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Regulation of the Stern layer in EDL
for the bionic neurologic circuit

The electrical double layer (EDL) structure has been investigated for over a century,
but how to fine-tune it remains a challenge. Here, dynamic regulations of EDL were
achieved by contact electrification, forming triboiontronics. Through regulating
the diffuse layer and Stern layer, an efficient direct-current triboiontronic
nanogenerator and a bionic neurologic circuit were constructed. It provids an
interdisciplinary paradigm of charge regulation for prospective applications and
offers a platform to study the ionic-electronic coupling interface for efficient

energy and information flow.
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SUMMARY

Information flow in the central nervous system consumes little en-
ergy, and nerve impulses are carried through by the conduction of
ions within the electrical double layer (EDL). The EDL structure has
been investigated for over a century, but how to fine-tune it remains
a challenge. Here, dynamic regulations of the EDL at the dielectric-
liquid interface were achieved by contact electrification (CE),
forming triboiontronics. Firstly, the ionic charge density in the nano-
confined diffuse layer was regulated by CE-induced charge,
enabling a direct-current triboiontronic nanogenerator (DC-TING)
with an ultra-high peak power density of 126.40 W/m?. Further-
more, the charge distribution in the sub-nanoconfined Stern layer
was adjusted by CE-induced electric fields, achieving bidirectional
ionic-electronic signal conversion for a bionic neurologic circuit.
Through dynamic EDL regulation in triboiontronics, the polarity,
quantity, and type of charge were fine-tuned, which provided a ver-
satile paradigm for various prospective applications in efficient en-
ergy harvesting and neuromorphic computing.

INTRODUCTION

From the ubiquitous Internet of Things (loT) to highly integrated human brains, en-
ergy efficiency plays a critical role in the flow of information.”” The loT consists of
numerous electronic sensors, and the conventional von Neumann computing archi-
tecture in electronics is facing challenges with the end of Moore’s law, which have
become even more severe in today's era of big data.® To satisfy our ever-growing
appetite for data and information, a more efficient neuromorphic computing para-
digm is desperately needed. Brain activation could be defined as the information-
driven reorganization of energy flows in a population of neuroglial units that leads
to an overall increase in energy utilization.*” Inspired by the human brain, new con-
cepts of iontronics have aroused great research interests in exploring diverse neuro-
morphic devices.®® Unlike electronics that use only electrons and/or holes as the
primary charge carriers, iontronics couples ionic/electric charge transfer and ex-
change signals at the coupling interface, which has much higher energy efficiency.’
For example, the human brain as a typical highly integrated iontronic center process-
ing unit consumes only 12 W; however, it takes tens of megawatts to build a brain-
like integrated electronic system.'® In iontronics, the electrical double layer (EDL)
controls electronic properties through ion transport and rearrangement, and it could
provide an alternative paradigm to provide efficient energy and information flow

required by the post-Moore era."’

Although the EDL has been directly used in high-power supercapacitors,'*'? it has

more essential roles in both information flow in the central nervous system and the
formation of the solid electrolyte interface (SEI) in batteries."*'® Recent studies
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showed clearly that the dynamic ionic-electronic coupling interaction of EDL at the
nanoscopic level determines the physiochemical properties of the SEI, influencing
the performance of most batteries.'” Therefore, charge carriers’ interaction of EDL
at the nanoscopic level determines the performance of macroscopic devices.
Thus, understanding the EDL formed at the solid-liquid/liquid-liquid interface is crit-
ical in many fields, from neuroscience, energy storage, and catalysis to colloid for-
mation.'®"'® The study of the structure and composition of the EDL has continued
for over a century since the first Helmholtz’s flat model was proposed.’”?* Most
EDL structure models were proposed based on a conductor-liquid system, in which
the dynamic EDL could be adjusted by electrochemistry. In this case, various electro-
chemical techniques could fine-tune the rate of chemical reactions by an electroin-
ductive effect in the EDL.”**® However, if the solid is an insulator, there seems little
means to control the dynamic adjustment in the EDL at the dielectric-liquid interface.
A "two-step” model was recently proposed for the formation of the EDL for an insu-
lator liquid,?*~?® in which the electrons firstly transfer between the dielectric insulator
and the water when the liquid contacts the solid surface, and the ionization reaction
that occurs on the solid surface attracts the opposite ions in the liquid by electro-
static interaction.

In this article, dynamic regulations of charge carriers in the diffuse layer and the Stern
layer in the EDL at the dielectric-liquid interface were realized, respectively, by
means of contact electrification (CE), forming triboiontronics. It could adjust the
ionic-electronic coupling interface to achieve highly efficient energy harvesting
and information transmission. Firstly, the ionic charge density in the nanoconfined
diffuse layer on the dielectric insulator could be adjusted by pre-charged deionized
(DI) water mist induced by solid-liquid CE, which creates a built-in electric field in the
direct-current triboiontronic nanogenerator (DC-TING) to couple the ionic current
with the electric displacement current, developing DC output. Compared with the
conventional triboelectric nanogenerator (TENG), the DC-TING as a triboiontronic
device based on the in situ ionic charge supplement strategy could maintain a
high charge density on the dielectric insulator. It achieved an ultra-high peak power
density of 126.40 W/m? (421.33 kW/m?) at 0.10 Hz, where the output performance of
most TENGs is weak. Furthermore, the ionic charge polarity of the diffuse layer could
also be remotely adjusted through dynamic regulation of the charge distribution in
the sub-nanoconfined Stern layer by bidirectional electric fields generated by solid-
solid CE. The bionic neurologic circuit was realized, and it transfers triboiontronic in-
formation from CE with ionic charge polarity information stored in the diffuse layer to
be converted into the corresponding electronic signal. It could be used to build a
source-free human-computer interaction interface for neuromorphic self-powered
in-sensor computing systems. Therefore, the realization of the triboiontronics by a
source-free dynamic regulation EDL not only can provide a new paradigm for highly
efficient energy harvesting and information transmission but also can provide a para-
digm of multi-faceted regulation of the polarity (positive or negative), quantity, and
type (ionic or electric) of charge for wide prospective applications.

RESULTS AND DISCUSSION

High-power DC-TING via regulation of the diffuse layer in EDL

When DI water is in contact with the insulator, the formed EDL includes a negatively
charged Stern layer with a sub-nanometer-level thickness and a positively charged
diffuse layer with a nanometer-level thickness. The ionic charge density of the diffuse
layer could be dynamically adjusted by the pre-charged DI water mistinduced by the
solid-liquid CE. It could construct a built-in electric field in the TENG to generate
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Figure 1. DC-TING based on the dynamic regulation ionic charge density of the diffuse layer in EDL by CE
(A) The regulation principle of the diffuse layer and the operation principle of DC-TING.

(B) Schematic diagram of DC-TING.

(C) Physical appearance of DC-TING.

(D) The peak power density comparison of DC-TING with other representative works.

ionic current coupling the electronic displacement current, developing the triboion-
tronic DC-TING. Its regulation mechanism is shown in Figure TA. Firstly, the DC-
TING was in a separation state, as shown in Figure 1Ai, and the pre-positive charged
DI water was sprayed on the dielectric layer to form the EDL. The cations in the mist
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efficiently increased the positive charge density in the nanoconfined diffuse layer,
thereby constructing a built-in electric field, E;. The positive charges in the DI water
were generated from the solid-liquid CE within the humidifier (Figure STA).
Compared with the constant Isc of about 0.4 pA generated from the DI water
mist, the Isc generated from 1 M LiCl aqueous solution mist was O pA (Figures S1B
and S1C). This proved that the higher concentration of free ions in the solution might
have caused the screen effect” that prevented the water mist from being pre-
charged and that the charge in the mist originated from the solid-liquid CE instead
of from the current leakage from the humidifier. Secondly, when the separate elec-
trode gradually approached the dielectric layer with the positively charged water
film, the electrostatic induction would be caused by the positive charge. The direc-
tion of the electronic displacement current generated by the positively charged pol-
ytetrafluoroethylene (PTFE) surface was opposite to that caused by the negatively
charged PTFE surface (Figure S2). So, during the contact process, the electrons
were gradually transferred from the back electrode to the separate electrode, form-
ing a small electronic contact displacement current. Once the diffuse layer was in
contact with the separate electrode, positive charges in the diffuse layer would be
rapidly transferred onto the separate electrode surface under the action of E;, gener-
ating a larger ionic current, I, as shown in Figure TAii. The electronic contact
displacement current during the contact process was in the same direction as the
l. Thirdly, the macroscopic water film was observed to be completely squeezed
out of the DC-TING. When the dielectric layer contacted the separate electrode,
electrons from the separate electrode were transferred to the dielectric layer surface
(Figure 1Aiii). Fourthly, the dielectric layer was separated from the separate elec-
trode, based on the principle of electrostatic induction, and electrons from the
back electrode were transferred to the separate electrode to generate the electronic
displacement current I, (Figure TAiv). As shown in the comparison diagram of the
waveforms of I; and I, (Figure 1Av), both were in the same direction, and DC ionic-
electronic coupling output was generated by the DC-TING. Finally, when the DC-
TING was in a separation state again, the pre-positively charged DI water was re-
sprayed on the dielectric layer to form the fresh EDL. The DC-TING entered the
stage of Figure 1Ai again, thus achieving continuous and stable output. As the ionic
charge density of the diffuse layer on the dielectric layer can be enhanced by
increasing surface area, DC-TING was designed to comprise both the separate elec-
trode and the back electrode made of carbon nanotube film (Figure 1B). It not only
had alarger surface area for collecting more ionic charges but also could prevent be-
ing oxidized in humid environments to maintain the operational stability of the DC-
TING. The dielectric layer covered on the back electrode was made of PTFE film. The
physical appearance of the DC-TING is shown in Figure 1C.

The DC-TING could achieve DC output to directly supply power to electronics
without the assistance of the rectifier bridge. In contrast to the TENG based on
the coupling effect of CE and electrostatic induction (Figure S3), the DC-TING can
not only reduce the additional energy consumption by the rectifier bridge but can
also have prospects in more power-hungry applications. Compared with other types
of DC-TENGs including mechanical brush,””*° phase coupling,®'*? dielectric
3334 and tribovoltaic effect,®**¢ the DC-TING effectively solved major
drawbacks such as low robustness of complex construction, wasted energy due to

breakdown,

multiple rectifier bridges, high requirement on charge density, rapid loss of space
charge region as in semiconductors, etc. More importantly, based on the in situ ionic
charge supplement strategy from the pre-charged DI water mist, the DC-TING could
achieve self-charge-replenishment capability, thereby maintaining a high charge
density on the PTFE dielectric layer surface, resulting in ultra-high-power density.
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sc of DC-TING with different surface treatments on PTFE film.
E) Hydrophilicity test of PTFE film with different surface treatments.
The short-circuit current density of DC-TING.

A) When the positively ionic-charged DI water was sprayed on the PTFE film, the changing process of Isc of DC-TING.
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Figure 2. Continued

() Comparison of charging rates for the capacitor.

(J) The LED board was powered by TENG with the assistance of a rectifier bridge.
(K) The LED board was powered by DC-TING.

It does not require extreme environmental conditions and stringent requirements on
materials, in contrast to other ways to increase the charge density at the interface
including pumping up the charge density by charge shuttling,”’ via repeated rheo-

3 orin a

logical forging,®® or suppressing surface charge decay in a high vacuum
high-pressure gas environment.”” As a comparison, the peak power densities of
representative works based on various existing rectification methods are shown in
Figures 1D and S4. Among them, the ultra-high peak power density of the DC-
TING is 126.40 W/m? (421.33 kW/m?3), which is several orders of magnitude over

its TENG peers, thereby making a great breakthrough.

To verify the operation principle of DC-TING, the experiment was carried out in Fig-
ure 2A. In the dry state (no water mist was sprayed on the PTFE film), the DC-TING
was converted to a TENG, which generated an electronic short-circuit current (Isc) in
alternating current (AC) form of 0.8 pA at 1 Hz. In the operating state (the pre-
charged DI water was sprayed onto the PTFE film), the DC-TING started to output
Isc in DC form. As the ionic charge accumulated, Isc continued to increase to about
6 pA. In addition, the methods of non-contact operation (Figure S2) and oil-dripping
experiment (Figure S5) were used to keep the ionic charge always on the PTFE film
surface without transferring it to the separate electrode. In the above cases without
Iis, the positively charged mist film was always covered on the PTFE dielectric layer
either by the distance in the non-contact operation or by the oil layer, so the surface
electric property was kept positive. Thus, the DC-TING was converted to a TENG to
generate AC signals, and the signal direction was opposite to that of the TENG in the
dry state, in which the surface electric property on the PTFE dielectric layer was
negative. The results obtained from the above experiments proved that DC-TING
can produce DC ionic-electronic coupling output by adjusting the charge density
of the diffuse layer in the EDL. When different types of electrolyte solutions were
sprayed on the surface of the dielectric layer, the DC-TING generated weaker AC
electric signals (Figure Sé). It showed that a higher concentration of free ions could
quickly form a compact EDL and that the screening effect of it would weaken the dy-
namic regulation of ionic charge density of the diffuse layer in the EDL by CE.

Different replenishment strategies of ionic charge were further studied in detail.
Firstly, the influence of charge replenishment time on DC-TING output was studied.
In the dry state, the electronic outputs of the TENG were reduced with decreasing
operating frequency (Figures 2B, S7A, and S7B). As the operating frequency
decreased from 4 to 0.10 Hz, the Isc, transferred charge (Qsc), and open-circuit
voltage (Voc) correspondingly reduced from 1.9 pA, 5.2 nC, and 13 V to 0.2 pA,
3.3nC, and 8V, respectively, whereas DC-TING outputs were effectively increased
with decreasing frequency (Figures 2C, S7C, and S7D). As the operating frequency
changed from 4 to 0.10 Hz, Isc, Qsc, and Vo increased from 1.8 pA, 19.7 nC, and
115V to 22.2 pA, 450.0 nC, and 1,300 V, respectively. The strategy of extending
charge replenishment time by reducing the operating frequency could allow more
pre-charged DI water to be sprayed on the dielectric layer, thereby effectively
increasing the ionic charge accumulation in the diffuse layer to improve the DC-
TING output. The Vo of the DC-TING was too high to be tested directly, but it could
be calculated by Ohm'’s law approximately through testing the internal resistance
(Figure S7E), by connecting the external load in series in the equivalent circuit to

Matter 6, 3912-3926, November 1, 2023 3917
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test the load current (Ig in Figure S7F). Compared with the TENG, based on such an in
situ ionic charge supplement strategy, the DC-TING could avoid the depletion of
induced charges on the dielectric layer surface in a high-humidity environment,”’
ensuring stable output performance in different humidity environments
(Figures S8). Secondly, the effect of increasing the hydrophilic area of the dielectric
layer on DC-TING output was studied. The outputs were compared after the PTFE
film was modified by three methods of plasma sputtering, microscopic engraving
(Figure S9A), and a combination treatment of microscopic engraving followed by
plasma sputtering. After comparison, the DC-TING with the PTFE film modified by
combination treatment had the best output performance (Isc, Qsc, g, and Vo) at
1 Hz with 23.5 pA, 410 nC, 1.25 pA, and 1,250 V (Figures 2D and S9B-S9D),
compared with plasma sputtering (12.5 pA, 145 nC, 0.72 pA, and 720 V) and micro-
scopic engraving (5 pA, 48 nC, 0.30 pA, and 300 V). The hydrophilicity test showed
that the DI water droplets on the PTFE film with the combination treatment had the
smallest contact angle of 19° (Figure 2E), in contrast to that of the normal PTFE film
(100°) and the other two treatment methods (45° and 120°). Therefore, the strategy
of increasing the hydrophilic surface area on the dielectric layer surface could in-
crease the ionic charge storage capacity, resulting in the improvement of DC-
TING output.

Combining the above ionic charge replenishment strategies, the DC-TING can
maintain a high charge density on the dielectric layer for efficient output. Its Isc,
Qsc, Voc. and peak power (Pg) could achieve 36 pA, 560 nC, 1,750 V, and 12.64
mW at 0.10 Hz (Figures S1T0A-S10D). By calculation, the DC-TING had an ultra-
high Isc density of 1,200 A/m® and 360 mA/m?, a transferred charge density of
18.67 C/m? and 5.60 mC/m?, and a peak power density of 421.33 kW/m?* and
126.40 W/m? (Figures 2F-2H). To verify the practicality of such a high-power DC-
TING, firstly, the charging capacities of different generators for a 22 uF capacitor
were compared at 0.10 Hz (Figure 2I). It is almost impossible for the TENG to charge
the capacitor only by relying on electronic output even with the assistance of the
rectifier bridge, but the DC-TING could directly charge it to 1.5V in only 18 oper-
ating cycles without the rectifier bridge. Secondly, the internal capacitances of
different generators were tested (Video S1). The equivalent circuit of TENG con-
sisted of the series-connected voltage source and an adjustable ordinary capac-

itor, 1243

and its internal capacitance value was 6.7 pF (Figure ST1A), while in the
DC-TING, the pre-charged DI water on the dielectric layer converted the ordinary
capacitor into the supercapacitor-like model to increase the capacitance value,
which reached 31.6 pF (Figure S11B). So, the DC-TING could directly increase the
internal capacitance value without a complex circuit design to improve the output.
Thirdly, the comparison of different generators powering the light-emitting diode
(LED) board is shown in Video S2. By relying on purely electronic output, the
TENG could not drive the LED board with the assistance of the rectifier bridge
(Figures 2J and S11C), but the DC-TING could directly drive the LED board to
work normally (Figures 2K and S11D). Therefore, compared with the TENG, the
DC-TING could not only eliminate the limitation of the rigid rectifier bridge but
could also achieve excellent performance in practical applications with highly effi-
cient energy-harvesting capability.

Bionic neurologic circuit via regulation of the Stern layer in EDL

Besides regulating the ion charge density of the diffuse layer in the EDL to create the
DC-TING, its ionic charge polarity could also be effectively remotely adjusted
through dynamic regulation of the charge distribution in the sub-nanoconfined Stern
layer by bidirectional electric fields generated by solid-solid CE. In stage |, the DI

3918 Matter 6, 3912-3926, November 1, 2023
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Figure 3. Dynamic regulation of the charge distribution of the Stern layer in EDL
A) The EDL in stage | when DI water was in contact with the PET film.

B) The EDL in stage Il when the rabbit fur with positive charges was brought in contact with the PET film.

(
(
(C) The EDL in stage Il when the rabbit fur was removed.
(D) Isc generated by DI water mist in different stages.
(
(

)
F)

water was in contact with the polyethylene terephthalate (PET) film (Figure 3Ai).
Based on the “two-step” model of the EDL,?*?® electrons transferred from water
to the PET film surface, and the ionization reaction occurred at the same time.

Both the electrons and anions were adsorbed on the PET surface to form a negatively

E) Increased Isc generated by DI water mist in stage Il through increasing pre-positive charges of rabbit fur.
Increased Isc generated by DI water mist in stage Il through increasing electrons transferred from rabbit fur to PET film.
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charged inner Helmholtz plane (IHP), and water molecules were polarized to form a
dipole layer on the PET film surface. Then, a small number of hydrated cations in wa-
ter would be attracted by IHP to form the outer Helmholtz plane (OHP) by electro-
static interaction. IHP and OHP together formed the Stern layer with a negative total
charge. According to the Gouy-Chapman-Stern theory,”?*? the diffuse layer in the
EDL is considered a multi-physics coupling of the Nernst-Planck and Poisson equa-
tions (Poisson-Nernst-Planck equation), where the Nernst-Planck equation describes
the mass transfer of ions and the Poisson equation describes the charge density and
electric field. To determine the charge polarity of the diffuse layer, concentrations ¢;
(Slunit: mol/m3, i=+,—) of opposite ionic charges need to be simulated, and its rela-
tionship with the fluxes J; (Sl unit: mol/(m?-s)) can be expressed as

Ji = = DV¢ — umiziFcVo, (Equation 1)

where D; (Sl unit: m?/s) is the diffusion coefficient, Um,i (Sl unit: s-mol/kg) is the
mobility, z is the charge of ions, F (SI unit: C/mol) is the Faraday constant, and ¢
(Sl unit: V) is the electric potential in the diffuse layer. Assume that there are no ho-
mogeneous reactions of the ions in the solution. Then, conservation of mass requires
that for both species

v-J=0. (Equation 2)
For the potential, the Poisson equation shows that
V- (—€eVop) =p, (Equation 3)

where g is the permittivity (Sl unit: F/m) and p is the total charge density (S| unit:
C/m3), which depends on the ion concentration

p=Flc, —c) (Equation 4)

Based on the correlation of the above equations, the cation concentration (c,), the
anion concentration (c_), and the total charge density (p) of the diffuse layer could
be simulated by COMSOL Multiphysics 6.1, and the specific simulation model and
parameters are shown in Figure S12 and Table S1. The simulation results showed
that in the EDL, the ionic charge polarity of the diffuse layer was opposite to the
charge polarity of the Stern layer, and the total charge density decreased with
increasing distance from the solid surface. As in stage | (Figure 3Aii), the cation con-
centration was slightly higher than that of the anion in the diffuse layer, resulting in a
weak positive total charge density. In stage ll, the rabbit fur with pre-positive charges
was brought in contact with the PET film to generate the solid-solid CE effect. Based
on the electronegativity difference, electrons were transferred from the fur to the
film surface (Figure 3Bi). The pre-charged fur generated a positive electric field of
Eq. Based on the electrostatic induction, the E; could promote more electrons trans-
ferred from water to the PET film surface, and it attracted more anions with the lower
hydration-free energy escaping from the hydration shell to adsorb on the film sur-
face. So, a more compact IHP was formed. Then, hydrated cations in water would
be attracted to form OHP. Thereby, the Stern layer with a stronger negative total
charge was formed. According to the simulation results, the cation concentration
was much higher than that of the anion in the diffuse layer, resulting in a higher pos-
itive total charge density (Figure 3Bii) opposite to the total charge of the Stern layer.
In stage lll, the rabbit fur was removed (Figure 3Ci). The transferred electrons by
solid-solid CE were retained on the PET film surface to generate a negative electric
field E,, which would attract cations in the DI water to the vicinity of the film surface.
However, due to the high hydration-free energy, cations usually could not escape
from the hydration shell to enter the water molecular dipole layer, and they could
not directly adsorb on the PET film surface.”* So, the IHP was mainly constituted
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by the water molecular dipole layer, and the hydrated cations formed the OHP,
forming the Stern layer with a stronger positive charge. Simulation results also
showed that the concentration of anions was much higher than that of the cations
in the diffuse layer, resulting in higher negative total charge density (Figure 3Cii)
opposite to the total charge of the Stern layer. Therefore, by simply adjusting the
solid-solid CE between the PET film and the rabbit fur, the charge distribution of
the Stern layer and the ionic charge polarity (positive or negative) of the diffuse layer
in the EDL could be remotely regulated without an external power source.

To verify the above mechanism, experimental verification was further carried out,
and a PET sprayer with a single spray volume of approximately 1 mL was selected.
In Figure 3D, without solid-solid CE, the Isc generated from pure DI water mist
was only 0.005 pA, representing stage |. However, when solid-solid CE was applied,
i.e., the rabbit fur was in contact with the PET sprayer, an Isc of 0.28 pA was gener-
ated in stage Il. Once the fur was removed, it changed to —0.28 pA as defined in
stage lll. The Qsc (1.2, 40, and —40 nC) and Vo (2, 59, and —59 V) followed a similar
trend in the corresponding stages (Figures S13A and S13B). Differences in electric
signals in different stages proved that the ionic charge polarity of the diffuse layer
was effectively adjusted by CE, even if it could be realized with the remote control
method by CE (Figure S14). Compared with the Qscs of 40 and —40 nC generated
by the sprayed DI water mist in stages Il and lll, the Qscs from the sprayed 1 M
LiCl aqueous solution mist in the corresponding stage were reduced to 0.9 and
—0.9 nC, respectively (Figure S15). It proved that the compact EDL generated by
a higher concentration of free ions in the electrolyte solution could weaken the dy-
namic regulation of the charge distribution in the Stern layer by CE. A further exper-
iment was carried out by using rabbit fur pre-rubbed against the PTFE film to induce
more positive charges on the fur. Then, when the pre-rubbed fur contacted with the
PET sprayer (Figure S16A), positive electric signals of the water mist were increased
in stage Il (Isc, Qsc, and Voc were increased to 1.20 pA, 180 nC, and 280V, respec-
tively) (Figures 3E and S16C). It demonstrated the positive ionic charge of the diffuse
layer in stage Il was induced by the positive electric field caused by pre-positive
charges on the rabbit fur. On the other hand, using the pristine rabbit fur to rub
against the PET sprayer 10 times allowed more electrons to be transferred to the
PET surface (Figure S17A). It could correlatively increase the negative electric signals
of the water mist in stage lll (Isc, Qsc, and Voc were increased to —0.70 pA, —100 nC,
and —150 V, respectively) (Figures 3F, S17B, and S17C). So, the negative ionic
charge of the diffuse layer in stage Il was induced by the negative electric field
caused by electrons transferred from the rabbit fur to the PET film. According to
the comparison of electric signals generated by the sprayed DI water mist at
different stages, it could be seen that the regulations in different stages did not inter-
fere with one other.

Nerve fibers inside the central nervous system were related to the EDL when trans-
mitting action potentials®® and the opening of ionic channels between cells was
regulated by the EDL on the surface of the cell membrane.*® Referring to the control
mode of the human central nervous system, the dynamic regulation of the ionic
charge polarity in the diffuse layer by CE could be used to construct a triboiontronic
circuit to achieve a similar control mode. The neurologic circuit in which the brain
controls the body’s movement of walking is shown in Figures 4Ai and 4Aii. It
achieved accurate transmission of information from the central nervous system
and controlled coordinated motion of lower limbs with lower energy consumption.
If similar control functions were realized by electronic circuits, it was necessary to
build a complex circuit containing multiple diodes with external power sources
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Figure 4. Triboiontronic bionic neurologic circuit and its applications
(A) Coordinated control of limb movements by the human brainstem: (i) flexors and extensors of human lower limbs and (ii) human central neurologic

circuit.

(B) The electronic circuit that can achieve coordinated control.
(C) Bionic neurologic circuit based on the regulation of the ionic charge polarity of the diffusion layer.

(D) Demonstration of the regulation of the ionic charge property of DI water in the diffuse layer: (i) positive ionic charges in the diffuse layer in stage Il
induced positive electron currents, and (ii) negative ionic charges in the diffuse layer in stage Il induced reverse electron currents.

(E) Demonstration of the bionic neurologic circuit for achieving rhythmic coordinated control of robots.
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(Figure 4B). However, it is much simpler and more efficient in the triboiontronic bi-
onic neurologic circuit (Figure 4C). Firstly, when the rabbit fur with positive charges
was not in contact with the initial PET film in stage |, the DI water was dropped on the
electrode, external circuits were all in the disconnected state, and the bionic circuit
was analog to the resting state. Next, when rabbit fur with positive charges was in
contact with the PET film in stage II, the dropped DI water with a larger positive ionic
charge could induce the forward electronic current in external circuits that were
highlighted with red color. Finally, when the rabbit fur was removed in stage I,
the dropped DI water with a larger negative ionic charge could induce the reverse
electronic current in external circuits that were highlighted with blue color. There-
fore, in the bionic neurologic circuit, the ionic charge polarity of the diffuse layer
could be adjusted by simple CE to transfer perceived physical contact information
and induce the coordinated generation of bidirectional electronic currents, without
external power. Through the EDL, it could not only transmit information but could
also realize the perfect rhythmic alternating control for induced bidirectional elec-
tronic currents, analogous to the neurologic circuit.

To demonstrate the dynamic regulation capability for the charge distribution in the
Stern layer, the bionic neural circuit was used to control different LEDs to work alter-
nately without external power (Video S3). In stage Il, when the PET sprayer was wrap-
ped in positively charged rabbit fur, the DI water mist sprayed by it could only light
the forward LED (Figure 4Di). While the fur was removed in stage lll, the Dl water that
was sprayed again could directly light the reverse LED (Figure 4Dii). Based on this
adjustment principle, analogous to the simple control of the human neurologic cir-
cuit, the bionic neurologic circuit had a wide range of application scenarios. As an
intuitive display, it controlled the red and blue LEDs to operate alternately, as shown
in Figure S18. In addition, using the bionic neurologic circuit, it could control the vir-
tual robot to perform the walking motion, as shown in Figure 4E and Video S4. In
stage |, the bionic circuit in the resting state keeps the virtual robot stationary.
Then, by simply adjusting the contact states between the rabbit fur and PET sprayer
in stages lI-Ill, the sprayed DI water with different ionic charge polarity could directly
control the virtual robot to carry out the multi-degree-of-freedom rhythmic coordi-
nated motion. The bionic neurologic circuit first transferred perceived physical con-
tact information across the medium, converted it into different ionic charge polar-
ities in the diffuse layer, and, finally, converted it into the corresponding
electronic signals. Compared to highly sophisticated silicon-based chips, the
ionic-electronic coupling in triboiontronics offers a simple, safe, and effective hu-
man-computer interaction interface without an external power source. By integra-
tion of triboiontronic logic circuits with distributed parallel processing capability
and good biocompatibility, self-powered in-sensor computing systems, implantable
neuronal-computer interfaces, and diverse low-power neuromorphic devices could
be enabled with numerous more advanced functions.

Conclusions

In summary, triboiontronics that could dynamically regulate charge carriers in the
EDL at the dielectric-liquid interface was realized by means of CE in this article,
achieving highly efficient energy harvesting and self-powered information transmis-
sion. Firstly, the ionic charge density of the diffuse layer in the EDL on the dielectric
layer could be adjusted by positively pre-charged DI water mist induced by solid-
liquid CE, which created an E; in the DC-TING to generate an efficient DC ionic-elec-
tronic coupling output, providing one of the first trials to use I; to rectify I ina TENG.
It also opened a new scenario to investigate the influence of the EDL in the TENG,
offered unique benefits to avoid the depletion of induced charges, and improved
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its peak power density significantly, resulting in an ultra-high peak power density of
126.40 W/m? (421.33 kW/m?3) at 0.10 Hz that was several orders of magnitude over
equivalent TENGs. Furthermore, the dynamic conversion of charge distribution in
the Stern layer was realized by bidirectional electric fields generated from solid-solid
CE, which can remotely control the ionic charge polarity of the diffuse layer. A bionic
neurologic circuit was built in which the triboiontronics transferred perceived phys-
ical contact information from CE to ionic charge polarity information stored in the
diffuse layer to generate bidirectional electronic signals without external power.
This demonstrated the possibility to build a source-free human-computer interac-
tion interface by both experiments and theoretical modeling from COMSOL Multi-
physics. Through dynamic regulation of the EDL, the type (ionic or electric), polarity,
and quantity of charge could be tuned. This provides an interdisciplinary paradigm
of charge regulation for various prospective applications and offers a platform to
study the ionic-electronic coupling interface in triboiontronics for efficient energy
and information flow.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to
and will be fulfilled by the lead contact, Di Wei (weidi@binn.cas.cn).

Materials availability
The materials generated in this study are available from the lead contact upon
reasonable request.

Data and code availability
The data used to support the findings of this study are available from the lead con-
tact upon reasonable request.

Materials

Carbon nanotube films were synthesized by floating catalyst chemical vapor depo-
sition growth method. A solution of ethyl alcohol of absolute ethyl alcohol with
1.2 vol % ferrocene and 0.4 vol % thiophenes carried by Ar/H;, was injected at a
rate of 20 mL/h into a horizontal furnace and atomized at 1,300°C. Under this condi-
tion, carbon nanotubes spontaneously form a continuous sock-like aerogel in the
airflow, which can be blown out by the carrier gas. The carbon nanotube aerogel
was continuously wound by a rotating mandrel and densified by in situ liquid spray-
ing of an ether aqueous solution. After liquid evaporation, a multi-layer seamless
carbon nanotube film with a maximum width of 1 m was prepared.

Fabrication of DC-TING

The DC-TING had an area of 1 cm? and a volume of 0.03 cm?®. The thickness of both
the carbon nanotube film and the PTFE film constituting the DC-TING are 100 um.
The surface of the PTFE film was microscopically engraved by a laser engraving ma-
chine (Speedy 300, Trotec, Marchtrenk, Austria), and the laser had a power of 3 W
and an engraving speed of 1 cm/s. Plasma sputtering on PTFE surfaces was carried
on by a plasma cleaner (CPC-A, CIF, Beijing, China) with a sputtering power of 50 W
and a treatment time of 30 s.

Electrical measurement

The HPG operates normally with contact forces supplied by a linear motor
(PLO119x600/520, LinMot, Spreitenbach, Switzerland). Its output electric signal is
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collected by a test system consisting of an electrometer (6514, Keithley, Cleveland,
OH, USA) and a data acquisition card (BNC-2120, National Instruments, Austin, TX,
USA). The Faraday cylinder was used to test the charge of droplets and water mist.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.matt.
2023.08.022.
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