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Triboelectric Nanogenerator Network Integrated
with Charge Excitation Circuit for Effective Water Wave
Energy Harvesting

Xi Liang, Tao Jiang, Yawei Feng, Pinjing Lu, Jie An, and Zhong Lin Wang*

1. Introduction
Ocean waves are considered to be one of the most promising renewable

energy sources, and harvesting such energy via triboelectric nanogenerators With the rapid development of human
(TENGsS) is an effective strategy toward large-scale blue energy. However, society and economy, people are more
most previous optimization schemes of TENG cannot meet the demands and more aware of the importance of
of practical applications. In this work, a new charge excitation circuit (CEC) environmental protection. Recently, the

. . . . . . . ) exploitation of clean and renewable energy
with advantages of integration, high efficiency, and minimum impedance is sources to replace the fossil fuels has

developed specially for TENGs to harvest water wave energy. The TENG with become the focus of scientific research
the CEC exhibits significantly improved output performance, with a max- around the world.! Ocean, occupying
imum power of 25.8 mW and power density of 49.3 W m=, and a 208 times 70% of the earth surface area, contains

tremendous energies which deserve to
be developed.?3l However, it is still dif-
ficult to capture ocean energy and put

enhanced current of 25.1 mA is achieved. Furthermore, a scheme of inte-
grating TENG network and CECs is proposed for realizing large-scale wave

energy harvesting. The charge excitation TENG network is demonstrated it into practical applications at present
to successfully power a digital thermometer and a wireless communication despite the great efforts invested. So
system with mobile phone through transmitting radio frequency (RF) signals far, the common method of harvesting

ocean energy is based on the electro-

for remote environmental monitoring. This study not only offers a strategy ; ,
magnetic generators (EMGs), which are

to greatly enhance the output performance of TENG networks in water bulk : .

. . . . ulky, costly, easily eroded, and not suit-
wave energy harvesting, but also provides useful guidance for constructing able to work under the low frequency of
maritime communication platform based on blue energy toward a maritime the ocean.*5! Hence, other more effective
internet of things system. ways are in urgent need of research.

Triboelectric nanogenerator (TENG,

also called as Wang generator) proposed

by Wang in 2012 has provided a new route toward developing
ocean energy.®l Compared with EMGs relying on the electro-
magnetic induction, the physical mechanisms of TENGs is
based on the Maxwell’s displacement current, and the TENGs
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so they have attracted a wide range of attention in many fields
including the exploitation of ocean wave energy.>24 In order to
improve the output performance of TENGs, previous researches
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TENGs that collect water wave energy. Not only the output per-
formance of a single TENG was increased by multiple times,
but also a scheme was proposed to realize high-output TENG
network through integrating with the charge excitation cir-
cuits (CEC). First, the working principle of the charge excita-
tion TENG was clarified in details by analyzing the voltage of
each part in this circuit system, and the basic performance of
the system was measured at the same time. Next, in real water
waves, the influences of water wave frequency and amplitude
on the outputs of the TENG integrated with the CEC were sys-
tematically investigated. Then, a hexagonal TENG network with
seven charge excitation TENG units was fabricated and tested
under different water wave conditions. Finally, the charge
excitation TENG network was applied to power a digital ther-
mometer and a wireless communication system with a mobile
phone through transmitting radio frequency (RF) signals,
demonstrating the important role of the CEC in expanding the
potential applications of TENGs in remote maritime environ-
mental monitoring.

www.advenergymat.de

2. Results and Discussion

A new charge excitation circuit was developed to integrate with
a TENG for improving its output performance in water wave
energy harvesting. The spherical TENG with spring-assisted
multilayered structure reported in our previous work was
chosen as an example, because of its optimized output perfor-
mance and efficiency.?® The specific structure of the TENG,
floating on the ocean surface, is schematically presented in
Figure 1a, and the multilayered structure inside it is shown in
Figure S1, Supporting Information. When connecting with the
CEC, the alternating output current of the TENG can be not
only increased by many times, but also transformed into direct
currents (DC). Several spherical TENG units are, respectively,
integrated with the CECs, and then directly linked with each
other in parallel without rectified bridges, forming a charge
excitation TENG network. Here, a hexagonal TENG network
with the CECs was fabricated, whose photograph is exhib-
ited in Figure 1b.2Y Taking a hexagonal TENG network as a
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Figure 1. a) Schematic diagram of a single spherical TENG with spring-assisted multilayered structure floating on the ocean surface. b) Photograph
of an as-fabricated hexagonal TENG network floating on the water surface, which is composed of seven spherical TENG units linked by rigid strings
and connected by the charge excitation circuits. ¢) Schematic illustration of a multi-module TENG network for large-scale blue energy harvesting.
d) Framework for the self-powered system achieved by the charge excitation TENG network driven by the water wave motions. e) Working principle of

a contact-separation TENG integrated with the CEC.
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module, a multi-module TENG network is also proposed for
large-scale blue energy harvesting, as schematically depicted in
Figure 1c.””l Figure 1d illustrates a framework for a self-powered
system achieved by the charge excitation TENG network. The
TENG network with enhanced performance by the CECs har-
vests the water wave energy effectively and the DC outputs can
power various functional circuits, such as sensing, alarming,
displaying, transmitting signals, and so on, greatly expanding
the application range of TENGs for ocean energy harvesting.

The working principle of a charge excitation TENG is dem-
onstrated in Figure le. Here, a TENG of the contact-separation
mode was applied as the charge source of the system, for
example. Actually, the CEC is also suitable for TENGs at other
modes. The CEC is a capacitor group constituted by two iden-
tical capacitors C; and C, (10 pF), which can be autonomously
switched from the parallel to series connection. During the sep-
aration process of the TENG, these two capacitors are charged
in parallel, while in the contacting process, the TENG no longer
charges the capacitors but switches their connection manner to
be in series, doubling the voltage of the capacitor group. With
this method, the triboelectric charges generated by the TENG
are stored in the capacitors, and the voltage of the capacitor
group is controlled by the TENG, breaking the limitation of the
charge density on the tribo-surfaces. To implement a complete
loop circuit, an external capacitor Cg (1 mF) was introduced in
this system, which is also powered by the TENG. If Cg is 10 uF
equal to C; and C,, not only there will be less charge flowing in
the system, but also the voltage difference between the capaci-
tors group and Cg will shrink. Since the capacitance of Cg is
much larger than that of the capacitor group, the voltage of the
capacitor group almost always keeps consistent with Cg. Ini-
tially, the capacitor group is in the parallel connection, so the
voltage values on the C;, C,, and Cg are all the same. As the
connection of the capacitor group is changed to be in series,
the respective voltage value on the C; and C, has to become as
half of that on the Cg, and the voltage drop will cause charge
transfer from C; and C, to Cg. Afterward, the connection type
of the capacitor group is switched to be in parallel again, so
the voltage on the C; and C, must rise to match Cg, making the
charges flow from Cg back to the capacitor group and consti-
tuting a cycle of charge transfer. Concluding, after the voltage
change of each capacitor reaches a steady state, C; and C, in
series charge Cg, while C; and C, in parallel are charged by Cy,
where the charge transfer enables objective output currents,
greatly increasing the output performance of TENG.

To achieve automatic circuit switch, metal-oxide-semicon-
ductor field effect transistors (MOSFET) were employed in this
system, including two N-type MOSFETs (denoted by M;, M)
and one P-type MOSFET (denoted by M,), and the detailed cir-
cuit diagram of this system is depicted in Figure 2a. Although
the open-circuit voltage of the TENG is quite high, the real
voltage on the MOSFETS is much lower than it and unable to
break the MOSFETSs. For satisfying the demands of large-scale
TENG network in future,’”) the electrical components were
integrated on a square circuit board (4 cm X 4 cm), whose pho-
tograph is displayed in Figure S2, Supporting Information.
When the spherical TENG vibrates at 0.5 Hz and the voltage
of Cg is stabilized at 6 V, the voltage that the TENG inputs into
the system is shown in Figure 2b. During the positive input,
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from the enlarged view in the lower part of Figure 2b, M is
off, while M, and Mj; are on. The simplified circuit diagram in
this period is described in Figure S3a, Supporting Information,
where the dashed lines represent the open-circuit states, indi-
cating that the TENG and Cg charge the capacitor group C; and
C, in parallel. The voltage drop on the C; and C, is exhibited in
Figure 2c, and this charging process of C;, C, from 3.3 to 6 V
is marked in the enlarged view in the lower part of Figure 2c.
The current output in this process (Output 1) was measured
in the upper part of Figure 2d, whose direction is also pointed
out. Conversely, in the process of negative input, M, is turned
on, while M, and Mj; are turned off simultaneously, causing C;
and C, to become in series connection and charge Cg, which
is depicted in Figure S3b, Supporting Information. The voltage
on the C; and C, within this process declines from 6 to 3.3 V
(Figure 2c), and the output current (Output 2) and its direction
are also presented in Figure 2d. It is apparent that the output
current of the TENG integrated with the CEC is significantly
increased, with a peak value above 20 mA. The amount of trans-
ferred charges corresponding to one current peak was meas-
ured to be over 25.5 nC (Figure S4, Supporting Information),
which is 35 times higher than the initial value of 0.7 pC.3%

The peak current and peak power-resistance relationships
of the TENG with the CEC were investigated, as shown in
Figure 2e, exhibiting the maximum power of 32.1 mW at the
matched resistance of 500 Q. Not only the output power is
increased by three times, but also the matched resistance is
reduced from 2.21 MQ to 500 Q, implying that the restriction
of large impedance and unbalanced load match of the TENG
is effectively resolved.®®! Generally, the capacitance of TENG
is very low, leading to high equivalent internal impedance.
Here, the integrating of the CEC greatly increases the capaci-
tance, and the equivalent internal impedance of TENG declines
accordingly. Therefore, the matched resistance in this work is
reduced. The charging performance of the charge excitation
TENG to various capacitors is presented in Figure S5a, Sup-
porting Information. The comparison between the managed
charging using the CEC and direct charging to a 1 mF capacitor
was made in Figure S5b, Supporting Information, indicating
that the charging speed can be improved by up to seven times.
The improvement is because the TENG with the CEC can pro-
vide larger amount of transferred charges per cycle. The normal
operation of the charge excitation system requires Cy to main-
tain a certain voltage value, so the TENG has to first charge C,
which is presented in the left part of Figure 2f. The relevant
output currents with Cy charged to different voltage values
are shown in the right side of Figure 2f. When the voltage value
on the Cg is equal to 2 V, the system is unable to work, since
the gate-source voltage Vg controlled by the voltage on the Cg
cannot turn on M, and Mj. As the voltage on the Cp rises, the
voltage on the C; and C, increases, leading to magnification of
the output current. However, the trend of current is not linear
but gradually stabilized because of the large leakage current
when C is charged to a higher level.

In order to quantify the output performance of the TENG
with the CEC, the TENG was tested in a standard wave tank
equipment,™® which was built to simulate real ocean waves in
the laboratory stage, and the scene of a single TENG vibrating
under the water wave triggering is schematically depicted in
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Figure 2. a) Detailed circuit diagram of the CEC integrated with the TENG. b) Voltage that the TENG inputs into the charge excitation system.
c) Voltage change on the capacitors C; and G, in the circuit. d) Current profiles and directions of the Outputs 1 and 2 of the charge excitation system.
e) Peak current and peak power with respect to the load resistance for the charge excitation TENG. The vibration frequency and the voltage value
on the Cg were, respectively, fixed to be 0.6 Hz and 6 V. f) Voltage curve when the TENG first charges C; and the relevant output current when C is

charged to different voltage values.

Figure 3a. The influences of the water wave frequency and wave
height on the TENG outputs were investigated, because they
were found to be the two most crucial factors in our previous
studies.*®l The trend of the TENG output current at different
water wave frequencies from 0.2 to 1.4 Hz is shown in Figure 3b,
when fixing the wave height as 10 cm and the voltage value on
Cg as 6 V. In this figure, only the current of Output 1 was meas-
ured, whereas the current of Output 2 under the optimal water
wave condition is revealed in Figure S6, Supporting Informa-
tion. As the water wave frequency increases, the output current
first increases then decreases, reaching the maximum value of
25.1 mA at 0.6 Hz. Furthermore, the output power arrives at the
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peak value of 25.8 mW with the matched resistance of 300 Q
at the frequency of 0.6 Hz, as shown in Figure 3¢, and the cor-
responding power density is calculated to be 49.3 W m™>. The
initial increase of power is due to faster compression of the
multilayered units inside the spherical TENG, which improves
the voltage input into the CEC and decreases the resistance of
MOSFETs when they are turned on. However, higher frequency
will result in larger switching loss of the MOSFETs in the
CEC, limiting this circuit to be only suitable for low frequency
motions. In our previous work, the best water wave frequency
was found to be 1.0 Hz,® which is different from 0.6 Hz in this
work. The drop is due to higher power consumption of the CEC

© 2020 Wiley-VCH GmbH
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Figure 3. a) Schematic scene of a single TENG vibrating in water waves created by the standard wave tank equipment. b) Output current c) output
power-resistance profiles of the TENG integrated with the CEC at various water wave frequencies. The wave height and the voltage on C; are maintained
as 10 cm and 6 V. d) Output current e) output power-resistance relationships at various wave heights. The wave frequency and the voltage on C; were

fixed as 0.6 Hz and 6 V.

at higher frequency. On the other hand, at the fixed wave fre-
quency of 0.6 Hz, the output current and power of the TENG at
various wave heights from 6 to 10 cm were measured as shown
in Figure 3d,e. Obviously, the current and power of the TENG
both increase with increasing the wave height, because of the
increased voltage input into the CEC and decreased energy loss
at a higher motion amplitude of water waves.

For adapting large-scale harvesting of water wave energy
in future, the researches on TENG networks are essential. In
this work, a hexagonal TENG network with seven spherical
TENG units linked by rigid strings was fabricated, presented
in Figure 4b. The schematic diagram of the connection manner
between the CECs and the units in the TENG network is shown
in Figure 4a. Each TENG unit is first connected to a CEC,
respectively, to improve its output performance, and its AC
output is converted to DC output at the same time. If TENG
units in the network are first connected with each other through
rectifier bridges, the DC output cannot make the CEC properly
work and even damages the components in it. Then, these
seven TENG units are directly connected in parallel through
the Output 1 of the CECs without rectified bridges, while the
Output 2 of each CEC must ensure short-circuit state. Other-
wise, the Output 1 and Output 2 will affect each other, causing
the CECs unable to work properly. The same function can also
be realized by shorting Output 1 and connecting Output 2 in
parallel, and the output performance of the TENG network
in this case under the optimal water wave conditions is shown
in Figure S7, Supporting Information.
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The output performance of the TENG network with the
CECs under different water wave frequencies (Figure 4c,d)
and heights (Figure 4e,f) were systematically studied, and the
output current values are summarized in the 3D graph for
intuitiveness (Figure 4g). The trends of the output current
and output power are identical with the former single TENG,
and the maximum current of 24.5 mA and maximum power
of 24.6 mW are also obtained at the wave frequency of 0.6 Hz
and the wave height of 10 cm. However, the matched resist-
ance under all water wave conditions decreases compared to
the single TENG, resulting from the increase of capacitance.
Although the maximum values of the outputs are not mul-
tiplied by the TENG network due to the asynchronous move-
ment of each TENG unit, the density of output current peaks is
significantly increased. The charging performance of the TENG
network with the CECs to various load capacitors from 22 uF
to 4.7 mF in 30 s was investigated, as presented in Figure 4h.
The charging voltage for each capacitance first rises at a rapid
speed, and then slowly saturates. For smaller capacitance, the
charging speed is faster, and a larger voltage can be achieved.
In order to reveal the effect of the CECs on the TENG network,
the comparison graph of charging a 4.7 mF capacitor directly
or integrated with the CECs is shown in Figure S8, Supporting
Information, exhibiting 86 times improvement of charging
speed by the CECs.

Integrated with the CECs, the high-output TENG network
enriches the feasibility of practical harvesting of water wave
energy. In the following experiments, two specific applications

© 2020 Wiley-VCH GmbH
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) Sketch of the charge excitation TENG network in which each unit is, respectively, connected by one CEC followed by a parallel connection.

b) Schematic representation of the hexagonal TENG network containing seven spherical TENGs linked by rigid strings floating on the ocean surface.
c) Output current and d) output power-resistance profiles of the charge excitation TENG network for various wave frequencies at the wave height of
10 cm and voltage of 6 V on the C¢. ) Output current and f) power-resistance relationships of the charge excitation TENG network at various wave
heights with the frequency of 0.6 Hz and voltage of 6 V on C. g) 3D graph summarizing the effects of wave frequency and height on the average output
current peaks. h) Charging voltage curves to various capacitors for the TENG network with the CECs.

were demonstrated, the conception of which is depicted in
Figure 5a. In order to meet the electricity demands of the
subsequent applications, the system first charges a capacitor
(100 WF) to convert the pulsed outputs into constant outputs.
Utilizing this constant direct current, a thermometer with a sensor
can continuously measure the temperature of the environment
autonomously, and the values can be displayed at a liquid crystal
display (LCD) screen in real time. Figure 5b is the voltage curve
on the thermometer driven by the charge excitation TENG
network working under the optimal water wave conditions.
The voltage first reaches the value of 2 V rapidly, at which the
thermometer starts to work normally. Then the voltage is main-
tained between 1.8 and 2V, so the thermometer is able to work
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constantly until the TENG network stops working. The photo-
graph of the lighted LCD screen of the thermometer is shown
in the inset of Figure 5b, and the process of this application was
recorded in Video S1, Supporting Information.

Besides the thermometer, a wireless communication system
with a mobile phone was designed to demonstrate the useful
applications of the charge excitation TENG network, whose
detailed circuit diagram is depicted in Figure S9, Supporting
Information. After the TENG network with CECs charges a
capacitor (470 uF), a wireless transmitter is connected to the
system. If this wireless transmitter sends an RF signal, the
corresponding receiving terminal will work immediately and
control the single chip microcomputer to transmit data to the

© 2020 Wiley-VCH GmbH
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Figure 5. a) Framework for the self-powered marine information detection and wireless communication system driven by the charge excitation TENG
network. b) Voltage profile on the thermometer and the photograph of the LCD screen. c) Photograph of the transmitted information displayed on the
mobile phone screen. d) Voltage curve on the wireless transmitter for several consequent transmitting cycles.

mobile phone through the serial ports. A special compiled pro-
gram for visually displaying information sent by the TENG
network has been already installed into this mobile phone.
Figure 5d shows the voltage profile on the wireless transmitter
driven by the charge excitation TENG network for several con-
sequent transmitting cycles. Once the voltage reaches 3 V,
the transmitter consumes electrical power and emits signals.
The high-output TENG network is able to quickly fill the
voltage drop and power the transmitter to send wireless signals
again. After the pre-starting stage, the TENG network transmits
a signal to the mobile phone almost every 20 s. The mobile
phone receives the data and processes them, and the photo-
graph of the received information displayed on the mobile
phone screen is exhibited in Figure 5c. Due to the space limi-
tation, we only show the case for about 0.5 m away. Actually,
the transmission distance of the wireless signals is more than
10 m. The detailed experiment process can be found in Video S2,
Supporting Information.

3. Conclusion

In summary, we designed and fabricated a charge excitation
circuit to achieve high-output TENGs for effectively harvesting
water wave energy, which is completely different from pre-
vious voltage double circuits. The addition of MOSFETs and Cg
absolutely change the way of ordinary voltage double circuits
to multiply the voltage. The working mechanism of the CEC
was elaborated by measuring voltage values on various parts of
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the system. The output performance of the charge excitation
TENG was also studied. When triggered by real water waves,
the outputs of the charge excitation TENG were found to be
controlled by the water wave frequency and amplitude. Under
the optimal water wave condition with the frequency of
0.6 Hz and amplitude of 10 cm, the maximum output current
and power can reach 25.1 mA and 25.8 mW, respectively.
Furthermore, a TENG network integrated with the CECs was
proposed and fabricated to harvest the water wave energy,
presenting a maximum output current of 24.5 mA and power
of 24.6 mW. The CEC improves both the output current and
power of TENG, which is the most important difference from
ordinary voltage double circuit that can only increase the output
voltage. Finally, the high-output TENG network was utilized to
drive a thermometer to work continuously and realize the wire-
less communication with a mobile phone for remote environ-
mental monitoring.

4. Experimental Section

Fabrication of the Hexagonal TENG Network: First, the spherical TENG
unit devices in the TENG network were fabricated. As the main part of
the spherical TENG, the multilayered structure contains seven basic
contact-separation mode TENG units, which are held by a 50 um-thick
Kapton strip (32 cm x 4 cm). One contact-separation TENG unit
consists of an Al foil (3 cm x 3 cm) as an electrode and another same Al
foil bonded with a 12.5 um-thick FEP film (3 cm X 3 cm). Electrons were
injected onto the surfaces of FEP films at a polarization voltage of 5 kV.
The multilayered structure was supported by four springs and pressed
by a copper block. The design of the spring-assisted structure and other
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fabrication details can be found in the previous work.’®l Second, the
spherical TENGs were sealed and waterproofed by using the tile cement
for working in water environment. Finally, seven spherical TENGs were
arranged in a hexagonal structure with a diameter of 40 cm and linked
by rigid strings. Each spherical TENG was first integrated with a CEC
separately to achieve high outputs, and then electrically connected in
parallel to each other.

Electric Measurements of the TENG Device: The electric outputs of the
TENG device were measured under regular water waves generated by a
standard wave tank equipment reported previously,® which contained a
wave generating mechanism and a rebound wave absorber. The output
current, transferred charge, charging voltage of the TENGs integrated
with the CEC, and the voltage change on capacitors inside the CEC were
obtained by a current preamplifier (Keithley 6514 System Electrometer).
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Supporting Information is available from the Wiley Online Library or
from the author.
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