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ABSTRACT: Ocean wave energy is one of the most renewable energy sources. In
this work, a spherical triboelectric nanogenerator (TENG) with dense point
contacts can harvest water wave and vibration energy. Such spherical TENG
consists of multiunits made of polyacrylate balls and thin fluorinated ethylene
propylene films. The utilization of small polyacrylate balls enlarges the frequency of i”—v-f"—'
point contacts to enhance the contact efficiency and provides appropriate

mechanical space to increase the volume power density. The spherical TENG

Spherical TENG with Dense Point Contacts

transfer charges increased from about 21 nC to 820 nC with 1 to 15 units —
connected in parallel in the shell. The spherical TENG achieved a volume power .&‘_{ _——=
density of 6.9 W m~3 at 0.8 Hz and 20.57 W m 2 at 5.9 Hz. Therefore, the spherical [ — -

TENG provides a potential approach toward large-scale wave energy harvesting.

he sustainable development of human society promotes polymers remains a challenge, because their volume, weight, and
I the exploration of energy in the new era." The turbulent amount are the essential parameters.

ocean wave energy is worth exploiting. Triboelectric In this work, a spherical TENG was designed and systemati-
nanogenerators (TENGs) have been a promising and efficient cally investigated to harvest water wave energy. Such spherical
harvesting technology for converting the water wave energy into TENG consisted of multiunits in a spherical shell. Each unit was
electrical power.”” Compared to traditional electromagnetic made of polyacrylate (PA) balls and fluorinated ethylene
generators, TENGs adapt to low-frequency motion and work propylene (FEP) films. The TENG units followed the working
based on the contact electrification and Maxwell’s displacement principle of freestanding mode.**"*" The small PA balls
current.*™® So far, TENGs have flexible, lightweight, and low- increased the frequency of the point contacts with the FEP
cost properties, exhibiting large potential applications, such as film to obtain a higher contact efficiency on the surface. The
wearable devices, self-charged packages, and self-powered small-volume and lightweight properties of PA balls were also
sensors.” 18 Among them, spherical TENGs can waggle with beneficial to achieve an optimized mechanical vibration. Besides,
the water wave to generate electrical output for the TENG.'*~*! the spherical shell could contain more TENG units in parallel.

The output charges increased with the increasing units. This

However, the screening effect of the environmental ions has a
structure improved the efficiency of harvesting water wave and

negative influence on the charge transfer.””>* The electrostatic et ) narve
potential may attract ions, which decrease the charge transfer v1brat.10n energy frorln arbitrary .dlrectlons. Therefore, the
through the working circuit.”® Furthermore, the surrounding spherical TENG prov1decA1 an efficient approach toward large-
electrodes have difficulty in increasing the working units.”*’ scale wave energy harvesting.

Accordingly, a parallel-layer structure inside the shell can avoid

the screening effect and obtain high performance for the Received: May 28, 2021
spherical TENG.*® The TENGs have been developed to harvest Accepted:  July 12, 2021
water wave energy from arbitrary directions based on the Published: July 20, 2021

freestanding working mode.””*° These wave-driven TENGs
could power batteries, sensors, and other self-powered
devices.’' > However, how to arrange these freestanding
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Concept and Structure of the Spherical TENG. The
concept of the spherical TENG is schematically illustrated in
Figure 1a. The water wave drives the orderly arranged spherical

i [ Polyacrylate balls FEP film
+ Alfoil [l substrate [JNi/Cu mesh

| LA |
(i)

(iv)

Figure 1. Schematic illustrations on the structure and working
principle of the spherical TENG. (a) The schematic concept of the
spherical TENG with dense point contacts. (b) A TENG unit inside
the spherical shell. (c) The enlarged view of the TENG unit. (d) The
freestanding working principle of the TENG follows steps (i) to (iv).

TENG, with freestanding PA balls continuously moving on the
FEP films. In general, the motion or acceleration of the
vibration-driven TENG acts indirectly on the inner structure to
induce displacement current. The complex motion condition
may not provide enough driving force for a fully contact-
separation process. So minimizing the freestanding parts could
be efficient, which will be demonstrated by this work. Another
advantage is that the commercial PA balls are very cheap, which
is about the 1000th of the price for commercial PTFE balls, and
easy for large-scale production. The enlarged view of a single
TENG unit is in Figure 1b. The small PA balls could obtain a
higher contact efficiency than large objects and achieve greater
volume power density. Simultaneously, the lightweight proper-
ties of PA balls increase the mechanical sensitivity to vibrations.
The mass density of PA is 0.95 g cm ™, lower than the 2.2 g cm ™
of PTFE. Moreover, a commercial PA ball in this work weighs
about 17 mg, which is much lighter than a commercial PTFE
ball. Then the spherical TENG could obtain a more significant
acceleration under the same force.

The schematic illustration of a single TENG unit is in Figure
1lc. The substrate paper is fixed on the inside shell to provide
mechanical support to the unit. The PA balls are in the
interspace between two triboelectric units and are always
surrounded by FEP films. The interspace could contain no more
than two layers of PA balls for dense stacking in the vertical
direction, while the PA balls could move freely without apparent
friction. The TENG units are connected in parallel by the Ni/Cu
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conducting mesh. The detailed fabrication process of the
spherical TENG is described in the experimental method in
Supporting Information.

Working Principle of the Spherical TENG. The working
principle of the spherical TENG is in Figure 1d. Induced by
water waves, the PA balls collide and contact with the FEP films
inside the spherical shell. During the contact electrification, the
PA balls gain positive surface charges, and the FEP films gain
negative surface charges after initial vibration. The surface
charges could maintain for a long time because they are trapped
electrons in the potential well.""** Figure 1d(i) displays the
already-charged surfaces of both PA balls and FEP films. When
PA balls move from the left to the right, the positive charges
gradually induce negative electrons on the right electrode. The
electrons flow back to the right electrode due to the electrostatic
potential and generate the current in the circuit, as shown in
Figure 1d(ii). Until the PA balls reach the right spherical shell,
the current might exist. Figure 1d(iii) shows the gathered PA
balls in the right corner. When the PA balls move back from right
to left, the electrons gradually flow to the left electrode. The
process generates a current in Figure 1d(iv) opposite to the one
in Figure 1d(ii). The vibration excitations, such as water waves,
will induce free electrons to flow between the two electrodes to
produce alternating currents. Meanwhile, the spherical TENG
transfers mechanical energy into electrical energy.

Structure Optimization of a Single TENG Unit. The
amount of PA balls, double contact films, area of the triboelectric
layer, and spacer gap of electrodes are the essential structural
parameters in a single TENG unit. Figure 2a is a schematic
illustration of these functional parts when the TENG unit works.
At first, a specific TENG unit of 94 mm diameter was fixed to the
spherical shell to study the structural parameters. The test
utilized a layer of PA balls covering 50% area of the unit surface.
A linear motor imposed reciprocating motion for the TENG
unit. The initial linear motor setup was a reciprocating distance
of 50 mm, acceleration of 20 ms™2, and spare time of 200 ms.
Other linear motor setup parameters in the following parts of
this work could be found in Supporting Information Table SI.
The optimum motion velocity was studied by recording the
electrical output in real time in Figure 2b. The voltage, current,
and transfer charges showed that the electrical output of the
TENG unit reached saturation when the velocity was 1.0 ms™.
So the velocity of 1.0 ms™" was for the following discussion on
the structural parameters of the TENG unit.

The amount of PA balls in the interspace was essential to
reach the optimum output. The coverage ratio, defined as the
area ratio that a layer of PA balls covers the TENG unit surface,
could describe the amount. Figure 2c displays the performance
comparison among the different coverage ratios. In the
experiment, a half-open TENG unit with the ceiling empty
was first utilized to study the coverage ratio. The results in Figure
2c displays that increasing free PA balls could enhance the
output transfer charges. The transfer charges increased to 32 nC
at the 100% coverage ratio. However, the half-open TENG had
only a triboelectric FEP film layer, which limited the surface
charge density. The other data columns were the results of
containing the PA balls between double triboelectric FEP films.
In this situation, the transfer charges reached 79 nC the at 60%
coverage ratio. The double triboelectric films generated more
surface charges than a single triboelectric film. However, the
coverage ratio of over 60% decreased the transfer charges
because the excessive PA balls jammed the freestanding motion.
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Figure 2. Structure optimization of a single TENG unit. (a) Schematic illustration of the essential structural parameters in a single TENG unit.
(b) Velocity influenced the voltage, output current, and transfer charges of the TENG unit. (c) Transfer charges under different coverage ratios
of PA balls for double and single triboelectric layers. (d) The electrode gap impacted the transfer charges. (e) The triboelectric area effectively

tuned the transfer charges.

By balancing the unit weight and possible vibrating situation, the
coverage ratio of 60% would be an optimum value.

The gap between the two electrodes could influence electrical
performance. The gap width was tuned from 2 mm to 3 mmto 5
mm to 7 mm. Figure 2d displays that the 3 mm gap was the
optimum width between the electrodes in the experiment. There
might be two main factors. One was that the diameter of the PA
balls was about 2.5 mm. The 3 mm gap was enough for the
freestanding process of the PA balls. The other reason might be
the functional working area and parasitic capacitance. In the
spare time of the motion, the PA balls could heap up to the
corner, while some PA balls left behind. The gap width of S mm
and 7 mm reduced the working area of the unit. More PA balls
were on the gap area in these situations, making minor
contributions to the transfer charges. The last factor is the
triboelectric layer area, which was regarded as the effective
working area. Figure 2e compares the transfer charges in the
increasing diameter of the TENG unit. The results show that the
output transfer charges were directly proportional to the
effective area under similar testing situations. On the other
hand, the choice of ball materials should be considered in the
optimization. Despite the wide choice of materials and potential
modification, the PA balls remained to be a representative
choice. The material choice was described in Supporting
Information.

Performance of the TENG. The environmental factors
were studied on the TENG output. The possible factors
included wavelength, acceleration, frequency, and direction. The
tested TENG unit had a diameter of 94 mm, a coverage ratio of
60%, an electrode gap of 3 mm, and double triboelectric layers.
Moreover, the motion velocity was 1.0 ms™". Figure 3a shows the
transfer charges of the TENG unit impacted by the simulated
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wavelength. The transfer charges were about 20 nC under the 10
mm wavelength and reached a saturation value of about 79 nC
under the 50 mm wavelength. Under the minor wavelength,
there was only a small mechanical force. When up to 50 mm
wavelength, the PA balls could move to reach the other side to
contribute to the transfer charges. As for the larger TENG units
over 94 mm, increasing the wavelength may be necessary to
guarantee the freestanding process.

To further discuss the influence of driving force, the TENG
unit output was measured under different accelerations. The
motion wavelength was fixed at 50 mm in this part. The electrical
performance benefited from the acceleration, as shown in Figure
3b. With a change from 1 ms™ to 5 ms™?, the transfer charges
increased from about 2.7 nC to 52 nC. It can be inferred that the
possible activated acceleration was between 2 ms™ and 5 ms ™2,
Moreover, the transfer charges could reach about 94 nC at the
30 ms™* acceleration, which increased by about 19% from the 20
ms > acceleration charges.

In the previous experiment, the linear motor provided enough
spare time for the motion. The PA balls in the TENG unit
moved sufficiently to the other side. However, the vibration
frequency might change the motion of PA balls due to their
lightweight and low friction force with FEP films. Figure 3c
displays the output transfer charges under different frequencies.
The experiment utilized the spare time to adjust the linear
motion frequency in the experiment while keeping the
acceleration at 20 ms™> and velocity at 1.0 ms™". The output
charges attained about 60 nC at 0.4 Hz. Due to the slow motion
of PA balls, the signal drawback was associated with the
electrostatic repulsive force among the PA balls. This
phenomenon accompanied a small and reversed current peak.
Moreover, the output transfer charges increased to 79 nC at 1.2
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Figure 3. Electrical performance of the single TENG unit with different environmental factors. (a—c) The influence of wavelength (a),
acceleration (b), and frequency (c) on the output transfer charges. (d—f) The results of the directions on the electrical performance of the single
TENG unit, including transfer charges (d), open-circuit voltage (e), and short-circuit current (f). (g—i) The directional map of the transfer

charges (g), voltage (h), and current (i) from 0 to 180°.

Hz and 88 nC at 44 Hz. The higher frequency achieved
relatively stable transfer charges because the rapid motion
avoided the drawback to a certain extent. The results show that
the TENG unit could work at a wide range of frequencies from
0.1 to 5 Hz and realize potential applications to harvest
mechanical energy, including the wind waves.

Harvesting vibration energy from arbitrary directions was also
investigated for the TENG unit. The direction was defined as the
intersection angle between the direction of electrodes and the
vibration motion. Figure 3d—f show the measured transfer
charges, open-circuit voltage, and short-circuit current with the
intersection angle from 0 to 90°. The output transfer charges
were different among the directions. From Figure 3d, the
charges of 0° direction attained the highest values than others
because the PA balls completely moved from one electrode to
the other. On the other hand, 90° direction obtained the least
output signals, which the PA balls mostly moved on a single
electrode, leading to little charge transferring through the
external circuits. The open-circuit voltage and short-circuit
current in Figure 3e and f also reflected the changes due to the
directions. Figure 3g—i show the directional map of the transfer
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charges, voltage, and current from 0 to 180°. And the state from
0 to 90° was similar to the state from 90 to 180°. The detailed
results of the 0 and 180° directions were in Supporting
Information Figure S3. The TENG unit could harvest wave
energy from arbitrary directions, preferring the directions that
provided enough movement for the PA balls to separate from
one electrode to the other. From the results, the 0° direction had
the most considerable influence on the output performance of
the device. However, the output was reduced to the minimum
value in the 90° direction.

Multiunits are inserted into the spherical shell to improve the
volume power density of the whole spherical TENG, as shown in
Figure 4a. When water waves drove the spherical TENG, all the
units could harvest wave energy at the same time and work more
effectively. The schematic illustration on the equivalent circuit of
the working spherical TENG is in Figure 4b. The units are
connected in parallel and rectified to power the external
electronics.

The TENG units were built up from one layer to eight layers
until occupying half the spherical shell. The diameters of the
layers were S0 mm, 65 mm, 75 mm, 82 mm, 88 mm, 92 mm, 95

https://doi.org/10.1021/acsenergylett.1c01092
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Figure 4. Electrical performance of the spherical TENG. (a) Schematic illustration on the TENG units inside the spherical shell. (b) The
equivalent circuit of the TENG units connected in parallel and rectified to power the external load. (c, d) The transfer charges and current
increased with layers. (e) The transfer charges and current were nearly linearly proportional to the number of units. (f) The instantaneous
power of the spherical TENG varied with external resistance in series under 5.9 Hz vibration. (g) The transfer charges under 5.9 Hz vibration.
(h) The 2 h test for output current of the spherical TENG at 4.4 Hz demonstrates its stability. (i) Comparison of the power density of the present
spherical TENG, the sea snake TENG,** the multilayer and contact-separation spherical TENG,** the tower-like TENG,** and air-driven

membrane structure TENG.*¢

mm, and 96 mm. Once adding a new layer, the electrical
performance of the spherical TENG was measured. Figure 4¢
shows that the transfer charges increased from about 21 nC with
one layer to 254 nC with eight layers. However, compared to the
experimental results of individual layers in Figure 2e, the
cumulative increase due to the additional layer was less than
expected. For details, the transfer charges from layer 3 were
about 22 nC in Figure 4c, but a similar TENG unit of 76 mm
could output about 45 nC in Figure 2e. The difference was
attributed to the charge redistribution in the multilayer
electrodes and parasitic capacitance. A similar phenomenon
was for the open-circuit voltage. Figure 4d shows that the short-
circuit current increased from 0.47 to 3.8 uA with eight layers.
To further illustrate the electrical performance, the output
charges and current from the units were concluded in Figure 4e.
The transfer charges and current were nearly proportional to the
number of units.

The further experiment measured the electrical performance
of the whole spherical TENG. The spherical TENG consisted of
1S units in parallel and evenly distributed inside the spherical
shell. The fabricated spherical TENG weighed about 209 g. The
current of the spherical TENG was tested with different
resistances, as shown in Figure 4f. The voltage was obtained by
multiplying the current and resistance, and the instantaneous
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power was obtained by multiplying the current and voltage. The
spherical TENG was motivated by the linear motor with the 50
mm reciprocating distance, 30 ms~2 acceleration, 1.0 ms™
velocity, and 0 ms spare time. At first, the tested current was
about 15.5 pA at the 1 MQ. The calculated voltage could reach
about 2103 V at the 3 GC resistance. Moreover, the maximum
instantaneous power reached about 10.7 mW at 5.9 Hz, when
the resistance equals the internal 300 MQ. There might be more
extensive power in practical because the freestanding design
could output the current with a longer duration than the vertical
contact-separation process. Figure 4g shows the transfer charges
of the whole spherical TENG could achieve about 820 nC at 5.9
Hz. A low-frequency test under 0.8 Hz for the spherical TENG
was also carried out, as shown in Supporting Information Figure
S4. The cycling test of output current was in Figure 4h. The
spherical TENG worked under 4.4 Hz over 2 h, achieving about
10 pA for over 30000 cycles. The enlarged views of the current
curve were in the insets. So the spherical TENG could work
stably for both low and high frequency, which was appropriate
for harvesting the wind-wave energy and other vibrations.
Figure 4i shows the power density of the spherical TENG
increased by the frequency from 0.8 to 5.9 Hz. Compared with
the previously reported results, the spherical TENG in this work
achieved 6.9 Wm™3at 0.8 Hz, 10.9 Wm ™3 at 2.7 Hz, 18.1 Wm ™3
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Figure S. Spherical TENG harvested mechanical energy from the vibration and water wave. (a) The photos of powering a timer and LEDs by the
TENG. (b) The voltage curve of the 4.7 uF capacitor to power the timer during three on—off switches. (c) The schematic setup of the spherical
TENGs to harvest water energy. (d) The voltage, current, and charge of the two spherical TENGs with rectifiers. The resistance load for voltage
was 100 MQ. (e) The time cost to 1 V for the different capacitors charged by the spherical TENGs under water waves.

at 3.8 Hz, and 20.5 W m™> at 5.9 Hz. The results show a
significant advance in the power density that dense point
contacts could provide a more efficient contact than the thin film
or bulk structure. So minimizing the freestanding parts could be
efficient, which was demonstrated by this work. Simultaneously,
the efficiency could further increase by building a cylinder and
uniform multilayered structure to enclose more and larger
TENG units in a shell.

Demonstration to Harvest Vibration Energy. The
spherical TENG could continuously power a timer in Figure
Sa(1) and light 350 green LEDs in Figure 5a(2). The current
pulses from a spherical TENG were first modulated by a rectifier
and a 4.7 uF capacitor to power other devices. The videos in the
Supporting Information Video S1 and S2 could demonstrate the
working. While powering the timer, the voltage of the capacitor
was monitored by the electrometer in real time. The results in
Figure Sb show the three switches of the timer between the off-
state and on-state. The capacitor voltage rapidly increased when
switched off but decreased sharply with the switch on due to the
consumption of the timer. The voltage was maintained at a
slightly lower level than 1.5 V and could continuously supply the
timer.

In the demonstration to harvest water wave energy, two
spherical TENGs were connected in one block to harvest water
wave energy in a water tank. The fixed rings were prepared at the
bottom of the spherical shell and the water bank in advance.
Before pouring in the water, the rings were tied to each other by
elastic ropes of the same length. Then the water leveled up to
about 15 cm that could float the spherical TENGs. Based on this

setup, the TENGs could vibrate with the water wave, as shown in
Figure Sc. Unstable water waves with multi frequencies and
amplitudes were generated by a push plate to drive the spherical
TENGs. Figure 5d shows the voltage, current, and charge of the
two spherical TENGs in parallel. Each spherical TENG was
equipped with a rectifier for the direct current. Under the
unstable wave, the voltage with the load of 100 MQ resistance in
the circuit could remain over 100 V for a water wave. The
current could be over 3 pA, and the charges reached the
magnitude of 4C in a water wave. The wave-driving process of
the spherical TENGs was displayed in Supporting Information
Video S3. The current peaks could be influenced by controlled
waves frequencies, as displayed in Supporting Information
Figure SS. Then, the wave-driving spherical TENGs were
applied to power energy storage devices. The rectifier and
various capacitors were utilized to investigate the electrical
performance of the TENGs. The charging time cost was
recorded until the voltage was 1 V. The spherical TENGs
charged the 4.7 uF capacitor to 1 V within 11 s. When charging
larger capacitors, the time cost increased, as shown in Figure Se.
The voltage of the 220 uF capacitor reached 1 Vin 410's, and as
for the 100 uF capacitor, the time was about 161 s. The above
measurements provided a credible demonstration for long-term
and large-area harvesting water wave energy. Therefore, the
spherical TENGs provide a potential approach toward harvest-
ing blue energy as sustainable power networks.

In summary, this work provides a TENG based on dense point
contacts to harvest vibration and water wave energy. The TENG
consists of multiunits with small PA balls and FEP films. There is
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dense contact electrification between the PA balls and FEP films.
The TENG works on the freestanding mode and can effectively
convert vibration energy into electrical energy. The small and
lightweight PA balls provide the fitness to various frequencies,
which the experimental results have demonstrated from 0 to 5.9
Hz. Moreover, the volume power density of the spherical TENG
can reach 6.9 W m™ at 0.8 Hz and 20.5 W m ™ at 5.9 Hz. The
output charges are enhanced up to 820 nC with 15 TENG units.
The spherical shell provides mechanical and electrical
protection from the external environment, which is essential
for stable performance under long-cycle tests. Furthermore, the
whole spherical TENG could light 350 LEDs and power a timer.
In the water bank, the spherical TENGs can charge the various
capacitors in minutes. This is a significant work that improved
the internal structure of the spherical TENG to increase its
energy conversion efficiency. Some analysis of hydrodynamics
and structural mechanics will be studied in future work, which
are the key factors for the ultimate realization of blue energy.
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