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Liquid—Solid Triboelectric Nanogenerator Arrays Based on
Dynamic Electric-Double-Layer for Harvesting Water Wave

Energy

Xi Liang, Shijie Liu, Shiqguan Lin, Hongbo Yang, Tao Jiang,* and Zhong Lin Wang*

In the new energy era, ocean wave energy is recognized as one of the most
important clean and renewable energy sources. As an advanced energy
technology, developing triboelectric nanogenerators (TENGs) to harvest ocean
wave energy has become a promising research direction. However, for most
of the current fully enclosed TENGs or liquid—solid TENGs, the
industrialization is limited. In this work, a TENG with a new working scheme
is proposed for water wave energy harvesting. Through designing the
opposite dynamic electric-double-layers, the efficient conversion of water
kinetic energy into electrical energy is achieved. Moreover, the TENG
structure is extended to an array. Under irregular water waves, the TENG
array exhibits desired output performance, with the stable output current of
60.0 uA, output voltage of 60.0 V, and average power density of 5.38 W m—3.
Finally, the TENG array is demonstrated to successfully power signal
spotlights, the digital thermometer and the water quality detector. This study

and will change all aspects of human pro-
duction and life."?] Triboelectric nano-
generator (TENG), which is an advanced
energy harvesting technology invented by
Wang in 2012, has provided a promis-
ing route toward ocean wave energy
development.l#¢1 At this stage, most
of the TENG devices adopt the fully
enclosed mode.[*!] However, the me-
chanical structures of these devices are
usually too complicated to be manufac-
tured, and the adaptability of the in-
ternal components with water waves is
poor.'12° 551 In addition, the contradic-
tion between low wear of the materials
and high performance of TENGs is dif-
ficult to balance.l'*1%) More importantly,

not only broadens the research ideas for TENGs, but also provides a new
mechanism for the ocean wave energy exploitation, which is of great
significance to the industrialization of TENGs and blue energy.

1. Introduction

As an important clean and renewable energy source, the exploita-
tion of ocean wave energy alleviates the energy crisis effectively,
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water leakage can have an irreversible
damage to these devices, but the long-
term stable waterproof packaging pro-
cess still needs to be further verified.[2>-22]

For all types of TENGs, the fun-
damental physics is based on the
expanded Maxwell’s displacement current, and its core is the
included polarization density term P, in electrical displace-
ment vector, which is owing to electrostatic charges on the
medium surfaces as produced by non-electric field effect such
as triboelectrification.[?!l When the charged mediums of TENGs
are in contact with water, the interfacial interaction is dominated
by electric-double-layers (EDLs).[22¢] The EDLs create strong
electric fields and contain huge energy.?®! Recently, based on
the EDL theory, electricity has been generated from various dy-
namic processes of water including flowing, waving, dropping
and evaporating,!?-3% in the form of liquid-solid TENGs, droplet
generators, evaporation generators or others. These methods can
avoid the problems of fully enclosed TENGs for water wave en-
ergy harvesting, but the output performance is still relatively low
nOW.[24'29'31'32]

In this work, a novel liquid—solid TENG with an asymmetric
conuration was designed and fabricated to improve the capability
of water wave energy harvesting. This TENG is based on the op-
posite dynamic EDLs and adopts a new working scheme, which
is an innovation compared to previous fully enclosed TENGs and
liquid-solid TENGs. First, we explored the typical output char-
acteristics of the TENG in the pure water. By changing the lig-
uid type and designing the micron-scale gap, the working prin-
ciple of the TENG was carefully analyzed. Second, the output

© 2023 Wiley-VCH GmbH
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Figure 1. a) Exploded view of the DE-TENG. b) SEM image of the treated FEP surface. c) Contact angle of the pure water with the treated FEP film.
d) Working principle of the DE-TENG. e) Electric potential distributions of the DE-TENG in the air and in the water, and the charge density distribution

in the water.

performance of the TENG under different working conditions
was discussed in detail. The condition parameters include the lig-
uid concentration, the motion frequency, and the motion height.
Third, the TENG was extended into an array, and the TENG array
was applied for the irregular water wave environment. Finally, the
application potential of the TENG array was demonstrated. The
signal spotlights, the digital thermometer, and the water quality
detector were successfully powered. This work realizes the sim-
ple and efficient collection of the water wave energy, and provides
new ideas for the industrialization of TENGs and blue energy,
even for carbon neutrality.

2. Results and Discussion

The exploded view of the triboelectric nanogenerator based on the
dynamic electric-double-layer (DE-TENG) is shown in Figure 1a,
and the specific structure is shown in Figure S1 (Supporting In-
formation). Two rectangular acrylic sheets (70 mm X 65 mm X
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2 mm) were applied as the substrates of the DE-TENG, leaving
a certain gap between them (gap width: 2 mm). The core of the
DE-TENG is a polypropylene (PP) film and a fluorinated ethy-
lene propylene (FEP) film with the same size (64 mm X 64 mm
% 100 pm), and copper (Cu) electrodes (60 mm X 60 mm) were
plated on the back of them by magnetron sputtering. The pho-
tographs of the two films with the electrodes are exhibited in Fig-
ure S2a (Supporting Information). Then, the two films were at-
tached to the acrylic sheets and stood opposite each other, and
water waves can undulate between them. According to the tribo-
electric series,*>** the FEP is more negative than water, while
PP is similar to slippery nylon 66, which is relatively positive
than water.®] Therefore, the entire DE-TENG structure can be
regarded as an asymmetric conuration, and the photograph from
different angles are shown in Figure S2b,c (Supporting Informa-
tion). In fact, as the positive triboelectric material, PP is not the
best choice. However, the charges on the films of the DE-TENG
must keep stable, and PP is a good electret material, which is the
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reason why other positive triboelectric materials cannot replace
PP. Compared with most of the current fully enclosed TENG de-
vices, the structure of this DE-TENG is simpler and easier to man-
ufacture, and its volume is only 2.73 x 107> m>. Moreover, the
DE-TENG structure is convenient to be extended into an array,
and the conceptual diagram of the DE-TENG array is depicted in
the background of Figure 1a.

Since the DE-TENG structure is open and works in the water
environment, it is necessary to improve the hydrophobicity of the
film surfaces. The method of inductively coupled plasma (ICP)
etching was applied to construct microstructures on the film sur-
faces. The detailed process of the ICP etching is described in the
Experimental Section. The upper image of Figure 1b displays the
scanning electron microscopy (SEM) image of the treated FEP
surface, presenting uniform microstructures distributed across
the whole area. In the lower image of Figure 1b, the SEM image
with a higher magnification further reveals that the diameter of a
single protrusion is about 10 um, and the spacing between each
protrusion is 50 um. In order to demonstrate the function of the
microstructures, the contact angles of pure water with the orig-
inal film and the treated film were measured. According to Fig-
ure S3 (Supporting Information) and Figure 1c, the microstruc-
tures increase the contact angle from 93.72° to 120.13°, illustrat-
ing that the hydrophobicity of the film surface is enhanced. For
the PP film, the contact angle increases from 95.86° t0130.76°,
and Figure S4 (Supporting Information) exhibits the contact an-
gles of the pure water with the original PP film and the treated
PP film. With high hydrophobicity, water can slide quickly on the
film surface with little residue, which is beneficial to the working
efficiency of the DE-TENG.

The working process of the DE-TENG is demonstrated in Fig-
ure 1d. Before being placed in the water environment, the two
film surfaces of the DE-TENG are first oppositely charged by
contact electrification or other methods. Specifically, the PP film
surface is positively charged, while the FEP film surface is nega-
tively charged, which is indicated as the initial state (Figure 1d-I).
When the DE-TENG is placed in the water environment, the de-
vice is submerged and the gap is filled with water (Figure 1d-II).
The opposite electric-double-layers (EDLs) are formed in order
to neutralize the surface potentials of the two films, causing free
charges to flow in the external circuit through the back electrodes.
As the water level drops below the device, the EDLs on the film
surfaces deconstructs (Figure 1d-III). Correspondingly, the sur-
face potentials tend to return to the original state, thus the free
charges flow back. If water waves continue to rise and fall, the
EDLs will be periodically constructed and deconstructed, form-
ing dynamic boundary at the gas-liquid—solid interfaces, which
are considered as dynamic EDLs. The dynamic EDLs can drive
free charges to flow back and forth between the two electrodes,
resulting in the alternating-current (AC) output of the DE-TENG.
The above explains the mechanism of the DE-TENG working in
water waves.

In order to reveal the working process, the corresponding elec-
tric potential distributions of the DE-TENG in the air and in the
water were simulated by the finite element method. As shown
in Figure le-I, compared with the air condition, the surface po-
tentials of the two films in water are both decreased. In water,
the opposite charges tend to accumulate at the interfaces of the
films and the water. However, these accumulated charges can
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only weaken the surface potentials, but not fully neutralize or re-
verse them, so the potential change is not very obvious. The spe-
cific potential curves were calculated in Figure S5 (Supporting
Information). Respectively, Figure S5a (Supporting Information)
is for the PP film, and Figure S5b (Supporting Information) is for
the FEP film. With the DE-TENG submerged into the water, the
potential on each surface drops by 120 V. Moreover, the charge
density distribution of the DE-TENG in water was simulated in
Figure le-IL. It can be found that the opposite ions are attracted
by the charged films, illustrating the formation of the EDLs.

Furthermore, the typical output characteristics of the DE-
TENG were explored. For the purpose of regular testing, a spe-
cial bracket was fabricated and connected to a vibration platform,
which could drive the DE-TENG to move up and down in the
water tank, and the schematic diagram is shown in Figure S6
(Supporting Information). During the operation, the DE-TENG
keeps being intermittently submerged and emerged from the wa-
ter. Taking one cycle as an example, the change of the water level
relative to the DE-TENG device is presented in Figure 2a, and
the corresponding transferred charge is shown in Figure 2b. Note
that before being placed in the water environment, the PP film
of the DE-TENG was positively polarized (5 kV, 5 min), and the
FEP film was negatively polarized (-5 kV, 5 min). In addition,
the pure water was applied, and the motion frequency and height
were 0.5 Hz and 6 cm, ensuring that the DE-TENG can be fully
submerged. When the DE-TENG is gradually submerged in wa-
ter (the relative water level rises), the transferred charge increases
from 0 to 0.44 uC. Next, the transferred charge curve rises by only
1.5 nC. Compared to the transferred charge of 0.44 uC in the en-
tire process, this tiny uptrend can be negligible, which may be
ascribed to inaccurate measurement and environmental distur-
bances. During this period, the transferred charge curve remains
nearly stable, indicating that no charge is flowing in the circuit.
When the DE-TENG is emerged from the water (the relative wa-
ter level drops), the transferred charge decreases back to 0. As the
relative water level rises and drops, this cycle is repeated, and the
DE-TENG continues to output electricity.

For the purpose of verifying the output of the DE-TENG is de-
rived from the dynamic EDLs, the output performances under
the pure water and pure alcohol conditions were compared. As
shown in Figure 2c, the transferred charge under the pure water
condition is stable at 0.44 uC, but only 0.05 uC under the alcohol
condition. Additionally, the output current and output voltage of
DE-TENG under the pure water condition are exhibited in Fig-
ure S7a,b (Supporting Information). The average peak value of
the output current is 2.2 uA, and the output voltage is 75.0 V. For
the alcohol condition, the output currentis 0.4 A, and the output
voltage is only 0.2 V, which are shown in Figure S8a,b (Support-
ing Information). Regardless of which parameter, the output per-
formance under the water condition is significantly better than
that of the alcohol condition. Compared with the water, the alco-
hol is an organic substance without any ions, so it is impossible
to form EDLs. The small output of the DE-TENG under the alco-
hol condition may be due to its polarity. In Figure 2d, the dipole
deflection of the alcohol under the action of the charged films are
schematically illustrated. In summary, it can be deduced that the
existence of the EDLs is the basis of the DE-TENG output.

On the other hand, we adjusted the gap width of the DE-TENG
structure to demonstrate the role of the EDLs. When the gap

© 2023 Wiley-VCH GmbH
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Figure 2. a) Schematic illustration for the change of the water level relative to the DE-TENG. b) Corresponding transferred charge of the DE-TENG in
one cycle. ) Transferred charges of the DE-TENG under the pure water condition and the pure alcohol condition. d) Deflection of dipoles in the alcohol
under the action of the charged films. e) Transferred charges of the DE-TENG with the gap width of 2 mm and 1 pum. f) Classical EDL structure at the

interface of a charged surface and water.

width changes in the millimeter scale, the transferred charge of
the DE-TENG is almost the same, as shown in Figure S9 (Sup-
porting Information). In these conditions, the gap widths are
much higher than the thickness of the EDLs (the Debye-length).
Therefore, The EDLs at the two film surfaces do not affect each
other, and the dynamic processes of the EDLs are similar. Gener-
ally, the Debye-length of solution is in the nanometer scale, but
for the pure water without CO, dissolution, the Debye-length can
reach 1 um.**I Then, a DE-TENG device with a gap width of 1 um
was fabricated by the method of film coating, and the detailed
process is described in Figure S10 (Supporting Information) and
the Experimental section. Under the distilled water condition, the
transferred charges of the DE-TENG with the gap width of 2 mm
and 1 um are compared in Figure 2e. For the gap width of 2 mm,
the transferred charge reaches 0.32 uC, while for the gap width of
1 um, itisless than 3 nC. Figure S11a,b (Supporting Information)
exhibits the output current and output voltage of the DE-TENG
with the gap width of 1 um, which are all at a very poor level.
Due to the capillary effect, as the DE-TENG begins to be inserted
into water, the water in the gap presents a convex surface, and
the water level drops to compensate for the additional pressure.
In order to fill the gap as much as possible, we submerged the
DE-TENG at a deep position below the water surface, so that the
water can cover the top of the device completely. In this case, the
air bubbles in the gap can be expelled by water pressure, thus the
capillary effect is not the key factor causing the decline in the out-
put performance. This result can be explained by the EDL theory,
which is proposed by Helmholtz in 1853, and Figure 2f shows the
classical EDL structure at the interface of a charged surface and
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water. The EDL is composed of an ion layer firmly adsorbed on
the solid surface, known as the Stern layer, as well as the diffusion
layer that can be easily influenced by applied external forces.*]
Therefore, the output of the DE-TENG mainly depends on the
diffuse layer. When the gap width keeps much larger than the
Debye-length, the schematic diagram of the DE-TENG immersed
in water to form two opposite EDLs is described in Figure S12a
(Supporting Information). Obviously, in this case, the EDLs at
the two film surfaces can act independently. However, if the gap
width becomes smaller than the Debye-length, the diffuse layers
of the EDLs will be squeezed thin, which is indicated by the dot-
ted line in Figure S12b (Supporting Information). Consequently,
the output performance of DE-TENG with the gap width of 1 ym
becomes very poor. This result also proves that the working pro-
cess of the DE-TENG is derived from the dynamic EDLs.

In above experiments, the method of high-voltage polarization
was adopted to inject charges to the two film surfaces in advance.
In fact, besides this method, contact electrification is also an ef-
fective way to generate opposite charges on the two film surfaces.
After the periodic contact-separation between the two films at the
frequency of 1 Hz for 5 min, we assembled the DE-TENG device
(gap width of 2 mm) and tested its output performance under the
same condition as the previous experiments. Figure S13a—c (Sup-
porting Information) are the output current, transferred charge
and output voltage of the DE-TENG, illustrating the feasibility of
this approach.

Moreover, in order to explain the advantages of the asymmet-
ric conuration of the DE-TENG structure, we conducted two ex-
periments for comparison. First, when only one film is utilized

© 2023 Wiley-VCH GmbH
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Figure 3. a) Transferred charges of the DE-TENG in different liquid environments. b) Working process of the DE-TENG in the NaCl solutions. c) Trans-
ferred charges and d) output currents of the DE-TENG with the motion frequency increasing from 0.25 to 1.50 Hz. e) Transferred charges of the DE-TENG
with the motion height increasing from 1to 6 cm. f) Output current and power-resistance profiles of the DE-TENG under the optimal parameters. g)

Transferred charge of the DE-TENG working in the tap water for 300 s.

and the electrode is grounded (Figure S14a, Supporting Informa-
tion), which is consistent with the ordinary liquid-solid TENG,
the transferred charge is shown in Figure S14b (Supporting In-
formation). The charge transfer directions of the TENGs with the
FEP film and the PP film are opposite, and both are smaller than
the DE-TENG, proving that the introduction of the two films is
effective. Then, when FEP films are applied for both parts (Fig-
ure S14c, Supporting Information), the TENG outputs almost no
power (Figure S14d, Supporting Information), because the po-
tentials of the two electrodes are always the same. This result fur-
ther suggests that the asymmetric conuration is necessary for the
DE-TENG.

Subsequently, the influences of working conditions on the out-
put performance of the DE-TENG were systematically investi-
gated. In Figure 3a, the transferred charges of the DE-TENG in
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different liquid environments are shown, keeping the motion
frequency at 0.5 Hz and the motion height at 6 cm. Compared
with pure water, under the tap water condition, the transferred
charge of the DE-TENG is larger, reaching 0.56 pC. The output
current and output voltage under the tap water condition were
measured, as shown in Figure S15a,b (Supporting Information).
For the tap water in Beijing, calcium ions are the most impor-
tant impurities, and the concentration is about 300 mg L~!. The
performance improvement is due to the presence of more ions
in the tap water. Nevertheless, for the NaCl solutions, the output
performance of the DE-TENG is worse than the result under the
pure water, illustrating that the effect of the ion concentration on
the output performance is not linear. Here, in order to match the
salinity of general seawater, NaCl solutions with concentrations
of 15, 30, and 45 g L~! were applied. The ion concentrations of

© 2023 Wiley-VCH GmbH
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these solutions are much higher relative to the tap water, which
affects the working process of the DE-TENG, as expressed in Fig-
ure 3b. In the high-concentration solution, more Nat and Cl~ are
tightly bound on the film surfaces, and correspondingly, there are
few ions that can escape from the film surfaces, leading to the de-
crease in the output performance. Figure S16a,b (Supporting In-
formation) exhibits the output current and output voltage of the
DE-TENG working under the 45 g L=! NaCl solution. Although
the adverse effect of the high ion concentration is unavoidable,
the output performance of the DE-TENG in the NaCl solution
like seawater still maintains at a certain level. Therefore, toward
ocean wave energy harvesting, the program of the DE-TENG has
application prospects.

Besides the solution concentration, the effect of polarization
conditions on the output performance of the DE-TENG is also in-
vestigated. In this work, the distance between the tip of the high-
voltage polarimeter and the films was kept at 1 cm. Generally, a
higher applied voltage is beneficial to the polarization effect for
films. At the distance of 1 cm, 5 kV is the highest voltage ensur-
ing that the material will not be broken, thus the voltage value of
5 kV was applied here. As for the applied time of the high volt-
age, the transferred charge of the DE-TENG with the processing
durations of 1, 2, 5, and 10 min was measured, which is shown in
Figure S17 (Supporting Information). As can be seen, the longer
time increases the output performance, but the result of 10 min
is not improved significantly compared to 5 min. Therefore, the
applied time of 5 min was selected here.

Moreover, the motion frequency and height are also two im-
portant factors to influencing the working efficiency of the DE-
TENG. Here, the tap water and the polarization conditions of
5 kV, 5 min were adopted. With the motion frequency increas-
ing from 0.25 Hz to 1.50 Hz (motion height h = 6 cm), the trans-
ferred charge of the DE-TENG is shown in Figure 3c. At the lower
motion frequency, the contact time of the DE-TENG and water
is longer, and the ion absorption is more sufficient. Therefore,
with increasing the motion frequency, the transferred charge de-
creases gradually. Different from this trend, the output current in
Figure 3d first rises and then falls, reaching the maximum value
of 2.4 pA at 0.5 Hz. This is because the current is the derivative
of the transferred charge with respect to time. Then, the influ-
ence of the motion height was investigated, fixing the motion
frequency at 0.5 Hz. The motion height determines the maxi-
mum depth that the DE-TENG can be submerged, which is indi-
cated in the inset of Figure 3e. As the motion height increases,
the contact area of the DE-TENG and the water becomes larger,
leading to more absorbed ions. According to Figure 3e and Fig-
ure S18 (Supporting Information), it can be analyzed that the
higher motion height is beneficial to the output performance
of the DE-TENG. Under the optimal working condition, where
the motion frequency is at 0.5 Hz, and the motion height is at
6 cm, the output current and power-resistance profiles were mea-
sured in Figure 3f. The maximum of the peak power is 0.85 mW
at the matched resistance of 500 MQ, and the average power
is 0.14 mW. In Figure S19 (Supporting Information), the peak
power density was calculated to be 30.95 W m™3, and the aver-
age power density reached 4.94 W m~3. Moreover, the durabil-
ity of the DE-TENG working in the water environment was ex-
plored. As shown in Figure 3g, after 300 s, the transferred charge
of the DE-TENG decreases slightly, mainly due to the following
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two points. On the one hand, even if the film surfaces have been
treated hydrophobically, it is impossible to avoid the residual ions
completely. On the other hand, for the electret film materials ap-
plied in the DE-TENG, a part of polarized charges existing on the
film surfaces are not stable. Although the transferred charge de-
clines slightly after 300 s, the DE-TENG still maintains a normal
working state, illustrating its ability to work in the water environ-
ment for a long time.

On the basis of the single DE-TENG, multiple units were in-
tegrated to fabricate a DE-TENG array. Figure 4a shows the pho-
tograph of the DE-TENG array with 10 units, and the inset is the
photograph from another angle. The entire DE-TENG array is
quite small in size, only 2.47 X 10~* m?. For the circuit connec-
tion, the rectifier bridges were introduced to connect the units to-
gether in parallel, because it is impossible to completely unify the
water movement in each unit, and the circuit diagram is shown
in Figure 4b. With the unit number increasing from 1 to 10,
the output currents of the DE-TENG array are compared in Fig-
ure 4c, fixing the working conditions consistent with the previous
optimal parameters. For each DE-TENG unit, the output perfor-
mance is at the same level, but it cannot be strictly controlled
without any deviation. Owing to small differences between each
unit, the output current of the array with 10 units is not exactly
twice that of the array with 5 units. When 10 units are integrated,
the output current reaches 23.4 pA. Because of the introduction
of the rectifier bridges, the negative current peak was converted
into another positive peak, presenting two positive current peaks.
By integration, the transferred charge corresponding to a current
peak was calculated as 4.57 uC, which is shown in Figure 4d.
Accordingly, the transferred charge curve becomes the pattern
of two rising steps. Figure S20 (Supporting Information) reveals
the output voltage of the DE-TENG array with 10 units. Then the
output current and power-resistance profiles were measured in
Figure 4e. The maximum peak power of 4.05 mW is achieved at
the matched resistance of 50 MQ, and the corresponding aver-
age power is 0.68 mW. In Figure S21 (Supporting Information),
the maximum peak power density is 16.4 W m~3, and the aver-
age power density reaches 2.75 W m~3. In addition, to evaluate
the charging ability of the DE-TENG array, the charging curves
for a series of capacitors from 10 to 470 uF are summarized in
Figure 4f.

All of the above experiments were tested under the regular
triggers, and it is necessary to estimate the output characteris-
tics of the DE-TENG array driven by irregular water waves for
its practical applications. Thus, we set the DE-TENG array on a
wall of a water tank, and the bottom of the DE-TENG array is
set close to the water surface. A series of wave pumps were ap-
plied to generate irregular water waves, and the wave frequency
and height are about 2 Hz and 3 cm, respectively. Figure 4g,h
shows the typical output current and output voltage of the DE-
TENG array. As can be seen, the output peaks are very dense,
since the water level in the gap of each unit continues to fluctuate,
which are superior to the pulse signals of ordinary TENGs.3I The
output current reaches 60.0 pA, and the output voltage reaches
60.0 V. Besides, the output current and power-resistance relation-
ships are shown in Figure 4i. The maximum peak power reaches
5.12 mW with the matched resistance of 5 MQ, and the average
power is 1.33 mW. In Figure S22 (Supporting Information), the
maximum peak power density was calculated to be 20.73 W m~3,
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Figure 4. a) Photographs of the DE-TENG array with 10 units from two different angles. b) Circuit connection diagram of the DE-TENG array. c) Output
currents of the DE-TENG array with the unit number increasing from 1 to 10. d) Transferred charge of the DE-TENG array corresponding to a current
peak. ) Output current and power-resistance profiles of the DE-TENG array. f) Voltage curves for a series of capacitors from 10 to 470 uF charged by the
DE-TENG array. g) Output current and h) output voltage of the DE-TENG array under the irregular water waves. i) Output current and power-resistance

profiles of the DE-TENG array under the irregular water waves.

and the average power density is 5.38 W m~2.1%] The peak power
density of the DE-TENG array is compared with that of several
typical TENG networks in previous papers in Figure S23 (Sup-
porting Information),[?137-4 {llustrating that the output perfor-
mance reaches a higher level. Note that no power management
or any energy improvement schemes were introduced in this
work.

Based on the powerful water wave energy harvesting capa-
bility of the DE-TENG array, its practical applications on pow-
ering portable electronics were demonstrated. Figure 5a is the
schematic diagram of a large-scale DE-TENG array applied to
the ocean scene. The DE-TENG array is built on the coast at the
height of the ocean surface, converting the ocean wave energy
into electrical energy to light up the street lamps along the coastal
road. In this concept, the DE-TENG array consists of thousands
of units, and here the DE-TENG array with 10 units is shown in
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Figure 5b,c, which is only a small part of the envisioned array.
The fabricated DE-TENG array was placed on the wall of the wa-
ter tank, and the tap water was employed here for convenience.
Figure 5b,c are the photographs of the stationary state and the
wave state, respectively. Above all, the DE-TENG array was uti-
lized to power three signal spotlights of red, yellow and green.
The relevant photograph is exhibited in Figure 5d, and the ex-
periment process was recorded in Video S1 (Supporting Infor-
mation). Since the output peaks of the DE-TENG array are quite
dense under irregular waves, the spotlights were continuously lit
without flickers.

In order to accommodate more applications, the introduc-
tion of capacitors is inevitable. The voltage curves for capacitors
from 10 to 470 pF charged by the DE-TENG array under irreg-
ular water waves were measured in Figure Se. With a capaci-
tor of 47 pF, the DE-TENG array successfully drove the digital
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Figure 5. a) Schematic diagram of a large-scale DE-TENG array applied to the ocean scene. b) Photograph of the DE-TENG array under the stationary
state. ¢) Photograph of the DE-TENG array under the wave state. d) Photograph of the DE-TENG array powering three signal spotlights of red, yellow,
and green. e) Voltage curves for capacitors from 10 to 470 uF charged by the DE-TENG array under the irregular water waves. Voltage curves on f) the
digital thermometer and g) the water quality detector powered by the DE-TENG array.

thermometer to work, and Figure 5f shows the voltage curve of
the working process. After the charging process of 15.75 s, the
digital thermometer is automatically turned on, and then the
temperature value is displayed on the screen, which is shown in
the inset of Figure 5f. Note that the voltage curve always main-
tains the overall upward trend, implying that the thermometer
can work constantly with water waves, and no additional charg-
ing process is required. The detailed working process is provided
in Video S2 (Supporting Information). Furthermore, the water
quality detector was applied as another application demonstra-
tion. Figure 5g is the voltage curve of the DE-TENG array charg-
ing a capacitor of 2.2 mF and powering the water quality de-
tector. After the charging process of 950.65 s, the voltage value
exceeds 3 V, which is the working voltage of the water quality
detector. At this time, a mechanical switch is turned on, and
the electrical energy stored in the capacitor is released to power
the water quality detector. The inset in Figure 5g is the photo-
graph of the water quality detector displaying the information,
and the related experiment process is shown in Video S3 (Sup-
porting Information). For better presentation, the photographs
of the DE-TENGs powering the digital thermometer and the
water quality detector are enlarged in Figure S24 (Supporting
Information).
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3. Conclusion

In this work, we designed and fabricated a unique asymmetric
TENG with a new working scheme for water wave energy har-
vesting. With water movement, the opposite dynamic electric-
double-layers at the two different film surfaces were proven to be
the working basis of the TENG. The influences of various work-
ing conditions on its output performance were systematically in-
vestigated. Under the optimal parameters, the peak power den-
sity reaches 30.95 W m~3, and the average power density reaches
4.94 W m~3. Furthermore, the TENG units were integrated into
an array, and it was placed in irregular water waves for testing.
The output current of 60.0 pA and output voltage of 60.0 V were
achieved, and the output peaks are quite dense and stable. The
peak power density of the TENG array reaches 20.73 W m™=3, and
the corresponding average power density is 5.38 W m~3. Based
on this desired output performance, the applications of the TENG
were demonstrated. The TENG array was utilized to power sig-
nal spotlights, a digital thermometer and a water quality detector.
In conclusion, we proposed a TENG with a new working scheme
based on the dynamic EDLs for water wave energy harvesting,
which improves the energy harvesting efficiency and provides
new development idea for TENGs and blue energy.
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4. Experimental Section

Fabrication of the DE-TENG Device: First, by magnetron sputtering
(Discovery635), copper electrodes (60 mm x 60 mm) were plated on the
PP film and FEP film (64 mm X 64 mm x 100 um). Second, with a metal
template, the surfaces of the film materials were modified by ICP etching
(S1500) to construct microstructures. The etching time was 200 s, and the
reaction gas was 15.0 sccm Ar, 10.0 sccm O, and 30.0 sccm CF,. The sur-
face morphology of the samples was characterized by SEM (NOVA200).
The contact angles of the film and water were acquired by a contact an-
gle measuring machine (XG-CAVB1). Third, two rectangular acrylic sheets
(70 mm X 65 mm X 2 mm) were applied as the substrate of the DE-
TENG. Fourth, utilizing the waterproof tape, the electrode-coated sides
of the films were tightly attached to the two acrylic sheets. Finally, the two
acrylic sheets were separated by two narrow acrylic strips of 2 mm or others
in the thickness, and then they were combined into a whole by the acrylic
glue, keeping a certain gap width. Through the above steps, a DE-TENG
device was made.

Fabrication of the DE-TENG Device with a Gap Width of T um:  First,
the films were modified and coated with electrodes, and then attached to
the acrylic sheets, which is consistent with the previous steps. Second, a
vacuum coating machine (BEVS 1811/3) was applied to coat PVA glue on
the PP film surface to a thickness of 1 um. Third, the FEP film and the PP
film were combined and fixed together, and then dried for 12 h. Finally, the
device was placed in the water environment, and the PVA was dissolved
by water. In this way, a DE-TENG with a gap width of 1 um was fabricated.

Fabrication of the DE-TENG Array:  First, a series films were modified
and coated with electrodes, and then they were adhered alternately on both
sides of the acrylic sheets. For a TENG array with 10 units, 11 acrylic sheets
were required. Then, another two acrylic sheets (47 mm X 75 mm x 2 mm)
with 11 corresponding card slots were fabricated, and each slot had an
interval of 2 mm. Finally, these 11 acrylic sheets were regulated through
these slots, forming a DE-TENG array.

Electric Measurements of the DE-TENG Device:  The regular triggers for
the DE-TENG were provided by a vibration platform (NJLJ-6D(R)-60) with
a special bracket. For the irregular water waves, a series of wave pumps
(YHX 021) were set at the inner walls of a water tank to generate water
waves. The output current, output voltage, and transferred charge of the
TENG device were measured by a current preamplifier (Keithley 6514 Sys-
tem Electrometer), while the voltage after rectification was measured by a
digital oscilloscope (Agilent InfiniiVision 2000X).

Supporting Information

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