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Q.b Abstract

THE HONG KONG POLYTECHNIC UNIVERSITY
Abstract

Recent development of Internet of Things and related sensor technologies have
greatly impacted on the logistics tracking, structural health monitoring, environment
analysis, and data extraction. It is highly imperative to develop a technology to allow
the sensor node to operate independently, sustainably, and maintenance-free by
harvesting the energy from the ambient environment. Here we demonstrate a
triboelectric device as a high-efficient and durable kinetic energy harvester from
ubiquitously mechanical vibration. We construct a cylinder coated with
polytetrafluoroethylene (PTFE), and place a number of metal balls inside the cylinder.
This ball-based triboelectric generator (B-TEG) coverts the mechanical shaking into the
electricity. By grounding the metal-freestanding-layer, the output power shows 16 times
improvement through the electrophorus effect. This triboelectric nanogenerator can
charge a 100 pF capacitor within 100 second, providing potential for supplying

sustainable power to wireless sensor nodes.
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Chapter 1

Chapter 1 Introduction

1.1 Self-powered sensor: triboelectric nanogenerator

Wireless sensor networks (WSNSs) are widely used in logistics data logging [1],
construction health monitoring [2], environment status monitoring [3], and healthcare
monitoring [4]. With the limited lifetime of batteries, power source has become a big
barrier for further implementation of WSNs. Exploiting sustainable power source from
the ambient is the ideal and most demanding challenge for future industries. Energy
harvesting devices convert ambient energy sources, such as, solar light [5], mechanical
vibrations [6-7], heat [8] etc., into electricity.

Solar cell is a well-developed mature technology for harvesting ambient light
and supplying electricity. However, it cannot supply electrical power under the
environment without light exposure, which greatly restricts its application scenarios.
When sensor nodes are embedded in dark and inaccessible locations, they require
sustainable power sources. For example, the containers in the logistics are typically
placed inside the trucks and vessels. They lack of solar light but are rich with
mechanical vibration during the transportation. It is important to develop enabling

technologies that can harvest kinetic energy to supply power to sensor nodes (inside
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containers), which are placed without the exposure to solar light. Among all energy

sources, mechanical vibration ubiquitously exists in various environments, such as,

vibration of machine, human movement, the flow of the water and wind [9-13].

Piezoelectric and triboelectric harvester can convert the mechanical motion into

electricity [14-16].

Triboelectric nanogenerators have attracted significant attention in recent years
because of their simple structure and broad materials selection. When a metal and a
dielectric contact to each other, electrons transfer from the metal to the dielectric
materials. The surface of dielectric material is negatively charged, and the metal surface
is positively charged [17-18]. By connecting two materials with a conductor, a high
voltage electricity occurs because of contact electrification and electrostatic induction
[19]. There are different types of triboelectric generators, including sliding mode
[16,20-23], contact mode [15,20,24-30], single-electrode mode [31-33] and freestanding
mode [34-35]. To enhance the energy conversion efficiency, Chun et al. boosted the
output power by 16 times via an electric double layer effect in a configuration of three-
layer system [14]. Kim et al. designed a powder-based triboelectric nanogenerator,
where a rigid acrylic cylinder contains PTFE powder confined between the two
aluminum metal plates [36]. The triboelectric nanogenerator based on pressing and
sliding structures cover a wide range of mechanical vibrations. While, another form of
mechanical vibration, shaking motion, widely exist in broad scenarios, but has been less
reported for the use of triboelectric nanogenerator. In this work, we design and construct
a so-called ball-based triboelectric generator (B-TEG) for harvesting the shaking motion.

To effectively harvest the shaking motion, we place metal balls inside a cylinder
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covered with PTFE. This structure enables us to have one more terminal in the middle

metal balls for charge exchange.

1.2 Objectives

The main objectives of this project include
(1) using B-TEG to convert the mechanical vibration into electricity;
(2) boosting the output power of B-TEG by electrophorus effect; and

(3) using B-TEG to power up a temperature sensotr.

1.3 Organization of report

In this report, we will first introduce the ball-based triboelectric generator (B-
TEG) and explain its working mechanism. We also show the output performance of B-
TEG. After that, we provide a new configuration of grounded-metal-freestanding-layer
triboelectric generator (B-GTEG). This new configuration boosts the output power of
B-TEG by Volta’s electrophorus. We will explain the reason of output power
enhancement and have a comparison of B-TEG and B-GTEG. At the end, we show the
100 pF capacitor charging curve of B-TEG and B-GTEG and discuss the further

applications of our device.
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Chapter 2 Literature Review

2.1 Triboelectric effect on PTFE and Al

The working principle of triboelectric generator is triboelectric effect [19].
Triboelectric effect is an electrification effect that a material become electrically
charged after it contacts and separates with another material. From the table of
triboelectric series [37], PTFE has a greater tendency to gain electrons from Al. PTFE
can acquire negative charges by contact and separation with Al because of triboelectric

effect.

2.2 Freestanding triboelectric-layer nanogenerator

Freestanding triboelectric-layer mode is a typical mode of triboelectric
nanogenerator [38]. A metal/dielectric freestanding layer is placed in the middle of the
structure. It is charged due to its contact with the top and bottom layers of another
material by triboelectric effect. If we make a pair of electrode on the top and bottom
layers and connect 2 electrodes together, the charges flow between 2 electrodes to
balance the local potential distribution because of the induction of the charged

freestanding layer.
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2.3 Volta’s electrophorus effect
The electrophorus effect is announced by Volta in 1775 [39]. Generally, PTFE

plate and a metal electrode with insulating handle are used for the experiment of
electrophorus effect. The surface of PTFE plate is initially, negatively charged. The
PTFE plate is placed at the bottom. When the metal electrode contacts the PTFE plate
surface, the charges inside the metal electrode are separated into 2 parts, positive
charges at the bottom surface and negative charges at the top surface. If we connect the
metal electrode to the ground, the negative charges will go to ground and the positive
charge will remain in the metal electrode. By this method, the metal electrode can

become positively charged after separating from PTFE.
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Chapter 3 Fabrication Procedures and Experimental

Setups

3.1 Fabrication of Copper thin film electrodes on a piece of dielectric material
PTFE (PTFE, Huasheng) with 1 mm thickness was used as dielectric material.
To prepare a coated PTFE sample, the air gun was used to remove the dust. The cleared
PTFE was put into MRC sputter with the vacuum at 6 millitorr. The copper was
sputtered on the PTFE under 20 sccm Ar flow-rate and 70 W Power for 15 min. The
thickness of copper layer is around 70 nm on the one side of PTFE, used as the top and

bottom layers.

3.2 Fabrication of triboelectric generator

A piece of PTFE was bended as a cylinder which have 30 mm diameter and 30
mm height. The copper tape with 5 mm width was stuck around the inner surface of the
PTFE cylinder in the middle position. The bottom layer, which is a piece of 3.6 cm X
3.6 cm PTFE with copper coating, was used to cover one of sides of cylinder. Different
numbers of 1 mm Al metal balls were put into the cylinder before it was sealed by

another piece of PTFE with copper coating.
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3.3 Characterization and measurements

A linear motor (PS-01-37x120-C, LinMot) which was operated at a cycle of
cosine curve and 77 ms at rest was used to create a 3 Hz and 1 N shaking motion to the
triboelectric generator. The period of cosine curve is 179.3 ms and the peak to peak
value is 30 mm. A 600 MHz Oscilloscope (WaveSurfer 62Xs, LeCroy) and a low-noise
current preamplifier (Model SR570, Stanford Research Systems, Inc.) were used for

electrical measurements.
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Chapter 4 Results and Discussions

4.1 Schematic diagram and Photos of B-TEG

Figure 1(a) shows the schematic diagram of the ball-based triboelectric
generator (B-TEG). A paper cylinder has a height of 3 cm and an inner diameter of 3 cm.
The surface of this cylinder is coated with PTFE by double side tape. The Al metal balls
with a diameter of 1 mm are placed inside the cylinder. The top and bottom surfaces of
PTFE cylinder are coated with Cu thin films as top and bottom electrodes. Figure 1(b)

and 1(c) show the top-view and side-view photo of the B-TEG structure.

(a)
Copper
PTFE

Aluminium balls
Copper

FIGURE 1 lllustration of the ball-based triboelectric generator. (a) Three-dimension
schematic diagram of the ball-based triboelectric generator. Photo of (b) Top view and

(c) side view of a ball-based triboelectric generator.

4.2 Working mechanism of B-TEG
This B-TEG operates in a freestanding mode, in which the Al metal balls serve
as a freestanding metal layer and the PTFE cylinder works as the counter triboelectric

material. Appendix A and Figure 2 illustrate the working mechanism of ball-based
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triboelectric generator (B-TEG). In the 1st cycle, as the cylinder with Al balls undergoes

mechanical shaking, the inside Al balls contact (Appendix A(a)) with the surface of
bottom PTFE and then separate (Appendix A(b)) from it. The electrons in Al balls are
attracted to PTFE because of triboelectric effect [40]. Thus, the Al balls carry positive
charges and PTFE carries negative charges. The positively charged Al balls bring about
electrostatic induction to the electrodes near PTFE. The bottom electrode becomes
negatively charged [38]. The charges flow through the external circuit and form current.
Then the Al balls move upward and contact with the surface of top PTFE. Similar to the
case that the Al balls are contacted with bottom PTFE surface, the contact and
separation process generate negative charges on the top Cu electrode, where the
direction of current flow is reversed. In the whole cycle, the mechanical shaking
generates alternating current (AC) in the external circuit of the B-TEG structure, which

can be connected to a rectifier for conversion to DC current.
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FIGURE 2 Working mechanism of ball-based triboelectric generator (B-TEG). (a)
Contact to bottom surface: Al balls contact with bottom inner surface of PTFE cylinder.
(b) Separation from bottom surface: Al balls move upwards and leave the bottom inner
surface of PTFE cylinder. (c) Contact to top surface: Al balls contact with the top inner
surface of PTFE cylinder. (d) Separation from top surface: Al balls move downwards

and leave the top inner surface of PTFE cylinder.

4.3 Output performance of B-TEG

We use a linear motor (PS-01-37x120-C, LinMot) to provide a mechanical
shaking of 1 N force and 3 Hz frequency to the B-TEG. The B-TEG is filled with the Al
balls with the volume ratio of 50% and the ball diameter of 1 mm. Figure 3(a) and 3(b)
show the open-circuit voltage (Voc) and short-circuit current (Isc) of the B-TEG under
external drive. The B-TEG shows high Voc of 26 V, and high Isc of 1.1 pA. We extract
the output power with different load resistors ranging from 1 Q to 1000 MQ, as shown

in Figure 3(c). The highest output power is 3.77 uW with the use of a 100 MQ load

10
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resistor.

We investigate the effect of the volume ratio of Al balls on the output
performance of B-TEG. Figure 3(d) shows the Voc and Isc of the B-TEG as a function
of the volume ratio of the Al balls, from 20% to 80%. When the volume ratio is
increased from 20% to 40%, the Voc and Isc is increased from 21.3 V to 27.0 V and
from 0.364 pA to 0.557 pA respectively; while the Voc and Isc of B-TEG is decreased
when the volume ratio of Al balls is over 40%. With the increase of the volume ratio of
Al balls, on one hand, greater contact force will act on the PTFE, which increases the
contact area between Al balls and PTFE; on the other hand, the increase of the volume
ratio of Al balls decreases the distance between electrodes and Al balls. The electrode,
separating from Al balls, is induced negative charges due to a short distance between the
electrode and Al balls. The electric potential between two electrodes drops. These two
competing factors result in an optimum point. Thus, the output power increases with the
volume ratio of the Al balls, but decreases after obtained the maximum output at the
volume ratio of 40%.

We also change the ball diameter from 1 mm to 4 mm. Figure 3(e) shows that
the highest output is obtained using the ball with the diameter of 3 mm. The increase of
ball diameter increases the mass of Al ball. The Al balls with low mass have a chance to
stick on the inner surface of PTFE cylinder by electrostatic force. The stuck Al balls
form a protective wall against the contact of PTFE with other Al balls, and the output
voltage and current drops. This problem can be solved using high mass Al balls. On the
other hand, the contact area depends on the gap between Al balls. There is a larger gap
between Al balls with the increase of ball diameter. Thus, the output power of the B-
TEG increases with the diameter of balls, while decreases after it reaches the maximum

output with the ball diameter of 3 mm. In the rest of the experiments, we use

11
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mechanical shaking of 1 N force and 3 Hz frequency, Al ball volume ratio of 50% and

ball diameter of 1 mm as a reference to compare with other structures.
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FIGURE 3 Output performance of ball-based triboelectric generator under a
mechanical shaking of 1 N force and 3 Hz frequency. (a) Open-circuit voltage, (b)
Short-circuit current, (c) output power as a function of load resistance, (d) effect of
volume ratios of Al balls on the open-circuit voltage and short-circuit current, and (e)

effect of ball diameters of Al balls on the open-circuit voltage and short-circuit current.

4.4 Comparison of B-TEG and B-GTEG

In the B-TEG structure, the Al balls inside the container are generated with
abundant charges by the triboelectric effect during the shaking motion. But it lacks an
effective way to collect the generated charges. To boost the output, we provide one
more terminal in the middle of the container, where a metal tape is wrapped around the
middle of the inner surface of the container and connected to the ground, as

schematically shown in Appendix B. The metal tape is a bridge to allow the charge

12
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exchange between Al balls and ground during the shaking motion. The charge in Al

balls can be extracted by the ground connection for an additional output in this structure.
Therefore, a new configuration of ball-based grounded-metal-freestanding-layer
triboelectric generator (B-GTEG) is designed and created to collect the abundant
charges of the Al balls generated during the mechanical shaking, based on Volta’s
electrophorus.

Figure 4(a) shows the schematic of B-TEG and B-GTEG. The B-TEG has only
one single output (Load A). However, B-GTEG has 2 outputs (Load A and B) because
we provide one more terminal of metal tape. We take the Cu metal tape with the width
of 5 mm to place in the middle of the cylinder as the additional terminal. The working
mechanism of B-GTEG is schematically described in Appendices C and D. It is similar
to that of B-TEG. The major difference is that the charges in Al balls are allowed to flow
to the ground or go back to Al balls by electrophorus effect. When the Al balls approach
PTFE, the positive charges and negative charges in Al balls are separated due to the
electrostatic induction of negatively charged PTFE. After the ground connection to the
middle terminal of the B-GTEG structure, the Al balls contact with this middle terminal,
allowing the negative charges in Al balls to flow to ground. Thus, Al balls become
positively charged. This so-called electrophorus effect has been widely used to generate
electricity. Figure 4(b) shows the output power of B-TEG and B-GTEG. The Load A of
B-GTEG shows much high power of 41.06 uW compared with that of B-TEG (3.77
uW). The total output power of B-GTEG (Load A + Load B) is 59.50 uW. There is a 16-
fold output power enhancement. The grounded connection in the middle terminal is
needed for electrophorus effect to increases the output current and voltage.
Electrophorus effect is used to produce more electrostatic charges in Al balls by

electrostatic induction.

13
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As the positive charges in Al balls are reduced after connected to the ground, Al
balls are easier to lose their electrons to PTFE during the shaking motion. The surface
of PTFE becomes more negative. It makes the potential difference between top and
bottom electrodes increase. On the other hand, electrophorus effect can be used to
describe the flow of charges in the terminal of metal tape. During the shaking motion,
the Al balls contact and separate to inner surface of PTFE cylinder. When the Al balls is
approaching to the inner surface of PTFE cylinder, positive charges can be induced to
Al balls because of the negative charges on the PTFE surfaces. We can extract more
charges from the terminal of metal tape by the electrophorus effect. Thus, the total
output power can be enhanced.

We also study the effects of the materials and width of the middle metal tape on
the output performance. For Load A, the output current of B-TEG without metal tape is
0.5 pA. After connecting the Al or Cu metal tape in the middle part of the cylinder, the
output current of B-GTEG is increased to around 0.9 pA. The structures with grounded
metal tapes have a higher output current, as shown in Figure 4(c). The ground
connection of metal tape is required for electrophorus effect to extract electrons from Al
balls. The output currents of the B-GTEG structure with grounded Al metal tape and Cu
metal tape are 1.25 pA and 1.55 pA, respectively. From the table of triboelectric series
[37], Al has a greater tendency to lose electrons than Cu. Al balls becomes more
positively charged and have a higher output current after the contact of Al balls and Cu
tape.

By increasing the width of the metal tape from 5 mm to 30 mm, the output
current is reduced to 1.45 pA (10 mm) and 1.09 pA (30 mm), respectively, as shown in
Figure 4(d). The increase of the width of metal tape reduces the contact area of inner

surface of PTFE cylinder as well as the accumulated charge in Al balls. As a result, the

14
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output power is reduced with the increase of the width of metal tape. The same result is

also shown in Load B, as shown in Figure 4(e). Therefore, the optimized output current

can be generated by using grounded Cu metal tape.
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FIGURE 4 (a) Illustration of the B-TEG and B-GTEG. (b) Output power of B-TEG and
B-GTEG. Short-circuit current with using (c) different materials of metal tape in Load A,

(d) different width of metal tape in Load A, (e) different material and width of metal

tape in Load B.

4.5 Capacitor charging curve of B-TEG and B-GTEG

The ambient mechanical vibration is usually intermittent and unpredictable. It is
important to store the harvested energy in an energy storage device. To harvest the
mechanical energy for powering a sensor node, we use a 100 pF capacitor to test the

different configurations. Figure 5(a) shows the circuit configurations of B-TEG and B-

15
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GTEG to charge a capacitor using different number of rectifiers. Capacitor charging
curves of different configurations of B-TEG in 100 s are shown in Figure 5(b). B-GTEG

has a better performance and it can charge up the capacitor to 0.86 V in 100 s. B-TEG

only charge up the capacitor to 0.49 V in 100 s.

(a) (b)

[ E— 0.2}

B-TEG B-GTEG 0.0 N
0 20 40 60
Time (s)

Voltage (V)

80 100

FIGURE 5 (a) The circuit diagram of charging capacitor in B-TEG and B-GTEG. (b)

Plot of 100uF capacitor charging with B-TEG and B-GTEG in 100 s.

16
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Chapter 5 Conclusions and Future Recommendation

5.1 Conclusions

In summary, we design and construct a freestanding ball-based triboelectric
generator and create a grounded metal-freestanding-layer. Cu tape is used as the bridge
to connect Al balls to the ground. The B-GTEG can boost the output power by the Cu-
Al interaction and electrophorus effect. The output power is increased from 3.77 pW
(B-TEG) to 59.50 uW (B-GTEG). There is a 16-fold output power enhancement.
Grounded metal-freestanding-layer is the easiest way and cheapest method to boost a
freestanding triboelectric generator. Our works provide great advantages over

conventional power boost method on triboelectric generator.

5.2 Future recommendations

In our device, it is hard to apply the B-GTEG to real applications. The output
power is still low to power up a sensor. The output characteristics with high voltage and
low current is the problem of application of B-GTEG. A common sensor needs around
3.5 V and a certain current. If we convert the output voltage and current of B-GTEG
with a transformer, there is a huge power loss. Therefore, B-GTEG cannot be a power
source of a sensor. To enhance the power of B-GTEG, we can make some nano-pattern
on the PTFE and Al balls. It can increase the contact surface area of PTFE and Al balls

to improve the output performance of B-GTEG.

17



References

THE HONG KONG POLYTECHNIC UNIVERSITY

References

L. Jin, W. Deng, Y. Su, Z. Xu, H. Meng, B. Wang, H. Zhang, B. Zhang, L. Zhang,
X. Xiao, M. Zhu and W. Yang, Self-powered wireless smart sensor based on
maglev porous nanogenerator for train monitoring system. Nano Energy, 2017. 38:
p.185-192.

H. Yu, X. He, W. Ding, Y. Hu, D. Yang, S. Lu, C. Wu, H. Zou, R. Liu, C. Lu and Z.
L. Wang, A Self-Powered Dynamic Displacement Monitoring System Based on
Triboelectric Accelerometer. Advanced Energy Materials, 2017. 7(19): DOI:
10.1002/aenm.201700565.

Z. Li, J. Chen, J. Zhou, L. Zheng, K. C. Pradel, X. Fan, H. Guo, Z. Wen, M. H.
Yeh, C. Yu and Z. L. Wang, High-efficiency ramie fiber degumming and self-
powered degumming wastewater treatment using triboelectric nanogenerator.
Nano Energy, 2016. 22: p.548-557.

P. Bai, G. Zhu, Q. Jing, J. Yang, J. Chen, Y. Su, J. Ma, G. Zhang and Z. L. Wang,
Membrane-Based Self-Powered Triboelectric Sensors for Pressure Change
Detection and Its Uses in Security Surveillance and Healthcare Monitoring.
Advanced Functional Materials, 2017. 24(37): p. 5807-5813.

F. Zhou, Z. Ren, Y. Zhao, X. Shen, A. Wang, Y. Y. Li, C. Surya and Y. Chali,
Perovskite Photovoltachromic Supercapacitor with All-Transparent Electrodes.
ACS Nano, 2016. 10(6): p. 5900-5908.

R. Song, H. Jin, X. Li, L. Fei, Y. Zhao, H. Huang, H. L. Chan, Y Wang and Y.

Chai, A Rectification-free piezo-supercapacitor with a Polyvinylidene Fluoride

18



&

10.
11.

12.

13.

14.

References

THE HONG KONG POLYTECHNIC UNIVERSITY

Separator and Functionalized Carbon Cloth Electrodes. Journal of Materials
Chemistry A, 2015. 3(29): p. 14963-14970.

B. Ahmed-Seddik, G. Despesse, S. Boisseau and E. Defay, Self-powered resonant
frequency tuning for Piezoelectric Vibration Energy Harvesters. Journal of
Physics: Conference Series, 2013. 476: p. 012069.

M. Hyland, H. Hunter, J. Liu, E. Veety and D. Vashaee, Wearable thermoelectric
generators for human body heat harvesting. Applied Energy, 2016. 182: p. 518-
524,

Z.H. Lin, G. Cheng, S. Lee K. C. Pradel and Z. L. Wang, Harvesting Water Drop
Energy by a Sequential Contact-Electrification and Electrostatic-Induction
Process. Advanced Materials, 2014. 26(27): p. 4690-4696.

X. S. Meng, Z. L. Wang and G. Zhu, Triboelectric-Potential-Regulated Charge
Transport Through p—n Junctions for Area-Scalable Conversion of Mechanical
Energy. Advanced Materials, 2016. 28(4): p. 668-676.

S. Lee, W. Ko, Y. Oh, J. Lee, G. Baek, Y. Lee, J. Sohn, S. Cha, J. Kim, J. Park and
J. Hong, Triboelectric energy harvester based on wearable textile platforms
employing various surface morphologies. Nano Energy, 2015. 12: p. 410-418.

E. Romero-Ramirez, Energy harvesting from body motion using rotational micro-
generation. PhD Dissertation, Michigan Technological University, 2010.

S. Li, J. Yuan and H. Lipson, Ambient wind energy harvesting using cross-flow
fluttering,” Journal of Applied Physics. Journal of Applied Physics, 2011. 109(2):
p. 026104.

J. Chun, B. U. Ye, J. W. Lee, D. Choi, C. Kang, S. Kim, Z. L. Wang and J. M.

Baik, Boosted output performance of triboelectric nanogenerator via electric

19



&

16.

17.

18.

19.

20.
21.

22.

References

THE HONG KONG POLYTECHNIC UNIVERSITY

double layer effect. Nature Communications, 2016. 7: p. 12985.

G. Zhu, Z. Lin, Q. Jing, P. Bai, C. Pan, Y. Yang, Y. Zhou and Z. L. Wang, Toward

Large-Scale Energy Harvesting by a Nanoparticle-Enhanced Triboelectric
Nanogenerator. Nano Letters, 2013. 13(2): p. 847-853.

S. Niu, Y. Liu, S. Wang, L. Lin, Y. S. Zhou, Y. Hu and Z. L. Wang, Theory of
Sliding-Mode Triboelectric Nanogenerators. Advanced Materials, 2013. 25(43): p.
6184-6193.

X.Z.Wang, B. Yang, J. Q. Liu, Y. B. Zhu, C. S. Yang and Q. He, A flexible
triboelectric-piezoelectric hybrid nanogenerator based on P(VDF-TrFE)
nanofibers and PDMS/MWCNT for wearable devices. Scientific Reports, 2016. 6:
p. 36409.

Y. L. Zi, C. S. Wu, W. B. Ding and Z. L. Wang, Maximized Effective Energy
Output of Contact-Separation-Triggered Triboelectric Nanogenerators as Limited
by Air Breakdown. Advanced Functional Materials, 2017. 27(24): p. 1700049.

F. Fan, Z. Tian and Z. L. Wang, Flexible triboelectric generator. Nano Energy,
2012. 1(2): p. 328-334.

Z. L. Wang, Triboelectric Nanogenerators as New Energy Technology for Self-
Powered Systems and as Active Mechanical and Chemical Sensors. ACS Nano,
2013. 7(11): p. 9533-9557.

Y. Yang, H. Zhang, J. Chen, Q. Jing, Y. S. Zhou, X. Wen and Z. L. Wang, Single-
Electrode-Based Sliding Triboelectric Nanogenerator for Self-Powered
Displacement Vector Sensor System. ACS Nano, 2013. 7(8): p. 7342-7351.
Z.L.Wang, L. Lin, J. Chen, S. Niu and Y. Zi, in: Triboelectric Nanogenerator:

Lateral Sliding Mode, Springer, Cham, 2016, p. 49-90.

20



&

23.

24.

25.

26.
27.
28.
29.

30.

References

THE HONG KONG POLYTECHNIC UNIVERSITY
G. Zhu, Y. S. Zhou, P. Bai, X. S. Meng, Q. Jing, J. Chen and Z. L. Wang, A Shape-

Adaptive Thin-Film-Based Approach for 50% High-Efficiency Energy Generation
Through Micro-Grating Sliding Electrification. Advanced Materials, 2014. 26(23):
p. 3788-3796.

Z. Zhao, X. Pu, C. Du, L. Li, C. Jiang, W. Hu and Z. L. Wang, Freestanding Flag-

Type Triboelectric Nanogenerator for Harvesting High-Altitude Wind Energy from
Arbitrary Directions. ACS Nano, 2016. 10(2): p. 1780-1787.

Z.L.Wang, L. Lin, J. Chen, S. Niu and Y. Zi, in: Triboelectric Nanogenerator:
Vertical Contact-Separation Mode, Springer, Cham, 2016, p. 23-47.

H. Fang, H. Tian, J. Li, Q. Li, J. Dai, T. Ren, G. Dong and Q. Yan, Self-powered
flat panel displays enabled by motion-driven alternating current
electroluminescence. Nano Energy, 2015. 20: p. 48-56.

W. Xu, L. Huang and J. Hao, Fully self-healing and shape-tailorable triboelectric
nanogenerators based on healable polymer and magnetic-assisted electrode.
Nano Energy, 2017. 40: p. 399-407.

W. Xu, L. Huang, M. Wong, L. Chen, G. Bai and J. Hao, Environmentally friendly
hydrogel-based triboelectric nanogenerators for versatile energy harvesting and
self-powered sensors. Advanced Energy Materials, 2017. 7(1): p. 1601529.

L. Huang, W. Xu, G. Bai, M. Wong, Z. Yang and J. Hao, Wind energy and blue
energy harvesting based on magnetic-assisted noncontact triboelectric
nanogenerator. Nano Energy, 2016. 30: p. 36-42.

D. Kim, S. Jeon, J. Y. Kim, M. Seol, S. O. Kim and Y. Choi, High-performance
nanopattern triboelectric generator by block copolymer lithography. Nano Energy,

2015. 12: p. 331-338.

21



&
31.
32.
33.
34.
35.

36.

37.

38.

References

THE HONG KONG POLYTECHNIC UNIVERSITY
S. S. Kwak, S. Lin, J. H. Lee, H. Ryu, T. Y. Kim, H. Zhong, H. Chen and S. Kim,

Triboelectrification-Induced Large Electric Power Generation from a Single
Moving Droplet on Graphene/Polytetrafluoroethylene. ACS Nano, 2016. 10(8): p.
7297-7302.

Q. Liang, X. Yan, Y. Gu, K. Zhang, M. Liang, S. Lu, X. Zheng and Y. Zhang,
Highly transparent triboelectric nanogenerator for harvesting water-related
energy reinforced by antireflection coating. Scientific Reports, 2015. 5: p. 9080.
H. Fang, X. Wang, Q. Li, D. Peng, Q. Yan and C. Pan, A Stretchable
Nanogenerator with Electric/Light Dual-Mode Energy Conversion. Advanced
Energy Materials, 2016. 6(18): p. 1600829.

S. Niu and Z. L. Wang, Theoretical systems of triboelectric nanogenerators. Nano
Energy, 2015. 14: p. 161-192.

M. Yeh, H. Guo, L. Lin, Z. Wen, Z. Li, C. Hu and Z. L. Wang, Rolling Friction
Enhanced Free-Standing Triboelectric Nanogenerators and their Applications in
Self-Powered Electrochemical Recovery Systems. Advanced Functional Materials,
2015. 26(7): p. 1054-1062.

D. Kim, Y. Oh, B. Hwang, S. Jeon, S. Park and Y. K. Choi, Triboelectric
Nanogenerator Based on the Internal Motion of Powder with a Package Structure
Design. ACS Nano, 2015. 10(1): p. 1017-1024.

D. Davies, Charge generation on dielectric surfaces. Journal of Physics D:
Applied Physics, 1969. 2(11): p. 1533.

S. Niu, Y. Liu, X. Chen, S. Wang, Y. S. Zhou, L. Lin, Y. Xie, Z. L. Wang, Theory
of freestanding triboelectric-layer-based nanogenerators. Nano Energy, 2015. 12:

p. 760-774.

22



References

THE HONG KONG POLYTECHNIC UNIVERSITY
39. G. Pancaldi, in: Volta: Science and Culture in the Age of Enlightenment: The
Electrophorus, Princeton University Press, Princeton, 2005, p. 73-105.

40. M. Lungu, Electrical separation of plastic materials using the triboelectric effect.

Minerals Engineering, 2004. 17(1): p. 69-75.

23



Appendices
&

THE HONG KONG POLYTECHNIC UNIVERSITY

Appendices
(a) (b)
5
@ %_E
(d) (c) l
%_E @
L
{

(e)

APPENDIX A Working mechanism of ball based triboelectric generator (B-TEG) at 1%
cycle. (a) Initial state: Al balls contact with bottom inner surface of PTFE cylinder. (b)
First separation: Al balls move upwards and leave the bottom inner surface of PTFE
cylinder. (c) First contact: Al balls contact with the top inner surface of PTFE cylinder.
(d) Second separation: Al balls move downwards and leave the top inner surface of
PTFE cylinder. () Contact to bottom surface: Al balls contact with bottom inner

surface of PTFE cylinder.

24



Appendices

THE HONG KONG POLYTECHNIC UNIVERSITY

Copper

Aluminium balls

Copper

APPENDIX B lllustration of the ball-based grounded-metal-freestanding-layer

triboelectric generator (B-GTEG).
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APPENDIX C Working mechanism of ball-based grounded-metal-freestanding-layer
triboelectric generator (B-GTEG) at 1% cycle. (a) Initial state: Al balls contact with
bottom inner surface of PTFE cylinder. (b) First separation: Al balls move upwards and
leave the bottom inner surface of PTFE cylinder. (c) Electrostatic induction (X): There
is no electrostatic induction at the 1% cycle. (d) First contact: Al balls contact with the
top inner surface of PTFE cylinder. (e) Second separation: Al balls move downwards
and leave the top inner surface of PTFE cylinder. (f) Electrostatic induction:
Electrophorus effect is occurred when Al balls is approaching the bottom inner
surface of PTFE cylinder by electrostatic induction. (g) Contact to bottom surface: Al

balls contact with bottom inner surface of PTFE cylinder.
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(d)

APPENDIX D Working mechanism of ball based grounded-metal-freestanding-layer
triboelectric generator (B-GTEG). (a) Contact to bottom surface: Al balls contact with
bottom inner surface of PTFE cylinder. (b) Separation from bottom surface: Al balls
move upwards and leave the bottom inner surface of PTFE cylinder. (c) Electrostatic
induction: Electrophorus effect is occurred when Al balls is approaching the top
inner surface of PTFE cylinder by electrostatic induction. (d) Contact to top surface: Al
balls contact with the top inner surface of PTFE cylinder. () Separation from top
surface: Al balls move downwards and leave the top inner surface of PTFE cylinder. (f)
Electrostatic induction: Electrophorus effect is occurred when Al balls is

approaching the bottom inner surface of PTFE cylinder by electrostatic induction.
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(a) (b)

Load A Load B
Grounded Cu tape Cu tape
Outer surface Inner surface Outer surface Inner surface
No tape | I_|_| Al tape
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APPENDIX E (a) different width of metal tape in Load A, (b) different material and

width of metal tape in Load B.

To verify the effect of metal tape, we also tried to wrap around the middle of the
outer surface of the container by Cu metal tape. However, the output current with outer
metal tape is smaller than that without metal tape, as shown in Appendix E.
Electrophorus effect does not work without a directly ground connection of Al balls. It

proves that the metal tape must be connected to Al balls directly to boost the output

current.
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