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ABSTRACT 
Hydraulics provide a unique and widely existed mechanical energy source around us, such as in water or oil pipes, and sewers. 
Here, a non-contact cylindrical rotating triboelectric nanogenerator (TENG) was developed to harvest the mechanical energy from 
water flows. Operation of the TENG was based on the non-contact free-rotating between a curved Cu foil and a flexible nanostructured 
fluorinated ethylene propylene (FEP) polymer film. The free-standing distance between two rotating interfaces avoided abrading of 
electrode materials. The TENG was able to effectively convert mechanical energy of the water flow into electricity. When driven by 
water flow, the output voltage and current of the TENG reached 1,670 V and 13.4 μA, respectively. Without any energy storage 
component, the produced electricity could instantaneously power 12 white light emitting diodes (LEDs) bulbs and a digital timer. This 
non-contact rotating TENG would provide new opportunities for harvesting energy from many types of hydraulics as a self-sustainable 
power source for sensing, detection, and protection. 
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1 Introduction 
Mechanical energy is one of the most common energy forms 
in our daily life. Harvesting mechanical energy from the 
environment is a promising strategy to realize self-powered 
electronics, such as from vibrations, rotations, deformations, 
human activities, winds, and water flows [1–7]. Among them, 
mechanical energy from hydraulics has a unique form, and exists 
broadly in water and oil pipes, and sewers [8, 9]. Meanwhile, 
sensors, defects detectors, and protections for these hydraulic 
systems are always needed to ensure a healthy and effective 
infrastructure network globally [10, 11]. Due to the wide 
distribution and poor accessibility of the hydraulic systems, 
external power supply or batteries are not a good solution to 
support the constant operation of those devices. Therefore, 
directly harvesting the mechanical energy from hydraulics and 
instantaneously using as the energy source would be an ideal 
way for powering those electronics.  

Recently, triboelectric nanogenerator (TENG) based on the 
electrostatic induction effect was invented to harvest mechanical 
energy from ambient environment [12–15]. TENGs possess 
advantages of high conversion efficiency, facile fabrication, 
low cost, and excellent adaptability, which have been applied 
to harvest mechanical energy in a large variety forms, such 
as deformations, vibrations, body activities, ultrasonic waves, 
wind, and water flows [16–24]. Currently, the reported TENGs 
for harvesting energy from water flows were usually based on 
the working principle of double-electrode rotating [25–28]. 
However, the material abrasion due to physical contact and 

sliding friction is a crucial problem of this type of design, 
which may result in a decay of electric output and limited 
outdoor lifetime. The development of non-contact mode TENG 
eliminates the abrasion of electrode materials, which offers a 
promising solution to extend the lifetime of TENGs [29–32]. 
Nevertheless, this type of TENG typically exhibited a lower 
electrical output compared to the contact mode. In this work, 
we developed a non-contact cylindrical rotating TENG to 
harvest mechanical energy from hydraulics. The working 
principle is based on the non-contact free-rotating between  
a curved Cu foil and a flexible nanowire (NW)-structured 
fluorinated ethylene propylene (FEP) polymer film. Under a 
regular water flow, the generated electricity could directly power 
12 white light emitting diodes (LEDs) bulbs and a digital timer, 
demonstrating the potential as a self-sustainable power source 
for small electronics.  

2 Experimental section 
Fabrication of NW structured FEP thin film. NW structured 
FEP thin film was fabricated through an inductively coupled 
plasma (ICP) etching method. The FEP thin film was first 
cleaned by menthol, isopropyl alcohol, and deionized water in 
sequence, and dried under nitrogen gas flow. A layer of Au 
nanoparticles was then deposited onto the FEP surface by DC 
sputtering for 45 s as the etching mask. For ICP etching, O2, Ar, 
and CF4 gases at a flow rate of 10, 15, and 30 sccm, respectively 
were introduced to the ICP chamber. The etching was conducted 
under a plasma produced by a 400 W power source and the  
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plasma ions were accelerated by another 100 W power source. 
The NW structure was obtained after 60 s of ICP etching.  

TENG design and characterization. The surface feature of 
the FEP thin films was characterized using a scanning electron 
microscope (SEM) (ZEISS Sigma 500). The TENG was made up 
with two coaxial hollow cylinders. One of the hollow cylinders 
with an internal diameter of 50 mm was placed outside as a 
rotor. Another one with an external diameter of 48 mm was 
fixed inside as a stator. The FEP thin film with 20 μm thickness 
was cut into 60 mm × 35 mm pieces. Two pieces of FEP thin 
films were affixed to the inside of the rotor face to face. Eight 
blades were uniformly and symmetrically distributed on the 
outside of the rotor forming a blade wheel. The size of each 
blade is 60 mm × 10 mm. Four pieces of Cu foils with one 
side adhesive (21 cm2 each) were symmetrically attached on 
the outside of the stator. A pair of Cu foils at the symmetrical 
position was connected by a thin wire acting as one electrode of 
the TENG. The other two symmetrical Cu foils were connected 
together to be another electrode. The FEP thin film and Cu 
foil were kept out of contact with the gap distance of 1 mm. 
To characterize the rotation rate-dependent output, an electrical 
rotor was connected with a servo motor through a pulley. The 
servo motor was used to drive the rotor with designed rotation 
rates. A Keysight DSOX2012A oscilloscope, Zahner Zennium 
electrochemical workstation, and National Instrument NI-9225 
analog input module were used to measure the electrical outputs 
of the TENG. 

Demonstration of harvesting water flow energy. The water 
flow directly from a city water faucet was used to drive the 
rotor of the TENG with a controlled flow rate. The TENG 
was fully isolated from the water environment through two 
encapsulation lids at the ends of rotor. When water flow passed 
the blade wheel, it could drive the rotor and operate the TENG 
to generate electricity. As a demonstration, 12 commercial 
white LED bulbs were serially connected and then connected to 
the two electrodes of TENG via a bridging circuit. In another 
demonstration, a digital timer was connected to the two TENG 
electrodes through the same configuration. 

3 Results and discussion 
The non-contract rotating TENG was composed of two coaxial 
hollow cylinders, as schematically illustrated in Fig. 1(a). The 
outer hollow cylinder was the rotor with two pieces of NW- 
structured FEP thin films symmetrically attached on its inner 
wall. The inner hollow cylinder (the stator) had four pieces of 
Cu foils on its outer wall, where the two pairs of Cu foils at the 
opposite position were connected acting as the two electrodes 
of TENG. The gap between the FEP thin film and the Cu foil 
was kept at 1 mm. The photo of a completely assembled TENG 
is shown in Fig. 1(b). The SEM image of the NW-structured 
FEP surface is shown in Fig. 1(c). The partially vertically aligned 
NWs were distributed uniformed on the FEP surface with a 
length of ~ 800 nm. This NW arrays significantly increased the 
surface area for electrostatic charge induction, and thus were 
beneficial to the electric output of TENG. Figure 1(d) and the 
inset exhibit a bent FEP thin film accompanied with a Cu foil 
electrode. It can be clearly seen that the two pieces of functional 
parts in the device both possess excellent flexibility. 

The working mechanism of the non-contact cylindrical 
TENG is schematically shown in Fig. 2(a). Before the final 
encapsulation, the two FEP thin films were brought into contact 
with two Cu foils (Cu1), and the other two Cu foils were 
denoted as Cu2. Electrons will be injected from Cu1 to the 
FEP thin films due to their different electron affinities, leaving 
positive charges on Cu1, and negative charges on FEP [21, 25].  

 
Figure 1 Structure design of the non-contact cylindrical TENG. 
(a) Schematic of the non-contact cylindrical TENG structure. (b) Photograph 
of a TENG device. (c) A SEM image of the nanowire-structured FEP film 
surface. (d) A bent FEP thin film accompanied with a Cu foil electrode. 
The inset shows the large bending curvature confirming its good flexibility. 

The FEP thin films were then brought apart from Cu1 in the 
device assembly, leaving a gap distance of 1 mm in between 
(step i). When the freestanding FEP thin films rotated from 
Cu1 to Cu2, electrons would flow from Cu2 to Cu1 to screen 
negative charges on FEP thin films, generating output current 
signals (step ii). When the FEP thin films reached the over-
lapping position of Cu2, most of electrons were driven to Cu1, 
leading to the maximum positive charges on Cu2 (step iii). 
Subsequently, when FEP thin films rotated toward the adjacent 
segment of Cu1, the free electrons would be driven back from 
Cu1 to Cu2, generating reversed output current signals (step iv). 
When the FEP thin films came to the overlapping position of 
Cu2 again, the TENG went back to the initial state. To support 
the proposed principle, the potential distribution between the 
FEP thin films and Cu foils was simulated through COMSOL 
software, as shown in Fig. 2(b). It was revealed that the 
potential differences between the FEP thin films and Cu foils 
increased, when the FEP thin films rotated away from the 
overlapping position of Cu2 under the open-circuit condition. 
Electrons flow between Cu1 and Cu2 was driven by this 
potential differences, generating alternating output current 
signals under the short-circuit condition. 

Figures 3(a) and 3(b) present the measured open-circuit 
voltage (Voc) and short-circuit current (Isc) under a rotation 
rate of 400 r/min. The average peak Voc and Isc reached about 
994 V and 9 μA, respectively. The transferred charges in a 
rotation cycle was calculated to be 6.9 nC through the integral 
area of corresponding I-t curve (Fig. S1 in the Electronic 
Supplementary Material (ESM)). The effective output power 
was further investigated by measuring the voltage and current 
outputs on an external load with a series of resistance. When 
the load resistor was lower than 100 kΩ, the output voltage was 
close to 0 and the output current was about 9 μA (in Fig. 3(c)). 
The output voltage raised to 994 V when the load resistor was 
increased from 100 kΩ to 1 GΩ, while the output current 
dropped to 0.1 μA. As depicted in Fig. 3(d), the corresponding 
maximum peak power density was obtained to be 0.33 W/m2 
at the resistance of 150 MΩ. 

The effect of rotation rate on the output performance was 
then investigated. Figures 4(a) and 4(b) illustrate the Voc and 
Isc of the TENG at different rotation rates, respectively. It 
revealed that both output voltages and currents increased with 
the raising rotation rates. The corresponding changes of the  
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Figure 3 Electric outputs characterization. (a) The output open circuit 
voltage and (b) short circuit current under the rotating rate of 400 r/min. 
(c) The output voltage and current as a function of load resistances. 
(d) Corresponding output power density as a function of load resistances. 

average peak values of Voc and Isc were included in Fig. S2 in 
the ESM. As rotation rate raised from 400 to 2,000 r/min, the 
peak Voc and Isc exhibited a monotonic increase from 994 to 
1,661 V and 9 to 12 μA, respectively. The increasing of peak 
Voc and Isc can be ascribed to the increased approaching- 
separating rate of the FEP and Cu surfaces under a higher 
rotation rate, which induced more charges within the same 
time frame [21]. To further demonstrate its capability as a 
practical power source, the TENG was utilized for charging a 
10 μF capacitor. Figure 4(c) schematically presents the equivalent 
circuit of capacitor charging setup. A bridge circuit was used 
to convert the TENG’s alternating current (AC) output to direct 
current (DC) output (Fig. S3 in the ESM). Figure 4(d) shows 
the charging curves of the capacitor at various rotation rates. 
The higher rotation rate produced a higher saturation voltage, 
because of the equilibrium between capacitor leaking and 
charging rate. The capacitor’s voltage reached 65 V in 150 s 
under the rotation rate of 2,000 r/min. Based on these charging 
curves in Fig. 4(d), the DC output power density was calculated 
by the equation: P = CU2/2St, where t is the time to reach the 
capacitor’s saturation voltage, S is the TENG’s electrode area, 
U is the saturation voltage, and C is capacitance. The DC 
output power density was calculated to be 16.5 mW/m2 under 
the rotation rate of 2,000 r/min. The stability test of the TENG 
was performed under a rotation rate of 400 r/min for 3 h. As  

 
Figure 4 Investigation of rotation rate effect. (a) Output voltage and (b) 
current curves of the TENG at various rotation rates from 400 to 2,000 r/min. 
(c) Equivalent circuit of capacitor charging. (d) Charging curves of a 10 μF 
capacitor at various rotation rates. (e) Stability test of the TENG under 
the rotation rate of 400 r/min for 3 h. 

shown in Fig. 4(e), although the output voltage of the TENG 
slowly decreased with time, the attenuation rate also gradually 
slowed down. After 3 h of continuous operation, the peak Voc 
was maintained at as high as 598 V and the corresponding decay 
ratio was obtained to be 41.9%. It confirmed that the TENG 
could provide appropriate electric outputs for a long time. 

Eventually, the well-characterized non-contact cylindrical 
TENG was applied under water flow to demonstrate its capability 
of harvesting energy from hydraulics. In the experimental 
setup, a small acrylic water tank was used to host the TENG, 
where its rotor was driven by the water flow at a controlled 
flow rate. When the water flow passed the blade wheels of 
the TENG, it could rotate the rotor and operate the TENG to 
generate electricity (Fig. 5(a)). Figures 5(b) and 5(c) illustrate 
the Voc and Isc under different water flow rates, respectively. Both  

 
Figure 2 Working mechanism of the non-contact cylindrical TENG. (a) Schematic diagrams illustrating electricity generating processes of the
TENG in a full rotation cycle. (b) Finite element simulation of electrical potential distributions at the different electrode positions shown in (a) using 
the COMSOL software. 
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Figure 5 Demonstration of harvesting the mechanical energy from 
water flow. (a) Schematic of the TENG integrated within the waterpipe 
and driven by water flow. (b) Output voltage and (c) current signals at 
different water flow rates. (d) When operated by the water flow, the LEDs 
were directly powered by the TENG. 

Voc and Isc increased monotonically with flow rate. Figure S4 
in the ESM present the corresponding changes of the average 
peak values of Voc and Isc. The peak Voc value increased from 
508 to 1,670 V and peak Isc value raised from 4.5 to 13.4 μA as 
water flow rate increased from 0.5 to 4 L/min. The amount of 
transferred charge was calculated through the integral area 
of corresponding I-t curves (Fig. S5 in the ESM). The TENG 
produced 7.6 nC of output charge under flow rate of 4 L/min. 
To demonstrate the potential of being a water flow-driven power 
source, 12 commercial white LED bulbs were powered by using 
the TENG. Without involving any energy storage components, 
the LED array was lighted up directly as the water flow was on 
at a rate of 4 L/min (Fig. 5(d), and Movie ESM1). The equivalent 
circuit for powering the LED array is shown in Fig. S6 in the 
ESM. In addition, the TENG was also connected to a digital 
timer without any battery, which could also be powered by the 
TENG under water flow and to perform normal functions 
(Fig. S7 in the ESM). Both demonstrations exhibited the 
promising application potential of the non-contact cylindrical 
TENG as a self-sustainable power source for harvesting the 
kinetic energy in hydraulic systems. 

4 Conclusion 
In conclusion, we developed a non-contact cylindrical rotating 
TENG to effectively harvest mechanical energy from water 
flows. The TENG was based on a non-contact free-rotating 
working mode, eliminating the abrasion of electrode materials 
and extending the life span of operation. This cylindrical 
TENG could be driven by water flow and generate continuous 
electric output, presenting a solution to harvesting kinetic 
energy from liquid flow. Under a water flow of 4 L/min, the 
peak Voc and Isc of the TENG reached 1,670 V and 13.4 μA 
respectively. Without any energy storage components, the 
produced electricity could directly power 12 commercial white 
LED bulbs simultaneously. This non-contact cylindrical TENG 
is easy to fabricate, cost effective, and can provide a reasonably 
high electric output that is comparable to other reported TENGs. 
It could be a new concept and technology to power sensors, 
detectors, and monitors for many hydraulic infrastructures, 
such as water, oil and nature gas, which are widely distributed 
and are often placed at locations hard to access. 

Acknowledgements 
The authors acknowledge financial support from the National 
Natural Science Foundation of China (Nos. 51503185 and 
11874328), China Postdoctoral Science Foundation (Nos. 
2016T90673 and 2015M580636), and Henan Provincial Natural 
Science Foundation of China (No. 182300410192). 

 
Electronic Supplementary Material: Supplementary material 
(the induced charge at the rotation rate of 400 r/min, peak 
values of VOC and ISC of the TENG at different rotation rates, 
rectified DC output voltage, peak values of VOC and ISC of the 
TENG at different water flow rates, induced charge at the water 
flow rate of 4 L/min, equivalent circuit for powering the LED 
array, and a digital timer was powered by the TENG) is available 
in the online version of this article at https://doi.org/10.1007/ 
s12274-020-2654-7. 

References  
[1] Lee, S.; Kim, J.; Yun, I.; Bae, G. Y.; Kim, D.; Park, S.; Yi, I. M.; 

Moon, W.; Chung, Y.; Cho, K. An ultrathin conformable vibration- 
responsive electronic skin for quantitative vocal recognition. Nat. 
Commun. 2019, 10, 2468.  

[2] Du, X. Y.; Li, N. W.; Liu, Y. B.; Wang, J. N.; Yuan, Z. Q.; Yin, Y. Y.; 
Cao, R.; Zhao, S. Y.; Wang, B.; Wang, Z. L. et al. Ultra-robust 
triboelectric nanogenerator for harvesting rotary mechanical energy. 
Nano Res. 2018, 11, 2862–2871.  

[3] Zhou, C. J.; Yang, Y. Q.; Sun, N.; Wen, Z.; Cheng, P.; Xie, X. K.; 
Shao, H. Y.; Shen, Q. Q.; Chen, X. P.; Liu, Y. N. et al. Flexible self- 
charging power units for portable electronics based on folded carbon 
paper. Nano Res. 2018, 11, 4313–4322.  

[4] Bao, R. R.; Wang, C. F.; Dong, L.; Shen, C. Y.; Zhao, K.; Pan, C. F. 
CdS nanorods/organic hybrid LED array and the piezo-phototronic 
effect of the device for pressure mapping. Nanoscale 2016, 8, 8078– 
8082.  

[5] Bao, R. R.; Wang, C. F.; Peng, Z. C.; Ma, C.; Dong, L.; Pan, C. F. 
Light-emission enhancement in a flexible and size-controllable ZnO 
nanowire/organic light-emitting diode array by the piezotronic effect. 
ACS Photonics 2017, 4, 1344–1349.  

[6] Hu, J.; Pu, X. J.; Yang, H. M.; Zeng, Q. X.; Tang, Q.; Zhang, D. Z.; Hu, 
C. G.; Xi, Y. A flutter-effect-based triboelectric nanogenerator for 
breeze energy collection from arbitrary directions and self-powered 
wind speed sensor. Nano Res. 2019, 12, 3018–3023.  

[7] Pan, L.; Wang, J. Y.; Wang, P. H.; Gao, R. J.; Wang, Y. C.; Zhang, X. 
W.; Zou, J. J.; Wang, Z. L. Liquid-FEP-based U-tube triboelectric 
nanogenerator for harvesting water-wave energy. Nano Res. 2018, 
11, 4062–4073.  

[8] Yang, T. Z.; Liu, T.; Tang, Y.; Hou, S.; Lv, X. F. Enhanced targeted 
energy transfer for adaptive vibration suppression of pipes conveying 
fluid. Nonlinear Dyn. 2019, 97, 1937–1944.  

[9] Liang, Z. S.; Zhang, L.; Wu, D.; Chen, G. H.; Jiang, F. Systematic 
evaluation of a dynamic sewer process model for prediction of odor 
formation and mitigation in large-scale pressurized sewers in Hong 
Kong. Water Res. 2019, 154, 94–103.  

[10]  Sharma, P.; Lao, L. Y.; Falcone, G. A microwave cavity resonator 
sensor for water-in-oil measurements. Sens. Actuators B: Chem. 2018, 
262, 200–210.  

[11]  Choi, D.; Lee, S.; Park, S. M.; Cho, H.; Hwang, W.; Kim, D. S. 
Energy harvesting model of moving water inside a tubular system and 
its application of a stick-type compact triboelectric nanogenerator. 
Nano Res. 2015, 8, 2481–2491.  

[12]  Fan, F. R.; Tian, Z. Q.; Wang, Z. L. Flexible triboelectric generator. 
Nano Energy 2012, 1, 328–334.  

[13]  Wang, M.; Zhang, J. H.; Tang, Y. J.; Li, J.; Zhang, B. S.; Liang, E. J.; 
Mao, Y. C.; Wang, X. D. Air-flow-driven triboelectric nanogenerators 
for self-powered real-time respiratory monitoring. ACS Nano 2018, 
12, 6156–6162.  

[14]  Liu, W. L.; Wang, Z.; Wang, G.; Liu, G. L.; Chen, J.; Pu, X. J.; Xi, Y.; 
Wang, X.; Guo, H. Y.; Hu, C. G. et al. Integrated charge excitation 



Nano Res.  

www.theNanoResearch.com∣www.Springer.com/journal/12274 | Nano Research 

5 

triboelectric nanogenerator. Nat. Commun. 2019, 10, 1426.  
[15]  Tang, Y. J.; Zhou, H.; Sun, X. P.; Feng, T. X.; Zhao, X. Y.; Wang, Z. 

P.; Liang, E. J.; Mao, Y. C. Cotton-based naturally wearable power 
source for self-powered personal electronics. J. Mater. Sci. 2020, 55, 
2462–2470.  

[16]  Guo, H. Y.; Pu, X. J.; Chen, J.; Meng, Y.; Yeh, M. H.; Liu, G. L.; Tang, 
Q.; Chen, B. D.; Liu, D.; Qi, S. et al. A highly sensitive, self-powered 
triboelectric auditory sensor for social robotics and hearing aids. Sci. 
Rob. 2018, 3, eaat2516.  

[17]  Mao, Y. C.; Zhang, N.; Tang, Y. J.; Wang, M.; Chao, M. J.; Liang, E. 
J. A paper triboelectric nanogenerator for self-powered electronic 
systems. Nanoscale 2017, 9, 14499–14505.  

[18]  Wang, M.; Zhang, N.; Tang, Y. J.; Zhang, H.; Ning, C.; Tian, L.; Li, 
W. H.; Zhang, J. H.; Mao, Y. C.; Liang, E. J. Single-electrode 
triboelectric nanogenerators based on sponge-like porous PTFE thin 
films for mechanical energy harvesting and self-powered electronics. 
J. Mater. Chem. A 2017, 5, 12252–12257.  

[19]  Ning, C.; Tian, L.; Zhao, X. Y.; Xiang, S. X.; Tang, Y. J.; Liang, E. J.; 
Mao, Y. C. Washable textile-structured single-electrode triboelectric 
nanogenerator for self-powered wearable electronics. J. Mater. Chem. 
A 2018, 6, 19143– 19150.  

[20]  Zhang, B. S.; Tang, Y. J.; Dai, R. R.; Wang, H. Y.; Sun, X. P.; Qin, 
C.; Pan, Z. F.; Liang, E. J.; Mao, Y. C. Breath-based human–machine 
interaction system using triboelectric nanogenerator. Nano Energy 
2019, 64, 103953.  

[21]  Mao, Y. C.; Geng, D. L.; Liang, E. J.; Wang, X. D. Single-electrode 
triboelectric nanogenerator for scavenging friction energy from 
rolling tires. Nano Energy 2015, 15, 227–234.  

[22]  Wang, C. S.; Xi, Y.; Wang, M. J.; Zhang, C. S.; Wang, X.; Yang, Q.; 
Li, W. L.; Hu, C. G.; Zhang, D. Z. Carbon-modified Na2Ti3O7·2H2O 
nanobelts as redox active materials for high-performance supercapacitor. 
Nano Energy 2016, 28, 115–123.  

[23]  Dudem, B.; Kim, D. H.; Yu, J. S. Triboelectric nanogenerators with 
gold-thin-film-coated conductive textile as floating electrode for 
scavenging wind energy. Nano Res. 2018, 11, 101–113. 

[24]  Yang, H. M.; Deng, M. M.; Tang, Q.; He, W. C.; Hu, C. G.; Xi, Y.; 
Liu, R. C.; Wang, Z. L. A nonencapsulative pendulum-like paper– 
based hybrid nanogenerator for energy harvesting. Adv. Energy 
Mater. 2019, 9, 1901149.  

[25]  Bai, P.; Zhu, G.; Liu, Y.; Chen, J.; Jing, Q. S.; Yang, W. Q.; Ma, J. S.; 
Zhang, G.; Wang, Z. L. Cylindrical rotating triboelectric nanogenerator. 
ACS Nano 2013, 7, 6361–6366.  

[26]  Wen, Z.; Guo, H. Y.; Zi, Y. L.; Yeh, M. H.; Wang, X.; Deng, J. A.; 
Wang, J.; Li, S. M.; Hu, C. G.; Zhu, L. P. et al. Harvesting broad 
frequency band blue energy by a triboelectric–electromagnetic 
hybrid nanogenerator. ACS Nano 2016, 10, 6526–6534.  

[27]  Shao, H. Y.; Cheng, P.; Chen, R. X.; Xie, L. J.; Sun, N.; Shen, Q. Q.;  
Chen, X. P.; Zhu, Q. Q.; Zhang, Y.; Liu, Y. N. et al. Triboelectric– 
electromagnetic hybrid generator for harvesting blue energy. 
Nano-Micro Lett. 2018, 10, 54.  

[28]  Chen, C.; Wen, Z.; Wei, A. M.; Xie, X. K.; Zhai, N. N.; Wei, X. L.; 
Peng, M. F.; Liu, Y. N.; Sun, X. H.; Yeow, J. T. W. Self-powered 
on-line ion concentration monitor in water transportation driven by 
triboelectric nanogenerator. Nano Energy 2019, 62, 442–448.  

[29]  Wang, S. H.; Xie, Y. N.; Niu, S. M.; Lin, L.; Wang, Z. L. 
Freestanding triboelectric-layer-based nanogenerators for harvesting 
energy from a moving object or human motion in contact and 
non-contact modes. Adv. Mater. 2014, 26, 2818–2824.  

[30]  Lin, L.; Wang, S. H.; Niu, S. M.; Liu, C.; Xie, Y. N.; Wang, Z. L. 
Noncontact free-rotating disk triboelectric nanogenerator as a 
sustainable energy harvester and self-powered mechanical sensor. 
ACS Appl. Mater. Interfaces 2014, 6, 3031–3038.  

[31]  Tang, Y. J.; Zhou, H.; Sun, X. P.; Diao, N. H.; Wang, J. B.; Zhang, B. 
S.; Qin, C.; Liang, E. J.; Mao, Y. C. Triboelectric touch-free screen 
sensor for noncontact gesture recognizing. Adv. Funct. Mater. 2019, 
1907893.  

[32]  Guo, H. Y.; Chen, J.; Yeh, M. H.; Fan, X.; Wen, Z.; Li, Z. L.; Hu, C. 
G.; Wang, Z. L. An ultrarobust high-performance triboelectric 
nanogenerator based on charge replenishment. ACS Nano 2015, 9, 
5577–5584. 

 


