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INTRODUCTION
Electrical double layers (EDLs)

[1,2]
, arising from interfacial charge separation and

ionic redistribution at solid-liquid interfaces, define the fundamental electrostatic

boundary conditions governing ion transport
[3]

, charge transfer
[4,5]

, interfacial energy

conversion
[6]

, and energy-information coupling across interfacial systems. Over the

past century, theoretical and experimental investigations of EDLs have evolved from

the idealized compact charge layer described by the Helmholtz
[ 7 ]

 model to

increasingly complex electrostatic frameworks represented by the Gouy-Chapman

(GC)
[8]

 and Gouy-Chapman-Stern (GCS)
[9]

 models, progressively incorporating ionic

screening, ion correlations
[10]

, solvent polarization
[11]

, and interfacial electrostatic

coupling. These advances have established the scientific foundation for modern

electrochemistry, energy storage
[12,13]

, catalysis, colloidal science
[14]

, iontronics, and

bioelectronics
[15-17]

. Nevertheless, current understanding and characterization of EDLs

remain predominantly centered on conductive electrode interfaces, where interfacial

electrostatic states can be externally imposed and electrically interrogated under

equilibrium or near-equilibrium conditions.
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In contrast, dielectric solid-liquid interfaces are characterized by intrinsic charge organization and

electrostatic properties that fundamentally differ from conventional electrode-electrolyte interfaces
[18,19]

.

Because dielectric interfaces cannot sustain externally controlled interfacial potentials, conventional

electrode-based electrochemical methodologies become intrinsically ineffective for probing dielectric EDLs.

More importantly, dielectric EDLs are strongly coupled with dynamic ionic redistribution, solvent

reorganization, interfacial polarization, and mechanical perturbation, resulting in continuously evolving

nonequilibrium electrostatic structures under realistic operating conditions. Such complexity becomes

particularly evident in soft materials, polymers, hydrogels, biological interfaces, and adaptive iontronic

systems, where environmental fluctuations and interfacial deformations dynamically reorganize local

electrostatics. Consequently, despite the central role of dielectric EDLs in interfacial ion transport,

sensing
[20,21]

, and energy-information transduction, effective strategies for accessing and probing EDL

evolution remain largely lacking.

Triboelectric nanogenerators (TENGs)
[22-24]

, arising from contact electrification (CE)
[25,26]

 coupled with

electrostatic induction, provide a fundamentally distinct route for probing dielectric EDLs. Unlike

conventional electrochemical techniques that rely on externally applied potentials, triboelectric probing

transduces dynamically evolving interfacial charges into measurable electrical outputs through mechanically

induced electrostatic interactions
[27]

. TENG-based systems do not employ a well-defined externally applied

potential. While this is often described as “bias-free”, the effective electrostatic driving force originates from

triboelectric charge generation and interfacial charge separation rather than an external bias. Importantly,

although internally generated, this driving force can be systematically tuned through material selection,

surface properties, mechanical loading conditions, and device geometry, which together determine the

triboelectric charge and interfacial EDL. It should be noted that the EDL in realistic solid-liquid interfaces

represents an emergent interfacial electrostatic state rather than a single isolated mechanism. Processes such

as ion-specific adsorption, ion transport, and interfacial charge trapping are inherently coupled and

collectively contribute to the formation and evolution of the EDL. Therefore, the triboelectric response

should be interpreted as a reflection of this coupled interfacial electrostatic state, rather than being attributed

to any single microscopic process. Transient ionic redistribution, electrostatic screening, and interfacial

polarization within dielectric EDLs modulate triboelectric charge transfer and electrostatic induction,

thereby establishing an operando electrostatic readout of EDL formation, ion-specific interactions, and

dynamic interfacial electrostatic restructuring. Importantly, because triboelectric responses are inherently

sensitive to nonequilibrium interfacial electrostatics, TENG-based probing enables operando access to

interfacial states governed by dielectric EDL evolution, under mechanically, chemically, and environmentally

coupled conditions that remain difficult to interrogate using conventional equilibrium-based approaches. In

this Perspective, we discuss recent advances in operando triboelectric probing of dielectric EDLs, summarize

emerging mechanistic understanding of triboelectric-interfacial electrostatic coupling, and further highlight

future opportunities for real-time EDL interrogation and active electrostatic regulation in iontronic, soft

matter, and biological systems.

CURRENT METHODS FOR ACCESSING DIELECTRIC EDLS
EDLs have traditionally been investigated using electrochemical methodologies developed for conductive

electrode interfaces
[5,28]

. Techniques such as electrochemical impedance spectroscopy (EIS)
[29]

, cyclic

voltammetry (CV), and scanning electrochemical microscopy (SECM) [Figure 1A] enable sensitive

interrogation of interfacial capacitance, charge-transfer behavior, and electrochemical dynamics through

externally controlled interfacial potentials. These methodologies have established the experimental

foundation of modern electrochemistry and interfacial science, and provide the important advantage of

precisely defined and continuously tunable electrochemical boundary conditions, enabling quantitative

investigation of interfacial processes under thermodynamically well-controlled equilibrium or
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Figure 1. Schematic overview of representative techniques for probing and characterizing solid-liquid interfacial EDLs. (A) SECM[30].
Reprinted with permission. Copyright 2016, American Chemical Society; (B) IR, (C) SFG spectroscopy[31]. Reprinted with permission.
Copyright 2020, American Physical Society; (D) X-ray characterization. PowerPoint; (E) QCM[32]. Reprinted with permission. Copyright
2025, American Chemical Society; (F) MD simulations[33]. Reprinted with permission. Copyright 2025, American Chemical Society. EDLs:
Electrical double layers; SECM: scanning electrochemical microscopy; IR: infrared spectroscopy; SFG: sum-frequency generation; QCM:
quartz crystal microbalance; MD: molecular dynamics; VIS: visible light.

near-equilibrium states. At the same time, because these approaches intrinsically rely on electrically

addressable conductive interfaces, their applicability becomes fundamentally limited when extended to

dielectric solid-liquid interfaces, where external potential control cannot be directly imposed, and interfacial

electrostatic states must instead arise from intrinsic charge redistribution and polarization processes.

To overcome these limitations, a variety of complementary approaches have been explored for accessing

dielectric interfaces. Optical spectroscopies, including Raman spectroscopy, confocal Raman microscope
[34]

,

infrared spectroscopy (IR) [Figure 1B], and sum-frequency generation (SFG) spectroscopy [Figure 1C],

provide molecular-level insight into ion adsorption, solvent organization, and interfacial molecular

structures with high chemical and vibrational specificity, although the interfacial information often requires

indirect interpretation based on spectral-structure correlations. Scanning probe approaches, such as atomic

force microscopy (AFM)-based measurements and Kelvin probe force microscopy (KPFM) based on AFM,

further enable nanoscale mapping of local surface potentials and interfacial interactions with high spatial

resolution under controlled environments, but their measurements can be influenced by tip-sample

interactions and require careful interpretation of probe-induced perturbations. In addition, X-ray

characterization techniques [Figure 1D] reveal interfacial ion distributions and structural ordering, while

quartz crystal microbalance (QCM) measurements [Figure 1E] sensitively monitor interfacial adsorption and

mass-transfer dynamics by tracking integrated mass variations associated with interfacial processes rather

than states. Neutron techniques
[35]

 offer non-destructive, deep-penetration in situ analysis of EDL, but suffer

from low spatial resolution and reliance on costly, large-scale facilities. Computational simulations, including

molecular dynamics (MD) calculations [Figure 1F], further provide atomistic understanding of ionic
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organization, electrostatic correlations, and solvent-mediated interfacial interactions with atomic-scale

resolution, but their predictive accuracy depends on force-field accuracy and model assumptions.

Despite substantial advances in interfacial characterization, operando access to dielectric interfacial EDL

remains highly challenging. Existing methodologies predominantly provide indirect structural,

spectroscopic, or model-dependent information, whereas EDL probing at dielectric interfaces remains

inaccessible under realistic operating conditions. Such limitations become particularly pronounced in

concentrated electrolytes, dynamically evolving interfaces, and mechanically coupled systems, where ionic

redistribution, electrostatic screening, solvent polarization, and interfacial deformation continuously reshape

EDLs under nonequilibrium conditions. Consequently, effective strategies capable of sensitively transducing

dielectric interfacial EDL evolution into measurable electrical information remain largely lacking.

Operando triboelectric probing of dielectric EDLs

TENGs, arising from CE coupled with electrostatic induction, provide a fundamentally distinct strategy for

probing dielectric EDLs by directly transducing interfacial electrostatic evolution into measurable electrical

outputs during dynamic solid-liquid interactions, where electrostatic evolution refers to the dynamic

evolution of the interfacial EDL. Through interfacial electrostatic transduction, transient ionic redistribution,

electrostatic screening, and interfacial polarization within dielectric EDLs are sensitively encoded in

triboelectric electrical responses, thereby enabling bias-free and operando access to nonequilibrium dielectric

interfacial electrostatics. It is important to clarify that the mechanical contact-separation in this work acts as

a reproducible and non-destructive perturbation, rather than altering the intrinsic EDL structure. The

consistent triboelectric outputs under repeated cycles indicate that no irreversible interfacial restructuring

occurs. Therefore, mechanical excitation provides a constant driving condition, while the observed variations

in response are governed by electrolyte-dependent EDL properties, ensuring reliable comparative analysis.

The sensitivity of triboelectric probing to dielectric interfacial electrostatic evolution becomes particularly

evident under varying electrolyte environments
[27]

. In symmetric electrolytes, increasing ionic concentration

generally suppresses triboelectric responses because enhanced counterion accumulation progressively

screens interfacial charges within the EDL. Such behavior reflects a screening-dominated EDL, where ionic

compensation weakens effective interfacial electrostatic coupling and suppresses triboelectric charge transfer.

In contrast, asymmetric electrolytes containing ions with different sizes, mobility, valence states, or hydration

characteristics exhibit different EDL evolution. Rather than simple monotonic suppression, increasing

electrolyte concentration can induce polarity inversion of triboelectric responses, indicating substantial

restructuring of interfacial ion organization and electrostatic compensation within dielectric EDLs. Under

highly asymmetric ionic environments, preferential ion accumulation and ion-specific adsorption near

dielectric surfaces can dominate local electrostatic organization, resulting in charge overcompensation and

reversal of effective charge polarity. This polarity reversal therefore represents a characteristic signature of

electrolyte-specific EDL restructuring rather than a simple concentration-dependent screening effect. The

extent of polarity inversion is governed by the competition between intrinsic surface charges and ion-specific

interfacial adsorption, highlighting the decisive role of electrolyte chemistry in determining dielectric EDL

structures. These observations demonstrate that triboelectric electrical responses are intrinsically sensitive

not only to electrostatic screening strength, but also to ion-specific electrostatic coupling and dynamic

interfacial electrostatic reconstruction. More importantly, triboelectric probing is sensitive to transient

dielectric interfacial electrostatic evolution and thus enables bias-free operando access to nonequilibrium

dielectric interfacial electrostatics, without requiring a directly biased or electrochemically active electrode at

the solid-liquid interface or an externally applied bias. Compared with conventional equilibrium-based

electrochemical characterization approaches, TENG-based probing therefore provides a fundamentally

distinct route for interrogating dynamically evolving dielectric interfacial electrostatics, particularly in
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concentrated electrolytes, mechanically perturbed systems, and nonequilibrium interfacial environments

where traditional electrochemical methodologies become difficult to implement. It should be emphasized

that the triboelectric response in this work is interpreted as a sensitive probe of EDL-governed interfacial

electrostatics at dielectric solid-liquid interfaces. The measured signal originates from interfacial charge

redistribution and electrostatic induction associated with the EDL and therefore reflects its evolution under

different electrolyte and interfacial conditions.

PERSPECTIVES AND CHALLENGES
Beyond currently explored dielectric electrolyte systems, operando triboelectric probing may provide new

opportunities for accessing dynamically evolving EDLs under realistic operating conditions [Figure 2A].

Because triboelectric charge responses originate from interfacial electrostatic evolution, triboelectric probing

is intrinsically sensitive to nonequilibrium electrostatic processes during wetting, evaporation, ion transport,

and mechanically coupled interfacial dynamics. Such capability may enable real-time EDL probing of the

evolution of dielectric EDLs in adaptive solid-liquid systems that remain difficult to access with conventional

equilibrium-based electrochemical methodologies. More broadly, triboelectric probing provides a new route

for operando access to dynamically evolving EDLs at dielectric interfaces. The intrinsic compatibility of

triboelectric systems with dielectric, soft matter, and biological interfaces further establishes a unique

platform for probing complex EDLs [Figure 2B]. At soft and biointerfaces
[ 3 6 , 3 7 ]

, interfacial ionic

redistribution, solvent reorganization, and electrostatic polarization continuously reconstruct local

electrostatic states, which can be encoded in triboelectric electrical responses during dynamic interfacial

interactions. Such capability enables operando EDL probing across soft iontronic systems, biological

interfaces, hydrogels, and deformable electronic platforms, offering new opportunities for adaptive

bioelectronics, wearable iontronic systems, and interfacial energy-information transduction. Extension of

triboelectric probing to soft and biological interfaces requires consideration of environmental stability,

electromagnetic interference (EMI), and signal complexity
[38-40]

. Such systems are intrinsically vulnerable to

environmental degradation and EMI, for which self-healing and EMI-shielding hydrogels provide promising

solutions. Meanwhile, triboelectric signals in complex media arise from coupled mechanical, ionic, and

electrostatic processes, necessitating localized or multi-modal strategies for reliable decoupling and

interpretation. Beyond EDL probing, triboelectric-induced interfacial polarization may further enable active

electrostatic regulation of dielectric EDLs through dynamic modulation of interfacial electric fields, ionic

organization, and electrostatic compensation [Figure 2C]. Importantly, such interfacial electrostatic behavior

can also be influenced by dielectric surface properties, including surface chemistry and wettability, which

regulate ion adsorption and interfacial charge accessibility. This closed-loop electrostatic coupling between

probing and regulation fundamentally differs from conventional control strategies relying on externally

imposed electrode potentials, thereby establishing a bias-free route for adaptive manipulation of dielectric

interfacial EDLs.

Despite these emerging opportunities, several fundamental challenges remain for triboelectric probing of

dielectric EDLs. One major challenge lies in establishing rigorous quantitative relationships between

triboelectric electrical responses and intrinsic interfacial EDLs. Triboelectric signals generally originate from

strongly coupled nonequilibrium processes involving interfacial charge transfer, ionic screening, solvent

polarization, interfacial mechanics, and electrostatic induction, making quantitative EDLs decoding highly

challenging. From a theoretical perspective, an important and interesting future direction is the development

of quantitative frameworks that couple dynamic mechanical boundary conditions with classical electrostatic

models, such as the Poisson-Boltzmann formalism. Such approaches may enable the establishment of

predictive relationships between triboelectric responses and fundamental EDL parameters, including Debye

length and zeta potential. This direction holds significant promise for further advancing a unified

understanding of interfacial electrostatic phenomena. In addition, triboelectric responses are highly sensitive
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Figure 2. TENG-based operando probing of EDLs and future directions. (A) Evolution process of EDL formation; (B) Complex interfaces: B1:
EDL at biological interfaces[36]. Reprinted with permission. Copyright 2024, WILEY-VCH; B2: EDL at soft interfaces[37]. Reprinted with
permission. Copyright 2024, American Chemical Society; (C) Regulation of the EDL. TENG: Triboelectric nanogenerator; EDLs: electrical
double layers; BSA: bovine serum albumin.

to environmental humidity, electrolyte composition, interfacial geometry, and mechanical perturbation,

which complicates reproducibility and cross-system comparison. Another critical challenge concerns

spatiotemporal electrostatic accessibility. Dielectric interfacial EDLs continuously evolve across multiple

temporal and spatial scales, whereas current triboelectric measurements predominantly provide averaged

electrical responses. Developing localized operando probing strategies and integrating triboelectric

interrogation with multimodal characterization techniques will therefore be essential for resolving transient

interfacial EDL evolution under realistic operating conditions.

Overall, operando triboelectric probing establishes a fundamentally distinct framework for accessing,

understanding, and actively regulating dynamically evolving dielectric interfacial EDLs. Triboelectric

probing, beyond conventional electrode-based electrochemical techniques, offers a new approach for

operando characterization of dynamically evolving EDLs in adaptive iontronic, soft matter, and biological

systems.
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