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1 | Introduction

Electrical double layers (EDLs) are fundamental to solid-liquid
interfacial phenomena, orchestrating charge compensation, ionic
ordering, and solvent reorganization. Through these coupled pro-
cesses, EDLs regulate a wide spectrum of behaviors from electro-
chemical reactivity and colloidal stability to energy transduction
and information signaling [1-5]. Despite their central importance
across chemistry, materials science, and physics, experimental
insight into EDLs has been largely shaped by a narrow subset of
interfaces, those involving electrically conductive solids [6-9].
Classical EDL models, originating from the Helmholtz [10],
Gouy-Chapman [11, 12], and Gouy-Chapman-Stern [13] de-
scriptions, were developed to rationalize charge separation at
electrode-electrolyte boundaries. Although these frameworks
have been progressively refined to account for ion size, specific
adsorption, hydration, and ion-ion correlations, both their
formulation and experimental validation rely predominantly on
interfaces where electrical potentials can be externally imposed
and directly measured [14-16]. Consequently, the concept of the
EDL has often become, implicitly, synonymous with electro-
chemically addressable interfaces.

This electrochemical electrode-centric perspective obscures a far
broader and more pervasive class of interfaces: dielectric solids in
contact with liquids. Electrically insulating materials, including
polymers, oxides, and biological surfaces, dominate both natural
and engineered environments, where interfacial charge organi-
zation is expected on fundamental grounds. Probing EDLs at
dielectric solid-liquid interfaces is fundamentally important as
their interfacial charge organization governs ionic transport and
interfacial electric fields. Yet direct experimental access to the

structure and dynamics of EDLs at dielectric-liquid interfaces
remains strikingly limited [17-19]. Dielectric surfaces, unlike
conductive electrodes, lack mobile charge carriers and cannot
sustain applied potentials, making conventional electrochemical
probes largely ineffective. The key challenge lies in the absence of
experimental strategies to access their interfacial EDLs [20, 21].
Existing methods typically rely on applied bias or conductive
substrates to convert ionic rearrangements into measurable sig-
nals, leaving fundamental questions unresolved: how do EDLSs
form and evolve at nonconductive interfaces, and how are they
governed by ionic strength, ion identity, and interfacial asym-
metry beyond the dilute limit? Addressing these issues requires
moving beyond electrode-centric paradigms to probe interfacial
charge without direct electrical control.

2 | Current Methods for Accessing EDLSs

Over recent decades, a diverse experimental toolbox has emerged
to probe EDLs at solid-liquid interfaces as shown in Figure 1.
Electrochemical techniques, such as electrochemical impedance
spectroscopy [22] (EIS, Figure 1A), scanning electrochemical
microscopy [23] (SECM, Figure 1B), and electrochemical quartz
crystal microbalance [24] (EQCM, Figure 1C), enable detailed
characterization of interfacial capacitance, charge-transfer ki-
netics, mass transport, and local heterogeneity, whereas spec-
troscopic approaches, notably surface-enhanced Raman
spectroscopy [25] (SERS, Figure 1D), provide molecular-level
insight into ion adsorption, solvation structure, and interfacial
chemistry. Together, these methods form the foundation of
our understanding of EDL structure and dynamics at electro-
chemically addressable interfaces. Their effectiveness, however,
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depends critically on conductive or semiconductive substrates:
by leveraging applied potentials, currents, or electrode-coupled
transduction, they sensitively track potential-dependent ionic
rearrangements and interfacial reactions. Extending this para-
digm to dielectric materials exposes intrinsic limitations: insu-
lating solids cannot sustain controlled interfacial potentials, and
even adapted measurements often rely on auxiliary electrodes or
indirect perturbations that obscure the intrinsic EDL of
dielectric-liquid interfaces.

To circumvent these constraints, alternative approaches have
been explored. X-ray-based techniques offer atomic-scale
sensitivity to interfacial structure and composition [26]
(Figure 1E), scanning probe methods, such as Kelvin probe
force microscopy [27] (KPFM), provide spatially resolved sur-
face potential information (Figure 1F), and vibrational spec-
troscopies, such as Fourier transform infrared spectroscopy
[28] (FTIR), yield insight into interfacial water structure and
ion-specific interactions (Figure 1G). Although these ap-
proaches have provided valuable snapshots of dielectric-liquid
interfaces, they entail inherent trade-offs. X-ray techniques
require large-scale facilities and offer limited temporal
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resolution; scanning probe methods are sensitive to environ-
mental fluctuations and challenging to implement in liquids;
and vibrational spectroscopies infer electrostatics indirectly,
often without quantitative access to interfacial charge distri-
butions. These limitations are magnified at high ionic strength,
where screening lengths collapse and signals are attenuated.
These methods expose a fundamental asymmetry: conductive-
interface EDLs are directly accessible, whereas dielectric-
liquid EDLs remain largely elusive. A simple, robust, and
bias-free strategy is still lacking to transduce interfacial charge
organization at nonconductive surfaces into measurable signals
under realistic conditions.

3 | Probing Dielectric Solid-Liquid EDLs Through
Triboelectric Nanogenerator

A triboelectric nanogenerator (TENG) probe, leveraging the
coupled mechanisms of contact electrification and electrostatic
induction, provides a powerful strategy for interrogating interfa-
cial charge transfer [29-33]. By exploiting intrinsic contact elec-
trification between dielectric solids and liquids, interfacial charge
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FIGURE 1 | Methods for probing EDLSs at solid-liquid interfaces. (A) EIS. (B) SECM. (C) EQCM. (D) SERS. (E) X-ray. (F) KPFM. (G) FTIR.

(H) TENG probe.
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organization can be directly converted into measurable electrical
signals without electrodes or applied bias. EDL formation at
dielectric solid-liquid interfaces results from coupled electron
transfer, ionic redistribution, and electrostatic screening, pro-
cesses that are challenging to disentangle experimentally in the
absence of electrical control. TENG probe overcomes this limi-
tation, functioning as an interfacial transduction mechanism that
provides operando access to EDL dynamics otherwise inacces-
sible (Figure 1H). Interfacial charge generation during contact
electrification encodes the EDL configuration, which is converted
into measurable electrical signals via electrostatic induction un-
der mechanical modulation. Unlike existing techniques, it oper-
ates without electrodes or external bias, enabling operando access
to dynamic EDLs at dielectric interfaces. The power of this
approach is particularly evident during solid-liquid phase tran-
sitions, where interfacial composition and electrostatic character
evolve continuously [34] (Figure 2A). When a dielectric polymer
contacts ice undergoing gradual melting, interfacial charge
transfer displays a pronounced nonmonotonic evolution. At low
temperatures, electron transfer dominates, characteristic of
solid-solid contact. As melting begins, the formation of micro-
scopic liquid domains enhances charge transfer, reflecting
increased interfacial interactions. This enhancement is transient:
once a continuous liquid film forms, the transferred charge de-
creases sharply and stabilizes at a lower level, signaling the
establishment of an EDL at the dielectric solid-liquid interface. In
this regime, the triboelectric signal no longer reflects direct
electron exchange but encodes EDL formation and maturation
through surface charge screening.

Once formed, the EDL enters a steady-state regime, with its
structure and screening strength continuously modulated by
electrolyte concentration. The TENG probe provides direct access
to this dynamic evolution [35] (Figure 2B). At low ionic strength,
limited ion availability leads to weak screening and modest
charge transfer. As concentration increases, the transferred
charge rises, consistent with the development of a more compact
interfacial layer. Beyond an intermediate concentration, further
increases in ionic strength suppress charge transfer as dense ionic
packing enhances electrostatic screening and inhibits additional
electron and ion exchange. The triboelectric response thus pro-
vides a steady-state readout of EDL compactness at dielectric-
liquid interfaces. Beyond concentration effects, interfacial
charge transfer is particularly sensitive to qualitative EDL reor-
ganization induced by ionic asymmetry [36] (Figure 2C). For
symmetric electrolytes, such as LiCl, increasing concentration
monotonically suppresses charge transfer while preserving po-
larity, indicating progressive screening without altering the
charge-compensation mechanism. In contrast, asymmetric elec-
trolytes composed of ions with disparate size, hydration, or
mobility exhibit concentration-dependent polarity inversion. At
low concentrations, interfacial charging follows conventional
trends dominated by electron transfer and counterion accumu-
lation. Above a critical concentration, the net transferred charge
reverses sign, signaling a reorganization of interfacial charge
distribution rather than simple enhancement of screening. This
polarity inversion reflects a nonclassical restructuring of the EDL.
At high ionic strength, asymmetries in ion size and mobility drive
preferential accumulation of specific species within the Stern

A 24 . . . B
! ! n ; ] | v
L ' H ! o~
) : | ! 5
8 [ Ena
£ Lo : :' s
4 i i : N
9o I i |
] K .
| | 1
v : ' :
L] 100 200 300 400
Time (s) 1
] n v
I o O e @ 2 0 o0
e o o [
Soo0oe@eo0o00O0 - o o no °
-] o o o o O o | @ o
. ° o o 0 lg.lo.o.o.o.o.o.
c Symmetric alectrotytn Larger anion slectrolyte Larger cation electrolyte D

Lower concerration

Lower concendration Lower r.(.meentmlon

-—.-:_-———--g-—-;}g _____ Al = - -
£
e o ] vy 1S e .3 . ]

Dicloctric surface [] Distectric surface 5 Dielectric surface

Larger anion slectrolyte
Migher concentratian

Symmetric slectrolyle

Highar concantration Higher concentrations

aade|
LU

=3t i

o D s © O
Diedectric surface

i

nkny damig
-
|

Dialsctric surface 2

FIGURE 2 | A unified triboelectric framework for probing dielectric-liquid EDLs in dynamic and steady-state environments. (A) TENG probe of
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EDL formation during solid-liquid phase transition. Reproduced with permission from Ref. [34]. Copyright 2024, Elsevier. (B) TENG probe of steady-
state EDL modulation by electrolyte concentration. Reproduced with permission from Ref. [35]. Copyright 2024, Wiley. (C) TENG probe of EDL
reorganization induced by ionic asymmetry. Reproduced with permission from Ref. [36]. Copyright 2025, The Authors. (D) Perspectives of the

TENG probe of dielectric-liquid EDLSs.
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layer, producing local charge overcompensation. Correlative
measurements and simulations indicate that this transition oc-
curs without collapse of the overall EDL: the inner and outer
Helmholtz layers remain spatially defined, whereas the distri-
bution of ionic populations is fundamentally altered. The TENG
probe thus provides a direct bias-free measure of EDL symmetry
breaking and charge inversion at dielectric solid-liquid in-
terfaces, phenomena challenging to resolve with potential-based
methods. By capturing EDL formation during phase transitions,
steady-state modulation by electrolyte concentration, and reor-
ganization driven by ionic asymmetry, interfacial charge transfer
establishes a unified framework for interrogating dielectric
solid-liquid EDLs across nonequilibrium and equilibrium re-
gimes. Beyond its role as a physical phenomenon, contact elec-
trification is reframed here as a powerful interfacial probe,
revealing previously hidden electrostatic dynamics.

4 | Perspectives and Challenges

The implications of the TENG probe extend far beyond meth-
odological innovation (Figure 2D). Firstly, direct experimental
access to dielectric-liquid EDLs enables systematic exploration
of interfacial dynamics under high ionic strength and chemi-
cally complex conditions, including seawater [37], concentrated
brines [38], ionic liquids [39], and biological fluids [40], regimes
where classical EDL models and conventional probes often fail
due to strong screening, ion-ion correlations, and steric effects.
By directly reporting net interfacial charge redistribution,
triboelectric measurements retain sensitivity even when Debye
lengths collapse to the nanometer scale. Secondly, beyond
equilibrium systems, interfacial charge transfer provides a
unique route to interrogating dynamic and nonequilibrium in-
terfaces [41-45]. Processes, such as phase transitions, wetting
and dewetting, evaporation, and flow-induced charging, are
intrinsically transient and spatially heterogeneous, yet remain
difficult to access using steady-state electrochemical techniques.
By coupling interfacial dynamics directly to electrical output,
TENG probe enables real-time tracking of EDL formation,
reorganization, and dissipation under evolving mechanical and
hydrodynamic conditions. Thirdly, access to dielectric
solid-liquid EDLs reframes electrically insulating materials as
active electrostatic interfaces rather than passive boundaries
[46-52]. Direct probing enables the rational design of surface
chemistries and interfacial architectures, allowing ionic
adsorption, screening strength, and charge polarity to be tuned
via material selection and electrolyte composition. This capa-
bility has broad implications for separation, antifouling, catal-
ysis, and interfacial sensing, where electrostatic interactions
play a central role in determining performance. Last but not
least, integrating the TENG probe with emerging iontronic and
energy-information coupling systems underscores the broader
role of EDLs as dynamic transducers bridging ionic and elec-
tronic degrees of freedom [53-57]. In this framework, EDLs are
no longer merely equilibrium screening layers, but program-
mable interfacial entities that mediate coupled flows of charge
that are carriers of energy and information.

Despite its promise, several challenges must be overcome before
the TENG probe of dielectric solid-liquid EDLs can achieve

quantitative generality. The most critical challenge is the lack of
rigorous relationships linking measured triboelectric output to
fundamental EDL parameters. Although qualitative trends, such
as screening, concentration-dependent suppression of charge
transfer, and polarity inversion, are robust, quantitative inter-
pretation remains difficult because the measured signal in-
tegrates multiple coupled processes, including electron transfer,
ionic migration, interfacial polarization, and fluidic dynamics.
Developing unified theoretical frameworks that explicitly con-
nect triboelectric charge generation to EDL structure and dy-
namics is therefore essential. A second challenge lies in spatial
resolution. Triboelectric measurements typically yield area-
averaged readouts, which, though sensitive to net charge reor-
ganization, obscure nanoscale heterogeneity arising from surface
roughness, chemical inhomogeneity, and transient contact ge-
ometries. Key EDL phenomena, including localized charge
inversion and Stern-layer restructuring, occur below the effective
resolution of current approaches, necessitating integration with
spatially resolved techniques or the development of localized
contact architectures. Finally, the intrinsically multiphysical
nature of solid-liquid contact electrification complicates repro-
ducibility and cross-system comparison. Mechanical motion,
electrostatics, interfacial chemistry, and fluid dynamics are
tightly coupled, particularly under nonequilibrium conditions,
rendering triboelectric signals sensitive to parameters such as
contact force, velocity, and droplet morphology. Establishing
standardized protocols and identifying dimensionless descriptors
governing interfacial charging will be critical. Addressing these
challenges requires close integration of experiment, theory, and
simulation and should be viewed not as fundamental limitations
but as natural consequences of probing a previously inaccessible
interfacial regime.

5 | Conclusions and Outlook

In summary, although EDLs have long been central to inter-
facial science, their experimental characterization has
remained constrained by electrochemical electrode-based par-
adigms, leaving dielectric solid-liquid interfaces largely unex-
plored. This perspective highlights interfacial charge transfer as
a fundamentally distinct approach, transforming contact elec-
trification from a phenomenological observation into a
powerful bias-free probe of interfacial charge organization. By
directly transducing interfacial structure into measurable
electrical signals, the TENG probe accesses regimes inacces-
sible to conventional electrochemical methods. Recent studies
demonstrate its capacity to capture EDL formation, steady-state
modulation, and qualitative reorganization, including charge
inversion under high ionic strength and asymmetry. Collec-
tively, these findings establish dielectric solid-liquid EDLs as
dynamic adaptive structures that cannot be fully inferred from
classical electrode-based measurements. More broadly, TENG
probe signals a conceptual shift in interfacial science, from
externally imposed electrochemical control to intrinsic, self-
consistent interrogation of interfacial charge organization,
and promises to extend the reach of interfacial studies well
beyond the confines of electrodes, deepening our understand-
ing of charge organization and dynamics at solid-liquid
interfaces.
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