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Fully Enclosed Triboelectric Nanogenerators for
Applications in Water and Harsh Environments

Ya Yang, Hulin Zhang, Ruoyu Liu, Xiaonan Wen, Te-Chien Hou, and Zhong Lin Wang"

With the growing threat of energy crises, new technologies for
harvesting wasted ambient mechanical energy are becoming
one of the most important fields of research.l!l Currently,
there are three physical effects used for harvesting small
scale mechanical energy: electromagnetic,’>3! piezoelectric,*°!
and triboelectric effects.[%’] In parallel to the development of
micro-/nanopower sources, it is necessary to explore the possi-
bility of harvesting large-scale ambient mechanical energy, such
as ocean waves and natural wind.®] Such energy is abundant
and has much less dependence on season, day or night, and
the weather than solar energy does. Moreover, the mechan-
ical energy generated by human motion, such as walking or
shaking, is usually wasted.”) Harvesting this kind of energy has
potential for powering portable electronic devices.

Triboelectric nanogenerators (TENGs) fabricated using the
polymer-polymer or polymer-metal film materials have been
extensively developed to power some small electronic devices
(such as liquid crystal displays (LCDs) and light-emitting
diodes (LEDs)).1%"!) The mechanism is based on the tribo-
electric effect,l'l in which cycled contact-separation between
two different triboelectric materials can induce a voltage drop
for driving electrons to flow in the external circuit. Although
many kinds of TENGs have been fabricated,[>14] they are based
on a working process with the acting surfaces being exposed
to ambient atmosphere, which can limit their applications in
some cases. It has been reported that the ambient environment
such as humidity can largely weaken the triboelectric effect,!!!
so that the fabricated TENGs cannot work under harsh condi-
tions with the presence of water. To solve this problem, it is
necessary to develop fully enclosed or packaged TENGs that
can tolerate the environment in which they will be employed.

Here, we have demonstrated the first fully enclosed TENGs,
which can be used to harvest the wave and biomechanical ener-
gies. A TENG was fabricated by using the polytetrafluoroeth-
ylene (PTFE)-polyamide (PA) film materials in an enclosed
sphere, which can be used to harvest the wave energy from
water for driving electronic devices. Two TENGs in an enclosed
cylinder can be used to directly light up 60 green LEDs by
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moving the mass rod at the center of the cylinder; this has
potential applications for harvesting the wave and biome-
chanical energies. The energies produced by the TENGs can
be stored in a Li-ion battery for driving an ascorbic acid (AA)
biosensor.

Figure 1a shows a schematic diagram of a conventional
TENG, which consists of a Cu film as the top electrode, a PTFE
film, a PA film, and a Cu film as the bottom electrode. The
TENG was driven by a homemade force loading system with
the working frequency of 1 Hz. Figure 1b shows the output per-
formance of the fabricated TENG in air, where the open-circuit
voltage (V,) and the short-circuit current (I,) were about 50 V
and 14 pA under the forward connection to the measurement
system, respectively. The corresponding V,. and I under the
reversed connection to the measurement system are shown
in Figure S1 (Supporting Information), which are consistent
with the results in Figure 1b. The time constants of the output
voltage and current peaks are different because the loading
resistance is up to 100 MQ for the voltage measurement and
the effective resistance is about several Ohms for the current
measurement. Figure 1c shows the output performance of the
same TENG in water, indicating that there was no observed
output voltage or current signal if the water infiltrated into the
TENG.

An optical image of the fabricated device is shown in
Figure 2a. Figure S2 (Supporting Information) shows a sche-
matic diagram of the device. When the two spheres were peri-
odically in contact and separation, the output voltage and cur-
rent were observed, as shown in Figure 2b. The TENG was
driven by the hand movement in air. The measured largest V.
and I are 100 V and 7 PA, respectively.

The mechanism of the TENG is based on the triboelectric
effect induced electrostatic charges on the surface of the PTFE
and PA films. When the PTFE film is in contact with the PA
film, the surface charges are transferred from PA to PTFE due
to the different triboelectric polarities,['® resulting in net nega-
tive charges at the PTFE surface and net positive charges at the
PA surface, as shown in Figure 2c. Once the two polymers are
separated by a gap, electrons are driven to flow from the Cu
electrode of PTFE to the Cu electrode of PA to balance the tri-
boelectric charge induced potential, as shown in Figure 2d. This
process produces an instantaneous current signal as shown
in Figure 2b. When a balance is reached between the poten-
tial produced by the induced charges and the triboelectric
charges, there is no observed output current signal, as shown
in Figure 2e. When the PA film approaches the PTFE film, the
potential from the triboelectric charges drops, thus the elec-
trons in the Cu electrode of PA flow back to the Cu electrode
of PTFE (Figure 2f), resulting in an opposite current signal.
When the two polymers are in contact again, the potential
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Figure 1. a) Schematic diagram of the fabricated conventional TENG without packaging using two insulator materials. b) Measured output voltage
and current of the TENG in air. ¢) Measured output voltage and current of the TENG emerged in water.
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Figure 2. a) Photograph of the fabricated TENG in a fully enclosed spherical shell. b) Measured output voltage and current the TENG when it was
shaken by hand. c—f) Sketches that illustrate the operating principle of the TENG.
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Figure 3. a) Photograph of the fabricated TENG in a fully enclosed spherical shell in water. b) Measured output voltage and current the TENG in a.
c) Schematic diagram of the connection between the TENG and 10 green LEDs. d) Optical images of 10 green LEDs in water before and after being

driven by the TENG.

drop created by the triboelectric charges reaches minimum, as
shown in Figure 2c.

Figure 3a shows an optical image of the fabricated TENG in
the enclosed spherical shell in water. When the PTFE and PA
films were contacted and separated in water, the corresponding
Vi and I of the TENG are about 12 V and 4 pA (Figure 3b),
respectively. It indicates that the designed TENG can work in
water for harvesting wave energy. The smaller output perfor-
mance for the TENG in water is due to the smaller movement
amplitude of the TENG in water than that in air. To confirm
that the produced energy in water can be used to drive some
electronic devices in water, 10 green LEDs were connected
with the TENG, as shown in Figure 3c. Both the TENG and
the LEDs were put into the water. Figure 3d shows the optical
images of the 10 green LEDs, which were directly lit up by the
TENG in water. The movie file 1 (Supporting Information) also
shows how to use the TENG to drive 10 green LEDs in water by
harvesting the wave energy.

In this study, the output voltage V,. of TENG is approxi-
mately given by

V. = od

o= 2 )
where ¢ is the triboelectric charge density, d is the interlayer
distance, and &, is the permittivity in vacuum.l"”] According to
Equation 1, the output voltage V,. will increase with increasing
the interlayer distance d. The output current I of TENG is asso-
ciated with the changing speed of the interlayer distance. The
faster changing speed can result in a larger output current. To
enhance the output performance of the enclosed TENG, we
designed another structure for a TENG. Figure 4a shows an
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optical image and the corresponding schematic diagram of the
TENGs in an enclosed cylinder/tube. Both the top and bottom
TENGsS consist of a Cu film electrode, a PA film, a PTFE film,
and another Cu film electrode. A mass rod was placed at the
center of the cylinder. When the rod was moved up and down,
both the TENGs can be used to harvest mechanical energy.
Figure 4b,c show the output performances of the top and bottom
TENGs when the rod was moved up and down in the cylinder,
respectively. It can be clearly seen that the largest V. and I are
about 260 V and 40 pA (Figure 4c), respectively. The total output
voltage and current of the TENG when the top and bottom
TENGs were connected in parallel is shown in Figure 4d.

Figure 5 shows the working mechanism of the TENGs when
a rod was moved up and down in the cylinder. At original state,
there was no triboelectric or induced charges in the system, as
shown in Figure 5a. No output voltage or current can be observed.
We now use the TENG2 at the bottom as an example to illus-
trate the working mechanism, and the TENGT1 at the top is by the
same token. When the PTFE-2 and PA-2 films were brought into
contact with each other at the bottom of the cylinder (Figure 5b),
electrons were injected from PA-2 to PTFE-2 due to the dif-
ferent triboelectric polarities. Thus, the net negative and positive
charges were induced at the PTFE-2 and PA-2 surfaces, respec-
tively. These triboelectric charges have a long-time retention in
the respective films due to the insulating property of the poly-
mers.l'l When the rod was moved upwards, the electrons flowed
from the Cu electrode of the PTFE-2 film to the Cu electrode of
the PA-2 film to balance the potential created by the triboelectric
charges, resulting in the output current signals (Figure 5c). When
the rod was moved down (Figure 5¢), the electrons were returned
from the Cu electrode of PA-2 to the Cu electrode of PTFE-2,
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Figure 4. a) Photograph and schematic diagram of the fabricated TENGs in a fully enclosed cylinder. b) Measured output voltage and current of the
TENG at the top of the cylinder. ) Measured output voltage and current of the TENG at the bottom of the cylinder. d) Measured output voltage and
current of the two TENGs connected in parallel.
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Figure 5. a—g) Sketches that illustrate the operating principle of the TENGs in the enclosed cylinder.
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Figure 6. a) Optical images of 60 green LEDs before (left) and after (right) being lighted up by the TENGs. b) Rectified output voltage and current of the
TENGs. c) The TENG charging curve of a Li-ion battery. d) Current response of the fabricated biosensor to the AA solution with different concentrations.

resulting in a negative current. When the PA-2 film was in con-
tact with the PTFE-2 film at the bottom of the cylinder, there was
no observed output current, as shown in Figure 5f. When the rod
was moved up again (Figure 5g), electrons flowed from the elec-
trode of PTFE-2 to the electrode of PA-2, resulting in a positive
current. This is the process for generating the AC output signals.
The TENG1 at the top works in the same way as TENG2 except
with a 180° shift in output signals.

To illustrate the potential applications of the fabricated TENGs,
we demonstrated that the energy produced by the TENGs can be
directly used to light 60 green LEDs or can be stored in a Li-ion
battery for driving biosensors. Figure 6a shows optical images
of the 60 green LEDs before and after being lighted up by the
TENGsS, which are also shown in the movie file 2 (Supporting
Information). To charge a Li-ion battery, a bridge rectification
circuit was used to convert the alternating current signals into
the direct current signals. Figure 6b shows the rectified output
voltage and current of the TENGs under the slow and fast move-
ment of the rod in the cylinder. It can be clearly seen that the
increase in the rod movement speed can effectively increase the
output current. The largest output voltage and current are about
260 V and 50 pA, respectively. The enlarged output voltage and
current curves are shown in Figure S3 (Supporting Informa-
tion), indicating that both the top (marked with red circle) and
bottom TENGs are working. Figure 6¢ shows that a Li-ion bat-
tery was charged by the TENGs from 416 mV to 600 mV by con-
tinuously moving the rod in the cylinder several thousand times.
Compared with the beginning section of the charging curve, the
faster increase of the charging voltage (marked with a dashed
rectangle) is due to the faster movement of the rod, which is
consistent with the enhanced current in Figure 5b.
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In this study, we used a graphite electrode as the sensitive
electrode material for detecting the AA molecules. Figure 6d
shows the current response to the continuous addition of AA
molecules as driven by a TENG charged Li-ion battery of about
0.6 V (Figure 6¢). It can be clearly seen that the detection limit
of the fabricated sensor is about 1.25 uM and the current
response increases with increasing the detected concentration
of the AA molecules in PBS. The reaction mechanism of AA
molecules is based on the redox reaction occurred on the elec-
trodes,’! which has a contribution to the increase of the cur-
rent in Figure 6d. Figure S4 (Supporting Information) shows
the plot of the response current density versus the AA solution
concentration in PBS, indicating a linear response of the sensor
to AA concentration.

In summary, we have demonstrated two possible designs for
fully enclosed TENGs for application in the presence of water.
By using the PTFE and PA films, the fabricated TENG in an
enclosed spherical shell can be used to harvest the wave energy
for driving electronic devices in water. Two TENGs were fab-
ricated in an enclosed cylinder, which can be used to harvest
wave and biomechanical energies by shaking the rod at the
center of the cylinder. The energy produced by TENGs can be
used to directly light 60 green LEDs or to charge a Li-ion battery
for driving an AA biosensor. The fully enclosed TENGs have
potential applications in driving electronic devices and biosen-
sors in air and water.

Experimental Section

Fabrication of the TENGs in an Enclosed Sphere/Sylinder. For the
TENG in an enclosed spherical shell, a Cu film (250 nm) electrode was
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evaporated on a PTFE film (thickness of 25 um), which was attached
to the inner surface of a large transparent plastic ball (diameter of
80 mm). Moreover, another Cu film (250 nm) was evaporated on a PA
film (thickness of 25 um), which was attached to the outer surface of
a smaller sphere (diameter of 50 mm). The smaller sphere was placed
inside the large spherical shell, and both are linked by the cables. The
fabricated device was then sealed with epoxy paint so that it is fully
waterproof. The fabricated TENG was based on the contact-separation
between the PTFE film on the inner surface of the larger spherical shell
and the PA film on the outer surface of the smaller sphere to induce
a voltage drop for driving electrons to flow in the external circuit. The
smaller sphere could freely oscillate in any direction in responding to
the disturbance from the environment. For the TENGs in an enclosed
cylinder, two PA films with the Cu film electrodes were fixed on the top
and bottom inside surfaces of the cylinder (length of 180 mm, diameter
of 65 mm), respectively. A cylindrical rod was placed inside the cylinder,
the top and bottom end surfaces of which were covered by the PTFE
films with the Cu film electrodes. Two TENGs were fabricated at the
top and bottom inside surfaces of the cylinder, respectively, and they
could work alternately when the rod was shaken up and down inside the
cylinder.

Measurement of the TENGs and the AA Biosensor: The output voltage
of the NGs was measured using a low-noise voltage preamplifier
(Keithley 6514 System Electrometer). The output current of the NGs
was measured with a low-noise current preamplifier (Stanford Research
SR560). The performance of the Li-ion battery was measured using a
battery analyzer (MTI Corporation). For the AA biosensor, a platinum
electrode and a graphite electrode were employed to detect AA
molecules in the phosphate buffer solution (PBS) (pH = 7.4) with a
concentration of 0.1 M. In the electrochemical reaction, they served as
the counter electrode and working electrode, respectively. The graphite
electrode was prepared as follows. First, a polished graphite substrate
was washed with ethanol and deionized water. Then, a metal wire was
pasted on the graphite with ohmic contact with silver paste. Finally,
epoxy was used to cover the edges and back of the electrode to create an
open area. All experiments were carried out at room temperature.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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