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A high-performance rotary triboelectric nanogenerator was fabricated using
a customized air-breakdown theoretical model and a ferroelectric
nanocomposite interlayer to reduce energy waste caused by air breakdown.
And with the help of management circuits, the output voltage can reach 6
kV, among the best-performing triboelectric generators.
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ABSTRACT

With the growing economy and technology, disease prevention and individual health are becoming more and more important. It is

highly urgent to develop a non-toxic, self-powered, and safe high-voltage power source to prevent diseases spread by mosquitoes,

especially in isolated or remote areas. Herein, we reported a high-performance rotary triboelectric nanogenerator (R-TENG) based

on customized theoretical simulations and a ferroelectric nanocomposite intermediate layer. The customized theoretical

simulations based on gradient electrode gaps were established to optimize gap angles and segment numbers of the electrodes,

which could prevent air breakdown and enhance the R-TENG output energy by at least 1.5 times. Meanwhile, the electrical output

performance of the TENG was further enhanced with a highly oriented BaTiO3s (BTO) nanoparticles intermediate layer by about

2.5 times. The open-circuit voltage of R-TENG reached more than 6 kV and could continuously light 3420 LEDs or 4 serially

connected 36 W household fluorescent lamps. Therefore, a self-powered high-voltage disease prevention system is developed

based on the high-performance R-TENG to reduce the risk of disease transmission. This work provides a prospective strategy for

the further development of TENGs and expands practical applications of self-powered and high-voltage systems.
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1 Introduction

As the economy and technology develop rapidly, disease
prevention and public or individual health are becoming more
and more important. Numerous diseases are closely associated
with mosquitoes, including malaria [1], yellow fever [2], Zika
virus [3], and so on. Achieving high-efficiency mosquito-
controlling systems will greatly decrease the transmission of
these diseases and guarantee public or individual health.
Chemical and physical methods have been two major
approaches to killing mosquitoes. However, chemical methods

involve toxic chemicals, which will inevitably cause serious
harm to our health and environment [4, 5]. Several physical
methods of mosquito-killing methods are based on high
voltage. Thus, they indispensably require an external power
source, which increases the system complexity, cost, and safety
problems, especially in isolated islands or remote/poor areas.
Therefore, it is extremely urgent to develop a self-powered
system and a safe power source.

Triboelectric nanogenerators (TENGs) are one of the most
promising technologies, which can convert low-frequency
mechanical energy in the environment into electric power
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based on Maxwell's displacement current [6-8] and TENGs
have already been used for self-powered sensors/systems [9—
11], environmental protection [12—14], blue energy harvesting
[15-18], and so on. Due to their special characteristics of high
voltage and low current, TENGs have significant advantages.
Firstly, the high-voltage device based on TENG is safe. The
current of TENGs is in the order of pA, which is lower than the
safe current (~ mA). Then, TENGs are manufactured with
existing industrial manufacturing processes, which makes
TENGs enable to be integrated with other smart systems easily.
Finally, TENGs are self-powered devices. They can be applied
in isolated islands or remote/poor areas where it is difficult to
ensure electricity supplies. Various strategies have been
adopted to enhance the charge density and improve the output
performance of TENGs to broaden TENG’s applications,
including ion implantation [19-21], triboelectric material
modification [22-24], structural design [25-27], and charge
chump [28, 29]. Jiang et al. increased the charge density of
TENG to 50 pC-m™ by introducing an intermediate layer
composed of reduced graphene oxide and silver nanoparticles,
which is 5 times higher than that of traditional TENG [30].
Feng et al. increased the maximum charge density of TENG to
105 pC-m™ by introducing a polyimide charge storage layer
between the electrode and triboelectric layer, which is 10 times
higher than that of TENG without a charge storage layer [31].
Xu et al. created a charge pump to significantly improve the
TENG's charge density, which can reach as high as 1020 uC-m~
% in ambient conditions [32]. Liu et al. used a charge excitation
strategy to achieve an average surface charge density of 2.38
mC-m™ for triboelectric materials, which is about 8 times
higher compared to that using corona discharge [33]. However,
simply enhancing the charge density will often lead to air

breakdown and thus decrease the output performance of TENG.

Therefore, a theoretical method is required to prevent air
breakdown and reduce wasted energy caused by breakdown for
practical application.

In this work, we reported a high-performance rotary
triboelectric nanogenerator (R-TENG) based on a composited
intermediate layer with highly oriented BT'O nanoparticles to
increase surface charge density and customize theoretical
simulations to decrease the breakdown between a gradient
electrode gap. The customized theoretical simulations based on
the gradient electrode gap were established to optimize the
competitive relationship between the gap area and the actual
friction area, which can prevent air breakdown and enhance the
output energy of R-TENG by at least 1.5 times. Compared to
the traditional parallel interdigital electrode with the same gap
distance, the air breakdown position between the gradient
electrode gap will be easier to predict and is more likely to
prevent air breakdown according to the customized theoretical
model. Meanwhile, an intermediate layer which consists of
barium titanate (BTO) and Polydimethylsiloxane (PDMS), was
introduced to increase the surface charge density of the
triboelectric layer but also increase the breakdown threshold,
making it more difficult for breakdown to occur. Owing these
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strategies, the open-circuit voltage can reach more than 6 kV
with the help of a management circuit, and the short-circuit
current density (i) and transferred charge density (AQx.) can
reach up to 4.2 mA-m~2 and 19.1 uC-m™ respectively. The R-
TENG can be utilized for powering up 3420 LEDs or 4 serially
connected 36 W household fluorescent lamps continuously. In
addition, a self-powered high-voltage disease prevention system
is designed to reduce the risk of disease transmission. This work
presents an important approach for guiding the further
development of TENGs toward efficient energy harvesting and
practical applications.

2  Results and discussion

A high-performance R-TENG is composed of two parts: a
rotator and a stator. The structure and preparation processes of
the high-performance TENG are shown in Fig. 1(a). Firstly, a
layer of carbon nanotubes (CNTs) was coated by a blade on an
acrylic substrate as an electrode matrix because CNTs have
excellent electrical conductivity and mechanical properties (Fig.
1(a)-ii). Then a laser was used to cut out the shapes of the
rotator and stator (Fig. 1(a)-iv). The electrodes of the stator are
composed of two complementary-patterned grid electrodes
with an alterable grid number and a variable interval angle. And
the rotor was cut with only one grid pattern. Thirdly, a
composite film was synthesized by mixing PDMS and
ferroelectric BTO nanoparticles above the CNTs electrode layer
of the stator (Fig. 1(a)-v). According to the previous reports [30,
34, 35], the intermediate layer of the PDMS/BTO can enhance
the performance of TENG due to the ferroelectricity and high
permittivity of BTO nanoparticles. The mechanism of the
intermediate layer will be thoroughly elaborated in Fig. S11 in
the Electronic Supplementary Materials (ESM). Then, the
nanocomposite film was treated with a high-voltage field to
polarize the BTO nanoparticles. Finally, a fluorinated ethylene
propylene (FEP) film as a negative electrification layer was
attached to the PDMS/BTO nanocomposite film of the TENG’s
stator. At the same time, a Polyamide6 (PA6) film as a positive
electrification layer and a foam tape buffer layer were pasted on
the rotor of the TENG. The existence of the foam layer can
enhance the friction sufficiently and thus significantly improve
the output performance of the R-TENG. The detailed
preparation process of R-TENG is presented in the methods
section.

A scanning electron microscope was used to characterize
the morphology of the CNTs electrode and the BTO
nanoparticles. The agglomerated distribution of CNTs
contributes to a large number of nanocavities in the CNTs layer,
as shown in Fig. 1(b). The cross-linked CNTs network is the
crucial factor for high conductivity. A high-resolution image of
a single CNT nanowire is shown in Fig. 1(c). The SEM image
demonstrates that the average nanoparticle size of ferroelectric
BTO is about 100 nm, and XRD was used to clarify the crystal
structure of BTO nanoparticles further, as shown in Figs. 1(d)
and 1(e). The main diffraction peaks of BTO



Nano Research Energy

(@)

1

~
)
-’

o1

oy

. 100 a1z

s a9 R 200) ; @02

bl i ! i ) 21

=y ©01) a1y ©qp) oy G0 @ l,:l) @25

2 i | ady | i C20e1y a0y

) i ‘ i =i

= f i s (093) - (3010)
10 20 30 40 50 60 70 80

2 Theta (°)

Figure 1 (a) Schematic diagram of the high-performance R-TENG structure and manufacturing process. (b) The surface morphology of CNTs electrode.
(¢) The surface morphology of a single CNT nanowire. (d) The surface morphology of ferroelectric BTO nanoparticles by using SEM. (e) XRD pattern of

ferroelectric BTO nanoparticles.

primarily appear at 26 of 31.50°, 31.68°, and 45.41°. And the
two peaks around 45°, which are well recognized and indexed
to (002) and (200), revealed that the crystal structure of
ferroelectric BTO nanoparticles is the tetragonal phase, which
is consistent with the morphology of the SEM result. The
schematic diagram of the tetragonal BTO crystal structure is
shown in Fig. S1 in the ESM.

According to previous research [36, 37], the breakdown
effect universally occurs in the practical application of various
TENGs, and the output energy of TENG is seriously limited by
the breakdown effect. This is because the air breakdown effect
causes the charges generated at the surface of TENG to diffuse
into the atmosphere, resulting in charge loss and a decrease in
surface charge density [38]. Hence, how to avoid air breakdown

becomes the key to improving the performance of TENG.
Although the breakdown effects of contact-separation (CS)
TENG and traditional sliding freestanding (SFT) TENG with a
certain electrode gap have already been studied. But the
breakdown effect of the rotation SFT-TENG with the gradient
gap between the electrodes still needs to be modified. Two
points need to be clarified when considering this rotary SFT-
TENG. Firstly, there is a competitive relationship between the
gap area and the actual friction area. When the gap angle (6;)
increases, as shown in Fig. 2(a), the actual friction area will
decrease. Increasing the 6, will enlarge the breakdown
threshold and thus decrease the air breakdown, enhancing the
output performance of the R-TENG. However, the decreasing
of the actual friction area will reduce the total amount of the

https://www.sciopen.com | https://mc03.manuscriptcentral.com/nre | Nano Research Energy



triboelectric charges, weakening the output performance of the
R-TENG. This phenomenon does not exist in traditional
sliding freestanding (SFT) TENG (shown in Fig. S2 in the ESM)
because we can increase the gap distance without decreasing
the friction area). Therefore, the competitive relationship
between the gap area and the actual friction area requires a
customized theoretical model to optimize the R-TENG output.

(a)
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Secondly, the air breakdown position between the gradient
electrode gap of R-TENG will be easier to predict when
compared to the traditional SFT-TENG with the same gap
distance of the parallel interdigital electrodes. Therefore, a
customized theoretical model should be established to provide
the optimized gap angle (8;) and optimized segment number of

grid electrodes (N).
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Figure 2 (a) Simulated potential distribution of R-TENGs under different gap angles 0, (6; = (ii) 1.0° (iii) 4°, (iv) 10.0° (v) 15.0° and (vi) 20.0°). (b) The
simulation voltage Vs with different ;. (c) The relationship between the simulation voltage and the breakdown voltage Vv. (d) The transferred charge with
0,. (e) The V-Q plot with air breakdown when 6 is 1.0°. (f) The V—Q plot of different 6, with air breakdown. (g) The actual output energy of R-TENG with

different 0,

As shown in Fig. 2, there exists the best gap angle to ensure
the largest output energy of the R-TENG. In Fig. 2(a)-i, the gap
angle between each gate electrode unit is defined as ;. The
segment number of the grid electrode is defined as N. The finite
element method is used to explore the relationship between 0,

() TINGHNA Sci®pen

and output voltage/energy when N is fixed at 6. The materials
and parameters used in the COMSOL simulation are listed in
Supplementary Table S1. Due to the gradient gap between two
electrodes, the minimum distance (dmin) affects the magnitude
of the air breakdown voltage, shown in Eq. (1). And the
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breakdown voltage (V4) can be calculated directly by Paschen's
law [37], as shown in Eq. (2).
dmim = R, X sinf, (1)

_ Bpd
= napa ({1 s 1) @

Herein, p is the operating pressure, and d is the distance

|8

between two gate electrode units. A, B, and ys. are constants
related to the excitation-ionization energies, the saturation
ionization, and the gas composition, respectively.

Meanwhile, the simulated voltages (V;) by the finite element
method, which means the potential difference between two
electrodes, are presented in Fig. 2(a) ii-vi. The total simulated
voltages with different gap angles are plotted in Fig. 2(b). The
curve of the breakdown voltage threshold calculated by Eq. (2)
is plotted in Fig. 2(c), which is marked with a red line. It is
worth noting that there is a crossing point (6, is about 4°) when
the calculated breakdown voltage threshold and the simulated
voltage curve by COMSOL are equal. Therefore, when the 6, is
less than 4°, the air breakdown phenomenon will occur
between the electrodes, causing the final output voltage to be
limited by the calculated breakdown voltage, as shown in the
red region in Fig. 2(c). And when the 6, is larger than 4°, the
final output voltage is not affected by the breakdown voltage.
Thus, there is an optimal 6, to maximize the actual output
voltage value of the R-TENG.

However, the output energy of the R-TENG is not only
affected by the actual output voltage but is also influenced by
the transferred charges, which are related to the friction area.
R; and R; represent the internal and external radii, as shown in
Fig. 3 in the Supplementary Materials. And the friction area S¢
can be defined as Eq. (3).

S=2= (1 —%N) T(RZ—R2) (1<N) (3)
It is obvious that the transferred charges or the friction area of
the R-TENG decrease when the gap angle increases, as shown
in Fig. 2(d). Since the actual output voltage first increases and
then decreases, and the transferred charge decreases as the gap
angle increase. Therefore, the actual output energy of the R-
TENG, defined by the inner area of the V-Q curve [39], is quite
complicated. The V-Q curve when 6, is 1.0° is demonstrated to
reveal the actual output energy of R-TENG (Fig. 2(e)). The
simulated voltage Vi is about 2.2 kV, and the transferred charge
is 360 nC. The area of the V-Q curve presents the maximum
output energy in the theoretical situation without breakdown
(the total area of the dashed parallelogram, Fig. 2(e)). And the
actual output energy (pink area) will be much smaller due to
the simulated voltage being larger than the air breakdown
voltage. The energy wasted by the breakdown (the gray area) is
up to about 46.92%, and the actual output energy is only 53.08%
when 0, = 1°. Thus, it is quite important to choose the right 6,
and to restrict the breakdown. More V-Q curves modified by
air breakdown voltage with different 0, are plotted in Fig. 2(f).
And the actual output energy of TENG (the area of the

—

modified Q-V curves) with different 6, is plotted in Fig. 2(f).
And the maximal actual output energy of 4.61 m] (point A) can
be achieved when 0, is around 4°, which is about 1.5 times
larger than that of point B (6, is 1.0°).

The segment number of gate electrode (N) is another vital
structural parameter to influence the output performance of
the R-TENG. Because the number of gate electrode units affects
the contact area between the upper and lower triboelectric layer
by determining the number of triboelectric units in the R-
TENG rotor section. As shown in Fig. 3(a), the simulations of
high-performance R-TENGs with different N are simulated
when the 0 is fixed. Although the optimized gap angle of the
R-TENG is about 4° (when N is fixed as 6) according to the
simulation results of Fig. 2, the friction area has a significant
reduction, according to Eq. (3). The optimized gap angle will
lead to a lot of wasted area when N becomes larger and larger.
For example, when the N = 18, the total gap angle is N x 6,x 2
= 144°, which means the friction area only occupies about 216°
with a proportion of 60%. Therefore, the 6, is fixed at a small
angle. The simulation results show that the output simulation
voltage of R-TENG decreases with the increase of N, as shown
in Fig. 3(b). According to the results, the maximal Vi is 3707 V
when the N is 2, while it declines to about 1000 V when N is 18.
The Vi shows a downward trend. The relationship between N
and the amount of transferred charge in one output period,
defined as Q, is plotted in Fig. 3(c). Due to the fixed gap angle,
the friction area of the whole device will decrease when N
increases, leading to a small decline in Q.. However, when N <
180 + 6, the total transferred charges per cycle Q. (Defined as
Qi multiplied by N.) increases expeditiously in Fig. 3(d) and Eq.
(4), which shows the opposite trend of that of Q.

9
Q=N =(N—2N?)n(RZ —RDo  (4)

360

Therefore, the introduction of more gates in the structure
will effectively improve the output frequency of the R-TENG.
Similarly, the total output energy per cycle or segment output
period can be calculated by the V-Q curve under the different
N plotted in Fig. 3(e). The output energy per cycle almost
increases rapidly at first (N < 6) and then becomes almost stable
(6 < N < 20). Finally, the output energy per segment decreases
when N is larger than 20 because both output voltage (Fig. 3(b))
and total transferred charges (Eq. (4)) decrease. Therefore, the
optimized segment number of gate electrode N should be
defined as 6, considering the largest energy output, the cost,
and the difficulty of the fabrication.

The output performance of different structures of R-TENG
is shown in Fig. $4 in the ESM. The results show that with the
increase of the 6, the short-circuit current (Ic) and transferred
charges (Q..) are decreased when N is 3, as shown in Figs. S4(a)
and S4(b) in the ESM. This is because the triboelectric area will
be decreased with the increase of 6,,

Nano Research Energy



()

—_~
=
~
BN

Voltage (kV)
N~

24
Segment
(d)
G 8 Per Cycle
2
@
2
o
S
34
-
g
g
£
v 8 16 24
Segment

Transferred Charge (nC) ’5

—~

Energy (mJ)

Nano Research Energy

Per Segment
350
3154
280
8 16 24
Segment
) 6

— Energy Per Cycle
— Energy Per Segment

\

0 8 16 24
Segment

Figure 3 (a) Simulated potential distribution of R-TENGs under different segment numbers of electrode N (N = (i) 2, (ii) 3, (iii) 5, (iv) 8, (v) 12, (vi) 18). (b)
The relationship between the simulation voltage and segment number. (c) The Qi-N plot per segment. (d) The Q»-N plot per cycle (Q2 = Q:xN). (e) The E-

N plot per segment and per cycle

causing the decrease of the performance of the R-TENG. The
I and Q. can reach up to 4.2 pA and 160 nC when the 6, is 4°,
and N is 3. And the relationship between the performance of R-
TENG and N is shown in Figs. S4(c) and S4(d) in the ESM. The
I of R-TENG is increased with the increase of N. When N is 6,
the L. is maximum, which can reach 5.1 pA. This is due to the
increase of N, which increases the frequency of the current of
the R-TENG. However, the per-segment transferred charge is
decreased with the increase of N. This is because the
triboelectric area is decreased, leading to a decrease in
transferred charges. And as the increased of N, the per-segment
transferred charge decreased from 168 to 102 nC. And the per-
cycle transferred charge is increased from 168 nC to 612 nC, As
shown in Fig. S4(e) in the ESM. The results show that the I of
R-TENG is best when 6, is 4°, and N is 6, corresponding to the
simulation results.

Most previous research works only focus on the relationship
of V-0, V-N or Q-8 Q-N. However, the voltage and
transferred charges have different trends with 6, and N, causing
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the output energy (the inner area of the V-Q curve) that has
not been well studied. Considering the optimized output
energy and the breakdown between the gradient gap, the
customized theoretical simulations take a huge step forward in
TENGsS applications.

Besides the customized theoretical simulations, an
intermediate layer consisting of BTO and PDMS is introduced
between the triboelectric layer and the electrodes layer to
improve the output performance of the R-TENG further.

Figure 4(a) shows the basic operating mechanism of current
generated by the high-performance R-TENG in the short-
circuit condition. In the initial state (Fig. 4(a)-i), the PA6 film
of the rotator and the FEP membrane above electrode I of the
stator is at an entirely overlapping position, and there are
negative charges on the surface of FEP while positive charges
on the surface of PA6. The surface charge density of PA6 film is
two times that of FEP film, which induces negative charges on
the bottom electrode I and positive charges on the bottom
electrode II to make the charges equilibrium. As the rotary is
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rotating before it completely overlaps electrode II (Fig. 4(a)-ii),
free charges will be redistributed between the electrodes,
causing the positive charges to be transferred from electrode II
to electrode I through external loads to generate a current. And
then, in the following process from Fig. 4(a)-iii to Fig. 4(a)-iv,
the rotary will rotate again to the original position (Fig. 4(a)-i),
and positive charges will be transferred from electrode I back
to electrode 1II, causing a reversed current. The sketch figures
and finite element simulation by COMSOL are utilized to
demonstrate the open-circuit voltage, as shown in Fig. 4(b). In
the original state (Fig. 4(b)-i), there is no voltage difference
between electrode I and II. As the rotary is rotating before it
completely overlaps electrode II (Fig. 4(b)-ii), there is no charge
transfer between the two electrodes due to the open-circuit
circumstance. Thus, the voltage potential of electrode II will be
much higher than that of electrode 1. The voltage potential of
electrode II can reach about 2000 V. When the rotary
completely overlaps electrode I (Fig. 4(b)-iv), the voltage
potential of electrode II is about —3000 V. The simulation results
are consistent with the experimental results, as shown in Fig.
4(c). The maximum open-circuit voltage (Vo) of the R-TENG
can reach up to 2 kV.

The R-TENG is driven by a programmable rotary motor to
obtain a determined speed, e.g., 120 rpm. The N is 6, and the &,
between each unit is 4°. The experimental voltage of R-TENG
is measured by using the voltage divider method, with two
resistors with resistance values of 100 MQ (R;) and 100 GQ (R,)
connected in series in the external circuit to simulate the open-
circuit condition and increase the accuracy of measurement
(Fig. S5 in the Supplementary Materials). The potential of
electric I/II can reach more than 2 kV, and the potential
difference between electrode I and electrode II can be as high
as 5.5 kV. And the accuracy of open-circuit voltage generated
by R-TENG is estimated by calculating the number of LEDs
powered by the R-TENG. The short-circuit current density (/i)
of the R-TENG can reach 4.2 mA-m™ with a stable and
continuous AC signal (Fig. 4(d) and Fig. S6(a) in the ESM).
And the transferred charge density (AQ.) can reach up to 19.1
uC-m™ at a peak-to-peak value at the same rotational speed
(Fig. 4(e) and Fig. S6(c) in the ESM). The output power is
equivalent to the Joule heating of the load resistor, calculated as
PP x R, where I is the current amplitude value under different
load resistance, and R is the load resistance. At the matched
load of 100 M), the output power density can reach 18.6 W-m~
2, as shown in Fig. S7 in the ESM. Figure S8 in the ESM shows
the stability of the R-TENG. The result shows that the short-
circuit current density of the R-TENG can maintain about 4
mA-m~ after 1 day’s working (4 hours per day). And the
current density can reach up to 3.83 mA-m™ after 3 days of
working. The short-circuit current density is reduced by 8.8%
compared to the initial short-circuit current density of 4.2
mA-m~2 Although the output of the TENG decreases after 7
days of working, the current density remains at about 3 mA-m-

P — S

%, which is still considerable. Figure S9 in the ESM shows the
surface morphology of the triboelectric layer of the active layer.
Although there are many scratches on the surface captured by
the microscope after 7 days of working (4 hours per day), the
surface morphology of the triboelectric layer did not show a
significant difference from the initial state. And the output
performances are still considerable, demonstrating that the R-
TENG has good operational stability.

It should be emphasized that the high-performance R-
TENG can even be directly utilized for driving 2 serially
connected 36 W fluorescent lamps (Fig. 4(f) and Movie ESM1).
As shown in Fig. 4(g) and Movie ESM2, the high-performance
R-TENG can light up more than 1160 serially connected LEDs
without any management circuit. This result demonstrates that
the sustainable output voltage of the R-TENG is at least more
than 2 kV.

The R-TENG could convert the collected low-frequency
mechanical energy (such as wind energy) into electrical energy
to drive wireless transmission equipment [40, 41] (Fig. 4(h)).
Furthermore, a high-performance wireless transmission
system based on the high-performance R-TENG is fabricated
to explore the wireless application of the TENGs. As shown in
Fig. S10(a) in the ESM, the wireless transmission system is
composed of five parts: the high-performance R-TENG is used
to harvest the mechanical energy, a rectifier to convert AC to
DC, a capacitor for storing energy, a wireless transmitter, and a
receiver. The energy generated by the TENG is stored by the
capacitor. Then the wireless transmitter is powered by the
capacitor and emits 8-byte signals to the wireless receiver, and
the signal could be set as “ashining”. Next, the wireless receiver
linked to the computer can receive the signal. And Fig. S10(b)
in the ESM shows that the R-TENG can charge a 10-mF
capacitor from 0 to 5 V in about 35 min by harvesting the
mechanical energy and then operating the wireless transmitter.
The voltage of the capacitor rapidly descends to about 2.0 V as
the wireless transmitter emits 8-byte signals. To demonstrate
the effectiveness of the R-TENG-based wireless transmission,
the performance of the system was tested at different distances.
As shown in Fig. 4(i), when a distance of 10 m separates the
transmitter and receiver, the receiver can receive very distinct
8-byte signals 4 times. And the performance of the wireless
transmission system with different distances can be seen in Fig.
S10(c) in the ESM. It is worth noting that the receiver can still
receive a stable 8-byte signal 4 times when the distance
increases from 1 m (Fig. S10(c)-I in the ESM) to 50 m (Fig.
S$10(c)-iii in the ESM and Movie ESM3). The results show that
the R-TENG-based wireless transmission system has excellent
performance. According to the previous reports, these results
are among the best-performing triboelectric generators.

Previous research pointed out that the intermediate layer can
enhance the output performance of a TENG by these two major
methods [42—44]. Firstly, the intermediate
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Figure 4 (a) Illustrates the working mechanism in the short-circuit condition. (b) Schematic illustration of the working mechanism in the open-circuit
condition and the COMSOL simulation. (¢) Open-circuit Voltage Voc. (d) Short-circuit current density Jsc. (¢) Short-circuit transferred charge density
AQsc of the high-performance R-TENG. (f) Two 36 W household fluorescent lamps lighted directly by the R-TENG. (g) 1160 LEDs lighted directly by the
R-TENG. (h) Schematic illustration of wireless transmission application of the R-TENG for wind energy harvesting. (i) The performance of the wireless
transmission system with a distance of 10 m. The inset image shows the signal received by the wireless receiver.

layer contains deep traps with large trap density, which can
effectively trap and retain triboelectric charges, resulting in
enhanced performance of the TENGs. Secondly, the high
dielectric constant of the intermediate layer will inhibit the
recombination of negative charges from the friction layer and
positive charges from electrodes, causing the breakdown or
leakage current more difficult.

Although researchers have studied the impact of the high
dielectric constant BTO nanoparticles in TENG [45, 46], many
added BTO nanoparticles into the friction layer, revealing that
the ferroelectric nanocomposites will enhance the contact-
electrification effect of the friction layer. Others simply added
the BTO nanoparticles into the intermediate layer without any
treatment. Therefore, the inner dipoles of BTO nanoparticles
are mostly disordered, as shown in Fig. S11(b) in the ESM,
which will cancel each other and have little influence on the
friction layer. Thus, the highly oriented inner dipoles of BTO
nanoparticles should be fabricated.

The highly oriented dipoles in ferroelectric BTO domains
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can be obtained by applying an external electric field [47-49].
After 2 hours of polarization, the inner dipoles of BTO
nanoparticles will be oriented under the action of the external
electric field, as shown in Fig. S11(c) in the ESM. And the
polarized PDMS/BTO nanocomposite film is introduced into
the TENG device as the intermediate layer between the FEP
triboelectric layer and the CNTs electrode layer (Fig. S11(d) in
the ESM). Therefore, an extra inner electric field will be formed
between the positive dipoles of BTO nanoparticles and the
negative triboelectric charges of the FEP friction layer. Due to
the affection of the extra inner electric field, which has been
studied in many fields [50, 51], the triboelectric charges of the
FEP surface are difficult to escape, which will considerably
improve the retention ability of the triboelectric charges and
increase the outputs of the TENG, as shown in Fig. S11(d) in
the ESM. To verify the role of the highly oriented BTO
nanoparticle intermediate layer, we compared the output
performances of three different FST-TENGs: without
intermediate layer, with unpolarized PDMS/BTO intermediate
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layer, and with highly oriented PDMS/BTO intermediate layer.
A programmable linear motor was used to drive the FST-TENG
at 0.4 Hz. As shown in Figs. S11(e) and S11(f) in the ESM, both
the short-circuit current and open-circuit voltage of the TENG
with highly oriented PDMS/BTO intermediate layer are the
highest, which are 2.5 times and 2 times as the FST-TENG
without intermediate layer respectively. And different voltages
are applied to polarize the BTO, and the performances of
different voltage-polarized BTO intermediate layers are shown
in Fig. S$12 in the ESM. It is obvious that the performance
increases with the polarization voltage, which means the
orientation of the BTO is improved. The residual polarization
intensities are also measured, as shown in Fig. S13 in the ESM.
As the polarization electric field increases, the residual
polarization intensity (P;) and maximum polarization intensity
(Pmax) are increased, leading to an increase in the degree of the
ordering of the BTO dipole [52]. When the electric field
increased from 0.5 to 4 MV-cm™, the P; increased from 0.04 to
0.59 pC-cm™, which increased 14.75 times. And the Puax
increases to 2.4 uC-cm™, which is 7.5 times higher than that of
the electric field is 0.5 MV-cm™. These results provide strong
evidence that the orientation of BTO is improved and that
adding an oriented BTO nanocomposite intermediate layer can
significantly enhance the performance of TENG. And
according to the related research [48], the output performance
of TENG increases and then decreases with the increase in BTO
concentration. When the BTO concentration is too high, the
BTO NPs will agglomerate in the matrix, forming a leakage
current path and making it easier for air breakdown to occur
[53]. The output performance of FST-TENG was optimal when
the BTO concentration was 20%. Owning these strategies, the
high-performance rotary triboelectric nanogenerator (R-
TENG) is fabricated. The composited intermediate layer with
highly oriented BTO nanoparticles is designed to increase
surface charge density and the retention ability of the
triboelectric charges. Meanwhile, customized theoretical
simulations are developed to decrease the breakdown between
a gradient electrode gap. Thus, the high-performance R-TENG
is one of the best-performing triboelectric generators so far.

A management circuit (MC) is also designed to enhance the
output voltage of the TENG to meet the demands of
commercial applications. High-voltage power sources have
various applications in our daily life, such as electrostatic
generators [54], electrospinning [55], and so on. Although the
output voltage (Vou) of the R-TENG is more than 2 kV; it is still
a bit lower when applied to some high-voltage devices, such as
electronic mosquito swatters. Therefore, a management circuit
is designed to improve the output voltage of the high-
performance R-TENG. The working mechanisms of the voltage
multiplier circuit are shown in Fig. S14 in the ESM. The
working principle of the management circuit is similar to that
of the rectifier bridge, which is consisted of capacitors and
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diodes. The rectifier bridge will generate only positive signals.
Under the first positive cycle, the voltage on C1 (Vc) is equal
to the output voltage of the TENG, with the negative on the left
and the positive on the right (Fig. S14(a) in the ESM). For the
double voltage circuit, when the TENG current is in the
negative periodic (Fig. S14(b) in the ESM), D1 is in a reverse
blocking state, while D2 is in the forward conducting state. The
current flows through D2 to charge the capacitor C2. Based on
Kirchhoff voltage laws (KVL), Ve, is doubled compared with
Vreng, with the cathode on the left and the anode on the
opposite side. Similarly, when the TENG current is in the
positive periodic (Fig. S14(c) in the ESM), D2 is in a reverse
blocking state, which acts like a turned-off switch. Therefore,
the polarity of the voltage of C2 does not change, which remains
negative on the left and positive on the right. As the output
voltage Vou equals Ve, the output voltage is always positive.
Similarly, for the triple voltage circuit, C3 is charged to Ves (Fig.
S14(d) in the ESM). And Vi = Vieng, Ve = 2V and Vs =
2Viena. Therefore, the final output voltage Vou is the sum of Ve
and Ve, 3 times as big as Viene. And the output voltage is
always positive.

Figure 5(a) shows the Vou of the R-TENG without the MC,
which demonstrates that the maximum output voltage is about
2kV. And the output voltage of the R-TENG could be enhanced
about 2 and 3 times when connected to the MCs, reaching the
maximum Vou as high as 4 kV (Fig. 5(b)) and 6 kV (Fig. 5(c)),
respectively. With the triple voltage multiplier circuit, the high-
performance R-TENG can light up 3420 serially connected
LEDs, demonstrating that the sustainable output voltage of R-
TENG is at least more than 6 kV, as shown in Fig. 5(d) and
Movie ESM4. In addition, it can be utilized for powering up 4
serially connected 36 W fluorescent lamps continuously, as
shown in Fig. 5(e) and Movie ESM5. These results reveal that
the MC system plays an important role in improving the
outputs of the R-TENG. Since the voltage is amplified to at least
6 kV and the current is still as low as several microamperes
when harvesting the wind energy, which is quite powerful and
safe to drive the electronic mosquito swatter. As shown in Fig.
S15 in the ESM, the self-powered high-voltage disease
prevention system is composed of a high-performance R-TENG
as a high-voltage power source, an MC system as a voltage
amplifier, and electrodes withdrawn from a household
electronic mosquito swatter. The potential distribution
between the two grid electrodes of electronic mosquito swatter
is simulated by COMSOL software, as shown in Fig. 5(f) and
Fig. S16 in the ESM. And it is obvious to observe the sparks
between the net electrodes when the high-performance R-
TENG powers the electrodes withdrew from the mosquito
swatter, as shown in Fig. S17 in the ESM. These results provide
the possibility of using the high-performance R-TENG with an
MC system to kill mosquitoes. Figure S18 in the ESM shows the
process of killing a mosquito with an obvious spark when a
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Figure 5 The output voltage (Vouw)of R-TENG (a) without the management circuit (MC), (b) with a double voltage multiplier circuit (The inset diagram
shows the circuit of the double voltage multiplier), and (c) with a triple voltage multiplier circuit (The inset diagram shows the circuit of the triple voltage
multiplier). (d) 3420 LEDs lighted by the R-TENG with the MC. (e) Four 36 W household fluorescent lamps lighted by R-TENG with the MC. (f) The
simulated potential distribution of the electrodes. (g) The process when the fly touches the electronic mosquito swatter powered by the R-TENG with MC.
(h) Photographs of the colonies numbers under different sterilization times (i) 0 mim (ii)10 min (iii) 20 min (iv) 30 min. (i) The sterilization efficiency and
colony counts under different sterilization times. (j) The voltage of this work is compared with those of other works.

mosquito contacts the electrodes. In addition, a much larger fly
could also be killed by the self-powered high-voltage disease
prevention system. Figure 5(g) shows the momentary situation
of the fly before and after getting in touch with the grid
electrodes, respectively. When the fly touches the grid
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electrodes, it can be seen that a visible electric spark is produced.
The complete fly-killing and mosquito-killing processes are
captured by the high-speed camera, as shown in Movies ESM6
and ESM7, respectively. It should be emphasized that self-
powered high-voltage disease prevention system is fairly safe for
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humans due to its low current, which is much lower than the
safe current. The researchers only have a slight stinging
touch the
unconsciously. The safe, high-performance self-powered high-

sensation when their fingers electrodes
voltage disease system is suitable for pest control, especially in
isolated islands or remote/poor areas.

And the high-performance self-powered high-voltage disease
prevention system also could achieve high-voltage sterilization.
Due to differences in electrical properties between cell
structures and liquid systems. When the liquid system is placed
in a high-voltage electric field as a dielectric, the cell membrane
of the microorganism in the liquid will be broken down by
electricity under the action of a strong electric field, resulting
in irreparable perforation or rupture, which will damage the
cell tissue and lead to the inactivation of the microorganism
[56-58]. The voltage of R-TENG can reach 6 kV with the help
of the management circuit, so the R-TENG can be used to
achieve high-efficiency sterilization. To demonstrate the
sterilization effect of the self-powered high-voltage disease
prevention system, the E. coil was treated under the high-
voltage electric field generated by the R-TENG for 0-30
minutes, and the results of the sterilization are shown in Fig.
5(h). As the time of the sterilization increased, the colony
numbers of the E. coil significantly reduced. After 30 minutes,
there were only three colonies still alive. And the sterilization
efficiency also could be calculated by counting the colonies
from Fig. 5(h), as shown in Fig. 5(i). The results show that
under the action of the high-voltage electric field generated by
R-TENG for 30 min, the number of colonies was reduced from
the initial 87 to 3, the survival rate of E. coil is about 3.45%, and
the sterilization efficiency of the high-voltage disease
prevention system can reach about 96.55%. These results show
that the self-powered high-voltage disease prevention system
performs well and provides a new strategy for protecting
human health. And when compared with those similar TENGs
from other research, as shown in Fig. 5(j), the output voltage of
the R-TENG is much higher [59-67], and the R-TENG
improved by the strategies mentioned before is among the best-
performing triboelectric generators.

3 Conclusion

In summary, we developed a high-performance R-TENG by
developing customized theoretical simulations to decrease the
breakdown between a gradient electrode gap and a composited
intermediate layer with highly oriented BT'O nanoparticles to
increase surface charge density. The customized theoretical
simulations demonstrate that the rotary TENG will generate
the highest output energy with the optimized gap angle of 4°
and the segment number of grid electrode 6. The maximal
actual output energy can be achieved about 1.5 times larger
than that without air breakdown prevention. And an
intermediate layer composed of highly oriented BTO
nanoparticles is introduced further to enhance the charging
density and the output performances. And a wireless
transmission system is designed based on the high-
performance R-TENG, which can still emit and receive the
signal at a distance of 50 m. Furthermore, with the help of a
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management circuit, the maximum output voltage of R-TENG
can reach up to 6 kV, and it can light 3420 LEDs or 4 serially
connected 36 W household fluorescent lamps. Based on its
excellent performance, the self-powered high-voltage disease
prevention system was designed to decrease the transmission
of diseases and guarantee public or individual health, which
enriches the applications of TENGs and promotes the
commercialization process.

4 Experiment section and methods

Materials. PDMS was purchased from Shenzhen Ausbond Co.,,
LTD (Shenzhen, China). Carbon nanotube solution (9-10 wt%)
was purchased from Shanghai Aladdin Biochemical
Technology Co., Ltd (Shanghai, China). BTO nanoparticles
were purchased from Shanghai Macklin Biochemical Co., Ltd
(Shanghai, China). Polyamide 6 (PA6) film, fluorinated
ethylene propylene (FEP) film, and acrylic were purchased
from local stores.

Fabrication of the PDMS/BTO nanocomposite film. In this
experiment, the PDMS solution is composed of the elastomer
and the curing agent in a mass ratio of 10:1. The mass fraction
of ferroelectric BTO nanoparticles is 20 wt.%. The preparation
process of PDMS/BTO composite films is as follows, first, the
ferroelectric BTO nanoparticles were mixed into the elastomer
by ultrasonic dispersing for 30 min to ensure that the
ferroelectric BTO nanoparticles were uniformly dispersed in
the elastomer. Then, the curing agent was added to the mixture
by stirring for 15 min to form a homogeneous mixture. Third,
the mixture was evacuated at room temperature using a
vacuum oven and kept at 293 K for 5 min to eliminate the air
inside the mixture. Then, the mixture was poured into a
template and placed at 293 K for 24 h to get cured. Finally, the
PDMS-BTO composite film was separated from the template.

Fabrication of the CNTs electrodes. The electrodes are
composed of CNTs. The bottom electrode is divided into two
parts: inner and outer electrodes. Each part consists of 6
interconnected sector units with a central angle of 26°. The
inner and outer radii of the inner electrodes are 15 mm and 90
mm. The inner and outer radii of the outer electrodes are 25
and 100 mm. First, the carbon nanotube solution was poured
into the acrylic template and then kept in the oven at 323 K for
2 h to get cured. Third, a laser was used to cut the shape of the
electrodes, respectively. Finally, the excessive carbon nanotubes
were removed, leaving the electrode part. The thickness of
CNTs electrodes is 50 pm.

Fabrication of the high-performance R-TENG. The diameter
of the TENG is 200 mm. For the stator, firstly, FEP film
(thickness, 30 um), PA6 film (thickness, 50 upm), and
PDMS/BTO nanocomposite film (thickness, 100 um) were
cleaned with ethanol and deionized water, respectively. Then,
the PDMS/BTO nanocomposite film was attached to the CNTs
electrodes using Kapton double-side tape. Third, the
PDMS/BTO film of the stator was polarized under the effect of
a negative electric field of 20 kV for 2 h. Finally, the FEP was
attached to the PDMS/BTO nanocomposite film. And for the
rotor consists of 6 interconnected sector units with a central
angle of 26°. And the inner and outer radii are 15 and 100 mm.
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Firstly, a laser was used to cut out the shape of the rotary on
acrylic. Then, the double-sided foam tape was glued to the
acrylic. Finally, the PA6 was attached to the foam layer.

Fabrication of the FST-TENG. The size of the FST-TENG is
60 mm x 60 mm. First, the CNTs electrodes (thickness, 50 pm)
were cut into strips with a size of 60 mm x 25 mm by using a
laser. The gap distance between the two electrodes is 10 mm.
Then, the PDMS film (thickness, 100 pm) or polarized
PDMS/BTO composite film (thickness, 100 pm) as an
intermediate layer was attached to the top surface of CNTs
electrodes. Finally, FEP was attached to the PDMS/BTO
nanocomposite layer.

Characterization. The surface morphology of the BTO
nanoparticles and CNTs was characterized by scanning
electron microscopy (SEM, Carl Zeiss AG Gemini300). X-ray
diffraction (XRD, Bruker Corporation (BRKR) d8 advance)
was used to characterize the structure of BTO. The voltage was
measured by using the voltage divider method. The voltage and
transfer charge was measured by using an electrometer
(Keithley 6514). The current was measured using a low-noise
current preamplifier (Stanford research system, Model SR570).
A motor (PERFECT, 5RK120RGU-CF) was used to drive the
rotary of the high-performance TENG. A programmable linear
motor (PERFECT, 57BYG250H-8) was used to drive FST-
TENG. A high-voltage device (DONGWEN HIGH VOLTAGE,
DW-N303-1ACH2) was used for polarizing the PDMS/BTO
nanocomposite film.
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