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Dynamic interfacial electrostatic energy harvesting

via a single wire

Lixia He"2t, Yikui Gao'?t, Di Liu"%*, Yuexiao Hu?, Jianxun Shi3, Jiayue Zhang", Xinyuan Li'?,
Bingzhe Jin'?, Baofeng Zhang>, Zhong Lin Wang'%”%+, Jie Wang

Spontaneously occurred electrostatic breakdown releases enormous energy, but harnessing the energy remains
a notable challenge due to its irregularity and instantaneity. Here, we propose a revolutionary method that effec-
tively harvests the energy of dynamic interfacial electrostatic breakdown by simply imbedding a conductive wire
(diameter, 25 micrometers) beneath dielectric materials to regulate the originally chaotic and distributed electro-
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static energy resulted from contact electrification into aggregation, effectively transforming mechanical energy
into electricity. A point-charge physical model is proposed to explain the power generation process and output
characteristics, guide structural design, and enhance output performance. Furthermore, a quantified triboelectric
series including 72 dielectric material pairs is established for materials choice and optimization. In addition, a high
voltage of over 10 kilovolts is achieved using polytetrafluoroethylene and polyethylene terephthalate. This work
opens a door for effectively using electrostatic energy, offering promising applications ranging from novel high-

voltage power sources, smart clothing, and internet of things.

INTRODUCTION

Static electricity is not only a ubiquitous phenomenon in our daily
lives but also a well-documented scientific topic since ancient times,
dating back to Thales of Miletus (I). The physical mechanism under-
lying the phenomenon is generally attributed to contact electrifica-
tion (also known as triboelectrification) (2, 3), which typically occurs
between two dielectric materials coming into contact and then sepa-
rating, leading to the surfaces being positively and negatively charged.
Despite the substantial power of electrostatic energy, its applications
have been limited to only a few technologies (4, 5). This is primarily
due to the large electric potential near charged surfaces (6, 7), which
can cause electrostatic breakdown, resulting in a huge energy release
with visible or invisible lights (8, 9), such as lightning and even x-ray
with energies exceeding 10 keV (10). Despite numerous attempts re-
ported over the past centuries to harness electrostatic energy (11),
such as the famous experiment that extracted electricity from thun-
derclouds (12), successfully collecting the energy of lightning remains
a challenge, especially given the irregularity, instantaneity, nonuni-
formity, and nondirectivity of electrostatic breakdown.

Recent achievements in triboelectric nanogenerator (TENG) (13-
18) arising from triboelectrification and electrostatic breakdown have
posed a prototype for harvesting the electrostatic energy of “artifi-
cial microlightning”—an elaborately designed discharge at microgaps
between a charged dielectric material and a metal (19-21). Several
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approaches to realizing performance improvement have been pro-
posed including environmental control (22), configuration optimiza-
tion (23-25), and materials selection (26, 27), as well as some derivative
structural design such as microstructure combination (28), the intro-
duction of side electrodes (29), etc. However, the interfacial elec-
trostatic breakdown (IEB), which occurs spontaneously between
triboelectric materials across the entire sliding interface rather than
just in the predesigned breakdown domains (22, 30), significantly
limits their output capability due to the wider breakdown scale and
the resulting potentially stronger breakdown strength. Despite the
significant amounts of energy contained of IEB, effective collection
remains challenging because of its inherent characteristics of irregu-
larity, instantaneity, nonuniformity, and nondirectivity. Furthermore,
our recent work has revealed that the increased charge loss caused by
IEB is further accelerated under large external loads (31), leading to a
significant reduction in energy density. Consequently, how to regulate
the IEB and to use its energy are always critically difficult problems,
and there is still no good method to harvest this energy simply and
effectively.

Here, we present a simple but efficient strategy for harnessing elec-
trostatic energy generated by the IEB between two dielectric materi-
als, which is realized only by deploying a conductive wire (diameter,
25 pm) beneath the dielectric materials. The buried conductive wire
successfully regulates the distributed IEB and timely obtains electro-
static energy arising from IEB based on electrostatic induction.
Moreover, we introduce a point-charge physical model to explain the
above process and reveal its physical mechanism of collecting electro-
static energy from IEB. A quantified triboelectric series between two
dielectric materials, including 72 material pairs, is also established for
guiding the practical materials choice, and a high voltage over 10 kV
is obtained by polytetrafluoroethylene (PTFE) and polyethylene
terephthalate (PET). Consequently, the high voltage generated by elec-
trostatic energy can successfully light 3024 light-emitting diodes (LEDs)
and treat air pollution effectively, with the device area of 24 cm?, and
the electric energy converted by electrostatic energy can efficiently
power electronics with an optimized power management circuit (PMC)
(energy conversion efficiency, 87.3%) based on a new signal processing
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mode. The simple design of single conductive wire makes it an ex-
cellent candidate for seamless integration into wearable fabrics, col-
lecting human mechanical energy for powering electronics with
good air permeability and moisture resistance. This work provides a
new direction for efficient energy conversion using electrostatic en-
ergy from dynamic IEB, which is promising in the field of novel
high-voltage power sources, smart clothing, and internet of things.

RESULTS

IEB and the design of IEB-TENG

Electrostatic breakdown is a ubiquitous phenomenon in our daily
life, including the lightning in nature, electrostatic discharge in fac-
tories, spark discharge in human everyday activities, and even the
gap of two charged materials (Fig. 1A), which is usually considered
as a negative effect, and the released energy may bring immeasur-
able losses. Specifically, according to the air breakdown theory,
Paschen’s law (Fig. 1B) (8, 9), the electric field between two charged
materials can reach the threshold of electrostatic breakdown even if
the separation distance (<60 pm) and charge density (<250 pC m™?)
are in a very small situation, which is the main reason for the fre-
quent and easy occurrence of electrostatic breakdown. Undeniably,
because of the different flatnesses of films, microgaps at the inter-
face, and the high surface charge density on dielectric materials, IEB
inevitably occurs in dissimilar materials (figs. S1 and S2 and note
S1). Figure 1C and movie S1 show the irregular and powerful IEB
phenomenon between various materials in our daily life (note S3),
no matter what materials they are, such as fabric raw materials, in-
dustrial raw materials, and other organic films. This strong and uni-
versal IEB is unpredictable, nonuniform, and nondirectional and
certainly causes huge energy loss.

Although IEB seems irregular and difficult to harvest its electro-
static energy, we find that it can approach and gather to a conductive
wire (Fig. 1D, <i>). No matter where the conductive wire is located,
the convergence phenomenon always happens during the dynamic
process of IEB (movie S2). These results show that the IEB can be
well regulated by a single conductive wire (Fig. 1D, <ii>), making
the originally chaotic and distributed IEB into aggregation (fig. S3
and note S2). Moreover, the introduction of conductive wire alters
the local curvature of dielectric surface covering it and may form
ridges (fig. S4), which is a favorable factor in triggering discharge
(fig. S5 and note S3). On the basis of this characteristic, a simple but
efficient structure to successfully regulate IEB and harvest its elec-
trostatic energy arising from dynamic IEB is proposed (Fig. 1E and
fig. S4), which consists of three parts: a stator (the material of stator
is PTFE), a slider [the material of slider is polyamide (PA)], and a
single conductive wire. The conductive wire can not only regulate
the distribute IEB into aggregation but also timely produce electric-
ity arising from dynamic IEB, synergistically based on the triboelec-
trification, electrostatic breakdown, and electrostatic induction.

Given that the structure for harvesting the energy of dynamic
IEB is related to contact electrification in nanoscale (32, 33), it is still
named as a new type of TENG: IEB-TENG. In general, electrostatic
breakdown and electrostatic induction simultaneously exist in the
process of triboelectrification of TENGs (Fig. 1G). For conventional
TENG:s, the collected energy relies primarily on electrostatic induc-
tion, and IEB often has a negative impact on its performance
(Fig. 1H, <i>, fig. S7, and note S5). For IEB-TENGs, the collected
energy relies primarily on electrostatic breakdown; thus, IEB could
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have a positive impact on its performance (Fig. 1H, <ii>), which
removes the limitations imposed by IEB on the performance of con-
ventional TENGs. Therefore, it achieves an average power density
up t0 2.02 W m™2 Hz ™!, which is 18.7 times that of single-electrode
TENG (S-TENG) and 5.4 times that of freestanding TENG (FS-
TENG) (Fig. 1F, figs. S8 to S10, and note S6).

The working principle and basic output characteristics

of IEB-TENG

The IEB-TENG for harvesting electrostatic energy arising from dy-
namic IEB with boosted performance works via a new working
mechanism. On the basis of triboelectrification, the surface of PA
and PTFE are charged positively and negatively, respectively (Fig. 2A,
<i>). Because of the different flatnesses of films, there are inevitably
tiny gaps at the interface. When the PA slider moves forward, the
strong electric field will be built in these gaps due to the separation
of positive and negative charges, resulting in powerful IEB (fig. S11).
Meanwhile, the conductive wire buried beneath the PTFE timely
harvests energy arising from the strong IEB by electrostatic induc-
tion. Through triboelectrification and electrostatic breakdown, the
net positive and negative charge domains are respectively formed at
the front and back of the slider (note S7) (30). Given that the con-
ductive wire is connected to the ground and at the zero potential,
the direction of output current depends on the position of the con-
ductive wire in potential regions (Fig. 2A, <ii>). It is clear that the
conductive wire gradually passes from the positive potential region
to the negative potential region when the slider moves from left
to right, so an ac is produced. A simplified point-charge physical
model is helpful for understanding its working principle (Fig. 2B
and note S7).

The process of electron flow in IEB-TENG per cycle is shown in
Fig. 2C. When the slider moves right (Fig. 2C, <i> and <ii>), elec-
trons flow from the ground to the conductive wire because the wire
is in the positive potential region, producing the positive output
current (Fig. 2D, <ii>). Then, when the slider continues to move
right (Fig. 2C, <iii>), the conductive wire is in the near-zero poten-
tial region, so there is no current flow at this region (Fig. 2D, <iii>).
If the conductive wire enters to the negative potential region (Fig. 2C,
<iv>), then the flowing direction of electrons is reversed, from the
conductive wire to the ground, producing the negative output cur-
rent (Fig. 2D, <iv>). Moreover, when the slider moves left, the con-
ductive wire still passes through the three different potential regions
in turn (Fig. 2C, <vi> to <viii>), producing the similar output cur-
rent (Fig. 2D, <vi> to <viii>) (detailed working mechanism can be
found in fig. S12 and note S8). Furthermore, the output signal char-
acteristics of IEB-TENG with multiple wires further confirm the
point-charge physical model (figs. S13 and S14 and note S9).

Specifically, the potential distribution at the front and back of
slider is opposite, and once the moving direction of the slider chang-
es, the direction of output current is also reversed. To further dem-
onstrate these points, a surface potential measurement equipment is
constructed (Fig. 2E) (30, 34, 35). There are two electrodes (elec-
trode (D and electrode @) mounted on the front and back ends of
the slider (Fig. 2E, <i>), which are respectively connected to elec-
trostatic voltmeters for surface potential measurement. Here, tri-
boelectric materials of the slider and stator are PA and PTFE,
respectively. When the slider moves right, through triboelectrifica-
tion and electrostatic breakdown, electrode (D shows positive po-
tential, and electrode @ shows negative potential (Fig. 2E, <ii>);
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Fig. 1. Electrostatic breakdown phenomena and IEB. (A) Various electrostatic breakdown phenomena in nature. <i> Lightning in nature; <ii> electrostatic discharge
in factories; <iii> spark discharge in dry winter; <iv> discharge between two charged materials. (B) Air breakdown theory to describe the electrostatic breakdown phe-
nomenon around the micrometer scale. <i>The Paschen’s curve; <ii> simulated results show the charge density of critical surface for electrostatic breakdown at different
distances. It is clear that even minute quantities of charges can cause electrostatic breakdown in several micrometers to dozens of micrometer range. (C) Universal IEB
between various triboelectric material pairs. <i> Hardware settings of the discharge observation experiments; <ii> photos of the IEB between different materials (scale
bars, 1 cm). NBR, nitrile butadiene rubber; TPU, thermoplastic urethane; FEP, fluorinated ethylene propylene; PP, polypropylene. (D) IEB can be regulated by a single con-
ductive wire (diameter, 25 pm). <i> Photos show that the scattered IEB gradually becomes concentrated because of the existed conductive wire (scale bars, 1 cm); <ii>
the schematic diagram shows that the breakdown path accumulates to the conductive wire. (E) The schematic diagram of IEB-TENG, which can harvest the released en-
ergy of |EB. (F) Comparison of the output average power density between IEB-TENG and conventional TENGs. (G) Schematic diagram shows the relationship between
electrostatic induction and electrostatic breakdown under short-circuit condition. (H) Comparison of conventional TENGs and IEB-TENG with load. <i> The enhanced
electrostatic breakdown in load situation limits the output performance of conventional TENGs (arising from electrostatic induction); <ii> the enhanced electrostatic
breakdown in load situation promotes the output performance of IEB-TENG (arising from electrostatic breakdown).
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Fig. 2. The working principle and basic output characteristics of IEB-TENG. (A) Working mechanism of the IEB-TENG. (B) Simulated potential distribution diagram of
the point-charge physical model. (C) A schematic diagram of electrons flow of I[EB-TENG per cycle. (D) The short-circuit current of IEB-TENG per cycle. (E) Schematic dia-
gram of potential measurement at the front and the back of the slider. <i> The method for measuring the potential distribution; <ii> the electric potential on the dielec-
tric surface when the slider moves in different directions. (F) The relationship of output charge of IEB-TENG and sliding displacement. <i> The schematic diagram of the
IEB-TENG moves at different sliding regions; <ii> the output charge of IEB-TENG at different sliding displacements. (G) Responded signals of IEB-TENG at different sliding
regions, including the full region and half (left or right) region. <i> The schematic diagram of the full region and half region; <ii> the short-circuit current of [EB-TENG in
different sliding regions.

when the slider moves left, electrode @ shows positive potential, materials and the relative moving direction of slider corporately de-
and electrode (D shows negative potential. The result shows that the  termine the distribution of net positive and negative charge domains
potential at the front and back ends of slider is indeed opposite and  and further control the direction of output current.

changing the moving direction of slider does change the poten- The relationship of output charge of IEB-TENG and sliding displace-
tial distribution. Moreover, if triboelectric materials of the slider =~ ment also suggests the new working mechanism of IEB-TENG. The
and stator are reversed, then the surface potential is also reversed  output charge increases with the sliding distance because of the larger
(fig. S15 and note S10). Therefore, the charge polarity of two triboelectric ~ friction area (Fig. 2F). In addition, if the slider periodically moves on
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the two sides of the conductive wire, then the IEB-TENG produces
four output current groups and two output charge groups (Fig. 2G,
<ii>, and fig. S16), while there are only two output current groups
and one output charge group when the slider periodically moves on
one side (left or right) of the conductive wire (detailed information
can be found in figs. S17 to S19 and notes S11 and S12). Specifically,
the change of moving direction also causes the reversed output cur-
rent, which further demonstrates the results in Fig. 2E. The IEB-
TENG also exhibits an excellent durability, and its output charge
keeps stable even after 38,000 working cycles (fig. S20).

Regulating the output performance of IEB-TENG

To further demonstrate the working mechanism and improve per-
formance of IEB-TENG, we systematically optimize its structural
parameters (the sliding speed is 0.06 m s7h fig. S21) (Fig. 3A), in-
cluding the geometry of slider (G), the area of slider (A), the width
of slider (W), the length of slider (L), the external force (F), the di-
ameter of conductive wire (D), and the buried depth of conductive
wire (H; the vertical distance between the conductive wire and tri-
boelectric interface). As shown in Fig. 3B and fig. S22, the short-
circuit charge and open-circuit voltage of IEB-TENG decrease as H
increases (fig. S23 and note S13), because of the decreased induced

! 1 1 .
=5 (T o )
here, g is the quantity of point charge, € is the permittivity of vacu-
um, and [ represents the distance between point charges], which
consists with the theoretical analysis (fig. S24 and note S14). D (here,
0.025 mm < D < 6 mm) basically has no effect on the output perfor-
mance of IEB-TENG since the conductive wire is an equipotential
body (Fig. 3C, fig. $25, and note S15). Therefore, D can even be 25 pm
or smaller (thinner than a hair), showing the potential to realize an
efficient IEB-TENG by simple integration.

According to theoretical analysis of the point-charge physical
model, the voltage of IEB-TENG is related to the separation distance
of positive and negative charge domains. When the charge quantity
is constant, the higher voltage is achieved in the larger separation
distance (Fig. 3D). Notably, the experimental result (Fig. 3E, <i>)
also shows that the output voltage of IEB-TENG does increase with
W, but it eventually tends to a stable value because of the unavoid-
able parasitic capacitance (Cp) parallelly connected with the mea-
suring device in actual test circuit. Here, the relationship of the ideal
voltage of IEB-TENG (Vigeal), the voltage of Cp (Vp), and the mea-
sured voltage of IEB-TENG (V1gng) can be depicted in an electric
circuit (Fig. 3F). As W increases, Vrgng first increases and then is
limited at the maximum parasitic voltage (Vpmay) (Fig. 3E, <ii>;
fig. S26; and note S16). We also designed an experiment to reveal the
effect of Cp on output voltage of IEB-TENG. Given that output charges
of IEB-TENG are stored in the parallel connected Cp and TENG’s
intrinsic capacitor, Vrgng and Vp have a strong relationship with
Qsc of IEB-TENG. They increase with Qsc and lastly stabilize at a
fixed value (Fig. 3G, <i>, and fig. S27). At a smaller L, Qg is rela-
tively small, so Vrrgng is limited by Cp; while a larger Vgng is per-
mitted at a larger L because there are enough charges (large Qsc)
stored in Cp to realize a higher Vp. Considering that C, cannot be
fully removed, Vreng increases with L and then to a stable value,
which is close to the Vigea (Fig. 3G, <ii>; fig. $28; and note S17). These
results not only indicate that Vgng of IEB-TENG is easily affected by
Vpmax but also support the new working mechanism about output volt-
age of IEB-TENG based on the point-charge physical model.

charges by larger induction distance [U,;,.
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Moreover, as shown in Fig. 3H, the output charge and voltage of
IEB-TENG increase with F because of the increased triboelectric
charge density. On the basis of the point-charge physical model, the
different G values with same slider area does not affect the output per-
formance of IEB-TENG (Fig. 3I), exhibiting an excellent shape adapt-
ability of IEB-TENG. The output charge and voltage of IEB-TENG
increase simultaneously as the area of slider increases (Fig. 3] and
fig. $29), resulting in an average power density of 0.8 W m™* Hz ™" at the
area of 24 cm” with PTFE and PA as triboelectric material pair. The
enhanced average power density of IEB-TENG at a larger slider area is
attributed to the nearly stable charge density and the greatly increased
output voltage because average power density is proportional to charge
density and voltage. It is noted that the power density of conventional
TENGs keeps stable or decreases with the increase in slider area (36,
37), depending on the stable charge density or decreased charge den-
sity, respectively (fig. S30 and note S18). This demonstrates the superi-
ority of IEB-TENG in the preparation of large size harvester.

The IEB-TENG also shows the characteristics of broad materials
selection (Fig. 4). The quantified triboelectric series for IEB-TENG,
containing 72 paired dielectric materials measured under a relatively
constant environmental condition (external force, 20 N; temperature,
296 to 300 K; relative humidity, 15 to 30%) (note S19) (15, 38-41), is also
established for guiding the design of high-performance TENGs with
double dielectric materials as triboelectric layers (note S20 and ta-
ble S1), in which both charge polarity and charge quantity are simul-
taneously considered. Combined with material optimization and large
area design to improve output charge and voltage, the IEB-TENG with
the materials of PTFE and PET in 24 cm® achieves an excellent out-
put performance of 480 nC, 1.5 pA, and 10 kV (fig. S31), and an aver-
age power density as high as 2.02 W m™ Hz " is realized (Fig. 3K),
showing great potential of IEB-TENG for high-voltage applications
and powering electronics.

A new signal processing strategy and high-voltage
applications of IEB-TENG

On the basis of the excellent output performance and the character-
istic of four current signals per cycle of IEB-TENG, a new signal
processing strategy is proposed for signal rectification. The output
signals are separated into two noninterfering portions by high-
voltage diodes: the positive output portion and negative output por-
tion (Fig. 5A), which is more efficient than conventional methods
based on one rectifier bridge (fig. $32 and note S21), and so it can
simultaneously charge two capacitors (44 nF) to 10 kV, respectively
(Fig. 5B and fig. S33). It is clear that each capacitor is charged twice
per cycle by the IEB-TENG. Specifically, in the half of one working
cycle, the capacitor in the positive output portion of IEB-TENG is
firstly charged, and then the capacitor in the negative output portion
of IEB-TENG is charged (Fig. 5C). This result is exactly consistent
with the potential regions where the conductive wire locates in mo-
tion process. In addition, there is a voltage platform between the two
charging processes. The reason is that the capacitor is only charged
in the high potential region (Vreng > Veapacitor)> While it cannot be
charged in the low potential region (Vreng < Veapacitor) (fig. S34).
The proportion of the voltage platform also increases from 6.9 to
26.5% when the voltage of capacitor increases from 2 to 10 kV
(Fig. 5, D and E). That is, the effective charging time is shortened as
the voltage of capacitor increases, and the voltage of capacitor increases
quickly and then slowly because of the gradual decrease in potential
difference between the capacitor and IEB-TENG (note S22).
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Fig. 3. Regulating the output performance of IEB-TENG. (A) Schematic diagram shows the various structure and motion parameters of I[EB-TENG. (B) The short-circuit
charge and open-circuit voltage of IEB-TENG with the conductive wire in different buried depths. (C) The short-circuit charge and open-circuit voltage of IEB-TENG with
the conductive wire with different diameters. (D) Potential simulation diagram of point charge at different distances. (E) The effect of slider’s width on the voltage of IEB-
TENG. <i> The short-circuit charge and open-circuit voltage of IEB-TENG at different widths of slider (14 cm?); <ii> the Vieng of IEB-TENG at different widths of slider. The
red dashed line is a schematic curve of Vigeal. (F) The relationship between the three voltages, including the Vigeal, Vemax and Vrene. (G) The effect of slider’s length on the
voltage of IEB-TENG. <i> The short-circuit charge and open-circuit voltage of IEB-TENG at different lengths of slider (here, W= 2 cm); <ii> the Vqeng of IEB-TENG at different
lengths of slider. The red dashed line is a schematic curve of Vigea. (H) The short-circuit charge and open-circuit voltage of IEB-TENG at different external forces. (I) The
short-circuit charge and open-circuit voltage of IEB-TENG with different geometries of the slider (here, the area of slider is 14 cm?). (J) The output charge density, open-
circuit voltage, and average power density of IEB-TENG with different areas of slider. (K) The average power density of IEB-TENG with different dielectric material pairs.
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Fig. 4. Quantified triboelectric material pairs for the IEB-TENG. Error bars represent SD, n = 10 trials.

Beneficial from the high-voltage characteristic of IEB-TENG, it
can be directly used as a new high-voltage power source with simple
structure. As shown in fig. $35, IEB-TENG (the device area is 24 cm®)
not only can simultaneously light two groups of 1512 LEDs after
separated signal (movie S3) but also can directly light 3024 LEDs
(fig. S36 and movie S4). Moreover, the high-voltage of IEB-TENG can

Heetal., Sci. Adv. 10, eado5362 (2024)
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be used for efficient air pollution treatment (Fig. 5F). Compared with
the control group, the IEB-TENG exhibits a better dust removal ef-
ficiency (Fig. 5G and movie S5), showing an application prospect
in environmental economics. Beneficial from the simple structure
and the adaptive conductive wire width, IEB-TENG can directly use
commercial fabric as the triboelectric layer with the conductive wire
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Fig. 5. A new signal processing strategy and high-voltage applications of IEB-TENG. (A) The circuit diagram of IEB-TENG with signal separation for charging electron-
ics respectively. (B) The voltage of capacitor (44 pF) charged by IEB-TENG. Inset figure is one charging cycle by IEB-TENG. (C) The detailed charging process of capacitor
during half of one working cycle of IEB-TENG. (D) The change of voltage platform with the different voltages of capacitor. (E) The proportion of voltage platform per cycle
when the voltage of capacitor increases. (F) The circuit diagram of the IEB-TENG as a high-voltage power source to generate negative air ions. (G) The comparation of dust
removal effect with and without IEB-TENG in initial state <i> and after 4 min <ii>. The mass of the smoke block is 0.1 g. Scale bars, 5 cm. (H) The IEB-TENG in wearable field.
<i> Three-dimensional structure diagrams of textile fabrics; <ii> optical microscopic images of cotton fabric (material of stator) and PTFE fabric (material of slider) (scale
bars, 1 mm). The scale bars in illustration are 1 cm. (I) The photo of 1512 LEDs lighted up by the IEB-TENG with commercial cotton fabric and PTFE fabric as triboelectric

layers. Scale bar, 10 cm.
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sewn into it (Fig. 5H, <i>), which can be used for timely harvesting
human-movement mechanical energy for powering wearable elec-
tronics, simultaneously having properties such as air permeability,
moisture resistance, and washable stability (fig. S37) (42, 43). As
shown in Fig. 5H (<ii>), using commercial cotton fabric and PTFE
fabric as triboelectric layers (fig. S38), the wearable IEB-TENG shows
output performance of 50 nC and 2.5 kV (fig. S39) and easily powers
1512 LEDs (Fig. 5I and movie S6). Furthermore, the conductive wire
can be substituted with water-resistant and stretchable conductive fi-
ber (44, 45), pointing a great application potential of IEB-TENG as
self-powered system in intelligent wearable field.

High-efficient PMC for IEB-TENG

The IEB-TENG not only can be directly used as a high-voltage
power source but also can combine with the new signal processing
method and a specially designed PMC to realize effective powering
small electronics in internet of things. As shown in Fig. 6A, the en-
ergy generated by IEB-TENG is firstly stored in an input capacitor
(Cin) after the signal separated. Then, the energy conversion from
Cin to the inductor (L) is realized by a gas discharge tube (GDT).
Last, the energy stored in L is transferred to the output capacitor
(Cout)- A GDT of 5000 V is directly used rather than complex circuit
elements to decrease energy loss (46, 47) because the IEB-TENG has
a maximum average power at 5000 V (fig. S40), and it achieves four
discharge times per cycle combined with the Cij, (fig. S41). With Ci,
of 73.3 pF and Coy of 10 pF, the IEB-TENG can produce the output
voltage of 30 V and the stable output current as high as 29 pA in the
external load (R = 1 megohm) (Fig. 6B). When the external load is
1 kilohm, a high peak current of 10 mA can also be obtained to meet
requirements for high-power electronics (Fig. 6C). The average power
of IEB-TENG with optimized PMC can reach to 1.6 mW (fig. S42),
and the PMC achieves an energy conversion efficiency up to 87.3%
(Fig. 6D and note S23). With the PMC, the capacitor of 10 pF can be
quickly charged to 39 V in 10 s with a 3563-fold greater stored energy
of about 7.66 m] (Fig. 6E and fig. S43). Furthermore, the IEB-TENG
with PMC also displays an excellent performance in the required volt-
age range of common electronics (0 to 30 V) (Fig. 6F), and the out-
put power has been greatly improved, such as 763-fold at 1.5 V (977 and
1.28 pW), 116-fold at 12 V (1380 and 11.91 pW), and 60-fold at 24 V
(1536 and 25.64 pW), which suggests that the IEB-TENG with the
PMC is capable and suitable for powering variable electronics with
different power requirements.

Beneficial from the high-energy conversion efficiency of the PMC,
the IEB-TENG can be used as a micro/nano energy source to form a
self-powered system. As shown in fig. $44, the system consists of an IEB-
TENG (the energy source), two PMC (Coy of 2.2 mF), and 16 thermo-
hygrometers (the energy consumption unit). With the fast charging
speeds of 186.3 and 197.8 pCs ™", the capacitors can be quickly charged
to about 1.5 V after 17 s (Fig. 6H). The 16 thermohygrometers are re-
spectively powered (Fig. 6G and movie S7) and can work stably for
more than 15 min (fig. S45), which shows the potential of IEB-TENG
for long-term and stable power supply for internet of things.

DISCUSSION

In summary, a paradigm-shift energy harvesting strategy is proposed
to efficiently harvest the electrostatic energy of dynamic IEB with a
single conductive wire embedded into dielectric materials based on
electrostatic induction. The observation method for characterizing

Heetal., Sci. Adv. 10, eado5362 (2024) 12 June 2024

the IEB phenomenon is also presented, and the experimental results
indicate that the distributed IEB can approach and gather to a con-
ductive wire, realizing the regulation and control of disordered
IEB. Moreover, we propose a point-charge physical model to explain
the new principle of energy harvester and systematically verify it
from theoretical analysis and experimental measurements, offering a
paradigm-shift TENG: IEB-TENG. It is noted that the IEB-TENG
unlocks the restriction of electrostatic breakdown on the perfor-
mance of conventional TENGs, which produces electricity by di-
rectly using the IEB based on electrostatic induction. On the basis of
systematic optimization of material, structure, and motion parame-
ters, the designed IEB-TENG achieves a high voltage over 10 kV and
an average power density as high as 2.02 W m™* Hz ™', which is
5.4 to 18.7 times higher than that of conventional TENGs. A quanti-
fied triboelectric series with 72 paired dielectric materials is also
established for guiding practical applications. Furthermore, on the
basis of the output characteristics of IEB-TENG and the new signal
processing method, it not only can be used as high-voltage power
sources for powering 3024 LED blubs and efficient dust removal but
also can be combined with a specially designed PMC (energy
conversion efficiency, 87.3%) to form a self-powered system for
stably powering 16 thermohygrometers. IEB-TENG can be success-
fully integrated in wearable fabrics to harvest human mechanical
energy as smart clothing. Briefly, this work not only opens a door for
harvesting electrostatic energy arising from dynamic IEB but also
offers valuable insights IEB, and even other any unexplored IEB,
pioneering a potential path for innovative applications in high-
voltage power sources, smart clothing, and internet of things.

MATERIALS AND METHODS

Fabrication of the IEB-TENG

The IEB-TENG consists of a stator and a slider. For the stator, a rect-
angular acrylic sheet was cut as the substrate (90 mm by 60 mmy;
thickness, 5 mm) using a laser cutter (PLS6.75, Universal Laser Sys-
tem). A piece of foam (thickness, 3 mm) of the same size was adhered
to the substrate to form a soft contact. A single conductive wire (di-
ameter, 25 pm; length, 70 mm) was placed right in the middle of the
length of the stator. The triboelectric material was adhered on the
surface of the foam as the triboelectric layer. For the slider, a rectangu-
lar acrylic sheet (thickness, 5 mm) was cut as the substrate (32 mm by
50 mm) using the laser cutter. The foam of the same size was adhered
to the substrate to form a soft contact. The triboelectric material was
adhered on the surface of the foam as the other triboelectric layer.

Fabrication of the IEB-TENG with different parameters

For the IEB-TENG with different triboelectric material pairs, we
changed the triboelectric materials of stator and slider and used the
same method to fabricate these TENGs. For the IEB-TENG with dif-
ferent H values, the depth was controlled by the fixed thickness of
PTFE and foam. For the IEB-TENG with different diameters of con-
ductive wire, cut the copper foil (thickness, 50 pm; length, 7 mm) as
conductor with the width of 1, 2, 4, and 6 mm. The 25-pm conduc-
tive wire used in this work is commercial stainless steel wire. The
different external forces were achieved by weights of different quali-
ties. For the IEB-TENG with different shapes of slider, the radius of
circle is 2.26 cm; the major and minor axes of the ellipse are 5.1 and
2 cm, respectively; the upper bottom, lower bottom, and height of
the trapezoid are 3, 5, and 4 cm, respectively. For the IEB-TENG with
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Fig. 6. PMC for IEB-TENG and its application as a micro/nano energy source. (A) PMC diagram for IEB-TENG. (B) The output voltage of IEB-TENG with the PMC
(R =1 megohm). (C) The output current of IEB-TENG with (w/) and without (w/0) PMCs at the resistance of 1 kilohm. (D) The energy conversion efficiency of the PMC.
(E) The voltage and energy of capacitor (10 pF) charging by the IEB-TENG with and without the PMC in the positive output portion. (F) The output power of the IEB-TENG
at required voltage range of common electronics (0 to 30 V) with and without the PMC. (G) Photograph of 16 commercial thermohygrometers powered by the IEB-TENG
with the PMC. Scale bar, 5 cm. (H) The monitoring voltage curves of capacitors charging by IEB-TENG with the PMC (the working frequency is 1 Hz).

different areas of slider, the sliders are 20 mm by 20 mm (4 cm?),
20 mm by 50 mm (10 cm?), 32 mm by 50 mm (16 cm?), and 40 mm by
60 mm (24 cm?). For the IEB-TENG as wearable generator, the mate-
rial of slider is commercial PTFE fabric. The material of stator is com-
mercial black cotton cloth, and the conductive wire is sewn into
cloth by a sewing machine.

Heetal., Sci. Adv. 10, eado5362 (2024) 12 June 2024

Simulation of electrostatic breakdown in microscale gap

To intuitively express that low charge density easily causes mi-
croscale breakdown, a plane-parallel capacitor model was built by
the COMSOL software. According to the theory of air breakdown,
Paschen’s law, when the separation distance of two charged materi-
als is 15 pm, the breakdown can occur with a charge density only of
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247 pC m™2, Similarly, when the separation distances are 25, 40, and
60 pm, the charge density thresholds for electrostatic breakdown are
163,125, 103 pC m ™2, respectively.

Simulation of the point-charge physical model

The point-charge physical model was built by the COMSOL soft-
ware. The charge of each point charge is 2 pC, and the diameter of
point charge is 2 mm. The relative dielectric constant of air is 1. The
separation distance of point charges is 12 mm in Fig. 2B, and the
equipotential lines are also marked. The separation distance of point
charges in Fig. 3D is 4, 12, and 20 mm, respectively.

Surface potential detecting

To detect the electric potential of the materials surface during the
slider moving process, two surface potential detectors (Trek 347) are
installed at both ends of the slider. The potential at both ends of the
slider is measured simultaneously by two channels, and the net charge
domain at both ends of the slider is judged according to the poten-
tial detection results.

IEB video shoot

To clearly exhibits the process of IEB in triboelectric materials, a near-
ly all-black environment was constructed. The discharge photos were
captured using the long exposure method of a digital camera (Nikon
D750), and the corresponding parameters is F4, ISO H2.0, and ex-
posure with 10 s. The video of IEB between the materials was shoot
with the parameters of F4 and ISO H2.0.

Characterization

The sliding process was controlled by a liner motor (TSMV120-18,
LinMot). The amount of transferred charge and short-circuit current
of TENGs were measured by a programmable electrometer (Keithley
6514), the open-circuit voltage is obtained by a resistance of 50 gigohms
multiplied by its current. The surface potential was detected by an
electrostatic voltmeter (Trek 347). Equivalent capacitances are mea-
sured by a precision LCR meter (TH2838A). Characterizations of sur-
face fluctuation are realized by an optical microscopy (Nikon LV-FM),
a scanning electron microscope (Hitachi SU8020) and a surface pro-
filer (DektakXT). The C;, of 73.3 pF in Fig. 6B was made up of three
capacitors of 220 pF in series, and the withstand voltage of Cyy is
10,000 V. Photos in this paper were taken with a digital camera (Nikon
D750). Finite element method simulation was implement based on
the COMSOL software.
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