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Blue energy harvested from ocean waves is
an important and promising renewable energy source for
sustainable development of our society. Triboelectric
nanogenerators (TENGs) and electromagnetic energy
harvesters (EMGs) both are considered promising
approaches for harvesting blue energy. In this work, a
hybridized triboelectric—electromagnetic water wave en-
ergy harvester (WWEH) based on a magnetic sphere is
presented. A freely rolling magnetic sphere senses the
water motion to drive the friction object sliding on a solid
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surface for TENG back and forth. At the same time, two coils transform the motion of the magnetic sphere into electricity
according to the electromagnetic induction effect. For harvesting the blue energy from any direction, the electrodes of the
TENG are specified as the Tai Chi shape, the effective of which is analyzed and demonstrated. Based on a series of
experimental comparisons, the two friction layers and the two coils are specified to be connected in parallel and in series,
respectively. A paper-based supercapacitor of ~1 mF is fabricated to store the generated energy. The WWEH is placed on
a buoy to test in Lake Lanier. During 162 s, the supercapacitor can be charged to 1.84 V, the electric energy storage in it is
about 1.64 mJ. This work demonstrates that the WWEH can be successfully used for driving distributed, self-powered

sensors for environmental monitoring.

blue energy, triboelectric nanogenerator, electromagnetic generator, magnetic sphere, supercapacitor

o meet the rapidly increasing global energy demand,

developing renewable and clean energy has been a

focused goal for the world.' ™ Nature provides three
sources of energy for free: sunlight, air, and gravity.4 With the
technological progress in solar cells and wind turbines, solar
and wind power are increasingly exploited and have been
successfully commercialized. Oceans cover about 70% of
Earth’s surface. Water wave energy is independent of
seasonality, weather, and day and night. Although having
been explored for decades, large-scale harvesting of blue energy
still lacks economical technologies.”® Current approaches are
entirely based on the principle of electromagnetic induction,
through complex mechanical structures or hydraulics to catch
water wave energy and convert it into linear reciprocal motion
or rotary motion for driving an electromagnetic generator
(EMG).””"° However, these designs are complicated, heavy,
and costly. These disadvantages limit them to be used for
large-scale energy harvesting.
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Triboelectric nanogenerators (TENGs) based on tribo-
electrification and electrostatic induction have the merits of
large design flexibility, simple structure, abundant choice of
materials, and low cost.'"”'* These features render the TENG
to be a viable technology to harvest water wave energy.4’l3'_31
Since spherical TENGs with a spherical shape or some
spherical friction driven structures can easily respond to
excitations from any direction, they are the typical structures
for harvesting water wave energy.z"m_19 For enhancing their
output performance, the friction contact forms have evolved
from point contact to surface contact. Recently, some
researchers have demonstrated that hybridized triboelectric—
electromagnetic water wave energy harvesters also can be a

November 29, 2018
January 25, 2019
January 25, 2019

DOI: 10.1021/acsnano.8b09088
ACS Nano XXXX, XXX, XXX—XXX


www.acsnano.org
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acsnano.8b09088
http://dx.doi.org/10.1021/acsnano.8b09088

ACS Nano

good choice for blue energy.”~** The performance of the
hybridized triboelectric—electromagnetic desi%_n also has been
demonstrated in some self-powered sensors.””*® The driven
structures of the hybridized triboelectric—electromagnetic
water wave energy harvesters are usually based on a rotor or
a sliding rail, which are usually large in size. Hence, introducing
the spherical friction driven structures into the hybrid
triboelectric—electromagnetic water wave energy harvesters
would certainly be a valuable method to optimize the
performance of the TENGs for blue energy. In addition, a
permanent magnet has been successfully used to drive a
TENG-based multifunctional motion sensor.”’

In this paper, a hybrid triboelectric—electromagnetic water
wave energy harvester (WWEH) based on a magnetic sphere is
presented, which is capable of capturing the water wave energy
from any orientation. The WWEH consists of a TENG
module, an electromagnetic generator (EMG) module, a
power management circuit, and a spherical acrylic shell. The
TENG module is formed by placing a mover between two
friction layers. The mover is an acrylic plate embedded with a
magnetic cylinder and coated with copper films. The electrode
of the friction layer is specified as the Tai Chi shape to ensure
the TENG module can have a good output performance,
which will not be limited by the mover’s motion direction. The
EMG module is formed by placing a magnetic sphere between
two self-adhesive coils. During the motion of the magnetic
sphere excited by the wave, it not only provides a variable
magnetic field to the coils but also drives the mover sliding on
the friction layers under the magnetic attraction force. A paper-
based supercapacitor (P-SC) has been used to construct the
power management circuit. The performance of the TENG
module, the EMG module, and the P-SC are studied, and the
connections of the TENG and EMG modules are also
investigated. The WWEH driven by hand can be directly
used to light a white LED, even in a bright environment. Based
on this, the WWEH was placed on a buoy and tested in Lake
Lanier to demonstrate its effectiveness for harvesting water
wave energy.

RESULTS AND DISCUSSION

The structure diagram of the hybridized triboelectric—
electromagnetic water wave energy harvester and its entity
are demonstrated in Figure la,b, and Figure S1. The spherical
cavity formed by an acrylic shell is divided into four zones by
three acrylic discs, which are used for the power management
circuit, the EMG module, and the TENG module from the top
to the bottom. Two coils are embedded into two acrylic discs,
between which the magnetic sphere (NdFeB, N38) is placed.
Two friction layers are attached on two acrylic discs, the space
between which is used as the movement area for the mover. A
magnetic cylinder (NdFeB, N38) which can be attracted by
the magnetic sphere is embedded in the mover. The size
diagram of the WWEH is shown in Figure S2. The volume of
the WWEH is about 523.60 cm?® with a diameter of 100 mm.
The inner diameter, outer diameter, and height of the coil
(self-adhesive coil, wire diameter 0.15 mm, turns 900, and
resistance 43.8 Q) are 7.5 mm, 25 mm, and 3 mm, respectively.
The diameter of the magnetic sphere and the diameter and
height of the magnetic cylinder are 25 mm, 5 mm, and 6 mm,
respectively. The diameter and height of the mover are 40 mm
and 9 mm, respectively. The friction layer is constituted of a
polytetrafluoroethylene (PTFE) plate adhered to two copper
electrodes with Tai Chi shape, as shown in Figure Ic and
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Figure 1. Structure and illustration of the working principle of the
hybridized triboelectric—electromagnetic water wave energy
harvester. (a) Schematic diagram of the WWEH. (b) Photograph
of the WWEH. (c) Schematic diagram of the friction electrodes
with Tai Chi shape. (d) Mechanics analysis diagram of the WWEH.
(e) Schematic illustration of the working principle of the WWEH
to produce electricity.

Figure S2b. The width of a gap between the electrodes is 1
mm. The Tai Chi shape is specified to let the TENG module
can harvest the excitations from any orientation. As the core
component of the WWEH, the magnetic sphere through
response to the water wave motion drives the EMG module by
the electromagnetic induction principle and the mover by
magnetic attractive force with the magnetic cylinder. And then
according to the triboelectrification and electrostatic induction,
the mover can drive the TENG module to produce electricity.
In order to enhance the movement ranges of the magnetic
sphere, the WWEH is usually placed on some flotation device,
such as buoys, spars, and so on, to swing with the water wave.
The mechanics analysis diagram of the magnetic system is
illustrated in Figure 1d. When there is no excitation, the
magnetic sphere and the magnetic cylinder will always keep in
a balanced place, just like the center place. Under this
condition, the gravities (G, and G,,), the magnetic attraction
force between them, F,;, and the supporting forces (F,; and
F,.1) are all along the vertical direction (Fy; = G, + F,;; and
Fui = Gy + Fgup). A larger F,; will increase the demand of
driven condition. But a smaller F; will provide a small F,
which will reduce the output performance of TENG module.
As shown in Figure S3, the value of F_, is inversely
proportional to the distance between the magnetic sphere
and the mover. So, through adjusting the distance, a suitable
F,1 can be specified to ensure the WWEH can be driven easily
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and has a good output performance. The excitations from any
orientation except along the vertical direction will apply a force
(E,p) to break the balance, which forces the magnetic sphere to
pass through two coils. At the same time, the mover will slide
on the friction layers driven by the magnetic sphere. When the
magnetic sphere and the mover move to the side, the magnetic
sphere usually will rotate some angle. And then, the
component of the magnetic force (F,,) parallel to the friction
player (F,u,) will help the water wave to pull the magnetic
sphere to another side, as does the mover. In these processes,
according the electromagnetic induction principle, the
continuously open circuit voltages can be produced by the
coils. And based on the triboelectrification and electrostatic
induction, the open circuit voltages can also be detected on
those Tai Chi electrodes, which are schematically displayed in
Figure le. When the mover slides on the PTFE plate, owing to
the different triboelectric polarity of the PTFE and copper
coating around the mover, the electrons will transfer from the
copper coating to the PTFE plate, rendering them with
positive and negative charges in the saturated state,
respectively. The charges on their surfaces cannot be
conducted away or neutralized in the harvesting process.
Hence, the copper coating can be regarded as an equipotential
surface. Then based on electrostatic induction, the open circuit
voltages of two electrodes will be changed with the movement
of the mover.

To obtain a more quantitative understanding about the
magnetic field applied by the magnetic sphere and the
magnetic cylinder, a finite-element model simulation is
performed using Maxwell 14.0. In Figure 2a, when there no
excitations and the magnets stay at the center as an example,
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Figure 2. Simulation results of the magnetic sphere and Tai Chi
electrodes of the WWEH using Maxwell 14.0 and COMSOL
Multiphysics 5.3, respectively. (a) Magnetic distributions of
magnetic sphere at the original balance place. (b) The magnetic
field applied to the two coils with the magnetic sphere is at
different places. (c) Electrostatic potential distributions of the
magnetic sphere at the center place, center, 0°, 45°, 90°, and 135°.

the magnetic field and magnetic induction line distributions are
center symmetric. In this situation, the magnetic field passing
through the coils reaches the maximum value, which has been
demonstrated in Figure 2b. When the magnets move from one
side to another side, the magnetic fields are applied to the two
coils like cosine curves. And under the effect of the magnetic
cylinder, the magnetic field applied to the down-coil is a little
larger than that of the up-coil. For demonstrating the
performance of the Tai Chi electrodes, the electrostatic
voltage distributions with the mover moving to different
places were simulated by COMSOL Multiphysics 5.3 and are
described in Figure 2c. Those distribution patterns of
electrostatic potential are calculated by assuming that the
mover is regarded as an equipotential body. When the mover is
at the center place, the electrostatic potential distribution of
the two electrodes is the same. That is to say, there is no
electrical potential drop between the electrodes in this
situation. Away from this position, an electrical potential
difference is produced, especially at 135°. Hence, when the
mover slides from one side to another side along any direction,
a significant open circuit voltage always can be generated by
the TENG module.

An experimental setup composed of a shaker, two electro-
meters, a data acquisition card, a LabVIEW testing program,
and a computer has been established to test the fundamental
characteristics of the WWEH, as shown in Figure S4. The
WWEH is fixed on the center place of the shaker’s worktable.
The output of the TENG module is tested by the
electrometers and then acquired by the data acquisition card.
The output of the EMG module is directly acquired by the
data acquisition card. Then, the output signals of the WWEH
are processed and exhibited by the LabVIEW testing program.
The test process of the experimental setup is recorded in Video
S1.

First, the performance of the Tai Chi electrodes has been
experimentally verified, as shown in Figure 3a. When the
mover swings along any direction, the output voltage of the
upper friction layer is at least 72.67 V,,, at 30 rpm. When it
swings along the 135° direction, the output voltage of the
upper friction layer reaches the largest value of 172.95 V.. The
relationship between the output voltage of the upper friction
layer and the swing speed in the 135° direction is shown in
Figure 3b. With increase of the speed, the output voltage
remains nearly the same. In the following, the connecting
modes, load, and charging characteristics are tested at 30 rpm
in the 135° direction. Figure 3c,d describes the output voltages
and output currents of the two friction layers connected in
parallel and in series (recorded as TENG-P and TENG-S),
respectively. Whether the TENG module is connected in
parallel or in series, the output voltage is larger than 120 V.
The current’s peak value of the TENG-P is bigger than that of
TENG-S. At the same time, the output voltages and output
currents of the two coils connected in parallel and in series
(recorded as EMG-P and EMG-S) are plotted in Figure 3e,f,
respectively. The output voltage of the EMG-P is smaller than
that of the EMG-S, and the output current of the EMG-P is
stronger than that of the EMG-S. In order to let the WWEH
have good charging characteristics, the TENG and EMG
modules are specified to connect in parallel and in series,
respectively. The load characteristics of the TENG-P and
EMG-S are shown in Figure 4ab, respectively. The open
circuit voltage of the TENG-P is about 180 Vip which is 100
times larger than that of the EMG-S. Figure 4c describes the
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Figure 3. Output performance of the WWEH. (a) Voltage waveforms of the TENG as the magnetic sphere moves along different Tai Chi
angles at 30 rpm. (b) Voltage waveforms of the TENG at different rocking speeds at 135°. (c) Voltage waveforms of two TENGs connected
in parallel and in series at 30 rpm and 135°. (d) Current waveforms of two TENGs connected in parallel and in series at 30 rpm and 135°.
(e) Voltage waveforms of two EMGs connected in parallel and in series at 30 rpm and 135°. (f) Current waveforms of two EMGs connected

in parallel and in series with 30 rpm and 135°, respectively.

charging curves of the TENG-P and EMG-S for an electrolytic
capacitor of 10 yF. The EMG-S can charge the capacitor to the
largest value very rapidly, but the largest value is much smaller
than that of the TENG-P. These results show that the large
output current provides a fast charging speed to the EMG and
the high output voltage lets the TENG have persistent
charging ability. Finally, two different rectifier bridges are
designed to match with the TENG-P and EMG-S, the
connecting modes between which are tested and shown in
Figure 4d. Compared with the EMG-S and TENG-P
connected in parallel, the EMG-S and TENG-P connected in
series can also charge the capacitor to a large value in a very
short time, which is about 1 V in this place, and the capacitor
can be continuously charged to the largest value. That is to say,
the EMG-S and TENG-P connected in series have both the
charging advantages of the EMG-S and TENG-P. Hence, the
EMG-S and TENG-P connected in series are undoubtedly the
best choice. For directly exhibiting the performance of the
WWEH, driven by hand, it is used to power a white LED. As
shown in Figure 4e, the LED is very bright in the dark
environment. And even in the bright environment, the lighting

of the LED is also very clearly distinguishable, just like a white
speckle, as shown in Figure 4f. The testing process of this can
be viewed in Video S2. Moreover, because the acrylic ball is
fragile and the thickness of it is only 1 mm, it will be prone to
cracks after longtime work, which has been exposed in Figure
4f. So, rubber as an elastic material is a sensible substitute for
the acrylic.

According to the fabrication process reported in ref 38, a
paper-based supercapacitor is fabricated for electric energy
storage, as shown in Figure Sa. For P-SC fabrication, a
conductive Au layer is deposited on the surface of a sandpaper
by physical vapor deposition before graphite coating as the
active material. Figure SS and Figure Sb show the cross-section
and top views of the graphite-based electrode. The properties
of the P-SC are evaluated by cyclic voltammetry (CV) and
galvanostatic charging/discharging (CD) techniques. Figure Sc
shows that with the increase of the scan rate, the rectangular
shape of the CV curves does not significantly change, which
indicates the good capacitive behavior and high rate charging/
discharging ability of the P-SC. CD curves of the P-SC under
various current densities are presented in Figure Sb. There is
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Figure 4. Load, charging characteristics, and hand driven application of the WWEH. (a) Load characteristics of the TENG-P at 30 rpm and
135°. (b) Load characteristics of the EMG-S at 30 rpm and 135°. (c) Charging characteristics of the TENG-P and EMG-S at 30 rpm, 135°,
and 10 yF. (d) Charging characteristics of the TENG-P and EMG-S connected in parallel and in series at 30 rpm, 135°, and 10 uF. (e, f) The
WWEH driven by hand to power a white LED in a dark and bright environment, respectively.

no obvious Iz-drop observed even at a high discharging rate
(100 pA/cm?), which indicates the outstanding capacitance
behavior and excellent conductivity of the graphite electrode.
This has been proven by electrochemical impedance spectros-
copy shown in Figure S6a. The specific surface capacitance
calculated from the CV curve at the corresponding scan rates is
shown in Figure S6b. The specific capacitance is found to
decrease with increasing scan rate since the incomplete
charging/discharging of the electrode material is limited by
ionic diffusion. A specific surface capacitance of ~2 mF/cm*
can be achieved at a scan rate of S mV/s. Finally, several P-SC
units (nos. 1—4) have been integrated into assemblies both in
series and in parallel connection to meet specific energy needs
for practical applications, the performances of which are shown
in Figure S7. All these results show that the tunable
adaptability and reliable scalability of the P-SC to practical
applications. Hence, in order to provide a large working
voltage, four P-SC units with size of 2 cm® are specified to
connect in series, the capacitance of which is ~1 mF.

The performance of the WWEH has been verified in Lake
Lanier, which is a reservoir in the northern portion of the U.S.
state of Georgia. Video S3 indicates that a buoy rocks wildly on
the lake under the force of the water wave. After being coated
with silicone for water-proofing, the WWEH is fixed on a

homemade buoy, the entity of which is shown in Figure S8.
Figure S9 presents the test environment of the WWEH. Some
soft strings are used to tie the buoy to avoid it being pushed to
the bank by the water waves, while not restricting its motion.
Energy storage in the S-PC is monitored by a multimeter. The
whole lake testing lasted about 200 s, as recorded in Video S4.
Because of the randomness of the water waves, their amplitude
could not always be kept the same. This directly affected the
charging speed, which is presented in Figure Se. During 162 s,
the P-SC was charged to 1.84 V. So, the energy storage in it
can be calculated as 1.69 mJ.>” As shown in Figure Sf, the
WWEH-based buoy is used to construct some self-powered
wireless sensor networks for environmental monitoring, such
as temperature, pH, oxygen level, and so on. Because of the
magnetic sphere in the assembly, the distances between the
WWEH-based buoys should be large enough to avoid the
influence of magnetic attractive forces between the magnetic
spheres. Through utilizing a temperature switch as a control
unit, a self-powered wireless water temperature alarm system
was built, a schematic diagram of which is provided in Figure
Sg. The water wave energy harvested by the WWEH is saved in
an energy storage unit. When the water temperature is higher
than the trigger threshold of the temperature switch, it will be
rapidly closed. Then, a Low Dropout Regulator (LDO) unit
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Figure S. Performance of the P-SC for energy storage and the lake test applications of the WWEH. (a) Photograph of the P-SC. (b) SEM
image of the sand paper coated with Au and C in sequence. (c) CV curves of the P-SC under various scanning rates (10—100 mV/s). (d)
Galvanostatic charge/discharge curves of the P-SC at different current densities (33.3—100 gA/cm?). (e) The charging curve of the WWEH
placed on a buoy to test in a lake. (f) Schematic illustration of the buoy network based on the WWEH for environmental monitoring. (g)
Schematic diagram of a self-powered wireless water temperature alarm system. (h) Typical working waveform of the temperature alarm
system. (i) Photograph of the temperature alarm system testing in a lake.

transforms the energy into a stable DC voltage to power the
follow-up circuit. A microcontroller unit (MCU) controls the
wireless transmitter to send a control command, which will be
received by the wireless receiver to help another MCU control
a bell ringing. The typical working waveform of the
temperature alarm system is plotted in Figure Sh. The
operating voltages of the MCU and the wireless receiver are
3.3 V. So, when the temperature switch is closed, a charging
voltage larger than 2.75 V makes sure the LDO unit can
provide sufficient energy to power the follow-up circuit. This
has been demonstrated in the inset figure of Figure Sh. As
shown in Figure Si and Figure S10, the performance of the
temperature alarm system is verified in Lake Lanier and
recorded in Video SS.

CONCLUSIONS

In summary, to efliciently capture water wave energy, the
authors of this paper designed and fabricated a hybridized
triboelectric—electromagnetic water wave energy harvester
based on a magnetic sphere, which is the core component of
the WWEH to response the water wave motion. With the
movement of the magnetic sphere, the EMG module according
to the electromagnetic induction principle will produce
electricity, and the mover under the action of the magnetic
attractive force will slide on the friction layers. Then according
to the triboelectrification and electrostatic induction, a large
output voltage can be detected on the TENG module. To
reduce the influence of the water wave excitation orientation,
the electrodes of the TENG module are organized into the Tai
Chi shape, the performance of which has been analyzed and
verified. When the mover swings along any direction, the
output voltage is at least 72.67 V,,, at 30 rpm. When the mover
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swings along the 135° direction, the output voltage reaches the
largest value of 172.95 V.. Based on a series of experimental
comparisons and analysis, the two friction layers of the TENG
module and the two coils of the EMG module are connected in
parallel and in series, respectively. After being connected with
the matching rectifier bridges, the TENG and EMG modules
are connected in series to charge an energy storage unit.
Because the P-SC has tunable adaptability and reliable
scalability to practical applications, a customized P-SC with
~1 mF capacity is used for electric energy storage. Then, after
the unit was fixed on a homemade buoy, the performance of
the WWEH was verified in Lake Lanier. During 162 s, the P-
SC was charged to 1.84 V; the energy storage in it can be
calculated as 1.69 mJ. Through increasing the number of the
coils, choosing a much stronger magnetic sphere with larger
size, enlarging the surface of the friction layer, etc., the
performance of the WWEH can be further improved. With to
the WWEH-based buoy, some self-powered wireless sensor
networks can be constructed to monitor environmental
parameters, such as temperature, pH, oxygen level, and so
on. Utilizing a temperature switch, a self-powered wireless
water temperature alarm system has been built and tested,
which confirmed the technical feasibility of the WWEH-based
self-powered wireless sensor networks for environmental
monitoring.

EXPERIMENTAL SECTION

Fabrication of the Friction Layer. It has been demonstrated
that the chemical constitution of the friction material with more
fluorine atom can provide a better output performance. The PTFE
usually is a good choice. So, the friction layer of the WWEH consists
of a PTFE plate and two electrodes which form the Tai Chi shape. A
PTFE thin film with 3M very high bond adhesive (McMaster-Carr,
thickness 0.002 and 0.0015 in.) was cleaned and cut into a circle with
diameter of 79 and 66 mm to make the PTFE plates. A highly
conductive copper electrical tape with nonconductive adhesive
(McMaster-Carr, thickness 0.0014 and 0.0015 in.) was cleaned and
cut into different dimensions shown in Figure S2b (Supporting
Information) to make the electrodes. To ensure the electrodes can be
accurately fixed on the right places of the PTFE plate, an acrylic mask
with thickness of 0.063 in. was made by a laser cutter (PLS6.75,
Universal Laser Systems).

Fabrication of the Shell. For monitoring the motion process of
the magnetic sphere, the shell of the WWEH is fabricated with clear
acrylic. The acrylic ball with diameter of 100 mm and thickness of 1
mm was purchased online. The three acrylic discs with diameters of
79.86, 96.34, and 86.18 mm were made by the laser cutter with a
0.125 in. acrylic plate. The first two discs were engraved with a hollow
of diameter 25.2 mm and depth 3 mm in the center for the coils. In
the future application, rubber as an elastic material is a sensible
substitute for the acrylic.
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