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Scavenging Energy and Information through Dynamically
Regulating the Electrical Double Layer

Xiang Li, Zhong Lin Wang,* and Di Wei*

The electrical double layer (EDL) between solids and liquids serves as the
primary interface for ionic-electronic coupling and is pivotal in nanoscale
phenomena, governing electric field effects, ion transport, surface
interactions, etc. Dynamically regulating the EDL through mechanical or
electrostatic methods can influence charge carrier behavior, thereby impacting
energy scavenging and storage processes. This regulation enabled efficient
energy scavenging by governing ionic migration and optimizing charge carrier
concentration at the interface, presenting a novel avenue to achieve efficient
energy and information flow. Here, various scavenging energy and
information devices through dynamically regulating the EDL are
systematically reviewed. They are classified into three groups by regulating
the distribution and movement of charge carriers throughout the entire EDL,
diffuse layer, and Debye length range. The review provided a comprehensive
overview of the operating principles, influencing factors, output
characteristics, and typical applications, along with a discussion on future
challenges. This holistic examination offers researchers valuable insights for
evaluating their applicability in various scenarios.
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1. Introduction

Since the mid-19th century, fossil fuels
such as coal and oil have been pivotal
energy sources, fueling global industri-
alization and economic expansion.[1–4]

Nonetheless, their finite nature and en-
vironmental repercussions, including
climate change and pollution, underscore
the imperative for transitioning to sustain-
able alternatives.[5–9] With the emergence
of the Internet of Things (IoT)[10–13] and
artificial intelligence (AI), the need for
efficient distributed energy resources has
been accentuated, intensifying the urgency
of this transition.[14–18] In natural environ-
ments, water stands as one of Earth’s most
abundant resources,[19–22] offering unique
advantages as a renewable energy source
due to its widespread distribution and vast
reserves. The oceans,[23–27] rivers,[28–31]

raindrops,[32–34] and evaporation[35–38] con-
stitute vital elements of water energy,
with reserves exceeding 75 TW,[39,40]

promising abundant energy resources for humanity. Harness-
ing this energy could potentially satisfy a significant por-
tion of the global demand, estimated at 18 TW.[41] However,
the random[42–44] and low-frequency[45–48] nature of water en-
ergy, characterized by wave undulations[49–52] and river flow
variations,[53–55] poses challenges for conventional electromag-
netic generators.[56–60] Addressing these challenges necessitates
the development of efficient and streamlined energy scavenging
mechanisms. Overcoming the inherent complexities of scaveng-
ing energy from water can unlock its full potential, promoting
sustainable development and enhancing global energy security.

The interface between solids and liquids, influenced by the
abundance and cyclic nature of water resources,[61–64] occupies
a central position on Earth.[65–69] Within this interface, the in-
terplay of charge transfer and ion adsorption gives rise to the
electrical double layer (EDL),[70–73] profoundly shaping physi-
cal and chemical properties.[74–79] Its significance extends be-
yond regulating chemical reactions and solute adsorption to en-
compass interface stability and ion transport, which are cru-
cial for technologies such as batteries,[80–83] supercapacitors,[84–87]

and chemical sensors.[88–91] Recent research highlighted the po-
tential of dynamically regulating the EDL to control ionic mi-
gration, facilitating efficient electrical current generation.[92–96]

This breakthrough laid the foundation for advancements in
energy scavenging and storage, particularly in the effective
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harnessing of water energy.[97–100] Novel methodologies like
solid-liquid triboelectric,[101–104] hydrovoltaic,[105–108] and osmotic
power[109–112] technologies have emerged as solutions for scav-
enging high-entropy energy from natural environments. Simul-
taneously, the sensitivity of the EDL to external stimuli has
facilitated the development of self-powered information flow
fields,[113–118] applicable in human-machine interaction[119–123]

and interface probes.[124–127] Hence, dynamic regulation of the
EDL represents a promising pathway toward enhancing both
energy and information flow,[128] with far-reaching implica-
tions for the development of intelligent, autonomous, and ef-
ficient IoT and AI systems. This pioneering approach holds
substantial promise across diverse application contexts in en-
ergy scavenging and self-powered systems. In recent years, no-
table progress has been achieved in this domain, culminat-
ing in the establishment of a relatively comprehensive research
framework.

The energy scavenging device assumes a pivotal role in en-
ergy infrastructure, with its internal operational mechanisms
profoundly influencing the stability, efficiency, and power out-
put of electricity. In this context, it is imperative to conduct a
comprehensive review of pertinent scavenging energy devices,
focusing on the dynamically regulated components within the
EDL. The objective is to effectively integrate output performance
with operational mechanisms. This review comprehensively an-
alyzed the evolution of EDL models, from the initial Helmholtz
model[129] proposed for conductor surfaces to the latest “two-
step” model[130,131] applicable to dielectric surfaces. This analysis
offered a crucial theoretical framework for enhanced comprehen-
sion and application of the EDL. As per the “two-step” model, en-
ergy scavenging devices could be categorized into three groups by
regulating the distribution and mobility of charge carriers across
the entire EDL, diffuse layer, and Debye length range, as illus-
trated in Figure 1. Initially, in dynamically regulating the entire
EDL, mechanical force could move the EDL boundary, inducing
directional ionic migration and generating a low-amplitude con-
stant current.[105,132–134] Additionally, the charge distribution in
the EDL could be controlled via electrostatic force to induce di-
rectional ionic migration, thereby generating high-voltage alter-
nating current (AC) signals.[128,135–137] Second, regulating the dif-
fuse layer involved moving its boundary on the dielectric surface,
maintaining a stable EDL. This induced the alternating trans-
fer of electrons between charge-collecting electrodes, generat-
ing AC high-voltage output.[101,138–140] Another method involved
supplementing the diffuse layer on the dielectric surface with
the ionic charge generated by the solid-liquid CE. This created
a concentration gradient that drove the directional migration of
ions to regulate electron transfer, generating high-power den-
sity instantaneous direct current (DC) ionic-electronic coupling
output.[128] Third, dynamically regulating the Debye length range
of the EDL involved utilizing the ionic concentration gradient or
evaporation effect to drive specific polar ions through charged
nanochannels in liquid environments, resulting in a constant
current signal.[109,141–143] Alternatively, within high-humidity en-
vironments, the ionic concentration gradient could drive ions
to migrate rapidly through 2D nanofluidic channels.[144–147] This
not only enhanced constant current output efficiency but also ex-
panded application possibilities. Furthermore, typical application
scenarios of energy scavenging devices were demonstrated to val-

idate their practical efficacy and potential applications in energy
scavenging fields[148–150] and self-powered systems.[151–153]

2. The Evolution of the EDL Model

2.1. The EDL Model at the Conductor Interface

The EDL typically refers to a configuration comprising two layers
of opposing charges in close proximity to the solid surface when
in contact with a liquid. This structure significantly influences
electrochemical properties, charge transfer dynamics, and chem-
ical reactions occurring at the interface. Consequently, its com-
position and structure have been extensively investigated as dis-
played in Figure 2. The earliest Helmholtz EDL model, proposed
in 1853,[129] illustrated that when a charged electrode was im-
mersed in an electrolyte solution, two layers of opposite-polarity
ions formed within molecular-scale distances near the electrode
surface (Figure 2a). The Helmholtz model laid the groundwork
for subsequent investigations into charge distribution, potential
differences, and the kinetics of electrochemical reactions on elec-
trode surfaces. However, it did not account for ionic diffusion
and adsorption in the solution, nor did it consider interactions
between the solvent and the electrode. In the early 20th century,
the Gouy-Chapman model was introduced,[154,155] incorporating
the concept of the diffuse layer (Figure 2b). This model posited
that as the charge carried by the electrode increased, the diffuse
layer became more compact. As the charge carried by the elec-
trode increased, the diffuse layer became denser in the model.
Ionic charge distribution exhibited a functional relationship with
the distance to the electrode surface, decreasing exponentially un-
til reaching the bulk solution, influenced by ionic interaction and
thermal motion. Closer to the electrode surface, higher charge
concentrations prevailed due to the dominance of electrostatic
forces over thermal effects, while farther away, the electrostatic
effect weakened, resulting in lower charge concentrations. In the
1920s, the Stern model was proposed[156,157] (Figure 2c), building
upon and refining previous models. This model provided a more
precise depiction of the EDL structure and charge distribution
on the conductor surface. The Stern layer, delineated by distance
from the electrode surface, comprised an Inner Helmholtz Plane
(IHP) and an Outer Helmholtz Plane (OHP). The IHP, closest to
the electrode surface, consisted of specifically adsorbed ions and
solvent molecules, influenced by both electrostatic and chem-
ical interactions. Meanwhile, the OHP represented a charged
plane formed by solvated ions, often involving nonspecific ad-
sorption, with solvated ions interacting solely through long-range
electrostatic forces with the electrode surface. The diffuse layer,
extending from the OHP to the bulk solution, primarily con-
sisted of free ions in the solution, influenced by both electro-
static force and thermal motion. The combined width of the Stern
layer and the diffuse layer typically fell within the Debye length
range. This parameter, crucial for describing ion interactions
in solution, represented a specific scale of interaction strength
between ions. The Debye length of the EDL typically depends
on the concentration of electrolytes and the dielectric constant
of the medium.[158–160] In dilute electrolyte solutions, the Debye
length may be longer, whereas, in concentrated ones, it may be
shorter. Generally, the Debye length of the EDL typically ranges
from 0.2–20 nm.[161–163] The Stern model has found wide-ranging
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Figure 1. As per the “two-step” model, energy scavenging devices could be categorized into three groups by regulating the distribution and mobility
of charge carriers across the entire EDL, diffuse layer, and Debye length range. a–d) Regulation of the entire EDL.[105,128,132,135] e–h) Regulation of
the diffuse layer.[101,128,138,139] i–l) Regulation of the Debye length range. Reproduced with permission.[141,142,144,145] a) Copyright 2015, WILEY-VCH.
b) Copyright 2014, Springer Nature. c) Copyright 2016, The Authors. d) Copyright 2023, Elsevier Inc. e) Copyright 2013, WILEY-VCH. f) Copyright 2021,
American Chemical Society. g) Copyright 2020, Springer Nature. h) Copyright 2023, Elsevier Inc. i) Copyright 2021, Springer Nature j) Copyright 2018,
American Association for the Advancement of Science. Distributed under a Creative Commons Attribution NonCommercial License 4.0. k) Copyright
2021, the author(s) retains copyright to individual articles, and the NAS retains an exclusive license to publish these articles and holds copyright to the
collectivework. l) Copyright 2024, Springer Nature.

applications in fields such as energy scavenging/storage, chemi-
cal sensing, and environmental monitoring, serving as a funda-
mental theoretical framework for investigating charge transfer
processes at the conductor-liquid interface.

2.2. The “Two-Step” EDL Model at the Dielectric Interface

The three models aforementioned mainly focused on the
conductor-liquid interface, neglecting the interaction between
the dielectric and the liquid. To explore the charge distribu-
tion within the EDL at the dielectric-liquid interface, Lin et al.
conducted a series of nanoscale charge decay experiments in
2020,[164,165] as depicted in Figure 3. These experiments yielded
crucial insights into the charge transfer mechanism at the
nanoscale level. The initial charge density on the dielectric
surface was determined using Kelvin Probe Force Microscopy

(KPFM). Subsequently, controlled sliding of deionized (DI) wa-
ter droplets on the dielectric surface induced solid-liquid contact
electrification (CE), facilitating the transfer of charges from the
liquid to the dielectric surface (Figure 3a). To distinguish between
ions and electrons, the dielectric was heated to 513 K for 10 min.
According to thermionic emission theory, electrons reach high
energy levels at this temperature, facilitating their emission from
the dielectric surface, while ions remain attached to the surface
due to potential covalent bonds[166,167] (Figure 3b). Using SiO2 as
an example, the initial charge density increased to −0.8 μC cm−2

upon contact with DI water, decreasing to −0.18 μC cm−2 af-
ter heating, confirming electron emission (Figure 3c). Mean-
while, charges remaining on the dielectric surface were identi-
fied as ions. As available charge positions became occupied, the
exchange mechanism between solid and liquid ceased, confirm-
ing the presence of both electrons and ions during dielectric-
liquid CE. The hydrophilicity of dielectric materials significantly
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Figure 2. The evolution of the EDL model at the conductor interface. a) The Helmholtz model. b) The Gouy-Chapman model. c) The Stern model.

influences charge transfer during solid-liquid CE processes. Lin
et al. conducted nanoscale charge decay experiments in 2020 to
explore these effects[168] (Figure 3d). Results revealed that while
charge decay curves followed thermionic emission theory across
all-dielectric surfaces, the proportions of transferred ions and
electrons varied considerably. For instance, when AlN (hydropho-
bic) contacted DI water, over 88% of the transferred charge was
electrons, contrasting with Si3N4 (hydrophilic), where electrons
accounted for only ≈30%. This discrepancy stems from vary-
ing hydrophilic properties of dielectric surfaces, affecting inter-
action strength between water molecules and dielectric atoms.
Stronger interactions on hydrophilic surfaces facilitate ionization
reactions, favoring ion dominance in charge transfer, whereas
hydrophobic surfaces favor electron transfer. Moreover, during
thermionic emission, charge density on some dielectric sur-
faces decayed, indicating polarity consistency between trans-
ferred electrons/holes and ions from liquid to solid. Notably, ex-
periments demonstrated independent behavior between electron
and ion transfer during liquid-solid CE processes.

The “two-step” EDL model was introduced by Wang et al.
in 2019, encapsulating electron transfer and ion adsorption
processes.[130,131] Illustrated in Figure 4a, this model provided a
comprehensive depiction of charge transfer and EDL structure
at the dielectric-liquid interface. Initially, upon contact with the
dielectric surface, electrons transferred from water molecules to
solid atoms due to electronegativity differences, alongside po-
tential ionization reactions on the solid surface. This led to the
simultaneous accumulation of electrons and ions, forming the
IHP. Subsequently, electrostatic attraction between IHP and op-
positely charged ions in the liquid generated the OHP near the
charged dielectric surface. Together, IHP and OHP formed a
dense Stern layer with a specific polar net charge, while a diffuse
layer comprised ions less tightly bound to the surface. Figure 4b
illustrates the “two-step” EDL model, integrating electron trans-
fer and ion adsorption processes to offer a comprehensive frame-
work. This model not only elucidates electronic-ionic interactions
but also advances the understanding of solid-liquid interface be-
havior, fostering innovation in interface research. In the EDL
structure, both the Stern model at the conductor surface and the

“two-step” model at the dielectric surface comprise Stern and dif-
fuse layers, with widths typically within the Debye length range.
Dynamic regulation of charge carrier distribution and movement
across the entire EDL, diffuse layer, and Debye length range via
mechanical or electrostatic forces enables the construction of en-
ergy scavenging devices.

3. Energy Scavenging Devices Based on Dynamic
Regulating the Entire EDL

3.1. Moving the EDL Boundary on the Solid Surface

3.1.1. Moving the EDL Boundary on the Dielectric Surface

Mechanical force applied to move the entire EDL boundary on
the dielectric surface could prompt the directional migration of
free ions within the diffuse layer, inducing the DC ionic cur-
rent, as shown in Figure 5. Upon dropping the first droplet onto
the initial dielectric surface, the solid-liquid CE effect was initi-
ated, triggering charge transfer and EDL formation (Figure 5a).
According to the “two-step” EDL model, a Stern layer with net
negative charges formed on the dielectric surface, tightly adher-
ing to the solid surface, while positive charges in the diffuse
layer remained free and capable of directional migration with
droplet movement. As the droplet continued to slide, the entire
EDL boundary extended forward, leading to charge carrier re-
distribution at the solid-liquid interface and an incremental in-
crease in positive charges within the diffuse layer (Figure 5b).
When the droplet slid off the dielectric surface, positive charges
in the diffuse layer contacted the electrode surface, inducing uni-
directional electron transfer and generating the DC ionic current
(Figure 5c). As subsequent droplets traversed the dielectric sur-
face, the densely adhered Stern layer could gradually form, im-
peding ongoing charge transfer between the droplets and the
solid surface. Consequently, the amount of positive charge car-
ried in the diffuse layer of the droplets sliding through the di-
electric surface might decrease, weakening the induced ionic
current (Figure 5d). This process involves a sophisticated inter-
play of mechanical force, charge transfer dynamics, and EDL
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Figure 3. The nanoscale charge decay experiments based on the thermionic emission effect were carried out by Lin et al. in 2020. a) DI water droplets
slid on the dielectric surface, and charges were transferred from the liquid to the dielectric surface. Reproduced with permission.[164] Copyright 2020,
The Author(s). Distributed under the terms of the Creative Commons CC BY license. b) The principle of thermionic emission. c) The ionic charge density
on the SiO2 surface gradually increased with successive progress of thermionic emission. Reproduced with permission.[165] Copyright 2024, Elsevier
Inc. d) The hydrophilicity of dielectric materials played a crucial role in the transferred proportion of ions and electrons during the dielectric-liquid CE
process. Reproduced with permission.[168] Copyright 2020, Wiley-VCH.
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Figure 4. The “two-step” EDL model at the dielectric-liquid interface was proposed by Wang et al. in 2019. a) The “two-step” formation process incor-
porated both electron transfer and ion adsorption mechanisms. Reproduced with permission.[131] Copyright 2022, American Chemical Society. b) The
EDL structure and charge composition of the “two-step” model.

Figure 5. Mechanical force applied to move the entire EDL boundary on the dielectric surface could prompt the directional migration of free ions
within the diffuse layer, inducing the DC ionic current. a) Upon dropping the first droplet onto the initial dielectric surface, the solid-liquid CE effect
was initiated, triggering charge transfer and EDL formation. b) As the droplet continued to slide, the entire EDL boundary extended forward, leading to
charge carrier redistribution at the solid-liquid interface and an incremental increase in positive charges within the diffuse layer. c) When the droplet slid
off the dielectric surface, positive charges in the diffuse layer contacted the electrode surface, inducing unidirectional electron transfer and generating
the DC ionic current. d) As subsequent droplets traversed the dielectric surface, the densely adhered Stern layer could gradually form, impeding ongoing
charge transfer between the droplets and the solid surface and weakening the induced ionic current.
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behavior on the dielectric surface, leading to the generation of
the DC signal. A comprehensive understanding of these mech-
anisms is essential for various applications involving surface in-
teractions and energy scavenging.

The capability to dynamically regulate the entire EDL on di-
electric surfaces has paved the way for controlling surface prop-
erties, manipulating fluid behavior, and generating electrical sig-
nals. In 2005, Heyden et al. introduced a technique for dynam-
ically regulating the entire EDL on dielectric material surfaces,
subsequently laying the groundwork for the development of en-
ergy scavenging devices,[169] as demonstrated in Figure 6a. They
observed that when an electrolyte solution was driven through a
SiO2 nanochannel, it generated a streaming current of around a
hundred picoamperes, marking an early exploration of leverag-
ing dynamic EDL manipulation for energy scavenging. Experi-
mental findings revealed that the short-circuit current (ISC) am-
plitude generated by the device correlated with the nanochannel
height, electrolyte solution concentration, and applied pressure.
Increasing nanochannel height augmented the solid-liquid con-
tact area, facilitating charge transfer during contact electrification
and elevating the ionic content in the diffuse layer. Consequently,
ISC amplitude continuously increased (Figure 6b). Solution con-
centration below 10−4 m effectively enhanced solution conductiv-
ity, reducing device internal resistance and consequently boost-
ing current amplitude. However, exceeding 10−3 m led to rapid
Stern layer formation on the SiO2 surface, impeding further
charge transfer and resulting in reduced diffuse layer charge
and subsequent current amplitude decrease. Elevated liquid pres-
sure accelerated the directional migration of ionic charges in the
diffuse layer, enhancing output performance (Figure 6c). Addi-
tionally, charge transfer direction differences during solid-liquid
CE due to dielectric material electronegativity significantly influ-
enced device performance. Flowing KCl solution through SiO2
surfaces resulted in the positively charged diffuse layer, while on
the polylysine surface, they became negatively charged, indicat-
ing opposing charge distributions in the EDLs formed at two
dielectric-liquid interfaces. In 2015, the microfluidic generator
(MFG) developed by Zhang and colleagues represented an ad-
vancement aimed at further improving output performance,[132]

as depicted in Figure 6d. This device was designed to gener-
ate a more efficient constant current by driving a KCl solution
to slide on a Polydimethylsiloxane (PDMS) prepolymer surface.
The experimental evidence indicated that the directional migra-
tion direction of ionic charges in the diffuse layer depended on
the flow direction of liquid, which in turn determined the di-
rection of the generated current (Figure 6e). Furthermore, the
experiments showcased the exceptional solution compatibility
of the device. Under consistent ionic concentrations, and as
long as the ions migrating directionally maintained the same va-
lence state in the solution, their output performance remained
nearly identical (Figure 6f). Leveraging microfluidic principles in
the MFG optimized fluid-surface interactions, enhancing charge
transfer and subsequently improving output performance. For
instance, when a 1 μm KCl solution flowed through the device
at a rate of 0.1 mL min−1, it generated a constant current of
1.75 nA.

In addition to external mechanical driving, the EDL bound-
ary could also be influenced by liquid evaporation. In 2022, Chi
et al. introduced a liquid-solid triboelectric nanogenerator (L-S

TENG),[170] harnessing the combined effects of liquid evapora-
tion and capillary forces. This setup facilitated DI water flow
within the Al2O3 ceramic sheet, initiating the triboelectric charg-
ing process and generating electrical output, as displayed in
Figure 6g. Experiments confirmed that controlling the sealing of
environments could regulate liquid evaporation, ensuring con-
tinuous liquid flow within nanochannels and stable electrical
output (Figure 6h). Moreover, increasing environmental temper-
ature or wind speed could enhance liquid evaporation, effec-
tively boosting electric current amplitude (Figure 6i). This high-
lighted the significance of environmental factors in optimizing
energy-scavenging device performance and suggested strategies
for enhancing efficiency. The optimized L-S TENG demonstrated
promising capabilities, with performance metrics of 0.3 μA ISC
and 0.7 V open-circuit voltage (VOC), suitable for various self-
powered systems and energy scavenging applications. However,
extended liquid flow over the solid surface might lead to the for-
mation of a dense Stern layer, potentially inhibiting subsequent
charge transfer and compromising device output stability. To
tackle this challenge, Dong et al. developed a gas-liquid two-phase
flow-based triboelectric nanogenerator (GL-TENG) in 2022,[171]

as illustrated in Figure 6j. This innovative design countered the
dense Stern layer by utilizing dielectric breakdown. It optimized
the contact area and sliding velocity between deionized water
and the polytetrafluoroethylene (PTFE) tube via gas-liquid two-
phase flow dynamics, promoting solid-liquid charge exchange.
This enhanced ion mobility and charge content within the dif-
fuse layer, ensuring stable current output. During continuous
operation, accumulated charge triggered dielectric breakdown,
generating a pulse current and resetting the state of the tube
(Figure 6k). Overall, incorporating dielectric breakdown mecha-
nisms into GL-TENG designs could lead to improved device sta-
bility and more efficient energy scavenging. It could generate an
extremely high ISC of 867 μA (Figure 6l), a VOC of 3789 V, and a
volumetric peak power density (PR) of 143.6 mW cm−3.

3.1.2. Moving the EDL Boundary on the Charge Collecting Layer of
the Dielectric Substrate

When the dielectric surface was coated with an ultra-thin con-
ductor layer, the movement of the boundary of the entire EDL
on its surface could also generate the DC electrical signal. The
charge collecting layer facilitates low-resistance charge transport,
minimizing losses and maximizing DC signal amplitude. As
the EDL boundary moved, ions in the diffuse layer migrated di-
rectionally, as illustrated in Figure 7. When a DI water droplet
was deposited onto an ultra-thin charge-collecting layer, it pene-
trated the layer and contacted the underlying dielectric substrate.
This interaction initiated solid-liquid charge exchange, result-
ing in the formation of an EDL near the charge-collecting layer
(Figure 7a). As the droplet was propelled along the surface of the
charge-collecting layer, the boundary of the entire EDL extended
forward with the droplet, giving rise to a new segment at the
leading edge of the droplet. Consequently, an asymmetric EDL
was established between the region rich in charge at the rear of
the droplet and the region with sparse charge at the front. This
asymmetrical charge distribution within the EDL engendered
a concentration gradient, propelling directional ion migration
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Figure 6. A series of energy scavenging devices were developed based on moving the entire EDL boundary on the dielectric surface. a) A technique for
dynamically regulating the entire EDL on dielectric material surfaces was introduced by Frank et al. in 2005.[169] b) The ISC was related to the height of
the nanochannel and the ionic concentration. c) The ISC was also related to the pressure on the liquid and the electronegativity of dielectric materials.
a–c) Reproduced with permission.[169] Copyright 2024, American Physical Society. d) The MFG was developed by Zhang and colleagues in 2015.[132]

e) The direction of the generated current depended on the flow direction of the liquid. f) The MFG exhibited exceptional solution compatibility. d–f)
Reproduced with permission.[132] Copyright 2015, Wiley-VCH. g) The L-S TENG was developed by Chi et al. in 2022,[170] harnessing the combined effects
of liquid evaporation and capillary forces. h) Controlling the sealing of environments could regulate liquid evaporation, ensuring continuous liquid flow
within nanochannels and stable electrical output. i) Increasing environmental temperature or wind speed could enhance liquid evaporation, effectively
boosting electric current amplitude. g–i) Reproduced with permission.[170] Copyright 2022, The Authors. Distributed under the terms of the Creative
Commons CC BY license. j) The GL-TENG based on the solid-liquid CE and dielectric breakdown was developed by Dong and his colleagues in 2022.[171]

k) During continuous operation, accumulated charge triggered dielectric breakdown, generating a pulse current and resetting the state of the tube.
l) The GL-TENG could generate an extremely high ISC of 867 μA. j–l) Reproduced with permission.[171] Copyright 2012, American Association for the
Advancement of Science. Distributed under a Creative Commons Attribution NonCommercial License 4.0.

within the droplet. This, in turn, instigated corresponding charge
transfer within the charge collecting layer, culminating in the
generation of a DC ionic current (Figure 7b). Hence, mobilizing
the droplet across the charge-collecting layer surface of the dielec-
tric substrate through mechanical force to manipulate the EDL

boundary proved efficacious in power generation. This method-
ology exploited the reorganization of charges within the EDL to
instigate current flow, presenting opportunities for diverse ap-
plications. With prolonged sliding of the droplets, the poten-
tial formation of a compact Stern layer might ensue, potentially

Adv. Funct. Mater. 2024, 34, 2405520 © 2024 Wiley-VCH GmbH2405520 (8 of 37)
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Figure 7. When the dielectric surface was coated with an ultra-thin conductor layer, the movement of the boundary of the entire EDL on its surface could
also generate the DC electrical signal. a) When a DI water droplet was deposited onto an ultra-thin charge collecting layer, it penetrated the layer and
contacted the underlying dielectric substrate, which initiated solid-liquid charge exchange, resulting in the formation of an EDL near the charge collecting
layer. b) As the droplet was propelled along the surface of the charge collecting layer, the boundary of the entire EDL extended forward with the droplet,
which culminated in the generation of a DC ionic current.

impeding subsequent solid-liquid CE effects and consequently
diminishing device performance output.

Energy scavenging devices exploiting the manipulation of the
EDL boundary on the charge collecting layer surface of the dielec-
tric substrate have garnered considerable attention and have un-
dergone swift advancement in recent years. As early as 2014, Yin
et al. introduced a droplet-driven hydrovoltaic generator, thereby
highlighting the promise of this paradigm.[105] In this appara-
tus, the movement of a droplet across a single-layer graphene
surface on a PET (polyethylene terephthalate) substrate yielded a
millivolt-level VOC, as shown in Figure 8a. Experiments validated
that the direction of the generated potential depended on the slid-
ing direction of the droplet (Figure 8b). The ability to manipulate
the sliding direction of the droplet facilitates precise control over
the extension direction of the EDL, consequently shaping the for-
mation of the ionic concentration gradient within the asymmet-
ric EDL. This, in turn, governs the direction of ionic migration
and thereby regulates the generation of potential in a predeter-
mined direction. Both the velocity of sliding and the number of
droplets exert influence over the magnitude of the generated po-
tential (Figure 8c). Increasing the sliding speed of the droplet ac-
celerated the migration speed of ions within the EDL, thereby,
allowing more ions to be involved in creating the potential dif-
ference and amplifying the generated potential. Simultaneously,
when multiple droplets slid simultaneously on the graphene sur-
face in sequence, they induced the migration of ions in series,
leading to a cumulative effect and increasing the overall poten-
tial generated by the device. Further, the development of a wave-
driven hydrovoltaic generator proposed by Yin et al. in 2014 rep-
resented a significant advancement in such energy scavenging
technology,[172] as depicted in Figure 8d. Through systematic in-
sertion and withdrawal of a monolayer graphene sheet on the
PET substrate into and out of the liquid medium, the manip-
ulation of the EDL boundary could be orchestrated to harness
mechanical energy and convert it into instantaneous AC electri-
cal signals. Within this apparatus, the amplitude of the VOC gen-

erated during the graphene insertion process directly correlated
with the operational velocity, suggesting that elevating the oper-
ational speed could proportionally enhance the velocity of direc-
tional ion migration (Figure 8e). Nevertheless, when the pulling
velocity surpassed the critical dewetting threshold of graphene
from water, the resultant electric potential remained nearly in-
variant. Operating within a 0.6 m NaCl solution (akin to sea-
water), the hydrovoltaic generator exhibited higher VOC and ISC
based on the larger solid-liquid contact area and the relative mo-
tion speed. Employing two power generation units in series, the
VOC was increased to 80 mV, and the ISC reached 8 μA when con-
nected in parallel (Figure 8f).

Energy scavenging devices relying on the EDL boundary on
the charge collecting layer atop dielectric substrates epitomized a
forefront strategy for ocean energy extraction. To thoroughly ex-
plore the influence of dielectric substrate materials and charge
collecting layer thickness on device efficacy, and to authenticate
the charge transfer mechanism at the micro-interface, Yang et al.
undertook a sum-frequency vibrational spectroscopy investiga-
tion of a polymer-supported graphene-based hydrovoltaic gen-
erator in 2018,[173] as displayed in Figure 8g. Sum-frequency
vibrational spectra from various interfaces—solution-graphene,
solution-polymer, and solution-graphene/polymer—were ana-
lyzed. Experimental results showed exclusive ion adsorption onto
the polymer or graphene/polymer interface, with no adsorp-
tion observed solely on graphene. These findings support the
conclusion that charge transfer predominantly occurs at the
solid-liquid contact interface between the liquid and the dielec-
tric substrate. Additionally, a decrease in the sum-frequency sig-
nal was observed with an increase in graphene layers, indicat-
ing reduced ion adsorption on the graphene/polymer surface
(Figure 8h). Hence, graphene exhibited no active ion attraction,
functioning solely as a charge collecting layer to facilitate electron
transport. The interaction between ions and the polymer surface
was observed to be of short range, with graphene displaying a
mild shielding effect. Furthermore, the influencing factors of the
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Figure 8. Energy scavenging devices were developed based on moving the EDL boundary on charge collecting layer of dielectric substrates. a) A droplet-
driven hydrovoltaic generator was proposed by Yin et al. in 2014.[105] b) The VOC direction depended on the sliding direction of the droplet. c) Both
the sliding speed and the number of droplets could affect the VOC. a–c) Reproduced with permission.[105] Copyright 2014, Springer Nature. d) The
wave-driven hydrovoltaic generator proposed by Yin et al. in 2014.[172] e) The VOC during the insertion of graphene into the liquid was proportional to
the operating speed. f) By employing two power generation units in parallel, the ISC could reach 8 μA. d–f) Reproduced with permission.[172] Copyright
2014, Springer Nature. g) The charge transfer mechanism on the polymer-supported graphene-based hydrovoltaic generator was explored by Yang et al.
in 2018.[173] h) The sum frequency signal was reduced with an increase in the number of graphene layers. i) When employing dielectric materials with
stronger electronegativity or enhanced ionic adsorption capacity, the VOC could be improved. g–i) Reproduced with permission.[173] Copyright 2018,
American Chemical Socie. j) A nanogenerator utilizing MoS2 as the charge collecting layer was developed by Kumar et al. in 2021.[174] k) Employing
Si3N4/Si as the substrate resulted in the VOC exceeding 7 V. l) As the number of MoS2 layers increased, the generated VOC continuously decreased.
j–l) Reproduced with permission.[174] Copyright 2021, Elsevier B.V. m) In 2024, a DC-iontronic TENG capable of generating an ionic-electronic coupled
current was proposed.[175] n) Temporally controlling EDL formation could regulate the AC electronics displacement current of the conventional TENG,
thus enabling the DC ionic-electronic coupling output. o) As the ionic current increased, its regulatory effect on the electronic displacement current
became more pronounced. m–o) Reproduced with permission.[175] Copyright 2024, American Chemical Society.
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energy scavenging device could be further corroborated through
droplet drop experiments (Figure 8i). Employing dielectric ma-
terials possessing stronger electronegativity or augmented ionic
adsorption capacity effectively facilitated charge transfer and re-
distribution between solid and liquid, resulting in higher VOC
in the device. Hence, this study likely yielded valuable insights
into optimizing hydrovoltaic generator design and augmenting
energy scavenging efficiency. While employing graphene as a
charge collecting layer offered high current output owing to its
superior conductivity, it diminishes the VOC quickly in the energy
scavenging device due to its exceedingly low internal resistance,
thereby constraining practical applications. In contrast, utilizing
semiconductor materials to collect charges enabled both current
conduction and the generation of higher voltage output due to the
increased internal resistance. In 2021, Kumar et al. developed a
nanogenerator utilizing MoS2 as the charge collecting layer,[174]

as illustrated in Figure 8j. By facilitating the sliding of 0.6 m NaCl
solution droplets on the MoS2 surface, the generated potential
significantly surpassed that of energy scavenging devices relying
on graphene to collect charges. Its output was evaluated using
different dielectric substrates to ensure sufficient charge transfer
upon contact with the droplet (Figure 8k). Ultimately, employing
Si3N4/Si as the substrate resulted in a VOC exceeding 7 V. Addi-
tionally, experiments were conducted to verify the screening ef-
fect of the charge collecting layer on the charge transfer between
the droplet and the dielectric substrate. It was observed that as
the number of MoS2 layers increased, the generated VOC con-
tinuously decreased (Figure 8l). Thus, the output performance
of the device could be effectively regulated by selecting the di-
electric substrate materials and controlling the charge collecting
layer thickness. In addition to directly converting mechanical en-
ergy into electrical energy output, temporally controlling EDL for-
mation could also be used as a rectifier. Recently, we proposed
a DC-iontronic TENG capable of generating an ionic-electronic
coupled current,[175] as demonstrated in Figure 8m. By regulat-
ing the formation time of EDLs between the hydrogel and the
dielectric substrates, an ionic concentration gradient could be es-
tablished to drive the directional migration of ions, resulting in
stable ionic currents between charge collecting layers. It regu-
lated the AC electronic displacement current of the conventional
TENG, enabling the DC-iontronic TENG to produce DC outputs
(Figure 8n). The experiment showed that as the ionic current in-
creased, its effect on regulating the electronic displacement cur-
rent became more significant (Figure 8o).

3.2. Regulating the Charge Distribution in the EDL by
Electrostatic Fields

3.2.1. Regulating the Charge Distribution in the EDL by
Unidirectional Electrostatic Field

During the manipulation of the EDL boundary on the dielectric
surface, a compact Stern layer bearing net charges may form at
the solid-liquid interface as the droplet progresses, potentially im-
peding subsequent charge transfer. Apart from triggering dielec-
tric breakdown to eliminate net charges on the dielectric surface,
the electrostatic field generated by solid-solid CE could be lever-
aged to modulate the charge density within the Stern layer. This

regulation prompts the qualitative migration of free ions in the
diffuse layer, thereby engendering efficient power output. This
regulatory mechanism offers a specific avenue for optimizing en-
ergy scavenging processes, as shown in Figure 9. Upon contact
between the liquid and the upper surface of the electronegative
dielectric I, a stable EDL formed at the contact surface due to
solid-liquid CE (Figure 9a). Subsequently, when the electropos-
itive dielectric II, possessing higher electronegativity, contacted
dielectric I from the opposing side, solid-solid CE effects caused
electron transfer from the surface of dielectric I to dielectric II. As
dielectric II, now carrying electrons, moved away from dielectric
I, the positive electrostatic field on the surface of material I grad-
ually intensified (Figure 9b). This facilitated enhanced charge
transfer between the liquid and dielectric I, resulting in a higher
net negative charge density in the Stern layer. Consequently,
there was an increase in the concentration gradient of cations,
propelled away from the contact interface toward the charge col-
lecting electrode under electrostatic interaction, thereby inducing
electron transfer to the electrode surface and yielding a positive
ionic current. Upon adsorption of cations onto the electrode sur-
face, the directional migration of ions ceased (Figure 9c). As di-
electric II, carrying electrons, gradually returned to the surface
of dielectric I, the positive electric field on the surface of material
I was continually shielded. Under the electrostatic interaction of
net charges in the Stern layer, positive charges adsorbed on the
charge collecting electrode surface could be driven to migrate,
while electrons were induced to transfer out of the electrode sur-
face, resulting in a reverse ionic current (Figure 9d). Therefore,
utilizing electrostatic fields to regulate the charge density in the
Stern layer of the EDL showed promising potential for enhancing
ionic migration in the diffuse layer to facilitate AC output genera-
tion. Further exploration in this direction could lead to unlocking
new opportunities for energy scavenging.

Based on the dynamic regulation of the entire EDL via the
electrostatic field, Yi et al. successfully introduced a novel shape-
adaptive triboelectric nanogenerator (SA-TENG) in 2016,[135] as
shown in Figure 10a. This device utilized the positive electrostatic
field on the dielectric surface with lower electron affinity to pro-
pel the EDL at the contact interface between the sealed rubber
cover and the internal conductive liquid, resulting in efficient en-
ergy extraction. Experimental findings revealed that increasing
the separation distance between the dielectric material and the
rubber cover could significantly enhance the charge transfer of
the nanogenerator (Figure 10b). This enhancement might be at-
tributed to the controlled regulation of the separation distance,
allowing modulation of the electrostatic field intensity changes,
thereby regulating the net charge density in the Stern layer within
the EDL to modulate the directional ionic migration in the dif-
fuse layer. Moreover, altering the radius of the rubber cover fa-
cilitated regulations to the contact area with the internal con-
ductive liquid, potentially augmenting the content of free ions
in the diffuse layer and further enhancing the output perfor-
mance of the SA-TENG. Leveraging the insulating properties of
dielectric materials, energy scavenging devices employing elec-
trostatic fields to regulate the EDL were inclined to yield high-
voltage outputs, possibly owing to effective control over charge
distribution within the EDL. Consequently, the open-circuit volt-
age VOC of the SA-TENG in single-electrode mode could achieve
70 V (Figure 10c). Connecting the charge collecting layer on the
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Figure 9. The electrostatic field generated by solid-solid CE could be leveraged to modulate the charge density within the Stern layer to prompt the
qualitative migration of free ions in the diffuse layer, thereby engendering efficient power output. a) Upon contact between the liquid and the upper
surface of the electronegative dielectric I, a stable EDL formed at the contact surface due to solid-liquid CE. b) As dielectric II carrying electrons, moved
away from dielectric I, the positive electrostatic field on the surface of material I gradually intensified. c) Upon adsorption of cations onto the electrode
surface, the directional migration of ions ceased. d) As dielectric II gradually returned to the surface of dielectric I, positive charges adsorbed on the
charge collecting electrode surface could be driven to migrate, while electrons were induced to transfer out of the electrode surface, resulting in a reverse
ionic current.

back of the dielectric material with the conductive liquid en-
abled the PR of the SA-TENG in vertical contact-separation mode
to reach ≈0.2 mW cm−2. In 2019, Wu et al. developed a liq-
uid single-electrode TENG based on graphene oxide dispersion
(GO LS-TENG) to further investigate the effect of ionic concen-
tration in the conductive liquid on the output performance of
the device,[176] as depicted in Figure 10d. This GO LS-TENG uti-
lized the positive electric field carried by the human skin surface
to regulate the EDL at the contact interface between the PDMS
cover and the internal GO dispersion, thereby generating effec-
tive power output. The experimental findings revealed that the
ISC experienced a continuous increase as the GO concentration
in the dispersion rose from 0 to 10 mg mL−1 (Figure 10e). This
escalation was attributed to the increased ionic concentration
resulting from the hydrolysis of oxygen-containing functional
groups on the surface of GO within the dispersion. This increase
not only facilitated charge transfer at the solid-liquid interface,
thereby boosting the concentration of free ions in the diffuse
layer, but also reduced the internal resistance of the device, con-
sequently enhancing its output performance. However, when the
GO concentration reached 15 mg mL−1, the generated ISC started
to decrease. This decrease might be ascribed to the excessive ionic
concentration produced by hydrolysis, leading to the formation of

a dense Stern layer on the PDMS surface, which failed to effec-
tively shield the electrostatic field, thus impeding charge migra-
tion and diminishing the output performance of the LS-TENG.
Upon tapping with the palm, the GO LS-TENG exhibited notable
contact output performance, with a PR density of 0.50 mW cm−2

(Figure 10f). These findings underscored the potential of the fab-
ricated GO LS-TENGs to enable advanced functionalities in wear-
able technology, by offering a reliable and efficient energy scav-
enging solution that could conform to the dynamic and flexible
nature of wearable devices.

In addition to regulating the ionic concentration in the con-
ductive liquid, modifying the strength of the electrostatic field
could effectively regulate the output performance of the device. In
2019, Chen et al. developed a triboelectric nanogenerator featur-
ing a hierarchical micro-nanostructure (HM-TENG), proficient
in efficiently scavenging both mechanical energy and raindrop
energy,[177] as displayed in Figure 10g. In this TENG, a hierar-
chical micro-nanostructure was created on the elastomer surface
through electrospinning. The increased surface roughness sig-
nificantly augmented the microscopic contact area with the di-
electric film, boosting the electrostatic field strength. This facili-
tated the directional migration of more free ions at the elastomer-
ion conductor interface, leading to higher current output.
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Figure 10. The energy harvesting devices were developed based on dynamically regulating the charge distribution in the EDL by the electrostatic field.
a) The SA-TENG was developed by Yi et al. in 2016.[135] b) Increasing the separation distance between the dielectric material and the rubber cover
could significantly enhance the charge transfer of the nanogenerator. c) The VOC of the SA-TENG in the single-electrode mode could reach 70 V.
a–c) Reproduced with permission.[135] Copyright 2016, The Authors. Distributed under a Creative Commons Attribution NonCommercial License. d) The
GO LS-TENG was designed by Wu et al. in 2019.[176] e) The ISC experienced a continuous increase as the GO concentration in the dispersion rose from
0 to 10 mg mL−1. f) Upon tapping with the palm, the GO LS-TENG exhibited notable contact output performance, with a PR density of 0.50 mW cm−2.
d–f) Reproduced with permission.[176] Copyright 2019, Elsevier Ltd. g) The HM-TENG was constructed by Chen et al. in 2019.[177] h) Applying pressure
on the dielectric film surface increased elastomer deformation, further enhancing elastomer-dielectric film contact. i) The PR density of 0.72 mW cm−2

was obtained using an external load resistance of 13 MΩ. g–i) Reproduced with permission.[177] Copyright 2019, Elsevier Ltd. j) A fully transparent and
stretchable EC-TENG was proposed by Xia et al. in 2021.[178] k) The stronger electrostatic field could be constructed when the electronegativity difference
between the dielectric materials was larger, leading to higher performance by the EC-TENG. l) With a matching load of 40 MΩ, it achieved a maximum
output power of 0.17 mW cm−2. j–l) Reproduced with permission.[178] Copyright 2021, Elsevier Ltd.

Additionally, applying pressure on the dielectric film surface in-
creased elastomer deformation, further enhancing elastomer-
dielectric film contact (Figure 10 h). This strengthens the elec-
trostatic field, leading to higher electrical signals from the HM-
TENG. The optimized HM-TENG achieved a VOC of ≈170 V, an

ISC density of 12.5 μA cm−2, and a transferred charge (QSC) den-
sity of 24 nC cm−2. Additionally, the PR density of 0.72 mW cm−2

was obtained using an external load resistance of 13 MΩ
(Figure 10i). This study highlights the importance of mechani-
cal force in influencing TENG performance and underscores the
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Figure 11. In 2023, a triboiontronics system using bidirectional electrostatic fields via solid-solid CE was developed. a) In Stage I, DI water contacted
electronegative dielectric I, forming a stable EDL with a net negative charge. b) Electropositive dielectric material II, precharged with positive charges,
induced solid-solid CE with dielectric I, creating a positive electrostatic field in Stage II. c) After removing dielectric II in Stage III, its transferred electrons
created a negative electrostatic field, attracting hydrated cations to the solid-liquid interface and leading to a significant number of free anions in the
diffuse layer.

need for further research to fully exploit this technology in en-
ergy scavenging applications. Additionally, differences in elec-
tronic attraction between dielectric materials can affect charge
transfer during solid-solid CE, thereby regulating device output
performance. In 2021, Xia et al. developed a fully transparent and
stretchable triboelectric nanogenerator based on edible grade sil-
ica gel and crystal mud (EC-TENG) with ultra-high voltage out-
put, leveraging a significant electronegativity difference,[178] as
illustrated in Figure 10j. By selecting different dielectric mate-
rials to contact edible grade silica gel and generating solid-solid
CE effects, various electrostatic fields were constructed to regu-
late the EDL at the contact interface between the silica gel and
its inner crystal mud, resulting in diverse electrical signals. This
investigation aimed to probe the impact of electronegativity dif-
ference between dielectric materials on the output performance.
Experimental results demonstrated that a stronger electrostatic
field could be constructed when the electronegativity difference
between the dielectric materials was larger, leading to higher per-
formance by the EC-TENG (Figure 10k). With significant elec-
tronegativity contrast, pressing the stretchable EC-TENG with ni-
trile gloves at a frequency of 5 Hz resulted in ISC, VOC, and QSC
measurements of 25.96 μA, 1400 V, and 150 nC, respectively.
With a matching load of 40 MΩ, it achieved a maximum out-
put power of 0.17 mW cm−2 (Figure 10l). Introducing the influ-
ence of triboelectric sequence in the EC-TENG improved elec-
trical characteristics, enhancing energy scavenging capabilities.
Therefore, in energy scavenging devices relying on dynamically
regulating the charge distribution in the EDL by unidirectional
electrostatic field, incorporating liquid or gel sealing enhanced
the flexibility and deformability of these energy scavenging de-
vices, making them more suitable for wearable technology ap-
plications aimed at harvesting biomechanical energy or achiev-
ing self-powered information flow for monitoring biomechani-
cal motions. Future research could focus on fine-tuning design
parameters and exploring diverse applications of this technology
within self-powered wearable systems.

3.2.2. Regulating the Charge Distribution in the EDL by
Bidirectional Electrostatic Fields

Based on the “two-step” model, the EDL forms an exceptional
ionic-electronic coupling interface in iontronics. Iontronics sig-
nifies a paradigm shift from traditional electronics, harnessing
efficient transfer and exchange of ionic and electric charges at
this coupling interface, leading to significantly higher energy ef-
ficiency compared to conventional electronics. A notable exam-
ple is the human brain, serving as a highly integrated iontronic
processing unit, consuming only ≈12 W of power. In contrast,
constructing a brain-like integrated electronic system would re-
quire tens of megawatts.[179] Such contrast underscores the po-
tential of iontronics in revolutionizing energy-efficient technolo-
gies and systems. In 2023, we developed a triboiontronics system
using bidirectional electrostatic fields via solid-solid CE,[128] as
demonstrated in Figure 11. This system controlled the distribu-
tion of charges in the Stern layer, enabling precise manipulation
of charge polarity and ion transport in the diffuse layer. In Stage
I, DI water contacted electronegative dielectric I, forming a sta-
ble EDL with a net negative charge (Figure 11a). Electropositive
dielectric material II, precharged with positive charges, induced
solid-solid CE with dielectric I, creating a positive electrostatic
field in Stage II (Figure 11b). This facilitated charge transfer, in-
creasing the net negative charge in the Stern layer and enhancing
free cation concentration in the diffuse layer. After removing di-
electric II in Stage III, its transferred electrons created a negative
electrostatic field (Figure 11c), attracting hydrated cations to the
solid-liquid interface. This resulted in a Stern layer with a net
positive charge, leading to a significant number of free anions
in the diffuse layer. Thus, our triboiontronics system effectively
regulated charge redistribution in the Stern layer, allowing pre-
cise control over charge polarity and ion transport in the diffuse
layer.

We further developed a triboiontronic bionic neurologic
circuit based on dynamically regulating the EDL using
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Figure 12. The triboiontronic bionic neurologic circuit was developed in 2023.[128] a) The bionic neurologic circuit was based on dynamically regulating
the EDL by bidirectional electrostatic fields. b) The bionic neurologic circuit exhibited potential applications in controlling robots to perform walking
movements. Reproduced with permission.[128] Copyright 2023, Elsevier Inc. c) In 2023, Wang et al. emphasized the significance of dynamically regulating
the EDL via triboiontronics. Reproduced with permission.[180] Copyright 2023, Elsevier Inc.

bidirectional electrostatic fields,[128] as shown in Figure 12a.
In Stage I, weak contact CE resulted in fewer free cations,
simulating a resting state. In Stage II, positively charged rabbit
fur induced numerous cations, generating a positive electronic
current. In Stage III, the removal of the rabbit fur induced a
reverse electronic current. This circuit regulated ionic charge po-
larity, conveying tactile contact information without an external
power supply. It could control robots for walking movements
(Figure 12b). The bionic neurologic circuit initially facilitated
the cross-media transmission of physical contact information,
encoding them as varying ionic charge polarities within the
diffuse layer. Subsequently, these encoded signals were con-
verted into corresponding electronic signals. In contrast to

intricate silicon-based chips, the ionic-electronic coupling in
triboiontronics provided a straightforward, secure, and efficient
interface for human-computer interaction, operating without
the need for an external power source. Through the integration
of triboiontronic logic circuits endowed with distributed parallel
processing capabilities and excellent biocompatibility, efficient
information flow could be enabled, including self-powered
in-sensor computing systems, implantable neuronal-computer
interfaces, and various low-power neuromorphic devices.
In 2023, Wang et al. discussed our triboiontronics concept,
emphasizing the significance of dynamically regulating the
EDL[180] (Figure 12c). They highlighted the consideration of
charge generation mechanisms at the solid-liquid interface and
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Figure 13. Moving the diffuse layer boundary on the dielectric surface could generate effective AC electrical signals. a) A stable EDL formed upon liquid-
dielectric contact, and the Stern layer bearing net negative charges facilitated electron transfer from the charge collecting layer on the rear surface of the
dielectric. b) Cations in the droplet migrated toward the Stern layer upon droplet contact, forming a new diffuse layer, while anions moved oppositely.
c) As the droplet nears the charge collecting layer, cations could shield the net negative charges in the Stern layer, prompting electron transfer and
generating a positive electronic displacement current. d) Upon the departure of cations, the net negative charges in the Stern layer were restored,
inducing a reverse electronic displacement current.

demonstrated the close relationship between EDL properties
and electrostatic interaction. Dynamically regulating the EDL
could bridge ionic-electronic controllable information flow,
offering new avenues for applications such as interface control,
biosensors, and human-computer interaction, promising to
advance triboiontronics across various fields. In the pursuit
of energy-scavenging devices that dynamically regulate the
entire EDL, the challenge lies in orchestrating directional ionic
migration to achieve heightened energy transfer efficiency and
precise information dissemination. Central to this objective is
the effective manipulation of ionic migration dynamics and
precise regulation of ionic flux. Optimizing the design of en-
ergy transfer systems holds promise for minimizing energy
dissipation and augmenting transmission efficacy. Additionally,
the development of high-fidelity sensing and feedback control
mechanisms is pivotal for enabling real-time monitoring and
regulating of ion migration parameters, thereby enhancing the
efficiency and precision of energy transfer processes. Addressing
these challenges is crucial for propelling the advancement of
next-generation energy harvesting and information processing
technologies.

4. Energy Scavenging Devices Based on Dynamic
Regulating the Diffuse Layer

4.1. Moving the Diffuse Layer Boundary on the Dielectric Surface

By manipulating the movement of droplets along the initial di-
electric surface, the entirety of the EDL boundary can be mobi-
lized, thereby instigating the generation of DC electrical signals.
As droplets persist in their movement, the formation of the Stern
layer gradually ensues on the dielectric surface. This layer serves
as a barrier with a screening effect, curtailing the further transfer
of charges at the interface between the solid and liquid phases,
consequently diminishing the DC output. However, subsequent
to the establishment of a dense Stern layer, the ongoing sliding of
droplets prompts the diffuse layer boundary to traverse atop the
Stern layer. Consequently, this instigates the production of stable
AC electrical signals amid the charge-collecting layers situated
on the rear surface of the dielectric, as elucidated in Figure 13.
Initially, a stable EDL formed upon liquid-dielectric contact. The
Stern layer bearing net negative charges facilitated electron trans-
fer from the charge collecting layer on the rear surface of the
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dielectric (Figure 13a). Subsequently, cations in the droplet mi-
grated toward the Stern layer upon droplet contact, forming a
new diffuse layer, while anions moved oppositely (Figure 13b). As
the droplet nears the charge-collecting layer, cations could shield
the net negative charges in the Stern layer, prompting electron
transfer and generating a positive electronic displacement cur-
rent (Figure 13c). Upon the departure of cations, the net negative
charges in the Stern layer were restored, inducing a reverse elec-
tronic displacement current (Figure 13d). Manipulating the dif-
fuse layer boundary optimized AC electrical signal generation,
offering the potential for enhanced efficiency and functionality
in energy scavenging devices.

By exploring the influencing factors of the diffuse layer bound-
ary movement and optimizing its manipulation, significant ad-
vancements can be achieved. Lin et al. introduced the first solid-
liquid triboelectric nanogenerator (SL-TENG) in 2013,[101] em-
ploying PDMS as the dielectric material as shown in Figure 14a.
Upon full contact between PDMS and water, a stable EDL formed
at the interface. As the two dielectric materials were separated,
the Stern layer continuously generated net negative charges, driv-
ing cations and anions oppositely within the water. This induced
effective AC electrical signals through repeated electron transfers
in the external circuit between the charge collecting layers. Ini-
tial experimental exploration focused on the effect of the liquid
type on output performance (Figure 14b). An increase in ethanol
percentage reduced electron transfer effectiveness and ionic con-
tent, leading to decreased net charge density in the Stern layer
and reduced output performance. Modifying the PDMS surface
microstructure increased the solid-liquid contact area, promot-
ing charge transfer and enhancing the output efficiency of the
SL-TENG. Under optimal parameters, it generated ≈80 V VOC
and 0.25 μA cm−2 ISC at a 5 Hz operating frequency (Figure 14c),
achieving a PR density of 5 μW cm−2 with an 88 MΩ load resis-
tance. To enhance ocean or water wave energy harvesting, You
et al. developed a single electrode mode SL-TENG in 2021,[138]

as displayed in Figure 14d. Investigating the effects of solid-
liquid contact area and relative motion speed on device perfor-
mance revealed that increasing the contact area between the di-
electric material (PTFE film) and water enhanced VOC generation
(Figure 14e). This expansion of the electrostatic field modulation
range attracted more cations, enhancing LS-TENG electrical sig-
nals. Additionally, higher relative sliding velocities between the
PTFE film and water boosted VOC generation (Figure 14f) by in-
tensifying impacts between solid and liquid materials, increasing
microscopic contact area and promoting directional ion migra-
tion. Optimizing these factors enabled the single electrode mode
LS-TENG to achieve ≈400 V VOC, demonstrating effective ocean
or water wave energy harvesting potential.

While water wave energy has received significant attention, the
largely unexplored potential of raindrop kinetic energy offers a
promising avenue for sustainable energy development. In 2014,
Lin et al. introduced a droplet-driven LS-TENG to efficiently har-
vest energy from raindrops,[181] as displayed in Figure 14g. The
electrostatic field on the PTFE surface was harnessed to drive the
directional migration of free ions within the droplets, thus in-
ducing effective AC electrical signals. By regulating the droplet
height, the contact area between the droplet and the PTFE film
could be increased to enhance the charge carried by the droplet
and consequently improve the output performance (Figure 14h).

A single drop of 30 μL of liquid sliding through the PTFE surface
generated a VOC of 9.3 V and an ISC of 17 μA (Figure 14i), and the
PR density was 9.1 μW cm−2. These findings underscored the sig-
nificant potential of the droplet-driven LS-TENG for harvesting
energy from liquid droplet motion, pioneering the utilization of
droplets for power generation. To further enhance the kinetic en-
ergy scavenging of droplets such as raindrops, the droplet-based
electricity generator was designed by Xu et al. in 2020,[139] as il-
lustrated in Figure 14j. As droplets hit the PTFE surface, they
spread and contact the aluminum (Al) charge collecting layer,
converting interfacial effects into bulk effects. This drove tran-
sient electron transfer between the Al and indium tin oxide (ITO)
in the external circuit, generating an efficient positive current.
As droplets flowed through the Al layer, a reverse electron flow
in the external circuit generated a low-amplitude current output.
Exploiting the bulk effect, the generator achieved a VOC and ISC
of ≈143.5 V and 270 μA, respectively (Figure 14k), significantly
higher than the single-electrode mode generator without the Al
electrode. Under a load resistance of 332.0 kΩ, its PR density
reaches 5.01 mW cm−2, three orders of magnitude above the
single-electrode mode generator. In 2023, Li et al. developed a
high-voltage generator to explore the mechanism behind ultra-
high power density output,[182] as demonstrated in Figure 14l.
They found that the significant enhancement resulted from di-
rectional ionic migration in the droplet driven by the electrostatic
field of the Stern layer in the EDL. This induced rapid electron
transfer between charge collecting layers upon droplet contact,
yielding efficient positive current output. Subsequent droplet
flow generated a low-amplitude reverse current. Fine-tuning con-
tact dynamics and optimizing circuit design enabled the gener-
ator to reach a VOC of 1200 V, showcasing efficient power har-
nessing by manipulating the diffuse layer boundary on the dense
Stern layer. The aforementioned investigations were rooted in the
dynamic modulation of the diffuse layer in a stable EDL. In 2024,
we embarked on an innovative exploration delving into the influ-
ence of the EDL formation process on charge transfer dynam-
ics between ice and dielectric materials during solid-liquid phase
transitions4,[183] as shown in Figure 14m. Before the melting,
electron transfer predominated within solid-solid contacts. The
emergence of micro-droplets during the initial melting of ice am-
plified material contact areas, leading to a six-fold enhancement
in charge transfer (Figure 14n). As ice undergoes partial melt-
ing, macroscopic droplets might condense on surfaces, establish-
ing solid-liquid contacts with dielectric materials. Concurrently,
the EDL began forming, effectively screening the dielectric mate-
rial’s surface charge, with output current primarily driven by dif-
fuse layer charges. Upon complete ice melting into water, the sta-
ble EDL provided robust screening effects, resulting in minimal
charge transfer levels. These findings offered valuable insights
into understanding substance interactions and charge transfer
dynamics within dynamic phase transition scenarios.

4.2. Dynamically Regulating the Charge Density in the Diffuse
Layer

The output performance of energy scavenging devices, reliant
on dynamically regulating the EDL, is intricately tied to the
charge density of directional migration. Thus, increasing the
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Figure 14. The energy scavenging devices were developed based on moving the diffuse layer boundary on the dielectric surface. a) The first SL-TENG
was introduced by Lin et al. in 2013.[101] b) The effect of the liquid type on the SL-TENG output was studied. c) The LS-TENG could achieve a PR density
of 5 μW cm−2 at an operating frequency of 5 Hz. a–c) Reproduced with permission. Copyright 2013, Wiley-VCH. d) The single-electrode mode SL-TENG
was developed by You et al. in 2021.[138] e) Increasing the solid-liquid contact area could effectively enhance the generated output. f) Increasing the solid-
liquid relative sliding velocity also could boost the output of the SL-TENG. d–f) Reproduced with permission.[138] Copyright 2021, American Chemical
Society. g) A droplet-driven LS-TENG to efficiently harvest energy from raindrops was introduced by Lin et al. in 2014.[181] h) By regulating the droplet
height, the LS-TENG output could be improved. i) A single drop of 30 μL could generate a PR density of 9.1 μW cm−2. Reproduced with permission.[181]

Copyright 2014, Wiley-VCH. j) The droplet-based electricity generator with high instantaneous power density was designed by Xu et al. in 2020.[139]

k) The ISC could reach 270 μA. j,k) Reproduced with permission.[139] Copyright 2020, Springer Nature. l) The mechanism of ultra-high power density
output was developed by Li et al. in 2023. Reproduced with permission.[182] Copyright 2023, American Association for the Advancement of Science.
Distributed under a Creative Commons Attribution NonCommercial License 4.0. m) The influence of the EDL formation process on charge transfer
dynamics between ice and dielectric materials during solid-liquid phase transitions was explored in 2024.[183] n) In the process of phase transition, the
charge transfer between ice and dielectric materials. m,n) Reproduced with permission.[183] Copyright 2024, Elsevier Ltd.
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Figure 15. Dynamically regulating the charge density in the diffuse layer by solid-solid CE could generate a DC ionic-electronic coupling output.[128]

a) DI water formed a stable EDL on the dielectric surface with low diffuse layer charge density. Positively charged DI water mist, generated via solid-
liquid CE, regulated cation charge density, creating a positive electric field on the dielectric surface. b) Upon contact with a separate electrode, positive
charges migrated, inducing electron transfer and forming an effective ionic current. c) Subsequent solid-solid CE between the dielectric layer and separate
electrode facilitated electron transfer, driven by electrostatic induction. d) As the dielectric layer moved away, negative charges induced electron flow,
generating an electronic displacement current in the external circuit.

ionic charge density presents an effective strategy for enhanc-
ing device performance. In pursuit of efficient DC output, we
explored a dynamic regulation method utilizing solid-solid CE
to control the ionic charge density within the diffuse layer,[128]

as depicted in Figure 15. Initially, DI water formed a stable EDL
on the dielectric surface with low diffuse layer charge density.
Positively charged DI water mist, generated via solid-liquid CE,
regulated cation charge density, creating a positive electric field
on the dielectric surface (Figure 15a). Upon contact with a sepa-
rate electrode, positive charges migrated, inducing electron trans-
fer and forming an effective ionic current (Figure 15b). Subse-
quent solid-solid CE between the dielectric layer and separate
electrode facilitated electron transfer, driven by electrostatic in-
duction (Figure 15c). As the dielectric layer moved away, negative
charges induced electron flow, generating an electronic displace-
ment current in the external circuit (Figure 15d). This process, re-
peated with each cycle of DI water mist application, demonstrated
that dynamically regulating diffuse layer charge density via solid-
solid CE could produce a DC ionic-electronic coupling output.

We introduced the Direct-Current Triboiontronic Nanogener-
ator (DC-TING)[128] in 2023 to dynamically regulate charge den-
sity in the diffuse layer, producing DC ionic-electronic coupling
output, as depicted in Figure 16a. Initially functioning as a con-
ventional TENG, it generated 0.8 μA AC electrical signal at 1 Hz
(Figure 16b). Upon spraying charged DI water mist, it transi-
tioned into producing stable 6.0 μA DC output. Longer replen-
ishment times at lower frequencies increased current output
(Figure 16c). The studies demonstrated that treating the micro
surface morphology of the dielectric through micro-engraving
could effectively increase its specific surface area. The presence
of air within the microstructure could hinder solid-liquid con-

tact, leading to a reduction in the hydrophilicity of the dielec-
tric surface (Figure 16d,e). Combining strategies maintained op-
timal charge density, ensuring consistent and efficient DC out-
put. ISC density and QSC density reached 36 μA cm−2 (Figure 16f)
and 560 nC cm−2 (Figure 16g), respectively. with a remarkable
PR density of 12.64 mW cm−2 (Figure 16h), several orders of
magnitude over conventional solid-liquid TENGs. These find-
ings underscored the significance of optimal charge density for
maximizing TENG efficiency, offering the potential for enhanced
energy scavenging technologies. Concerning energy scavenging
devices that hinge on dynamically regulating the diffuse layer,
a pivotal constraint hindering their widespread adoption in en-
ergy harvesting and information dissemination domains is the
diminished transferred charge density resulting from increased
internal resistance attributed to the dielectric material. Conse-
quently, endeavors in research and development should prioritize
materials characterized by reduced internal resistance, including
those with enhanced conductivity or diminished resistivity. Fur-
thermore, optimizing the choice of dielectric materials and en-
hancing electrode materials could further enhance charge trans-
fer efficiency.

5. Energy Scavenging Devices Based on Regulating
the Debye Length Range

5.1. Migration of Ions Driven by Different Driving Forces

5.1.1. Migrating of Ions Driven by Functional Group Hydrolysis

Hydrolysis of surface functional groups releases ions into the
surrounding liquid, forming an EDL near the solid surface. The
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Figure 16. Based on dynamic regulating the charge density in the diffuse layer, the DC-TING was developed in 2023.[128] a) Schematic diagram of
the DC-TING. b) The DC-TING could produce DC ionic-electronic coupling output by regulating the charge density in the diffuse layer in EDL on the
dielectric surface. c) With lower operating frequencies, a longer replenishment time allowed for the accumulation of more charge in the diffuse layer.
thereby resulting in higher current output. d) The comprehensive treatment of micro-engraving and plasma could effectively improve the hydrophilicity
of the dielectric surface and thus effectively improve the DC-TING output. e) The contact angle of DI water droplets on the dielectric surface after
different treatments. f) By employing the combination of charge replenishment strategies, the ISC density could reach 36 μA cm−2. g) The QSC density
of the DC-TING could reach 560 nC cm−2. h) The PR density of the DC-TING could reach 12.64 mW cm−2, which was several orders of magnitude over
conventional solid-liquid TENGs. a–h) Reproduced with permission.[128] Copyright 2023, Elsevier Inc.

Debye length, determined by solution properties, dictates the
distance of significant electrostatic interactions between ions.
In nanochannels with charged surfaces, ions within the Debye
length experience strong electrostatic forces. By establishing a
concentration gradient along the nanochannel, ions can be di-
rectionally driven within the Debye length, generating electrical
energy output. Figure 17 illustrates the mechanism of inducing

constant current output by controlling functional group distribu-
tion in the nanochannel (Figure 17a) to create an ionic concen-
tration gradient. Upon liquid entry into the nanochannel, the hy-
drolysis of functional groups initiates, releasing ions within the
Debye length and forming the EDL near the surface (Figure 17b).
A concentration gradient of ions ensues, driving directional
ion migration toward regions of lower concentration within the
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Figure 17. The constant current output could be induced by controlling functional group distribution in the nanochannel to create an ionic concentration
gradient. a) The functional group distribution was controlled in the nanochannel. b) Upon liquid entry into the nanochannel, the hydrolysis of functional
groups initiates, releasing ions within the Debye length and forming the EDL near the surface.

Debye length. This migration generates a potential difference, fa-
cilitating electron transfer in the external circuit, and thereby, a
constant current. This method holds great potential for sustain-
able energy scavenging.

Zhao et al. developed the moisture-enabled electric genera-
tor (MEG) in 2016,[184] utilizing a GO framework as shown in
Figure 18a. The GO membrane, rich in hydrophilic oxygen-
containing groups, reacted with water vapor to release H+ ions,
driving electrical current generation through internal nanochan-
nels. Investigating the impact of GO membrane thickness re-
vealed that optimal power output was achieved with a thickness
of 50 μm (Figure 18b). Additionally, the effect of GO membrane
area showed that while larger areas enhanced water adsorption
and output current, excessive decrease in membrane resistiv-
ity due to hydration limited further power increase, leading to
stabilized output (Figure 18c). Through optimization, the MEG
achieved impressive performance, with an average power (PA)
density of ≈1 mW cm−2 and an energy scavenging efficiency of
≈52% at 75% relative humidity (RH). Shao et al. further intro-
duced the wearable fiber-form hygroelectric generator (WF-HG)
in 2018[185] as depicted in Figure 18d, featuring a unique long-axis
structure that enhances shape adaptability and broadens applica-
tion scope. The WF-HG demonstrated a notable ISC density of
≈0.75 μA per centimeter at 70% RH (Figure 18e), with the abil-
ity for convenient amplification through simple series/parallel
connections (Figure 18f). Its compatibility with textiles enhanced
durability and portability, offering stronger wearability and porta-
bility for electronic devices. In most concentration-gradient-
driven energy scavenging devices utilizing hydrolysis of func-
tional groups, monovalent ionic charge carriers like H+ were
commonly employed. To enhance output performance, Chen
et al. introduced a moisture-enabled electric generator with high-
valent metal carrier transport (HMC-EMG) in 2019,[186] as dis-
played in Figure 18g. They developed a 1D hydrophilic conduc-
tive polymer nanoarray, doping it with high-valence metal cations
like Mg2+ and Al3+ to enhance charge transportation capacity
(Figure 18h). The HMC-EMG achieved a volumetric PR density of

40 mW cm−3 using Al3+ as the charge carrier (Figure 18i). Wang
et al. proposed a heterogeneous moist-electric generator (HMEG)
in 2021[141] as illustrated in Figure 18j, employing a dual-layer
polyelectrolyte membrane. The membrane induced reverse co-
migration of ions with opposite polarities, enhancing the volu-
metric PA density to 0.9 μW cm−3 (Figure 18k). The integrated
soft HMEG device in series could provide more than 1 kV VOC
(Figure 18l), which made it highly promising for applications in
high-voltage fields.

5.1.2. Migrating of Ions Driven by Evaporation

Constant current output in energy scavenging devices can arise
through two mechanisms: ionic concentration gradients from
hydrolyzed functional groups and liquid flow carrying a net
charge. After hydrolysis, the inner surface of the nanochannel
carried a specific polarity as depicted in Figure 19a, determin-
ing ion-selective membrane characteristics. Evaporation drove
liquid into the nanochannels, where surface charge repels like-
charged ions and attracts oppositely charged ions, forming an
EDL (Figure 21b). These charges migrated within the Debye
length range as liquid flows, resulting in constant current out-
put. This ionic selectivity enhanced output reliability.

Utilizing evaporation-induced ionic migration within the De-
bye length range of the EDL, innovative energy scavenging de-
vices have emerged. In 2017, Ding et al. devised an evaporation-
driven generator inspired by plant transpiration,[187] employing
a fully printed porous carbon film as shown in Figure 20a. Evap-
oration propelled liquid through the film, leading to hydrolysis
of surface functional groups and acquiring a negative charge,
impeding anion entry and prompting upward water movement,
inducing current generation. They proposed a control strategy
regulating liquid evaporation efficiency via airflow velocity con-
trol(Figure 20b), achieving a reliable VOC of 1 V and volumetric
PA density of 8.1 μW cm−3 (Figure 20c). This generator could
hold the potential for eco-friendly, self-powered devices. To boost
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Figure 18. Energy scavenging devices were developed based on the migrating of ions driven by functional group hydrolysis. a) The MEG using a GO
framework was designed by Zhao et al. in 2016.[184] b) The optimal power output was achieved with a thickness of 50 μm. c) The MEG achieved a PA
density of ≈1 mW cm−12. a–c) Reproduced with permission.[184] Copyright 2024, Royal Society of Chemistry. d) The WF-HG was introduced by Shao
et al. in 2018.[185] e) The WF-HG demonstrated a notable ISC density of ≈0.75 μA per centimeter at 70% RH. f) Its output could be amplified by a
simple series/parallel connection. d–f) Reproduced with permission.[185] Copyright 2018, Elsevier Ltd. g) A novel HMC-EMG was proposed by et al. in
2019.[186] h) The doping of high-valent metal cations in the conductive polymer could enhance the charge transport capacity. i) The HMC-EMG achieved
a volumetric PR density of 40 mW cm−3 using Al3+ as the charge carrier. g–i) Reproduced with permission.[186] Copyright 2019, Elsevier Ltd. j) The
HMEG was proposed by Wang et al. in 2021.[141] k) The volumetric PA density could reach 0.9 μW cm−3 of the HMEG. l) Soft HMEG devices in series
could provide more than 1 kV VOC. j–l) Reproduced with permission.[141] Copyright 2021, Springer Nature.

high voltage output and broaden applications, Li et al. designed
an evaporation-driven water flow nanogenerator in 2019 using
flexible carbon nanoparticle film,[188] as depicted in Figure 20d.
By regulating the Zeta potential of carbon nanoparticles through
surface functional group manipulation, they controlled the po-
larity and charge density of surface functional groups post-
hydrolysis. Liquid flow through the nanochannel resulted in ob-
servable changes in the current output direction due to migration

charge polarity (Figure 20e). By employing modified carbon films
with opposite surface charges, they achieved counter-directional
synergistic diffusion of anions and cations, significantly enhanc-
ing generator performance. This allowed a 5 cm × 5 cm dual-film
generator to generate a maximum VOC of 5 V and an ISC of 1.5 μA
(Figure 20f).

To boost power density, Yun et al. introduced an
evaporation-driven generator based on an ion-permselective
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Figure 19. The constant current output could be generated by the migrating of ions driven by evaporation. a) After hydrolysis, the inner surface of the
nanochannel carried a specific polarity, determining ion-selective membrane characteristics. b) Evaporation drove liquid into the nanochannels, where
surface charge repels like-charged ions and attracts oppositely charged ions, migrating within the Debye length range as liquid flows and resulting in
constant current output.

conducting polymer in 2022,[189] as displayed in
Figure 20g. In the conductive polymer of poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS),
the sulfonic acid groups and hydroxyl groups in the cellulose
membrane synergistically rendered the polymer surface neg-
atively charged after hydrolysis, which led to the adsorption
of more cations into the polymer matrix, thereby demonstrat-
ing excellent cation permeability selectivity (Figure 20h). The
internal resistance was reduced by leveraging PEDOT:PSS
conductivity, maximizing generator performance. Simulation
results highlighted that decreasing ionic diameter enhanced
power generation (Figure 20i), with the generator achieving a
high PA density of 0.45 μW cm−2 from seawater evaporation.
Addressing low power output, Zhang et al. developed a flexi-
ble fabric hydrovoltaic generator in 2023,[190] as illustrated in
Figure 20j. Through optimized structure and material selection,
the generator harnessed the ionic concentration gradient and
ion-selective action, promoting orderly ion flow (Figure 20k).
This design achieved a VOC of ≈0.25 V, an ISC output of ≈520 μA,
and a PA density of 2.08 μW cm−2 in simulated seawater
(Figure 20l).

5.1.3. Migrating of Ions Driven by Salinity Gradient

In addition to evaporation, exploiting salinity gradients for ionic
migration within the Debye length range in the EDL can sig-
nificantly enhance output performance, as demonstrated in
Figure 21. When separated by an ion-selective membrane, salin-
ity gradients drive ions from high to low concentration, generat-
ing osmotic power until equilibrium (Figure 21a). Specific polar
charges in the membrane attract ions into nanochannels, form-
ing an EDL, which rapidly migrates within the Debye length
range due to the salinity gradient, inducing constant current gen-
eration (Figure 21b). This efficient scavenging of osmotic energy

from salinity gradients offers superior output compared to liquid
evaporation-based generators.

In the energy scavenging device leveraging ion migration
within the Debye length range, improving ion migration speed
is crucial for enhancing output performance. Siria et al. uti-
lized boron nitride nanotubes to construct single nanochannels
in 2013,[110] scavenging osmotic energy from salt solutions with
different concentrations as shown in Figure 22a. Increasing the
ionic concentration ratio between solutions effectively improved
the ISC of the device, demonstrating its sensitivity to salinity gra-
dients (Figure 22b). Moreover, higher pH levels enhanced nega-
tive surface charge accumulation, accelerating cation migration
rates and boosting device performance. With optimization, the
device achieved a PA density of 0.4 W cm−2 (Figure 22c). In 2016,
Feng et al. explored a single-layer MoS2 nanopore for osmotic
energy scavenging,[191] as depicted in Figure 22d. Increasing the
ionic concentration ratio improved both VOC and ISC, enhancing
device performance (Figure 22e). Additionally, they found that
decreasing nanopore diameter improved ion selectivity and in-
creased ISC, with a peak power density of 100 W cm−2 achieved at
a 10 nm diameter (Figure 22f). These advancements highlight in-
novative strategies for efficient osmotic power generation, paving
the way for ocean energy resource utilization.

To address scalability challenges in osmotic power generation,
Zhu et al. (2018) introduced a Janus 3D porous membrane-based
device,[142] as displayed in Figure 22g. This membrane, com-
posed of negatively charged hexasulfonated poly(aryl ether ke-
tone)s (PAEK-HS) and positively charged poly(ether sulfone)s
with pyridine pendants (PES-Py), prevented reverse current flow,
enhancing efficiency (Figure 22h). Through tailored porosity
and surface charge density, achieved via chemical design, ef-
fective ionic selectivity was ensured. At salinity gradients of 50
and 500 times between seawater and freshwater, the genera-
tor achieved PA densities of 0.27 and 0.51 mW cm−2, respec-
tively (Figure 22i). Ren et al. (2022) developed a more efficient
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Figure 20. Energy scavenging devices were developed based on the migrating of ions driven by evaporation. a) The evaporation-driven generator was
developed by Ding et al. in 2017.[187] b) By promoting the evaporation of the liquid, the output could be controlled. c) The volumetric PA density could
reach 8.1 μW cm−3. a–c) Reproduced with permission.[187] Copyright 2017, Wiley-VCH. d) An evaporation-driven water flow nanogenerator using flexible
carbon nanoparticle film was designed by Li et al. in 2019.[188] e) Liquid flow through the nanochannel resulted in observable changes in the current
output direction due to migration charge polarity. f) A 5 cm × 5 cm dual-film generator could generate a maximum VOC of 5 V and an ISC of 1.5 μA.
d–f) Reproduced with permission.[188] Copyright 2019, Elsevier Ltd. g) The evaporation-driven generator was proposed by Yun et al. in 2022.[189] h) In the
PEDOT:PSS conductive polymer, the sulfonic acid groups and hydroxyl groups in the cellulose membrane synergistically rendered the polymer surface
negatively charged after hydrolysis, which led to excellent cation permeability selectivity. i) The generator achieved a PA density of 0.45 μW cm−2 driven
by seawater evaporation. g–i) Reproduced with permission.[189] Copyright 2022 Elsevier Ltd. j) A flexible fabric hydrovoltaic generator was developed in
2023.[190] k) The generator harnessed the ionic concentration gradient and ion-selective action, promoting orderly ion flow. l) The optimized generator
achieved an PA density of 2.08 μW cm−2. j–l) Reproduced with permission.[190] Copyright 2024, Royal Society of Chemistry.

osmotic energy scavenging device by leveraging the photother-
mal effect,[192] as depicted in Figure 22j. Nanoparticles intro-
duced into the electrolyte solution enhanced the micro EDLs
at the nanoparticle-aqueous solution interface, increasing space
charge density and ionic selectivity of the nanofluidic channel.

With a 10% volume fraction of nanoparticles in the nanochan-
nel, the theoretical permeation output power at a 50 times salin-
ity gradient increased by 43.1% (Figure 22k). Additionally, ex-
periments showed that osmotic energy scavenging efficiency
depended on water solution temperature, influencing ionic
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Figure 21. Exploiting salinity gradients for ionic migration within the Debye length range in the EDL can significantly enhance output performance.
a) When separated by an ion-selective membrane, salinity gradients drive ions from high to low concentration, generating osmotic power until equilib-
rium. b) Specific polar charges in the membrane attract ions into nanochannels, forming an EDL, which rapidly migrates within the Debye length range
due to the salinity gradient, inducing constant current generation.

migration rate and surface charge density in nanofluidic chan-
nels. The photothermal effect of nanoparticles significantly
raised the solution temperature, accelerating ionic flow. Even
with just a 1% mass fraction of silver (Ag) nanoparticles in NaCl
water solution, the temperature rose from 297.2 to 340.9 K. With
nanoparticle enhancement and the photothermal effect synergis-
tically, under a 50 times salinity gradient between artificial seawa-
ter and freshwater, the PA density effectively increased from 0.24
to 0.84 mW cm−2 (Figure 22l). In 2022, Hao et al. introduced
a salt-adaptive sandwich-structured membrane to address the
limitations of traditional ion-selective membranes under high
ionic conditions,[193] as shown in Figure 22m. This innovative
membrane allowed ions with different polar charges to trans-
port in opposite directions within the nanochannels, generating
high-efficiency electric current. By regulating the ionic concentra-
tion, the nanochannel system could rapidly switch pore morphol-
ogy, transitioning from 1D straight nanochannels to 3D network
pores. This alteration significantly reduced pore size, increased
pore density, and boosted charge density by three orders of mag-
nitude. Consequently, the ISC continued to rise with time during
the initial operation of the osmotic energy scavenging device, in-
creasing by nearly two orders of magnitude, and stabilizing after
≈6 h (Figure 22n). The resulting ion-selective membrane exhib-
ited remarkable salt resistance and stability, overcoming surface
charge shielding issues faced by traditional membranes. With
abundant surface charge and ultra-small pore size, the osmotic
energy scavenging device based on this membrane achieved a re-
markable PA density of 2.6 mW cm−2 (Figure 22o). Therefore, in
energy scavenging devices reliant on regulating the Debye length
range, the directional migration of ions, propelled by concentra-
tion gradients resulting from functional group hydrolysis and liq-
uid evaporation, often encompasses longer migration distances,
thereby limiting power output for most devices to typically below
1 W m−2. However, harnessing concentration gradients to propel
ionic migration, with their stronger driving force and shorter mi-
gration distances (equivalent to the thickness of the ion-selective

membrane), could substantially enhance power density, reach-
ing ≈10 W/m2. Moreover, when the distribution density of func-
tional groups in the polymer is significantly different and in-
cludes high-valent free ions, a higher concentration gradient of
high-valent ions can be constructed after hydrolysis, thereby ef-
fectively promoting charge transport and improving output per-
formance. This environment is more conducive to the practical
application of energy scavenging devices reliant on ion migration
driven by functional group hydrolysis.

5.2. Migration of Ions in 2D Nanofluidic Channels

The operation mechanism for directional ionic migration within
the Debye length range, driven by salinity gradients in solid,
high-humidity environments, presents a promising solution to
overcome limitations posed by liquid-based systems, as depicted
in Figure 23. Here, 2D nanomaterial GO serves as the ion-
selective membrane coating the left electrode. When exposed
to high humidity, the oxygen-containing functional groups on
GO’s nanochannels undergo hydrolysis, generating numerous
negative charges. Subsequent KOH treatment triggers deoxi-
dation reactions, reducing GO to form reduced graphene ox-
ide (rGO) deposited on the right electrode’s surface. Introduc-
ing a high concentration of metal cations into the rGO creates
an ionic concentration gradient across the rGO and GO layers.
As humid air passes through the nanochannels, metal cations
on the rGO migrate toward the GO side, inducing an ionic
current in the external circuit (Figure 23a). The nanochannels
within GO exhibit a two-layer spacing of 7.7 Å, with a single-
layer thickness of 3.4 Å, resulting in an effective channel size of
≈4.3 Å.[145] The nanochannel size, smaller than the typical di-
mension of the ion-hydrated shell (Figure 23b), prevents metal
ions from fully hydrating as they pass through. Consequently,
incompletely hydrated ions within the nano-confined region
demonstrate higher ionic mobility and permeability compared to
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Figure 22. Energy scavenging devices were developed based on the migrating of ions driven by salinity gradient. a) A single nanochannel constructed by
the boron nitride nanotube was proposed by Siria et al. in 2013.[110] b) Increasing the ionic concentration ratio between solutions effectively improved
the ISC of the device. c) The device achieved a PA density of 0.4 W cm−2. a–c) Reproduced with permission.[110] Copyright 2013, Springer Nature. d) A
single-layer MoS2 nanopore for osmotic energy scavenging was explored by Feng et al. in 2016.[191] e) Increasing the ionic concentration ratio improved
device performance. f) The PA density could reach 100 W cm−2. d–f) Reproduced with permission.[191] Copyright 2016, Springer Nature. g) The Janus
3D porous membrane-based device was introduced by Zhu et al. in 2018.[142] h) The diode-like Janus membrane could obstruct reverse current flow.
i) The generator achieved PA densities of 0.51 mW cm−2. g–i) Reproduced with permission.[142] Copyright 2018, The Authors, some rights reserved;
exclusive license American Association for the Advancement of Science. Distributed under a Creative Commons Attribution NonCommercial License
4.0. j) A more efficient osmotic energy scavenging device by leveraging the photothermal effect was constructed by Ren et al. in 2022.[192] k) Adding
nanoparticles to the nanochannels could increase the output power of the device. l) The PA density could achieve 0.84 mW cm−2. j–l) Reproduced with
permission.[192] Copyright 2021, Elsevier Ltd. m) A salt-adaptive sandwich-structured membrane was constructed by Hao et al. in 2022.[193] n) The ISC
continued to rise with time during the initial operation of the device. o) The PA density of the device could reach 2.6 mW cm−2. m–o) Reproduced with
permission.[193] Copyright 2022, Wiley-VCH.
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Figure 23. The operation mechanism for directional ionic migration within the Debye length range, driven by salinity gradients in solid, high-humidity
environments, presents a promising solution to overcome limitations posed by liquid-based systems. a) As humid air passes through the nanochannels,
metal cations on the rGO migrate toward the GO side, inducing an ionic current in the external circuit. b) The nanochannels within GO exhibit a two-layer
spacing of 7.7 Å, with a single-layer thickness of 3.4 Å, resulting in an effective channel size of ≈4.3 Å. Reproduced with permission.[145] Copyright 2024,
Springer Nature.

fully hydrated ions. This phenomenon, coupled with nanochan-
nel properties, enhances ion migration efficiency, ultimately
boosting the output performance of the energy scavenging
devices.[144–147,194,195]

In 2021, inspired by the electric eel’s ion-selective membrane
mechanism, a solid-state osmotic power source was developed
using full printing technology,[144] as shown in Figure 24a. This
device utilized the unique 2D nanofluid channel structure of GO
material, enhancing water permeability and cation conductivity.
Unlike traditional osmotic energy scavenging devices, the intro-
duction of a redox reaction using Ag electrodes improved gal-
vanostatic discharge performance at 70% RH, leading to stronger
energy output (Figure 24b). Additionally, employing a space-
filling curve as a printing pattern increased the power gener-
ation unit’s length, boosting the ISC to 170 μA and achieving
an outstanding volumetric PA density of up to 2.5 mW cm−3

(Figure 24c). To enable long-term stable application in wear-
able or implantable devices, an ultra-thin (≈10 μm) osmotic
power source was developed in 2022, combined with a me-
chanical energy scavenging TENG to form an energy scaveng-
ing system,[194] as depicted in Figure 24d. Utilizing Au elec-
trodes ensured immunity to potential redox reactions. The di-
rectional ion migration generated a constant VOC of 1.5 V, with
a volumetric energy density of 6 mWh cm−3 and a volumet-
ric PA density of 28 mW cm−3, comparable to supercapacitors
(Figure 24e). This flat-panel osmotic power source, easily in-
tegrated into circuits and devices, formed a self-charging ion
electronic device with a total thickness not exceeding 200 μm
(Figure 24f), exhibiting excellent conformality and prolonged ser-
vice life. Furthermore, a self-healing ionic gel osmotic generator
based on GO aerogel and room-temperature ionic liquid was re-
ported, operating effectively in harsh environments with a high
power density of 1.3 mW cm−2. The combination of graphene
oxide aerogel with ionic liquid led to maximal performance
improvement.

In 2023, we introduced an integrative paper-based osmotic
power source, addressing the demand for biocompatible and
recyclable energy solutions,[195] as displayed in Figure 24g.

Leveraging salinity gradient differences and redox reactions,
this device efficiently transported Li+ ions within nanochan-
nels, achieving remarkable volumetric PA and energy densi-
ties of 438.02 mW cm−3 and 30.02 mWh cm−3, respectively
(Figure 24h). Its areal PA density (1095.05 mW cm−2) surpassed
most flexible batteries, demonstrating its potential for various
applications. This integrated product also incorporated a tem-
perature sensor within the near-field communication (NFC) cir-
cuit of a wireless sensor system, allowing for integration on the
same paper through double-sided printing (Figure 24i). More-
over, the paper-based design offered environmental advantages,
as it could be recycled through incineration without producing
harmful substances. In 2024, we further developed an ultra-high-
performance osmotic power source by driving ion vertical trans-
port at the edge of the PET substrate and Kapton film,[145] as
illustrated in Figure 24j. This innovative approach aimed to re-
duce internal resistance and enhance power output by shorten-
ing the distance for ion transport. The device achieved an ISC of
≈1 mA and a maximum PA density of 1.59 W cm−2 (Figure 24k).
With a high volumetric energy density of 9.46 Wh cm−3 and PA
density of 106.33 W cm−3 (Figure 24l), this technology showed
promise for powering commercial electronics, highlighting its
potential for practical applications. Focusing on energy scaveng-
ing devices regulating the Debye length range, precise alignment
of nanochannel radius with the Debye length of ions emerges as
a critical factor for achieving efficient output. Focusing on en-
ergy scavenging devices that regulate the Debye length range,
precise alignment of nanochannel radius with the Debye length
of ions emerges as a critical factor for achieving efficient output.
Therefore, exploring nanotechnology’s potential to meticulously
control nanochannel size and shape, along with selecting appro-
priate materials for channel construction, assumes paramount
importance. Concurrently, thorough investigation into the trans-
port behavior of diverse ions in varied nanochannels is warranted
to comprehend their interactions, transport rates, and selectivity.
Through these concerted efforts, the design of more efficient de-
vices capable of achieving heightened energy transfer and infor-
mation flow can be realized.
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Figure 24. A series of energy scavenging devices were invented based on the migration of ions in 2D nanofluidic channels. a) A solid-state osmotic
power source was developed using full printing technology in 2021.[144] b) By introducing the redox reaction, the device exhibited stronger energy
output. c) The osmotic power source could achieve an ISC of 170 μA and an outstanding volumetric PA density of 2.5 mW cm−3. a–c) Reproduced with
permission.[144] Copyright 2021, the author(s) retains copyright to individual articles, and the NAS retains an exclusive license to publish these articles
and holds copyright to the collectivework. d) To enable long-term stable application in wearable or implantable devices, an ultra-thin (10 μm) osmotic
power source was developed in 2022.[194] e) Its volumetric energy density and PA density could reach 6 mWh cm−3 and 28 mW cm−3, respectively.
f) This flat-panel osmotic power source, easily integrated into circuits and devices, formed a self-charging ion electronic device with a total thickness
not exceeding 200 μm. d–f) Reproduced with permission.[194] Copyright 2022, The Author, Distributed under the terms of the Creative Commons CC
BY license. g) An integrative paper-based osmotic power source was demonstrated in 2023.[195] h) The volumetric PA and energy densities achieved
438.02 mW cm−3 and 30.02 mWh cm−3. i) This integrated product also incorporated a temperature sensor within the NFC circuit of a wireless sensor
system, allowing for integration on the same paper through double-sided printing. g–i) Reproduced with permission.[195] Copyright 2023, Wiley-VCH.
j) An ultra-high-performance osmotic power source was inventedin 2024.[145] k) The device achieved an ISC of ≈1 mA and a maximum PA density of
1.59 W cm−2. l) With a high volumetric energy density of 9.46 Wh cm−3 and PA density of 106.33 W cm−3, this technology showed promise for powering
commercial electronics. j–l) Reproduced with permission.[145] Copyright 2024, Springer Nature.

6. Various Application Fields of Energy Scavenging
Devices

6.1. Energy Scavenging Fields

Energy scavenging devices capable of dynamically regulating the
EDL for efficient operation hold immense potential for diverse

applications as depicted in Figure 25. Given the continuous ad-
vancements in technology and growing global interest in re-
newable energy sources, harnessing water wave energy, partic-
ularly in ocean environments, emerges as a promising pathway
for generating clean and sustainable electricity. In 2014, Zhu
et al. introduced a liquid-solid TENG driven by water waves[149]

(Figure 25a). This innovative design utilized the movement of

Adv. Funct. Mater. 2024, 34, 2405520 © 2024 Wiley-VCH GmbH2405520 (28 of 37)

 16163028, 2024, 42, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202405520 by C
as-B

eijing Institution O
f, W

iley O
nline Library on [27/10/2024]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License

http://www.advancedsciencenews.com
http://www.afm-journal.de
https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fadfm.202405520&mode=


www.advancedsciencenews.com www.afm-journal.de

Figure 25. Energy scavenging devices that dynamically regulate the EDL have immense potential for wide applications in energy scavenging fields.
a) A liquid-solid TENG driven by water waves was introduced by Zhu et al. in 2014. Reproduced with permission.[149] Copyright 2014, American Chemical
Society. b) The droplet-based liquid-solid TENG was designed by Wei et al. in 2021. Reproduced with permission.[150] Copyright 2021, American Chemical
Society. c) The solid-liquid TENG for scavenging raindrop energy was developed by Zhang et al. in 2018. Reproduced with permission.[196] Copyright
2018, Wiley-VCH. d) A complementary energy solution was created by Ye et al. in 2022. Reproduced with permission.[197] Copyright 2023, Wiley-VCH.
e) A bubble-driven solid-liquid TENG was proposed by Wijewardhana et al. in 2017. Reproduced with permission.[198] Copyright 2017, Elsevier Ltd.
f) A more efficient droplet-driven solid-liquid TENG was designed by Yan et al. in 2022. Reproduced with permission.[199] Copyright 2022, American
Association for the Advancement of Science. Distributed under a Creative Commons Attribution NonCommercial License 4.0. g) A wearable TENG
based on flexible and transparent cellulose hydrogel was invented by Hu et al. in 2021. Reproduced with permission.[200] Copyright 2021, Elsevier Ltd.
h) A bio-mechanically driven hydrogel-based TENG was developed by Bagchi et al. in 2023. Reproduced with permission.[201] Copyright 2022, The
Author(s), Distributed under the terms of the Creative Commons CC-BY license. i) A wood-based evaporation-driven generator was developed by Han
et al. in 2023. Reproduced with permission.[202] Copyright 2024, Royal Society of Chemistry. j) A novel multifunctional generator was proposed by Sun
et al. in 2023. Reproduced with permission.[203] Copyright 2023, Wiley-VCH. k) A high-power osmotic energy scavenging device was introduced by Ma
et al. in 2021. Reproduced with permission.[204] Copyright 2021, Elsevier B.V. l) A hybridized bilayer metal-organic framework membrane was introduced
by Tonnah et al. in 2023. Reproduced with permission.[205] Copyright 2023, American Chemical Society.

the boundary between the diffuse layer and the dense Stern layer,
along with electrostatic induction, to induce an alternating flow
of electrons between the electrodes. As a result, energy from wa-
ter waves was efficiently converted and collected. With an area
of 18 cm2, the TENG system demonstrated an optimal average
output power of 0.12 mW at a relative velocity of 0.5 m s−1. Re-
markably, it was capable of powering numerous light-emitting
diodes (LEDs), highlighting its practical potential for lighting ap-
plications. In 2021, Wei et al. introduced a droplet-based liquid-
solid TENG[150] (Figure 25b), operating on the same principle as
Zhu et al.’s design. This TENG exhibited robust performance,

even under extreme conditions. With just 1.5 mL droplets, it
generated a charge of 30.7 nC and a voltage of 77.0 V, achiev-
ing a charge density of 15.35 nC cm−2. When mounted on a
boat, it charged a 0.47 μF capacitor to ≈4 V in just 4.1 s using
ocean energy. These TENGs hold promise for deployment in ma-
rine environments, such as oceans, rivers, and coastal areas, for
wave energy harvesting. Their versatility makes them suitable for
various applications in marine environments, including moni-
toring, surveillance, and navigation. Raindrops, with their high
speed and energy during descent, represent another significant
source of water movement. In 2018, Zhang et al. introduced a
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solid-liquid TENG[196] (Figure 25c) designed to harvest raindrop
energy. Raindrops falling onto the dielectric surface of the device
acquired a positive charge through CE with air, creating a charge
imbalance and inducing a current flow between electrodes. With
appropriate energy management circuitry, this TENG sustained
LED illumination for over 300 s when continuously driven by
simulated raindrops for 100 seconds. In 2022, Ye et al. combined
liquid droplet-driven TENGs with photovoltaic-driven solar cells
to create a complementary energy solution[197] (Figure 25d). This
integration allowed for round-the-clock energy scavenging and
sustainable energy supply. TENG arrays, based on the moving dif-
fuse layer boundary, effectively harvested energy from raindrops
falling in all directions, achieving a PA density of 4.08 μW cm−2

under rainy conditions, surpassing traditional solar panels’ PA
density of 3.7 μW cm−2. This integration enhanced the overall
output performance of the energy scavenging system, offering
insights for efficient integration of TENG arrays with solar pan-
els and addressing challenges associated with sustainable en-
ergy development. Moreover, the movement of bubbles in liq-
uid could also induce boundary movement on the dense Stern
layer of a dielectric surface. In 2017, Wijewardhana et al. pro-
posed a bubble-driven solid-liquid TENG[198] (Figure 25e), har-
nessing rising air bubbles to facilitate energy scavenging. By cap-
italizing on the buoyancy-driven ascent of gas bubbles, this gen-
erator continuously promoted contact separation between the liq-
uid and the dielectric surface, inducing electric current genera-
tion. It demonstrated high energy capture efficiency and stabil-
ity, proving suitable for powering small electronic devices like
7-segment displays in flowing water pipes. To enhance output
performance, Yan et al. designed a more efficient droplet-driven
solid-liquid TENG in 2022[199] (Figure 25f). With a single bubble
present, its VOC reached up to 70 V. The generated power could be
stored in capacitors, providing sustainable, clean, and real-time
power for health monitoring devices. These generators offer a
novel approach to energy scavenging, leveraging small bubbles
in liquid media for durable and reliable long-term operation. In
addition to water energy, exploring effective methods for harvest-
ing biomechanical energy is also a promising field of research.
In 2021, Hu et al. introduced a wearable TENG based on flexi-
ble and transparent cellulose hydrogel material, operating effec-
tively in low-temperature environments[200] (Figure 25g). Positive
charges on gloves regulated the EDL at the hydrogel-dielectric
interface, generating over 180 V VOC, sufficient to power nu-
merous LEDs, demonstrating its potential for human movement
in adverse conditions. In 2023, Bagchi et al. developed a bio-
mechanically driven hydrogel-based TENG[201] (Figure 25h). Us-
ing semi-transparent hydrogel doped with gold nanoparticles as
electrodes, it achieved a PR density exceeding 0.17 mW cm−2 and
an energy scavenging efficiency of ≈26%, offering new possibil-
ities for self-powered wearable or implantable devices.

Evaporation energy holds significant promise, yet challenges
like scalability and efficiency optimization persist. In 2023, Han
et al. developed a wood-based evaporation-driven generator[202] by
creating oxygen-containing functional groups on self-assembled
multilayer nanofiber membranes (Figure 25i). This generator
harnessed mobile ions produced during water evaporation to
achieve a PA density of 1.12 μW cm−2 and could charge a mobile
phone battery, showcasing practical utility. Similarly, Sun et al.
proposed a multifunctional generator in 2023[203] (Figure 25j),

utilizing an asymmetric structure of polyaniline/carbon nan-
otube/polyvinyl alcohol (APCP) for power generation and sea-
water desalination. Connected units could power an electronic
calculator continuously and collect 8.5 mL of fresh water within
11 h. These low-cost, long-life products offer promising prospects
in flexible electronics, micro-energy systems, and related indus-
tries. The untapped potential of osmotic energy between seawa-
ter and freshwater presents further opportunities for develop-
ment. In 2021, Ma et al. developed a high-power osmotic energy
scavenging device using a single nanochannel[204] (Figure 25k).
They emphasized extending the net charge on the nanochan-
nel’s inner surface toward the low-concentration side, achieving
a PA density increase from 0.42 to 0.49 W cm−2 and an energy
scavenging efficiency surge from 4% to 26%. In 2023, Tonnah
et al. introduced a hybridized bilayer metal-organic frameworks
(MOF on MOF) membrane for enhanced ionic mobility in os-
motic power generation[205] (Figure 25l). By utilizing the ethy-
lene cavity in ZIF-8 and embedding PSS in UiO-66-NH2, they
achieved a power density of 0.92 mW cm−2 under real seawater
and river water mixing conditions, offering promising applica-
tions in seawater desalination and wastewater treatment.

6.2. Self-Powered Information Flow

Energy scavenging devices with dynamically regulating EDLs
could offer significant potential for self-powered information
flow fields including human-computer interaction and interface
probes, as illustrated in Figure 26. For instance, Guo et al. intro-
duced a groundbreaking flexible panel in human-computer in-
teraction based on transparent TENG in 2022[152] (Figure 26a).
This touchpad utilized dynamic EDL regulation at the hydrogel-
dielectric interface, driven by users’ finger charges, enabling
rapid response and high-resolution human-machine interaction.
With exceptional stretchability exceeding 11 500% strain ca-
pacity, it could adapt to diverse surfaces effortlessly. Its high
transmittance of up to 98.1% ensured clear visibility on com-
plex surfaces. Its biocompatibility allowed attachment to the
hand for gesture-based computer operations, enhancing human-
machine interaction. With multi-functional sensing capabilities,
this transparent TENG holds promise for enhancing the intelli-
gence and portability of smart electronic products. In 2023, Rah-
man et al. made a significant breakthrough by incorporating ze-
olitic imidazolate framework-8 (ZIF-8) into poly (acrylamide)-co-
hydroxyethyl acrylate (PAAm-co-HEA) hydrogel,[153] creating a
wearable TENG with high-precision strain sensing capabilities
as the control panel (Figure 26b). This innovative device could
work effectively even at sub-zero temperatures. This ability to op-
erate under extreme conditions makes it have outstanding advan-
tage in the field of wearable human-computer interaction inter-
faces. Through information flow, users could control computer
games through intuitive gestures, enhancing the gaming expe-
rience. This advancement represents a significant step forward
in wearable technology, offering new possibilities for human-
computer interaction and energy scavenging applications. More-
over, energy scavenging devices regulating the EDL offer solu-
tions for wireless communication systems for efficient informa-
tion flow in human-computer interaction. In 2022, Wang et al.
developed a water-based TENG for remote information flow by
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Figure 26. Energy scavenging devices with dynamically regulating EDLs could offer significant potential for self-powered information flow fields. a) A
groundbreaking touchpad based on transparent TENG was introduced by Guo et al. in 2022. Reproduced with permission.[152] Copyright 2022, Wiley-
VCH. b) A wearable TENG with high-precision strain sensing capabilities was introduced by Rahman et al.in 2023. Reproduced with permission.[153]

Copyright 2023, Wiley-VCH. c) A water-based TENG for remote information transmission was introduced by Wang et al. in 2022. Reproduced with
permission.[206] Copyright 2022, Elsevier B.V. d) A TENG-based method for underwater communication was proposed by Zhao et al. in 2022. Repro-
duced with permission.[207] Copyright 2022, The Author(s), Distributed under the terms of the Creative Commons CC BY license. e) A novel stretchable
TENG for accurate human motion detection was introduced by Jing et al. in 2021. Reproduced with permission.[208] Copyright 2021, Elsevier Ltd. f) A
TTI by integrating solid-liquid contact electrification and work function difference was proposed in 2024. Reproduced with permission.[209] Copyright
2024, Elsevier Inc. Distributed under the terms of the Creative Commons CC-BY license. g) A liquid droplet TENG with spatially arranged electrodes
was pioneered by Zhang et al. in 2021. Reproduced with permission.[210] Copyright 2021, American Chemical Society. h) A pixelated TENG array for
investigating charge transfer phenomena was introduced by Zhang et al. in 2023. Reproduced with permission.[211] Copyright 2023, American Chemical
Society. i) A droplet identification sensor system inspired by human taste perception processes was introduced by Wei et al. in 2023. Reproduced with
permission.[212] Copyright 2023, Springer Nature. j) A real-time TES for chemical analysis was introduced by Zhang et al. in 2024. Reproduced with
permission.[213] Copyright 2024, American Chemical Society. This publication is licensed under CC-BY 4.0. k) An innovative method to simultaneously
monitor dynamic changes in contact angle and electrical signals by integrating a single-electrode TENG with a goniometer was proposed by Zhang et al.
in 2024. Reproduced with permission.[214] Copyright 2024, Wiley-VCH. l) A novel approach to achieve high-speed and ultra-long transmission of droplets
by printing surface charge density gradients on different substrates was proposed by Sun et al. in 2019. Reproduced with permission.[215] Copyright 2019,
Springer Nature.

modulating the EDL at the water-PTFE interface[206] (Figure 26c).
This enabled self-powered Morse code transmission using wa-
ter as the medium. Similarly, Zhao et al. proposed a TENG-
based method for generating Maxwell displacement currents for
underwater communication in 2022[207] (Figure 26d). By regu-
lating charges at underwater electrodes and EDL distributions,
stable signals were achieved despite underwater disturbances,
facilitating text and image transmission at 16 bits per second.

These innovations promise significant advancements in remote
communication technology. Further sensor design optimizations
could enhance sensitivity and stability in human-machine in-
teraction, expanding its application range in detecting various
motion scenarios for motion information flow. In 2021, Jing
et al. introduced a stretchable TENG based on organogel elec-
trodes for efficient energy harvesting and accurate human mo-
tion detection[208] (Figure 26e). By dynamically regulating the
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EDL between the gel electrode and dielectric silicon, the TENG
generated electrical signals in response to human movement. In-
tegration with an experimental garment enabled successful mon-
itoring of arm swinging, with signal frequency linearly correlat-
ing with walking frequency. To broaden the application range of
motion monitoring, we proposed a transistor-like triboiontronics
(TTI) by integrating solid-liquid contact electrification and work
function difference in 2024[209] (Figure 26f). Gated by the water
droplet, two different metals were analogous to the source and
drain terminals to form the TTI, capable of monitoring move-
ment without external electric power. When the DI water droplet
moved to source-drain terminals, a DC threshold sensing sig-
nal rapidly responded with a high signal-to-noise ratio. Moreover,
TTI with multiple source-drain terminals provided multifunc-
tionality by enabling the alarm for irregular movements through
various threshold sensing signals. TTI self-powered threshold
sensor offered an accurate and effective way to pre-alarm po-
tentially dangerous situations, such as shipwrecks, driving col-
lisions, and earthquakes.

In the related research field of solid-liquid interface probes,
Zhang et al. pioneered a liquid droplet TENG with spatially ar-
ranged electrodes in 2021,[210] shedding light on the charge trans-
fer process at liquid-solid interfaces (Figure 26g). Their analysis
revealed that charge transfer occurred as an accumulation pro-
cess during droplet descent, with electrons playing a crucial role.
This deepened our understanding of electrostatic phenomena
and provided insights for further research into charge exchange
mechanisms. In 2023, Zhang et al. introduced a pixelated TENG
array[211] for investigating charge transfer phenomena when wa-
ter droplets move on hydrophobic surfaces (Figure 26h). This
array revealed non-uniform charge distribution during droplet
motion, suggesting a two-step model involving electron transfer
and ion adsorption. These studies, serving as probes for inves-
tigating solid-liquid interfaces, can scavenge crucial information
about charge transfer, liquid properties, interface behavior, and
biological interfaces, offering powerful tools for the research of
interface science and technology. In the study of liquid proper-
ties, Wei et al. introduced a droplet identification sensor system
inspired by human taste perception processes in 2023,[212] achiev-
ing comprehensive liquid identification capabilities through dy-
namic morphological changes and liquid-solid CE principles
(Figure 26i). This self-powered system integrated visual and elec-
trical signals with deep learning algorithms, achieving an impres-
sive identification accuracy of 96.0%. To enhance liquid identi-
fication capabilities, Zhang et al. introduced real-time triboelec-
tric spectroscopy (TES) for chemical analysis in 2024,[213] en-
abling ultra-fast and accurate detection of various ions in water
(Figure 26j). By leveraging charge transfer at the liquid-solid in-
terface, this method provided spectral tuning of the charge trans-
fer mode for in situ chemical detection, achieving remarkable
qualitative and quantitative accuracy nearing 93%. In addition,
the TENG could be used as an interface probe to explore the ef-
fect of solid-liquid CE on the wettability of dielectric materials,
thereby scavenging specific charge transfer information during
the wetting process. In 2024, Tang et al. proposed an innova-
tive method to simultaneously monitor dynamic changes in con-
tact angle and electrical signals by integrating a single-electrode
TENG with a goniometer[214] (Figure 26k). This approach re-
vealed the impact of surface charge accumulation on the wetting

kinetics of materials. The observed linear relationship between
contact angle and surface charge suggests that CE-induced wet-
ting occurs in two stages: first, triboelectric charge accumulates
from CE on the dielectric material, and then these charges in-
duce wetting on the material’s surface. This discovery could hold
significant potential for new applications and technological ad-
vancements in charged surface environments, providing valuable
insights into wetting control and surface engineering. By utiliz-
ing solid-liquid CE, it becomes feasible to pre-program charge
density on the surface of dielectric materials, thereby controlling
various wetting characteristics to convey path information and
propel droplets accordingly. In 2019, Sun et al. proposed a novel
approach to achieve high-speed and ultra-long transmission of
droplets by printing surface charge density gradients on differ-
ent substrates[215] (Figure 26l). This method facilitates directed,
long-range, and self-propelled droplet transport without the need
for additional energy input under ambient conditions. Hence,
this research opens up a new technological avenue for manip-
ulating droplet transport on flat, flexible, and vertical surfaces,
with potential applications in water harvesting, bio-analysis, and
other domains. These studies offered efficient solutions for self-
powered information flow fields, with features such as high sen-
sitivity, portability, and ease of integration.

7. Conclusion and Perspectives

Controlled charge transport is indispensable across various sci-
entific and technological domains, serving as carriers for energy
and information flow and as probes for material properties and
dynamics. Iontronics uses ions as signal carriers, offering the
potential to regulate charge flux, control ion current direction,
and magnitude akin to the nervous system, and amplify signals.
The EDL functions as a critical interface for ionic-electronic cou-
pling in iontronics, facilitating dynamic regulations to control
ion transport and rearrangement, thereby influencing electronic
properties. This provides an alternative approach to enable ef-
ficient energy and information flow, meeting the requirements
of intelligent IoT and AI systems. In this comprehensive review,
energy scavenging devices were classified into three categories
based on the “two-step” EDL model, which involved regulating
the distribution and movement of charge carriers within the en-
tire EDL, diffuse layer, and Debye length range. First, when dy-
namically modulating the entirety of the EDL, manipulation of
the EDL boundary facilitates the directional migration of ions,
thereby engendering a low-amplitude constant current. Further-
more, leveraging electrostatic force enables precise control over
charge distribution within the Stern layer, thereby orchestrating
ionic migration and eliciting high-voltage AC signals. Second, in
the process of regulating the diffuse layer, techniques such as dis-
placement of the diffuse layer boundary on the dielectric surface
or supplementation via solid-liquid CE may be employed. These
methodologies foster electron transfer between charge-collecting
electrodes, yielding either AC high-voltage output or more effica-
cious instantaneous DC ionic-electronic coupling output, respec-
tively. Third, through dynamic regulation of the Debye length
range of the EDL, ionic concentration gradients propel specific
polar ions through charged nanochannels, yielding a steady cur-
rent signal. Alternatively, in humid environments, ionic concen-
tration gradients drive rapid ion migration in 2D nanofluidic
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channels, resulting in heightened efficiency of continuous cur-
rent output. Moreover, to underscore the practical efficacy and
application versatility of energy scavenging devices, illustrative
scenarios were presented, affirming their relevance in scaveng-
ing energy and information flow by self-powered systems.

In the forthcoming era, the advancement of energy scaveng-
ing and self-powered information flow will prioritize maximiz-
ing efficiency through refined design, material innovation, and
the integration of intelligent technologies. This trend will entail
a transition toward miniaturization to facilitate integration into
portable electronics, thereby enabling the development of self-
powered wearables, IoT sensors, and compact devices. In the
realm of computing, the conventional von Neumann architec-
ture confronts challenges as Moore’s law approaches its limits. To
address the escalating demand for data processing capabilities,
there is a pressing need for more efficient neuromorphic com-
puting paradigms. Iontronics, which harnesses ionic/electronic
charge transfer for signal exchange at interfaces, offers notable
advantages in energy efficiency compared to traditional electron-
ics. By leveraging the EDL to regulate electronic properties, ion-
tronics emerges as a promising avenue for effectively managing
energy and information flow in the post-Moore era.
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