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Highlights

e A hybrid generator including contact—separation-mode triboelectric nanogenerators (CS-TENGs) and rotary free-
standing-mode electromagnetic generators (RF-EMGs) with the potential to harvest water flow-based blue energy from

the environment was designed.

e The magnet pairs that produce attraction were used to achieve packaging of the CS-TENGs part, protecting it from

being affected by the ambient environment.

e In addition to powering light-emitting diodes, the generator can charge commercial capacitors and use the stored energy

to power an electronic water thermometer.

Abstract Progress has been developed in harvesting low-
frequency and irregular blue energy using a triboelectric—
electromagnetic hybrid generator in recent years. However,
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the design of the high-efficiency, mechanically durable
hybrid structure is still challenging. In this study, we report
a fully packaged triboelectric—electromagnetic hybrid
generator (TEHG), in which magnets were utilized as the
trigger to drive contact—separation-mode triboelectric
nanogenerators (CS-TENGs) and coupled with copper coils
to operate rotary freestanding-mode electromagnetic gen-
erators (RF-EMGs). The magnet pairs that produce
attraction were used to transfer the external mechanical
energy to the CS-TENGs, and packaging of the CS-TENG
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part was achieved to protect it from the ambient environ-
ment. Under a rotatory speed of 100 rpm, the CS-TENGs
enabled the TEHG to deliver an output voltage, current,
and average power of 315.8 V, 44.6 nA, and ~ 90.7 uW,
and the output of the RF-EMGs was 0.59 V, 1.78 mA, and
79.6 uW, respectively. The cylinder-like structure made
the TEHG more easily driven by water flow and demon-
strated to work as a practical power source to charge
commercial capacitors. It can charge a 33 pF capacitor
from O to 2.1 V in 84 s, and the stored energy in the
capacitor can drive an electronic thermometer and form a
self-powered water-temperature sensing system.

Keywords Triboelectric nanogenerator - Electromagnetic
generator - Hybrid generator - Water flow - Power source

1 Introduction

Much effort has been made to meet the huge energy
demand of modern society while minimizing environ-
mental cost [1]. Widely distributed water kinetic energy is
an abundant source for large-scale applications and is much
less dependent on seasonality, day—night, weather, and
temperature variations [2—4]. Especially in the form of
water flow, it contains a gigantic reserve of kinetic energy,
but is hardly utilized in an effective way [5-7]. Recently,
triboelectric nanogenerators (TENGs) have emerged as a
powerful technology for harvesting low-frequency
mechanical energy with characteristics including light-
weight, low cost, and wide selection of materials [8—13].
More improvements have been made in the use of TENGs
to achieve a human-machine interface [14, 15]. Essen-
tially, TENGs demonstrate much better output performance
than that of traditional electromagnetic generators (EMGs)
at low frequency (typically 0.1-3 Hz), which confirms the
possible application of TENGs for harvesting irregular and
low-frequency motion energy such as that from water flow
[16, 17]. How to use this novel technology to achieve
energy collection and conversion attracts much attention.
The original idea of using TENGs for water wave energy
was proposed by the liquid—solid electrification-enabled
process. During the submerging and surfacing process due
to traveling water waves, current flows between the elec-
trodes to screen the charges on the triboelectric layer of the
TENG, thereby producing electric power [18-20]. How-
ever, the output performance decreases dramatically to
almost zero at a high ion concentration in a real water
environment owing to the streaming potential theory
[21-23]. An additional strategy was put forward involving a
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freestanding, fully enclosed TENG that packs a rolling ball
in its interior to form a rocking spherical shell [24-27].
Later on, various designs based on the hybridization of
TENGs and EMGs were developed [28-31]. The magnet
pairs of EMGs produce the noncontact attractive force that
enables the fully enclosed packaging of the TENG part,
protecting it from the ambient environment. Meanwhile, the
complementary outputs can be hybridized and maximized
in a broad frequency range. Nevertheless, these hybrid
generators are still in the development stage for water flow
energy collection, and more research is highly desired to
optimize their structure and improve their performance
toward practical applications.

In this work, we present the design of a hybrid generator
based on contact—separation-mode TENGs (CS-TENGS) in
conjunction with rotary freestanding-mode EMGs (RF-
EMGs). Five CS-TENGs were initially fixed in an enclosed
cylinder to isolate the impact of water. Relying on the
attraction force between the magnets, two triboelectric
layers of the CS-TENG contact and separate periodically
during the rotation process. The device durability is greatly
enhanced with respect to that of TENGs based on the
sliding mode. This ingenious design combines the output
feature of both CS-TENGs and RF-EMGs at different
rotation speeds. Remarkably, compared with other struc-
tures, the cylinder-like structure is easier to be driven by
water flow. Water flow impacts the impeller, allowing the
device to rotate at a steady rate. Furthermore, the device
was installed in a turbulent place to directly power LEDs
and clearly demonstrated a higher output from the CS-
TENGs at low frequency and from the RF-EMGs at high
frequency. As a demo, it can also charge commercial
capacitors and use the stored energy to power an electronic
water thermometer.

2 Experimental Section

2.1 Fabrication of Nanowire Array
on Polytetrafluoroethylene Surface

The nanowire array was created on a polytetrafluo-
roethylene (PTFE) surface by a one-step plasma reactive
ion etching process reported previously. The PTFE films
were cleaned with alcohol, isopropyl alcohol, and deion-
ized water successively and then dried in an oven at 50 °C.
A thin layer of Cu film was deposited on the cleaned PTFE
surface by sputtering. Then, inductively coupled plasma
(ICP) etching was utilized to produce aligned nanowire-
like structures on the surface. Specifically, Ar, O,, and CF,
gases were added in the ICP chamber with flow ratios of
15.0, 10.0, and 30.0 sccm, respectively. A power of 400 W
was used for plasma generation, and a power of 100 W was
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used for accelerating the plasma ions. The PTFE film was
etched for 6 min to obtain the nanowire-like structures.

2.2 Assembly of the Hybrid Generator

First, two acrylic sheets with a size of 40 x 40 mm? were
shaped by a laser cutter as the substrates and a thin Al foil
(40 x 40 mm?) was then attached to the top substrate as
the top electrode, and a thin Al foil of the same size was
attached to the bottom substrate. The surface of the Al foil
was covered by the PTFE film. The nanostructures were
fabricated on the surface of the PTFE film by ICP etching.
In an RF-EMG unit, a coil was inserted between two
magnets. Two acrylic cylinders with the same width but
different diameters were sheathed and fixed together on
two acrylic disks to form a closed space. Five coils were
arranged on the outer surface of the smaller acrylic cylinder
at equal spacings. Next, a CS-TENG was fixed on each
coil. Then, a magnet was fixed at the top of each CS-
TENG. The closed space contained the CS-TENG part and
the stator part of the RF-EMG. A thin acrylic tube passed
through the center of the closed cavity and was connected
to it via two bearings. Five magnets were equally spaced
and arranged in the middle of the tube, and two impellers
were distributed at both ends of the tube.

2.3 Electrical Measurement

The surface morphology of the PTFE thin film was char-
acterized by scanning electron microscopy (SEM, FEI Co.,
model Quanta-200). The output voltage signal and the
output current signal were acquired via a programmable
electrometer (Keithley model 6514). The software platform
was constructed using LabVIEW and was capable of
realizing real-time data collection and analysis. A rotating
motor (86BYG250D, MA860H) was applied to drive the
device to rotate.

3 Results and Discussion

The proposed TEHG is a fully integrated device composed
of five CS-TENGs and the corresponding RF-EMGs, as
schematically illustrated in Fig. 1a. For typical CS-TENGs,
two acrylic sheets were shaped by the laser cutter as the
double-layered acrylic substrates. A thin Al foil was
attached to the top acrylic substrate, and another thin Al
foil with the same size was attached to the bottom sub-
strate. After connecting the Cu wires with two electrodes, a
PTFE film covered the surface of the bottom Al foil as a
triboelectric layer and a CS-TENG was obtained (Fig. 1b).
To enhance the electric output of the CS-TENG, nanowires
with a diameter and length of ~ 100 and ~ 250 nm,

respectively, were fabricated on the surface of the PTFE
film by ICP etching, providing a large contact area to
generate more triboelectric charges (Fig. 1c). For the RF-
EMGs, a copper synclastic twined coil was placed between
two magnets, forming a sandwich structure (Fig. 1d). The
photograph of a typical as-fabricated device is shown in
Fig. le. For convenience of demonstration, the framework
of the whole unit was constructed using transparent acrylic
materials. A pair of concentric cylinders was sheathed and
fixed together on two disks to form a closed space that
could hold five CS-TENGs. Five coils were arranged on the
outer surface of the smaller acrylic cylinder at equal
spacings. Then, a CS-TENG was fixed on each coil and a
magnet was fixed on the top of each CS-TENG. The closed
space contained the CS-TENG part and the stator part of
the RF-EMG. A thin acrylic tube passed through the center
of the closed cavity and was connected to it through two
bearings. Five magnets were equally spaced and arranged
in the middle of the tube, and two impellers were dis-
tributed at both ends of the tube. These rotary magnets
worked as a rotary trigger for the CS-TENGs and as a
rotator for the RF-EMGs. When the impellers were rotat-
ing, owing to the attractive force produced by the magnet
pairs, the magnet pairs periodically approached (Fig. 1f)
and separated (Fig. 1g), causing both the periodic trigger of
the CS-TENGs and magnetic flux changes in the copper
coils to produce the electrical output. The linkage mecha-
nism of the triboelectric—electromagnetic hybrid generator
is shown in Fig. S1. In virtue of the rotation of the two
impellers under flowing water, water flow energy can be
converted into electric energy.

The electric energy produced by the TEHG consists of
two parts, one part from the CS-TENG and another from
the RF-EMG, as schematically depicted in Fig. 2. Herein,
two-dimensional schematic illustrations of the current and
charge distribution of the CS-TENG and the magnetic flux
of the RF-EMG are employed to elucidate the working
mechanism of the minimum functional unit. The working
mechanism of the CS-TENG, which can be referred to as a
common contact-separation-mode TENG, is based on the
coupling between contact electrification and electrostatic
induction [32-36]. Under external triggering, such as the
water flow impact, the impellers begin to rotate, driving the
magnets to move together. Then, the PTFE film periodi-
cally contacts and separates from the Al foil. To simplify
the description, we named the rotary magnet as the upper
magnet and the stationary magnet as the bottom magnet.
Initially, when the upper magnet is fully misaligned with
the bottom magnet, the two magnets are far apart, resulting
in a weak magnetic field between them (Fig. 2a). With
further rotation of the upper magnet, the two surfaces are
close to each other, but there is still no charge transfer
(Fig. 2b). When the upper magnet is aligned with the
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Fig. 1 Structure of the triboelectric—electromagnetic hybrid generator (TEHG). a Schematic illustration of the as-fabricated TEHG, which
consists of five contact—separation-mode triboelectric nanogenerators (CS-TENGs) and five rotary freestanding-mode electromagnetic generators
(RF-EMGs). Detailed schematic illustration of b a CS-TENG and d a RF-EMG. ¢ SEM image of the polymer nanowires on the PTFE film (scale
bar: 1 pm). e Tilted-view photograph of an as-fabricated TEHG (scale bar: 3 cm). Cross-sectional view of the TEHG f when the rotary magnets
are aligned with copper coils and g when the rotary magnets gradually move away
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Fig. 2 Schematics of the operating principle of the TEHG. a Initial state. b Current generation process of the RF-EMG. ¢ The rotary magnet is
aligned to copper coil. d The rotary magnet gradually moves away. e The CS-TENG completely recovers its shape. f Another magnet approaches

the CS-TENG unit

bottom magnet, the attractive force between the two
magnets is applied to the CS-TENG, which brings the
PTFE film into contact with the Al foil, and charge transfer
occurs at the contact interfaces. According to the static
charge triboelectric series, PTFE is much more triboelec-
trically negative than Al, and thus, the electrons are
injected from the Al into the PTFE, generating positive
tribocharges on the Al and negative ones on the PTFE
(Fig. 2¢). If the upper magnet gradually moves away, the
elasticity of the Kapton film will lead to a separation
between the PTFE and the Al. Afterward, electrical
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potential difference is created between the two electrodes,
resulting in an instantaneous current attributed to the
electron flow from the bottom electrode to the top electrode
(Fig. 2d). Then, the CS-TENG completely recovers its
shape and the negative tribo-charges are almost totally
neutralized by the inductive positive charges (Fig. 2e).
When another magnet approaches the CS-TENG unit, the
two triboelectric layers get close to each other again, and
the transferred charges flow back to the surface of the top
electrode, forming a reverse current (Fig. 2f). When the
two surfaces are in full contact, as depicted in Fig. 2c, a
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cycle of the electricity generation process of the CS-TENG
is completed. Obviously, the rotary magnet can not only
trigger the CS-TENG through the change of the contact—
separation state, but can also trigger the RF-EMG through
the change of the magnetic flux in the coil. For the RF-
EMG unit, it is based on Faraday’s law of electromagnetic
induction [37—40]. When a permanent magnet moves from
state a to state b, the magnetic flux crossing the copper coil
will increase until it reaches a maximum. Similarly, the
magnetic flux crossing the copper coil decreases from state
c to state e. When the device rotates, the RF-EMG enables
the delivery of an alternating current through a periodic
change of the magnetic flux in the coil, which is monitored
in the external circuit.

The electrical output performances of the CS-TENG and
RF-EMG, including open-circuit voltages (V,.), short-cir-
cuit currents (/,.), and average power, are shown in Fig. 3.
A rotary motor that can produce rotating motion at a fixed
speed was employed to drive the rotating shaft of the
device. The measurements were taken using a speed from
20 to 100 rpm according to the inherently low and variable
rate of water flow, which is very critical for practical
application. The voltage and current output of five RF-
EMGs connected in series at five speeds are plotted in
Fig. 3a. It was found that the V,, increases from ~ 0.15 to
0.59 V as the rotation speed increases, while the current
also increases from ~ 0.39 to 1.78 mA. For five CS-
TENGSs connected in parallel, V,. keeps a constant peak

value of ~ 315.8 V, while I, increases proportionally
from ~ 24.5 to ~ 44.6 pA, as displayed in Fig. 3b. The
transferred charges (Qy.) of five parallel CS-TENGs under
different rotation speeds are displayed in Fig. S2. Figure S3
shows that less than £ 10% of electrical output fluctuation
was observed after continuous operation for 30,000 cycles
(with a fixed rotation speed of 50 rpm for 10 h), demon-
strating the robustness and stability of the device. Com-
parisons with a similar hybrid generator combining TENGs
and EMGs for harvesting blue energy are listed in
Table S1. The dependence of the output current of the
TEHG on the rotation speed is shown in Fig. 3c. At first,
the output current of the CS-TENGs increases rapidly with
increasing rotation speed and then it is gradually saturated.
Afterward, it begins to decline and finally decreases to
almost zero. It is worth noting that when the rotation speed
exceeds a large value, the two triboelectric layers cannot
contact each other. However, the tendency of the current of
the RF-EMG:s is totally different. Initially, the current of
the RF-EMGs remains stable at a low output stage and then
rises rapidly. The results indicate that the different output
trends play complementary roles to each other. The cor-
responding average power of the RF-EMGs is displayed in
Fig. 3d. The average power is maximized at an external
load of ~ 318 Q for all rotation rates, and the corre-
sponding maximum power is ~ 3.9, 13.8, 29.7, 52.6, and
79.6 uW. The optimized average power density of the RF-
EMGs is proportional to the square of the rotation speed
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Fig. 3 Electrical output performance of each functional component of the TEHG. V. and . of a five RF-EMGs connected in series and b five
CS-TENGs connected in parallel at a rotation speed ranging from 20 to 100 rpm. ¢ Dependence of the output current on the rotation rate of the
TEHG. Dependence of the average power of d the RF-EMGs and e the CS-TENGs on the external load resistances. f The words “TENG” and

“EMG”, made up from LEDs, were lighted (scale bar: 5 cm)
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(~ 0.11 to ~ 2.25 pW cm2). The low output is mainly
attributed to the low speed of the magnets. It can be
enhanced by increasing the number of coils or the strength
and number of the magnets, or by improving the rotational
speed. Figure 3e displays the average power of the CS-
TENGs as a function of external load at five rotation
speeds. Unlike the RF-EMGs, the external resistance that
corresponds to the maximum power varies with the rotation
speed. The maximum average power equals to 32.9, 51.2,
68.2, 73.1, and 90.7 uW. The optimized average power
density of the CS-TENGs is proportional to the rotation
speed (~ 0.41 to ~ 1.13 uW crn*z). However, the CS-
TENGs have a lower output compared to some reported
similar devices. The possible reason for this low output
may be that the attraction between the magnets is not large
enough, which may result in insufficient contact between
the surfaces of the two dielectric materials. On the one
hand, we can increase the number of magnets appropriately
and shorten the distance between the magnets to increase
the output. On the other hand, we can choose better
dielectric materials for the TENGs. To demonstrate a
practical application of the TEHG powering external loads,
a high-pressure water gun was employed to simulate the
water flow in the laboratory. By regulating the water
pressure, the velocity of the water flow can be switched
between high speed and low speed. To directly exhibit the
results, we connected some green LEDs in series with the
CS-TENGs and some blue LEDs in parallel with the RF-
EMGs. Figure S4 shows the circuit diagram of the device
with five CS-TENG units and five RF-EMG units to power
the LEDs. A photograph of the experimental setup is
shown in Fig. 3f. As the water flow passed by, the
tremendous impact of the water acted as a power source to
drive the device. When the water pressure was small, only
the word “TENG” made up of LEDs was lit up. Because
the voltage of the EMG cannot exceed the threshold volt-
age of the LEDs, the word “EMG” could not be lit up
(Supporting Movie S1). Once the water pressure was large
enough, the two components could supply power to the
LEDs together (Supporting Movie S2). Based on the device
configuration, we can effectively utilize the output of the
two parts, whether the water flow is violent or gentle.
The efficient usage of the generated energy by the
TEHG is distinctly different at different rotation speeds. To
further evaluate and compare the overall energy output
capability of the RF-EMGs and CS-TENGs, a series of
experiments and demonstrations were performed, as shown
in Fig. 4. The figure depicts the charging voltage curves of
the commercial capacitor used for the CS-TENG, RF-
EMG, and TEHG. With a full bridge rectifier, the voltage
of a 33 pF capacitor can be charged by the RF-EMGs,
which was measured at speeds ranging from 20 to 100 rpm,
as shown in Fig. 4a. Theoretically, there should be a
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positive correlation between the speeds and the voltage of
capacitor. However, at low speeds, such as 20 and 40 rpm,
the voltage across the capacitor is 0. A ~ 0.2 V voltage
drop is required to trigger a full-wave bridge rectifier. The
saturation voltage of the RF-EMGs is limited by the low
rotation speed. Consequently, the low voltage output pro-
duced by the RF-EMGs can hardly be stored inside a
capacitor at a low rotation speed (< 40 rpm). At relatively
high speeds, the capacitor enables us to obtain the voltage
shown in the corresponding curves. For the CS-TENGs, the
charging voltage as a function of the charging time was
measured by a voltage meter and is shown in Fig. 4b. The
CS-TENGS can charge a 33 F capacitor to 2.87 V in about
99 s at a speed of 100 rpm. Recently, a designed charging
cycle has been reported to achieve much more effective
energy storage with improved charging rate and enhanced
energy storage efficiency [41]. Alternatively, the charging
rate can also be improved greatly through a power man-
agement circuit board [42]. In summary, the charging
efficiency can be greatly enhanced through the designed
charging cycle and a power management system. The
dependence of the rectified current on the rotation speed of
the CS-TENGs is presented in Fig. S5. For more efficient
energy harvesting and storage, the two parts of the CS-
TENGs and RF-EMGs can be combined. Additionally, an
integrated system including the electricity generation,
rectification, and storage was developed. The charging
voltage curves of a capacitor using the TEHG are plotted in
Fig. 4c, d. The figure shows that the charging characteris-
tics heavily depend on the inherent output performance of
the RF-EMG and CS-TENG. The output voltage determi-
nes the final charging level, whereas the output current
determines the charging speed. We simulated two different
working conditions and defined the working state under
40 rpm as the low-speed state. Only the output voltage of
the CS-TENGs contributes to the voltage rise of the
capacitor. Owing to the high output voltage and low output
current of the CS-TENG, the capacitor can be charged up
to the maximum open-circuit voltage with a long charging
time. Similarly, operation at 100 rpm was regarded as the
high-speed state. The voltage of the capacitor was rapidly
saturated within a short charging time, and then the
capacitor could be charged continuously by the CS-TENGs
to a higher voltage. The voltages of the capacitors at both
speed states rose to ~ 2.1 V, but the high speed required
less time. As a result, the faster the device runs, the more
efficient the energy harvesting and storage will be. A
commercial water thermometer can be easily powered by
the TEHG as a demo. The circuit diagram and a pho-
tograph of the working process of the self-powered water-
temperature sensing system are shown in Fig. 4e, f. The
temperature of the water can be recorded and visualized
through a liquid crystal display until the thermometer
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Fig. 4 Distinctive and combined performances of the RF-EMG and CS-TENG. Measured voltages of a 33 pF capacitor charged by a the RF-
EMGs and b the CS-TENGs at a rotation speed ranging from 20 to 100 rpm. Measured voltages of a 33 pF commercial capacitor charged by the
TEHG under two different working conditions: ¢ at 40 rpm and d at 100 rpm. The inset shows the circuit diagrams. e Circuit diagram of a self-
powered water-temperature sensing system. f Photograph of the self-powered water-temperature sensing system, including the TEHG, rectifier,

capacitors, and electronic thermometer (scale bar: 4 cm)

automatically turns off, once the voltage of the capacitors
is too low; then, the capacitors begin to recharge. The
above energy supply process for a thermometer with
specific power consumption requirements is very repre-
sentative. Most sensors in unattended water-monitoring
systems have an intermittent operating mode to collect or
send data and require discontinuous high-power con-
sumption. The above concept and design can offer a fea-
sible power solution for long-term, wide-area, in situ, real-
time monitoring of water parameters and be a favorable
power choice, particularly in closed environments.

4 Conclusion

In summary, we have designed and demonstrated a hybrid
generator including CS-TENGs and RF-EMGs with the
potential to harvest water flow-based blue energy from the
environment. The output performance of the CS-TENGs
and RF-EMGs was measured under the regular action of
the rotary motor, and the key concept and design of our
device are to combine the two generators together. Thus,
the CS-TENG can harvest low-frequency energy, whereas
the RF-EMG produces larger output in a high-frequency
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range. The generated output from the RF-EMGs can reach
a peak voltage of 0.59 V and a peak current of 1.78 mA at
100 rpm. For the CS-TENGs, an output voltage and current
of 315.8 V and 44.6 pA, respectively, were achieved at
100 rpm, demonstrating the applicability of the generator
in a real environment. Moreover, although the CS-TENGs
can directly drive a series of LEDs at low or high rates, the
RF-EMGs can only light up all the LEDs at high rates. The
magnet pairs that produce the attraction force are used to
achieve packaging of the CS-TENG part, protecting it from
the external environment. The rectified outputs have also
been demonstrated to charge commercial capacitors, whose
stored energy can power an electronic thermometer in a
self-powered water-temperature sensing system.

Acknowledgements The work was funded by Natural Science Foun-
dation of China (NSFC) (Grant No. U1432249), the National Key R&D
Program of China (Grant 2017YFA0205002), and the Priority Aca-
demic Program Development of Jiangsu Higher Education Institutions
(PAPD). This is also a project supported by Collaborative Innovation
Center of Suzhou Nano Science & Technology. Dr. Z. Wen thanks the
support from China Postdoctoral Science Foundation (2017M610346),
Natural Science Foundation of Jiangsu Province of China
(BK20170343), and Nantong Municipal Science and Technology
Program. Dr. Yina Liu thanks the support from Jiangsu University
National Science Research Program (16KJB110021).

Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://crea
tivecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a
link to the Creative Commons license, and indicate if changes were
made.

References

1. C.Zhou, Y. Yang, N. Sun, Z. Wen, P. Cheng et al., Flexible self-
charging power units for portable electronics based on folded
carbon paper. Nano Res. (2018). https://doi.org/10.1007/s12274-
018-2018-8

2. A. Ahmed, Z. Saadatnia, I. Hassan, Y. Zi, Y. Xi, X. He, J. Zu,
Z.L. Wang, Self-powered wireless sensor node enabled by a
duck-shaped triboelectric nanogenerator for harvesting water
wave energy. Adv. Energy Mater. 7(7), 1601705 (2016). https://
doi.org/10.1002/aenm.201601705

3. U. Khan, S.-W. Kim, Triboelectric nanogenerators for blue
energy harvesting. ACS Nano 10(7), 6429-6432 (2016). https://
doi.org/10.1021/acsnano.6b04213

4. Y. Liu, N. Sun, J. Liu, Z. Wen, X. Sun, S.-T. Lee, B. Sun,
Integrating a silicon solar cell with a triboelectric nanogenerator
via a mutual electrode for harvesting energy from sunlight and
raindrops. ACS Nano 12(3), 2893-2899 (2018). https://doi.org/
10.1021/acsnano.8b00416

5. Z.L. Wang, T. Jiang, L. Xu, Toward the blue energy dream by
triboelectric nanogenerator networks. Nano Energy 39, 9-23
(2017). https://doi.org/10.1016/j.nanoen.2017.06.035

6. J. Chen, J. Yang, Z. Li, X. Fan, Y. Zi et al., Networks of tribo-
electric nanogenerators for harvesting water wave energy: a

@ Springer

10.

11.

12.

13.

14.

15.

16.

17.

19.

20.

21

potential approach toward blue energy. ACS Nano 9(3),
3324-3331 (2015). https://doi.org/10.1021/acsnano.5b00534

. Y. Yao, T. Jiang, L. Zhang, X. Chen, Z. Gao, Z.L. Wang,

Charging system optimization of triboelectric nanogenerator for
water wave energy harvesting and storage. ACS Appl. Mater.
Interfaces 8(33), 21398-21406 (2016). https://doi.org/10.1021/
acsami.6b07697

. F.-R. Fan, Z.-Q. Tian, Z.L. Wang, Flexible triboelectric genera-

tor. Nano Energy 1(2), 328-334 (2012). https://doi.org/10.1016/j.
nanoen.2012.01.004

. Z.L. Wang, On maxwell’s displacement current for energy and

sensors: the origin of nanogenerators. Mater. Today 20(2), 74-82
(2017). https://doi.org/10.1016/j.mattod.2016.12.001

Z.L. Wang, J. Chen, L. Lin, Progress in triboelectric nanogen-
erators as a new energy technology and self-powered sensors.
Energy Environ. Sci. 8(8), 2250-2282 (2015). https://doi.org/10.
1039/C5EE01532D

Q. Shen, X. Xie, M. Peng, N. Sun, H. Shao, H. Zheng, Z. Wen, X.
Sun, Self-powered vehicle emission testing system based on
coupling of triboelectric and chemoresistive effects. Adv. Funct.
Mater. 28(10), 1703420 (2017). https://doi.org/10.1002/adfm.
201703420

Z. Wen, Q. Shen, X. Sun, Nanogenerators for self-powered gas
sensing. Nano-Micro Lett. 9(4), 45 (2017). https://doi.org/10.
1007/340820-017-0146-4

X. Xie, Z. Wen, Q. Shen, C. Chen, M. Peng et al., Impedance
matching effect between triboelectric nanogenerator and
piezoresistive pressure sensor induced self-powered weighing.
Adv. Mater. Technol. (2018). https://doi.org/10.1002/admt.
201800054

X. Pu, H. Guo, J. Chen, X. Wang, Y. Xi, C. Hu, Z.L. Wang, Eye
motion triggered self-powered mechnosensational communica-
tion system using triboelectric nanogenerator. Sci. Adv. 3(7),
e1700694 (2017). https://doi.org/10.1126/sciadv.1700694

J. Chen, X. Pu, H. Guo, Q. Tang, L. Feng, X. Wang, C. Hu, A
self-powered 2d barcode recognition system based on sliding
mode triboelectric nanogenerator for personal identification.
Nano Energy 43, 253-258 (2018). https://doi.org/10.1016/j.
nanoen.2017.11.028

Y. Zi, H. Guo, Z. Wen, M.-H. Yeh, C. Hu, Z.L.. Wang, Harvesting
low-frequency (< 5 hz) irregular mechanical energy: a possible
killer application of triboelectric nanogenerator. ACS Nano
10(4), 4797-4805 (2016). https://doi.org/10.1021/acsnano.
6b01569

C. Zhang, W. Tang, C. Han, F. Fan, Z.L.. Wang, Theoretical
comparison, equivalent transformation, and conjunction opera-
tions of electromagnetic induction generator and triboelectric
nanogenerator for harvesting mechanical energy. Adv. Mater.
26(22), 3580-3591 (2014). https://doi.org/10.1002/adma.
201400207

. Z.-H. Lin, G. Cheng, L. Lin, S. Lee, Z.L. Wang, Water—solid

surface contact electrification and its use for harvesting liquid-
wave energy. Angew. Chem. Int. Edit. 125(48), 12777-12781
(2013). https://doi.org/10.1002/ange.201307249

G. Zhu, Y. Su, P. Bai, J. Chen, Q. Jing, W. Yang, Z.L. Wang,
Harvesting water wave energy by asymmetric screening of
electrostatic charges on a nanostructured hydrophobic thin-film
surface. ACS Nano 8(6), 6031-6037 (2014). https://doi.org/10.
1021/nn5012732

X.J. Zhao, J.J. Tian, S.Y. Kuang, H. Ouyang, L. Yan, Z.L. Wang,
Z. Li, G. Zhu, Biocide-free antifouling on insulating surface by
wave-driven triboelectrification-induced potential oscillation.
Adv. Mater. Interfaces 3(17), 1600187 (2016). https://doi.org/10.
1002/admi.201600187

. F.H.J. van der Heyden, D.J. Bonthuis, D. Stein, C. Meyer, C.

Dekker, Electrokinetic energy conversion efficiency in


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s12274-018-2018-8
https://doi.org/10.1007/s12274-018-2018-8
https://doi.org/10.1002/aenm.201601705
https://doi.org/10.1002/aenm.201601705
https://doi.org/10.1021/acsnano.6b04213
https://doi.org/10.1021/acsnano.6b04213
https://doi.org/10.1021/acsnano.8b00416
https://doi.org/10.1021/acsnano.8b00416
https://doi.org/10.1016/j.nanoen.2017.06.035
https://doi.org/10.1021/acsnano.5b00534
https://doi.org/10.1021/acsami.6b07697
https://doi.org/10.1021/acsami.6b07697
https://doi.org/10.1016/j.nanoen.2012.01.004
https://doi.org/10.1016/j.nanoen.2012.01.004
https://doi.org/10.1016/j.mattod.2016.12.001
https://doi.org/10.1039/C5EE01532D
https://doi.org/10.1039/C5EE01532D
https://doi.org/10.1002/adfm.201703420
https://doi.org/10.1002/adfm.201703420
https://doi.org/10.1007/s40820-017-0146-4
https://doi.org/10.1007/s40820-017-0146-4
https://doi.org/10.1002/admt.201800054
https://doi.org/10.1002/admt.201800054
https://doi.org/10.1126/sciadv.1700694
https://doi.org/10.1016/j.nanoen.2017.11.028
https://doi.org/10.1016/j.nanoen.2017.11.028
https://doi.org/10.1021/acsnano.6b01569
https://doi.org/10.1021/acsnano.6b01569
https://doi.org/10.1002/adma.201400207
https://doi.org/10.1002/adma.201400207
https://doi.org/10.1002/ange.201307249
https://doi.org/10.1021/nn5012732
https://doi.org/10.1021/nn5012732
https://doi.org/10.1002/admi.201600187
https://doi.org/10.1002/admi.201600187

Nano-Micro Lett. (2018) 10:54

Page 9 of 9 54

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

nanofluidic channels. Nano Lett. 6(10), 2232-2237 (2006).
https://doi.org/10.1021/n10615241

K. Liu, T. Ding, X. Mo, Q. Chen, P. Yang, J. Li, W. Xie, Y.
Zhou, J. Zhou, Flexible microfluidics nanogenerator based on the
electrokinetic conversion. Nano Energy 30, 684-690 (2016).
https://doi.org/10.1016/j.nanoen.2016.10.058

Y. Yang, N. Sun, Z. Wen, P. Cheng, H. Zheng et al., Liquid-
metal-based super-stretchable and structure-designable tribo-
electric nanogenerator for wearable electronics. ACS Nano 12(2),
2027-2034 (2018). https://doi.org/10.1021/acsnano.8b00147

Q. Shi, H. Wang, H. Wu, C. Lee, Self-powered triboelectric
nanogenerator buoy ball for applications ranging from environ-
ment monitoring to water wave energy farm. Nano Energy 40,
203-213 (2017). https://doi.org/10.1016/j.nanoen.2017.08.018
X. Wang, S. Niu, Y. Yin, F. Yi, Z. You, Z.L. Wang, Triboelectric
nanogenerator based on fully enclosed rolling spherical structure
for harvesting low-frequency water wave energy. Adv. Energy
Mater. 5(24), 1501467 (2015). https://doi.org/10.1002/aenm.
201501467

Y. Yang, H. Zhang, R. Liu, X. Wen, T.-C. Hou, Z.L.. Wang, Fully
enclosed triboelectric nanogenerators for applications in water
and harsh environments. Adv. Energy Mater. 3(12), 1563-1568
(2013). https://doi.org/10.1002/aenm.201300376

Y. Xi, J. Wang, Y. Zi, X. Li, C. Han, X. Cao, C. Hu, Z. Wang,
High efficient harvesting of underwater ultrasonic wave energy
by triboelectric nanogenerator. Nano Energy 38, 101-108 (2017).
https://doi.org/10.1016/j.nanoen.2017.04.053

H. Guo, Z. Wen, Y. Zi, M.-H. Yeh, J. Wang, L. Zhu, C. Hu, Z.L.
Wang, A water-proof triboelectric—electromagnetic hybrid gen-
erator for energy harvesting in harsh environments. Adv. Energy
Mater. 6(6), 1501593 (2016). https://doi.org/10.1002/aenm.
201501593

X. Wang, Z. Wen, H. Guo, C. Wu, X. He, L. Lin, X. Cao, Z.L.
Wang, Fully packaged blue energy harvester by hybridizing a
rolling triboelectric nanogenerator and an electromagnetic gen-
erator. ACS Nano 10(12), 11369-11376 (2016). https://doi.org/
10.1021/acsnano.6b06622

Z. Wen, H. Guo, Y. Zi, M.-H. Yeh, X. Wang et al., Harvesting
broad frequency band blue energy by a triboelectric—electro-
magnetic hybrid nanogenerator. ACS Nano 10(7), 6526-6534
(2016). https://doi.org/10.1021/acsnano.6b03293

H. Shao, Z. Wen, P. Cheng, N. Sun, Q. Shen et al., Multifunc-
tional power unit by hybridizing contact-separate triboelectric
nanogenerator, electromagnetic generator and solar cell for har-
vesting blue energy. Nano Energy 39, 608-615 (2017). https://
doi.org/10.1016/j.nanoen.2017.07.045

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

. S. Niu, S. Wang, L. Lin, Y. Liu, Y.S. Zhou, Y. Hu, Z.L. Wang,
Theoretical study of contact-mode triboelectric nanogenerators as
an effective power source. Energy Environ. Sci. 6(12),
3576-3583 (2013). https://doi.org/10.1039/C3EE42571A

G. Zhu, J. Chen, T. Zhang, Q. Jing, Z.L. Wang, Radial-arrayed
rotary electrification for high performance triboelectric generator.
Nat. Commun. 5, 3426 (2014). https://doi.org/10.1038/
ncomms4426

N. Sun, Z. Wen, F. Zhao, Y. Yang, H. Shao et al., All flexible
electrospun papers based self-charging power system. Nano
Energy 38, 210-217 (2017). https://doi.org/10.1016/j.nanoen.
2017.05.048

Z. Wen, M.-H. Yeh, H. Guo, J. Wang, Y. Zi et al., Self-powered
textile for wearable electronics by hybridizing fiber-shaped
nanogenerators, solar cells, and supercapacitors. Sci. Adv. 2(10),
e1600097 (2016). https://doi.org/10.1126/sciadv.1600097

Z. Wen, J. Chen, M.-H. Yeh, H. Guo, Z. Li, X. Fan, T. Zhang, L.
Zhu, Z.L. Wang, Blow-driven triboelectric nanogenerator as an
active alcohol breath analyzer. Nano Energy 16, 38—46 (2015).
https://doi.org/10.1016/j.nanoen.2015.06.006

M.-L. Seol, S.-B. Jeon, J.-W. Han, Y.-K. Choi, Ferrofluid-based
triboelectric—electromagnetic hybrid generator for sensitive and
sustainable vibration energy harvesting. Nano Energy 31,
233-238 (2017). https://doi.org/10.1016/j.nanoen.2016.11.038

J. Chen, H. Guo, G. Liu, X. Wang, Y. Xi, M.S. Javed, C. Hu, A
fully-packaged and robust hybridized generator for harvesting
vertical rotation energy in broad frequency band and building up
self-powered wireless systems. Nano Energy 33, 508-514 (2017).
https://doi.org/10.1016/j.nanoen.2017.01.052

T. Quan, Y. Yang, Fully enclosed hybrid electromagnetic—tri-
boelectric nanogenerator to scavenge vibrational energy. Nano
Res. 9(8), 2226-2233 (2016). https://doi.org/10.1007/s12274-
016-1109-7

T. Quan, Z.L. Wang, Y. Yang, A shared-electrode-based hybri-
dized electromagnetic—triboelectric nanogenerator. ACS Appl.
Mater. Interfaces 8(30), 19573-19578 (2016). https://doi.org/10.
1021/acsami.6b07162

Y. Zi, J. Wang, S. Wang, S. Li, Z. Wen, H. Guo, Z.L. Wang,
Effective energy storage from a triboelectric nanogenerator. Nat.
Commun. 7, 10987 (2016). https://doi.org/10.1038/ncomms 10987
S. Niu, X. Wang, F. Yi, Y.S. Zhou, Z.L. Wang, A universal self-
charging system driven by random biomechanical energy for
sustainable operation of mobile electronics. Nat. Commun. 6,
8975 (2015). https://doi.org/10.1038/ncomms9975

@ Springer


https://doi.org/10.1021/nl061524l
https://doi.org/10.1016/j.nanoen.2016.10.058
https://doi.org/10.1021/acsnano.8b00147
https://doi.org/10.1016/j.nanoen.2017.08.018
https://doi.org/10.1002/aenm.201501467
https://doi.org/10.1002/aenm.201501467
https://doi.org/10.1002/aenm.201300376
https://doi.org/10.1016/j.nanoen.2017.04.053
https://doi.org/10.1002/aenm.201501593
https://doi.org/10.1002/aenm.201501593
https://doi.org/10.1021/acsnano.6b06622
https://doi.org/10.1021/acsnano.6b06622
https://doi.org/10.1021/acsnano.6b03293
https://doi.org/10.1016/j.nanoen.2017.07.045
https://doi.org/10.1016/j.nanoen.2017.07.045
https://doi.org/10.1039/C3EE42571A
https://doi.org/10.1038/ncomms4426
https://doi.org/10.1038/ncomms4426
https://doi.org/10.1016/j.nanoen.2017.05.048
https://doi.org/10.1016/j.nanoen.2017.05.048
https://doi.org/10.1126/sciadv.1600097
https://doi.org/10.1016/j.nanoen.2015.06.006
https://doi.org/10.1016/j.nanoen.2016.11.038
https://doi.org/10.1016/j.nanoen.2017.01.052
https://doi.org/10.1007/s12274-016-1109-7
https://doi.org/10.1007/s12274-016-1109-7
https://doi.org/10.1021/acsami.6b07162
https://doi.org/10.1021/acsami.6b07162
https://doi.org/10.1038/ncomms10987
https://doi.org/10.1038/ncomms9975

	Triboelectric--Electromagnetic Hybrid Generator for Harvesting Blue Energy
	Highlights
	Abstract
	Introduction
	Experimental Section
	Fabrication of Nanowire Array on Polytetrafluoroethylene Surface
	Assembly of the Hybrid Generator
	Electrical Measurement

	Results and Discussion
	Conclusion
	Acknowledgements
	References




