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ABSTRACT: Harvesting water wave energy presents a
signi cantly practical route to energy supply for self-
powered wireless sensing networks. Here we report a
networked integrated triboelectric nanogenerator (NI-
TENG) as a highly adaptive means of harvesting energy
from interfacing interactions with various types of water
waves. Having an arrayed networking structure, the NI-
TENG can accommodate diverse water wave motions and
generate stable electric output regardless of how random
the water wave is. Nanoscaled surface morphology
consisting of dense nanowire arrays is the key for obtaining
high electric output. A NI-TENG having an area of 100 %
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70 mm? can produce a stable short-circuit current of 13.5 A and corresponding electric power of 1.03 mW at a water wave
height of 12 cm. This merit promises practical applications of the NI-TENG in real circumstances, where water waves are
highly variable and unpredictable. After energy storage, the generated electric energy can drive wireless sensing by
autonomously transmitting data at a period less than 1 min. This work proposes a viable solution for powering individual
standalone nodes in a wireless sensor network. Potential applications include but are not limited to long-term environment

monitoring, marine surveillance, and o -shore navigation.

KEYWORDS: energy harvesting, contact electri cation, water wave, self-powered, wireless sensing

mbient water wave motions represent a type of

perpetual and sustainable mechanical energy." Exploi-

tation of the water wave energy by power plants has
major signi cance for producing electrical power for public
utilities on a large scale.>* What is more, it also o ers a viable
solution to ful lling onsite power needs for standalone systems,
especially autonomous sensors in a wireless sensor network.*
Various types of marine hydrokinetic generators have been
explored and commercialized." ® However, those previously
developed generators were designed to be bulky and heavy.
They usually needed accessories, such as an absorber for
capturing the water wave and a turbine to drive the generator.
As a result, they could be driven by only violent water waves.®’
This problem was properly addressed by recently developed
thin- Im structured triboelectric nanogenerators (TENGS),
which are based on the combination of triboelectri cation and
electrostatic induction.” ** Speci cally, the solid liquid inter-
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facing TENGs utilize surface triboelectric charges, generated by
the interaction with the water wave and polymer, to drive an
electric current as a wave repeatedly submerges the TENG.™ It
was proved that the TENG turned out to possess advantages
such as high conversion e ciency, low cost, exibility, and
diverse choices of materials. In previously published works, the
fundamental principle of the solid liquid interfacing TENGs
was discussed, which proved the e ectiveness of the TENG in
the conversion of water wave energy.’? ** However, previous
works were only applicable to regular water waves that
interacted with the TENG through a linear water level
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Figure 1. Structure of a networked integrated triboelectric nanogenerator (NI-TENG). (a) Schematic diagram of a NI-TENG. (b) Enlarged
sketch of the arrayed bridge recti ers. (¢) SEM image of the PTFE nanowires on the electri cation layer. (d) Enlarged view of the nanowires.
Inset: Contact angle on the nanostructured surface. (e) Picture of a bendable as-fabricated NI-TENG. Inset: Enlarged view of the rectifying

diodes.

Figure 2. Electric potential distribution via COMSOL simulation as the water level interacts with two rows of electrodes at di erent states. (a)
Top-down view of electric potential distribution on the electrodes that have one column. (b) Top-down view of electric potential distribution

on the electrodes that have two columns.

Here, we report a networked integrated triboelectric
nanogenerator (NI-TENG) as a highly adaptive means of
harvesting energy from interfacing interactions with water
waves of various types. Having a two-dimensional networked
structure, the NI-TENG can accommodate diverse water wave
motions that are either regular or highly random, which
generates a stable electric output regardless of the wave type.
This feature promises practical applications of the NI-TENG in
real circumstances, where water waves are highly random and
variable. A nanoscaled surface morphology consisting of dense
nanowire arrays is the key to increasing the electric output.™> A
NI-TENG having dimensions of 100 mm by 70 mm can
optimally produce a short-circuit current of 135 A with a
corresponding electric power of 1.03 mW when the water
interacts with the NI-TENG at a water wave height of 12 ¢cm
and at an average velocity of 0.5 m/s. After energy storage, the
generated electric energy is adopted as a power supply for
wireless sensing by autonomously transmitting data at a period

less than 1 min. This work proposes a viable solution for
powering individual standalone nodes of a wireless sensor
network. Potential applications include but are not limited to
environment monitoring, water quality surveillance, and
navigation.

RESULTS AND DISCUSSION

The NI-TENG consists of multiple thin- Im layers (Figure 1a).
We chose Kapton Im as the substrate because of its excellent
chemical stability, high temperature resistance, toughness, wear
resistance, electric insulation, etc. A two-dimensional array of
strip-shaped electrode units made of a conductive textile is
laminated onto the substrate. Both ends of the electrode units
are connected to a rectifying chip based on a p n junction
(Figure 1a). The two chips are in serial connection at the
opposite sides of each electrode unit, as shown in the enlarged
inset in Figure 1b. The comb-shaped anode bus and cathode
bus are positioned between columns of the electrode units,
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which are connected to the “P” and “N” side of the rectifying
chips, respectively. The chips act as “gates”, determining the

ow of induced current from the anode to the cathode. The
polytetra uoroethylene (PTFE) Im, the outermost layer, acts
as an electri cation layer as well as a waterproo ng membrane.
The surface of the PTFE Im is covered with vertically aligned
PTFE nanowires (Figure 1c,d). Not only do the nanowires
make the surface more hydrophobic (with a water contact angle
of 161°, shown in the inset of Figure 1d) but they also play a
pivotal role in enhancing the electric output of the NI-TENG.*
The photograph of a fabricated NI-TENG shown in Figure le
illustrates the multilayered structure and presents its exibility.

Extensive studies have been made in previous research
showing that water motion on the PTFE surface can make the
PTFE negatively charged.'® Here we established a simpli ed
simulation model, in which the electric potential distribution of
two rows of the electrode units is obtained via the nite
element method gFigure 2). Given the complexity of the water
wave motions,”"*® here we simpli ed the water level as a steady
sinusoidal wave, on which each point performs reciprocating
motion in the vertical direction. This assumption represents the
interaction between the curved water level and the NI-TENG
surface (Figure 2a). The amplitude of the reciprocating motion
equals the width of an electrode unit. Four sequential states as
the water level interacts with the NI-TENG surface are sorted
out, shown in Figure 2a. If the electrode units have only one
column (Figure 2b), the electric potential distribution on the
electrode units remains unchanged regardless of the water wave
motion. Without the change of the electric potential, the
induced charge cannot ow between the cathode and the
anode. As a result, even when connected to a load, no electric
current can be produced, as illustrated in Figure 3a. If the
electrode units are split into two columns, the electric potential
distribution in accordance with the aforementioned four states
experiences signi cant variation, as plotted in Figure 2c. At a
transitional state in Figure 2c, the left-hand electrode column is
emerging from the water, so the negative triboelectric charges
on the NI-TENG are exposed. Such a water distribution
reduces the electric potential on the left-hand electrode
column. On the contrary, the right-hand electrode column is
being submerged in the water, and the water screens the
negative triboelectric charges on the NI-TENG, which raises
the electric potential on the right-hand electrode column. The
imbalance between the two electrode columns will produce an
induced current in the external circuit. Due to the rectifying
property of the diode chips, the induced current always has a

ow direction from the anode to the cathode, as shown in
Figure 3b. As a result, a transient current peak is then
generated.

As described in the above analysis, the integration of a two-
dimensional electrode network is vitally important to ensure
the adaptability of the TENG in harvesting random wave
energy. To experimentally elaborate this feature, we prepared

ve groups of NI-TENGs that have di erent column numbers
from 1 to 5. The NI-TENGs were attached to the side wall of a
water tank. A water wave that repeatedly submerged the NI-
TENGs was generated by a wave generator (Figure 4a). To
ensure that the height of the water wave a ected the electric
output,*® the height was kept constant at 12 cm. As the area
density of the electrode units increases due to the increase of
the column number, the average amplitude of the short-circuit
current is enhanced by over 73% from 7.9 Ato 13.7 A ltis
noticed that the enhancement is much more apparent when the

Figure 3. Current generation process of the NI-TENG. (a) No
charge ow is produced from one column of electrode units. (b)
Charge ow occurs for a NI-TENG with two columns of electrode
units.

Figure 4. Electric current output of the NI-TENGs with di erent
column numbers. (a) Short-circuit current from NI-TENGs with
column numbers from 1 to 5. (b) One cycle of the current output
from the NI-TENGs that have column numbers of 1, 3, and 5.
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Figure 5. Output current characteristics of the NI-TENGs activated by di erent types of water waves. (a) Snapshots of di erent types of water
waves that interact with a NI-TENG. Wave 1 represents the most random and dynamic water wave with a rough water level, while wave 3
represents the most smooth water wave with an almost linear water level. (b) Short-circuit current activated by the three types of water waves.
(c) Enlarged view of one cycle of the output current. (d) Current amplitude and (e) induced charge carrying a current peak from the NI-
TENGs with di erent column numbers as they are activated by the three types of water waves.

column number is small. If the column number exceeds 3, the
amplitude of the current tends to saturate. The magni ed view
in Figure 4b shows one cycle of the electric current as a
consequence of the dynamic interaction between the water
wave and the NI-TENGs. One cycle of the interaction produces
a pair of current peaks. The rst peak corresponds to the
submerging process, while the second one is in accordance with
the emerging process. Both of the peaks have the same sign,
indicating the same ow direction of the current as a result of
the regulating p n junctions."® Although the two peaks carry
the same quantity of charge, their amplitude di ers. This is
attributed to the fact that the submerging process is normally
faster than then the emerging process."” Consistent observa-
tions were also reported in previous works.™

The key advantage of the NI-TENG over previous TENGS
lies in its adaptation to diverse types of water waves in practical

circumstances. To further elaborate this feature, a three-column
NI-TENG was tested by using three di erent wave types. By
changing the power of the multidirectional wave generator, we
can tune the dynamics of the wave (Figure S1). A more
dynamic water wave corresponds to a more rough and random
water level that interacts with the NI-TENG. The water level is
outlined and highlighted in Figure 5a. Figure 5b and magni ed
Figure 5¢ show the short-circuit current generated by the three-
column device as the water wave changes from being violent
(i.e, wave 1) to being smooth (i.e., wave 3). Regardless of how
dynamic the water wave is, the NI-TENG maintains an almost
constant output current. The correlation between the output
current and the output charge on two major factors (i.e.,
column number and water wave type) is diagramed in Figure 4c
and d, respectively. Increasing the column number results in
enhanced electric output. If the water wave is smooth, changing
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Figure 6. Electric output of a NI-TENG and its application as power source to drive wireless signal transmission. (a) Output voltage and
output current as a function of load resistance. (b) Peak output power as a function of load resistance. (c) Setup for driving wireless signal
transmission by a NI-TENG that harvests water wave energy. (d) Capacitor voltage as it is charged by the NI-TENG and then discharged to

power the wireless signal transmission in a cyclic way.

the column number only slightly in uences the electric output,
while the in uence becomes more signi cant as the water wave
becomes more dynamic. Therefore, it is obtained that
increasing the column number substantially bene ts the
tolerance of the NI-TENG to the condition of the ambient
water wave, which then greatly expands the adaptation of the
NI-TENG for its use in real circumstances.

To investigate the NI-TENG as a power supply, load
matching curves were obtained by connecting an external load
resistor that varies from 0.01 to 1000 M (Figure 6a,b). The
current amplitude decreases with the increase of the resistance,
while the voltage amplitude builds up. Consequently, the
instantaneous power reaches a maximum value of 1.03 mW at a
load of 22 M (Figure 6b). As a demonstration, the NI-TENG
that e ciently harvests dynamic energy of random water waves
was used to drive a wireless transmitter (Figure 6¢ and Video
S1). The transmitter has a driving voltage of 5.8 V and a power
consumption of 10 mW for wireless transmission. For the NI-
TENG, it only takes 67 s to charge a 22 F capacitor to achieve
the driving voltage of the transmitter. Upon releasing the stored
electric power, the transmitter is triggered, and the voltage of
the capacitor drops to 1.4 V. After the initial charging, it then
takes 53 s to charge the capacitor for another transmission,
which shows broad application prospects for long-term and
real-time power supply for hydrological monitoring, environ-
mental pollution detection, and even wireless sensor networks.

CONCLUSIONS

In conclusion, we propose a exible solid liquid contacting NI-
TENG with two-dimensional electrode arrays, which can
e ciently convert either regular or random water wave dynamic
energy into electrical energy. Experimental results demonstrate
that the two-dimensional arrayed electrode structure allows the
NI-TENG to be una ected by the water wave motion and
achieve a high and stable electric output. The generated

electrical energy was successfully stored and released to power
wireless signal transmission, which proves the practical use of
the NI-TENG as a power supply for sensor nodes in a wireless
sensing network. It can be potentially implemented for regular
marine hydrology monitoring, pollution detection, locating/
tracking, etc.

METHODS

Fabrication of the Thin-Film NI-TENG. A Kapton substrate with
dimensions of 100 mm by 70 mm by 125 m was incised by laser
cutting. The electrode units as well as the anode and the cathode buses
were made of conductive textile de ned by laser cutting. The width of
the electrode units was 4.5 mm, and the interval between adjacent
rows was 0.7 mm. A total of 10 rows were prepared. The electrode
structure was pasted onto the substrate. Rectifying chips were
connected to both ends of the electrode units by double-sided
copper-based adhesive tape. A PTFE Im (30 m in thickness)
covered the entire structure by laminating a layer of adhesive glue in
between.

Fabrication of the PTFE Nanowires. First, the PTFE Im was
cleaned successively by menthol, isopropyl alcohol, and deionized
water. Then it was dried by compressed air. Second, a layer of Au of
about 10 nm thick was deposited onto the PTFE Im, which served as
a nanoscale mask. Third, the PTFE Im after the Au coating was
etched by inductively coupled plasma to obtain the polymer
nanowires. The etching gas was a mixture of O,, Ar, and CF, gases
with a ow of 10.0, 15.0, and 30.0 sccm, respectively. A 200 W power
source for generating plasma and a 100 W power for accelerating the
plasma ions were used. The etching time was 600 s.

Data Acquisition. The thin- Im NI-TENG was xed on the side
wall of a water tank. Deionized water was poured into the tank until
the NI-TENG was half submerged by the water. A water wave that
repeatedly submerged the NI-TENG was generated by a wave
generator. It has di erent working modes that can generate
corresponding types of wave levels that interact with the NI-TENG.
In this work, we chose three working modes (Figure S1) to carry out
the experiments. An electrometer (Keithley 6514) was used to acquire
the electric output of the NI-TENG.
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