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A Wind-Driven Poly(tetrafluoroethylene) Electret and
Polylactide Polymer-Based Hybrid Nanogenerator for
Self-Powered Temperature Detection System
Jinxi Zhang, Shaobo Gong, Xin Li, Junrui Liang, Zhong Lin Wang,* and Kailiang Ren*
Traditionally, these sensors or electronics
need to employ batteries as power supplies.
However, the frequent change of the battery becomes an issue, especially in remote
places.[7] Thus, harvesting energy from the
ambient environment or human motion as
a sustainable power source is an ideal solution to solve this problem.[8]
Recently, with the advantages of
low cost, easy fabrication, and a wide
variety of material choices, triboelectric
nanogenerators have been utilized in
self-powered devices, energy harvesting
systems, and environmental control
systems.[9–19] Normally, the open-circuit
voltage of an electret-based triboelectric nanogenerator (E-TENG) can reach
≈200 V but with a very low current of
≈1 µA.[20] Thus, an approach to improve
the output current of E-TENGs is critical
for future applications.
An electret is a dielectric material that can permanently store
injected space charges to show piezoelectricity along the thickness direction of the material. Since a poly(tetrafluoroethylene)
(PTFE)-based electret microphone was developed by J. West
and G. Sessler in the 1960s, electret materials have been widely
utilized in transducers, air filters, sensors, and power generators.[21,22] Recently, Gong et al. in our group reported that monocharged electret films can be used for nanogenerator and sensor
applications, which led to a much higher output voltage than a
metalized electret film.[20,23] In addition, they also demonstrated
that the TENG using an electret material shows improved output
performance compared to the TENG using a nonelectret material. However, the E-TENG still exhibited a lower output current.
With good impedance matching with the environment and
relatively high energy conversion efficiency, piezoelectric polymers have been widely utilized in energy harvesting devices,
transducers, and high energy density capacitors, especially
poly(vinylidene fluoride) (PVDF)-based piezoelectric polymers.[24–26] Compared with PVDF polymers, biopolymers can
exhibit a relatively large piezoelectric coefficient d14 (up to 20
pC N−1) after mechanical stretching without a direct current
(DC) poling step due to their helical structures.[27–29] In addition, the advantages of biodegradability and ease of processing
make these materials a promising material for wearable device
and sensor applications. Recently, Zhao et al. investigated a
poly(l-lactic acid)/poly(ethylene terephthalate) (PLLA/PET)
unimorph structure for energy harvesting and found that the
device can generate an output power of 10 µW cm−2 with great

With growing interest in artificial intelligence and the Internet of Things,
self-powered electronics have gained considerable attention. In this investigation,
a wind-driven hybrid nanogenerator system comprising a poly(l-lactic acid)-based
piezoelectric nanogenerator and a poly(tetrafluoroethylene) electret-based
triboelectric nanogenerator (E-TENG) is proposed. At a wind speed of 5.1 m s−1,
the open-circuit voltage (Voc) and short-circuit current (Isc) of the hybrid nanogenerator (NG) reach ≈140 V and 16 µA, respectively. The maximum output power
of the hybrid NG reaches ≈0.49 mW with a matching resistance of 8 MΩ, which
is 22% larger than the output power of the E-TENG. The hybrid NG can charge a
lithium battery to 2.9 V in 8 h. Furthermore, the charged battery can be employed
to drive an IR remote controlled light-emitting diode lamp and turn the lamp on
and off. In addition, it can be combined with a Bluetooth low energy (BLE) temperature sensor to form a self-powered BLE temperature detection system. The
hybrid NG shows great promise in self-powered environmental monitoring and
detection applications.

Over the last decades, interest in artificial intelligence (AI) and the
Internet of Things (IoTs) has grown rapidly.[1] Therefore, self-powered electronics, which can be used in IoT and AI systems, have
attracted considerable attention for application in these areas.[2–6]
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thermal stability.[30] Compared with E-TENG devices, the PLLAbased PENG device normally exhibited a larger output current
(≈10 µA). Thus, the combination of the large current from the
PENG device and the high voltage from E-TENG devices has
attracted increasing research attention.[31–33]
In this investigation, we combined a PTFE electret-based
E-TENG with a piezoelectric PLLA-based PENG device to form
a hybrid nanogenerator (NG) that can harvest electric energy
from wind energy and drive a Bluetooth low energy (BLE) temperature detection system. By integrating an electret TENG
and a PLLA-based PENG together, the device could generate
electricity not only during the contact-separation process but

also during the continuous deformation process. In addition,
the hybrid NG showed a much higher output power than the
E-TENG only device, which holds great promise for application
in self-powered systems.
A schematic drawing of the rotational hybrid NG is shown
in Figure 1a, as a photograph of the device. As shown in the
photograph, the wind-driven energy harvesting system comprises a windmill (length of the windmill blades: 0.5 m), a
drive belt, and a rotational hybrid NG, where the rotational
NG is connected to the windmill through the drive belt. The
hybrid NG consists of two rotational wheels (≈8 cm in dia
meter) and a conveyor belt (≈8 cm in width). The electric signals

Figure 1. a) Schematic diagram of the structure, photograph of the hybrid nanogenerator (left and right). b) Working principle of the hybrid
NG. c) Real-time VOC and d) ISC of the PLLA-based PENG and PTFE electret-based TENG.
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of the E-TENG are generated by the contact-separation mode,
in which the bottom friction layer of the E-TENG is the PTFE
electret film, which was glued on the wheel of the rotational
system, and the top friction layers are two Al foils glued on the
backside of the conveyor belt. The PENG consists of a PLLA/
PET unimorph structure, in which a single layer of PLLA film
(≈18 µm) is the active layer and a thick PET layer (≈0.5 mm) is
the passive layer. The conveyor belt mainly comprises a rubber
belt on which the PLLA/PET unimorph structure and two Al
friction layers for the E-TENG were glued. The length of the
conveyor belt (50 cm) is twice the perimeter of the wheel. The
two Al foils were glued at different positions of the inner surface of the conveyor belt. The length of the Al foils (≈12 cm)
and the distance between them were set as ≈12 cm. As the data
shown in Figure S1 (Supporting Information), the measured
piezoelectric coefficient d14 of the PLLA film is ≈10.6 pC N−1.
The PLLA/PET unimorph structure was glued on the top surface of the conveyor belt.
The output signals of the E-TENG were induced by the contact-separation mode. During the rotating process, the electric
signals were generated by the electrostatic effect during the
contact-separation process. The detailed working principle of
the E-TENG is shown in Figure 1b and the working process is
shown in Figure S2 (Supporting Information). The electrostatic
charges were induced by the space variation between the PTFE
film and the Al foils on the belt. Due to the negative charges
in the PTFE electret film, positive charges are induced on the
Al foil surface. In Stage 1, the Al foil is completely separated
from the PTFE film, and no charges are induced on the Al foil
surface. In Stage 2, the Al foil is fully in contact with the PTFE
film, and the Al foil surface can exhibit the largest amount of
electric charges. Next, if the contact area is decreased, then
the charge density on the Al foil is reduced, and a current will
flow from the Al foil to the PTFE film. In Stage 3, the Al foil
is moving away from the PTFE, and the charge density on the
surface of the Al foil decreases to the minimum value. In Stage
4, when the contact area is increased again, the charge density
on the Al foil increases. In summary, during the wheel rotating
process, the output current of the E-TENG is increased from
Stage 1 and reached the maximum value at Stage 2. Afterward,
the current starts to decrease until it reaches the minimum
value at Stage 3. Finally, the current reaches the negative maximum value at Stage 4.
In addition, the working principle of the PENG device can
be explained as follows. As shown in Figure 1b in Stage 1,
the PLLA cantilever is in the flat condition, and the induced
charge on the PLLA film is at the minimum value. Following
the rotation of the wheel in Stage 2, the PLLA cantilever is
fully bent, and the induced charge on the PLLA film reaches
the maximum value. In Stage 3, the PLLA cantilever becomes
flat, and the induced charge on the PLLA film decreases to the
minimum value. In Stage 4, the PLLA cantilever is fully bent
again, and the induced charge on the material increases to the
maximum value again. The current in this process is generated
by the continuous bending-release movement of the PLLA film
during the rotation process of the energy harvesting system.
The real-time performance of the E-TENG and the PENG was
measured at a wind speed of 5.1 m s−1, and the data are shown
in Figure 1c,d. The data indicated that the open-circuit voltage
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(Voc) and short-circuit current (Isc) of the E-TENG can reach 155
V (Voc) and 8 µA (Isc), respectively. In contrast, the Voc and Isc
of the PENG device can reach ≈16 V and ≈12 µA, respectively.
Therefore, in this investigation, the PENG was combined with
the E-TENG to improve the output current of the hybrid NG.
To improve the stored charge density in electret materials and
eventually improve the performance of the E-TENG, the output
performances of various electret materials, including an inductively coupled plasma (ICP)-etched PTFE electret, a fluoro-rubber
(F-rubber) film, a polydimethylsiloxane (PDMS) film, and a pristine nonelectret PTFE film, were measured for the E-TENG.
During the testing process, an electric fan (FS-75, Haiyang Electronic Inc., Guangdong, China) was utilized as input energy to
the wind energy harvesting system, and the output signals were
measured using a Keithley electrometer. Previous researchers
reported that surface plasma treatment of electret films may
greatly enhance the charge density in PTFE films.[20] Before
the experimental process, an ICP etching process was used
to increase the surface roughness of the PTFE film. Then, all
the materials were charged by a corona charger at −10 kV for
5 min. As shown in the scanning electron microscopy (SEM)
image in Figure 2a, distributed nanostructures were introduced
onto the surface of the PTFE film after the ICP etching process.
The comparison data for the output performances of the various
E-TENGs are shown in Figure 2b. From the data, the Voc of the
etched PTFE electret film reached ≈150 V, which is almost two
times that of the pristine PTFE film (nonelectret film). The Voc
of all these materials remained almost constant as a function of
wind speed. In addition, the Isc of all these materials increased
with increasing wind speed (as shown in Figure 2c), and the Isc
of the ICP-etched PTFE electret film reached ≈8 µA, which is
much higher than those of the PDMS, F-rubber, and pristine
PTFE films. The data demonstrated that the ICP-etched PTFE
electret exhibits optimized output performance compared to the
other materials. These results are consistent with our previous
report.[20] Thus, the ICP-etched PTFE electret was chosen as an
E-TENG material in the following study.
To measure the performance of the hybrid NG, two independent full bridge rectification circuits were connected individually to the E-TENG and the PENG (circuit diagram shown
in Figure S3, Supporting Information). As the data shown in
Figure 3a, the rectified output currents for the PENG and the
E-TENG were 11 and 8 µA, respectively. For the hybrid NG,
the outputs of the E-TENG and the PENG were connected
in parallel. As shown in Figure 3a, the hybrid NG exhibited
an output current of 16 µA, which was 2 times that of the
E-TENG. This is mainly attributed to the PENG. As shown in
the data in Figure 1c, the current signals of the E-TENG and
PENG had similar frequencies but did not achieve their peak
values at the same time. Thus, the current of the hybrid NG
was slightly lower than the added up values of the individual
NGs. As shown in Figure 3b,c, the currents of the E-TENG,
PENG, and hybrid NG increased with increasing wind speed,
whereas the wind speed had a very limited effect on the Voc of
the device.
To test the performance of the hybrid NG, the output power
of the hybrid NG was measured as a function of the load resistance. It is known that if the load resistance is equal to the
internal impedance of the NG, then the PENG and E-TENG can
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Figure 2. a) SEM image of the surface morphology of the ICP-treated PTFE film. b) Voc and c) Isc versus wind speed for the E-TENGs based on various
materials. d) Voc and Isc of the PLLA-based PENG as a function of wind speed.

achieve their maximum output power. As shown in Figure 3d,
the output voltage initially increased with increasing resistance
for the PENG, and a maximum output power of 0.4 mW was
achieved at a matching resistance of 1.5 MΩ. The maximum
output power of the E-TENG was 0.18 mW at a matching resistance of ≈10 MΩ (Figure 3e). For the hybrid NG, the maximum
output power could reach ≈0.49 mW with a matching impedance of ≈8 MΩ (Figure 3f), which is 20% higher than the power
generated from the E-TENG. However, the maximum power of
the hybrid NG is not equal to the added values of the PENG
and TENG. This mainly arises from the impedance mismatch
between them. In future device applications, it is very important to design an impedance matching circuit to modulate
the internal impedance of the E-TENG to optimize the output
power of the device.
Real-time comparison data for the charging capability of
the NGs were measured by charging a lithium battery (3 V,
15 mAh) using the hybrid NG. As the circuit diagram shown in
Figure 4a, a full-bridge rectification circuit was connected to the
E-TENG and the PENG, and then a LTC3588 (Analog Devices
Inc., Mansfield, TX) based energy management circuit (EMC)
was utilized to regulate the output signals of the NGs to charge
the lithium battery. Figure S4 (Supporting Information) shows
that the output voltage of the EMC was about 3.5 V, which can
constantly supply the required power for charging of the lithium
battery. As shown in Figure 4c, the voltage of the lithium battery
reached 2.89 V after it was charged by the hybrid NG for 11 h,
which is 6% higher than the charged voltage obtained using the
E-TENG. It is known that as the charged voltage approaches the
maximum allowed voltage in a lithium battery, it takes a much
longer time to increase the charged voltage even by 1%. Thus, the
hybrid NG shows a greater advantage in the output performance
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and charge capability than the E-TENG or the PENG. Furthermore, to improve the charge efficiency, an enhanced energy
management circuit (E-EMC) was employed to regulate the
output voltage of the hybrid NG and charge the lithium battery. Compared with the EMC circuit, the major difference in
the E-EMC circuit is that the change of storage capacitor in the
circuit. In addition, the voltage thresholds of energy-indicating
signals were set to 5 V in the E-EMC circuit. As the data shown
in Figure 4c, the hybrid NG charged the lithium battery to 2.9 V
in 8 h, which was 3 h faster than the one using the EMC circuit. It means that the EMC circuit plays a critical role in the
application of energy harvesting. In future, the EMC circuit can
be resigned to match the impedances between the E-TENG and
PENG to achieve a higher efficiency in future applications.
In addition, the hybrid NG was utilized to power an
infrared (IR) controlled light-emitting diode (LED) lamp
under wind power. The hybrid NG was connected to the EMC
circuit and then to power an IR-controlled LED lamp and an
IR sensor. The circuit diagram is shown in Figure 4a, and a
photograph of the self-powered lamp with IR remote control
is shown in Figure 4b. In this case, the function of the EMC
circuit is to modulate the pulse signals generated from the
hybrid NG and then increase the output current of the device.
It can be seen from Video S1 (Supporting Information) that
an infrared emission sensor was successfully powered by
the hybrid NG. In this system, the hybrid NG was first connected to the EMC circuit and then used to charge a lithium
battery (3 V, 15 mAh), which was used as the power supply of
the LED lamp. The photograph of the self-powered IR sensor
system is shown in Figure 4d and it can be seen in Video S2
(Supporting Information) that the IR sensor was successfully
driven by the hybrid NG.
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Figure 3. a) Real-time ISC measurement of the E-TENG, PENG, and hybrid NG at a wind speed of 5.1 m s−1. b) Rectified Isc as a function of wind speed
for the E-TENG, PENG, and hybrid NG. c) Voc of the E-TENG, PENG, and hybrid NG as a function of wind speed. d–f) The output voltage and output
power as a function of load resistance for the PENG, E-TENG, and hybrid NG.

Except to power an IR-controlled lamp in a distant area,
the hybrid NG was also combined with the E-EMC circuit
and a NRF52832-based BLE temperature sensor (Nordic
Semiconductor, Trondheim, Norway) to form a self-powered
BLE sensor system as shown in Figure 5a. Similar to the
EMC circuit used in the previous paragraph, the E-EMC
makes necessary complements to the integrated circuit (IC)
solution of LTC 3588 for energy harvesting.[34] The photograph of the self-powered BLE temperature sensor system
is shown in Figure 5b. In order to fulfill periodic sensing
and transmitting tasks and make a good balance between
the output energy of the hybrid NG and the energy consumption in the BLE circuit, a 47 µF storage capacitor was
selected as the storage device. The real-time voltage curve of
the capacitor was measured using the hybrid NG at a wind
speed of 5.1 m s−1 and the data are shown in Figure 5c. The
data indicated that the 47 µF capacitor was charged to 5 V
before the BLE temperature sensor was activated. Afterward,
there was a drop of the voltage since the BLE module needs
consuming energy to complete the temperature detection,
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broadcasting, connecting, and data transforming. The
temperature measurement process is shown in Video S3
(Supporting Information). From the video, the self-powered
BLE temperature sensor system can measure the temperature in the environment and transfer it to a graphical user
interface software (Liang’s group, ShanghaiTech University,
Shanghai, China) in a cellphone using the Bluetooth signal.
Figure 5d shows a possible application scene of the selfpowered remote Bluetooth temperature sensor system. The
system can be mounted on a road light pole in the mountains or forest area. In case a forest fire occurs, the self-powered Bluetooth temperature detection system can send an
alarm to nearby receiving station, serving as a remote fire
alarm system for these areas.
The reliability is another critical parameter for evaluating
a self-powered system. In this application, the reliability of the
E-TENG and PENG was measured continuously using the same
setup for ≈1 h. As shown in Figure 5e,f, there is no significant
degradation of the Isc of the PENG and TENG during the whole
testing process, indicating the good stability of the hybrid NG.
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Figure 4. a) Circuit diagram used in the self-power IR-controlled LED lamp test. b) Photograph of the IR-controlled LED lamp powered by the hybrid
NG. c) Charging time dependence of the voltage of the lithium battery charged by the PENG, E-TENG, and hybrid NG. d) Photograph of IR sensor
powered by the hybrid NG.

For the E-TENG, the most abrasive part is the contact metal electrode, which was used to repeat the contact-separation process
with the polymer. However, in this investigation, the metal electrode used is an Al foil (15 µm), which showed excellent durability during the contact-separation movement. In addition, the
hybrid NG works in contact-separation mode, which has less
friction than the normal sliding mode process of other TENG
devices. Furthermore, previous studies have demonstrated that
PTFE-based electret films exhibit lifelong charge stability.[20] This
is why the E-TENG exhibited great reliability in this application.
From a previous study, it is known that the PLLA material
also shows great thermal stability with excellent piezoelectric
stability even after thermal treatment at 100 °C for 24 h.[30]
Therefore, the PLLA-based PENG device also possessed great
stability. With the advantages of portability, compatibility, and
low cost, the rotating hybrid NG shows great promise for selfpowered environmental monitoring systems, such as BLE
temperature sensor, smoke detectors, and carbon monoxide
detectors in environmental monitoring systems.
In this investigation, we proposed a wind-driven hybrid
nanogenerator system comprising a piezoelectric PLLA-based
PENG and a PTFE electret-based E-TENG At a wind speed of
5.1 m s−1, the Voc and Isc of the hybrid NG reached 140 V and
12 µA, respectively. In addition, the maximum output power
of the hybrid NG reached ≈0.49 mW with a matching resistance of 8 MΩ, which is 22% larger than the output power of the
E-TENG. Furthermore, the hybrid NG can charge a lithium battery up to 2.89 V in 11 h, which is 3% higher than the charged
voltage obtained using the E-TENG. Furthermore, the NG can
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power an IR-controlled LED lamp, enabling it to become a selfpowered IR system. In addition, the hybrid NG was also combined with a BLE temperature sensor to form a self-powered
Bluetooth sensor system, which can send alarms to nearby
receiving station, serving as a remote fire alarm system for the
mountains and forest area.

Experimental Section
Fabrication of the PENG: First, a PLLA solution was prepared by
dissolving PLLA powder (MW = 260 000, Sigma-Aldrich Corp., USA) into
a dichloromethane (DCM) solvent to fabricate a 5% PLLA solution. After
the PLLA solution was stirred at room temperature for 3 h, the solution
was cast on a glass slide to fabricate a thin PLLA film. Then, the PLLA
film was put in a desiccator to evaporate the remaining solvent. Afterward,
the PLLA film was uniaxially stretched for four times using a lab-designed
stretching machine at 100 °C. After the film was annealed at 140 °C for
4 h, Au electrodes were sputter-coated along the shear direction of the
stretched PLLA film. The unimorph structure of the PENG was prepared
by mounting a single layer of the PLLA film (18 µm) on a PET substrate
(500 µm, Jubang Plastic Material Inc., Guangdong, China).
In addition, the top and bottom electrodes of the E-TENG device
were connected separately to two strip-shaped copper foils, which were
glued to the inner surface of the conveyor belt. The rotational wheel was
covered by two copper rings on each edge. The two copper rings were
aligned with the copper foils on the conveyor belt and keep in good
contact with them. Two signal lines were connected to the copper rings
via wheel axes to transfer the generated electricity out. When the wheels
is rotating, the electrical energy generated by E-TENG device can be
transferred out to an external circuit.
Fabrication of the E-TENG: As shown in Figure 1a, an Au-coated PTFE
film was glued on a rubber roller as the bottom layer of the E-TENG,
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Figure 5. a) Circuit diagram of the wind-driven BLE temperature sensor. b) Photograph of the BLE temperature sensor powered by the hybrid NG.
c) Real-time measurement of charging a PMC with 47 µF capacitance to power the BLE temperature sensor. d) Application scene of the BLE temperature
sensor powered by the wind-driven hybrid NG. e,f) Stability test of the Voc at a wind speed of 5.1 m s−1 for the E-TENG and the PENG.
and thin aluminum foils were glued on the bottom of the conveyor
belt as the top friction layer of the E-TENG. To increase the surface
area of the PTFE electret, an ICP etching process (SI500, SENTECH
Instruments GmbH, Berlin, Germany) was conducted for 10 min to
produce nanostructures on the PTFE surface.[35] Afterward, a layer of Au
electrode was sputter-coated on one side of the PTFE as the electrode.
During the corona charging process, voltages were supplied by a Trek
power amplifier (610E, Trek Inc., USA). The distance between the corona
needle and the electret film was set at 3 cm, and the DC voltages applied
to the needle and the grid of the corona charger were set at −10 and
−3 kV, respectively. After the corona charging process, the PTFE electret
film was glued onto the bottom side of the conveyor belt of the rotating
system, acting as the triboelectric material for the E-TENG. Similar wire
connections in the E-TENG were made as that of in the PENG.
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Characterization of the Devices: The surface morphology of the ICPetched PTFE film was examined by SEM (Hitachi, Tokyo, Japan). The
Voc and Isc of the device were measured by a Keithley electrometer
(6514A, Tektronix Inc., Beaverton, OR). During the experiment, the wind
was generated by a commercial fan (FS-75, Haiyang Electronic Inc.,
Guangdong, China), and the wind speed was tested via a commercial
anemometer (Testo 410-1, Testo North America, PA, USA).

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

2000192 (7 of 8)

© 2020 Wiley-VCH GmbH

www.advancedsciencenews.com

www.advsustainsys.com

Acknowledgements
This work was partially supported by the National Key Research and
Development Project from Ministry of Science and Technology of the
People’s Republic of China under Grant No. 2016YFA0202702 and
the National Natural Science Foundation of China under Grant No.
51673027.

Conflict of Interest
The authors declare no conflict of interest.

Keywords
electret, E-TENG, hybrid nanogenerators, piezoelectric nanogenerators,
self-power devices
Received: August 17, 2020
Revised: October 7, 2020
Published online:

[1] L. Atzori, A. Lera, G. Morabito, Comput. Networks 2010, 54, 2787.
[2] H. Chou, A. Nguyen, A. Chortos, J. To, C. Lu, J. Mei, T. Kurosawa,
W. Bae, J. Tok, Z. Bao, Nat. Commun. 2015, 6, 8011.
[3] T. Ray, J. Choi, A. Bandodkar, S. Krishnan, P. Gutruf, L. Tian,
R. Ghaffari, J. Rogers, Chem. Rev. 2019, 119, 5461.
[4] J. Yang, J. Chen, Y. Su, Q. Jing, Z. Li, F. Yi, X. Wen, Z. Wang,
Z. L. Wang, Adv. Mater. 2015, 27, 1316.
[5] A. Zhang, C. Lieber, Chem. Rev. 2016, 116, 215.
[6] L. Jin, B. Zhang, L. Zhang, W. Yang, Nano Energy 2019, 66, 104086.
[7] D. Larcher, J. Tarascon, Nat. Chem. 2015, 7, 19.
[8] Z. L. Wang, J. Song, Science 2006, 312, 242.
[9] C. Rodrigues, C. Alves, J. Puga, A. Pereira, J. Ventura, Nano Energy
2016, 30, 379.
[10] J. Zhang, Y. Li, X. Hao, Nanotechnology 2020, 31, 215401.
[11] T. Trung, N. Lee, Adv. Mater. 2016, 28, 4338.
[12] M. Kim, D. Park, M. Alam, S. Lee, P. Park, J. Nah, ACS Nano 2019,
13, 4640.

Adv. Sustainable Syst. 2020, 2000192

[13] J. Wu, Y. Xi, Y. Shi, Nano Energy 2020, 72, 104659.
[14] K. Ren, Y. Liu, H. Hofmann, Q. M. Zhang, Appl. Phys. Lett. 2007, 91,
132910.
[15] X. He, Q. Wen, Y. Sun, Z. Wen, Nano Energy 2017, 40, 300.
[16] D. Heo, J. Chung, B. Kim, H. Yong, G. Shin, J. Cho, D. Kim, S. Lee,
Nano Energy 2020, 72, 104719.
[17] K. Zhao, G. Gu, Y. Zhang, B. Zhang, F. Yang, L. Zhao, M. Zheng,
G. Cheng, Z. Du, Nano Energy 2018, 53, 898.
[18] F. Xing, Y. Jie, X. Cao, T. Li, N. Wang, Nano Energy 2017, 42, 138.
[19] L. Jin, W. Deng, Y. Su, Z. Xu, H. Meng, B. Wang, H. Zhang,
B. Zhang, L. Zhang, X. Xiao, M. Zhu, W. Yang, Nano Energy 2017,
38, 185.
[20] S. Gong, J. Zhang, C. Wang, K. Ren, Z. L. Wang, Adv. Funct. Mater.
2019, 29, 1807618.
[21] G. M. Sessler, J. E. West, J. Acoust. Soc. Am. 1962, 34, 1787.
[22] G. M. Sessler, J. E. West, J. Acoust. Soc. Am. 1966, 40, 1434.
[23] S. Gong, B. Zhang, J. Zhang, Z. L. Wang, K. Ren, Adv. Funct. Mater.
2020, 30, 1908724.
[24] Y. Liu, K. Ren, H. Hofmann, Q. M. Zhang, IEEE Trans. Ultrason.,
Ferroelectr. Freq. Control 2006, 53, 631.
[25] L. Jin, S. Ma, W. Deng, C. Yan, T. Yang, X. Chu, G. Tian, D. Xiong,
J. Lu, W. Yang, Nano Energy 2018, 50, 632.
[26] W. Deng, T. Yang, L. Jin, C. Yan, H. Huang, X. Chu, Z. Wang,
D. Xiong, G. Tian, Y. Gao, H. Zhang, W. Yang, Nano Energy 2019,
55, 516.
[27] K. Ren, W. Wilson, J. E West, Q. M. Zhang, S. M. Yu, Appl. Phys. A
2012, 107, 639.
[28] G. Zhao, B. Huang, J. Zhang, A. Wang, K. Ren, Z. L. Wang,
Macromol. Mater. Eng. 2017, 302, 1600476.
[29] X. Du, C. Zhao, J. Zhang, K. Ren, J. Appl. Phys. 2016, 120, 164101.
[30] C. Zhao, J. Zhang, Z. L. Wang, K. Ren, Adv. Sustainable Syst. 2017,
1, 1700068.
[31] Y. Inuzuka, K. Onishi, S. Kinoshita, Y. Nakashima, T. Nagata,
H. Yamane, T. Nakai, T. Kataoka, S. Ito, Y. Tajitsu, Jpn. J. Appl. Phys.
2012, 51, 09LD15.
[32] Y. Tajitsu, Ferroelectrics 2016, 499, 36.
[33] J. Zhang, S. Gong, C. Wang, D. Y. Jeong, Z. L. Wang, K. Ren,
Macromol. Mater. Eng. 2019, 304, 1900259.
[34] X. Li, L. Teng, H. Tang, J. Chen, H. Wang, Y. Liu, M. Fu, J. Liang,
unpublished.
[35] S. Gong, C. Wang, J. Zhang, C. Zhang, J. E. West, K. Ren,
Adv. Sustainable Syst. 2018, 2, 1700178.

2000192 (8 of 8)

© 2020 Wiley-VCH GmbH

