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H
arvesting mechanical energy from
ambient environment and human
body has attracted increasing inter-

est for building self-powered electronic de-
vices and large-scale energy needs.1�4 The
mechanical energy can be transformed into
electricity based on various physical mech-
anisms, such as electromagnetic,5,6 elec-
trostatic,7,8 and piezoelectric effects.9�15

Recently, triboelectric nanogenerator
(TENG)16�28 has been invented as a new
technology to harvest mechanical energy,
which is based on contact electrification
effect andelectrostatic induction.29�31When
two triboelectric surfaces (tribo-surfaces)
with opposite triboelectric charges (tribo-
charges) are periodically contacted and
separated, the potential difference between
the metal electrodes of the two tribo-
surfaces periodically varies, which drives
the electrons to flow between the two
metal electrodes. Various applications of
TENG have been demonstrated, such
as self-powered chemical sensor,32,33

electrodegradation,34 and powering com-
mercial light emitting diodes (LED).21�25

For traditional TENG, two solid materials
are contacted together to generate tribo-
charges on their interface.16�28 Recently,
the tribo-charges on the water/solid35 and
water/air36 interfaces are used to develop a
water-based TENG, which demonstrate pro-
mising applications of TENG for harvesting
energy from flowing water and oceanwave.
The flowing water carries two types of en-
ergies. One is the mechanical energy of the
motion of the flowing water. The second is
the electrostatic energy, which comes from
the tribo-charges in water generated during
its traveling processes in pipe and/or air due
to the contact electrification.37 In our pre-
vious report, a water-TENG has been devel-
oped to harvest the electrostatic energy
from the water drop.36 To simultaneously
harvest the electrostatic and mechanical
energies from the flowing water, a hybri-
dized TENG with a water wheel structure
has been developed in this paper, which is
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ABSTRACT Flowing water contains not only mechanical kinetic energy, but also the electrostatic

energy owing to the triboelectric charges caused by its contact with surrounding media such as air. In this

paper, a water wheel hybridized triboelectric nanogenerator (TENG), composed of a water-TENG part and a

disk-TENG part, has been developed for simultaneously harvesting the two types of energies from the tap

water flowing from a household faucet. The wheel blades of the hybridized TENG are composed by

superhydrophobic polytetrafluoroethylene (PTFE) thin films with nanostructures, which are used as water-

TENG to harvest the electrostatic energy from the flowing water. In addition, the flowing water impacted

on the wheel blades also causes the rotation motion of disk-TENG and can be used to harvest the mechanical kinetic energy. The short-circuit current of the

water-TENG and the disk-TENG at a flowing water rate of 54 mL/s can reach 12.9 and 3.8 μA, respectively. The hybridized TENG is also demonstrated to

harvest wind energy and acts as a self-powered sensor to detect the flowing water rate and wind speed. All these results show the potentials of the

hybridized TENG for harvesting multiple types of energies from the environment.
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composed by two parts: a water-TENG and a disk-
TENG. The wheel blades are composed by superhy-
drophobic polytetrafluoroethylene (PTFE) thin films
with nanostructures, which are used as thewater-TENG
to harvest the electrostatic energy from flowing water.
In addition, the flowing water impacted on the wheel
blades also causes the rotation motion of disk-TENG
and harvests the mechanical kinetic energy. The open-
circuit voltages of the water-TENG and the disk-TENG
are around 72 and 102 V, respectively, and their short-
circuit currents are around 12.9 and 3.8 μA, respec-
tively. It is also demonstrated that the water wheel
TENG can harvest energy from wind and act as self-
powered sensors for detecting flowing water rate and
wind speed.

RESULTS AND DISCUSSION

The structure diagram of the hybridized TENG with
a water wheel structure is shown in Figure 1a, which
consists of two different types of TENGs: one is the
water-TENG and the other is the disk-TENG. The water-
TENG is composed of 8 wheel blades and operates as a
single-electrode-based TENG27,28 to harvest the elec-
trostatic energy from flowing water, in which the elec-
trical channel is formed between the Cu electrode on
each blade and the ground. The disk-TENG is com-
posed by two disks, a back disk and a front disk, and
each disk has 16 segments. The water wheel structure
is assembled using a smooth metal rod as a rotation
axis through the centers of the wheel and the two
disks. The back disk is connected with the wheel, and
the wheel blades are also used to gather the flowing
water force to drive the rotation of the wheel and the
back disk. The front disk is fixed on the rotation axis and
keeps motionless even during the whole process. The
disk-TENG is used to harvest the mechanical energy of
the water, in which the electrical channel is formed
between the Cu electrodes of the two disks. For fabri-

cating the blades, a 100-nm thin Cu film was deposited
on a square polyethylene terephthalate (PET) sheet to
serve as the electrode layer, and then a PTFE film with
nanostructures fabricated by using porous anodic Al
oxide (AAO) as template was attached onto the Cu
electrode using a double-sided tape. The Cu electrodes
of the 8 blades were electrically connected together.
Two poly(methyl methacrylate) (PMMA) sheets were
first processed by laser cutting to form the 16-segment-
structured circle disks as the substrates of the disk-
TENG. For the back disk, a 100-nm thin Cu film was
deposited on one PMMA substrate, and then a PTFE
film with nanostructures was attached onto the Cu
electrode. For the front disk, another 100-nm thin Cu
film was deposited on the other PMMA substrate and
directly used as the contact material. The PTFE layer of
the back disk and the Cu layer of the front disk were
brought to a face-to-face intimate contact to form a
sliding TENG operating at rotation disk mode.25

The surface of PTFE film on the wheel blades of
water-TENG and the back disk of disk-TENG is fully
covered by high-density PTFE nanorods (Figure 1b).
The mean length and diameter of the PTFE nanorods
are 360 and 45 nm from the SEM image displayed in
Figure 1c. The contact angle of the PTFE film is 162�
(Figure 1d), which represents the surface of the PTFE
film is superhydrophobic. The high-density nanorods
covered on the surface will contain trapped air and
reduce the actual contact area between the surface
and water droplets, which causes the superhydropho-
bic ability of the PTFE film. The superhydrophobic
ability on the surface of the wheel blades is a critical
factor for the performance of the water-TENG, which
will be discussed later. In addition, the nanostructures
on the PTFE surface will also increase the effective
contact area of the two tribo-surfaces and enhance the
electrical output of the disk-TENG.21 The photograph of
the prepared hybridized TENG is shown in Figure 1e.

Figure 1. (a) The structure diagram of the hybridized TENG. The structure diagram (b), the SEM image (c), and the contact
angle (d) of the PTFE thin film with nanostructure. (e) The photography of the prepared hybridized TENG.
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It is necessary tomention that wewill place a PET sheet
between thewheel blades of water-TENG and the back
disk of disk-TENG to prevent the disk-TENG from water
when the hybridized TENG is working. However, for the
purpose of clearly showing the whole structure of the
hybridized TENG, the PET sheet here is not shown in
the structure diagram (Figure 1a) and photography
(Figure 1e) of the hybridized TENG.
In our experiment, the tapwater flowing froma com-

mon household faucet was used to drive the hybri-
dized TENG. The working mechanism of the water-
TENG part of the hybridized TENG is schematically
shown in Figures 2a�d. According to our previous
investigation,36 the tap water flowing from the faucet
has positive tribo-charges due to the contact electrifi-
cation between the water and the pipe/air during
its traveling processes, as shown in Figure 2a. As the
flowingwater reaches the blade-1, a positively charged
water film is formed on the PTFE surface of the blade-1,
because of the tribo-charges created between the
water and the water pipe. As a result, a positive
potential difference is created between the Cu elec-
trode of the blade-1 and the ground, which will drive
the electrons to transfer from the ground to the
Cu electrode of the blade-1 and generate a positive
current until the potential difference is decreased to
zero (Figure 2b). Because the flowing water impacted
on the blade-1 will also cause the rotation of wheel,
next the flowing water will contact the blade-2. Then
another positively charged water film will form on the
PTFE surface of the blade-2, and consequently, another
positive potential difference is created between the Cu
electrode of the blade-2 and the ground, attributing
a positive current until the potential difference is
decreased to zero (Figure 2c). After this, the water film
with its positive charges is moving off the PTFE surface
of blade-1 due to the continuous rotation of wheel

blades and superhydrophobic property of the surface.
With the removal of the water film on the blade-1, a
negative potential difference is generated between
the Cu electrode of blade-1 and the ground because
of the negative charges on the Cu electrode, which
drives the electrons to transfer from the Cu electrode
to the ground and generates a negative current until
the potential difference becomes zero, as shown in
Figure 2d. With the continuous rotation of the wheel
blades, the water reaches different blades in se-
quence, and alternative positive and negative currents
are generated with similar processes as shown in
Figure 2c,d. For enhancing the output performance
of the water-TENG, it is required that the water film on
the surface of one blade can be fully removed as the
flowing water reaches the other blades. The super-
hydrophobicity of the PTFE film on the blades plays a
key role for the removal of the water film and enhances
the electrical output of the water-TENG, which will be
demonstrated later.
The working mechanism of the disk-TENG part

of the hybridized TENG is schematically drawn in
Figure 2e�h. In the initial stage, the back disk and
the front disk are fully contacted, and the positive and
negative tribo-charges are generated on the Cu surface
of the front disk and the PTFE surface of the back disk,
respectively, since PTFE has stronger tendency to gain
electrons than Cu in the triboelectric series (Figure 2e).
At this stage, the positive and negative charges are
fully overlapped, and thus, there is no potential differ-
ence between the Cu electrodes of the two disks and
no current is generated. With the rotation of the back
disk, the two disks are partly separated, and a positive
potential difference on the front electrode is formed,
which drives the electrons to flow from the back
electrode to the front electrode and generates a
positive current, as shown in Figure 2f. As the two disks

Figure 2. The working mechanism of the water-TENG part (a�d) and the disk-TENG part (e�h) of the hybridized TENG.
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are fully separated, the induced positive charges on the
back electrode reach theirmaximumvalue, and the net
charges on the front electrode nearly decrease to zero
(Figure 2g). As the back disk continues rotating, the
front electrode begins to get in contact with the PTFE
film of another adjacent segment of the back disk, and
then a negative potential difference is formed on the
front electrode, which drives the electrons to flow from
the front electrode to the back electrode and gener-
ates a negative current, as shown in Figure 2h. Next, the
two disks are fully contacted again, and the induced
charges in the back electrodes are fully flowed to the

front electrode, as shown in Figure 2e. With the further
rotation of the back disk, another cycle similar to the
processes from Figure 2e�h will start.
For measuring the electrical output properties of the

hybridized TENG, the tap water flowing from a house-
hold faucet at a flow rate of 54 mL/s was used to drive
the hybridized TENG, and the vertical distance be-
tween the water outlet of the faucet and the rotation
axis of the hybridized TENG is around 25 cm. The curves
of the open-circuit voltage, Voc, of the water-TENG and
the disk-TENG are shown in Figure 3, panels a and b,
respectively, and their magnification curves are shown

Figure 3. The Voc curves of the water-TENG (a) and the disk-TENG (b). The Isc curves of the water-TENG (c) and the disk-TENG
(d). The dependences of the instantaneouslymaximumpower and power density on the load resistance of thewater-TENG (e)
and the disk-TENG (f). The dependences of the Voc and Isc values on the flowingwater rate of the water-TENG (g) and the disk-
TENG (h).
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in the insets. The Voc values of the water-TENG and
the disk-TENG are around 72 and 102 V, respectively.
The positive Voc value of the water-TENG indicates
the positive tribo-charges in the flowing water from
the household faucet, which is in agreement with our
previous report.36 The curves of the short-circuit cur-
rent (Isc) of the water-TENG and the disk-TENG are
shown in Figure 3, panels c and d, respectively, and
their magnification curves are shown in the insets. The
Isc values of the water-TENG and the disk-TENG are
around 12.9 and 3.8 μA, respectively. By integrating the
absolute values of the Isc curve of the water-TENG, it is
calculated that the collected charge in a unit time is
0.68 μQ/s; therefore, the carried tribo-charge in the
flowing water in a unit time is 0.34 μQ/s, and the
corresponding tribo-charge density in the flowing
water from faucet is 6.3 nQ/mL. The mean interval
time between two positive current peaks of the water-
TENG and the disk-TENG are around 0.03 and 0.015 s,
respectively, and the corresponding output frequen-
cies are 33.3 and 66.7 Hz, respectively. The output
frequency of the TENG with multiple segments can
be expressed by f = nN/60, where n is the number of
the divided segments in the TENG andN is the rotation
speed in a unit of rounds per minute (rpm). According
to this equation, the rotation speed of the hybridized
TENG at a flowing water rate of 54 mL/s is around
249 rpm. Since the two parts of the hybridized TENG
have the same rotation speed and the segment num-
ber of the disk-TENG (16) is two times of magnitude
than that of the water-TENG (8), the output frequency
of the disk-TENG is two times themagnitude of that for
thewater-TENG. Increasing the segment number in the
disk and the blades number in the wheel blades can
increase the output frequency of the disk-TENG and
water-TENG, respectively.
For the water-TENG, the positive and negative cur-

rent peaks correspond to the processes of the forma-
tion and the removal of the positively charged water
film on the blade surface, respectively. As shown in
Figure 3c, the positive current peak of the water-TENG
is remarkably higher than the negative current peak,
which indicates that the removal process of the water
film requires longer time than the formation process. In
the control experiment, the superhydrophobic PTFE
film on the blades was replaced by a hydrophilic nylon
film and a hydrophobic smooth PTFE film without
nanorods to test the effect of the superhydrophobicity
on the output performance of the hybridized TENG.
With the use of a nylon film in the blade surface and
the same experiment conditions, the periodically sharp
current peaks disappear and only some irregular peaks
around 0.4 μA are present (Figure S1a). With the use
of a smooth PTFE film of contact angle about 120� and
the same experiment conditions, the Isc peaks of the
water-TENG decrease about 60% compared to those
using superhydrophobicity PTFE film with nanorods

(Figure S1b). Meanwhile, the Isc curve of the disk-TENG
(Figure S1c) nearly keeps the same as that using the
superhydrophobicity PTFE film with nanorods in the
blades. The comparison results indicate that super-
hydrophobic surface of the blades plays a critical role
for the removal of the water film on the blade surface
and is helpful for enhancing the output performance of
the water-TENG. Since the disk-TENG is design to
harvest the mechanical energy of the flowing water,
its output performance is independent of the hydro-
phobic property of the blades surface.
To investigate the output power of the water wheel

TENG at an external load resistor, the output voltage
and output current of the water-TENG and the disk-
TENG at various load resistances ranging from 100 Ω
to 1 GΩ were measured, and the corresponding out-
put power value at each resistance was calculated
using P = IV. The dependences of the output voltage
and output current of the water-TENG and the disk-
TENG on the load resistance are shown in Figure S2.
Figure 3e,f shows the dependences of the instanta-
neously maximum output power and the correspond-
ing power density (the output power per contact area
of the TENG) of the water-TENG and the disk-TENG,
respectively. For the water-TENG, the instantaneously
maximum power of 0.24 mW appears at a load of
88 MΩ, and the corresponding instantaneously max-
imum power density is 0.59 W/m2. For the disk-TENG,
the instantaneously maximum power of 0.17 mW
appears at a load of 88 MΩ, and the corresponding
instantaneouslymaximumpower density is 0.03W/m2.
The Voc and Isc of the water-TENG and the disk-TENG at
various flowing water rates ranging from 7 to 54 mL/s
were measured. The dependences of Voc and Isc on
the flowing water rate for the water-TENG are shown
in Figure 3g, in which Voc values nearly keep constant
around 72 V for various flow rates, and the Isc value
increases from 4.3 to 12.9 μA as the flowing water
rate increases from 7 to 54 mL/s. The increase of the
Isc is caused by more tribo-charges carried in the
flowing water in a unit time at higher flowing rate.
The dependences of Voc and Isc on the flowing water
rate for the disk-TENG are shown in Figure 3h, in
which Voc values nearly keep constant around 101 V
for various flowing rates, and the Isc value nearly
increases linearly with the flowing water rate. For
TENG operating at the rotation disk mode, the Isc
values will increase linearly with the rotation speed
of the disk, which has been discussed in detail in our
previous report.25 As shown in Figure S3, the rotation
speed of the hybridized TENG increases linearly with
the flowing water rate, which is the reason for the
linear increase of the Isc values of the disk-TENG. This
linear dependence of the Isc value on the flowing
water rate demonstrates its potential application
as a self-powered sensor for detecting flowing
water rate.
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For practical applications in driving LEDs or charging
a capacitor, the electrical outputs of the water-TENG
and the disk-TENG are connected in parallel after they
are converted to pulse output in the same directions by
using two full-wave rectifying bridges, as shown in
the inset of Figure 4a. As the hybridized TENG is driven
by water at a flow rate of 54 mL/s, 20 commercial
green LEDs are lighted up, as shown in Figure 4a. The
hybridized TENG is also demonstrated to charge a
capacitor of 4.7 μF at a flowing water rate of 54 mL/s,
and the voltage curves of the capacitor are shown in
Figure 4b. When the capacitor is charged by the
rectified output of water-TENG and the rectified output
of disk-TENG, respectively, it takes about 596 and 435 s
to charge the capacitor to a voltage of 13 V, respec-
tively. When using the total hybridized TENG, it takes
326 s to charge the capacitor to a voltage of 13 V.
Since the rotation of the wheel blades can also be

driven by wind, the hybridized TENG can be used to
harvest the wind energy, which will further expands its
applications. The wind with various speeds is used to
drive the rotation of the disk-TENG, and the measured
Isc curve of the disk-TENG is shown in Figure 5a. With
the increase of the wind speed, the output frequency
and Isc value remarkably increase. The dependences of
the Voc and Isc values of the disk-TENG on the wind
speed ranging from 1.7 to 15.1 m/s are shown in
Figure 5b, in which the Voc value nearly keeps constant

around 101 V for various wind speeds, and the Isc value
nearly increases linearlywith thewind speed. As shown
in Figure S4, the rotation speed of the disk-TENG
increases linearly with the wind speed, and this causes
the linear increase of the Isc value based on the similar
reason discussed in Figure 3h.25 The linear depen-
dence of the Isc values on the wind speed demon-
strates its potential application as a self-powered
sensor for detecting wind speed. When the hybridized
TENG is used to harvest wind energy, only the disk-
TENG can generate electric energy, and the function of
the wheel blades of the water-TENG is converting the
wind energy to the mechanical rotation motion of the
back disk. In this case, there is no electrical output for
the water-TENG part (shown in Figure S5), because the
flowing water with tribo-charges is a necessary condi-
tion to generate electrical output for the water-TENG.

CONCLUSION

In summary, a water wheel based hybridized TENG,
including a water-TENG and a disk-TENG, has been
developed for simultaneously harvesting the electro-
static andmechanical energies from the flowingwater.
The water-TENG is composed of wheel blades with
superhydrophobic surfaces covered by the PTFE nano-
structures, which operate as single-electrode-based
TENG to harvest the electrostatic energy from water.
The disk-TENG is composed of two disks, and one disk

Figure 5. The Isc curve at variouswind speeds (a) and the dependences ofVoc and Isc values onwind speed (b) of the disk-TENG
when it is driven by wind.

Figure 4. (a) The photography of 20 commercial LED bulbs driven by the hybridized TENG at a flowing water rate of 54 mL/s,
and inset shows the diagramof the rectifying circuit. (b) Themeasured voltage of a 4.7 μF capacitor chargedby the hybridized
TENG and a single part of the hybridized TENG at a flowing water rate of 54 mL/s.

A
RTIC

LE



CHENG ET AL. VOL. 8 ’ NO. 2 ’ 1932–1939 ’ 2014

www.acsnano.org

1938

rotates together with the wheel blades under the
impact of flowing water, which operates as a rotation
disk mode TENG to harvest the mechanical energy
from water. At a flowing water rate of 54 mL/s, the
open-circuit voltage of the water-TENG and the disk-
TENG is around 72 and 102 V, respectively, their short-
circuit current is around 12.9 and 3.8 μA, respec-
tively, and their instantaneously maximum power
density is 0.59 and 0.03 W/m2, respectively. We also

demonstrated that the hybridized TENG can be used to
harvest energy from wind. The short-circuit current of
the disk-TENG is linearly proportional to the flowing
water rate and the wind speed, which shows the
potential applications of the hybridized TENG as self-
powered sensors for detecting flowing water rate and
wind speed. The hybridized TENG provides a novel
approach to harvest multiple types of energies from
the environment.

METHODS
Fabrication of the Nanostructured PTFE Film. First, microstructures

were fabricated by blasting an Al foil with sand particles using
compressed air. The sand-blasted Al foil was further anodizing
in a 0.3M oxalic acid solution to obtain an anodic Al oxide (AAO)
template with nanometer-sized holes. The SEM image of the
AAO template is shown in Figure S6, and the average diameter
of the holes in the AAO template is about 45 nm. Then the PTFE
solution was poured into the AAO template and a conventional
vacuum process was applied to remove the air remaining in the
nanoholes. After the curing at ambient temperature for one day,
the solvent was evaporated and leaved a PTFE thin film with
nanostructures. Finally, the PTFE thin film was peeled off from
the AAO template using a double-sided tape.

Fabrication of the TENG. First, the PMMA sheet (thickness of
3 mm) and the PET sheet (thickness of 0.5 mm) were processed
by laser cutting (PLS6.75, Universal Laser Systems) to serve as
the substrates of the two disks and the eight blades, respec-
tively. And then, the Cu films of thickness of 100 nm were
deposited on these substrates by e-beamevaporator. After that,
the PTFE films with nanostructures were attached on the blades
and one disk using double-sided tape. A smooth metal rod was
used as a rotation axis to assemble the hybridized TENG
through the centers of the wheel blades and the two disks.
The back disk and the wheel blades were connected to each
other and rotated together. The front disk was fixed on the
rotation axis, and kept motionless as the back disk rotated. A
screw behind the back disk was used to adjust the distance
between the two disks. The closer contact can induce higher
effective contact area, tribo-charge density, Voc, and Isc, while
largely increasing the rotation resistance between the twodisks.
In our experiment, the twodisksweremoderately contacted in a
low rotation resistance status.

Electric Output Measurement of TENG. In the electric output
measurement of the hybridized TENG, the flowing water from
a household faucet or the wind from the compressed air with a
flow rate controller was used to drive the rotation of the blades'
wheel and the back disk. The current meter (SR570 low noise
current amplifier, Stanford Research System) and voltage meter
(6514 system electrometer, Keithley) were used to measure the
electric outputs of the TENG.
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