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Abstract
Hydropower is the most important and wildly-used renewable energy source in the environ-
ment. In this paper, we demonstrate a multi-layered triboelectric nanogenerator (TENG) to
effectively harvest the water wave energy. For a single-layered TENG, interdigitive electrodes
are incorporated in order to generate multiple electric outputs under water wave or water drop
impact. For the collection of water wave energy, a polyurethane (PU) coated copper rod is used
to roll back and forth and contact with the polytetrafluoroethylene (PTFE) film covered
interdigitative electrodes. The surfaces of the PU and PTFE films are fabricated as porous
structures and nanowire arrays, which provide an advantages of large contact area and efficient
separation. Under one wave impact, the single-layered TENG composed of nine pairs of
interdigitative electrodes can provide nine pulses of electric outputs (each pulsed output
voltage is 52 V and output current density is 13.8 mA m�2). The instantaneous output power
density of a five-layered TENG is 1.1 W m�2. In addition, the PTFE film covered interdigitative
electrodes has been successfully used to harvest water drop energy, whcih can also generate
9 pulses of electric outputs upon one water drop falling. All these results show the developed
TENG has a potential to harvest the hydropower of ocean wave and raindrop in the near future.
& 2015 Elsevier Ltd. All rights reserved.
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Introduction

Over the past decades, climate change has been recognized as
the most serious environmental issue affecting our world.
Therefore, a great effort has been devoted to discover renew-
able energy sources with minimized carbon emissions. In
addition, less dependence on fossil fuel is mandatory for the
sustainable development of the world. In 2012, the first
prototype triboelectric nanogenerator (TENG) based on the
contact electrification of solid materials was invented to
harvest mechanical energy from different sources in the
environment, such as wind [1,2], water [3], and human
motions [4,5]. And four different operation modes have been
proposed and demonstrated to show the massive potential of
solid–solid TENG, which including vertical contact-separation
mode [6,7], lateral sliding mode [8,9], single-electrode mode
[10,11], and freestanding triboelectric-layer mode [12]. Unlim-
ited to energy harvesting application, TENG can further
function as self-powered nanosensors by modifying the surfaces
of contact materials. The major advantage of self-powered
nanosensors is that they can work without external power
supply, which have attracted increasing attention in recent
years. For examples, self-powered nanosensors based on TENG
structure toward catechin molecule [13], temperature [14],
humidity [15], metal ion [16], and light [17] have been widely
researched and successfully developed.

Alternatively, scientists also utilized water–solid contact
electrification to fabricate a new prototype water-TENG in
2013 [18]. The working mechanism of water-TENG is similar to
the first prototype TENG based on solid–solid contact electri-
fication, which is a coupling of triboelectric effect and
electrostatic induction. The major difference is that in this
water-TENG, water itself is one of the contact materials to
cause the triboelectric charges and generate electric outputs.
For example, the contact electrification between polydi-
methylsiloxane (PDMS)-patterned pyramid arrays and differ-
ence sources of water (deionized, tap, and salt water) has
been studied and demonstrated with the capability to either
collect water wave energy or function as self-powered tem-
perature and ethanol sensors. Recently, another water-TENG
was developed to collect the water drop energy based on
single-electrode operation mode [19]. This water-TENG suc-
cessfully showed the potential to harvest the water drop
energy under both conditions that the water drop is pre-
charged during the traveling process or the triboelectric
charges are generated when the water drop is contacted with
the superhydrophobic polytetrafluoroethylene (PTFE) film.
Scientists have also showed that by changing the superhydro-
phobic material composition of PTFE to TiO2 nanomaterials,
the water-TENG can provide photocatalytic and antibacterial
functions when harvesting hydropower [20]. A new active
transducer without using any external bias voltage has been
sucessfully demonstrated to collect the hydropower from
various water motions [21], which is also based on water–solid
contact electrification. These results about water-TENG are
important because hydroelectric power is unlimited and could
be good alternative to solar energy [22,23].

Different from those previous studies, in this paper we
design a multi-layered TENG to effectively harvest the hydro-
power. For a single-layered TENG, interdigitative electrodes
are incorporated in order to generate multiple electric outputs
under one water wave or water drop impact. For the collection
of water wave energy, a polyurethane (PU) coated copper rod
is used to roll back and forth and contact with the PTFE film
covered interdigitative electrodes. The working principle is
based on solid–solid contact electrification, which is different
from that of water-TENG in the previous studies [18–21]. In
order to enhance the electric output of TENG, the surfaces of
the PU and PTFE films are fabricated as porous structures and
nanowire arrays, which provide the advantages of large
contact area to generate more triboelectric charges on the
surfaces and efficient separation after contact. Under one
water wave impact, the single-layered TENG composed of
9 pairs of interdigitative electrodes can provide 9 pulses of
electric outputs (each pulsed output voltage and current
density can reach 52 V and 13.8 mA m�2, respectively). The
instantaneous output power density of a five-layered TENG is
1.1 W m�2. The rectified electric outputs have been demon-
strated to power light emitting diodes (LEDs). Besides, the part
of the PTFE film covered interdigitative electrodes also show
the potential to harvest raindrop energy based on water–solid
contact electrification, whcih can also generate 9 pulses of
electric outputs upon one water drop.

Experimental section

Preparation of PU and PTFE thin films with
nanostructures

For the polytetrafluoroethylene (PTFE) thin film with nanowire
arrays on the surface were synthesized by using a ordered
anodic aluminum oxide (AAO) foil as the template and a PTFE
solution as the precursor. The AAO template was prepared
through a two-step anodization approach. The high-purity
aluminum foil (99.99%) was cleaned, degreased, and annealed
at 500 1C for 3 h. Then the aluminum foil was electropolished
in a perchloric acid solution (2.0 M in ethanol) at a 4 1C for
2 min. In the first anodization step, the electropolished
aluminum foil was anodized in a oxalic acid solution (0.3 M)
at a constant voltage of 40 V for 40 h. The anodization layer
was removed through the wet chemical etching with a solution
containing phosphorus acid (0.9 M) and chromium (VI) oxide
(0.2 M). Subsequently, a second anodization was carried out
under the same condition as the first anodizaion step for 1 h.
The AAO template was finally immersed into another phos-
phoric acid solution to widen the pores. A commercial PTFE
precursor was poured into the AAO template and a vacuum
process was applied to remove the air remaining in the holes.
After curing at ambient temperature for one day, the solvent
was evaporated and a PTFE film with nanowire arrays on the
surface formed. Alternatively, the polyurethane (PU) film
surface were fabricated with porous structures. The commer-
cial PU film were etched with a sulfuric acid solution (3.0 M)
for 2 min and then cleaned with water.

Fabrication of TENG with interdigitative electrodes

In this part, a poly(methyl methacrylate) (PMMA) mask was
curved first by a laser cutter. Then the mask was attached on
another PMMA substrate for the deposition of aluminum inter-
digitative electrodes. Aluminum (thickness around 100 nm) was
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deposited by a RF magnetron sputtering system. The dimensions
of the PMMA substrate used in this paper were 3 in.� 3 in. The
width of each aluminum electrode depended on the numbers of
total interdigitative electrodes. For example, for the TENG with
9 pairs of interdigitative electrodes, the width of each aluminum
electrode was designed to be 0.2 cm. Two conducting wires
were connected to the interdigitative electrodes as leads for
subsequently electric measurements. The prepared PTFE film
was peeled off from the AAO template by using a double-sided
tape and directly bonded to the top of interdigitative electro-
des. The PU film was also directly attached to a copper rod
(diameter about 0.5 cm). For the energy harvesting from water
drop, we only needed the device of PTFE film covered inter-
digitative electrodes and operated in single-electrode mode.

Characterization

A Hitachi SU8010 field emission scanning electron micro-
scope (SEM) was used to measure the surface morphologies
of PTFE and PU films. For the measurement of electric
outputs of TENG, a programmable electrometer (Keithley
Model 6514) and a low-noise current preamplifier (Stanford
Research System Model SR570) were used. A Linmot linear
motor system was applied to provide stable external force
making PU coated copper rod to move back and forth and
contact with the PTFE film covered interdigitative electro-
des. This is for the demonstration of single-layered TENG
operation. A laboratory platform rocker (260350, Boekel)
was used to simulate the the motions of water wave in the
environment and enable the multi-layered TENG to work.
Finally, a programmable syringe pump (PHD 2000, Harvard
Apparatus) was applied to control the volume of each water
drop in the experiment of water drop energy harvesting.

Results and discussion

The multi-layered TENG can be assembled by numerous
single-layered TENGs. Therefore, we use the single-layered
TENG as the model to illustrate how the TENG works and
what are the components for the basic structure of TENG.
The TENG is composed of two parts, one is the PTFE film
covered interdigitative electrodes, and the other is a PU
coated copper rod (Figure 1a). The PTFE and PU are
purposely chosen here because they have a relatively high
negative charge affinity and positive charge affinity [24]. In
order to increase the electric output of the TENG, both the
surfaces of PTFE film and PU are fabricated with nanos-
tructures. The approach for the fabrication of nanostruc-
tures is different from other studies, which normally using a
plasma reactive ion etching process [25]. The nanowire
arrays on PTFE film surface were synthesized by using
ordered anodic aluminum oxide (AAO) as the template and
a PTFE solution as the precursor [19,26]. The AAO template
was prepared by anodizing a Al foil [27]. The Al foil was first
anodized in 0.3 M oxalic acid solution at a constant voltage
of 40 V for 40 h. The anodization layer was removed through
the wet chemical etching with phosphorus acid and chromic
acid, and then anodized again under the same condition for
1 h. Afterward, the AAO template was immersed into
another phosphoric acid solution to widen the pores. In a
typical process, the PTFE solution was directly poured into
the AAO template and the remaining air inside the nano-
holes was removed by using a facile vacuum system. After
one day, the solvent evaporated and a PTFE film with
nanowire arrays formed (Figure 1b). Finally, the PTFE film
was peeled off from the AAO template using a double-sided
tape and attached to a poly(methyl methacrylate) (PMMA)
substrate, which is deposited with copper interdigitative
electrodes. Alternatively, the other contact material of PU
are designed to have porous structures. The surface of
commercial PU was etched by using diluted sulfuric acid
(Figure 1c) [28]. Then the PU was covered on a copper rod.
The working of the single-layered TENG is based on the
rolling of PU coated copper rod over the PTFE film covered
interdigitative electrodes (Figure 1d). Under an external
force impact, the PU coated copper rod will start to roll and
generate the triboelectric charges on the PU and PTFE film
surfaces. We will explain the mechanism in detail later.
Once the PU coated copper rod roll over one pair of
interdigitative electrodes, the TENG can generate 1 pulse
of electric output. Therefore, the number of electric out-
puts the TENG can generate will depend on how many pairs
of interdigitative electrodes deposited on the PMMA sub-
strate. For example, nine pulses of electric outputs will be
generated if the TENG has nine pairs of interdigitative
electrodes (Figure 3).

The working mechanism of the TENG developed in this paper
is based on a coupling effect of triboelectrification and
electrostatic induction, which will cause the alternating flow
of electrons between the pairs of interdigitative electrodes and
contribute to the electric outputs. We define the state I
(Figure 2a) and the state II (Figure 2c) as the states when
the PU coated copper rod is aligned with electrode A and
electrode B, which are a pair of interdigitative electrodes. The
intermediate states (Figure 2b and d) represent the transitional
processes in which the PU coated copper rod rolls between the
electrode A and the electrode B. Since the PU and PTFE are in
direct contact, the electrons will transfer from the PU surface
to PTFE surface due to the triboelectrification. Therefore, the
PU surface will be positively charged and the PTFE surface will
be negatively charged [29]. In short-circuit condition, the
moving of positively charged object (PU coated copper rod)
from state I to state II will cause electrons to flow from the
electrode A to the electrode B (Figure 2b) until reaching an
equilibrium (Figure 2c). When the PU coated copper rod
continues to roll from state II to state I, electrons will flow
back from the electrode B to the electrode A (Figure 2d) and
reach a new equilibrium (Figure 2a). Therefore, if the TENG
has numerous pairs of interdigitative electrodes (Figure S1),
multiple electric outputs can be generated when the PU
coated copper rod rolls over those PTFE film covered inter-
digitative electrodes.

To obtain a more quantitative understanding of the
proposed working principle, a numerical simulation via
finite element method (FEM) has been employed to calcu-
late the potential distribution on the interdigitative elec-
trodes in open-circuit condition [30]. The model using here
has the same structure and dimension as the real device.
The triboelectric charge density on the PU surface was
assigned to be 60 mC m�2. Figure 2e–g shows the calculated
potential distribution on the interdigitative electrodes dur-
ing the movement of the PU coated copper rod from the
state I to the state II. When the PU coated copper rod is



Figure 1 (a) Schematic diagram of a typical single-layered TENG. The TENG contains a PTFE film covered interdigitative electrodes
and PU coated copper rod. The surfaces of PTFE film and PU are fabricated with nanostructures. (b and c) SEM images of the PTFE
film and PU surfaces. The morphologies of PTFE film and PU are nanowire arrays and porous structures. (d) Illustration of TENG
working principle. The operation of TENG is based on the movement of PU coated copper rod on the PTFE film covered
interdigitative electrodes.
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aligned with the electrode (Figure 2e), the state I corre-
sponds to the maximum potential on electrode A and the
minimum potential on electrode B, which results in the
maximum output open-circuit voltage (Voc). Such a voltage
then diminishes as the PU coated copper rod starts to move.
Once the PU coated copper rod rolls to the middle position
(Figure 2f), Voc with the opposite polarity starts to build up
until the PU coated copper rod reaches the state II
(Figure 2g). Figure 2h clearly shows the continuous variation
of the Voc between the state I (x=0) and state II
(x=0.4 cm). Once the TENG has numerous pairs of inter-
digitative electrodes, further rolling of the PU coated
copper rod beyond the state II induces the Voc to change
in a reversed way because of the periodic structure. We
noticed that the simulation result of Voc is larger than the
measured data (Figure 3a), which is also observed in other
studies [8,30]. This could be caused by the setup of
boundary condition in FEM analysis. However, it will not
affect the relative variation of Voc on the interdigitative
electrodes during the operation of TENG and can help us to
understand the working mechanism of TENG. We have also
studied the size effect of PU coated copper rod on the TENG
output. The simulation result (Figure S2) indicates that the
optimized diameter of PU coated copper rod is around
0.5 cm when fixing both the interdigitative electrode and
spacing to be 0.2 cm.

To systematically study the performance of the single-
layered TENG, we used a linear motor to control the move-
ments of PU coated copper rod on the PTFE film covered
interdigitative electrodes. Figure 3a shows the output Voc of a
single-layered TENG with 9 pairs of interdigitative electrodes,
which can achieve a value of 52 V. The Voc switches between
zero and a maximum value are corresponding to the fully
displaced and aligned positions of positively charged PU coated
copper rod and interdigitative electrodes, respectively. The
results are fully consistent with the mechanism mentioned in
Figure 2. An enlarged view of the electric outputs generated
from the movement of PU coated copper rod on the PTFE film
covered interdigitative electrodes is displayed in Figure 3b,
which clearly demonstrates that 9 pulses of electric outputs can
be obtained (each pulsed output voltage can reach 52 V). The
advantage of using interdigitative electrodes here is to intro-
duce a new aproach for more efficient energy harvesting. In
contrast to normal TENGs that need the two material surfaces
to be fully displaced after contact for a complete transferring
of inductive charges, the TENG developed in this paper only
requires a displacement of triboelectrically charged object
between interdigitative electrodes to generate electric out-
puts, largely improving the energy conversion efficiency. The
short-circuit current density (Jsc) generated by the single-
layered TENG also exhibits multiple peaks of alternating
directions (Figure 3c). Increasing displacement gives a positive
current peak, while decreasing displacement leads to a nega-
tive one. No electric current is produced at aligned positions, as
illustrated in Figure 2a–d. From the enlarged view of one
movement of PU coated copper rod on the PTFE film covered
interdigitative electrodes (Figure 3d), 9 pulses of electric
currents can also be generated (the average Jsc can reach
13.8 mA m�2) during the movement.

Next we tried to optimize the energy harvesting effi-
ciency by varying the numbers of interdigitative electrodes
on a PMMA substrate with fixed dimensions of 7.5 cm� 7.5
cm. The results are shown in Figure 3e. By integrating the
generated output currents of the single layered-TENG with
different pairs of interdigitative electrodes, we can deduce
the inductively transferred charges on the interdigitative
electrodes. It is clearly shown that the single layered-TENG
can provide more inductively transferred charges when the
interdigitative electrodes are increased from three pairs
to nine pairs. However, as the pairs of interdigitative



Figure 2 (a–d) Working mechanism of the interdigitative electrodes-based TENG. The rolling of PU coated Cu rod on PTFE film
causes electrons to transfer from PU surface to PTFE film surface. (a) At the state I, the positively charged PU coated Cu rod is on the
top of electrode A, and therefore electrons will accumulate at electrode A. (b) Once the PU coated Cu rod starts to roll, it creates a
positive electric potential and electrons flow from electrode A to electrode B to balance the potential difference, contributing to a
positive output current. (c) At the state II, the positively charged PU coated Cu rod is on the top of electrode B, and therefore
electrons accumulate at electrode B. (d) The PU coated Cu rod starts to move forward to the next electrode A creates a negative
electric potential, and electrons will flow from electrode B back to electrode A. This generates a negative output current. Once the
PU coated Cu rod rolls back and forth on the PTFE film covered interdigitative electrodes, electric outputs will be continuously
generated. The numbers of electric outputs depend on the pairs of interdigitative electrodes. (e–g) Calculated potential distribution
on the interdigitative electrodes via finite element method. The model using here has the same structure and dimension as the real
device. The triboelectric charge density on the PU surface is assigned to be 60 mC m�2. (h) Continuous variation of the Voc between
the state I (x=0) and state II (x=0.4 cm).
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Figure 3 (a) Output Voc and (c) output Jsc of a single-layered TENG with 9 pairs of interdigitative electrodes generated by using a
linear motor system to control the movement of PU coated copper rod. (b) and (d) are the enlarged electric output curves of (a) and
(c), respectively. (e) Impact of the numbers of interdigitative electrodes on the inductively transferred charges of a single-layered
TENG. The PMMA substrate dimensions are confined as 7.5 cm� 7.5 cm. (f) Dependence of the rectified Jsc of a single-layered TENG
on the moving speed of PU coated copper rod.
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electrodes are further increased from 9 pairs to 13 pairs,
the inductively transferred charges start to decrease. This is
because that even the single layered-TENG can generate
more pulsed electric outputs when increasing the numbers
of interdigitative electrodes, it also reduces the electrode
width and therefore decreases the quantity of inductively
transferred charges. The diameter of the copper rod we use
in this paper is about 0.5 cm. We also demonstrated that the
moving speed of PU coated copper rod on the PTFE film
covered interdigitative electrodes would affect the trans-
ferring of inductive charges, which consequently varied the
values of output current peaks. In order to observe more
clearly, we applied a full-wave diode bridge to rectify the
output peaks in the same direction. Figure 3f indicates that
when the moving speed of PU coated copper rod changes
from 0.2 m s�1 to 1.0 m s�1, the generated Jsc increases
from 5.2 mA m�2 to 21.8 mA m�2. These results will help to
expand the application of single layered-TENG as self-
powered sensors, which we will explain in more details
later [31].

Another advantage of the TENG is that the single-layered
TENG can be easily assembled and become a multi-layered
TENG to provide enhanced electric outputs under the same
external force impact. The structure of the multi-layered
TENG is same as that in Figure 5c and d. A more clear
scheme and device photograph is displayed in Figure S3.

In order to demonstrate this concept, we assembled
different numbers of single-layered TENGs in vertical direc-
tion and evaluated their performance. A laboratory plat-
form rocker was used to simulate the water wave motion
and enable the multi-layered TENG to work. Figure 4a shows
the short-circuit current (Isc) curves generated by the



Figure 4 (a) Output Isc of a single-layered TENG, three-layered TENG, and five-layered TENG generated by a laboratory platform
rocker swinging at a tilt angle of 101. (b) Enlarged view of one cycle of the output Isc from a single-layered TENG in (a). (c) Impact of
the 8th output Isc peak value from a single-layered TENG on different rocker tilt angles. (d and e) Dependence of output voltage (d),
output current (d), and output power density (e) of the five layered-TENG on the resistance of external load.
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single-layered TENG, three-layered TENG, and five-layered
TENG under the rocker operating at a tilt angle of 101. It is
clearly observed that the electric outputs of TENG can be
enhanced by increasing the numbers of single-layered
TENG. The average Isc of five-layered TENG is around
21.5 μA, which is around 4 times of that generated by the
single-layered TENG (5.3 μA). We also compared the electric
outputs generated by changing the interdigitative electro-
des to traditional grating electrodes (Figure S4) and
selected copper rod as one of the electric outlets. However,
irregular current signals were obtained and the copper wire
was easy to detach from the copper rod during the rolling
process. These results are not helpful for energy harvesting
purposes and development of self-powered sensors. The Isc
curves of single-layered TENG generated by the rocker
(Figure 4b) are different from that generated by the linear
motor (Figure 3d). This is because when the TENG is driven
by the shaker, it causes a gravitational acceleration of the
PU coated copper rod to roll over the PTFE film covered
interdigitative electrodes. Therefore, the final current peak
will have a higher but sharper electric signal due to the
faster transferring of inductive charges [32]. We further
investigated the final output currents of single-layered
TENG obtained at different tile angles (Figure 4c). As the
tilt angle increases from 2.51 to 201, the value of final
output current changes from 2.3 μA to 8.9 μA, which is
about 3.9 times. This indicates that the TENG has the
potential to be a self-powered sensor which can detect
the vibration of ocean wave. To investigate the output
power density, we also measured the output voltage and
current of the five-layered TENG when connecting to an
external load resistor. The resistance was varied from
0.01 MΩ to 1 GΩ. As the results displayed in Figure 4d,
when the resistance is below 1 MΩ, the output voltage is



Figure 5 (a) Output Voc and (b) output Isc of the five-layered TENG generated by the vibration of water waves. (c) Photograph of
the five-layered TENG integrated with polystyrene sheets and 16 LEDs. (d) Photograph of 16 LEDs lightened up by the rectified
electric outputs from the five-layered TENG. (e) Output Isc of the PTFE film covered interdigitative electrodes generated by water
drops. (f) Enlarged view of Output Isc generated by water drops in (e). (f) clearly shows that multiple electric outputs can be
generated by a single water drop. The volume of each water drop is fixed at 30 μL and falls from a height of 20 cm.

263A multi-layered interdigitative-electrodes-based triboelectric nanogenerator for harvesting hydropower
closed to 0 and the generated current has only little
changes. However, when the resistance is varied from
1 MΩ to 1 GΩ, the output voltage from through the load
will generally increase, but the generated current across
the load will decrease. As a result, the instantaneous power
density generated from the five-layered TENG remain small
with the resistance below 0.1 MΩ and reach a maximum
value of 1.1 W m�2 at a resistance of 66 MΩ (Figure 4e).

To address the potential application of the multi-layered
TENG, we further evaluate the electric outputs generated from
the five-layered TENG under water wave impact. Polystyrene
sheets and an aluminum tube were utilized to support the five-
layered TENG on the top of water and ensure the balance of
the five-layered TENG after impact. The Voc of the five-layered
TENG is displayed in Figure 5a, which clearly shows multiple
outputs can be obtained by each water wave impact. The
maximum Voc can achieve a value of 50 V. The average Isc
generated by the five-layered TENG under water wave impact
is 13.5 mA (Figure 5b). By using a full-wave diode bridge to
rectify the electric outputs in the same direction, commercial
LEDs can be lighted up when the PU coated copper rod to roll
over the PTFE film covered interdigitative electrodes
(Figure 5c, d, and Video S1).

Supplementary material related to this article can be found
online at http://dx.doi.org/10.1016/j.nanoen.2015.04.037.

The other importance of developing interdigitative
electrodes-based TENG is that it can enhance the harvesting
efficiency of water drop energy. To address the potential of this
concept, we used a commercial fluorinated ethylene propylene
(FEP) film to replace the role of nanostructured PTFE film in
the as-developed TENG. The reason we choose FEP film is
because its surface is hydrophobic. From previous studies, we
have learned that the necessary of using hydrophobic film in
water-TENG which is based on solid–water contact electrifica-
tion [19,20]. To measure the performance of the water-TENG
(FEP film covered interdigitative electrodes), we used a
programmable syringe pump to control the volume of each
water drop. The volume of each water drop was 30 μL and fell
from a height of 20 cm. The scheme to represent how the
water drop interact with the water-TENG is shown in Figure S5.

dx.doi.org/doi:10.1016/j.nanoen.2015.04.037
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The water drop would contact with the FEP film and pass
throuth the water-TENG. To highlight future application,
untreated tap water was selected as the water source.
Figure 5e shows the output currents of water-TENG under
the impact of continuous water drops. The output current
reaches an average value of 0.3 μA and exhibits AC behavior,
with an equal number of electrons flowing in the opposite
direction in each cycle. The experimental data validates the
working mechanism proposed in our previous study [19]. An
enlarged view of the output currents contributed from one
water drop is displayed in Figure 5f. Nine pulses of output
currents can be provided by the water-TENG. Under the same
condition, normal water-TENG can only generate one pulse of
electric output under one water drop impact. It is observed
that the current peak corresponding to the first pair of
interdigitative electrodes has a higher magnitude but lasts
shorter than that generated by other pairs of interdigitative
electrodes. This can be explained by the fact that the falling
water drop has a higher speed when passing through the first
pair of interdigitative electrodes and thus generate a larger but
narrower current signal. The other reason we select FEP film to
demonstrate is because of its transparency. By changing the
PMMA substrate and Al electrodes to PET film and indium tin
oxide (ITO) electrodes, the water-TENG can become a highly
transparent one. Figure S6 shows the transmittance spectra of
ITO interdigitative electrodes-deposited PET film before and
after FEP film covering. By combining the highly transparent
water-TENG with solar cell, a new hybrid energy cell which can
simultaneously or individually harvest solar and raindrop
energy in different weather conditions [33].

Conclusion

In summary, a multi-layered TENG with interdigitative elec-
trodes has been successfully developed to harvest the hydro-
power in this paper. For a single-layered TENG with nine pairs
of interdigitative electrodes, nine pulses of electric outputs
(Voc=52 V, Jsc=13.8 mA m�2) are generated in one time upon
the operation of TENG. Different from the previous TENG
designs, using a free rolling contact material to construct the
TENG shows the potential to detect the vibration of water
wave without any electricity input, whcih is a concept of self-
powered sensor. By assembling five single-layered TENGs to
become one, it provides an output power density of 1.1 W
m�2 under one water wave impact. Not limited to the
numbers of interdigitative electrodes and dimensions of TENG
we demonstrate in this paper, the novelty of this concept is
that the multi-layered TENG can be easily to expand for the
future applications.
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