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SUMMARY

Maxwell’s demon seemingly violates the second law of thermodynamics, but in reality, it requires external
energy for information processing and particle control, thereby ensuring an overall increase in system en-
tropy. Here, triboiontronic Maxwell’s demon was established by triboelectric-induced polarization, enabling
remote regulation of charge migration within electrical double layers (EDLs). For energy flow, an enhanced
physical-adsorption triboiontronic nanogenerator (EP-TING) achieved a remarkable transferred charge den-
sity of 2,347.12 mC/m2, surpassing conventional EDL-based technologies by several orders of magnitude.
Furthermore, the advanced synergy-enhanced strategy TING (ES-TING), integrating redox reactions, further
increased the charge density to 5,237.51 mC/m2, marking a significant breakthrough in energy conversion
efficiency. For information flow, bionic neural circuits utilizing EP-TINGs/ES-TINGs enabled highly portable,
interference-resistant underwater transmission systems with minimal energy consumption, effectively ad-
dressing challenges of acoustic multipath interference, environmental noise, and severe signal attenuation.
Therefore, harnessing triboiontronic Maxwell’s demon provides an efficient energy-information flow, proving
crucial in the post-Moore era.

INTRODUCTION

Maxwell’s demon, a thought experiment proposed by physicist

James Clerk Maxwell in the 19th century,1 appears to challenge

the second law of thermodynamics. The demon is imagined to

selectively separate molecules to reduce the system’s overall

entropy, creating a gradient that represents a potential energy

source.2 This notion raised a profound question: can entropy

be reduced without consuming energy? Maxwell’s demon

sparked significant debate in the scientific community, leading

to deeper investigations into the relationship between informa-

tion, entropy, and energy and contributing to the development

of information theory.3,4 On the macroscopic level, it appears

to violate the second law of thermodynamics, as the demon

CONTEXT&SCALE Maxwell’s demon presents an apparent challenge to the second law of thermodynamics
by selectively sorting molecules to reduce entropy and create a gradient. Over time, Maxwell’s demon ana-
logs have evolved intomolecular processors, pumps, and ratchets powered by light or external fields. In neu-
ral transmission, Na⁺ ions generate action potentials that efficiently convey information while simultaneously
restoring salinity gradients—a process that mirrors the demon’s selective sorting and highlights the intrinsic
link between energy and information. Achieving this seamless energy-information transfer, as seen in neuro-
transmission, remains a substantial challenge. In this study, triboiontronic Maxwell’s demon was realized
through triboelectric-induced polarization of electrostatic fields, enabling remote control over charge distri-
bution andmigrationwithin electrical double layers (EDLs) and allowing for precise tuning ofmetal work func-
tions. This approach underscores a promising pathway toward integrating energy-information flow in
advanced systems.
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selectively allows fast-moving molecules to pass through a gate,

seemingly separating hot and cold regions and decreasing the

system’s entropy. However, this process requires the consump-

tion of external energy for the demon to perform tasks such as

observation and control of the molecules.5 This energy expendi-

ture ensures that the overall entropy of the system still increases,

following the second law. On the microscopic level, the demon’s

operation involves molecular motion and information process-

ing, which requires energy for the acquisition and manipulation

of information.6,7 The process of obtaining and processing this

information itself consumes energy, which leads to an increase

in the system’s entropy, aligning with the second law as well.

Both aspects of understanding highlight that energy flow is

intrinsically linked to information processing. It was demon-

strated that the demonmust expend energy as a thermodynamic

cost to acquire information aboutmolecules to achieve control of

molecular dynamics (MD), thereby restoring compliance with the

second law when considered as part of the entire system. Anal-

ogous to precise molecular regulation, Maxwell’s demon ana-

logs driven by external fields, such as light, have been achieved

at the microscopic nanoscale.8,9 For instance, the demon, a mi-

crowave cavity, encodes quantum information from a supercon-

ducting qubit and converts it into work by amplifying a propa-

gating microwave pulse via stimulated emission.10 In the

meanwhile, a light-driven molecular pump demon used wave-

length-specific information to induce reversible structural

changes in a compound for creating a proton concentration

gradient, which could generate electrical current with �0.12%

efficiency.11 Despite these molecular-scale successes and ad-

vances in light-driven Maxwell’s demons facilitating directional

compound transport over centimeter-scale distances,12 effi-

ciently coupling energy and information flow at the macroscopic

level remains a significant challenge.

In neural transmission,13 the generation of action potentials is

driven by shifts in ion distribution across the neuronal mem-

brane. In the resting state, the intracellular environment contains

a high concentration of K+ ions, while the extracellular space is

rich in Na+ ions, establishing the resting membrane potential.

Upon receiving a stimulus, sodium channels rapidly open, allow-

ing Na+ to flow into the cell, depolarizing themembrane, and trig-

gering an action potential.14,15 This process disrupts the ion

balance across the cell membrane. In the meanwhile, the so-

dium-potassium pump as an ion pump consumes adenosine

triphosphate (ATP) to actively transport Na+ and K+ against their

concentration gradients to restore the salinity gradient and

membrane resting potential,16,17 ensuring rapid and efficient

signal transmission. Functioning like a biological Maxwell’s

demon, the sodium-potassium pump actively restores salinity

gradients across the neuronal membrane, facilitating the effi-

cient conversion of energy into information and supporting the

neural system’s high efficiency. Thus, neural signal transmission

exemplifies the efficient conversion of energy into information,

illustrating the principle that energy generation inherently consti-

tutes a stream of information. This principle underscores the

extraordinary efficiency of the human brain, which, despite con-

taining tens of billions of neurons, operates on merely 12 W of

power,18 surpassing the efficiency of any artificial system de-

signed to emulate its functions.
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Unlike macroscopic ion transport behavior, the ion transport

process in the nanoconfined space of biological systems could

be regulated.19–21 Such special ion dynamics is due to the

different ion interactions within different confined space limits.

In nanoconfined spaces, a range of anomalous ionic behaviors

such as electrical double layer (EDL) overlapping, ionic Coulomb

blockade, superionic states, etc. will appear.22,23 This provides

an opportunity to biomimic ionic flows in neural transmission

processes by the nanoconfined iontronics that use ions as

charge carriers.24,25 In contrast to conventional electronics,

which depend solely on electron transfer driven by electric fields,

iontronics employs multiphysical fields to generate ion concen-

tration gradients, allowing for the efficient use of ions with

varying valence states as charge carriers.26,27 The foundation

of iontronics lies in the EDL at the solid-liquid interface, where

ionic-electronic interactions occur within its nanometer thick-

ness.24,28 The key challenge is to control ion migration and

enhance ionic-electronic coupling at the EDL for efficient energy

and information transfer. Inspired by biological Maxwell’s demon

in neural transmission that consumed ATP to drive the inverse

gradient migration of ions to maintain a stable concentration

gradient, iontronics offers the possibility to emulate Maxwell’s

demon by fine-tuning the nanoconfined EDL with external fields

to regulate ion migration and achieve efficient energy-informa-

tion flow. Success in this area could significantly enhance energy

conversion and information transfer, advancing next-generation

technologies and biological system simulations.

In this study, a triboiontronic Maxwell’s demonwas developed

through triboelectric-induced polarization of electrostatic fields,

enabling remote control of charge distribution and migration

within EDLs, thereby promoting asymmetric EDL formation and

optimizing energy and information flow. An efficient triboelec-

tric-induced polarization strategy was developed using a hybrid

material composed of a dielectric coated with an ultrathin metal

layer. This strategy forms the foundation for all EDL regulation,

allowing precise control over charge distribution and migration.

By adjusting the dielectric’s electronegativity, solid-liquid con-

tact electrification (CE) was modulated, while the ultrathin

metal layer enabled triboelectric effects to influence surface

charge behavior within the EDL. The developed triboiontronic

Maxwell’s demon enabled effective control over EDL charge dy-

namics, significantly enhancing ionic-electronic coupling and

establishing the EDL as a tailored interface for triboiontronic ap-

plications. In terms of energy flow, this triboiontronic Maxwell’s

demon facilitated the development of an enhanced physical-

adsorption triboiontronic nanogenerator (EP-TING), which

achieved controlled ion migration with a transferred charge

density of 2,347.12 mC/m2, substantially higher than conven-

tional triboelectric nanogenerators (TENGs) and other EDL-

based energy harvesters. An advanced enhanced synergy-

strategy TING (ES-TING), incorporating redox reactions, further

increased ion mobility, boosting the transferred charge density

to 5,237.51 mC/m2, representing a significant advancement in

energy generation. For information flow, bionic neural circuits

based on EP-TINGs or ES-TINGs facilitated advanced remote

wireless underwater transmission with a quality factor surpass-

ing conventional TENGs. This configuration provided a compact,

interference-resistant underwater communication system with
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minimal energy consumption, effectively overcomingmajor chal-

lenges in underwater communication such as acoustic multipath

interference, optical absorption, and electromagnetic attenua-

tion. In the context of bionic neural signal transmission, energy

generation, akin to action potentials, inherently carries informa-

tion. By adjusting ion types or concentrations within EP-TINGs

or ES-TINGs, the polarity of charge carriers can be precisely

managed, directing current flow and forming a flexible, energy-

independent platform for human-machine interfaces and logical

control. Furthermore, triboelectric-induced polarization in the

solid-solid triboelectric charging of the dielectric back layer

enabled tunable control over the work function of the top metal

layer. This tunability is crucial for optimizing broader energy-har-

vesting technologies, such as perovskite and other solar cells, as

it directly affects energy level alignment, charge extraction, and

device efficiency. In conclusion, triboelectric-induced polariza-

tion provides a versatile mechanism to emulate Maxwell’s

demon, creating and regulating concentration gradients and al-

lowing remote control over EDL charge distribution across

diverse dielectrics. In addition, it was demonstrated how modi-

fying charge distribution within the nanoscale EDL could directly

influence the macroscopic performance of the device. This

mechanism not only facilitates efficient energy-information

flow, vital in the post-Moore era, but also advances energy-effi-

cient neuromorphic computing and integrated sensing-compu-

tation systems.

RESULTS AND DISCUSSION

Triboiontronic Maxwell’s demon created by
triboelectric-induced polarization
Maxwell’s demon appears to violate the second law of thermo-

dynamics but ultimately requires external energy to regulate en-

tropy reduction within the system. The classical demon controls

a gate between compartments, seemingly decreasing entropy

and creating order without energy expenditure (Figure 1A). How-

ever, the demon must process information about particle move-

ment and determine when to open the gate, an action that ne-

cessitates energy. The entropy increase associated with the

demon’s memory and decision-making offsets the entropy

reduction from particle sorting. Consequently, the total entropy

of the system, including the demon, continues to increase, pre-

serving the second law. A similar principle governs neural signal

transmission. Upon stimulation, Na+ migrate along their concen-

tration gradient, generating action potentials that seemingly

enable efficient information transfer without direct energy input.

However, the Na+ pump functions as a biological Maxwell’s

demon, utilizing ATP to actively transport Na+ against its concen-

tration gradient, restoring ion balance andmembrane resting po-
Figure 1. Triboiontronic Maxwell’s demon, created by triboelectric-ind

(A) Maxwell’s demon requires an external energy input to process molecular info

(B) The Na+ ion pump as biological Maxwell’s demon could efficiently convert AT

(C) Employing triboiontronic Maxwell’s demon, the EP-TING was developed.

(D–G) The working principle of triboiontronic Maxwell’s demon in the EP-TING.

(H) Comparison of the transferred charge density of typical different types of gen

(I) The operating principle of the bionic neurologic circuit via the EP-TING to real

(J) The transmission quality factor Q comparison of different types of means for
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tential (Figure 1B). This process ensures a sustained concentra-

tion gradient, enabling rapid and efficient signal propagation in

subsequent action potentials. Inspired by the biological Max-

well’s demon in neural signal transmission, a triboiontronic Max-

well’s demon was demonstrated, where triboelectric-induced

polarization enhanced the formation of the asymmetric EDLs,

enabling efficient energy-information flow. By consuming me-

chanical energy during solid-solid CE, this mechanism rein-

forced ion concentration gradients, further amplifying the asym-

metry in the formation of EDLs. Specifically, in terms of energy

generation, employing triboiontronic Maxwell’s demon, an

enhanced EP-TING was developed (Figure 1C), which could

achieve ultra-high transferred charge density. In the EP-TING,

the ultrathin metal layer with a thickness of tens of nanometers

was sputtered on the dielectric substrate via magnetron deposi-

tion in the hybrid film, and approximately 200 mL of water was

initially dropped onto the bottom hybrid film (e.g., gold/fluori-

nated ethylene propylene, Au/FEP). Water infiltrated micro-

scopic cracks in the Au layer, directly contacting the more elec-

tronegative FEP substrate and forming the bottom EDL

(Figure 1D). At this time, the surface electrostatic potential of

the FEP substrate surface in the top Au/FEP layer was approxi-

mately 0 V. Then, the FEP substrate in the top Au/FEP film, iso-

lated from the liquid, was rubbed by electropositive fur, inducing

solid-solid CE through mechanical energy consumption (Fig-

ure 1E). Upon removal of the fur (Figure 1F), a large number of

electrons remained on the FEP surface, and the surface electro-

static potential of the FEP substrate was measured to be

approximately �2,600 V. This change indicated the generation

of the triboiontronic Maxwell’s demon via triboelectric-induced

polarization. The resulting electrostatic field remotely drove an-

ions toward the bottom solid-liquid interface and cations in the

opposite direction, counter to their concentration gradients,

thereby increasing the charge density within the bottom EDL.

Subsequently, the Au surface in the top Au/FEP layer was

pressed downward, initiating contact with the water and forming

the top EDL. Through the action of the triboiontronic Maxwell’s

demon, an enhanced formation of asymmetric EDLs occurred,

leading to a stronger concentration gradient that effectively

controlled the migration of cations within the EP-TING (Fig-

ure 1G). The ultrathin Au layer not only ensured that triboelectric

effects remotely influenced the surface charge distribution within

the EDL but also served as a charge-collecting layer, facilitating

the conversion of ion migration into electron transfer within the

external circuit. This ultimately enabled the conversion of tribo-

electric energy into electrical energy. Through repeated contact

and separation cycles, the ion concentration gradient within the

asymmetric EDLs progressively diminished, leading to a gradual

reduction in electrical output that continued until equilibrium was
uced polarization, could realize efficient energy-information flow

rmation and exert control over molecular behavior.

P to actively transport ions against their concentration gradients.

erators.

ize wireless information transmission.

wireless information transmission underwater.
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reached between the two EDLs. Through adjustment of the

ions’ charge-carrying capacity (i.e., different concentrations or

valences of ions), the EP-TING achieved an impressive trans-

ferred charge density of 2,347.12 mC/m2 (Figure 1H). Moreover,

by varying the types of metal layers on dielectric substrates

via magnetron sputtering, redox reactions could be introduced

into the EP-TING, resulting in the more advanced ES-TING

(Note S1; Figure S1). It synergized with the enhanced asym-

metric EDLs to promote more efficient and stable ion mig-

ration, achieving a transferred charge density of up to 5,237.51

mC/m2 (Figure 1H). Compared with conventional TENGs,29–34

TINGs,24,28 and other EDL-regulated energy-harvesting technol-

ogies,35–37 the transferred charge density in the EP-TING and

ES-TING was increased by several orders of magnitude, signifi-

cantly enhancing energy generation capabilities.

In terms of information transmission, akin to the extended

propagation of neural signals over several tens of centimeters,

optimizing the effective range of the triboiontronic Maxwell’s

demon within EP-TING could enable highly efficient remote ion

migration. This opened the gate to developing a bionic neurolog-

ical circuit with the capability for advanced remote wireless

transmission in water media. Underwater communication tech-

nologies encounter fundamental challenges38: electromagnetic

waves are quickly absorbed by water, optical waves are suscep-

tible to ambient light interference, and acoustic communication,

despite widespread use, suffers from multipath interference and

Doppler shifts. Conventional TENGs, which generate electro-

static fields through CE to drive electronic displacement or ionic

currents, offer potential solutions to these challenges. However,

TENGs are constrained by large operational areas and low signal

amplitudes, resulting in limited portability and suboptimal signal-

to-noise ratios. These issues necessitate further refinement to

enhance performance and efficiency. In the bionic neurological

circuit via the EP-TING (Figure 1I), the right Au/FEP hybrid film re-

mained immersed in the liquid, maintaining a stable EDL essen-

tial for continuous ionic-electronic interactions. By contrast, the

left Au/FEP hybrid film, which carried a strong electrostatic

field due to pre-established solid-solid CE, was mechanically

actuated to periodically contact and separate from the liquid

interface according to a predefined actuation protocol. The tri-

boiontronic Maxwell’s demon, induced through triboelectric po-

larization, further enhanced the asymmetry between the EDLs,

effectively establishing a robust ion concentration gradient.

The asymmetric EDLs significantly expanded the effective range

of ionic-electronic coupling beyond the nanoscale of the EDL it-

self and even extended it several orders of magnitude higher

than that achieved by a single EDL, reaching tens of centimeters.

So, the ion concentration gradient between the asymmetric

EDLs acted as a driving force for directed ion migration,

mimicking the synaptic transmission processes observed in bio-

logical neural networks. Consequently, the mechanical move-

ment of the left Au/FEP hybrid film was efficiently transduced

into precisely controlled electrical pulses, demonstrating the po-

tential of EP-TING in neuromorphic systems and artificial synap-

tic devices. These pulses were collected by an electrometer and

converted into readable character information using the Amer-

ican Standard Code for Information Interchange (ASCII) system

(Figure S2). This process enabled the remote transmission and
conversion of mechanically encoded physical contact informa-

tion into corresponding electrical signals. Tomitigate information

distortion caused by chaotic environmental noise, the ion con-

centration gradient created by enhanced asymmetric EDLs

was gradually reduced over time. The initial five electrical pulses

were designated as the ‘‘judgment area’’ to identify the informa-

tion source, and the subsequent pulses were used to transmit

the information. They were classified as the ‘‘information area’’

to ensure accurate information recognition. As a demonstration,

the electrical pulses generated by the correspondingmechanical

actions successfully conveyed the character information of

‘‘OK’’ via the ASCII system. To accurately assess the transmis-

sion quality of wireless information systems, the quality factor

Q (unit: A/m) was introduced:

Q =
ISC$D

S
(Equation 1)

where ISC is the short-circuit current (ISC, unit: A), D is the trans-

mission distance (unit: m), andS is the working area of the device

(unit: m2). The Q value of the bionic neurologic circuit via the EP-

TING reached 12.0 A/m (Figure 1J). Therefore, a higher Q value

may indicate stronger signal transmission, an extended commu-

nication range, and enhanced portability (smaller working area of

the device). By incorporating redox reactions into the ES-TING,

the ion concentration gradient was synergistically enhanced

(Note S2; Figure S3), significantly increasing it to 23.1 A/m. In

comparison, the highestQ value of conventional TENGs for wire-

less information transmission was up to about 5 A/m.38–43 This

ion concentration gradient drove directed ion migration, mirror-

ing synaptic transmission in biological neural networks. This

system demonstrated near-zero energy consumption while

maintaining excellent portability, achieved by minimizing the

working area (1 cm2) required for effective operation. More

importantly, though the thickness of a single EDL was typically

on the nanometer scale, both the EP-TING and ES-TING

involved the dynamic interaction between two asymmetric

EDLs. The regulation of asymmetric EDLs at the nanoscale

significantly extended the effective range of ionic-electronic

coupling across macroscopic distances, exceeding the confine-

ment of individual EDLs by several orders of magnitude and

reaching tens of centimeters. It was demonstrated how modi-

fying charge distribution within the nanoscale EDL could directly

influence the macroscopic performance of the device.
Adjustment of EDL charge distribution by triboelectric-
induced polarization
The foundation of iontronics lies in the EDL at the solid-liquid

interface. To develop an efficient EP-TING, it is crucial to

precisely optimize and adjust the EDL to enhance the ion con-

centration gradient and facilitate ion migration. Initially, to

explore the remotely dynamic regulation of triboelectric-induced

polarization on charge distribution within the EDL, measure-

ments were taken of the triboelectric charge carried by the

diffuse layer in the liquid and the surface electrostatic potential

of the Stern layer. These measurements provided insights into

the trends in charge distribution within the EDL. Water droplets
Joule 9, 101888, May 21, 2025 5
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of approximately 35 mL were deposited on an inclined dielectric

film. After sliding about 10 cm along the surface to form an EDL,

the droplets were collected using a Faraday cylinder to measure

the polarity and amount of triboelectric charge in the diffuse layer

(Figure S4). The surface electrostatic potential of the Stern layer

on the dielectric film was then assessed with a high-speed sur-

face potentiometer (Figure S5). When the water droplet moved

across a polyethylene terephthalate (PET) surface, it carried a

positive triboelectric charge of 0.54 nC (Figures 2A and S6),

and the PET surface’s electrostatic potential was �90 V (Fig-

ure S7). When an FEP film, pre-negative-charged through

solid-solid CE with fur, was introduced 1 cm on top of the PET

film above the water droplet, the triboelectric charge carried by

the droplet sliding through the PET surface increased to

0.94 nC, and the surface electrostatic potential increased to

�150 V. By contrast, introducing pre-positive-charged fur at

the same height reduced the triboelectric charge to 0.25 nC

and the surface electrostatic potential to �47 V. This demon-

strated that triboelectric-induced polarization, acting as triboion-

tronic Maxwell’s demon, could remotely adjust the charge distri-

bution in the EDL through the electrostatic field. According to the

two-step EDL model,44,45 when water contacted the PET film

(Figure 2B), electrons and anions first adsorbed onto the solid

surface to form the Inner Helmholtz Plane (IHP). Subsequently,

the majority of cations non-specifically adsorbed onto the

charged solid surface to form the Outer Helmholtz Plane

(OHP), together creating the Stern layer. A minority of cations re-

mained free near the Stern layer, contributing to the formation of

the diffuse layer within the droplet. Upon applying a negative

electrostatic field above the EDL through pre-CE, a triboiontronic

Maxwell’s demonwas generated via triboelectric-induced polar-

ization. This demon utilized triboelectric energy to remotely drive

anions toward the solid-liquid contact interface and cations in

the opposite direction, effectively enhancing the charge density

within the EDL by further building up their concentration gradi-

ents (Figure 2C). Conversely, when a positive electrostatic field

was applied at the same position, the reverse regulation of tribo-

electric-induced polarization was reflected, which drove ions to

migrate along their concentration gradient, thereby decreasing

the charge density within the EDL (Figure 2D). Secondly, the ef-

fects of dielectric substrate electronegativity and ultrathin metal

layer coverage on EDL charge density were investigated.

Compared with the minimal negative triboelectric charge of

�0.05 nC carried by droplets sliding over a pure Au surface

(Figures 2E and S8), the positive charge increased progressively

from 0.54 to 1.38 nC as droplets passed over PET, polyimide (PI),

polytetrafluoroethylene (PTFE), and FEP substrates, respec-

tively. After the droplets had slid off, the positive surface electro-
Figure 2. Adjustment of EDL charge distribution by triboelectric-induc

(A) The charge density in the EDL could be adjusted by triboelectric-induced po

(B–D) The regulation principle of the charge density in EDL.

(E and F) The charge density in the EDL could be increased by increasing the ele

(G and H) By reducing the sputtering time of metal layers on dielectric substrates,

(I) The effect of metal layer sputtering time on the device’s internal resistance.

(J) The effect of metal layer sputtering time on the output of conventional TINGs

(K) The effect of triboelectric-induced polarization on the EP-TING output.

(L–O) Comparison of charge distributions in asymmetric EDLs constructed by di
static potential of the Au remained approximately 5 V (Figures 2F

and S9), while the negative surface electrostatic potential of

these dielectric films rose from about �90 V to �270 V. This

demonstrated that the charge density in the EDL at the metal-

liquid interface was lower and oppositely distributed compared

with that at the dielectric-liquid interface. Moreover, as the elec-

tronegativity of the dielectric film increased, its solid-liquid CE

with water intensified, resulting in a higher charge density in

the EDL. When FEP with higher electronegativity was used as

the dielectric substrate, increasing the Au layer sputtering time

from 1 to 30min reduced the positive triboelectric charge carried

by droplets sliding on the Au/FEP hybrid film from 0.63 to 0.18 nC

(Figures 2G and S10), while the negative electrostatic potential

on these Au/FEP hybrid films decreased from �141 V to �27 V

(Figures 2H and S11). This suggested that prolonged sputtering,

which enhanced the coverage of the ultrathin metal layer, mini-

mized microscopic cracks (Figure S12) that otherwise facilitated

direct contact between the dielectric substrate and the liquid,

thereby weakening CE and reducing the charge density in

the EDL.

The ultrathin metal layer not only facilitated solid-liquid CE in

modulating surface charge distribution within the EDL but also

played a crucial role in charge collection due to their higher elec-

trical conductivity. However, an excessively thin metal layer

could compromise conductivity, increase internal resistance,

and weaken the coupling dynamics between ion migration and

electron transfer. Thus, optimizing the sputtering time was

essential to achieving a balanced performance. As shown in Fig-

ure 2I, increasing the sputtering time of the Au layer from 1 to

10 min effectively reduced the internal resistance of the device

from 11.3 to 6.3 kU. Beyond this point, a further increase in sput-

tering time resulted in minimal reduction, and it stabilized around

6.0 kU. In addition, if the sputtering time was further increased,

the metal layer would be too thick, weakening the CE effect be-

tween the liquid and the dielectric substrate. Thus, the optimiza-

tion of the sputtering time to 10 min resulted in optimal perfor-

mance for the conventional TING without the influence of

triboelectric-induced polarization, resulting in a positive ISC of

23.57 mA and a QSC of 1.20 mC (Figures 2J and S13). Once the

FEP surface in the top Au/FEP hybrid film was rubbed with the

electropositive fur, the triboiontronic Maxwell’s demon was

added through the triboelectric-induced polarization, which

generated a negative electrostatic field and thus enhanced the

asymmetric EDLs. This enhancement led to significant improve-

ments in the performance of the EP-TING (Figures 2K and S14).

The ISC and QSC of the EP-TING increased to 31.10 mA and

1.73 mC, respectively. By contrast, when a positively charged

nylon (PI) film was applied on the top Au/FEP layer, the positive
ed polarization as triboiontronic Maxwell’s demon

larization.

ctronegativity of dielectric materials.

the charge density in EDLs at hybrid film-water interfaces could be increased.

without the influence of triboelectric-induced polarization.

fferent solid material-water upon contacts.
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electrostatic field generated a reverse triboelectric-induced po-

larization, which weakened the ISC and QSC to 16.47 mA and

1.07 mC, respectively. Thus, the integration of triboelectric-

induced polarization-based triboiontronic Maxwell’s demon

with the Au/FEP hybrid material enabled the EP-TING to achieve

efficient ionmigration via enhanced asymmetric EDLs, establish-

ing a strong foundation for seamless energy-information flow.

Based on the dynamic regulation of the EDLs described above,

the charge distributions in asymmetric EDLs formed by various

solid-liquid interfaces were compared. The EDL at the dielec-

tric-liquid interface exhibited a higher charge density (Figure 2L),

which enhanced the ion concentration gradient between the

asymmetric EDLs and improved cation migration efficiency.

However, the insulating properties of the dielectric limited the

conversion of ion migration into electron transfer within the

external circuit, leading to an ISC of 0 mA for this system. By

contrast, pure Au demonstrated excellent electrical conductivity.

The EDL at the Au-liquid interface had a significantly lower

charge density compared with the dielectric-liquid interface,

with an opposite charge distribution due to a difference in elec-

tronegativity, resulting in a weaker ion concentration gradient

across the asymmetric EDLs (Figure 2M). It led to a weaker

migration of anions as charge carriers, resulting in an ISC of

only around �0.8 mA (Figure S15). To overcome this limitation,

asymmetric EDLs should be constructed using the metal/dielec-

tric hybrid film in contact with the liquid (Figure 2N). By fine-tun-

ing the dielectric’s electronegativity, it was possible to precisely

modulate the solid-liquid CE to create an effective ion concentra-

tion gradient that facilitated ion migration. Meanwhile, the ultra-

thin metal layer served as a charge-collecting layer, converting

ion migration into electron transfer. This configuration led to an

increase in ISC to 23.57 mA in conventional TINGwithout the influ-

ence of triboelectric-induced polarization. Furthermore, the

application of a negative electrostatic field to the FEP surface

in the top Au/FEP hybrid film, via solid-solid CE, leveraged the tri-

boiontronic Maxwell’s demon created by triboelectric-induced

polarization, resulting in further enhancement of the asymmetric

EDLs. This promoted a more pronounced ion concentration

gradient (Figure 2O), ultimately increasing the ISC to 31.10 mA

in the ES-TING. To improve the long-term stability of triboelec-

tric-induced polarization and ensure sustained functionality

in triboiontronic applications, several strategies could be imple-

mented. Firstly, surface engineering techniques, such as struc-

tured doping of ferroelectric inorganic nanoparticles to create

charge traps46 or the design of nano/microstructured dielectric

surfaces, could be employed to enhance charge retention and

establish a robust electret-based strategy for improved long-

term polarization stability. Secondly, environmental control,

such as encapsulating the device with hydrophobic coatings or
Figure 3. Harnessing triboiontronic Maxwell’s demon for efficient ene

(A) The effect of ion’s charge-carrying capacity on the EP-TING output.

(B) MD simulations on the high-concentration AlCl3 solution were conducted.

(C) The EDL model at the contact interface between Au/FEP hybrid film and satu

(D–F) The optimal output generated by the EP-TING with different saturated solu

(G–I) The optimal output generated by the ES-TING with different saturated solu

(J) The VOC of the power management system could reach 6 V.

(K and L) The power management system could power a Bluetooth thermomete
operating under low-humidity conditions, could effectively mini-

mize charge loss by limiting interactions with water molecules

and other charge-neutralizing species. Thirdly, active charge

replenishment strategies, including periodic triboelectric activa-

tion or electrostatic pre-charging, could help counteract charge

dissipation and maintain a stable electrostatic field over

extended periods.

Harnessing triboiontronic Maxwell’s demon for efficient
energy flow
After optimizing the solid phase, a systematic study of the

charge-carrying capacity of ions in the liquid phasewas essential

to significantly enhance the EP-TING output. As shown in Fig-

ure 3A, increasing the LiCl concentration from 10�4 M to satura-

tion led to a substantial rise in the ISC of the EP-TING from 0.14 to

2.22 mA, which could be attributed to two primary factors.

Firstly, a higher ion concentration increased the charge density

in the bottom EDL, amplifying the asymmetry of the EDLs. Sec-

ondly, the increased ion concentration improved the solution’s

conductivity, reducing the device’s internal resistance from

approximately 6 kU to 500 U. Additionally, replacing Li+ with

Mg2+ at the same concentration significantly enhanced the

output, with saturated MgCl2 as the liquid phase, enabling the

EP-TING to achieve an ISC of 4.22 mA. This enhancement high-

lighted the influence of higher valence states on ion charge-car-

rying capacity, enabling more efficient current output at equiva-

lent cation concentrations. However, when using Al3+ ions as the

charge carrier, a different ion kinetic behavior was observed.

Although the EP-TING with AlCl3 showed superior performance

compared with LiCl and MgCl2 at concentrations below 10�2

M, its output declined as the concentration further increased.

Notably, with the saturated AlCl3 solution, the EP-TING even pro-

duced a negative ISC of�1.90mA (the correspondingQSC values

in this experiment are shown in Figures S16–S18). Due to the hy-

drolysis of the saturated AlCl3 solution, which produced Al(OH)3
and released H+ ions, its pH value was approximately 0.1 (Fig-

ure S19), indicating a significantly higher concentration of H+

compared with LiCl and MgCl2 solutions. MD simulations on

the saturated AlCl3 solution were conducted, and mean squared

displacement (MSD) curves for various ions in the solution were

analyzed (Figure 3B). The simulation results showed that the

diffusion coefficients follow the order of H+ > Cl� > Al3+, which

could be explained by the different sizes, charges, and hydration

behaviors of the ions. H+ exhibited the highest diffusion coeffi-

cient due to its small size and the Grotthuss mechanism, where

protons effectively ‘‘hop’’ between water molecules. Cl�, being a

monovalent ion, had a larger radius than H+ but still moved rela-

tively freely due to its lower charge density. Al3+, as a highly

charged trivalent ion, formed a strongly hydrated complex,
rgy flow

rated AlCl3 solution.

tions under the action of triboiontronic Maxwell’s demon.

tions under the action of triboiontronic Maxwell’s demon.

r and an LED screen.
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which significantly increased its effective radius and reduced its

mobility. This resulted in its lowest diffusion coefficient among

the three ions. The MSD results correlated with these physical

properties and likely provided an accurate representation of

ion diffusion behavior in the higher-concentration solution.

Upon contact between the Au/FEP hybrid film and the AlCl3 so-

lution, H+ swiftly migrated to the interface, forming the OHP

within the Stern layer (Figure 3C). Simultaneously, the IHP was

occupied by Cl� and electrons transferred via CE, while the ma-

jority of Cl� functioned as charge carriers, resulting in a negative

ISC. Particularly, the EP-TING with saturated AlCl3 required tri-

boiontronic Maxwell’s demon to apply a positive electrostatic

field on the back of the top Au/PET layer to promote the against

concentration migration of ions and promote the generation of

electrical energy (Figure S20). As a verification, when using a

1 M HCl solution as the liquid phase (Figure S21), the EP-TING

also generated negative electrical signals (Figure S22). This

experiment demonstrated that varying the type or concentration

of ions in solutions allows the regulation of charge carriers with

different polarities, thereby controlling the current direction of

EP-TINGs and laying the groundwork for logical control. More-

over, to further enhance the asymmetry of two EDLs at the

same solution concentration, plasma treatment was applied to

modify the hydrophilicity of the bottom Au/FEP surface. As the

50 W-power plasma treatment duration increased to 40 s, the

contact angle decreased significantly from approximately 93�

to 23� (Figure S23), indicating a marked improvement in the hy-

drophilicity. This treatment could effectively increase the charge

density in the bottom EDL, resulting in a stronger ion concentra-

tion gradient, ultimately leading to improved EP-TING output.

Experiments demonstrated that, under the influence of a nega-

tive electrostatic field applied to the back of the top Au/PET layer

through triboiontronic Maxwell’s demon, the EP-TING system

with saturated MgCl2 exhibited enhanced electrical perfor-

mance. This optimization, driven by hydrophilic adjustment, re-

sulted in an ISC of 8.30 mA, QSC of 234.74 mC, peak power (PR)

of 6.89 mW, internal resistance of 400 U, and open-circuit

voltage (VOC) of 0.33 V (Figures 3D–3F and S24). Conversely, un-

der the action of a positive electrostatic field at the same posi-

tion, the EP-TING with saturated AlCl3 could achieve negative

optimal output with the ISC of �4.89 mA, QSC of �151.20 mC,

PR of �1.79 mW, internal resistance of 300 U, and VOC of

�0.28 V (Figure S25), respectively. In addition, scanning electron

microscopy (SEM) imaging was conducted to examine any

microstructural changes in the compositematerial before and af-

ter immersion in the solution (Figure S26). The imaging results

demonstrated that solution exposure had no significant impact

on the Au layer or the pre-existing microcracks.

To further improve the output performance and operation sta-

bility, redox reactions could be integrated into the EP-TING and

transformed into a more efficient ES-TING by flexibly adjusting

the type of metal sputtered on the dielectric substrate. In the

EP-TING with saturated MgCl2, cations were driven upward by

the concentration gradient. Therefore, in the corresponding

ES-TING, the bottom Au/FEP layer needed to be replaced with

Cu/FEP to ensure that Cu was oxidized to Cu2+. This allowed

Cu2+ to be driven upward by the electrochemical potential, work-

ing synergistically with other cations driven by asymmetric EDLs
10 Joule 9, 101888, May 21, 2025
(Note S1; Figure S27). This redox reaction synergized with the

enhanced asymmetric EDLs, facilitating the upward migration

of multiple cations and creating an effective synergistic stage.

This interaction significantly improved the device’s operational

stability, even after the dissipation of the asymmetric EDLs, tran-

sitioning the system into a stable stage. Under the action of a

negative electrostatic field applied by triboiontronic Maxwell’s

demon, the ES-TING with saturated MgCl2 could enhance the

positive optimal output to the ISC of 18.62 mA, QSC of

523.74 mC, PR of 34.67 mW, internal resistance of 400 U, and

VOC of 0.60 V, respectively (Figures 3G–3I and S28). Conversely,

in the EP-TING with saturated AlCl3, anions migrated upward as

charge carriers. The top Au/FEP needed to be replaced by Cu/

FEP in the ES-TING, which ensured that the ion concentration

gradient promoted upward anionmigration while the redox reac-

tion drove Cu2+ ions downward, thereby producing a synergistic

net current output during the synergistic stage (Figure S29). Un-

der the action of a positive electrostatic field applied by triboion-

tronic Maxwell’s demon, the ES-TING with saturated AlCl3 could

generate the negative optimal with the ISC of �11.63 mA, QSC of

�289.17 mC, PR of�10.14 mW, internal resistance of 300 U, and

VOC of �0.58 V (Figure S30), respectively. After calculation, the

transferred charge density of the EP-TING and ES-TING could

reach 2,347.12 and 5,237.51 mC/m2, respectively (Figure 1H),

which were increased by several orders of magnitude compared

with conventional TENGs, TINGs, and other EDL-regulated en-

ergy-harvesting technologies. The EP-TING operated exclu-

sively through the enhanced formation of the asymmetric

EDLs. After the operation, the symmetric EDL state could be

easily restored to its initial asymmetric state through a simple

electrochemical recovery process (Figures S31 and S32),

ensuring excellent reusability and long-term operational stability.

This made the EP-TING particularly advantageous for applica-

tions requiring extended standby periods, intermittent activa-

tion, and minimal maintenance. In the ES-TING, the synergy be-

tween the redox reaction and asymmetric EDL formation

enhanced energy conversion efficiency, so it was ideal for envi-

ronments requiring sustained high-energy supply, such as

powering high-demand sensors or enabling long-duration un-

derwater wireless communication. To enhance the direct energy

supply to load devices and minimize energy loss, 10 ES-TINGs

were connected in series to form a power management system

(Figure S33). This setup enabled the direct integration of the en-

ergy-harvesting device that dynamically adjusts the EDLwith the

energy storage device through redox reactions, eliminating the

need for complex energy conversion circuits (Figure S34).

This configuration increased the VOC to approximately 6 V

(Figures 3J and S35), facilitating the direct operation of electronic

devices. For instance, the power management system could

charge a 1mF capacitor to around 3 V in 25 s (Figure S36). During

the synergistic stage, the charging process was notably efficient,

while the stable stage maintained consistent charging stability.

In practical applications, the power management system

demonstrated its capability to power a Bluetooth thermometer,

enabling wireless environmental information transmission to a

mobile device via Bluetooth (Figures 3K and S37; Video S1),

and to power an light emitting diode (LED) screen for displaying

essential information (Figures 3L and S38; Video S2). These
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examples highlighted the ES-TING’s practical value as a reliable

energy source and underscored its promising potential as an

efficient power unit for future Internet of Things (IoT) applications.

According to the stability test, it was observed that a Cu layer,

with a thickness of tens of nanometers, sputtered onto the FEP

substrate, could maintain stable operation of the ES-TING de-

vice for nearly 2 h (Figure S39). To mitigate the degradation of

the Cu charge-collecting layer due to the redox reaction and

extend the operational lifespan of the ES-TING, several strate-

gies could be applied. Firstly, appropriately increasing the thick-

ness of the Cu layer could significantly enhance the device’s

durability. Secondly, due to the relatively low cost of Cu, periodic

replacement of the Cu/FEP hybrid film could be a cost-effective

strategy. Finally, optimizing cycling parameters, such as ampli-

tude and frequency, could help reduce metal degradation by

controlling the rate of cycling-induced stress.

Harnessing triboiontronic Maxwell’s demon for efficient
information flow
The transmission distance of neural signals in the human body

varies depending on the type and function of specific nerve fi-

bers, ranging from a few millimeters to about a meter. In pain re-

flex circuits (Figure 4A), the sodium-potassium pump functions

similarly to a biological Maxwell’s demon, efficiently converting

ATP into electrochemical energy to maintain ion gradients

essential for sustaining the effective propagation of sensory sig-

nals andmotor commands between sensory andmotor neurons.

This active regulation enables signal transmission over distances

typically spanning several to tens of centimeters, ensuring rapid

and efficient communication within the nervous system. Analo-

gously, in the EP-TING, the triboiontronic Maxwell’s demon

plays a critical role in optimizing the effective range of remote

ion migration with minimal energy consumption. By fine-tuning

the spatial configuration of the two Au/FEP-liquid interfaces,

the interaction distance of the enhanced asymmetric EDLs,

regulated by the triboiontronic Maxwell’s demon, could be

adjusted within the EP-TING. The asymmetric EDLs significantly

expanded the effective range of ionic-electronic coupling

beyond the nanoscale of the EDL itself and even extended it

several orders ofmagnitude higher than that achieved by a single

EDL, reaching tens of centimeters. This dynamic control enabled

the bionic circuit to maintain stable operation across a variety of

liquid environments, including electrolyte solutions (e.g., satu-

rated MgCl2), artificial seawater (0.6 M NaCl), tap water, and de-

ionized (DI) water (Figures 4B and S40). Remarkably, the bionic

circuit, with a compact working area of just 1 cm2, maintained

effective performance across various liquid phases, achieving
Figure 4. Harnessing triboiontronic Maxwell’s demon for efficient info

(A) Action potential transfer process in human pain reflex circuit.

(B) The bionic neurologic circuit via EP-TING could control the remote migration

(C) The bionic neurologic circuit could realize the remote wireless transmission o

(D) Using the ASCII system, encoded electronic pulses could be translated into r

(E) A human-computer interaction interface was developed by the bionic neural

(F and G) By using the human-computer interaction interface, the flexible contro

(H) The test system for measuring metal work function by the KPFM.

(I) The metal work function could be adjusted by triboelectric-induced polarizatio

(J) EP-TINGs and ES-TINGs have a potentially wide range of applications in the
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interaction distances of up to 30 cm. This was comparable to

neural transmission distances and generated ISC values of 420,

110, 40, and 20 mA, respectively. This robust remote signal trans-

mission capability provided a solid foundation for bionic circuits

to transmit mechanically encoded physical contact information

over longer distances, converting it into corresponding electrical

signals (Figures 1I and 4C). These encoded electrical signals are

subsequently collected and translated into readable character

information using the ASCII system (Figure 4D; Video S3). To

minimize information distortion caused by chaotic pulses in

ambient noise, a judgment area was established, encompassing

signals that consistently decreased during the initial five contact-

separation cycles. This approach could effectively identify the in-

formation source and be regenerated. Following numerous cy-

cles of information transmission, an external electrical field could

be employed to recover the mechanical-driven electrode,

restoring the enhanced asymmetric EDL for subsequent trans-

missions (Figure S41). To further stabilize wireless information

transmission, redox reactions could be incorporated to create

a bionic neurological circuit via the ES-TING (Note S2; Fig-

ure S42). This circuit effectively controlled ion migration by syn-

ergizing enhanced asymmetric EDLs with redox reactions,

thereby increasing the ISC amplitude for improved signal recog-

nition (Figure S43) and ensuring reliable information transmission

(Figure S44; Video S4). However, relying solely on redox reac-

tions might impair information identification due to the absence

of the judgment area, leading to interference from environmental

pulses and erroneous transmission (Figure S45; Video S5). For

demonstration purposes, the character information of OK via

the ASCII system was successfully conveyed through electrical

pulses generated by the corresponding mechanical actions.

Therefore, integrating triboiontronic Maxwell’s demon to

enhance asymmetric EDLs was crucial for precise wireless

communication. Calculations showed that the quality factor Q

of the bionic neurological circuit via the EP-TING and ES-TING

is 12.0 and 23.1 A/m, respectively (Figure 1J), substantially

higher than the approximately 5 A/m observed in conventional

TENGs.38–43 Therefore, utilizing triboiontronic Maxwell’s demon

through enhanced asymmetric EDLs significantly could enhance

the signal-to-noise ratio and improve the accuracy of information

source identification, thereby enhancing anti-interference capa-

bilities in wireless information transmission. This approach

successfully mitigated the limitations of existing underwater

communication methods, where electromagnetic waves are ab-

sorbed by water, optical communication is disrupted by ambient

light, and widely adopted acoustic communication is compro-

mised by multipath interference and Doppler shift. Additionally,
rmation flow

of ions.

f complex information underwater.

eadable characters.

control system via EP-TINGs.

l of intelligent devices such as robots could be realized.

n.
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in comparison to conventional TENGs, the bionic circuit could

not only deliver superior information recognition but also achieve

extended transmission distances with a minimal working area of

1 cm2, thereby advancing the device’s miniaturization and

portability.

Building on the principles of efficient energy-information trans-

mission, the nervous system leverages parallel processing and

specialized transmission pathways to manage multiple signals

simultaneously. This ensures precise and coordinated func-

tioning throughout the body. For example, in the pain reflex cir-

cuit (Figure 4A), sensory receptors detect stimuli and generate

action potentials that travel along sensory neurons to the central

nervous system. Concurrently, the central nervous system pro-

cesses these signals in parallel, issuing motor commands

through motor neurons to induce muscle responses and avoid

injury, while also relaying memory-related information to the

brain through memory neurons to inform future behavior.

Inspired by these processes, a bionic neural control system

was developed by integrating multiple bionic neurological cir-

cuits using EP-TINGs with solutions of varying concentrations,

mimicking the parallel processing and specialized transmission

capabilities of the biological nervous system. This setup enabled

the creation of a human-computer interaction interface that op-

erates based on multiple threshold activations (Figure S46). By

replicating ion concentrations similar to those in the human

body, utilizing 154 mM NaCl, 0.8 mM MgCl2, and DI water as

the liquid phases in EP-TINGs, distinct signal amplitudes (2.00,

0.41, and 0.14 mA) were generated (Figure S47). When different

bionic circuits in the bionic neural control system were activated

by the user through the interface, specific signal amplitudes trig-

gered correspondingmovements in a virtual human displayed on

the computer interface (Figure 4E; Video S6). Additionally, by ad-

justing the opposing currents from different ion types within the

ES-TING liquid phase (Figure S48), a stable bionic neural control

system was developed (Figure S49), which served as a reliable

human-computer interaction interface to control intelligent de-

vices to perform desired functions. Taking the example of con-

trolling the robot to perform the rhythmic walking motion (Video

S7), when the ES-TING with a saturated MgCl2 generated a pos-

itive signal, it prompted the robot to lift its right leg (Figure 4F).

Conversely, a negative signal from the ES-TING with a saturated

AlCl₃ solution caused the robot to lift its left leg (Figure 4G).

Leveraging the triboiontronic Maxwell’s demon via triboelec-

tric-induced polarization, efficient wireless information transmis-

sion underwater and a flexible, energy-independent human-

computer interface were achieved, seamlessly integrating

energy harvesting, sensing, storage, and computing. Addition-

ally, dynamic fine-tuning of the metal work function could be

enabled by triboiontronicMaxwell’s demon. By using stable plat-

inum (Pt) with a work function of 5.65 eV as a reference, the sur-

face potential difference between Pt and the test sample was

measured using a Kelvin probe force microscope (KPFM) to

assess the work function (Figure 4H). Compared with the

5.20 eV work function of pure Au, the work functions of Au sput-

tered onto PET and FEP (10 min of sputtering) increased to 5.63

and 6.08 eV, respectively (Figures 4I, S50, and S51). This obser-

vation indicated that the CE between the Au layer and the dielec-

tric substrate facilitated electron transfer from the Au surface to
the contact interface, thereby lowering the tendency for electron

escape from the metal surface. Conversely, when the back sur-

faces of these hybrid films were rubbed with fur, introducing

additional electrons via solid-solid CE, the work functions drop-

ped to approximately 5.51 and 5.75 eV, respectively (Figures 4I,

S52, and S53). This research demonstrated that triboelectric-

induced polarization, functioning as triboiontronic Maxwell’s

demon, generates an electrostatic field by utilizing triboelectric

energy, facilitating electron transfer from the Au layer to the sur-

face, and enabling dynamic modulation of the metal work func-

tion through the redistribution of electrons. It extends beyond

iontronic applications, providing transformative potential for

optimizing interfacial contact potentials in perovskite photovol-

taics and advancing broader technological domains. Addition-

ally, triboiontronics enhances energy and information flow,

ensuring optimal energy transmission, storage, and utilization.

It also improves information transfer efficiency, reduces energy

consumption and latency, and enhances the responsiveness

and stability of IoT devices (Figure 4J). These advancements,

driven by the concept of triboiontronic Maxwell’s demon, offer

substantial promise for the future of intelligent interconnectivity.

Conclusions
In summary, a triboiontronic Maxwell’s demon was established

in this paper through triboelectric-induced polarization of elec-

trostatic fields. This approach facilitates remote regulation of

charge distribution and migration within EDLs while enabling

fine-tuning of metal work functions, thereby offering versatile

control over energy and information flow. The enhanced EP-

TING demonstrated a substantial charge transfer density of

2,347.12 mC/m2, marking a significant advancement over tradi-

tional EDL-based energy-harvesting technologies. Further en-

hancements were realized with the ES-TING, where integrated

redox reactions boosted the transferred charge density to

5,237.51mC/m2, establishing it as a stable, efficient power man-

agement unit. By constructing asymmetric EDLs, the system not

only optimized high-energy flows but also achieved high-fidelity

underwater information transmission. Bionic neural circuits built

with EP-TINGs or ES-TINGs enabled portable, remote, interfer-

ence-resistant wireless communication with minimal energy

consumption in aqueous environments, effectively mirroring

the efficiency of neural signal transmission. This approach ad-

dresses major challenges such as rapid electromagnetic wave

absorption in water, optical communication’s vulnerability to

ambient light interference, and acoustic communication limita-

tions caused by multipath interference and Doppler effects.

Furthermore, by leveraging ion modulation within bionic neural

circuits using EP-TINGs or ES-TINGs, precise control over

charge carrier polarity and current direction has been achieved,

paving the way for energy-autonomous human-machine inter-

faces and advanced logic control systems. Additionally, tribo-

electric-induced polarization offers dynamic tuning of metal

work functions, significantly enhancing energy conversion effi-

ciencies in perovskite photovoltaics and other applications.

Overall, this work establishes a solid foundation for energy-effi-

cient, multi-signal processing IoT systems, advancing the devel-

opment of intelligent, interconnected technologies in the post-

Moore era.
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METHODS

Materials
The ultrathin metal layers on the dielectric substrate surfaces in

the hybridmaterial were deposited using amagnetron sputtering

system (Discovery 635, Denton Vacuum, USA). The sputtering

process was carried out with a power of 50 W, and the substrate

rotation speed was maintained at 40 rpm to ensure uniform

deposition. After the sputtering process, the resulting thickness

of the ultrathin metal layer was approximately 100 nm.

Fabrication of the EP-TING and ES-TING
The EP-TING and ES-TING devices, each with an area of 1 cm2,

were constructed using PET, PI, PTFE, and FEP film substrates,

all with a thickness of 100 mm. The bottom hybrid material sur-

face underwent plasma treatment using a plasma cleaner

(CPC-A, CIF, China) for 30 s to enhance surface hydrophilicity.

Electrical measurement
The EP-TING and ES-TING devices were driven by a linear motor

(PL0119x600/520, LinMot, Switzerland) for normal operation.

Their output electrical signals were measured using a test sys-

tem composed of an electrometer (6514, Keithley, USA) and a

data acquisition card (BNC-2120, National Instruments, USA).

A Faraday cylinder was employed to test the charge on droplets

sliding over the film, while a high-speed surface potentiometer

(347, TREK, USA) measured the film’s surface potential. The

KPFM measurement was conducted on an atomic force micro-

scope (Cypher ES, Oxford, UK) using a conductive probe (NSC

18, MikroMash, USA). The tapping amplitude was set to

350mV, with a scan size of 1 mmand a lift height of 50 nm for pre-

cise surface potential analysis.
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