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ABSTRACT We report a triboelectric nanogenerator (TENG) that plays dual roles as a sustainable power
source by harvesting wind energy and as a self-powered wind vector sensor system for wind speed and
direction detection. By utilizing the wind-induced resonance vibration of a fluorinated ethylene—propylene
film between two aluminum foils, the integrated TENGs with dimensions of 2.5 cm x 2.5 cm x 22 cm deliver
an output voltage up to 100 V, an output current of 1.6 «A, and a corresponding output power of 0.16 mW
under an external load of 100 MQ2, which can be used to directly light up tens of commercial light-emitting
diodes. Furthermore, a self-powered wind vector sensor system has been developed based on the rationally .
designed TENGs, which is capable of detecting the wind direction and speed with a sensitivity of 0.09 z.A/(m/ ‘H ﬂ‘ h"

s). This work greatly expands the applicability of TENGs as power sources for self-sustained electronics and also
self-powered sensor systems for ambient wind detection.
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s one of the most important renewable
Aand green energy sources in nature,

wind energy has attracted increasing
attention in the past decade due to the
threat of global warming and the energy
crisis.)® Based on electromagnetic and
piezoelectric mechanisms, conventional ap-
proaches of wind energy harvesting have
been developed.*”® The main drawbacks of
these wind energy harvesters are the com-
plex structure, the large volume, and the
mechanical wear induced performance de-
gradation. Owning to the coupling between
triboelectrification and electrostatic induc-
tion, triboelectric nanogenerators (TENGS),
as an innovative invention, recently have
been widely utilized to effectively scavenge
mechanical energy from impacts,”~® sliding,'®"’
and rotations.'? These reported TENGs ex-
hibit the remarkable characteristics of easy
fabrication, low cost, and high efficiency.
In this regard, developing TENG technol-
ogy to harvest wind energy is of great
necessity, which will not only decrease
the cost of wind energy harvesting but also
greatly extend the potential applications of
TENGs.

YANG ET AL.

Usually, a wind vector sensor system func-
tions for wind speed and direction, which
plays a critical role in weather forecasting.
The working mechanisms of the designed
wind sensors include mechanical rotation,'
temperature change,'® and laser Doppler.'®
These sensors need to run on external power
sources or conventional batteries, which will
limit their applications in remote areas to
collect wind information in real time. One
creative approach to resolve the power lim-
itation issue is to build up a self-powered
system that operates independently, sustain-
ably, and wirelessly by itself without using
a battery.'~'® TENGs have been utilized
as self-powered sensors for detecting dis-
placement, mercury ions/catechin, and the
change of magnetic field.""'9~2'

In this paper, we report a triboelectric
effect based wind energy harvester as a sus-
tainable power source and a self-powered
wind vector sensor system for wind speed
and direction detection. The as-fabricated
wind energy harvester is based on periodic
contact/separation between two aluminum
(Al) foils and a fluorinated ethylene—
propylene (FEP) film with a surface of nanowire
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structures. By utilizing the coupling between the tribo-
electric effect and the electrostatic effect, the periodic
change of distance between the two Al foils and the
FEP film can induce charge transfer between the Al
electrode and the ground, resulting in the flow of free
electrons in the external circuit as an alternating
current. The integrated TENGs with a size of 2.5 cm x
2.5 cm x 22 cm deliver an output voltage up to 100 V
and an output current of 1.6 uA, which can be used to
directly drive tens of commercial light-emitting diodes
(LEDs). Furthermore, relying on the wind flow induced
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current and voltage output, a self-powered wind
vector sensor system has been developed to detect
the wind speed and direction. This work is important
progress toward the practical applications of wind
energy harvesting and the related self-powered sensor
systems.

RESULTS AND DISCUSSION

The fabricated TENG consists of two Al foils and a FEP
filmin a cuboid acrylic tube, as schematically illustrated
in Figure 1a. The Al foil plays dual roles as a triboelectric
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Figure 1. (a) Schematic diagram of the TENG. (b, c) Photographs of the TENG. (d) SEM image of the etched FEP film surface.
(e, f) Rectified output voltage and current of one (e) and four (f) TENGs under a loading resistance of 100 MQ. (g) Photographs
of a 9-LED flashlight before and after being driven. (h) Photograph of the 40 green LEDs driven by the integrated TENGs.
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surface and as an electrode. One side of the FEP film
was fixed at the middle of the end surface of the tube,
leaving the other side free-standing. The distance
between the two Al foils and the FEP film can be
changed periodically due to the wind-induced vibra-
tion of the FEP film, resulting in an output voltage/
current across an external loading resistor. Figure 1b
and c are the side view and front view of a typical
as-fabricated TENG, indicating that the device has
the dimensions 2.5 cm x 2.5 cm x 5.5 cm. The device
electrode E1 or E2 is connected with an external
loading resistance of 100 MQ to the ground. To
increase the triboelectric charge density, FEP nano-
wires are created on the surface of the FEP film via
an inductively coupled plasma method, as shown in
Figure 1d.

To investigate the TENG's performance for harvest-
ing wind energy, an air gun that provides uniform air
flow was employed as a wind source with tunable flow
speed. Figure S1 depicts the measured output voltage
and current of the fabricated TENG under a wind speed
of about 10 m/s, where the voltage and current
are about 5 V and 0.5 A under a loading resistance
of 100 MQ, respectively. Figure 1e presents the recti-
fied output voltage and current of the TENG. The
rectified output current of the TENG is still about
0.5 uA, while the output voltage can be increased to
about 20 V, which is associated with the parasitic
capacitance in the bridge rectification circuit under
the high working frequency and the large loading
resistance. Due to the charging effect of the parasitic
capacitance, the output voltage of the TENG can be
increased in this study. To increase the output power of
the device, four TENGs were integrated in one acrylic
tube, as illustrated in Figure S2. The top and bottom Al
electrodes were connected with two bridge rectifi-
cation circuits, respectively. Then the two bridge
rectification circuits were connected in parallel. The
measured output voltage and current of the integrated
TENGs can be increased to 100 V and 1.6 uA, respec-
tively, corresponding to an output power of 0.16 mW.
The increase of the total output is due to the increase of
the current flow through the external loading resistor.
The output signals of the TENGs were rectified and
then were connected in parallel. The total output
performance can be enhanced further by connecting
more TENG units. To demonstrate that the produced
energy can be utilized as an effective power source,
one TENG with a size of 2.5 cm x 2.5 cm x 5.5 cm was
fixed on a car, as displayed in Figure S3. The device was
then connected with a bridge rectification circuit and a
9-LED flashlight. The photograph in Figure 1g indicates
that the TENG can harvest the wind energy induced
by the movement of a car and light up the flashlight,
which can be also seen in the movie file 1 (see the
Supporting Information). Figure 1h illustrates that the
produced energy of the four integrated TENGs can
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Figure 2. Sketches that illustrate the electricity generation
process in a full cycle under the wind-induced vibration of
the FEP film between two Al foils.

be used to directly drive 40 green LEDs, as shown in
movie file 2 (see the Supporting Information).

A cycle of electricity generation of the fabricated
TENG is illustrated in Figure 2. At the initial state, the
surfaces of the bottom Al foil and the FEP film fully
contact each other, inducing charge transfer between
them. According to the triboelectric series,? the elec-
trons are injected from Al to FEP, resulting in positive
and negative triboelectric charges on the Al and FEP
surfaces, respectively. Figure 2a displays that the pro-
duced triboelectric charges with opposite polarities are
fully balanced; no electron flow occurs in the external
circuit. Once a wind flow separates the FEP film from
the bottom Al, these triboelectric charges cannot
be compensated. The negative ones on the FEP film
will drive free electrons to flow through the external
circuits, where the movement directions of electrons
are opposite at the top and bottom Al electrodes, as
depicted in Figure 2b. This electrostatic induction
process can give the output voltage/current signals
until the negative triboelectric charges on the FEP film
are fully screened from the induced positive charges
as well as the contact-induced triboelectric positive
charges. No output voltage/current signals can be
observed at this state, as illustrated in Figure 2c. When
the FEP film was moved back from the top Al electrode
to the bottom Al electrode, the negative triboelectric
charges on the FEP film can induce the electrons to
flow from the ground to the top Al electrode due to the
increase of the relative separation between the top Al
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Figure 3. (a) Schematic diagram of the model for the calculation. (b) Finite-element simulation of the potential distribution in
the TENG under the different positions of the FEP film between two Al electrodes. (c) Total charges on the two Al electrodes as

a function of the positions of the FEP film.

electrode and the FEP film. Moreover, the electrons can
be driven to flow from the bottom Al electrode to the
ground due to the decrease of the distance between
the FEP and the bottom Al electrode, as shown in
Figure 2d. When the FEP film is in contact with the
bottom Al electrode, the negative triboelectric charges
on the two surfaces of the FEP film are fully screened by
the induced positive charges, resulting in no electron
flow in the external circuit, as shown in Figure 2e. When
the FEP film was moved again from the bottom Al
electrode to the top Al electrode, Figure 2f displays that
the opposite voltage/current signals can be observed
in the external circuit as compared with those in
Figure 2d. Therefore, when the wind flow vibrates the
FEP film up and down, the TENG acts as an electron
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pump that drives electrons back and forth between the
Al electrodes and the ground, producing alternating
current in the external circuit. As shown in Figure 2b,
two circuits were used to connect the top and bottom
Al electrodes, respectively. When the FEP film moved
between the two Al electrodes, the output signals at
both the top and bottom electrodes can be obtained
by using the two circuits. The output signals were
then rectified and connected in parallel, producing
the largest electric output.

To obtain a more quantitative understanding of the
proposed electricity generation mechanism of the
TENG, the electric potential distribution and the charge
transfer between the Al electrodes and the FEP film
can be verified through finite-element simulation using
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Figure 4. (a) Schematic diagram of the designed double-electrode-based TENG. (b) Photograph of the TENG. (c) Measured
open-circuit voltage and the short-circuit current of the TENG under a wind speed of 10 m/s. (d, ) Photographs show that the
TENG was used to harvest the human mouth blowing induced wind energy to drive 10 LEDs (d) and an exit sign (e).

COMSOL. Figure 3a illustrates a schematic diagram of
the constructed model including a FEP film (20 mm x
30 mm x 25 um) and two Al electrodes (20 mm x
30 mm x 1 mm), which were grounded. The tribo-
electric charge densities on the two surfaces of the FEP
film were assumed to be —10 xC/m?>. Figure 3b shows
the calculated results of the electric potential distribu-
tion in the TENG under the different positions at —6, —3,
0, 3, and 6 mm, respectively. When the FEP film occurs
at the middle position between the two Al electrodes, it
has the largest electrical potential, up to —9000 V. The
electric potential on the FEP film was found to decrease
dramatically when approaching the top or bottom Al
electrode, as depicted in Figure 3b. Figure 3c shows the
change of the total charge quantities on the Al electro-
des at the different positions of the FEP film. When the
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FEP film departs from the bottom Al electrode to the
top Al electrode, the charge quantities on the top and
bottom Al electrodes increase and decrease, respec-
tively, revealing that the opposite voltage/current
signals can be obtained at the top and bottom Al
electrodes.

Meanwhile, due to the diversity of contact electrifica-
tion, an additional double-electrode-based TENG has
also been developed for wind energy harvesting in this
study. The working mechanism of the TENG is based
on the contact/separation between two triboelectric
material layers to drive the electrostatic induction
charge flow in the external circuit.?® Figure 4a presents
a schematic diagram of the TENG, which consists of
a copper electrode, a polytetrafluoroethylene (PTFE)
film, and an Al electrode on a Kapton film as the
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Figure 5. (a) Photograph of the four TENGs arranged along four different directions. (b) Schematic diagram of the fabricated
wind vector sensor system. (c, d) Measured output current (c) and voltage (d) of one TENG under different wind speeds.
(e—h) Measured output voltage mapping figures when the wind occurs along the four different directions.

wind-sensitive unit. As illustrated in Figure 4b, the
photograph of the TENG indicates that the device has
the dimensions 2.5 cm x 0.6 cm x 5 cm. The Al, Kapton,
and the bottom acrylic can also form a single-electrode-
based TENG. However, the short distance (<5 mm)
between the Kapton film and the bottom acrylic can
result in a much smaller output performance than that
of the top double-electrode-based TENG. Thus we did
not consider the bottom single-electrode-based TENG
for this case. Figure S4 displays that the TENG has an
open-circuit voltage up to 110 V under a wind speed of
about 10 m/s. As depicted in Figure 4c, the enlarged
voltage—time curve reveals that the output voltage
changes between 40 and 110 V, which is associated
with the high working frequency of the device. The
measured largest short-circuit current of the TENG is
about 80 uA. The produced electricity energy can be
used to directly drive 10 LEDs by scavenging the human
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mouth blowing induced wind energy, as displayed
in Figure 4d and movie file 3 (see the Supporting
Information). An exit sign can also be driven by the
produced energy, as shown in Figure 4e and movie file
4 (see the Supporting Information).

To prove the capability of the TENG as an active wind
vector sensor, a set of practical applications were
demonstrated for monitoring the wind speed and
direction. Figure 5a displays a photograph of the
sensor system, where four TENGs were arranged along
four directions, respectively. Each electrode was con-
nected with a loading resistance of 20 MQ and then
ground, as illustrated in Figure 5b. The wind speed was
determined by the measured output current signals.
Figure S5 depicts the measured output current and
voltage signals at the bottom Al electrode along
direction 1. The changes of the output current and
voltage peaks with the wind speed are displayed in
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Figure 5c and d, respectively. It can be clearly seen that
the average output current peak dramatically increases
with increasing wind speed. A linear relationship be-
tween them can be obtained by fitting the data, where
the sensitivity of the wind speed is about 0.09 uA/(m/s).
The output voltage peaks growingly fluctuate in a
range of 1 to 6 V with increasing wind speed, and the
wind direction can be determined by the analysis of
the measured output voltage signals. The different
changes of the current and voltage upon increasing
the wind speed may be associated with the different
reset times for the current and voltage.

As displayed in Figure 5b, the top and bottom
electrodes of the TENG along each direction were
connected with the first and third data acquisition
channels, respectively. To avoid the possible noise
signals, the other eight channels were grounded. The
positive and negative output voltage signals in 16
channels were recorded in real time as a mapping
figure. The wind direction can be attained by analysis
of the measured voltage mapping figures. When no
wind was applied along the four directions, there are
no observed output voltage signals in the obtained
mapping figure, as displayed in Figure S6a. Figure S6b
shows that the measured noise signals are smaller than
0.5 V. When the wind was applied along direction 1,
the obtained mapping figure in Figure 5e shows that
one negative output voltage signal can be observed
in the channel 1-1. The corresponding output voltage
is about 2.8 V, as displayed in Figure S7. Moreover,
a positive output voltage signal of about 2.3 V occurs
in channel 1-3, as shown in Figure 5e and Figure S7.
When the wind was applied along each direction,
the recorded mapping figures clearly reveal that

EXPERIMENTAL SECTION

Fabrication of the TENG and the Self-Powered Wind Vector Sensor
System. The fabricated TENG is based on wind-driven vibration
of a FEP film between two Al foils in an acrylic tube, where each
Al electrode was connected to the ground across an external
load resistor. The surface of the FEP film can be dry-etched
using ICP to create the nanowire structures. Specifically, O,, Ar,
and CF, gases with a flow ratio of 10, 15, and 30 sccm were
introduced in the ICP chamber. The FEP film was etched for 15 s
to produce nanowire-like structures. The double-electrode-
based TENG consists of a copper film, a PTFE film, and an Al film
on a Kapton film, which was used as the wind-sensitive unit. For
the self-powered wind vector sensor system, four TENGs were
arranged along four directions, where the top and bottom Al
electrodes were connected with the data acquisition channels
1 and 3 for each direction. The other data acquisition channels
were grounded. A load resistor of about 20 MQ2 was connected
between each Al electrode of the TENG and ground. The wind
speed can be determined by the analysis of the obtained output
current signals. The wind direction can be confirmed by the
analysis of the measured output voltage mapping figures.

Measurement of the Fabricated Devices. In the voltage measure-
ment process, the TENGs were connected with a low-noise
voltage preamplifier (Keithley 6514 System electrometer).
The output current signals of the TENGs were measured by a
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the output voltages in channels 1 and 3 along each
direction have the opposite values, as displayed in the
movie file 5 (see the Supporting Information). These
results are consistent with the calculated results in
Figure 3. By the analysis of the measured voltage
mapping figures, the wind direction can be confirmed.
As illustrated in Figure 5f—h, the three measured
mapping figures clearly indicate that the wind direc-
tions are from 2, 3, and 4, respectively. These output
voltage signals can also be seen in Figures S8—S10.

CONCLUSION

In summary, we have demonstrated a TENG, con-
sisting of an FEP film and two Al foils connected with a
ground through an external load. The mechanism of the
TENG is based on the charge transfer between the Al
electrode and the ground by utilizing the wind-induced
vibration of the FEP film between the two Al electrodes.
The integrated TENGs produce an output voltage up to
100V, an output current of 1.6 uA, and an output power
of 0.16 mW under a load of 100 MQ, which can be used
to light up tens of commercial LEDs. An additional
double-electrode-based TENG is also demonstrated to
harvest wind energy from a human blowing, and the
produced electricity is enough to power an exit sign.
Moreover, the TENGs have been utilized to design a self-
powered wind vector sensor system for detecting the
wind speed and direction. The detection sensitivity of
the wind speed is about 0.09 #A/(m/s). The wind direc-
tion can be determined by the analysis of the real-time
measured output voltage signals as a mapping image.
This invention may push forward a significant step
toward the practical applications of wind energy har-
vesting techniques and self-powered sensor systems.

low-noise current preamplifier (Stanford Research SR570). For
the self-powered wind vector sensor system, a homemade
data acquisition system was used to record the output voltage
signals in real time.
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the output voltage and current of the TENG at the top and
bottom Al electrodes, a photograph of the four integrated TENGs
in an acrylic tube, an optical image of the TENG fixed on a car, the
measured open-circuit voltage of the double-electrode-based
TENG, the measured output voltage and current of the TENG
under the different wind speeds, the mapping figure of the
measured output voltage signals and the corresponding vol-
tage-channel curve under the condition of no wind, and the
output voltage signals in the 16 channels when the wind was
applied along the four directions. Additional movie files include
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one TENG powering a 9-LED flashlight, integrated TENGs lighting
up 40 green LEDs, the double-electrode-based TENG to harvest
human mouth blowing induced wind energy for driving 10 LEDs
and an exit sign, and the measured output voltage mapping
figures under different wind conditions. This material is available
free of charge via the Internet at http://pubs.acs.org.
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