol g− 1, respectively, offering a scalable and 
mild route for C-H bond transformation.

Overall, above studies collectively delineate a clear evolutionary 
trajectory for gas molecule activation in CEC, spanning from nitrogen 

fixation toward nitrate, to multi-field-assisted and continuously sus
tained ammonia production, further extending to the capture and con
version of low-concentration CO2 and the high-yield, scalable oxidation 
of CH4 under mild conditions [53,107,112]. Looking ahead, key 
breakthroughs are expected to focus on enhancing selectivity and sup
pressing side reactions in complex gas-liquid-solid three-phase systems, 
achieving quantitative control and energy-efficiency assessment of 
interfacial charges and radical species, and deeply integrating CEC with 
continuous-flow reactors and downstream separation and purification 
units, advancing CE-driven gas activation toward scalable platforms for 
green chemical manufacturing and coupled carbon-nitrogen cycles.

3.5. Reduction of metal ions

Metal-ion reduction constitutes a pivotal step not only in precious- 
metal recovery and the synthesis of metal nanomaterials, but also as a 
key interfacial reaction pathway for converting “pollutants” into “re
sources” [52,116]. In CEC, mechanical stimulations such as ultra
sonication induce interfacial electron transfer and accumulation at 
solid–liquid interfaces, driving metal-ion reduction and subsequent 
deposition or enrichment without an external power supply, or with a 
substantially reduced input of chemical reductants [117,118]. Mean
while, the accessibility of reduction pathways is strongly governed by 

Fig. 9. Applications of CEC: Reduction of metal ions. (a) Graphical description of the experimental set-up for metal-ion extraction. (b) Schematic description of the 
reduction of various metal ions (Mn+) in aqueous solution by ultrasonically driven CEC in presence of FEP. (c) Au extraction capacity for FEP-based CEC compared to 
adsorption/reduction method using different materials, on a range from around 0.1 ppm to around 100 ppm. Reproduced with permission [52]. Copyright 2024, 
Springer Nature. (d) Transmission electron microscopy (TEM) image of PTFE and Ag composite. (e) The surface-enhanced Raman scattering (SERS) technology for 
ciprofloxacin (CIP) detection. (f) Corresponding SERS curve of the CIP. Reproduced with permission [117]. Copyright 2025, Elsevier. (g) Janus chemical processes in 
CEC. (h) Schematic of the reaction mechanism for metal ion reduction by CEC. Reproduced with permission [51]. Copyright 2025, American Chemical Society.

H. Qian et al.                                                                                                                                                                                                                                    Nano Energy 153 (2026) 111944 

13 



the intrinsic oxidative-reductive Janus character of the system, as well 
as by the surrounding atmosphere and the properties of the solvent and 
dielectric materials, collectively providing powerful design levers for 
achieving reaction selectivity [51].

Firstly, Su et al. [52] demonstrated that CEC enables metal-ion 
extraction over an exceptionally broad concentration window with 
high extraction capacity (Fig. 9a), wherein FEP microparticles in 
aqueous media directly generate the corresponding metal nanoparticles 
(for example, Au, Ag, Pt, Pd, Rh, and Ir; Fig. 9b). Specifically, Au 
extraction capacities spanning 0.756–722.5 mg g− 1 was achieved 
within 3 h over an initial concentration range of 0.196–196 ppm 
(Fig. 9c), and atmosphere-controlled experiments further revealed that 
most metals exhibit higher reduction yields under anaerobic conditions, 
underscoring the robustness and generality of this approach for resource 
recovery. Building on this foundation, Li et al. [116] engineered 
TiO2/PTFE composite microspheres and introduced an photonic field to 
enhance reaction, enabling gold recovery efficiencies of 97.6% and 
96.3% from central processing unit (CPU) and random access memory 
(RAM) electronic wastes, respectively, marking a decisive transition 
from model solutions to complex solid-waste systems. Beyond recovery, 
metal-ion reduction via CEC also provides a versatile route for materials 
synthesis. For instance, Yan et al. [118] achieved rapid and size-tunable 
synthesis of Au nanoparticles at the water–PTFE interface under 150 W, 
40 kHz ultrasound, with particle diameters controllably evolving from 
74 to 220 nm by adjusting the reaction time from 1 to 20 min, revealing 
a well-defined kinetic synthesis window. In parallel, in situ metal 
reduction can be harnessed to construct functional interfaces: Zhou et al. 
[117] reduced Ag+ directly on PTFE to form plasmonic Ag nano
structures (Fig. 9d), which enabled highly sensitive surface-enhanced 
Raman scattering (SERS) technology detection of ciprofloxacin (10− 3 

M) (Fig. 9e-f), exemplifying an integrated “reduction–material gen
eration-application” paradigm.

From a mechanistic perspective, Wei et al. [51] elucidated the Janus 
oxidative-reductive nature of CEC (Fig. 9g) and quantitatively defined 
its reduction-accessible window between the 2e− ORR (E0 = 0.695 V vs 
NHE) and the 4e⁻ ORR (E0 = 1.229 V vs NHE) (Fig. 9h), establishing a 
predictive reaction map and controllable variable space. Subsequently, 
Mohsin et al. [119] highlighted that metal-ion reduction efficiency is 
governed not only by the ability of dielectric materials to acquire elec
trons, but also by their propensity to donate electrons to ions or oxygen 
species in concert with solvent-dependent EDL screening. Notably, glass 
exhibits substantially higher charge transfer to Ag+ than PTFE, and 
DMSO markedly amplifies reduction efficiency, offering an interpretable 
framework for synergistic design based on dielectric surface 
chemistry-solvent coupling. Finally, addressing more recalcitrant 
chelated metal systems, Shen and Chen et al. [120,121] independently 
employed CEC as a front-end decomplexation and transformation step 
for Cu(II)-EDTA and Co(II)-EDTA, followed by coupling with capacitive 
deionization or pH adjustment to complete metal recovery: the Cu sys
tem achieved 86.4% recovery within 150 min, whereas the Co system 
reached 41.6% decomplexation, exhibiting a kinetic constant of 
0.024 min− 1 and stable operation over 40 h, collectively demonstrating 
that CEC holds strong promise as a low-chemical-input pretreatment 
platform for the resource recovery of complexed metal-bearing 
wastewaters.

Overall, these studies collectively delineate a clear evolutionary 
trajectory for metal-ion reduction in CEC, progressing from the quanti
tative definition of reaction accessibility and control variables (such as 
atmosphere and potential thresholds), through high-capacity and 
broadly applicable extraction enabled by dielectric microparticles, to in 
situ nanomaterial synthesis [118], efficient recovery of precious metals 
from electronic waste [116], and the integrated decomplexation of 
chelated metal wastewaters [120,121]. Their shared value lies in har
nessing mechanical energy to trigger interfacial electron transfer, 
thereby reducing reliance on external reductants or oxidants while 
maintaining quantifiable recovery efficiencies and robust process 

stability [52,119]. Looking forward, key breakthroughs are expected to 
focus on achieving selectivity in complex matrices (in the presence of 
coexisting ions and organic species), the directional utilization of the 
reductive–oxidative Janus character, and deep integration with 
continuous-flow and separation units, ultimately enabling scalable and 
deployable green platforms for metal resource recovery.

3.6. Recycling of spent lithium-ion batteries

Spent lithium-ion batteries represent not only a potential environ
mental liability but also an increasingly important “urban mine” rich in 
Li, Ni, Co, Mn and Fe [54,122,123]. Although conventional hydromet
allurgical routes can deliver high leaching efficiencies and high-purity 
products, they typically rely on the continuous addition of external 
reducing agents (such as H2O2) and large dosages of chemical reagents, 
resulting in elevated operational costs, secondary effluent generation 
and safety concerns associated with reagent handling and storage 
[124–126]. By contrast, CEC-enabled recycling strategies harness me
chanical energy to induce repetitive solid-liquid CE, enabling the gen
eration of ROS, electrons or H2O2, thereby minimizing reliance on 
externally supplied reductants and offering a more sustainable and 
intrinsically safer pathway for green battery recycling [122,127].

Li et al. [122] were the first to embed a CEC process, exemplified by 
dielectric SiO2 powders, into an organic-acid leaching framework, 
thereby demonstrating its broad applicability across multiple cathode 
chemistries (Fig. 10a). For lithium cobalt (III) oxide batteries, the 
leaching efficiency reached 100% for lithium and 92.19% for cobalt at 
90 ◦C within 6 h. For ternary lithium batteries, the leaching efficiencies 
of lithium, nickel, manganese and cobalt reached 94.56%, 96.62%, 
96.54% and 98.39% at 70 ◦C, respectively, within 6 h (Fig. 10b). 
Building on this foundation, subsequent materials engineering efforts 
rendered “interfacial charge-transfer capability” a tunable design 
parameter: fluorination of SiO2 using FDTES produced F-SiO2 (Fig. 10c), 
increasing the transferred charge from 4.67 nC to 28.58 nC and mark
edly enhancing ROS generation, which in turn elevated leaching effi
ciencies in ternary systems to 99.75% (Li), 99.44% (Ni), 96.77% (Co) 
and 94.07% (Mn), with stable performance over three reuse cycles 
(Fig. 10d) [54]. Moreover, Yang et al. [124] designed porous SiO2 mi
crospheres with a high specific surface area of 203.06 m2 g− 1, approx
imately 117-fold greater than that of conventional SiO2, thereby 
intensifying solid–liquid CE; combined with zwitterionic microstruc
tures constructed via sodium alginate/polyethyleneimine (SA/PEI) 
modification, this approach promoted electron transfer and radical 
coupling, enabling near-quantitative leaching of Li, Co, Mn and Ni at 80 
◦C within 8 h, sustained over five cycles, alongside a cost assessment of 
US$ 19.27 kg− 1 that underscored its economic viability. From a 
process-engineering perspective, Li et al. [125] further integrated high 
leaching efficiency with operational convenience by developing 
magnetically recoverable Fe3O4@SiO2 materials, achieving Li/Co/
Ni/Mn leaching efficiencies of 98.3%/99.3%/98.3%/98.6% under 
70 mg material loading, 0.4 M citric acid, 70 ◦C and 4 h, while main
taining negligible performance decay over five cycles, thus offering a 
more industry-compatible route for continuous operation. Finally, 
Zhang et al. [127] extended the CEC-enabled recycling paradigm 
beyond layered oxides to lithium iron phosphate (LFP) cathodes 
(Fig. 10e): using fluorinated polymers (FEP/PTFE/PTC) as recyclable 
materials to generate H2O2 in situ, they reduced the reaction enthalpy 
from 407 to 288 kJ mol− 1 and boosted the H2O2 generation rate to 
164 mmol L− 1 g− 1 h− 1 (Fig. 10f), thereby enabling rapid recovery of Li 
(99.8%) and Fe (99.97%) within 8 min at 50 ◦C and highlighting the 
high efficiency and promising economic prospects of CEC-based LFP 
recycling.

Collectively, these studies delineate a coherent technological evo
lution of CEC-driven lithium-ion battery recycling: beginning with 
dielectric SiO2 powders that enable in situ reduction/activation, pro
gressing to surface fluorination strategies that enhance interfacial 
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charge transfer, followed by the synergistic coupling of microstructural 
design and surface chemical environments to amplify ROS and electron 
generation, and further advancing toward magnetically recoverable or 
regenerable materials that lower separation and recycling costs, ulti
mately extending applicability to mainstream cathode systems such as 
LFP. The shared merit of these approaches lies in harnessing mechanical 
energy to trigger interfacial reactions, thereby reducing the reliance on 
externally added reductants and excessive chemical inputs while 
maintaining high leaching efficiencies and material reusability, collec
tively providing a validated materials and process foundation for lower- 
carbon, safer and more readily closed-loop recycling of spent lithium-ion 
batteries.

3.7. Other applications

Beyond pollutant degradation, H2O2 production, gas molecule acti
vation, and metal resource recovery, CEC has also been extensively 
explored in materials synthesis [8,58,128], seawater uranium extraction 
[129,130], chemiluminescence and chemical analysis [131–134], as 
well as hydrogen evolution [94,135,136]. Although these studies span 
disparate targets, from polymers and nuclear resources to analytical 
chemistry and hydrogen energy, they share a common 
physical-chemical foundation: mechanical perturbation at 
dielectric-liquid interfaces induces interfacial charge transfer and 

accumulation, which subsequently triggers the generation of ROS and 
the establishment of intense interfacial electric fields [57,137–139]. 
These coupled processes enable controllable chemical reactions to pro
ceed under mild conditions, with reaction intensity and efficiency 
further tunable and amplifiable through deliberate engineering of sur
face chemistry, material structure, and external mechanical fields [55, 
140].

From the perspective of polymer synthesis, Li et al. [8] demonstrated 
that the oxidative polymerization of aniline can be driven by FEP 
dielectric materials under mild conditions (Fig. 11a), eliminating the 
need for strong oxidants or externally applied electric fields and 
providing a sustainable alternative for the preparation of conducting 
polymers. Extending this strategy, Wang et al. [58] achieved 
well-controlled polymerization under gentle mechanical agitation by 
maintaining a stable Cu(II)/Cu(I) redox equilibrium. At a stirring fre
quency of 7 Hz, the reaction reached ~80% monomer conversion within 
24 h and produced polymers with a narrow dispersity (Đ = 1.16) and a 
relatively high molecular weight (Mn = 12900). These results highlight 
the progression of CEC from a simple polymerization trigger toward a 
powerful tool for regulating polymerization kinetics and tailoring 
product distributions. In addition, Chen et al. [128] employed black 
phosphorus quantum dots (BP QDs) as precursors to fabricate a nano
medicine with highly exposed phosphate groups (EM-eNMs) via CEC, 
which can serve as an analogue of inorganic polyphosphates that play 

Fig. 10. Applications of CEC: Recycling of spent lithium-ion batteries. (a) Flow chart of lithium battery recovery by CEC leaching. (b) Leaching efficiencies of Li and 
Co at different temperatures. Reproduced with permission [122]. Copyright 2023, Springer Nature. (c) Schematic illustration of the fluorination process on the SiO2 
surface. FDTES refers to 1 H,1 H,2 H,2H-perfluorodecyltriethoxysilane. (d) Corresponding leaching efficiencies of different metal elements in each group. Repro
duced with permission [54]. Copyright 2025, Springer Nature. (e) The overall recycling process of spent lithium iron phosphate (LFP) batteries via CEC. (f) The 
comparative analysis of H2O2 yield. Reproduced with permission [127]. Copyright 2025, Wiley.
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key roles in energy-metabolism-related processes. Unlike conventional 
oxidative routes that directly degrade BP quantum dots into phosphates, 
this process enables a controlled evolution of surface-oxidized struc
tures, effectively promoting the formation of EM-ENMs. Mechanisti
cally, the hydrophilic surface of the EM-eNMs facilitates hydration 
reactions, which suppress repeated contact and separation between the 
nanomaterials and water, while the highly exposed surface phosphate 
groups act as protective and terminating layers, preventing 
radical-induced oxidative degradation and preserving the structural 
integrity of the EM-eNMs (Fig. 11b). Collectively, this class of studies 
demonstrates that CEC is not limited to small-molecule transformations, 
but also provides a versatile energy input and pathway to control 
strategy for polymer synthesis and nanomaterials engineering.

In the field of uranium extraction from aqueous solutions and 
seawater, a clear progression can be observed, ranging from model so
lutions to real seawater systems, and from extraction efficiency to 
antifouling performance [129,130]. In aqueous systems, Liu et al. [129]
demonstrated that PTFE can generate electrons and ROS under ultra
sonic conditions, converting U(VI) into precipitable products and 

achieving high removal efficiencies, while maintaining effective 
extraction in real uranium-containing wastewater. Extending this 
approach to seawater, Dai et al. [130] exploited the low-adhesion and 
self-cleaning properties of hydrophobic PTFE to facilitate the timely 
detachment of uranium products, while the concomitantly generated 
ROS impart antifouling capability, enabling high extraction efficiency, 
enhanced selectivity, and good cycling stability under complex marine 
conditions and long-term operation. Overall, these studies demonstrate 
that CEC can serve as a low-chemical-input driving force for seawater 
resource recovery, with surface engineering effectively addressing key 
engineering bottlenecks such as product passivation and biofouling.

The essence of luminol chemiluminescence/electro
chemiluminescence lies in the efficient and controllable generation of 
ROS or oxidative intermediates [131,132]. However, conventional ap
proaches often rely on externally added H2O2, metal/enzymatic cata
lysts, or are constrained by electrochemical windows and parasitic side 
reactions [133,134]. Recent studies demonstrate that interfacial charge 
transfer induced by CE can trigger ROS generation at interfaces, trans
forming the luminescence process into a tunable and amplifiable 

Fig. 11. Significant application of CEC: other applications. (a) Schematic of aniline polymerization induced by CEC. Reproduced with permission [8]. Copyright 
2024, Elsevier. (b) Schematic illustration of CEC preparation of energy metabolism-engaged nanomedicines (EM-eNMs). Reproduced with permission [128]. 
Copyright 2025, Springer Nature. (c) Overview of flow injection analysis (FIA) sample detection system for luminol luminescence during CEC. Reproduced with 
permission [133]. Copyright 2025, Springer Nature. (d) Schematic diagram of CEC water oxidation and proton reduction. (e) Comparison of the average production 
rates of H2 and H2O2 within 2 h for different amounts of PTFE. (f) Durability experiment, in which the H2 production over PTFE was tested for 12 consecutive hours. 
Reproduced with permission [136]. Copyright 2025, The Royal Society of Chemistry.
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analytical signal. For example, Xu et al. [131] employed ROS generated 
at an ultrasonically driven FEP–water interface to directly activate 
luminol. Unlike conventional luminol chemiluminescence dominated by 
a single emission peak at 425 nm, the contact-electrification-induced 
luminescence (CEL) system enables direct observation of two emission 
bands at 425 and 475 nm, corresponding to distinct reaction in
termediates and thus realizing intermediate visualization, providing a 
new paradigm for mechanistic elucidation of luminol luminescence and 
for constructing tunable luminescent signals in environmental and bio
analytical applications. In addition, at the level of signal amplification 
and sensing, Zhong et al. [132] further developed a turn-off/on plat
form, enabling sensitive detection of superoxide dismutase (SOD) 
(0.0050–2.0 μg mL− 1) and thiabendazole (TBZ) (0.500–60.0 μM) with 
good reproducibility and applicability to real samples. Meanwhile, tar
geting continuous and online chemical analysis, Xu et al. [133] extended 
CEC to flow electrification in dielectric tubing, engineering reaction 
rates by tuning tube diameter, length, flow rate, and series/parallel 
configurations, and mimicking flow injection analysis (FIA) to design 
cascaded reactions: pump I oxidizes [Fe(CN)6]4− within an FEP tube to 
generate catalytically active species, while pump II simultaneously 
drives luminol oxidation and emission, with maximal fluorescence 
observed upon mixing the two streams (Fig. 11c), demonstrating a 
flow-based implementation of “programmable cascade reactions”.

CEC can also be extended to hydrogen production [135,136]. For 
example, Tian et al. [136] demonstrated a pure-water hydrogen gener
ation strategy, showing that PTFE alone can sustain hydrogen evolution 
under mechanical excitation with a rate of 1286.6 mmol g− 1 h− 1 

(Fig. 11d), accompanied by the concurrent formation of H2O2 at 
837.9 mmol g− 1 h− 1 (Fig. 11e) and a cumulative hydrogen yield of 
8952.7 mmol g− 1 over 12 h (Fig. 11f), highlighting the potential of an 
extremely simplified material system and reaction configuration with 
sustained activity. Complementarily, Wang et al. [135] developed 
transition-metal-doped Bi5O7I as a hydrogen evolution material, 
demonstrating that dopant-induced modulation of water adsorption and 
electronic structure can markedly enhance vibration-driven hydrogen 
evolution, underscoring the importance of material designability within 
CEC systems. Together, these studies indicate that future breakthroughs 
in hydrogen production will rely not only on the quantitative control of 
interfacial charge and ROS fluxes, but also on the engineering optimi
zation of material electronic structures and interfacial active sites.

Based above works, a clearer picture emerges in which CEC is 
evolving from its initial focus on environmental remediation and 
resource recovery toward broader applications in synthetic 
manufacturing, analytical detection, and hydrogen energy conversion, 
progressively adopting a more designable, scalable, and integrable 
technological form [8,128,130,133,136]. Looking ahead, key 
cross-cutting advances are expected to center on the quantitative char
acterization of interfacial charge transfer and ROS generation, the 
control of selectivity and suppression of side reactions in complex 
media, and the deep integration of CEC with continuous-flow reactors 
and downstream separation or online analytical units, ultimately 
advancing contact-electrification-driven interfacial chemistry into a 
universally deployable platform technology.

4. Conclusion and prospect

In this review, we summarize the conceptual basis, fundamental 
principles, key characteristics, and representative applications of CEC, 
and describe how this field has progressed from a largely overlooked 
interfacial physical phenomenon to a reaction framework that can be 
systematically analyzed and engineered. Mechanistic models reported to 
date, including the widely adopted “two-step” reaction model in 
aqueous and organic systems, are examined from three closely linked 
perspectives: interfacial charge transfer and accumulation, interfacial 
electric fields, and ROS generation. Representative advances of CEC in 
organic pollutant degradation (organic dye degradation, phenolic 

pollutant degradation, antibiotics degradation, etc.), biomedical appli
cations, direct synthesis of H2O2, activation of gas molecules, reduction 
of metal ions, recycling of spent lithium-ion batteries, materials syn
thesis, seawater uranium extraction, chemiluminescence, as well as 
hydrogen evolution are systematically reviewed. According to surveyed 
CEC studies, 71% of reported reactions involve oxidation, whereas only 
29% involve reduction, indicating that the predominance of oxidation 
processes arises from the intrinsic asymmetry of interfacial charge 
transfer. In most systems, CEC is initiated by electron donation from 
liquid molecules to solid surfaces, constituting an oxidation step. The 
accumulated interfacial electrons are then preferentially consumed by 
dissolved oxygen to generate reactive oxygen species rather than 
transferred to reducible substrates, making oxidative pathways domi
nant. In contrast, reduction reactions require more stringent conditions, 
including prolonged electron lifetime, suppressed oxygen competition, 
favorable substrate adsorption, and directed electron-transfer pathways, 
which remain insufficiently developed in current CEC systems. It is also 
important to distinguish CEC from related mechano-driven or interfacial 
reaction concepts. Although ultrasound is frequently used to trigger 
CEC, classical sonochemistry is primarily governed by acoustic cavita
tion and hot-spot chemistry, whereas CEC is defined by CE-induced 
charge transfer and the resulting localized electric field at interfaces. 
Likewise, although CEC shares with microdroplet chemistry the broader 
features of interfacial reactivity and strong electric fields, microdroplet 
chemistry is generally discussed in terms of gas-liquid or liquid-liquid 
interfacial acceleration involving asymmetric solvation, concentration 
enrichment, curvature, evaporation, and nonequilibrium charge distri
butions. Recent studies nevertheless suggest that CE may contribute to 
intrinsic electrification of microdroplets under certain conditions [141, 
142]. These observations indicate that sonochemistry, microdroplet 
chemistry, and CEC are best viewed as complementary but distinct in 
mechanism within the broader landscape of interfacial chemistry. 
Moreover, compared with electrocatalysis and photocatalysis, CEC 
should be regarded as a mechanistically independent yet complemen
tary catalytic platform. Whereas electrocatalysis and photocatalysis rely 
on externally applied bias or photon input to generate reactive charge 
carriers, CEC is driven by mechanically induced, transient interfacial 
charge transfer during contact-separation processes. In this sense, CEC 
does not replace photocatalysis or electrocatalysis, but rather expands 
the catalytic landscape by introducing an alternative route for chemical 
activation based on interfacial electrification. Existing studies have 
shown that this mechanism enables CEC to operate without electrodes or 
highly specific catalytic materials. These characteristics endow CEC 
with distinct advantages over conventional technologies, including mild 
reaction conditions, broad material compatibility, and spatiotemporal 
decoupling of redox reactions, marking its transition from conceptual 
proof-of-principle to a designable reaction platform centered on inter
facial regulation. In addition, current results suggest that CEC has 
already demonstrated practical potential in certain systems, combining 
high reaction efficiency, useful selectivity, recyclable materials, and 
encouraging process economics. Nevertheless, its broader implementa
tion still faces many challenges, as discussed below:

First, at the level of materials design, current studies still rely pre
dominantly on macroscopic triboelectric materials, and future efforts 
should move toward more refined control of interfacial electronic 
structures. This includes the incorporation of metal nanoclusters, single- 
atom sites, framework materials (such as MOFs, COFs, and HOFs), and 
two-dimensional materials (e.g., MXene, and graphene), as well as their 
composites, to establish well-defined electron-donating/accepting sites 
and tunable interfacial properties (including confinement effects, ion 
selectivity, and surface wettability). Such strategies will enable more 
precise regulation of the directionality of interfacial electron transfer 
and ion migration, reaction selectivity, and the identity of generated 
ROS.

Second, in terms of characterization techniques, there is a pressing 
need for in situ methods capable of directly probing the strength and 
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spatial distribution of interfacial electric fields, charge-transfer dy
namics, and the formation and evolution of reaction intermediates. 
When combined with ex situ chemical analyses, these approaches will 
allow spatially and temporally resolved identification of where reactions 
occur and how they proceed, reducing the reliance on post-reaction 
product analysis alone to infer interfacial mechanisms.

With respect to interfacial microenvironment regulation, the effi
ciency and sustainability of CEC are highly sensitive to local conditions. 
Beyond conventional variables such as atmosphere and pH, organic 
aprotic solvent systems offer distinct advantages in suppressing ionic 
screening and prolonging charge transfer lifetimes. In particular, under 
high ionic strength conditions, the EDL can rapidly screen surface 
charges and thereby significantly impede subsequent electron-transfer 
processes. And the roles of cation-anion effects and their dynamic evo
lution remain to be systematically clarified.

At present, many CEC studies still rely on practically accessible proxy 
reactions and indirect descriptors for performance comparison. For 
example, methyl orange degradation has been widely adopted as a 
standard probe reaction for benchmarking CEC kinetics, while radical 
generation is commonly characterized by radical scavengers, trapping 
methods, or fluorescence probes. These approaches provide a useful and 
currently feasible basis for comparing different systems. However, 
important descriptors and evaluation metrics, such as local charge 
density, electric field strength, criteria for distinguishing oxidative 
versus reductive reaction pathways, the development of an “equivalent 
Faradaic efficiency” concept suitable for electrode-free systems, and 
reaction flux normalized to the effective active interfacial area, chemical 
output normalized to mechanical energy input, remain difficult to define 
and directly quantify at present. This challenge arises in part from the 
electrode-free nature of CEC, which makes in situ characterization less 
straightforward than in electrocatalysis or photocatalysis. Thus, the 
current evaluation framework should be regarded as a necessary tran
sitional stage. With the future advancement of characterization tech
niques and testing methodologies, we anticipate that these important 
descriptors and performance metrics for CEC will be progressively 
defined and more widely incorporated into the field.

In addition, substantial opportunities remain in system diversifica
tion and synergistic catalysis. Beyond commonly employed ultra
sonication, liquid flow, ball milling, stir, and macroscopic droplet 
motion, contact-separation processes at three-phase interfaces involving 
microdroplets and microbubbles are expected to serve as highly efficient 
induction modes for CEC. These configurations can be further coupled 
synergistically with light, thermal, piezoelectric, or ferroelectric effects 
to expand the reaction window and improve overall energy efficiency. 
Moreover, through reaction modularization, array-based integration, 
and continuous-flow scale-up, the conversion of transient interfacial 
events into stable and controllable chemical fluxes will be a critical step 
toward translating CEC from a laboratory phenomenon into a viable 
engineering technology.

Taken together, with coordinated advances in materials, character
ization, interfacial regulation, and system-level design, CEC is well 
positioned to evolve into a general interfacial reaction platform with 
both theoretical predictability and practical scalability.
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