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Figure 6.1 Structure design of a self-charging power cell by hybridizing a piezoelectric
nanogenerator and a Li-ion battery. (a) Schematic diagram showing the design
and structure of the self-charging power cell. The anode is aligned TiO,
nanotube arrays that are directly grown on Ti foils; a layer of polarized PVDF
film performs as the separator; the cathode is LiCoO, mixture on aluminum
foil. This structure is sealed in stainless-steel 2016-coin-type cells, as shown in
the inset. (b) Sticking a power cell on the bottom of a shoe, the compressive
energy generated by walking can be converted and stored directly by SCPC. (c)
Cross-sectional SEM image of the self-charging power cell, which is composed
of aligned nanotubes as anode, piezoelectric polymer film as separator and
cathode. (d) Enlarged view of the aligned TiO; nanotubes. The inset is a top
view SEM image of the nanotubes. 139
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compressive straining. (a) Schematic illustration of the self-charging power
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separator layer (e.g., PVDF film) creates a piezopotential, with the positive
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the driving of the piezoelectric field, the Li ions from the cathode will migrate
through the PVDF film separator in the electrolyte toward the anode, leading to
the corresponding charging reactions at the two electrodes. The free electrons
at the cathode and positive charges at the anode will dissipate inside the device
system. (d) The status where chemical equilibrium of the two electrodes is re-
established and the self-charging process ceases. (¢) When the applied force is
released, the piezoelectric field of the PVDF disappears, which breaks the
electrostatic equilibrium, so that a portion of the Li ions will diffuse back to the
cathode. (f) This electrochemical system reaches a new equilibrium, and a
cycle of self-charging is completed. 142
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Figure 6.4 Self-charging process of SCPC under periodic compressive straining and the
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cycles of SCPC under different force and frequencies, respectively. Inset
shows the operation of a commercial calculator using the SCPCs as the power
source. (c) As a comparison of efficiency, the SCPC is separated into two
individual units: a PVDF piezoelectric generator and a Li-ion battery by using
PE as a separator. The inset is a schematic circuit of the traditional charging
methods with separated generator and storage units connected by a bridge
rectifier. 145
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Figure 7.4 Basic working principle of the SCPU in the “standby-active mode”. (a) A two-
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before mechanical deformation. For clarity, the arch-shape is expressed as a
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LIB part. (d) The SCPU returns to its original shape, with induced potential
difference fully screened. (e) The SCPU is pressed again and the redundant
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SUMMARY

Energy harvesting and energy storage are two most important technologies in
today’s green and renewable energy science. As for energy harvesting, the fundamental
science and practically applicable technologies are not only essential in realizing the self-
powered electronic devices and systems, but also tremendously helpful in meeting the
rapid-growing world-wide energy consumptions. Mechanical energy is one of the most
universally-existing, diversely-presenting, but usually-wasted energies in the natural
environment. Owing to the limitations of the traditional technologies for mechanical
energy harvesting, it is highly desirable to develop new technology that can efficiently
convert different types of mechanical energy into electricity. On the other hand, the
electricity generated from environmental energy often needs to be stored in energy
storage unit before used to drive electronic devices. For the energy storage units such as
Li-ion batteries as the power sources, the limited lifetime is the prominent problem.
Hybridizing energy harvesting devices with energy storage units could not only provide
new solution for this, but also lead to the realization of sustainable power sources.

In this dissertation, the research efforts have led to several critical advances in a
new technology for mechanical energy harvesting—triboelectric nanogenerators
(TENGS). Previous to the research of this dissertation, the TENG only has one basic
mode—the contact mode. Through rational structural design, we largely improved the
output performance of the contact-mode TENG and systematically studied their
characteristics as a power source. Beyond this, we have also established the second basic
mode for TENG—the lateral sliding mode, and demonstrated sliding-based disk TENGs
for harvesting rotational energy and wind-cup-based TENGs for harvesting wind energy.
In order to expand the application and versatility of TENG by avoid the connection of the

electrode on the moving part, we further developed another basic mode—freestanding-
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layer mode, which is capable of working with supreme stability in non-contact mode and
harvesting energy from any free-moving object. Both the grating structured and disk-
structured TENGs based on this mode also display much improved long-term stability
and very high energy conversion efficiency. For the further improvement of the TENG’s
output performance from the material aspect, we introduced the ion-injection method to
study the maximum surface charge density of the TENG, and for the first time unraveled
its dependence on the structural parameter—the thickness of the dielectric film. The
above researches have largely propelled the development of TENGs for mechanical
energy harvesting and brought a big potential of impacting people’s everyday life.
Targeted at developing sustainable and independent power sources for electronic
devices, efforts have been made in this dissertation to develop new fundamental science
and new devices that hybridize the nanogenerator-based mechanical energy harvesting
and the Li-ion-battery-based energy storage process into a single-step process or in a
single device. Through hybridizing a piezoelectric nanogenerator with a Li-ion battery, a
self-charging power cell has been demonstrated based on a fundamentally-new
mechanical-to-electrochemcial process. The triboelectric nanogenerator as a powerful
technology for mechanical energy harvesting has also been hybridized with a Li-ion
battery into a self-charging power unit. This new concept of device can sustainably

provide a constant voltage for the non-stop operation of electronic devices.
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CHAPTER 1

INTRODUCTION

Energy, as the essential support for all the activities on the earth, plays a vitally
important role in the development of the human civilization." For the thousands of years
in the human history, chemical energy of certain matters, such as food, coals, petroleum
and natural gas, is the major form of energy that people rely on. In the ancient time, the
most important type of energy needed by people is heat, which was converted from the
chemical energy of various fossil fuels simply by combustion. Starting from the
discovery of electricity, the electrical machines and equipment have brought people into
the modern society. From then on, electrical energy becomes the major type of energy
that support people’s everyday life and the running of the whole world. As a result, the
generation of electricity through the conversion of different types of energy gradually
became one of the most important technologies. In the past, the electricity generation was
enabled by the generation of heat through the combustion of fuels.? Thus, the chemical
energy of fossil fuels continues to serve as the major source of energy for human. With
the rapid growth of the world’s population, the demand for energy is increasing
dramatically, and the abundant emissions from the combustion of the fuels are giving the
global warming. Thus, searching for renewable and ‘‘green’’ energy resources is one of
the most urgent issues to the sustainable development of human civilization.> On the
larger scale, active research and development are taking place into exploring alternative
energy resources such as solar, geothermal, biomass, nuclear, wind, and hydrogen. At a
much smaller scale, with rapid expansion of electronic devices in both numbers and

functionalities towards wireless, portability, and multi—’function,d"7

new type of power
sources are desperately needed for independent, sustainable, maintenance-free, and
continuous operation of portable electronics, bio-implantable devices, widely-distributed

environmental sensors, nanorobotics, and security applications. 8.9



Harvesting energy in our living environment is the most feasible approach to meet
all the above requirements for energy, both in the total quantity for the rapid-growing
world energy consumption, and in the advanced functionalities for portable and
miniaturized electronics by replacing or working conjunctionally with energy storage
units such as batteries. The abundance of energy in our environment exists in the form of
solar, thermal, mechanical, chemical, magnetic, biochemical, and so on. Targeted at

different forms of energy, vastly different mechanisms and technologies have been

10-15 16-18

developed for generating electricity, such as photovoltaics, thermoelectrics and so
on'”?. Energy harvesting, together with energy storage,”*” has become a big field—
energy science—that determines the development pace of the whole world and the

quality of people’s everyday life.

1.1 Mechanical Energy Harvesting

Among all these different types of environmental energies, mechanical energy,
including vibration, air flow, and human physical motion, is available almost everywhere
and at all times, which is called random energy with irregular amplitude and frequencies.
Therefore, it is desirable to develop technologies that can effectively and efficiently
harvest energy from the environment, through which the operation of the electronic
devices/systems could possibly be sustainably and independently self-powered. However,
compared to other forms of energy such as solar energy and thermal energy, the
harvesting of mechanical energy, especially small scale mechanical energy, is severely
overlooked, thus its development far lacks the development of technologies for other
forms of energies. This mainly results from the various drawbacks of the traditional

technologies for mechanical energy harvesting, which generally fall into three

27,28 31,32

categories—electromagnetics, electrostatics”>’ and piezoelectricity”' % For the target
of small-scale mechanical energy harvesting, since the year of 2006, nanogenerators have

been developed based on piezoelectric ZnO nanowires (NWs), which emerge as a
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revolutionary technology to harvest small-scale mechanical energies. More recently,

enabled by the triboelectric effect,”®*!

which is a well-known phenomenon that can
generate electrostatic charges from mechanical contact, triboelectric nanogenerators
(TENGs) have been invented.*** They are showing unprecedented advantages in
extremely high output and efficiency, low cost, easy fabrication. In the following, both

the traditional technology and the most-recently developed nanogenerators for small-

scale mechanical energy harvesting will be briefly reviewed.

1.1.1 Electromagnetic Generators

Electromagnetic induction, first discovered by Faraday in 1831, is the generation
of electric current in a conductor located within a magnetic field.*” The conductor
typically takes the form of a coil and the electricity is generated by either the relative
movement of the magnet and coil, or because of changes in the magnetic field. This
serves as the basic mechanism for the electricity generation in the past hundreds of years.
In the harvesting of large-scale mechanical energy, the rotating motion of the magnet (or
the coil) is driven by the hydropower or wind-power.****

In the small-scale, the application of this mechanism is mainly based on the
designs involving the cantilever structures.””*® In principle, either the magnets or the coil
can be chosen to be mounted on the beam while the other remains fixed. It is generally
preferable, however, to have the magnets attached to the beam as these can act as the
inertial mass.

A typical example is an electromagnetic micro generator developed by Beeby et
al.,”” for harvesting energy from the vibrations of an air compressor unit, which exhibits
large vibration maxima in the range of 0.19-3.7 m/s* at frequencies between 43 Hz and
109 Hz. The micro generator was therefore designed to operate within this range and to

be as small as possible whilst still generating useable levels of power and voltage. As

shown in Figure 1.1, the generator uses four magnets arranged on an etched cantilever



with a wound coil located within the moving magnetic field. This arrangement produces a
concentrated flux gradient through the stationary coil as the magnets vibrate. The beams
were fabricated from double polished single crystal silicon wafers. The coil was manually
bonded to a semi-circular recess machined in the base. The practical volume of the
generator components is approximately 0.15 cm’. With magnet size and coil properties
optimized, the final device can produce 46 uW in a resistive load of 4 kQ from just 0.59
m/s” acceleration levels at its resonant frequency of 52 Hz. A voltage of 428 mVrms was
obtained from the generator with a 2300 turn coil. From this above example, it can be
found that the electromagnetic-based structures for small-scale mechanical energy
harvesting are often low in output power, complicated in structural design, expensive in
manufacturing cost with the usage of permanent magnetic, and difficult for further
miniaturization, all of which limit the practical application of this type of technology.

NdFeB

Steel magnets

/ washer
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mass
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base Beam Zintec keeper

Figure 1.1 Micro electromagnetic cantilever generator. (From ref. 20)

1.1.2 Electrostatic Generators

Electrostatic generator is usually based on a variable capacitor, which consists of
two plates, isolated by air, vacuum or an insulator. The charging of the plates by a battery
of voltage V creates equal but opposite charges on the plates, O, leading to storage of the
charge when the voltage source is disconnected. Driven by mechanical vibrations, the
capacitive structure changes, leading to the change of its capacitance, and thus the stored
energy. The work done against the electrostatic force between the plates provides the

19,29,30
harvested energy.



Electrostatic generators can be classified into three types: 1. in-plane overlap
varying; 2. in-plane gap closing; 3. out-of-plane gap closing."” These are illustrated in
Figure 1.2. Both in-plane configurations create two variable capacitors with the
capacitances 180° out of phase. The three approaches can be operated either in charge
constrained or voltage constrained cycles. In general, the voltage constrained offers more
energy than the charge constrained approach. However, by incorporating a capacitor in
parallel with the energy harvesting capacitor, the energy from the charge constrained
system can approach that of the voltage constrained system as the parallel capacitance
approaches infinity. The previous studies reported that in-plane gap closing offers the
highest power output with an optimized design producing 100 pW/cm’; out-of-plane gap
closing is the next highest followed by in-plane overlap varying. Maximum power
generation occurs for very small dielectric gaps. From this, we can see that the outputs
produced by the electrostatic generators are still too low for driving most electronic

devices, and the need for a DC power source largely limits the real application of this

Figure 1.2 Electrostatic generators. (a) In-plane overlapping varying. (b) In-plane gap closing. (c)

technology.

Out-of-plane gap closing. (From ref. 12)

1.1.3 Piezoelectric (Nano)gener ators
Piezoelectric ceramics have been used for many years to convert mechanical

energy into electrical energy. Traditionally, the piezoelectric generators are based on



thin-film structures, either to collect the impact energy or to harvest vibrational energy
through cantilever structures.’'=%*°!

Ever since 2006, nanogenerators have been developed based on piezoelectric ZnO
nanowires (NWs), for efficiently scavenge tiny-scale mechanical energy.”~>>7"*" In the
first demonstration of this idea, as an AFM tip swept across a vertically grown ZnO
nanowire (NW), electric voltage/current was generated.”> The working principle was
attributed to the coupling between piezoelectric and semiconducting properties of the
ZnO NW. Later in 2008, a new design of NG was developed with a single ZnO NW
bonded horizontally on a flexible substrate.”> Cycled bending of the substrate produced
an AC electric output from the NW. Since then, substantial progress has been made to
integrate a large number of NWs together, aiming at collecting electric current from all
NWs simultaneously. The power output has been directed to a rapidly ascending path, as
shown in Figure 1.3.27*%%*>* Most recently, an integrated NG based on vertically
aligned ZnO NWs was developed. The peak open-circuit voltage and short-circuit current
reached a record high level of 58 V and 12 pA using an NG of lem’ in size,

respectively.”> Figure 1.3 summarizes the elevation of the piezoelectric NGs’ output

voltage throughout the 6 years from 2006 to 2012.>°
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Figure 1.3 A summary on the development of high output piezoelectric nanogenerators ever

since it was invented in 2006. (From ref. 48)

1.1.4 Triboelectric Nanogener ator

Triboelectric Effect

Triboelectric effect is a one of the few effects that has been known for thousands
years. When a material gets into contact with a different material, the difference in
chemical potential of the two surfaces will result in a charge transfer across the interface,
making both electrically charged after separation.”®*' Tt is generally believed that, after
two different materials come into contact, a chemical bond is formed between some parts
of the two surfaces, called adhesion, and charges move from one material to the other to
equalize their electrochemical po‘[e:ntial.57’58 The transferred charges can be electrons or
may be ions/molecules. When separated, some of the bonded atoms have a tendency to
keep extra electrons and some a tendency to give them away, possibly producing
triboelectric charges on surfaces. Although this fundamental process of the
triboelectrification is still in debate, people have been very clear that the contact between
almost all the types of materials can produce triboelectric charges, only different in
charge densities resulting from different electrochemical potentials of different materials.
According to the polarity and density of charges after contact, common materials have
been ranked in a series—triboelectric series (Fig. 1.4).” In the past thousands of years,
although it is widely perceived that the triboelectric charges can often generated a high
voltage, this voltage has not been utilized to drive the flow of charges to generate
electricity. Actually, this high voltage from the triboelectrification has always been

deemed as an undesirable effect for electronic systems.



Polyformaldehyde 1.3-1.4

(continued)

Etylcellulose Polyester (Dacron)
Polyamide 11 Polyisobutylene
Polyamide 6-6 Polyuretane flexible sponge
Melanime formol Polyethylene terephthalate
Wool, knitted Polyvinyl butyral

Silk, woven Polychlorobutadiene
Aluminum Natural rubber

Paper Polyacrilonitrile

Cotton, woven Acrylonitrile-vinyl chloride
Steel Polybisphenol carbonate
Wood Polychloroether

Nickel, copper Polystyrene

Sulfur Polyethylene

Brass, silver Polypropylene =y
Acetate, Rayon Polyimide (Kapton)

Polymethyl methacrylate (Lucite) Polyvinyl chloride (PVC)
Polyvinyl alcohol Polydimethylsiloxane (PDMS)
(continued) Polytetrafluoroethylene (Teflon)

I Hard rubber Polyvinylidine chloride (Saran) l

Figure 1.4 The triboelectric series: a list that ranks various materials according to their tendency

to gain (negative) or lose electrons (positive) in the contact charging process.

Triboelectric Nanogenerators

Ever since 2012, a newly invented technology—triboelectric nanogenerator—

4244 The first triboelectric

started to use this effect for harvesting mechanical energy.
nanogenerator (TENG) is fabricated by stacking two polymer sheets made of materials
having distinctly different triboelectric characteristics, with metal films deposited on the
top and bottom of the assembled structure (Fig. 1.5).* Once subjected to mechanical
deformation, a friction between the two films, owing to the nano-scale surface roughness,
generates equal amount but opposite signs of charges at two sides. In meanwhile, the
mechanical deformation also causes the change of the gap between the two polymer

3

sheets, so that the opposite triboelectric charges serve as a charge ‘‘pump’’ for driving
the flow of electrons in the external load. Such a flexible polymer TENG gives an output

voltage of up to 3.3V at a power density of 3.67 mW/cm”.



Figure 1.5 Schematic illustration of the structure and working principle of the first triboelectric

nanogenerator. (From ref. 36)

The operating principle of such TENGs is based upon the coupling of contact
charging and electrostatic induction, as shown in Figure 1.6.** In the original state before
any contact between the two surfaces, no charge is generated or induced, thus no electric
potential difference between the two electrodes (Fig. 1.61). With an externally applied
force, the two polymers are brought into contact with each other. Surface charge transfer
then takes place at the contact area due to triboelectrification. As a result, one surface
(PMMA) will carry positive charges and the other one (Kapton) with negative charges
(Fig. 1.6I1). As the generator starts to be released, the Kapton film fully reverts to the
original position (Fig. 1.61V and Fig. 1.6V) and those two oppositely charged surfaces
starts to get separated with a gap forming in between. These separated charges will
induce a potential difference between the two electrodes, which will drive electrons to
flow from the top electrode to the bottom electrode (Fig. 1.6111) in order to balance the
generated triboelectric potential, resulting in an instantaneous current peak (Fig. 1.61V).
The net effect is that induced charges accumulate with positive sign on the top electrode
and negative sign on the bottom electrode (Fig. 1.6V). Once the generator is pressed
again, the top electrode will possess a higher electric potential than the bottom electrode.
As a consequence, electrons are driven from the bottom electrode back to the top

electrode, reducing the amount of induced charges (Fig. 1.6VI). This process corresponds



to an instantaneous negative current (Fig. 1.6V). When the two polymers are in contact
again, all induced charges are neutralized (Fig. 1.611). When the TENG is subjected to
periodic pressing agitations, such a described cycle will repeat again and again to
generate electricity from mechanical energy.
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Figure 1.6 Sketches that illustrate the operating principle of the triboelectric nanogenerator.

(From ref. 37)

However, in the several as-developed structures of TENGs based on the above
mechanism, the electrical output is still relatively too low for the purpose of serving as
sustainable power sources for electronics. It is mainly because that these structures were
not rationally designed to fulfill the determinant factors in the above electricity
generation process. Also, this operation mode of TENGs is not applicable for efficiently
harvesting some types of mechanical energies in different applications. Thus, it is highly
desirable to explore more fundamental modes for TENGs and design different structures
for different applications. Thus, my research target in this dissertation is to achieve the
above aspects so that the triboelectric nanogenerator can become a truly revolutionary
and practically-applicable technology for both large-scale and small-scale mechanical

energy harvesting.
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1.2 Energy Storage

Besides energy harvesting, energy storage is another important category of
technologies in today’s green and renewable energy science.”****“®! Because the
electricity generated by energy harvesters (such as solar cells, nanogenerators, etc.)
largely depends on the availability of the targeted environmental energy and have
uncontrollable fluctuations and instabilities due to the unstable ambient energy input, the
energy harvesters cannot be directly used to drive electronics devices in most cases. The
generated electrical energy often needs to be stored in energy storage units in the first
place. The energy storage units make the electrical energy “portable”, and can supply a
stale and controllable electrical output to electronic devices. The electrochemical-system
based energy storage technologies (such as batteries and supercapacitors) are widely used
as direct power source for most portable electronics, and has attracted massive research

efforts during the past decades.

1.2.1 Current resear ch background of energy storage technologies

Lithium-ion battery is one of the most important categories of energy storage
units and one of the great successes of modern materials electrochemistry.”***® Its basic
science has been well-established and extensively reported. A lithium-ion battery consists
of a lithium-ion intercalation negative electrode (generally graphite), and a lithium-ion
intercalation positive electrode (generally the lithium metal oxide, LiCoO,), these being
separated by a lithium-ion conducting electrolyte, for example a solution of LiPFe in
ethylene carbonate-diethylcarbonate (Fig. 1.7).** The two electrodes have different
chemical potentials, dictated by the chemistry that occurs at each. When these electrodes
are connected by means of an external device, electrons spontaneously flow from the
more negative to the more positive potential. lons are transported through the electrolyte,

maintaining the charge balance, and electrical energy can be tapped by the external
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circuit. In rechargeable, batteries, a larger voltage applied in the opposite direction can

cause the battery to recharge.

(V)
o/
+ -
Positive Non-aqueous Negative
(Li, Host 1) liquid electrolyte (Li, Host 2)

Figure 1.7 Schematic representation and operation principles of Li ion battery. (From ref. 17)

The nature of the energy storage units determines their finite lifetime, which
means that they need to be recharged after being used for a certain period of time. Thus,
the performance of Li-ion batteries is often characterized by two types of parameters: the
capacity (or the stored energy density), and the cyclability. Most of the current research
focuses on making improvements on those two aspects of performance through choosing
better electrode materials and constructing optimized structures. The specific capacity
provided by a material is determined by the number of atoms per formula unit after the
insertion of Li". From this point, Silicon is the most promising electrode material for a
high specific capacity, because of the chemical formula of the lithium-silicon alloy—
Lis4Si. Thus, Si provides a theoretical specific capacity of 4,200 mAh g ', compared with
372 mAh g for graphite.”® However, the accommodation of so much lithium is
accompanied by enormous volume changes in the host metal plus phase transitions,
which lead to cracking and crumbling of the electrode and a significant loss of capacity in
the course of a few cycles. In order to circumvent these issues of Si, nanowire-structure
was introduced (Fig. 1.8a).°> The silicon nanowire battery electrodes can accommodate
large strain without pulverization, provide good electronic contact and conduction, and

display short lithium insertion distances. The theoretical charge capacity for silicon
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anodes was achieved and maintained a discharge capacity close to 75% of this maximum,
with little fading during cycling (Fig. 1.8b&c). So far, most investigations of the anode
materials are about Si, trying to devise various types of morphologies and structures to
accommodate its gigantic volume change, so that its theoretical specific capacity can be
reached and maintained for an extended numbers of cycles.
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Figure 1.8 High performance Lithium battery anode using Si nanowires. (a) Nanowires (NWs)
grown directly on the current collector do not pulverize or break into smaller particles after
cycling. (b) The voltage profiles for the Si NWs cycled at different power rates. (¢) Capacity
versus cycle number for the Si NWs at the C/20 rate showing the charge (squares) and discharge

capacity (circles). (From ref. 54)

The development of Li-ion batteries has progressed much more slowly than other
areas of electronics. Although extensive efforts have been spent to improve the lifetime
of battery by merely one order, graphite has been used as the anode for commercial Li-
ion batteries for tens of years. Thus, increasing the lifetime of battery through finding
better material systems to enlarge its stored capacity is a very tough approach. More
importantly, it cannot radically solve this problem limited lifetime at all.

Alternatively, integrating with energy harvester is another effective approach to
extend battery’s lifetime. The energy harvester can act as a portable “charger” for the
battery, by scavenging energy from the ambient environment and replenish the energy
consumption of battery. Since mechanical energy is universally available in the

environment, the harvester for scavenging mechanical energy, such as nanogenerators,
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can be a promising choice as the portable “charger” for the battery. However, in current
technology, such integration is always realized by simply combining two separate units
with two different physical processes. This will lead to an integrated power source with a
large size, increased complexity, and inflexibility, which is not suitable for miniaturized
portable electronics. Moreover, the electricity from nanogenerators often needs to be
rectified and regulated before charging the battery. These components for bridging the
two processes not only increase the size of the system, but also result in energy loss.
Thus, for the integration energy harvesting and storage, it is desirable to develop
new fundamental science and new device structures that can hybridize nanogenerator and
Li-ion battery in one device, or even a single process. This is the second goal of this
dissertation, which will make significant contributions to the realization of the sustainable

and self-sufficient power sources for electronic devices.
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CHAPTER 2
HIGH OUTPUT VERTICAL CONTACT-SEPARATION-MODE
BASED TRIBOELECTRIC NANOGENERATOR

The triboelectric nanogenerator (TENG) based on the periodic contact and
separation of the two oppositely-charged triboelectric layers was previously demonstrated
as the first type of TENG. The basic working mechanism of this mode of TENG has been
elaborated in Chapter 1, which can be summarized as the conjunction of the
triboelectrification and the periodic change of the electrostatically-induced potential
difference between the two electrodes. Previous to the study in this dissertation, two
different device structures have been developed to enable the above mechanism that can
convert this mechanical energy into electricity.”** However, the outputs from these
TENGs are still in a relatively low level for serving as sustainable power sources for
portable electronics. This is mainly because that previous TENG structures were not
rationally designed according to the determinant factors for this electricity generation
process. Thus, there is plenty of room for the improvement of the TENG’s output by the
rational structure design. Moreover, for realizing self-powered systems, the
characteristics of this type of TENG as the power sources have not been systematically

studied.

2.1 Determinant Factorsfor Vertical Contact-Separation-Mode TENG

Similarly with piezoelectric (nano)generators, the TENG also has the following
physical process™ for producing electricity: generation of immobile charges (ionic
charges for piezoelectric generator or electrostatic charges on insulators for TENG), and
a periodic separation and contact of the oppositely charged surfaces to change the
induced potential across the electrodes, which will drive the flow of free electrons
through an external load. The electrical output and efficiency is radically determined by

the effectiveness of the above two processes. Thus, the determinant factors for the

15



effective electricity generation of the contact-mode TENG are the intensive
triboelectrification between the two surfaces and the effective change of the electrostatic
induction between the two electrodes.

As for the triboelectrification process in the TENG, the resulted static charges on
the surface of the triboelectric layer are the resources of the electrostatic induction and
also determine the upper limit of charge transfer amount as the generated current flowing
through the external load in each working cycle. Thus, it is critically important to
maximize triboelectric charge densities on the opposite contacting surfaces. Since the
triboelectrification are mainly influenced by both the chemical nature and the physical
morphologies of the two surfaces, the triboelectric charge density can be enhanced
through two major methodologies: the selection of the pair of materials (including the
surface functionalization) with the largest difference in the ability to attract electrons,®’
and the modification of surface morphology.* The first approach can be realized by
purposely selecting triboelectric layers according to the semi-empirical triboelectric
series that ranks the frequently-used materials according to the polarity of the retained
charges after one has been contacted with another. As for modification of surface
morphology, previous studies have illustrated that introducing microscale/nanoscale
patterns and structures on the surfaces can help to increase the triboelectric charge
density.

In another aspect, periodic change of the triboelectric-charge-induced potential
difference between the two electrodes is the driving force for the back-and-forth flow of
the electrons between the two electrodes across the external load. Thus, in order to have a
TENG generate electricity efficiently, it is indispensable to make the device structure that
can ensure the effective periodic switching between separation and intimate contact of the
two charged plates as it is triggered by the surrounding mechanical energy. For the plate-
structured TENG, it is not easy to achieve both complete contact and separation of the

two oppositely charged plates upon pressing and releasing, especially under the
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electrostatic attraction between them. A firmly attached contact of the two oppositely
charged surfaces is unfavorable for electricity generation. If we simply use a spacer
between the two plates, it will then hinder the complete contact of the two plates.’” Thus,
in order to have the best electrical output from the TENG, we need to rational design a
device structure that can enable the two triboelectric surfaces to get into intimate contact

under mechanical pressing; and fully separate from each when released.

2.2 Design and Fabrication of Arch-Shaped TENG
In order to have a high electrical output from the TENG through reaching the
above two determinant factors, we rational designed an arch-shaped TENG with a steady
gap between the plates at strain-free conditions.®® This was achieved through ingeniously
introducing surface thermal stress during thin film deposition.”””® Moreover, the arch-
shaped TENG is based on the contact electrification between patterned
polydimethylsiloxane (PDMS)* as the top plate and patterned Al foil as the bottom plate

(Fig. 2.1). According to the triboelectric series’”’

(Fig. 1.4), the purposely-chosen
PDMS and Al are almost at the two ends with very large difference in ability to attract
and retain electrons. This is also the first TENG based on the triboelectrification between

a metal and a dielectric material.®®

| Al

B PDMS
B Kapton
B sio,

Figure 2.1 Schematic diagram showing the structural design of the arch-shaped TENG, the inset

is the photograph of a typical arch-shaped TENG device.
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2.2.1 Fabrication of PDM S Film with Pyramid Patterns

As reported in previous study, the microscale pyramid structures on PDMS
surfaces can help to increase the triboelectric charge density compared to the flat PDMS
surface. Thus, we made the pyramid patterned PDMS film as the bottom triboelectric
layer in this arch-shaped TENG.

The fabrication process starts from photolithographic patterning of 4 in. (100) Si
wafers (Fig. 2.2a) with thermally grown SiO, on top. The patterned wafer with the array
of square window openings was firstly etched by buffered-oxide-etching process to
transfer the pattern onto the SiO, layer. Then, the wafer was etched in KOH solution to
fabricate the recessed features of pyramid (Fig. 2.2b). After cleaned with acetone,
isopropanol and ethanol in sequence, the Si molds were treated with
trimethylchlorosilane (Sigma Aldrich) by gas phase silanization to enable the easy peel-
off of the PDMS film from the Si mold in the following step. In preparing the patterned
PDMS film, the elastomer and the cross-linker (Sylgard 184, Dow Corning) were mixed
in a 10:1 ratio (w/w), and then casted on the Si mold. After the degassing process under
the vacuum, the mixture was spin-coated on the Si mold at 500 rpm for 60 s (Fig. 2.2¢).
After the thermally curing process at 85 °C for 1 hour, the PDMS inked with pyramid
patterns was peeled off from Si mold (Fig. 2.2d).** The surface without patterns will be

glued to the inner surface of the bending Kapton substrate.
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Figure 2.2 Schematic fabrication process flow of the pyramid-patterned-PDMS film. (a) The
(100) Si wafer used to fabricate the mold for PDMS casting. (b) After the sequence of
photolithography and wet etching, the Si wafer was patterned with array of recessed features of
pyramids. (c) The PDMS mixture of elastomer and cross-linker was spin-casted onto the Si mold.
(d) The thermally cured PDMS film was peeled off the Si mold to get the PDMS film with

patterned pyramid features on the surface.

2.2.2 Fabrication of the Arch-Shaped TENG.

The unique arch-shaped structure of the TENG from the naturally-bent top plate,
which helps to carry out the action of effective charge separation and contact using the
elasticity of the film, is achieved by the following innovative fabrication process (Fig.
2.3): The top part starts from a piece of flat Kapton film (Fig. 2.3a<i>). A layer of 500-
nm SiO; film is deposited using plasma-enhanced chemical vapor deposition (PECVD) at
250 °C (Fig. 2.3a<ii>). Upon cooling down to room temperature, the Kapton will shrink
to a much larger extent than the SiO, film because of the large difference in thermal
expansion coefficients, so that thermal stress across the interface will make the plate bent
naturally towards the SiO, side (the curvature is calculated in Supplementary Discussion
S1). Then, the pre-fabricated PDMS film with pyramid patterns is glued to the inner
surface through a thin PDMS bonding layer (Fig. 2.3a<iii>). Finally, the electrode is
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deposited on top (Fig. 2.3a<iv>). As for the bottom plate, an aluminum foil (Fig.
2.3b<i>) is patterned with a typical photolithography process: defining the photoresist to
the array of square windows (Fig. 2.3b<ii>); depositing a layer of aluminum on top (Fig.
2.3b<iii>), and finally lift-off, leaving the patterned Al cubes on the foil (Fig. 2.3b<iv>).
At last, the two as-fabricated plates of the same size are attached face to face and sealed
at the two ends. The soft Al plate will be forced to bend outward under the contraction

from the other plate, so that a gap will form naturally in between.

a <i> <ii> <iii> <iv>
4 ’-’ w W Y
B PDMS
W Kapton
<iv> | sio,

Figure 2.3 Fabrication process of the arch-shaped TENG. (a) The top plate; (b) the bottom plate

of the TENG.

The patterned surfaces of PDMS film (Fig. 2.4a) and Al foil (Fig. 2.4b) are
fabricated to enhance the triboelectric charging and are characterized using scanning
electron microscopy (SEM). Both the arrays are uniform and regular across a very large

arca.
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Figure 2.4 Top view SEM images of (a) the PDMS surface with pyramids patterns and (b) Al

surface with cubic patterns, the insets are high-magnification images in tilted angle.
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2.3 Theoretical Study on the Working Mechanism of the Dielectric-Metal Arch-
Shaped TENG

Because this is the first TENG based on the triboelectrification between a metal
and a dielectric layer, in which the metal not only serves as the triboelectric layer but also
acts as the electrode itself, the detailed mechanism including the charge transfer behavior
will be different from the previously demonstrated TENGs based on the
triboelectrification between two dielectric layers. Thus, we utilized the both finite-
element simulation and analytical derivation to illustrate working principle the dielectric-

metal based TENG.

2.3.1 Finite-Element Simulation of the Arch-Shaped TENG

The operation of the arch-shaped TENG is realized by applying a cycled
compressive force onto the whole area of the device, so that the bending plates will be
periodically pressed to flatten and contact closely with each other. Once released, the two
plates will separate apart due to the stored elastic energy and revert instantaneously back
to their original arch shape due to resilience. The working principle of the polymer-metal
TENG is schematically depicted in Figure 2 using the numerically simulated electrostatic
potential distribution arising from triboelectric charges (using COMSOL package). These
semi-quantitative results show that a cycled generation of the potential difference
between the two electrodes drives the flow of electrons through an external load. At the
original state before the contact of the triboelectric films (Fig. 2a), there is no charge
transferred, thus no electric potential. Upon the pressing of the two films towards each
other, they will be brought into fully surface contact and possibly relative sliding would
occur, which results in electrons transfer from a material in the positive side of the
triboelectric series to the one in the negative side in the series. Accordingly, electrons will
be injected from Al to PDMS surface, leaving positive charges on Al foil. Previous

theoretical study on triboelectricity reveals that such charge transfer process will continue
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in the first few hundreds of cycles until the accumulated charges reach a saturation and
equilibrium; the negative charges will preserve on the PDMS surface due to the nature of
insulator.”® But the positive triboelectric charges on the conductive Al foil would attract
the electrons in the opposite electrode to flow through external load, which is the
observed current in this case. This process is different from the mechanism proposed for
the polymer-polymer based TENG.* After cycles of deformation, when the device is
pressed and the surfaces with charges are in close contact with each other, all of the
triboelectric charges will stay on the inner surfaces with the same surface density (oy)
(Fig. 2b). Thus, these charges with opposite signs will be virtually in the same plane, and
there will be little potential difference across the two layers due to the negligible charge
separation. Once the pressing force is released, the TENG will immediately rebound back
to its original arch shape due to the elasticity of the film so that a gap will form again
between the two plates. From the numerical simulation result, if the charge transfer has
not happened at the moment, the electric field generated by the separated surface charges
will give rise to a much higher potential on the Al foil side than the top electrode (TE)
(Fig. 2c). Such a potential difference will drive the flow of positive charges from Al foil
to TE through the external load until the potential difference is fully offset by the
transferred charges, rendering the TE with a surface charge density of (40), while the Al
is left with (op—40) (Fig. 2d). Subsequently, when the TENG is pressed again to reach the
close contact of the two plates, these redistributed charges will inversely build a positive
potential on TE (Fig. 2e), which will drive all of the transferred charges (4o) to flow back
to the inner surface of the Al foil. Then a cycle is achieved and the device will go back to

the equilibrium state depicted in Figure 2b. This is a full cycle of electricity generation.

22



o Electrode | E

(A) [enuajod

Pressed after
cycles of
deformation

b e g w——

Electrical
Equil. +ag

!-?-' 3 ] Q - e T e e S ..

C d

e Equil. T e
g 4@.--' 1,;,/./‘._&, %)
ep AT = — —— —
— '—

Figure 2.5 The finite-element simulated working principle of the polymer-metal based TENG. (a)

A two-dimensional sketch showing the initial state of the TENG before any deformation. (b-e)
The finite element simulation of the periodic potential change between the two electrodes upon
cyclic deformation, showing the driving force for the back-and-forth charge flow generated by the
TENG. A cycle is generally divided into four states, (b) device under pressing, (c) deformation
released, (d) charges transferred, and (e) device gets pressed again, and finally charge transferred

again to cycle back to (b).

2.3.2 Analytical Derivation of Charge Transfer Behavior

From the above simulation result, we can easily tell that both the voltage and
current outputs are related to the amount of charges transferred (440, A is surface area of
the plate), which is determined by the triboelectric charge density (oy) and the separation
distance of the two plates. As oy is regarded as a constant, we did an analytical calculation
based on the simplified model of quasi-infinite flat plates (Fig. 2.6a), to give an idea on
the magnitude of the distance required for the optimum output.

As for the infinite plane with surface charge of density o, the generated electric

field in the medium with the relative permittivity of &, is:
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E=+-2 (2.1)

2808y

the direction is pointing outward away from the charges.

If there are several planes with charges in the space, then the voltage drop between two

points will be:

AV =3 Yk Eipdy (2.2)

Ej is the electric field generated by i” charge plane in & medium, dj, is the thickness of

k" medium.

So in the model of the TENG shown in Figure 2.6a, the voltage drop from bottom

electrode to top electrode will be:
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where d is the planar separation distance of the two plates. If we assume:

= tpDMsS +t_K_|_ tsio, (2.4)

E&rPDMS  &rK  €rSiop
Then, AVBE—>TE = ?d - i_a (d + t) (25)
0 0

When the charge transfer reaches equilibrium, AVgg_rr = 0, so we can get from

the above equation that:
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A _ 4 (2.6)

According to the parameters of these three layers of dielectric layers (tppys = 100 um,
ty = 125 um, tgip, = 0.5 um as thicknesses of PDMS layer, Kapton layer, and SiO;
layer, respectively, and &,.ppys = 2.6, &k = 3.5, &.5i0, = 4.2 are relative permittivity of
PDMS layer, Kapton layer, and SiO, layer, respectively), we can get ¢ = 74.29 um.

Using this value and Equation (2.6), we can depict the curve of do/oy vs. d, as
shown in Fig. 2.6b. We can see that, when the separation distance starts to increase from
0 to 0.7 mm, 4o keeps a very rapid increase from 0 to ~90% of ay. Then, the slope of this
curve starts to decrease. Thus, it can be concluded that both an intimate contact and a
subsequent separation of nearly 1 mm are required for the phenomenal transferring of
charges. This is just the unique innovation and advantage of the purposely designed arch-
shaped structure, which introduces sufficient resilience for separating the plates but

without sacrificing the intimate contact and electrification.
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Figure 2.6 The analytic study of the arch-shaped TENG. (a) The schematic diagram showing the
quasi-infinitely large plane model of the TENG. (b) The relationship of the ratio between
transferred charge density (Ac) and triboelectric charge density (cp), with the planar separation

distance, which shows the importance of the effective charge/plate separation.

2.4 Electrical Output of the Arch-Shaped TENG
Triggered by periodic pressing to flatten the arch-shaped TENG, the electric

output measurement was performed on a typical device in a size of 3 cm*2.8 cm, with the
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triggering frequency of 6 Hz and controlled amplitude. Since the accumulation of the
triboelectric charges increases and reaches equilibrium in a certain period of time after
multiple cycles, the output will gradually go up in the first stage upon deformation. Then,
the open-circuit voltage (Voc) will stabilize at 230 V (Fig. 2.7a), measured by an
electrometer with infinite input resistance. From the inset of Figure 3a, when the bottom
Al is connected to the positive probe of the electrometer, upon the release of the pressing
force a positive voltage is generated because of the immediate charge separation. Since in
an open-circuit condition the electrons cannot flow to screen the induced potential
difference between the two electrodes, the voltage will hold at a plateau until the
subsequent pressing deformation in the second half cycle. As shown in Figure 2.7b, the
peak value of the short-circuit current (Is¢c) reaches 94 pA, corresponding to the half cycle
of pressing that is in higher straining rate than releasing. The integration of the each
current peak gives the total charges transferred in a half cycle of deformation. Moreover,
when the connection polarity to the electrometer is switched, both the voltage and current
signal will be completely reversed. The gap from the arch-shaped structure is a key factor
for the enhanced output, because without the SiO,-film-introduced bending, there will be

much smaller and unstable electrical output (Figs. 2.7 c&d).
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Figure 2.7 Characterizing the performance of the arch-shaped TENG and the comparison with a
TENG without the presence of the arch-shape. (a) The open-circuit voltage and (b) the short-
circuit current of the TENG under the deformation frequency of 6 Hz. These are studies under
both the forward connection (Al connected to the positive probe) shown at the left-hand side and
reverse connection shown at the right-hand side. The insets are the magnified output curve in one
cycle, and the sketch of the corresponding connection polarity. (¢) The open-circuit voltage and

(d) the short-circuit current.

Besides the triboelectric charge density and the separation distance of the two
plates, another factor that could make an influence on the output of the TENG is the
deformation frequency, which affects the straining rate. Since the mechanical energy
from the environment is always irregular and varies in frequencies, it is necessary to
study the dependence of TENG’s output on the frequency. Thus, we tested the TENG
device in a series of 9 different frequencies, from 2 to 10 Hz, with the amplitude of the
triggering motor remaining constant. As shown in Figure 2.8a, V¢ almost remains the
same at different frequencies. The probable reason is that at the open-circuit condition, it
doesn’t involve the dynamic process of charge transfer. The voltage is only determined
by the triboelectric charge density and the plate separation at any given time. But for the
short-circuit current, it presents a very clear increasing trend with the increase of
frequency, from 35 pA at 2 Hz to 130 pA at 10 Hz (Fig. 2.8b), because the deformation
rate increases with deformation frequency, which leads to a higher flow rate of charges,
i.e., higher current, but the total amount of charges transferred is constant at given
triboelectric condition and separation distance. This is confirmed by the integration of
every single current peak from each of the 9 different frequencies (inset of Fig. 2.8b).
Therefore, the instantaneous power output increases with the increase of frequency, so
that it will be more eligible to drive electronic devices with larger power consumption.
From the above results, when the frequency reaches 10 Hz, the instantaneous power

output reaches up to 3.56 mW/cm” and 128 mW/cm’.
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Figure 2.8 The influence of the deformation frequency on (a) the open-circuit voltage and (b) the
short-circuit current. The inset in (b) is the integration of a single current peak from each
frequency, which gives the total charges transferred in a half cycle, showing that the total contact

charges generated is almost independent of the deformation frequency.

2.5 Study of the Vertical Contact-Mode TENG as Direct Power Source

The goal of the development of nanogenerators is to drive electronic devices by
harvesting small-scale mechanical energy, so that the self-powered system can be
realized. As for the energy conversion devices such as TENGs, there are generally two
methodologies for them to be used as a power source. The first choice is to power devices
directly using the pulses generated by TENGs, such as a chemical sensor’® and a
LCD>*". In practice, the output power to the load depends on the match between the load
and the power source. Thus, it is highly desirable to both experimentally study and
theoretically understand the characteristics of the contact-mode TENG (e.g. the arch-

shaped TENG) as the direct power source for external load.
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2.5.1 Experimental Study and Demonstration of the Arch-Shaped TENG asa Direct
Power Source

When the TENG is connected to an external load with certain resistance, both the
voltage and the current on the load will deviate from V¢ and Iscrespectively. Thus, it is
necessary to study the relationship of the voltage and current with the resistance of the
external load. For the study of this relationship, we connected a working arch-shaped
TENG (under frequency of 6 Hz) the loads of different resistances. From this experiment,
we found that the current through the load will generally decrease from Isc when the
resistance increases from zero (Fig. 2.9a), but the voltage across the load will follow an
opposite trend and saturate to Voc when the resistance gets infinitely large. The
instantaneous power on the load will reach the maximum value of 9 mW at a load
resistance of ~3 MQ (Fig. 2.9b).

In the other case, when the TENGs are used to drive polar devices such as diodes,
the AC signals of the NG needs to be rectified before connected to the load. We can find
that both the rectified voltage and current follow a similar trend (Fig. 2.9¢) with the
scenario of no rectification, and the only difference is that the voltage will not saturate
but continues to increase as the load resistance above 100 MQ. The maximum output
power is 7.2 mW at a load of ~2 MQ (Fig. 2.9d), which is a bit smaller than the
maximum power of 9 mW without rectification, simply because of the energy loss of the

rectifier unit.
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Figure 2.9 Characteristics of the arch-shaped TENG as a direct power source to drive electronic
devices. (a-b) When the TENG driving a load without rectification, the dependence of (a) the
output voltage, current and (b) instantaneous power on the load resistance. (c-d) When the TENG
driving a load with rectification, the dependence of (c) the output voltage, current and (d)
instantaneous power on the resistance of the load. All of the dots are measured values and the

solid lines are fitted curves.

As a representative example of serving as a direct power source, the arch-shaped
TENG with the large instantaneous electrical output was for the first time used to
continuously drive LEDs. The real-time current signals flowing through the LED is given
in Figure 2.10a. In comparison with the characteristic /-V curve of the LED, the peak
current of 100 pA is way sufficient to turn the LED on. Figure 2.10b shows snapshots
taken from a flashing LED. Each instant of lighting-up corresponds to a large peak of the
output current. In coordination with the TENG’s output characteristics discussed above,
the resistance of the LED in “on” state is only about 23 k€, far below the range (1 MQ to
100 MQ) of rapid change of the current, so the current is almost the same as /¢, but the
voltage on the LED is only ~2.5 V. From Figure 4b, because the resistance of such a

single LED is far below the maximum power point, TENG can also drive the flashing of
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up to 50 LEDs connected in series (Fig. 2.10c) which only results in less than 5%
decrease of the current. This demonstration clearly illustrates the ability of the TENG as a

direct power source to continuously drive regular electronic devices.
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Figure 2.10 Demonstration of the arch-shaped TENG as a direct power source for LEDs. (¢) The
current through a LED driven by a rectified TENG under 8 Hz. The inset is the characteristic I-V
curve of the LED. (f) The snapshots of the TENG-driven flashing LED, corresponding to the
magnified current peaks. (c) The instantaneous flashing of 46 red LED connected in series, which

is directly driven by a single triboelectric nanogenerator device.

2.5.2 Theoretical Study of the Contact-Mode TENG as a Direct Power Sour ce
According to our derivation in Equation (2.5), the instantaneous voltage (V)

between the two electrodes has the following relationship with the separation distance

(x(?)) of the two triboelectric layers and the instantaneous transferred charge (Q) between

the two plates:

ox(t)
€o

V= _sQTo(dO +x(2)) + 2.7)
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where d, = Zl -, d; and &,; is the thickness and relative permittivity of each dielectric
Tl

layer in the TENG structure; S is the surface area of the electrode, and o is triboelectric
charge density. This equation showing the relationship among V-0Q-x is the basic equation
for the contact-mode TENG and can be utilized to calculate its output property when
driving a load with a resistance of R.”

First, two special cases of open-circuit (OC) condition and short-circuit (SC)
condition are analyzed. At OC condition, there is no charge transfer, which means that Q

is 0. Therefore, the open-circuit voltage Voc is given by:

Voc = (2.8)

At SC condition, V'is 0. Therefore, the transferred charges are

Sox(t)

Qsc = ox (2.9)
_dQsc _ _ Sodg dx _ Sodov(t)
Isc = = @y ar ~ @orx)? (2.10)

In general cases that a contact-mode TENG is connected with an arbitrary resistor
R, the output properties can be estimated by combining Equation (2.7) with the Ohm’s

law:

V=IR=R% 2.11)
dt

Merging Equation (2.11) into Equation (2.7), we can have:

ox(t)

RE = ——(d0 +x(8)) + ==

at 2.12)

In the separating process of the two plates starting from ¢ = 0, we have the boundary

condition of:

Qt=0) =20 (2.13)

Then Equation (2.12) can be solved analytically as:

Q(t) = oS —o0oS exp[——(dot +f x(t)dt)] ——exp[——(dot + fotx(t)dt)] X

fexp[ (doz+f x(z)dz)] dz (2.14)
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Therefore, the current and voltage output can be derived as:

_do_
I(t) = i

odg . o(do+x(t)) O'do d0+x(t) 1
_R_so —Reo exp[— (dot -|-f x(t)dt)] + —RSsg exp[—a(dot +

t t 1 z
Jo x@®dD)] X [ exp [Fso (doz + Jy x(z)dz)] dz (2.15)
V(t) =RI(t) =

d (do+x(t)) do , do+x(t) 1

—GS—OO+%exp[ —(dot + [) x(0)dt)] + =2 x%exp[—a(dot +
[ x(@©d)] x [ exp [ﬁ (doz + [ x(2)dz)| dz (2.16)

In a special case of uniform motion at a constant velocity (v), the above equations

can be further simplified to Equations (2.17-19), as shown below.

Q(t) = 0S[1 — exp(—At — Bt?) + V2Fexp(—At — Bt?) x Dawson( ) V2F x
Dawson(% ++/Bt)] (2.17)
I(t) = oS[exp(—At — Bt?)(A + 2Bt) — V2F X exp(—At — Bt?)(A + 2Bt) X
Dawson (%) —A+ ZA(% ++/Bt) x Dawson(\% +VBt)] (2.18)
V(t) = oSR[exp(—At — Bt?)(A + 2Bt) — V2F X exp(—At — Bt?)(A + 2Bt) X
Dawson (\/_) A+ 2A(\/_ ++/Bt) x Dawson(\/_ +VBt)] (2.19)

The constants 4, B, and F are defined by:

do

A= RSen (2.20-1)
v
B = 2RSeL (2.20-2)
4 __d -
F= V2B~ /RSeqv (2.20-3)
The Dawson’s integral (Dawson(x))”>* in the above expressions is shown as:
Dawson(x) = exp(—x?) fox exp(y?) dy (2.21)
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In real experimental cases, the movement of the top plate always has a maximum
distance (X,uqy). Thus, the relationship between x and ¢ in such uniform movement with the
velocity of v can be expressed as Equation (2.22). From this, the numerical calculation

results can be obtained by specifying the parameters, which are shown in Table 1.

x = vt (t < Imex (2.22-1)
v
X = Xy (£ 2 2205) (2.22-2)
Dielectric 1 Metal, d; =0 pm
Dielectric 2 d=125 um, g,=3.4
Area size of Dielectrics S 58.0644 cm” (9 inch?)
Tribo-charge surface density o 10 pC/m’
Maximum separation distance xax 0.001 m
Average Velocity v 0.1 m/s

Table 2.1 Parameters utilized in the constant velocity theoretical calculation.

The real-time output properties for a contact-mode TENG is plotted in Figure
2.11 with different load resistances. The detailed profiles of the charge, current, and
voltage relationships at different loads are shown in Figures 2.11a-c. At SC condition, the
charge transfers at the fastest speed. For a relatively small R, QO can still get its saturation
value when the top electrode stops moving (r= 10 ms). However, when R is more than
100 MQ, at = 10 ms, the charge cannot get saturated due to the limit charge transfer rate
by the resistor, resulting in the unstopped charge transfer from metal 1 to metal 2 after 1=
10 ms. Therefore, the current is a peak-shape when R is small while the current continues
increasing during the plate movement when R is large. The voltage has the same profile
with the current, but a different trend in magnitude. The peak values of the voltage,
current and power on different loads are displayed in Figures 2.11d and e. It can be

clearly observed that the operation of the TENG can be divided into three working
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regions. First, In Region I where the resistance is low (0.1-1000 Q), the peak current has
little drop from the SC condition, which is due to the similar charge transfer process in
comparison with that of the SC condition. As a result, the maximum voltage is
approximately proportional to the external resistance. On the other hand, when the
resistor is larger than 1 GQ (Region III), the output characteristics are close to the OC
condition, in which the maximum voltage saturates at Vpoc. The medium range of the
resistance is Region II, where the maximum current drops dramatically but the maximum
voltage increases at a reverse trend. Around 100 MQ inside this region, the TENG
reaches its maximum instantaneous output power. The general shape of these analytical
calculated results match very well with the experiment results obtained from the arch-
shaped TENG shown in Figure 2.9.

This unique output characteristic of TENG can be interpreted both physically and
mathematically. Physically, the working principle of the TENG is a conjunction of the
triboelectric process and the electrostatic induction. When the tribo-charges are separated,
an induced voltage will be generated between the two electrodes, which will drive the
electrons to flow from metal electrode 2 to metal electrode 1. The electric field from
these transferred charges will screen the original electric field from the tribo-charges. The
charge accumulation rate at SC condition is the maximum charge transfer rate. If there is
an external load with certain resistance, the resistor will limit the real charge transfer rate,
making it lower than that at the SC condition. When the load resistance is very small, this
limitation is not obvious so that the rate can still catch up with the maximum rate,
enabling the Q to stay close to Osc in Region I. When the load resistance continues to
increase and gets into Region II, it begins to significantly limit the charge flow rate,
making the charge accumulation curve deviate downward from Qsc. As the load
resistance is large enough, the transfer of electrons from metal 2 to metal 1 is rather slow,

which results in a very small current. The induced voltage between the two electrodes
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will hold for a long time due to the limited screening effect, with the magnitude
approaching Voc. This is the Region III of the TENG.

Mathematically, this can be interpreted from the behavior of the Dawson’s
integral. When R is small, the parameters F' and B (as defined in Equation 20) are
approaching infinity. In this region, using the first-order asymptotic series of the

Dawson’s integral, the following approximate equation can be obtained.”

_ oVvA __ ovdyS
1) = 2o rzs0? = @yrvey? (2.23)

This is just the same equation with Isc. Therefore, within this region satisfying the first-
order asymptotic series (Region I), the behavior of the charge transfer (i.e. the current)
remains similar with that of the SC condition.

When R is very large, the parameters F and B are close to 0. At this time, the
Dawson’s integral can be approximated by its first-order Maclaurin series and the

following equation can be obtained.”

V) =2 (2.24)

£
This is the expression of the Vyc, so the TENG is now in the quasi-OC condition, which
is the Region III.

When R is neither too large nor too small, the behavior of the TENG is in the
transitional region between SC and OC conditions (Region II), within which the
maximum power is reached, as shown in Figure 2.11f.

In this unique output characteristic of the TENG, the instantanous power (Pax)
reaches the maximum value at a certain resistance, which can be termed as the optimum
resistance (R,p). Pmax can be obtained as Ppqy = %4 R, in which L, is the peak value of

the current at a certain resistance of R. Thus, R, satisfies the following equation:
OPmax _
om0 (2.25)

Through mathematic derivation,”* we can get the approximate expression for Ropr:
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2
Ropt ~ M (226)

Sveg
Thus, the optimum resistance of a contact-mode TENG related to the structure
parameters (d, S) and movement mode (v, X;,4,)- When designing a TENG as a direct
power source for certain electronics, it is very important to match the optimum resistance

of the TENG with the actual resistance of the load, so that we could have the best output

power from a TENG.
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Figure 2.11 Calculated output characteristics of a contact-mode TENG when the plates are
separated at a uniform velocity. The top plate reaches the maximum separation distance and stops
moving at t = 10 ms. (a) Real-time transferred charge-time relationship at different load
resistances. (b) Real-time current-time relationship at different load resistances. (c¢) Real-time
voltage-time relationship at different load resistances. (d) The influence of the load resistance on

the magnitude of the output current and voltage. Three working regions are marked. (¢) The
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influence of the load resistance on the instantaneous power output. (f) The influence of the

defined F parameter on the instantaneous power output.

2.6 Construction of a Power Source Module Using the Arch-Shaped TENG and Li-
lon Battery
In many cases, the AC pulses from the nanogenerators may not directly satisfy the
need of some electronic devices/systems, either because of the requirement for a constant
DC current, or the higher power consumption than that generated by a single device.
Thus, the output power needs to be regulated with an energy storage unit and a rectifier.
As for the energy storage device, lithium ion batteries (LIBs) are the most widely used

. . 2460
and promising choice.”™

As the output (especially the current) from the arch-shaped
TENG has reached the level to match the capacity of a LIB and overcome the self-
discharge current, it will be feasible to use a TENG to charge a LIB. The electrical circuit
of such a power source module is shown in Figure 2.12a. At the standby mode, the LIB is
continuously charged by a TENG through a rectifier and is disconnected from the load
(switch S1 on; S2 off). When enough charges have been stored, the module will move on
to the active mode, in which the battery will be disconnected from the TENG charger (S1
off) and start to power the system (S2 on). Such power source module is demonstrated
using a home-made LIB, with LiCoO; as the cathode and graphite as the anode, with the
same structure as commercial LIBs. In the standby mode, such a battery was fully
charged by a TENG in 12.8 hours, with the battery voltage increased from 2.5 Vto 4.2 V
(Fig. 2.12b), which is the standard charging window for a commercial LIB of this type.
This is the first time a LIB is fully charged by a nanogenerator! Then in the “active
mode”, it can run for 5.2 hours with a constant discharge current at 2 LA, corresponding
to a total capacity of 10.4 pAh.

Such an operation model of switching between the two modes is suitable for a lot

of applications, such as wireless sensor network systems that have a long standby mode
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and a short active mode.> If each module can be driven by an independent power source
composed of a TENG and a LIB, the operation of the wireless sensor network could be
maintenance-free. We demonstrated the powering of a wireless wind and humidex
thermometer (Fig. 2.12¢), which consists of two parts—an outdoor remote sensor panel
to measure the temperature, humidity and the wind speed, as well as to transmit the data
back to the indoor receiver; a display panel with a data receiver, a data processing unit
and an integrated temperature sensor. We use two TENG charged batteries (with
charging curves similar as that in Fig. 2.12b) to power these two components (located
~10 m apart) respectively, and a self-powered wireless sensor network system is realized.
This type of power source module could solve two vital limitations for a battery:** (1) the
periodical replacement of a drained battery; (2) the relatively big size and weight of the
battery to ensure a longer life operation. Thus, this will realize the miniature of a battery
or extend its lifetime, especially for nanosystems, because they can be charged up at any
time.

Another huge application of the combination of nanogenerator with battery could
be in people’s daily life, to power personal electronics. With the greatly enhanced output
from a 9 cm” size single-layer arch-shaped TENG, we successfully used it to charge a
commercial cell phone battery (which was completed drained). Then, it could drive a cell
phone up again including making a phone call (Fig. 2.12d). Since the current of the
TENG should be proportional to its area, if the TENG is scaled up in 3-dimensions, the
charging rate could be tens of times higher, which is very feasible to fully charge a cell

phone battery.
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Figure 2.12 The power source module composed of an arch-shaped TENG and a lithium ion
battery for driving a portable electronics that needs a regulated input power. (a) The schematic
circuit diagram showing the switching between the “standby mode” and the “active mode” of the
power source module. (b) The voltage curve showing the entire cycle of a lithium ion battery
fully charged by TENG (standby mode) the subsequent constant current discharge at 2 pA (active
mode). (c) A wireless wind and humidex thermometer, as an example of a whole wireless sensor
network system, is driven by two such power source systems (one for the remote sensor module
and one for the receiver-display module). (d) A commercial cell phone powered by its original

battery that was charged by the TENG.

2.7 Estimation of the Energy Conversion Efficiency of the Arch-Shaped TENG

The energy conversion efficiency (%) of the arch-shaped TENG can be

calculated based on the following definition expression:

Electric Energy Generated

n% =

x 100% (2.27)

Mechanical Energy Applied
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2.7.1 Electrical Energy Generated

At the deformation frequency of 6 Hz, the maximum electric energy generated by
a single arch-shaped TENG within a cycle can be estimated using the data of the TENG’s
output characteristic when driving external load (Fig. 2.9). The highest power output is
reached at the resistance of 5 MQ, which will correspond to the maximum electric energy
output (E,). The electrical energy consumed by the load of 5 MQ can be calculated
according to the following equation:
Esyq = [ I?Rdt (2.28)
The curve of I?R vs. t (R=5 MQ) can be derived from the 7 vs. ¢ curve, and through the
integration of the curve in one cycle, we can get:
Espq = 0.0153 m/J. (2.29)
Thus, this is the maximum electrical energy (E,) generated by the arch-shaped TENG in
one deformation cycle.
2.7.2 Mechanical Energy Applied

Before the estimation of the input mechanical energy, we need to first calculate
the curvature of the arch-shaped TENG.
The calculation of the arch-shaped TENG

The Kapton film is deposited a layer of SiO, thin film on top using PECVD at
250°C. Since the thermal expansion coefficient of the Kapton film (a, = 20 x 107°/°C)
is much larger than that of SiO; (a9, = 0.5 X 107°/°C) ), the Kapton will contract a lot
more than Si0O;,, so that there will appear lateral thermal stress on the interface of Kapton

substrate and SiO; film. The plate will bend towards the SiO, surface.
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Figure 2.13 Schematic diagram showing the bending of the substrate through SiO, deposition at

250°C.

The linear thermal contraction of the Kapton and SiO, when the temperature goes

down from 250°C to room temperature (25°C):

AT = 250°C — 25°C = 225°C (2.30)
ALy = ay - AT - L 2.31)
ALSiOZ e aSiOZ ) AT ) L (232)

L is the original linear length of SiO, and Kapton film at 250°C after the deposition,
which is 3 cm for the TENG device. The linear length difference between Kapton and
Si0; at room temperature:

AL = ALy — ALg;p, = (ax—asi0,) - AT - L (2.33)
So, the thermal strain is

e =7 = (ax—asio,) - AT (2.34)

Thus, the thermal stress caused by the SiO, film is

Esio, Esio,
Oy, = C &y = A — Agip, AT 2.35
th 1-vsi0, th 1_v3i02( K 5102) ( )

Esi0, and Ug;p, are the Young’s modulus and poisson ratio of SiO,, respectively.
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The stress existing at the interface between the film and the substrate will result in

the bending of the substrate, which can be calculated using the Stoney equation:

— Extk
6(1-vg)otsio,

(2.36)
Ek is the Young’s modulus of the Kapton film, vk is the Poisson’s ratio of the Kapton
film, tx and tg;, are the thickness of the Kapton substrate and the deposited SiO, film,

respectively.

All of the values of the parameters are listed below:

Kapton SO,

a(x 1076/°C) 20 0.5
E (GPa) 2.5 60

t (um) 125 0.5

v 0.34 0.17

Table 2.2 Property parameters of the Kapton and the SiO,.
So, the curvature radii can be calculated to be:

R=62cm (2.37)
The estimation of the input mechanical energy

The pressing force applied to flatten the naturally-bending top plate mainly
contributes on straining the Kapton film elastically, because the Young’s modulus of the
Kapton (~2.5 GPa) is much larger than that of PDMS (~500 kPa). Thus, the mechanical
energy applied (E,;,) can be estimated using the elastic energy stored in the Kapton layer
from a single deformation. The thickness of the substrate (tx) is 50 um, and the SiO; film
has the thickness of 80 nm.

We can assume an approximately linear strain distribution across the thickness of

the Kapton film. Thus, if the local strain on the bottom surface (in contact with PDMS) of
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Kapton is €5 and the strain on the top surface (in contact with Si0,) is €, then the local

strain at the plane with the vertical distance of t to the bottom plane is:

& =€+ i(sT —€p) (2.39)
As for the strain boundary condition of e at the interface of Kapton layer and

Si0O; film, we can assume that & is always determined by the thermal stress, and remains

constant before and after the deformation: €, = €7, = (aK—aSiOZ) AT = 0.44%.

And we can estimate €g; before deformation using the curvature (R=6.2 cm)

calculated in Discussion S1. Since the total length of the plate is 3 cm, so

3cm

1
€5b = Erp — oo X 50 pm X —— = 0.44% — 0.08% = 0.36% (2.40)

And after the deformation, the flat plate will have €5, = €7, = 0.44%. Thus, the strain

distribution before the deformation:
£cp = €3p + = (Erp — €5) = 0.36% + 0.08% — (2.41)
K K

And after the deformation,
Ea = &1 = eg = 0.44% (2.42)
Because the elastic energy stored under the strain of € can be estimated using the

following equation:

1.2
Eolas = EES %4 (2.43)
where E is the elastic modulus, V is the volume.

So the elastic energy stored in Kapton film caused by the deformation can be estimated as:

Eetas = [, Ex (el — e},)Adt = - EgA [[*[(0.44%)? — (0.36% +0.08% i)z]dt

(2.44)
where A is the surface area of the Kapton layer, that is 8.4 cm?, t; is the thickness of the
Kapton film, that is 50 pm. Ey is the elastic modulus of Kapton. Thus the above

integration can be calculated to be:

Eogs = 017 mJ
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Thus, the energy conversion efficiency can be calculated as:

E, 0.0153
e % 100% = 22223

E
0, — e V) p—
n% = 5 X 100% = Foims o017

X 100% = 9% (2.45)

From the above calculation, the energy conversion efficiency of the arch-shaped TENG

we demonstrated here is ~9%.
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CHAPTER 3
LATERAL SLIDIND-MODE-BASED TRIBOELECTRIC
NANOGENERATOR

Since a triboelectric nanogenerator is based on the coupling between
triboelectrification and electrostatic induction, it is essential to have the periodic
separation and contact between two surfaces with opposite triboelectric charges (tribo-
charges), so that the induced potential difference between two electrodes will be changed
periodically. In order to screen this potential difference, electrons will flow alternatingly
between the two electrodes through an external load.**®® All the previously-demonstrated
TENGs are all based on the vertical separation of two triboelectrically-charged (tribo-
charged) planes to generate the electric polarization/field in the direction perpendicular to
the planes.*”**%*">7 This is the vertical contact-mode-based TENG. To realize such
vertical charge separation, an air gap is mandatory to be created after the releasing of the
external force, which usually requires sophisticated design of the device structures and
makes the TENG difficult for packaging and practical use for some cases.

Besides the vertical-to-plane separation of two triboelectric surfaces, they can also
get separated through in-plane sliding, which helps to generate triboelectric charges
through sliding friction between the two surfaces. Such an operation behavior can serve
as the basis for a new mode of TENG—Iateral sliding-mode-based TENG.”” In this
chapter, we developed this new mode of TENG, including its basic device structure
design and operation, the fundamental working mechanism, the electrical outputs with
the influential factors, the unique features compared to contact-mode TENG, several
derived structures (disk-based TENG’®” and wind-cup-based rotary TENG™) for

harvesting rotational energy and wind energy.
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3.1 Basic Structure Design and Operation Mechanism of Sliding-Mode TENG

3.1.1 Structure Design of Sliding-Mode TENG

In order to demonstrate and study the basic mechanism and characteristics of
sliding-mode TENG, we have constructed a TENG based on two layers of different films
as the triboelectric pair. The sliding-triboelectric nanogenerator is structurally composed
of two plates (71 mmx50 mm) with glass slides as the supporting substrates to ensure the
surface flatness (Fig. 3.1a). Polyamide 6,6 (Nylon) and polytetrafluoroethylene (PTFE)
films, the two polymers at the opposite ends of the triboelectric series®, are purposely
chosen as the triboelectric layers adhered on surfaces of the glass slides, respectively, for
effective electrification during sliding. On each polymer film, a layer of metal electrode
was deposited on the side next to the glass slide (named as top electrode for the one on
Nylon and bottom electrode for the one on PTFE). The two plates are kept in parallel to
each other and the polymeric surfaces are in intimate contact. As driven by the
mechanical motion/vibration along the long-edge of the plate, the two plates slide against
each other, with the contact area changing periodically. In order to enhance the

triboelectric charge density on the surface,*™*

the PTFE film was dry-etched using
inductive coupled plasma (ICP) to create aligned nanowire-structures®' (Fig. 3.1b), which
will increase the surface roughness and the effective surface area. As shown in the
scanning electron microscopy (SEM) images (Fig. 3.1c), the PTFE surface is uniformly
covered with nanowire-structures, with an average length of ~1.5 um. As illustrated in
Figure 3.1d, during the real-time demonstration, the PTFE-covered plate was bonded to a

stationary stage, while the Nylon side was fastened to a parallel flat-end rail guide, which

was connected to a linear motor for inducing an in-plane sliding motion.
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a Nylnn
@ PTFE

Figure 3.1 Device structure of a sliding-triboelectric nanogenerator (TENG). (a) The schematic
diagram showing the structural design of the TENG in two sliding states: the overlapping position
(on the left) and the separation position (on the right). (b) The magnified schematic of the surface

between the two polymeric films, showing the fabricated nanowire array on PTFE surface. (c)
SEM image of the PTFE surface with etched nanowire structure at the tilted view of 30°, the inset
is the SEM image in higher magnification. (d) The photograph of a typical sliding-driven TENG

on the measurement stage.

3.1.2 Working Mechanism of Sliding-Mode TENG

The sliding-induced electricity generation mechanism is schematically depicted in
Figure 3.2a. In the original position (Fig. 3.2-I), the two polymeric surfaces fully overlap
and intimately contact with each other. Because of the large difference in the ability to
attract electrons, the triboelectrification will leave the Nylon surface with net positive
charges and the PTFE with net negative charges with equal density. Since the tribo-
charges on the insulators will only distribute in the surface layer and will not be leaked
out for an extended period of time,*” the separation between the positively-charged
surface and negatively-charged surface is negligible at this overlapping position, and thus
there will be little electric potential drop across the two electrodes. Once the top plate
with the positively-charged surface starts to slide outward (Fig. 3.2-1I), the in-plane

charge separation is initiated due to the decrease in contact surface area. The separated
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charges will generate an electric field pointing from the right to the left almost parallel to
the plates, inducing a higher potential at the top electrode. This potential difference will
drive a current flow from the top electrode to the bottom electrode in order to generate an
electric potential drop that cancels the tribo-charge-induced potential. Because the
vertical distance between the electrode layer and the tribo-charged polymeric surface is
negligible compared to the lateral charge separation distance, the amount of the
transferred charges on the electrodes approximately equals to the amount of the separated
charges at any sliding displacement. Thus, the current flow will continue with the
continuation of the on-going sliding process that keeps increasing the separated charges,
until the top plate fully slides out of the bottom plate and the tribo-charged surfaces are
entirely separated (Fig. 3.2-III). The measured current should be determined by the rate at

which the two plates are being slid apart.

Sliding outward

(I) ()
Top Electrode @ &—  mmmm————
Nylon

+44db bbbttt bbbt ++++++i++++++++++ I

(IV) Sliding Inward (I11)

iiiiiiii+++++++++ I B e %

Figure 3.2 Working mechanism of the TENG based on in-plane charge separation in a full cycle

of the sliding motion.

Subsequently, when the top plate is reverted to slide backwards (Fig. 3.2-1V), the
separated charges begins to get in contact again but no annihilation due to the insulator
nature of the polymer materials. The redundant transferred charges on the electrodes will
flow back through the external load with the increase of the contact area, in order to keep
the electrostatic equilibrium. This will contribute to a current flow from the bottom
electrode to the top electrode, along with the second half cycle of sliding. Once the two

plates reach the overlapping position, the charged surfaces get into fully contact again.
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There will be no transferred charges left on the electrode, and the device returns to the
state in Figure 3.2-1. In this entire cycle, the processes of sliding outwards and inwards
are symmetric, so a pair of symmetric alternating current peaks should be expected.

This in-plane charge-separation-induced potential difference and charge transfer
can be verified through numerical simulation using COMSOL. The model constructed
here has the same structure and dimensions (71 mmx50 mm in surface) with the real
device, and those two tribo-charged surfaces are assigned with a charge density of +70
uC/m?, respectively. The device is in open-circuit condition, which means no electron
transfer between the two electrodes. As shown by the simulation results, when the two
plates are in the fully aligned stacking position, which corresponds to the state in Figure
3.2-1, there is no potential difference generated (Fig. 3.3a). When the top plate slides
about half way out (with a displacement of 41 mm), there will be a 2950 V potential
difference between the two electrodes (Fig. 3.3b); and this potential difference will
increase to 1.03x10° V when the top plate just slides out of touching the bottom plate
(with a displacement of 71 mm) (Fig. 3.3c). We have also simulated the voltage between
the two electrodes at a series of displacements from 11 mm to 91 mm. As shown in
Figure 3.3d, the voltage keeps increasing when the displacement gets larger, even after
the plates slide out of each other. This is because the voltage is the path-integral of the
electric field along the displacement. On the other hand, the amounts of transferred
charges between the two electrodes under these different displacements are also
simulated through equating the potential of the electrodes at the short-circuit condition.
As shown in Figure 3.3d, the amount of transferred charges increases linearly with the
displacement before the top plate slides out of the bottom plate (with the displacement
smaller than 71 mm). But different from the trend of the voltage, the amount of
transferred charges will saturate at the total amount of tribo-charges on one surface after
the plates have fully slid out of each other, because there is no further charge separation

here. So, the effective displacement region for generating electricity is between 0 mm and
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71 mm, where the contact area of the two plates is changed during the relative sliding of
the two plates.

These simulated increase trends of the potential difference in the open-circuit
condition and the transferred charge density in the short-circuit condition between the
two electrodes were further confirmed by an analytical study of the sliding-mode TENG

in a subsequent theoretical paper.®
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Figure 3.3 Finite element simulation of the potential difference between the two electrodes at
consecutive sliding displacements: (b) 0 mm (the overlapping position); (¢) 41 mm (sliding half
way out); (d) 71mm (fully sliding out). (¢) The curves of the simulated potential difference AV

(red) and transferred charge density Ac (blue) vs. the sliding displacement from 11 mm to 91

mm, in which the two plates fully slide out of each other at 71 mm (marked by the purple dot

line) .

3.2 Electricity Generation Behavior of Sliding-Mode TENG

In order to experimentally study the electricity generation behavior of the sliding-
mode TENG, we measured the electrical output of the above mentioned TENG device

when with one plate of the TENG was guided by the linear motor in the direction parallel
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to the long-edge of the plates. We systematically studied its typical electrical output and

the influence of the sliding-motion parameters.

3.2.1 Typical Electrical Output from Sliding-Mode TENG

In the experimental study of the typical electrical output generated by a sliding-
TENG, we set the sliding displacement as 71 mm, which was the same with the length of
the plate and thus covered the entire effective region for generating electricity (as
mentioned above). The sliding movement was in a symmetric acceleration-deceleration
mode (the instantaneous sliding velocity was plotted as the pink curve of Fig. 3.4d), with
the acceleration rate of +20 m/s>. The open-circuit voltage (Voc) was measured by an
electrometer with very large input resistance. The electrode at the back of Nylon film was
connected to the positive probe. When the plates in the TENG slid from the contact
position to the separated position, the Vo jumped from 0 to ~1300 V (Fig. 3.4a), which
reflects the induced potential difference between the two electrodes by the in-plane
charge separation. At the separation position, the V¢ decayed a little bit, due to the slow
charge leakage through the electrometer. When the TENG slid back to the contact
position, the V¢ jumped back to 0. The density of the transferred charge (Ac) was also
measured at the short-circuit condition. As shown in Figure 3.4b, the charges with a
density of ~105 pC/m? transferred back and forth between the two electrodes, while the
plates slid in and out. Since the plates got fully separated in each cycle, the transferred
charge density should approximately equal to the triboelectric charge density on the
polymeric surfaces, according to the relationship in Figure 3.3d. With these experimental
results, the measured V¢ is smaller than the simulated potential difference in Figure
3.3c, which is possibly due to the limitation of the electrical measurement system to
record such a high voltage and the imperfection from the ideal open-circuit condition.
The transfer of the charges between the electrodes in the outer circuits produced an

alternating-current output, with the peak short-circuit current density (Js¢) of 4.1 mA/m*
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at a maximum sliding velocity of 1.2 m/s (Fig. 3.4c). The area under each current density
peak is the amount of charge density transferred in each sliding motion. The enlarged Js¢
curve in one single cycle is displayed in Figure 3.4d, together with the corresponding
curve of the sliding velocity. We can find that the current output has a symmetric profile
and synchronizes very well with the velocity of the sliding motion. With such a power
output converted from the sliding motion, hundreds of commercial light-emitting diodes

(LEDs) can be instantaneously driven by a single TENG device (Fig. 3.4e).
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Figure 3.4 Performance of the TENG driven by the cycled sliding motion. (a) The open-circuit
voltage (VOC), (b) the density of transferred charges (Ac), and (c) the short-circuit current
density (JSC) under the in-plane sliding with the displacement of 71 mm and the acceleration of
20 m/s2. (d) The enlarged profile of JSC within one cycle (green curve), with the corresponding
curve of the instantaneous sliding velocity (pink). (e) The snapshot of ~160 commercial LEDs in
serial-connection directly driven by a TENG under sliding. (f-g) The dependence of (f) the output
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voltage (blue), current density (green) and (g) the power density on the resistance of the external

load.

In practice, the TENG’s effective output power to the loads depends on the match
with the resistance of the load. As shown in Figure 3.4f, when the resistance is below ~1
MQ, the output current density and the voltage have little changes from the short-circuit
condition: the current density remains at a value of Jsc while the voltage stays close to 0.
This is because the TENG has infinitely-large inner resistance. When the resistance goes
beyond 1 MQ, the current density will drop with the increase of the resistance; while the
voltage on the load rises up. Consequently, the instantaneous power density on the load
(Fig. 3.4g) remains close to 0 with the resistance below 1 M, and reaches the maximum
value of 0.42 W/m’ at a resistance of ~50 MQ. This is the maximum output power

density on the device.

3.2.2 Influence of Sliding M otion Parameters on the Electrical Output

The output of the planar-sliding-driven TENG is directly determined by the
parameters of the sliding motion—the displacement and the velocity, because the flow of
electricity originates from the tribo-charge separation under sliding. As simulated in
Figure 3.3d, before the two plates fully slide out of each other (with a displacement
smaller than 71 mm), the voltage increases monotonically with the displacement. Also, if
we assume a uniform tribo-charge distribution on the polymeric surface, the total amount
of transferred charges will have a linear relationship with the displacement, which can be
expressed in charge density as:

Ao AL

0o Lo

3.1)

where Ao is the transferred charge density, o, is the tribo-charge density on the

polymeric surface, AL is the sliding displacement and L is the length of the plate which
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is 71 mm. According to the definition of current density (J), it has the following

relationship:
d Ao
J =" (3.2)

where t is the time. After merging the Equation (3.1) into (3.2), we will have

(o} d AL _ 09

J=2.

Ly dt L 3.3)
where v is the instantaneous velocity of the sliding. So, the current density should be
proportional to the instantaneous velocity at which the two plates are being separated.

A systematic study of these relationships between the electrical outputs (Voc and
Jsc) and the sliding conditions was carried out experimentally. In the first group of
experiments, the electrical outputs were measured under a series of 7 different sliding
displacements from 11 mm to 71 mm, with an acceleration kept at 20 m/s*. As shown in
Figure 3.5a, the V¢ increases with the displacement, which is in accordance with the
simulation results in Figure 2e. And the measured transferred charge density Ao displays
a linear relationship with the displacement (the inset of Fig. 3.5b), which can be linearly
fitted with the correlation coefficient of 0.981. As for the peak value of Jsc which is in

proportional to the maximum velocity v,,, it also has a positive correlation with the

displacement (Fig. 3.5b). This is because v,, has such a relationship with the

displacement:
Uy, = VaAL 3.4

where a is the acceleration and AL is the total displacement (the displacement for each

acceleration and deceleration process is AL/2, respectively).
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Figure 3.5 Influence of the sliding displacement on the electrical outputs. (a) The open-circuit
voltage (Voc), (b) the short-circuit current density (Js¢), and the measured transferred charge

density (Ao) (the inset of b) under 7 different sliding displacements from 11 mm to 71 mm.

When the sliding displacement remains at a constant value of 71 mm, the
maximum velocity of the sliding is solely determined by the acceleration. Thus, we
varied the acceleration to investigate the velocity’s influence on the output. As shown in
Figure 3.6a, Voc has very little increase with the rising acceleration, which is also
consistent with the theoretical expectation that Voc is only determined by the
displacement. However, the changing rate of the voltage will depend on the sliding
velocity. The higher the velocity, the faster the voltage increases/decreases in sliding.
Through differentiating the curve of Voc-t, the maximum slopes of voltage at the rising
edges is plotted with the corresponding maximum sliding velocity in Figure 3.6b, which
shows a clear positive correlation. As for the output current, the peak value of Jsc gets

larger at higher acceleration, because of the larger maximum velocity in sliding (Fig.

56



3.6¢). However, the sliding velocity has no influence on the transferred charge density Ao

under the constant displacement (Fig. 3.6d).
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Figure 3.6 Influence of the sliding velocity (acceleration) on the electrical outputs. (a) The open-
circuit voltage (Voc) under 6 different sliding accelerations (which correspond to different
maximum velocity). (b) The plot of the maximum slope of the voltage change vs. the maximum
velocity. The dots are measured value and the line is the fitted result. (¢) The short-circuit current
density (Js¢) under 6 different sliding accelerations. (d) The plot of the measured transferred

charge density (Ac) vs. the maximum velocity.

The electrical output from the sliding TENG is also largely influenced by the
planar distance between the two triboelectric surfaces during sliding. If the two plates do
not fully in tight contact with each other at the overlapping position, which means there is
always a vertical gap distance between them, the electrical output from the sliding motion
will severely deteriorate. This mainly comes from two aspects. First, little triboelectric
charges are generated. More importantly, if there are triboelectric charges on the plates,

the gap between them in the vertical direction quickly decays the strength of electrostatic
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interaction, resulting in a reduced output. As shown in Figure 3.7, when we gradually
increase the vertical distance between the two plates of the TENG from 0 to 2 mm, the
output voltage, current and transferred charges all quickly decay to zero. Thus, in order to
have the sliding-TENG generate electricity efficiently, it is indispensable to maintain the

intimate contact of the two sliding surfaces.
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Figure 3.7 The influence of the vertical distance between the two plates on the output of the
sliding- TENG. (a) The open-circuit voltage (Voc). (b) The transferred charge density (Ac). (¢)

The short-circuit current density (Jsc).

3.3 Comparison between Sliding-Mode TENG and Contact-Mode TENG

The working principle of this in-plane-separation based TENG is essentially
similar to that of the existing vertical-separation based TENG. However, the
characteristics of the electrical output differ a lot. As shown in the experimental
comparison of the TENGs in these two modes with the same materials and dimensions
(Fig. 3.8), the short-circuit current of the TENG in the planar-sliding mode has a much

smaller peak value (~15 pA) but a longer pulse (Fig. 3.8a), compared to a much larger
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peak value of (~240 pA) but a much shorter pulse by the TENG in the vertical-touching
mode (Fig. 3.8b). This results from the difference in the charge separation process: in the
planar-sliding mode, the length of the effective displacement is very large (71 mm in this
experimental case), thus the charge transfer takes much longer time (Fig. 3.8c), while in
the vertical-touching mode, the effective displacement length is much smaller (less than 1
mm), resulting in a much faster charge flow (Fig. 3.8d). However, as for the total amount
of charges flowing through the external load for each displacement, the TENG of the
planar-sliding mode delivered a larger value (380 nC) than the TENG of the vertical-
touching mode (330 nC), which stands for a higher triboelectric charge density on the
polymeric surface. The probable reason is that the lateral sliding between the two
polymeric surfaces provides much more frictions, thus could more effectively facilitate
the triboelectrification than the vertical-touching mode.

As a power source, the electricity generated by the TENGs needs to be regulated
and stored in an energy storage device before powering electronic devices. It is the total
amount of charges, rather than the peak current, that acts as the key factor for the
efficiency of charging an energy storage device. As shown in Figure 6¢-d, the TENGs in
these two modes were used to charge a capacitor of 22 pF. It took 313 cycles for the
sliding-TENG to charge such an empty capacitor to 10 V, while it took 365 cycles for the
TENG in the vertical-touching mode. So, the proposed TENG in the planar-sliding mode

shows the superiority when combined with an energy storage device.
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Figure 3.8 Comparison between the TENGs of the planar-sliding mode and the vertical-touching
mode. (a-b) The profiles of the short-circuit current (Isc) peaks within one cycle: (a) the TENG of
the planar-sliding mode, (b) the TENG of the vertical-touching mode. The insets are the
schematics showing the corresponding working modes. The amounts of transferred charges from
a single displacement have been marked in the figures. (c-d) The relationships between the
transferred charge density (Ac) and the corresponding displacement of the TENGs in the two
modes: (c) Planar sliding mode, (d) vertical touching mode. (e-f) Capacitors of 22 pF charged
from 0 V to 10 V by the TENGs of the two modes: (¢) the TENG of the planar-sliding mode,
which takes 313 displacement cycles; (f) the TENG of the vertical-touching mode, which takes

365 displacement cycles.

Besides the above advantage, this new TENG in the planar-sliding mode has
several other unique advantages. Firstly, this novel design of TENG does not need a gap
between the two plates. This brings up a lot of convenience in packaging the TENG
device. Secondly, there is no need for a large amount of mechanical energy input to
trigger this type of TENG, which can help to improve the energy harvesting efficiency.
Thirdly, this TENG is simple in structure, easy in fabrication, compact in volume, stable

in performance, cost-effective and robust. With these great advantages, such in-plane
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charge-separation-based TENGs can harvest mechanical energies in the form of relative
sliding that are supplied by many different working configurations, for example, the
relative rotation of two contacting plates, the vibration of the piston, the rotation of the

axis to its tube, and so on.

3.4 Measurement of the Energy Conversion Efficiency for the Sliding TENG

For this basic structure of the sliding-mode TENG, we experimentally measured
its energy conversion efficiency (7). In this measurement, the linear motor was used to
introduce the sliding motion onto one plate of the device. The linear motor was connected
to the sliding plate—the PTFE plate in our experimental case—through a force gauge,
which can measure the real-time dragging force applied onto the sliding plate. This linear
motor led the PTFE plate to slide apart from the stationary nylon plate at constant
velocity. During this process, the opposite triboelectric charges on the nylon surface and
the PTFE surface got laterally separated, which induced a current flow from the back
electrode of nylon to the back electrode of PTFE across the external load.

According to the definition of efficiency, we have the following relationship

Electric Energy Generated E
Sdinid 24 — X 100%=—22 X 100%
Mechanical Energy Applied Emech

n% =

From the above measurement, the E. and the E,.., from one sliding motion can be both
experimentally obtained.

For the electrical energy generated by the sliding-TENG on the load, it can be
calculated by measuring the current flowing through the load. Since the electrical energy
obtained by the load reaches the maximum value at a certain load resistance, we
performed the measurement repeatedly on several different external resistances.
According the results shown in Figure 3.4, the maximum electrical energy should be
reached within the range of 100 MQ to 5 GQ. Thus, the measurement was taken on the
following resistance values: 220 MQ, 500 MQ, 667 MQ, 1 GQ and 2 GQ. The current

signals through these loads were obtained from one sliding motion for each case. Then,
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the current curves of I~t were converted to the power curves of I’R~t for these different
load resistances, as shown in Figure 3.9a. Through integrating these power curves, we
can get the electrical energy obtained by these 5 different loads, respectively. With the
plot of these electrical energies versus the corresponding load resistances shown in Figure
3.9b, it can be found the electrical energy reached the maximum value 0.25 mJ of at the
load resistance of 1 GQ. Thus, the E... can be approximately taken as 0.25 mJ.

On the other hand, for the mechanical energy applied onto the sliding TENG
during this sliding motion, since the PTFE plate was guided to slide from the overlapping
position of the nylon plate to the fully separated position in a constant velocity, all the
mechanical energy from the work of the dragging force was converted to other forms of
energy. Therefore, the input mechanical energy can be obtained by calculating the work
done by the dragging force during this sliding process with a total displacement of 0.075
m. Through using the force gauge, we obtained the real time curve of the dragging force
in this entire sliding process. The dragging force measured for the case of 1 GQ external
resistance, in which the electrical energy reached the maximum value, is shown in Figure
3.9c. Then, the total work done by the dragging force can be calculated by integrating the
curve from the distance of 0 to the distance of 0.075 m. The integration result of 4.78 mJ
gave us the approximate Eech.

Thus, from the above results of E... and E,..;, the energy conversion efficiency

of this basic structure for the sliding-TENG can be approximately estimated as:

n%=—2ec % 100% = 222" % 100% = 5.23%

Emech 4.78mJ
In this experimental demonstration of the sliding-mode TENG, most of the input
mechanical energy is converted to heat from friction—both the friction between the two
sliding layers and the friction between the sliding plate and the supporting system (like
the guiding rails for maintaining the sliding track). For the former, since an intimate

contact between the two sliding surfaces is critically important for the effective electricity
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generation, we had to apply an amount of pressing force between the two plates in order
to maintain the contact during sliding in our demonstration. Because the friction is
proportional to the normal pressing force, the applied force for maintaining the contact
led to the increased consumption of the input mechanical energy. However, through
constructing a very sophisticated and precise system, the two sliding surfaces can be
strictly parallel to each other so that a pressing force may not need to maintain the contact.
From this, the energy conversion efficiency can be further increased. On the other hand,
for the second source of friction that is the friction between the sliding plate and the
supporting system, it could also be reduced by the improved precision of the entire
mechanical system. Therefore, from the above discussion, through the construction of the
mechanically-precision system to minimize the friction, the energy conversion efficiency

of the sliding-mode TENG can be further increased.
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Figure 3.9 The experimental results for the estimation of the energy conversion efficiency for the
sliding-TENG. (a) The curves of the power (calculated as I’R from the curves of the current)
obtained by 5 different external resistances from one sliding motion. (b) The amounts of electrical
energy obtained by the above 5 external resistances. (c) The real time curve of the dragging force
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applied on the sliding plate during one sliding motion (for the case with 1 GQ external

resistance).

3.5 Segmentally-Structured Disk-TENG for Harvesting Rotational Energy

The in-plane charge separation mechanism’’ introduced above for sliding-mode
TENG can work in either one directional sliding between two plates or in relative rotation
between two “disk”-like structures. On the basis of the one-directional sliding TENG, we
further developed a segmentally-patterned disk-shaped TENG, in which a periodic
overlapping and separation process of the two groups of sectors on the two concentric
and closely-contacted disks is achieved by relative rotation. This design not only
introduces the sliding triboelectrification between the two contacting surfaces of the
sectors, but also facilitates a rotation-induced periodic, in-plane charge separation for

electricity generation.”®

3.5.1 Structure Design and Working Principle of the Disk TENG

The basic structure of the disk TENG is composed of two disk-shaped
components with four sectors each, as schematically illustrated in Figure 3.10a. In the
fabrication of the TENG device, two PMMA sheets were firstly processed by laser
cutting to form the desired four-sector-structured cyclostyle that served as the templates
for the effective contacting parts of the TENG. Then, a 50-um-thick Kapton film with Au
electrode deposited on the back side was manually-patterned into this exact shape and
then securely attached onto one of the templates, while a piece of Al foil tailored into the
same shape was attached on the other template. The Al part and Kapton part was brought
to a face-to-face intimate contact and the Al part was driven to spin on the surface of the
Kapton around their common axis. To promote the triboelectrification and increase the
effective contact area between the two layers, Kapton nanorod (NR) array was created on
the Kapton surface by a top-down approach®' through ICP-RIE, as displayed in the inset

of Figure 3.10a. Scanning electron microscopy (SEM) images of the Kapton NRs are
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shown in Figure 3.10b. After a two-minute ICP etching, the NRs were uniformly
distributed on the surface of Kapton, with an average diameter and length of 150 nm and
600 nm, respectively. Figure 3.10c is a photograph of the two parts of the disk-shaped
TENG with a diameter of 4 inches. The total effective area of the TENG device is 40.54
cm’,

The working principle of the disk TENG is based on in-plane charge separation of
the sliding-mode TENG as presented above, which is induced by the relative-rotation
induced between Al and Kapton, as shown in Figure 3.10d. The electricity generation
process of the disk TENG can be divided into four stages: in Stage I, the two disks are at
an overlapping position. There will be no potential difference between the two electrodes,
thus no current flow in the external load. When the Al foil rotates in reference to the
Kapton film (Stage II), the in-plane tribo-charges are thus separated in the direction
almost parallel to the sliding direction, which will induce a higher potential on the Al
layer than the Kapton’s electrode. The electrons in the electrode attached to the Kapton
film will be driven to flow to the Al foil through an external load until the two disks reach
fully mismatch in the contacting segmented areas (e.g. for 45° of rotation in this case),
which is represented by Stage III. At this moment, both the induced potential difference
and the amount of transferred charges between the two electrodes reach the maximum
values. In Stage IV as the top plate continues spinning, the Kapton surface begins to get
contacted with another adjacent sector of Al foil, and the potential difference between
two electrodes will drop with the decrease of the mismatch area. As a result, the electrons
will flow back in the opposite direction from the Al foil to the electrode attached to the
Kapton film. Thus, the entire process will result in an alternating-current (AC) output.
Such a charge transfer cycle will start over from Stage I when the two plates reach a

complete overlapping again.
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Figure 3.10 The basic structure and proposed working principle of the disk TENG. (a) The
structure design of the disk TENG. The inset is an enlarged figure showing the Kapton nanorod
array created on the surface area. (b) A top-view SEM image of the Kapton nanorods showing its
uniformity in a large range. The inset is a high magnification SEM image of the Kapton nanorods
in 30°-tilted view. The scale bar is 500 nm. (c¢) A photograph showing the two parts of a real disk
TENG. (d) The proposed working principle of the disk TENG with the electrons flow diagram in
four consecutive stages within a full cycle of electricity generation. Please note that only one pair
of sectors (the cross-section area entangled in Figure 1a) was shown with surface charges for
clarity of illustration, and the surface charges on the interface area between Al foil and Kapton

film are hidden and are not drawn for easy presentation.

3.5.2 Numerical Calculationsand Analysis of the Output Profile for thedisk TENG
To gain a more quantitative understanding of the proposed working principle of

the disk TENG, we employed finite element simulation to calculate the potential
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difference between the two electrodes and the transferred charge density at consecutive
stages in a full cycle of charge transfer. The triboelectric charge density on the inner
surface of Kapton film and Al foil was assigned as 75 pC/m’. Figure 3.11a shows the
calculation results in the four stages with rotation angles of 0° (Stage I), 22.5° (Stage II),
45° (Stage III), and 67.5° (Stage 1V), respectively. In Stage I, the two layers are in full
contact with each other, and there is no potential difference or charge transfer.
Subsequently, as the top plate spins across this position, introducing the charge separation
in the lateral direction, both the potential difference and the density of transferred charges
between the Al foil and the Kapton’s electrode will build up, via 1.62 kV and 34.5 uC/m*
at 22.5° of half separation (Stage II), and finally to the peak values of 14.71 kV and 69.3
uC/m” at the fully separated position of 45° (Stage III). In the second half of this cycle
(Stage IV), both the potential difference and transferred charge density decrease as the
contact area begins to recover, and they show a symmetric behavior at the angle of 67.5°
compared with Stage II.

The calculated potential difference and transferred charge density in a full cycle
(from the 0° position to the 90° position with the step angle of 4.5°) were depicted in
Figure 3.11b. It can be observed that the transferred charge density displays a linear
relationship with the rotating angle in each of the half cycles, while the potential
difference presents a sharper peak, with an elevated slope around the fully separated
position (the rotating angle of 45°). Assuming a constant value of triboelectric charge
density (o) and uniform distribution of these charges on the inner surface of Al and
Kapton, the amount of transferred charges should ideally equal to the amount of
separated charges, which is proportional to the rotating angle (A 6):

Ao =0, % 3.5)

0
where 6,=45° is the rotating angle from the fully contacted position to the adjacent fully

separated position.
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These theoretical expectations were further confirmed by electrical output
measurements of the open-circuit voltage (Voc), transferred charge density (Ac), and
short-circuit current density (Jsc) at a constant rotation speed of 45 rpm, as shown in
Figure 3.11c-e. The output profiles of both the Voc and the Ac show excellent
consistency with the calculation results, with the Vo showing a sharp peak and the Ac
showing a linear “triangle waveform” behavior. Based on Equation (2), the dependence

of Jsc on the angular speed (w) can be deduced as:

:d(Acr)_d(o_O'A_a :&d(AQ):ao-a):ﬁ‘z n

— T— 3.6
dt dt 490) 6, dt 6, 6, 60 (3.6)

where 7 is the rotation speed measured in a unit of rounds per minute (rpm). Therefore, as
long as the angular speed (@) remains constant, the Js¢ should remain a constant value in
each half cycle, with a symmetric AC manner in a full cycle. The measurement result of
the Jsc in Figure 3.11e is also in agreement with this anticipated trend, which shows a
“square waveform” behavior, differing a lot from the “pulse-like” current peak behavior
in the previous works. This novel characteristic of NG’s output performance may bring

up new applications in various fields.
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Figure 3.11 Numerical calculations of the charge transfer process of the disk TENG. (a) The
numerical calculation of the potential difference and transferred charge density between two
electrodes in four different stages within a full cycle of rotational motion: (I) fully contact, (II)

half separated, (IIT) fully separated, and (IV) half contact. (b) A summary of the calculated open-
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circuit voltage and transferred charge density in a full cycle of rotation. The calculation takes
place from the 0° position to the 90° position, and the step angle is 4.5°. (c-e) The measured (c)
open-circuit voltage, (d) transferred charge density, and (e) short-circuit current density in a full

cycle of rotational motion at 45 rpm.

3.5.3 Influence of Segmentations on Device Perfor mance

The electricity generation process of the disk TENG relies on the magnitude and
the rate of the triboelectric charge separation. In this regard, the configuration of the
device, which is the number of sectors (N) that the entire disk is divided into, can be
expected to play a significant role in the output performance of the TENG. For this
purpose, we studied three types of TENG devices with the disks divided into 1 sector
(Configuration 1, semi-circle), 2 sectors (Configuration 2), and 4 sectors (Configuration
3, equivalent to the structure discussed in Figure 3.10 & 3.11), respectively. Both
theoretical calculations and measurements (with a rotation speed of 100 rpm) were
carried out to demonstrate the effect of configurations on the output performance, as
given in Figure 3.12. From the numerical calculation results in Figures 3.12a, ¢, and e, it
could be found that as N increases from 1 to 4, both the calculated potential difference
and transferred charge density drop to some extent. This trend is also observed in the
measurement results of the Vocand the Ac (Figure 3.12b, d, f). This may result from the
lower magnitude of polarization due to the shrunk separation distance for finer segments.
On the contrary, the Jsc shows a phenomenal ascending trend from Configuration 1 to
Configuration 3, mainly owing to the obvious increasing of the charge transferring rate
due to the smaller rotation angle from fully contact to fully separation. Above all, it could
also be found that the frequencies of all the three types of output signals double with the
doubled segmentations. This group of comparisons shows a clear trend that with finer
segmentation patterns, the amount of electricity generated by the TENG within a single
rotation cycle will be largely increased owing to the multiple times (N) of charge

transferred across the external load, which can greatly boost up the power conversion
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efficiency. Based on this finding, through patterning the disk with much finer
segmentations using the techniques of photolithography and etching in the future work,

the current output could be greatly improved.
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Figure 3.12 The configuration dependence of the output performance of the disk TENG. (a) The
calculated open-circuit voltage and transferred charge density for the disk TENG with
Configuration 1, in which the whole disk was divided into one sector (half of the full round
shape). (b) The measured (b1) open-circuit voltage, (b2) transferred charge density, and (b3)
short-circuit current density of Configuration 1 at 100 rpm. (c) The calculated open-circuit
voltage and transferred charge density for the disk TENG with Configuration 2, in which the
whole disk was divided into two sectors. (d) The measured (d1) open-circuit voltage, (d2)
transferred charge density, and (d3) short-circuit current density of Configuration 2 at 100 rpm.
(e) The calculated open-circuit voltage and transferred charge density for the disk TENG with
Configuration 3, in which the whole disk was divided into four sectors (equivalent to the structure
discussed in Figures 1 and 2). (f) The measured (f1) open-circuit voltage, (f2) transferred charge

density, and (f3) short-circuit current density of Configuration 3 at 100 rpm.
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3.5.4 Influence of Rotating Speed on Device Performance and Its Application asa
Self-Power ed Sensor

As we have discussed in the theoretical analysis, the Jg¢ will increase linearly
with the rotating speed n, while the Vpc and the Ac should not be influenced by the
velocity, as long as the configuration of the device is fixed and the initial surface charge
density keeps constant (Equation 3.6). To verify these relationships, a group of electrical
measurements with variable rotating speeds were conducted on the TENG with
Configuration 3, which is presented in Figure 3.13. Figures 3.13a and ¢ show the
measured open-circuit voltage and transferred charge density with different rotating
speeds. Both the Ve and the Ac almost keep constant with the rotating speed increased
from 50 to 500 rpm. Though a slight decay at high speed occurs, which might result from
the relatively low sampling rate of the voltage/charge meter, it is negligible with the V¢
of around 230 V and Ac of about 40 uC/m% as summarized in Figure 3.12b and d.
Besides, the averaged slopes of the V¢ curve were also analyzed and shown in Figure
3.13b, with an increasing trend with ascending rotating speed because of the rising of the
charge separation rate. Different from the V¢ and the Ao, the Js¢ is strongly enhanced
with higher rotating speed (Figure 3.13¢), and the good linear fitting in Figure 3.13f is
coherently consistent with the behavior predicted by Equation (3). This linear relationship
between the Js¢ and the rotating speed implies that the magnitude of the output current of
the disk TENG could be utilized to actively measure the angular speed of a rotating disk
structure, which has potential applications in automobile braking systems or transmitting
instruments.

Moreover, though the magnitude of both the V¢ and the Ac is independent of the
rotating speed, their frequencies, as well as the frequency of the Jsc will be directly
related to the velocity. In the practical application, this could be simply realized by

Fourier Transform of any output signal to acquire the frequency information.
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Figure 3.13 The influence of the rotating speed on the output performance of the disk TENG. (a)
The measured open-circuit voltage with different rotating speeds from 50 to 500 rpm. (b) The
summarized relationship between the open-circuit voltage/slope of the voltage and the rotating

speed. (c) The measured transferred charge density with different rotating speeds from 50 to 500
rpm. (d) The summarized relationship between the transferred charge density and the rotating
speed. (e) The measured short-circuit current density with different rotating speeds from 50 to

500 rpm. (f) The summarized relationship between the short-circuit current density and the

rotating speed.

3.5.5 High Output of Disk TENG for Driving Portable Electronics

This unique design of the segmentally-patterned disk TENG realizes multiple
times of charge transfers within a full rotation cycle, which enables a fast charge transfer
rate at high rotating speed. This will contribute to a large output current at a high

frequency. The current output of the demonstrated disk TENG at 1000 rpm could reach
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29.0 mA/m* (Fig. 3.14a), corresponding to 117.6 pA for the entire device area of 40.54
cm’. The frequency of the Jsc is as high as ~66.7 Hz, which is even a bit higher than the
frequency of the commercial electric power (50 Hz). After rectification, a high-
magnitude and high-frequency DC like output was achieved (Figure 3.14b), which can be
used to drive portable electronic devices (e.g. 60 serially-connected commercial LEDs)
instantaneously, as shown in Figure 3.14c. As we can see from 4 consecutive frames in
Figure 3.14c (with a time interval of only 0.1 s) taken from the video, the disk TENG
achieves a continuous lighting-up of the LEDs, rather than just flashing in the previous
works'”"?. Besides, such high frequency and large magnitude of electrical output imply a
large averaged output current density and power density, which also shows its superiority
when combined with energy storage units (e.g. batteries and capacitors) for long-term
applications. As shown in Figure 3.14d, a 22 uF capacitor was charged by the disk TENG
with variable rotating speeds at 100, 500, 1000, and 1500 rpm. The capacitor charging
rates rose almost linearly with the rotating speed because of the faster charge transfer
under higher rotation speeds. With the highest tested rotation rate at 1500 rpm using the
device we have fabricated, the 22 UF capacitor was charged to 10 V in merely 33 s,
which is a gigantic enhancement compared to the previous work® using the traditional
type of TENG.

The output performance of the disk TENG was systematically studied at different
loads. Figure 3.14e shows the resistance dependence of both output current density and
voltage, from 10 Q to 1 GQ. The output current density decreases with the increasing
resistance while the output voltage shows the reverse trend, but both the current and
voltage tend to saturate at both high and low ends of the resistance. The power density
was also plotted as a function of external resistance in Figure 3.14f. The output power
density firstly increases at a low resistance region and then decreases at a higher
resistance region. The maximum value of the power density of ~1 W/m” occurs at ~10

MQ.
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Figure 3.14 The disk TENG as a power source with high current output and frequency. (a) The
measured output current for Configuration 3 at 1000 rpm. (b) The rectified output current for
Configuration 3 at 1000 rpm. The inset is an enlarged view of the rectified output current with
“square waveform” output profile. (c¢) Top: a snapshot showing the instantaneous and continuous
powering of 60 green LEDs in series by the disk TENG working at 1000 rpm. Bottom: four
consecutive frames captured from Video S1 with the time interval of 0.1 s. (d) The measured
voltage of a 22 UF capacitor charged by the disk-TENG at variable rotating speeds. (¢) The
relationship between the output voltage/current and the resistance of an external load. (f) The
relationship between the effective power density and the resistance of the external load. The

maximum power is received when the external resistance is 10 MQ.

Such continuous-motion-driven TENG generates the electricity with adjustable
frequency and at high frequency, because it does not rely on the resilient bouncing of the

TENG after mechanical triggering. This could help to realize a direct and continuous
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driving of electronic devices and fast charging of storage units. The disk TENG makes it
possible to harvest rotational mechanical energy at a high frequency with a high
magnitude of power density, showing unprecedented superiority and practicability in
both driving electronic devices directly and continuously as well as charging energy

storage units.

3.6 Multi-Layered Disk-TENG for Power Enhancement

In the above design of the disk TENG, only one pair of triboelectric layers can be
driven to slide by rotation motion, which is inefficient for fully utilizing the input energy.
Thus, it is highly desirable to realize multi-layered integration® on the disk TENGs,
which requires two critical issues resolved in the structure design in order to reach a
multiplied output performance: intimate contacts between any two adjacent triboelectric
layers maintained during the rotation, under a minimized pressing for a small resistance;
strictly synchronized rotation of all the segmentally-structured disk pairs so that the
output from each pair can be perfectly added-up. For this regard, we developed an
effective strategy for the multi-layer integration of the disk TENGs, with the above two

issues resolved.

3.6.1 Structural Design of Multi-Layered Disk-TENG

In the design of the multi-layered disk TENG, a D-shape shaft was introduced to
coaxially transmit the rotation motion onto each rotor (rotation part in each triboelectric
layer), with the segmental phase synchronized. On the other hand, to maintain intimate
contact of the tribo-surfaces, light weight and low stiffness springs were adopted to fix
the stators at the four corners and provide a gentle and adjustable pressing force. The
multi-layered disk TENG is mainly composed of two groups: rotors with Al film as the
attached triboelectric layers, and stators with the purposely chosen PTFE film as the other
triboelectric layers, with 8 segmentations. They are coaxial with the input rotation

motion, as schematically depicted in Figure 3.15a. The multiple-layered structure was
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obtained by stacking three stators and two rotors in an alternating sequence, with the D-
shape shaft going through all the center-holes. Each pair of PTFE film and aluminum
film next to each other constitutes a disk-TENG unit. When the D-shape shaft is
connected to a rotating object, e.g. a rotary motor in the experimental measurement, all
the Al layers on the rotors will be driven to rotate with the same phase, while the PTFE
layers on the stators will stay still. In this manner, the relative rotation between the
adjacent layers enables periodic contact-separation cycles of the opposite triboelectric
charges, and thus generates electricity in each layer. When all of the four layers of the
multi-layered disk TENG are connected in parallel, the current with the same phase can
be added up, contributing to a multiplied power output. It is worth noting that, in order to
enhance the surface roughness and promote the triboelectrification intensity, the
aluminum films on the rotor part were coated with silver nanoparticles.* Figure 3.15¢
shows the SEM images of the assembled silver nanoparticles on Al film, which uniformly
distribute across the whole surface with an average diameter of 50 nm. In this

experimental demonstration, the projected surface area of the TENG device is 34.2 cm?.
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Figure 3.15 Device structure of the multi-layered disk TENG. (a) The schematic diagram
showing the structure design of the multi-layered disk TENG. (b) The enlarged picture showing

the D-shape shaft going through all the center-holes. (¢) The SEM image of the silver
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nanoparticles coated on the aluminum electrode of the rotor part, the inset is the SEM image in

higher magnification.

3.6.2 Enhanced Electrical Output by the Multi-Layered Structure

The electrical outputs of the four-layered disk TENG, were measured by
connecting the shaft to a spinning motor with a rotation speed of 10 rpm (Fig. 3.16). The
rotors were driven to make a relative rotation movement against the stators. At first, the
Ve, short-circuit current density (J.), and Ac of each individual units (named as Unit
1~4, respectively) were measured separately (the outputs from Unit 1 are shown in Figure
3.16a as typical results). By connecting the layers in parallel, the obtained output from
each layer can add up to give a multiplied output. As shown in Figure 3.16b, when two
triboelectric units were connected, the transferred charge density was increase to 110
uC/m2 with an enhanced J,. of 0.9 mA/m’ (Fig. 3.16¢), both of which are about twice of
the one-layer results, while there is very little change on the V,. (427V). If three units
were integrated, the Ac and J,. were triply enhanced to 169 pC/m” and 1.2 mA/m?,
respectively, and V,. still stayed comparable to that from an individual layer. After
connecting all of the four units together, the Ac and J;. were further scaled up and
reached the highest values of 234 pC/m” and 1.5 mA/m?, respectively. At this time, the
Vo only had a small increase to 470 V. From the above results, we can conclude that the
multi-layered integration with parallel electric connection gives transferred charge
density and short-circuit current density a good superposition relationship, while the
open-circuit voltage will remain on the same level. Furthermore, based on the output
enhancement trend from increased layers, we should be able to further improve the
electrical outputs by integrating more units into a whole device. Therefore, the multi-
layered parallelly-connected structure is an effective and indispensable method to achieve

high electrical output, especially large current density.
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Figure 3.16 Electrical output of the disk TENG with different configurations under the rotation
speed of 10 rpm. (a;-a4) The open-circuit voltage (V,.), (bi-b,) the transferred charges density
(Aoc), and (c;-c4) the short-circuit current density (J,.) of the disk TENG with one, two, three, and

four tribo-charged units.

With the integration of four layers disk-TENG units, the electrical output of the
device can reach a high level at an increased rotation speed of the rotors, since a larger
rotation speed will lead to faster tribo-charge transfer process, which increases the current
density and thus the output power density. As shown in Figure 3.17a, when the rotation
speed was set at 1000 rpm, the J. of the TENG reached 86.8 mA/m?, which is about 4
times as large as the previously-reported single-layered disk TENG.” To characterize the
power output of the device, we also measured the V,. under the rotation speed of 1000
rpm. As shown in Figure 3.17b, the voltage remains the same value with that at low-
speed condition (10 rpm), which implies that the indispensable intimate contact of the
triboelectric surfaces during rotation is not affected by the high rotary speed. In practical

applications, the energy harvester is usually connected to external loads with different
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resistances, so that we systematically studied the voltage and current outputs on a series
of different resistances, from 100 Q to 150 MQ. As depicted in Figure 3.17c, the current
density drops with the increase of the external resistance, while the voltage across the
load shows a reversed tendency. Figure 3.17d illustrates the power density as a function
of load resistance. The power density initially rises at a low resistance region and then

declines significantly at a higher resistance region, showing a peak value of ~5 W/m? at

~1 MQ (Fig. 3.17d).
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Figure 3.17 Output performance of the four-layer disk TENG at 1000 rpm. (a) The J;., and (b)
V,.of the device. The dependence of (c) the output voltage (green) and current (blue) and (d) the

power density on the resistance of the external load.

3.7 Rotary TENG Based on Hybridized Mode for Harvesting Wind Energy

Through hybridizing the two basic working modes of TENG—the vertical contact
mode and the lateral sliding mode, we developed a rotary structured triboelectric
nanogenerator (R-TENG) for scavenging weak wind energy in our environment.*

The conventional approach of generating electricity from wind relies on the

structure of wind turbines and the principle of electromagnetic induction.* However,
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there are several drawbacks of this kind of devices, including large size and weight, high
cost of installation, difficulty to be driven under low wind speeds, and thus low
efficiency, which limits its usability especially for the weak wind in our daily living
environment such as around houses and in the city.*® Recently, piezoelectric windmills
employing piezoelectric bimorph transducer structures have been reported with low start-
up speed and small sizes.®”™ However, the structures are still complex and the outputs
are relatively low.

In the demonstrated R-TENG, under the wind flow, the wind-cup structure will be
driven to rotate and thus the soft and flexible PTFE film based rotor blade will sweep
across the Al sheets based stators consecutively, so that a repeating process of contact-
sliding-separation-contact between the two charged surfaces can be achieved by

hybridizing the two modes.

3.7.1 Structural Design of the Rotary TENG

The structure of the R-TENG springs from the conventional wind cup structure,
which includes a framework, a shaft, a flexible rotor blade, two stators, as illustrated in
Figure 3.18a. A flexible and soft rotor blade structurally made of a polyester (PET) film
is connected to the shaft, thus can rotate with the shaft. Around the circumference of the
device, two Al covered plates as the symmetric stators stretch out from the framework
towards the shaft direction. On top of the shaft, the wind cup setup is mounted to convert
the wind flow into the rotation of the shaft and the flexible rotor, during which the rotor
blade will periodically sweep across the stators with small resistance. In this process, a
consecutive face-to-face contact (in area of 2.5 cm x 6.4 cm) and separation between the
rotor and the stator will be enabled, which can serve as the basic TENG-based process for
generating electricity. A PTFE film was chosen to adhere at the end of the PET blade as a
triboelectric layer to get into contact with Al. A layer of metal film was deposited

between the PTFE and PET as the electrode. In order to enhance the surface roughness
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and therefore improve the triboelectric charge density,”** the PTFE film was dry-etched
through ICP-RIE to prepare nanowire-like structures on the surface® (with the magnified
scheme in Figure 3.18a). As shown in the SEM images, after a 40-second etching, the
nanowire-like structures were uniformly distributed on the surface of PTFE, with an
average length of ~700 nm (Figure 3.18b). The photograph of an as-fabricated R-TENG

device is shown in Figure 3.18c.

Framework

Rotor Blade

Figure 3.18 Device structure of the rotary TENG (R-TENG). (a) The schematic diagram showing
the structural design of the R-TENG, with the enlarged picture showing the nanowire-like
structures on the surface of PTFE. (b) The SEM image of the PTFE surface with etched
nanowire-like structures; the inset is an SEM image of the nanowires. (c) A photograph of the

fabricated R-TENG.

3.7.2 Working Mechanism of the Rotary TENG Based on Hybridized Contact-
Sliding Mode
The electricity generation of the R-TENG is a hybridization of contact-sliding-

separation-contact processes, as schematically depicted in Figure 3.19. In the original
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state where the rotor blade is stationary and the triboelectric layers are separated from
each other (Fig. 3.19a), there is no tribo-charges generated on the surfaces. When the
wind blows on the wind cups, the rotor blade will be driven to rotate around the shaft,
which will bring the PTFE film into full contact with the Al on either one of the stators
(Fig. 3.19b). As a result of triboelectric effect, the PTFE film will have net negative
charges and the Al with positive charges. At this very moment, there is little electric
potential difference generated in the space. As the polymeric rotor blade continues to
rotate, the flexible blade will be bent in order to sweep across the rigid stator (Fig. 3.19c¢).
Because of the strong electrostatic attraction between the two tribo-charged surfaces, the
PTFE film has the tendency to keep the intimate contact with the Al stator, so that most
of the bending happens on the PET portion of the rotor blade. The PTFE plate will be
guided to slide outwards across the Al surface, leading to a continuous decrease in the
overlapping area of the two tribo-charged surfaces and thus the in-plane charge
separation. The lateral dipole moment will generate a higher potential on the Al surface,
thus drives a current flow in the external load from the Al to the electrode of PTFE. This
process will last until the PTFE fully slides out of the Al surface, and the total transferred
charges will equal the amount of the triboelectric charges on each surface. This is the
working mechanism of the TENG in the sliding mode, which can help to generate higher
triboelectric charge densities because the sliding provides much more friction than the
contact mode, and it is more effective for triboelectrification.”” Subsequently, the rotor
blade will continue to rotate towards the other stator, with the attached electrode having
positive charges with equal density of the negative tribo-charges on the PTFE surfaces
(Fig. 3.19d). When the rotor blade approaches the other Al blade, the two surfaces will
get into contact momentarily in vertical direction (Fig. 3.19e). An electric potential
difference pointing from the electrode on the PTFE to the Al sheet will be generated,
driving a reversal current flow. This is the working mechanism of the TENG in the

contact-separation mode. At this point, a cycle is completed. Thus, the entire electricity
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generation process of the R-TENG hybridizes the in-plane contact-sliding mode and the
separation-contact mode in vertical direction as a full cycle process and generates a pair
of alternating current: one lower-magnitude but wider peak corresponding to the in-plane

charge separation and one sharper but narrower peak corresponding to the vertical charge

re-contact (Figure 3.191).
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Figure 3.19 Working mechanism of the R-TENG based on a hybridization of contact-sliding-
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separation-contact processes. Three-dimensional (upper) and cross-sectional (bottom) sketches
of: (a) original position without wind blow; (b) PTFE is brought into contact with Al stator; (c)
PTFE is sliding apart from the Al surface; (d) PTFE is separated from Al stator; and (¢) PTFE

approaching to the next Al stator. (f) The typical profile of the current output from the R-TENG.

3.7.3 Electricity Generated by Wind Energy

The electrical output measurement of the R-TENG was carried out under a wind
speed under different wind speeds from 6.3 m/s (4 BF in Beaufort wind force scale) to
20.1 m/s (8 BF). As shown in Figure 3.20a, with the wind speeds being raised, the Voc
firstly shows a small increase trend at lower wind speeds and then reaches a saturated

value of 250 V. This result can be explained by the change in the surface charge density.
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The higher the wind speed, the larger rotational torque obtained by the polymer films,
which means a larger contacting force. Since the PTFE surface was patterned with
nanowire-like structures, a larger force applied will make the two surfaces contact more
intimately, resulting in a higher surface charge density. But this will reach a saturated
value after the contacting force is large enough.”® As for the Isc, the peak heights present
a very obvious increasing tendency with the increased wind speeds (Fig. 3.20b), because
a higher wind speed will not only results in more transferred charges as discussed before,
but also more importantly contributes a higher charge transfer rate. This set of results not
only indicate a high power output of the R-TENG as driven by a stronger wind, but also
show the potential of the R-TENG as a self-powered wind speed sensor. Besides the
magnitudes of the electrical outputs from the R-TENG, the information of the wind speed
is also reflected by the time interval between two adjacent peaks, in other words, the
number of peaks in a certain time. This is because the higher wind speed will drive a
faster rotation of the rotor blade so that it will increase the frequency of the output. Thus,
by using a counter to calculate the number of peaks within a certain time, the
corresponding wind speed can also be accurately obtained. Based on the above
discussion, the R-TENG can be used as a self-powered active sensor for real-time wind

speed detection.
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Figure 3.20 Influence of the wind speed on the electrical outputs. (a) The Voc and (b) the I5¢

under different wind speeds from 6.3 m/s (4 BF) to 20.1 m/s (8 BF).

Because of the viability to work at relatively low wind speed, this demonstrated
R-TENG can be used to effectively harvest the energy from natural wind outside of office
building! As shown in Figure 3.21a, when the modest wind blew through R-TENG, it
generated electricity with a maximum Zsc over 50 pA. In a lot of cases, the fluctuated
electrical output generated from the natural wind needs to be stored for further use.
Figure 3.21b shows the charging curves of two capacitors (2.2uF and 22 uF,
respectively) by the R-TENG at a wind scale of ~6 BF, indicating a high efficiency of
converting the wind energy to the stored electrical energy. Besides, in some other cases,
the instantaneous output of the R-TENG can be used to directly drive a number of
electronic devices simultaneously. As shown in Figure 3.21c, 164 serial-connected

commercial LEDs were lit up by the wind-generated electricity from the R-TENG.
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Figure 3.21 Applications of the R-TENG. (a) The R-TENG generating electricity from
the wind blow in outdoor area, the inset is the picture of the R-TENG working under the
wind blow in outdoor area (b-c) The R-TENG used as a power source to (b) charge

capacitors and (c) directly light up 164 commercial LEDs.

This structure design introduced a novel operation mechanism for wind generators
and created a new development area of the wind power using nanostructured surfaces of
conventional materials. Furthermore, this technology can also be extended for harvesting

energy from ocean current.
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CHAPTER 4
FREESTANDING-LAYER-MODE BASED TRIBOELECTRIC
NANOGENERATOR

In the real application of TENG in harvesting applied mechanical energy, in order
to maximize the energy conversion efficiency under such mechanism, one of these
triboelectric layers needs be bonded with a moving object as the mechanical energy

: . . 43,44
source. However, in the previous two basic modes of TENGs—the contact mode***%

and the sliding mode,””"®

each triboelectric layer is attached with an electrode and a lead
wire. Such a device configuration largely limits TENGs’ versatility and applicability for
harvesting energy from an arbitrary moving object or a walking human, because the
object has to be connected to the entire system by an interconnect. Thus, it is highly
desirable to develop a new mode of TENG based on a new mechanism that can scavenge
energy from the mechanical motion of a freestanding triboelectric layer, without an
attached electrode.

The kernel of TENG-based electricity generation is a periodic change of the
induced potential difference (IPD) between two electrodes as a result of the relative
position change of the tribo-charged surfaces.***® This general principle can be achieved
by a new type of design and operation mode: a TENG with two stationary electrodes and
one freestanding triboelectric layer that moves in between under the guidance of external
mechanical energy.”’ In this mode, the dielectric layer can alternatively get in direct
contact with either one of metal electrodes (or just within a short distance), which enables
periodic changing of IPD to drive the flow of charges in the external load. The

triboelectric layer can be either pre-charged or charged during contact, because the

electrostatic charges on an insulator film surface can be preserved for hours even days.
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4.1 Didectric-Conductor Based Freestanding-Layer-Mode TENG

The first type of the FTENG is based on the triboelectric effect between a
freestanding dielectric layer and two metal films that serve not only as the counter

triboelectric material, but also as two electrodes.

4.1.1 Device Structure and Working Mechanism

The basic device structure of the conductor-dielectric based TENG is shown in
Figure 4.1a. In order to maximize the electrification between the two layers, we
purposely chose materials with a large difference in triboelectric polarity—Al as the
conducting films and fluorinated ethylene propylene (FEP) as the freestanding
triboelectric layer. The FEP film was tailored into a 7 cm x 5 cm rectangle, and then
adhered on the supporting substrate (made of acrylic) of the same size. In order to further
improve the triboelectric charge (tribo-charge) density, the downside surface of the FEP
film was treated by ICP to create nanorod structures.***' On the other side, two
rectangular Al electrodes of this exact size were deposited on another acrylic substrate
perpendicular to the sliding direction. The length (L) of the electrode along the sliding
direction is 5 cm, and the in-plane distance (d) between the two electrodes is purposely
controlled as one of the most important parameters in the device structure (Fig. 4.1b<i>).
Driven by a tangential force, the freestanding FEP layer can slide back and forth between
the two electrodes (Fig. 4.1), through which alternating-current is provided to the load
connected between the two electrodes.

When the FEP slides against the Al electrodes with surfaces in contact, the
triboelectric effect will render FEP surface with negative charges, and Al electrodes with
positive charges. There are two sceneries. In the first case, if the dielectric FEP and the
electrodes are uncharged at the first place, all of the static charges are then to be
generated by the triboelectrification after their physical contact. The negative charges on

the FEP surface should have an equal amount with the positive charges in the electrodes.
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When the FEP is at the position fully overlapped with the first electrode (e.g., the left
electrode as shown in Fig. 4.1b<i>), all of the positive charges in the loop will be
attracted to the upper surface of the left-hand electrode (LE). Then, when the FEP layer
slides towards the right-hand electrode (RE) (Fig. 4.1b<ii>), the positive charges in the
loop will flow from the LE to the RE via the load to screen the local field of the non-
mobile negative charges on the dielectric, which is the first half cycle of electricity
generation. When the FEP reaches the overlapping position of the RE (Fig. 4.1b<iii>), all
of the positive charges will then be driven to the RE. Subsequently, a backward sliding of
the FEP layer from the RE to the LE should drive the flow of the positive charges in the
same direction, forming a reverse current in the load (Fig. 4.1b<iv>). This is the second

half of electricity generation process.
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Figure 4.1 Device structure, basic operations and working principles of the dielectric-conductor
based freestanding-layer-mode TENG (FTENG). (a) Typical device structure. (b) Schematic

working principle.
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4.1.2 Theoretical Model and Numerical Simulation

The theoretical model of FTENGs has been established to simulate the change of
the open-circuit voltage (Voc) between the two electrodes, as induced by the sliding of
the freestanding triboelectric layer (Figure 4.2a).”' In this model constructed in
COMSOL, two metal films as the electrodes (with the length L = 5 cm and a thickness of
10 um) are placed on the same plane, with distance d = 0.02 and L = 0.1 cm. At the initial
state, the FEP film (with an assumed tribo-charge density (o7,i,) of 60 pC/m?, which is
chosen based on the level of the actual o7, on the FEP layer) is sitting on top of the left
electrode (LE). All of the positive tribo-charges are assumed to distribute on the LE, in
order to reach the electrostatic equilibrium at the initial state. As expected, the simulation
result shows no potential difference across the electrodes (Fig. 4.2a<i>). Then, when the
FEP film with negative surface charges slides to the middle position (with the
displacement x = 0.51L), a large potential difference (Voc) of ~40 kV is generated
between the two electrodes in the open-circuit condition (Fig. 4.2a<ii>). Finally, when
the FEP gets to the overlapping position of the RE, the V¢ will increase to ~86 kV (Fig.
4.2a<iii>). Such an increase of potential difference between the two electrodes is the

driving force of the current flowing from the LE to the RE during the sliding.
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Figure 4.2 Theoretical model and study of FTENGs. (a) The simulated potential distributions at
three different sliding displacements (0, 2.55 cm and 5.1 cm) of a FTENG with an electrode
length of 5 cm and an electrode distance of 0.1 cm. (b-d) The simulated open-circuit voltages
(Voc) and transferred change densities (4osc) at different sliding displacements (x) of 3 FTENGs
with the same electrode size (L = 5 cm) but different electrode distances (d): (b) d=0.1 cm; (c) d
=1 cm; (d) d =5 cm. The insets are the schematics showing the corresponding FTENG

structures.

The most important structural parameter of the FTENGs is the distance (d)
between two electrodes, which will also directly determine the necessary sliding
displacement for achieving a full cycle of electricity generation. The output
characteristics of Vpc and Aosc (the transferred charge density in each sliding motion)
with the increase of the sliding displacements (x) were theoretically studied for three
typical structures with different electrode distances of 0.1 cm (Fig. 4.2b), 1 cm (Fig.
4.2¢), and 5 cm (Fig. 4.2d), respectively. As shown in the COMSOL simulation results
(Fig. 2b-d), Vocand dosc generated by all of the three structures gradually increase with
the increase of x, following symmetric profiles. As for charge transfer, dosc will
approach the same value (60 pC/m?) of the tribo-charge density on FEP film, when a full
sliding motion is completed. As for the calculated Vo, the electrode distance does have a
direct influence: when d increases from 0.1 cm to 5 cm, Voc goes up from 86 kV to 216
kV. This effect can be understood from the general relationship of Vpc and dogc in a
TENG device, > shown as follows:

Aoy -S
Voc =—5
C 4.1
where S is the area of one electrode, and C is the capacitance between the two electrodes.
Since Aogc and S are both constant, V¢ is inversely proportional to C. Because a larger

distance between two electrodes will lower the value of C, Vpc should get higher as a

result. Moreover, since two electrodes in a FTENG are stationary, C is approximately
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kept as constant. Thus, Voc and dosc are proportional to each other and follow the same
increasing trend in each device, which can be observed from Figure 4.2b-d. This
inversely proportional relationship also clearly explains the reason for FTENGs’
capability of generating such an extremely-high Voc: that is the very small C from the
two in-plane displaced metal plates. From this theoretical study, the FTENG is twice as

efficient as the single-electrode TENG for mechanical energy harvesting.”*”

4.1.3 Electrical Outputsunder Different Structural Parameters

The electrical outputs were measured from 5 devices with different electrode
distances (0.1 cm, 0.3 cm, 1 cm, 3 cm, and 5 cm). As shown in Figure 4.3a, the 5 sets of
Aosce all stay at the level around 65 pC/m?% which is very similar to the theoretical
expectation that d doesn’t have an influence on the charge transfer. There is only a minor
decreasing trend when d gets larger, probably because of a larger tribo-charge density
(orviv0) on FEP surface resulted from a more intensive friction when two electrodes get
closer. However, the measured V¢ has a very different trend from the simulation results
(Fig. 4.3b). Rather than showing a significant increase along with the elevation of d, the
magnitudes of V¢ from these 5 devices are all around the level of 15 kV, only presenting
a bit enhancement from the increase of d. Actually, the measured results are much
smaller than the simulated values of Vpc by almost an order of magnitude. The possible
cause of this difference is that the inner resistance of the electrometer is not infinitely
large, so that real V¢ cannot be accurately recorded due to the internal leakage under
such a high voltage. Thus, the measured results could not reflect the influence of d. As
for the short-circuit current densities (Js¢) provided by these 5 FTENGs, since the total
amounts of transferred charge densities are about the same for one sliding motion, Js¢
should be mostly determined by the time span of one sliding. Therefore, the increase of d,
which will lead to a longer sliding time, should be unfavorable for the magnitude of Jsc.

This agrees with the measurement results of Jsc (Fig. 4.3¢): the device with the smallest d
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of 0.1 cm generates the highest Jsc of ~3.5 mA/m>. Thus, from this influence of d, a
smaller electrode distance is preferred in structural design for a high output power.

d=0.1cm 0.3cm | 1cm 3cm 5cm

Ao (rC/m 2]'
FITIXIY

20 1 30
i L T(s)

o
-
=t

o
=

. =

V. (kV)

|
|
T
|
1
|
1
'
|
|
|
|
I
|
|
'
|
|
|
|
|
T
'
1
|
|
|
|
|
|
|
1
1
|
|
|
|
I
|

(]

2
Joo (MA/M’)
W N =2 D =S N W R

0 10 20 30 40 50 60

o
mORWowW
o v o v
- -
=3 o

(mA/m?)
X
17

JJ\M
=]
w

o
o

A
Power density (Wim?)®

L oamwaon o~

o
5
PN
(A1)

s I B, I b B B i B

100 10k 1M 100M 10G 1 100 10k 1M 100M 10G
Q)

iona (€2 and
Figure 4.3 Measurement results of FTENGs” electrical outputs. (a) The transferred charge
densities (dosc) of 5 FTENGs with different electrode distances (0.1 cm, 0.3 cm, 1 cm, 3 cm, 5
cm). (b) The open-circuit voltage (Vo) of the above 5 FTENGs. (c) The short-circuit current
density (Jsc) of the above 5 FTENGs. (d-e) The dependence of the electrical outputs on the load
resistance, obtained from the FTENG with the electrode distance of 0.1 cm: (d) the voltage and

the current density; (e) the power density.
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For a comprehensively characterization of the demonstrated FTENG as a power
source, we measured the actual voltages and current densities of a FTENG with d =
0.02L under a series of different load resistance. As shown in Figure 4.3d, at the range
below 10 MQ, both the voltage and the current density have little variation from the
short-circuit condition. Then, a further increase of the resistance beyond 10 MQ will lead
to the increase of the voltage and the decrease of the current density. At the resistance of
~1 GQ, the FTENG provides the maximum power density to a load, which is ~6.7 W/m*
(Fig. 4.3e).

4.2 Dielectric-Dielectric Based Freestanding-Layer-M ode TENG

The other basic design of FTENGs is based on the triboelectrification between
two different dielectric films, e.g. FEP as the freestanding layer and polyamide (Nylon)
as the film fully covering the two stationary electrodes. This type of dielectric-to-
dielectric (D-D) FTENG can be fabricated by simply depositing two electrode patches at
the back side of the other dielectric film, which is chosen as Nylon because of its
complete reverse triboelectric polarity with FEP film (Figure 4.4a). When the
freestanding FEP film is driven to slide on top of the Nylon film, negative charges will be
injected from the Nylon surface to the FEP surface. As for the positive static charges on
the Nylon surface, since they are stationary all the time, their induced potentials on the
two electrodes remain as constant, which cannot provide any driving force to the charge
flow in the external load. Thus, all of the driving force of the current still comes from the
sliding of the negatively-charged FEP film, which is the same as the demonstrated
dielectric-conductor FTENG structure. Therefore, this dielectric-dielectric structure
should generate electricity in a similar manner. The full schematic working principle is

shown in Figure 4.4b.
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Figure 4.4 Device structure, basic operations and working principles of the dielectric-dielectric
based freestanding-layer-mode TENG (FTENG). (a) Typical device structure. (b) Schematic

working principle.

Similarly to the discussed dielectric-to-conductor (D-C) FTENG, a smaller
distance between the two electrodes should be favorable. Thus, we studied the D-D
FTENG with the same size (7 cm % 5 cm) as the D-C type and an electrode distance of
0.1 cm. Its basic working principle can be verified by the numerical calculation of the
Voc and the Aosc at different sliding displacements. From Figure 4.5a, they have very
similar behaviors to those from the corresponding D-C FTENG structure of the same d
(Fig. 4.2b). The addition of the dielectric layer attached to the two electrodes only leads
to small decreases on Voc (from 86.5 kV to 66.9 kV) and dosc (from 60 pC/m2 to 59.9
nC/m?), which are possibly resulted from the slight separation of the sliding FEP layer
and the electrode by the Nylon film. The D-D FTENG was also studied experimentally
by measuring the electrical outputs from a real device. As shown in Figure 4.5b, the

back-and-forth sliding of the FEP layer on the Nylon surface drove the alternating charge
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flow with a density of ~55 pC/m”. An open-voltage of ~12 kV (Fig. 4.5¢) and a short-
circuit current density of ~3 mA/m” (Fig. 4.5d) were obtained from the device. All of

these three parameters are a little bit smaller than those from the D-C FTENG device.
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Figure 4.5 Simulation results and electrical measurements of dielectric-to-dielectric (D-D)
FTENG. (a) The FEM simulated V¢ and 4ogc at difference x, which are calculated from a D-D
FTENG with an electrode length of 5 cm and an electrode distance of 0.1 cm. (b-d) The
measured electrical outputs of a D-D FTENG with the above structural parameters: (b) the
transferred charge densities (dosc); (¢) the open-circuit voltage (Voc); (d) the short-circuit current

density (Jsc).

4.3 Non-Contact Sliding Mode for the Freestanding-Layer TENG

In order to design an efficient TENG, it is desirable to maintain an intimate
contact between the freestanding triboelectric layer and the electrode films during sliding.
However, in real applications of such sliding-based TENGs, it is sometimes difficult to
keep a good in-plane contact during sliding, due to possible irregularities of input

mechanical motions. In this freestanding-layer-mode TENG, if the dielectric FEP is
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already charged due to prior-triboelectrification before approaching the electrodes, which
may have or may not have electrostatic charges, electricity can be generated by swing the
FEP between the two electrodes even without direct contact, with the full schematic
working principle showing in Figure 4.6.”" This is feasible because triboelectric charges
can be preserved on insulator surfaces for hours and even days. As long as the vertical
separation is much smaller than the relative displacement of the two electrodes (which
could be on the order of several centimeters or even larger), the sliding of the non-mobile
charges on the FEP film still can induce a significant portion of charges to flow. Thus,
unlike existing TENGs, this new mode of FTENG should be able to operate in non-

contact sliding mode.
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Figure 4.6 The schematics showing the basic working principle of a conductor-to-dielectric

FTENG in non-contact mode.

Such a feature of operation in non-contact sliding mode comes from a good
tolerance of a vertical separation between the two layers in electricity generation, which
is critical for expanding TENGs’ applications. We theoretically studied the influence of
the vertical gap distance (H) between the two facing surfaces. As shown in Figure 4.7a,
when H is increased from 0 to 10 mm, the calculated transferred charge densities (4dosc)
in one sliding motion still preserve a considerable portion of the maximum value (40,):
61% for the structure with d = 0.1 cm, and 77% for d = 5 cm. This set of calculation

results gives us a good prediction that the presence of a vertical gap during sliding will
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not have a severe influence on the effectiveness of mechanical energy harvesting. In
order to verify this prediction experimentally, the transferred charge densities were
measured from those two devices, under a series of different H between 0 and 10 mm.
From the data in Figure 4.7b, although the measured outputs show a faster decay than the
simulation results, the dosc from the case of H = 10 mm still retains more than 20% of
the maximum value (24% for d = 0.1 cm, and 29% for d = 5 cm). This higher decay rate
of the measured output possibly comes from the reverse electrostatic-induction effect of
the upper side of the acrylic substrate (with a thickness of 6.3 mm), which could carry
some positive static charges due to its triboelectric polarity. The FTENGs’ tolerance of
the vertical separation between the sliding surface and the electrode should improve when
the device dimensional (L) along the sliding direction increases. This tolerance of non-
contact sliding is much better than traditional sliding-mode TENG in which one electrode
is attached with the sliding triboelectric layer.”” As shown in Figure 4.7c, when H
increases to merely 2 mm, the Aosc from the traditional sliding TENG dramatically
decays to almost 0. Therefore, a good tolerance of vertical separation is a unique feature
of FTENGs.

With this capability of generating electricity by non-contact sliding, if the charges
on the dielectric surface can preserve for a sufficiently long time, the FTENG will be able
to continuously operate in this non-contact condition, under which there is no friction so
that the energy conversion efficiency could achieve theoretically expected 100%
(Supporting Information) although the actual output power is lowered. In the FTENG
structure demonstrated in this paper, the material used for the freestanding triboelectric
layer—FEP—is a type of electret (the category of materials that can quasi-permanently
retain the static charges on them).”** Thus, once the tribo-charges are generated on FEP
by the contact sliding in the first few cycles, they can stay on the FEP surface to drive the
flow of electricity without any further contact or friction between the two surfaces

needed. In order to test the stability of the FTENG in the non-contact mode, we
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continuously ran one FTENG for ~20,000 cycles with a vertical distance of 5 mm. As
shown in Figure 4.7d, the generated short-circuit charge density of ~25 uC/m? didn’t have
an obvious decay after these ~20,000 cycles. The capability of working in non-contact
mode provides a number of advantages for mechanical energy harvesting: extremely-high
energy conversion efficiency (theoretically 100%) due to a low mechanical energy input
that doesn’t need to overcome the sliding friction; the minimized surface wearing from

sliding friction; expanded types of applicable mechanical energies.
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Figure 4.7 FTENGs’ tolerance of vertical separation between the sliding triboelectric layer and
the electrode surface. (a) The FEM simulated influence of the vertical separation (H) on the Aosc
of two FTENG structures with d of 0.1 cm and 5 cm respectively. The dots are simulated dogscat

certain H, and the lines are the interpolation results. The inset is a 2-dimensional diagram
showing the FTENG with a vertical gap. (b) The experimentally measured influence of the
vertical separation (H) on the 4oscof the above two FTENGs. The dots are measurement results,
and the lines are the interpolation results. (¢) The influence of vertical separation on the
traditional sliding TENG, in which one electrode is attached with the sliding triboelectric layer.
The inset shows the structure of the tested sliding TENG of the same size and materials. In all the

above three figures (a-c), 4oy is the maximum transferred charge density of each FTENG in
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contact-sliding mode. (d) The output stability of the FTENG working in non-contact sliding

mode, over ~20,000 continuous cycles.

4.4 Application of the Freestanding-L ayer-Mode TENG for Harvesting Energy from
Free-Moving Objects

With the unique advantages of being able to be triggered by freestanding and non-
contact sliding motions, the development of this new mode FTENG will largely expand
the applications of this new technology for versatile mechanical energy harvesting.”'
Without a connection to the system by a lead wire, the objects as the energy sources can
move freely without any constraint. This advantage has been demonstrated on generating
electricity from the free sliding motions of a human hand. As covered by a FEP film on a
hand, the sliding of the hand between two electrodes can effectively produce electricity,
which is capable of instantaneously driving 100 commercial LEDs (Figure 4.8a). From
the real-time measurement results shown in Figure 4.8b, the current through these 100
LEDs reaches ~8 pA. Because there is no electrical wire extending out, the hand can
move to any place, without suffering from any inconvenience caused by the energy
harvesting device. Another important feature of the FTENG is its capability to generate
electricity from non-contact sliding. As shown in Figure 4.8c, the FTENG still can act as
a direct power source for 100 LEDs, with a gap existing between the FEP surface and the
electrode plane . These two features make FTENG an effective technology for harvesting
mechanical energy from human walking without a constraint or contact (Fig. 4.8d).
During the contacts with the ground while waking, the bottoms of human shoes are
naturally charged. With a group of electrode patches laminated on the road surface along
people’s walking track, the feet can bring the shoe-sole-attached FEP films from one
electrode to another, through which a current flow will be generated (as indicated by the
LEDs connected between any two adjacent electrodes). Although the motion of people’s

foot is not a perfect in-plane sliding, it still can be effectively harvested by FTENGs in
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non-contact mode. Moreover, because there is no need to connect a lead to a human foot,
such a group of electrodes on the road can harvest the walking energy from anyone who

steps on the pads. Such design can be extended to automobiles and trains.
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Figure 4.8 Niche applications of FTENGs for versatile mechanical energy harvesting. (a)
Electrical energy generated by the sliding of a human hand without lead connection, which is
capable of instantaneously driving 100 LEDs. (b) Real-time measurement of the current through
these 100 LEDs, which is generated by the human hand. (c) 100 LEDs driven by a FTENG
(marked by the yellow square in the lower picture) working in non-contact mode, with a vertical
gap distance of 3 mm. The upper picture is the magnified portrait of the FTENG, clearly showing
the gap between the two layers. (d) The concept of FTENG used for harvesting the walking

energy from any people who step on the pads.

4.5 Grating-Structured Freestanding Triboelectric-Layer Nanogener ator

In the above demonstration of basic mechanism and structural design for the
freestanding-layer-mode TENG, the device with two plate-electrodes and one entire
triboelectric layer requires a relative large sliding displacement (the whole length of one

electrode) to realize an effective electricity generation, which is unfavorable for its
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achievable power output and energy scavenging in practical use. Since mechanical
vibration in our environment is always irregular and varying in amplitude and frequency.
For the improvement in the above two important aspects, we further demonstrated a
linear grating-structured freestanding triboelectric-layer nanogenerator (GF-TENG) with
largely-elevated output, high efficiency, and broad range of applications. This new design
is composed of a grating-segmented triboelectric layer and two pairs of interdigitated
electrodes, all in the same periodicity. Both of the theoretical analysis and experimental
study indicated significant enhancement in the amount of collectable charges, current

density, and output frequency through introducing finer grating segments.”

4.5.1 Structural Design and Basic Operation of the Grating-Structured
Freestanding Triboelectric-Layer Nanogenerator (GF-TENG)

The structure of the GF-TENG is depicted in Figure 4.9a. The device mainly
consists of two groups of components: a freestanding triboelectric layer with grating
segments and two interdigitated metal electrodes. To enable an intensive electrification
during contact, FEP and Al were chosen as the materials for the freestanding triboelectric
layer and metal electrodes, respectively. In the fabrication of the freestanding part, an
acrylic sheet was laser-cut into grating structures with N segments (N=8 for Figure 4.9a)
as the supporting substrate for the triboelectric layer. Then, the FEP film was adhered to
the substrate and cut into the same configuration. To enhance the contact electrification,
nanorod structures (Fig. 4.9b) was introduced onto the surface of FEP film through ICP-
RIE® As for the metal-electrode part, another acrylic was patterned to N units of
interdigitated structures with the same periodicity as the freestanding layer. After the
deposition of Al film, two groups of grated-electrodes with the complimentary shape
were obtained. The spacing between two adjacent electrode fingers was 1 mm in all the
devices. For the GF-TENGs with different N, we maintained the total effective lengths

(lp) of the freestanding layer and each electrode group with the same value of 6.4 cm,
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which makes sure these devices having the same total effective area (38.4 cm?). Thus, the
larger number of segments only brings about the smaller length (/) of each grating unit,

with a relationship of /=[y/N.
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Figure 4.9 Device structure and operation mechanism of grating-structured freestanding
triboelectric-layer nanogenerator (GF-TENG). (a) Typical structure design of GF-TENG. (b)

SEM image of nanorod structure on the FEP surface. (¢) Working mechanism of the GF-TENG.

The operation principle of the GF-TENG can be explained as the coupling of
contact electrification and in-plane-sliding-induced charge transfer, as shown in Figure
lc. Initially, the grating rows of the FEP layer are brought into contact with the fingers of
the electrode group (EG) 1 at a fully overlapping position (Fig. 4.9c<i>). The contact
electrification between two surfaces occurs results in negative charges on the FEP surface
and positive charges on the EG 1 with the equal amount. In this state, there is no charge
flowing between the two electrodes due to the electrostatic equilibrium. When the FEP

layer starts to slide leftward, this grated layer gradually moves from the overlapping
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position of EG 1 to that of EG 2 (Fig. 4.9c<ii>). In this case, an electric potential drop is
generated and drives positive charges flow from the EG 1 to the EG 2 along with the
sliding motion, which produces a transient current in the external load. Once the FEP

layer reaches the fully overlapping position with EG 2 (Fig. 4.9¢<iii>), all of the positive

charges transfer to this electrode, with another electrostatic equilibrium being achieved.
This is one unit step of sliding. When the FEP continues to slide leftward to the EG 1 by

another step (Fig. 4.9c<iv>), the positive charges will be electrostatically attracted to

flow back to EG 1, bringing about a reverse current in the circuit. Therefore, an
electricity generation cycle is completed. If the FEP is driven to slide rightward, a reverse

process will take place.

4.5.2 Enhancement on the Electrical Output by the Grating Structure

To experimentally study the influence of the grating segmentations on the output
performance, five devices with different grating segments (N=1, 2, 4, 8, 16) but the same
effective area were fabricated, and their electrical characteristics were measured. Figure
4.10a shows the transferred charge density of the GF-TENGs with insets showing the
enlargement profiles of one sliding cycle of each structure. A full sliding cycle is
composed of two parts with the left part corresponding to a one-way sliding and the right
one representing the backward process. It can be observed that tribo-charges are
transferred (2N-1) times for the N segments device (e.g., 31 times for 16 segments) in a
one-way process, which is accordant with the simulation work, although the maximum
Aosc from the first step declines slightly with the increase of N. The trends may be
ascribed to the uneven surface induced by the procedure of laser cutting of grating
structure, which affects the effective contact area. By connecting the GF-TENGs with a
bridge rectifier, all of the transferred charges can be accumulatively collected, e.g. in an
energy storage device. As shown in Figure 4.10b, the accumulated charges have a

largely-enhanced amount by increasing segment numbers because of multiplied charge
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transfer cycles. When 16 segments are introduced, the Aosc.g.. goes up to 640 uC/m2
which is over 10 times larger than that of 1 segment structure, demonstrating huge
enhancement for the multiple segments device. As for the Voc, the profiles display
similar oscillation behaviors as the 4asc with a much more severe decaying tendency by
the increase of N. This reflects the prediction in the theoretical analysis. The
characteristics of the short-circuit current density (Jsc) were shown in Figure 4.10d,
which were measured at a sliding acceleration of 10 m/s*. For 1 segment device, only one
low and wide current peak was generated by one unidirectional sliding step; when it
comes to 16 segments structure, 31 sharp and narrow peaks are produced with a peak
value of ~4.0 mA/m” from a similar one-way sliding step. The mean frequencies of the
two GF-TENGs are about 7 and 130 Hz, respectively. The enhanced performance can be

explained by the following equation:

Jsc = dAdO[-SC (4.2)

where ¢ is the time. Since both of the length and the time for each unit step will be shorter
when the segmentation number increases, tribo-charges can be transferred faster and
hence the higher amplitude and frequency are achieved for the current. Therefore,
introducing more grating segments in the structure will be favorable for the accumulation

of charges, current density and frequency.
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Figure 4.10 Electrical measurement results of GF-TENGs with different segment strucutres
(N=1,2,4,8, 16). (a) The measured Aasc. (b) The measured Acsc.ge.. (¢) The simulated V. (d)
The simulated short-circuit current density (Jsc). The insets show the enlargement of the

corresponding highlighted parts.

In the above case where the FEP layer and the electrode groups have the same
number of units, the total effective area decreases while the FEP slides outwards,
resulting in a damped oscillation behavior of Agsc. In order to make the electricity
generation more effective through maintaining the same effective area during the sliding
of FEP, we fabricated an extended GF-TENG in which electrode part has the doubled
number of units compared with the FEP layer. In this design, the FEP will always slides
within the range of the electrodes (Fig. 4.11a). Figure 4.11b-e present the output
performance of the extended GF-TENG with 16 grating segments. It can be observed that
each unit step of sliding transfers almost the same amount of charges (dosc= 16.5uC/m?)
between the two electrodes without any decay during an entire unidirectional sliding

process (Fig. 4.11b). If these transferred charges are accumulated, 4osc g can reach 1100
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uC/m? in the process (Fig. 4.11c), which is nearly twice as large as that from the previous
non-extended structure. A similar undamped oscillation behavior is observed for Vo,
although the amplitude (135 V) becomes smaller than the original one (Fig. 4.11d). The
decrease can be ascribed to the increase of the total capacitance between two electrodes
from the doubled number of electrode fingers, according to the equation 1. As for the
current, keeping the acceleration at 10 m/s?, the peak value of Jscincreases to 5.5 mA/m’
due to the enhanced amount of the transferred charges. As a power source in practical
use, the TENG will be connected with external loads. Therefore, the actual voltages and
current densities on varied load resistances were measured and the results are
summarized in Figure 4.11f. The current density (at the acceleration of 30 m/s”) drops at
larger external resistances, while the voltage across the load exhibits a reversed tendency.
Accordingly, the power density that the device provides firstly rises at low resistance

region and then declines at high resistance, showing a maximum value of 0.72 W/m” at

the resistance of 5 MQ (Fig. 4.11g).
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Figure 4.11 Electrical measurement results of the extended GF-TENGs. (a) The initial and final

states of one-way sliding for a typical extended GF-TENG. (b-g) The measured results for the
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extended GF-TENG with 16 segments: (b) The Acsc; (¢) The Aosc.gec; (d) The Voc; (€) The Js;
(f) The dependence of the output voltage, current density, and (g) power density on the resistance

of the external load.

4.5.3 Application of the GF-TENG and the Total Energy Conversion Efficiency

With the unique advantages as demonstrated above, the GF-TENGs can be
employed to harvest numerous kinds of mechanical energy existing in our environment
and act as direct power sources for electronics. As shown in Figure 4.12a, after attaching
a freestanding FEP film to a human hand, the hand can slide freely across the electrodes
without any constrain. This movement can effectively generate electricity to light up 60
commercial LEDs instantaneously even under a slow speed and a small displacement.
The GF-TENG can also be potentially utilized to harvest the vibration energies from
moving vehicles. For the demonstration, a GF-TENG is installed to a remote control car.
When the car was in the acceleration or deceleration, the GF-TENG can generate
electricity for powering electronic components on the vehicle (Fig. 4.12b). The GF-
TENG could also be used as a self-powered sensor for detecting the acceleration of
moving vehicles. If the generator is fully sealed, it can be further applied to harvest
wave/tidal energy from the sea.

Furthermore, the GF-TENG working in non-contact mode can harvest mechanical
energy with high conversion efficiency. As shown in Figure 4.12¢, four identical
extension springs are used to position the FEP within the parallel plane to the surface of
the electrodes with a distance of 1.6 mm. When the external mechanical motion applies
onto the device along the spring direction, the FEP will oscillate around the equilibrium
position for a long term without extra mechanical input, converting the stored mechanical
energy in the spring into electricity. As shown in Figure 4.12d, this design can scavenge
the mechanical energy from people’s walking motion when it is bonded to human legs. It

is noticed that each walking step will produce lasting and decaying electrical outputs in a
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certain period, which corresponds to the damped oscillation of the FEP around the

equilibrium position.
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Figure 4.12 Applications of GF-TENG for harvesting a wide range of mechanical energy. (a)
Harvesting energy from sliding of a human hand. (b) Harvesting energy from acceleration or
deceleration of a remote control car. (c) Device structure for non-contact GF-TENG. (d)
Harvesting energy from people walking by non-contact GF-TENG and the real-time
measurement of short-circuit current (Isc). (¢) Total conversion efficiency of non-contact GF-

TENG for harvesting slight vibration under different load resistances.

This spring-based device can also be utilized to estimate the conversion efficiency
of the GF-TENG in non-contact mode. Here, total conversion efficiency is introduced
and defined as the ratio of the total generated electrical power (by the instantaneous
triggering and the residual mechanical vibration after the triggering) to the input
mechanical power. Ideally, if there is not any friction in the environment, the theoretical

total conversion efficiency of non-contact mode is expected to be 100%. During the
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measurement, the FEP is initially pulled to a position with a small displacement (x=1
mm) relative to the equilibrium point, through which the mechanical energy is stored in
the springs. When the FEP layer is released at this point, it will oscillate around the
equilibrium position with gradually damping amplitude for ~4 min. In this process, the
stored mechanical energy is gradually converted firstly to kinetic energy of the FEP and
then to the electrical energy. Through measuring the electrical output on the external
load, the total amount of electrical energy can be calculated. Similar to the power
measurement in Figure 4.11g, the electrical energy obtained by the load reaches the
maximum values at a certain resistance. Thus, we measured the current on a series of
loads with different resistances in order to get the highest-achievable electrical energy
and hence the efficiency. Therefore, the total generated electrical power can be calculated

as:

:J‘Iz'R'dt 4.3)

electrical

where / is the instantaneous current which can be recorded by electrometer, R is the load
resistance. As for the input mechanical energy, it will be determined by the difference
between potential energy at initial position (x=1 mm) and finial position (equilibrium
point), which can be calculated as:

E 2-k-x? (4.4)

mechanical ~—

where £ is the spring constant (k= 15.76 N/m), x is the displacement (x = 1 mm). Figure
4.12e shows the estimated total conversion efficiency under different resistances from a
number of repeated measurements. It can be observed that the highest efficiency reaches
85% at an external load of 88 MQ! It clearly demonstrates the capability of harvesting
mechanical energy at a very high efficiency by the freestanding-layer-mode triboelectric
nanogenerator.

On basis of these advantages, the GF-TENG is capable of harvesting energy from

a variety of ambient sources, such as sliding of human hand, acceleration of vehicles, and
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people walking. This work represents a significant progress of TENG and exhibits huge
potential of the GF-TENG as a high-efficiency energy harvester for practical

applications.

4.6 Non-Contact Free-Rotating Disk TENG Based on Freestanding-L ayer-M ode

We further expanded this freestanding-layer-mode mechanism to segmentally-
patterned disk structures for harvesting energy from free-rotating objects in possibly non-
contact mode.”” This can overcome the two limitations of the previously-demonstrated
sliding-mode based disk TENG: 1) both the rotational and stationary triboelectric layers
require deposition of metal electrodes and connection with electrical leads, leading to
inconvenient operation of the rotational part; 2) intimate contact is mandatory to achieve
efficient electricity generation, which results in possible material abrasion, instability of

output, and limited life time of the TENG.

4.6.1 Structural Design of the Free-Rotating Disk TENG

As schematically illustrated in Figure 4.13a, the basic structure of the FRD-TENG
consists of two parts: the freestanding rotational part of tribo-charged layer, and the
stationary part of metal electrodes. The rotational part was fabricated from a piece of FEP
thin film (~ 50 um in thickness), which was tailored into a four-segment structure and
attached onto an acrylic supporting substrate with same shape. In this new structure, there
is no need to deposit electrode on the back surface of the FEP membrane. The stationary
part is composed of two separated aluminum foils with complementary four-segment
shapes attached on a round-shape acrylic disk, which act as the two stationary electrodes.
To increase the density of triboelectric charges through enhanced electrification process,
micro-patterned structures were introduced on the inner surface of both triboelectric
layers, respectively, as shown in Figures 4.13b and c. The two triboelectric layers were
first brought into contact to produce triboelectric charges through the transfer of electrons

from the surface of aluminum to FEP. The surface charges on the dielectric FEP would
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remain almost unchanged for days, and then the device could be continuously working
even when the two layers were not in contact. This is the initial step to have the two
surfaces being electrostatically charged with opposite signs of charges, respectively. The
length of time that the electrostatic charges are preserved on the surfaces depends on the

nature of the materials and condition in environment such as humidity.
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Figure 4.13 Device structure of the non-contact free-rotating disk triboelectric nanogenerator. (a)
The schematic of the basic structure of the FRD-TENG composed of the freestanding FEP layer
and the stationary aluminum layer. The bottom inset is the figure legend. (b) A 30°-tilted-view
SEM image of the nanorod structure created on the surface of the FEP thin film. (¢) A top view

SEM image of the cubic micro-patterned structures on the aluminum foil.

The working principle of the FRD-TENG is very similar with the freestanding-
layer-based TENG for harvesting energy from sliding motion. After the freestanding FEP
layer on the rotor part gets triboelectrically-charged through rotating against the Al
electrode, it can generate electricity in both contact and non-contact rotation mode. The
negative charges on the segmentally-patterned FEP surfaces rotate from the overlapping
position of one electrode group to the other, the positive charges in the electrode loop will
be electrostatically attracted to transfer through the external load along with the rotation

of the FEP layer. When the FEP layer keeps rotating under the driving of surrounding

112



mechanical energy, the continuous alternating-current flow will be generated in the

external load. This working principle is schematically depicted in Figure 4.14.
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Figure 4.14 The working principle of the FRD-TENG in a full cyclic motion of the rotational
disk.

4.6.2 Electrical Output of the Free-Rotating Disk TENG in both Contact and Non-
Contact Mode

The typical output characteristics of the FRD-TENG operated at 500 rpm are
presented in Figure 4.15b, and were compared with the corresponding output
performances at contact-mode (Fig. 4.15a). Figure 4.15al1-3 shows the open-circuit
voltage (Voc), the transferred charge density (Qsc), and the short-circuit current density
(Jsc) of the TENG under contact mode (d = 0), respectively. Under this condition it can
be found that Voc = 250 V, Qsc =21 uC/mz, and Jgc =2.0 mA/m>. The corresponding
measurement results of the non-contact mode (d = 0.5 mm) are shown in Figure 4.15b1-
3. The output performances for the non-contact mode are only slightly lower than those
for the contact mode, with Voc = 220 V, QOsc =20 uC/mz, and Jgc=1.8 mA/m?. These
results elucidate the FRD-TENG’s capability of effectively generating electricity without

further friction, indicating that a tight contact during the energy conversion process is no-
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longer necessary. Specifically, it can be found that the output profiles of both the V¢ and
the Qsc are triangular waveform, while the Js¢ yields square waveform (Insets of Figure
4.15b), which reflects the time-differentiation relationship between the transferred
charges and the current. To gain a comprehensive view of the effective output power on
the external load, we conducted the measurement of the output voltage and current with
variable load resistances, as shown in Figure 4.15c. Generally, the output voltage
increases with the loading resistance while the output current exhibits an opposite trend.
Both curves have a quasi-linear region between 0.1 Mohm and 100 Mohm, where their
variations with the loading resistance become significant. The output power with
different resistances could be calculated by simply multiplying the as-measured data of
the output current and voltage, as summarized in Figure 4.15d. Based on this result, it can
be found that the maximum output power density of the FRD-TENG is 1.22 W/m’, at a
load resistance of ~ 2 Mohm. The high output power of the FRD-TENG can be utilized
for instantaneously and continuously driving 100 LEDs in serial connection, as shown in
Figure 4.15e, implying its applications as a self-lighting disk for security monitoring,

wind detection, or amusement purposes.
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Figure 4.15 Electrical output characteristics of the FRD-TENG. (al-a3) The measured Voc, Osc,
and Jsc of the FRD-TENG at contact mode, respectively. (b1-b3) The measured Voc, Osc, and Jsc
of the FRD-TENG at non-contact mode, respectively. The insets are the enlarged view showing
the detailed shape of each output profile. (¢c) The measured output voltage and current across an
external load with variable resistances. (d) The calculated effective power output of the FRD-
TENG with variable resistances. (e) A snapshot from the video showing that the FRD-TENG is

able to power up 100 serially-connected LED instantaneously and continuously.

4.6.3 Supreme Stability of the Free-Rotating Disk TENG in Non-Contact M ode
Owing to its unique working principle and the non-contact operation capability,
the FRD-TENG has significant advantages compared to the previously-demonstrated D-
TENG, in the durability of device structure, the stability of its electrical output
(especially at very high rotation speed), and the energy conversion efficiency. To
demonstrate this superiority of the FRD-TENG, the stability tests were carried out on a
device with an eight-segment structure (inset of Fig. 4.16a), at a rotation speed of 3000
rpm. At first, all of the three output parameters of the FRD-TENG were measured before
and after a 500,000-cycle continuous operation, and it is obvious that they all (Fig. 4.16a-
b) display little drops after the 500,000 cycles of operation. Such a supreme stability is
resulted from the elimination of the surface abrasion during the non-contact operation.
The SEM images of the FEP microstructures were taken after 10, 20, and 50 hours of
operation in the FRD-TENG, as shown in Figure 4.16¢c. It can be observed that the
polymer nanorods were rarely affected by the huge numbers of electricity generation
cycles, indicating the super-high durability of the device structure at the micro-scale.

For most of the energy harvesting techniques, it is needed to store the power
scavenged from the environment in an energy storage unit, like a capacitor or a LIB.
Because of the unique stability of the FRD-TENG, it can effectively charge a home-made
LIB (LiFePOy as the cathode and TiO, as the anode) after rectification, which takes much

longer charging time than a capacitor. The charging circuit diagram is shown in Figure
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4.12d. From the measured charging curve in Figure 4.16e, it can be found that the LIB
was successfully charged from 0.7 V (indicating an empty capacity for this battery
system) to over 2.5 V (indicating a full capacity) in less than 1.5 hours, by the FRD-
TENG operated under the rotation speed of 1000 rpm. The fully charged LIB can provide
a constant current of 1 LA for around 10 hours. From this battery charging-discharging
cycle, the the equivalent constant DC current (/) of the TENG can be estimated as 7.5

HA, which is ~ 41% of the peak value of the rectified current (Fig. 4.16f).
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Figure 4.16 Stability tests of the FRD-TENG and its application for charging a lithium ion
battery. (a) The measured results of the V¢ after the FRD-TENG had been continuously working
for 100,000, 200,000, and 500,000 cycles, respectively. The inset shows the schematic structure
of the eight-segment device used in this test. (b) The measured results of the Jy¢ after the FRD-
TENG has been continuously working for 100,000, 200,000, and 500,000 cycles, respectively. (c)
The SEM images of the nanorod structures on the FEP thin film after the FRD-TENG was
continuously operated for 10, 20, and 50 hours, respectively. (d) The schematic circuit diagram
for charging a LIB using the FRD-TENG. (e) The measured charging and discharging curve of

the LIB as it was first charged by the FRD-TENG at 1000 rpm and consequently discharged at a
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constant current of 1 UA. (f) The measured rectified output current of the FRD-TENG at 1000

rpm. The red line indicates the equivalent DC charging current calculated from the charging

curve of the LIB.

From the above results, we can find that the free-rotating disk TENG is an
efficient, stable and versatile structure to convert rotational mechanical energy into

electricity.”’
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CHAPTER 5
MAXIMUM SURFACE CHARGE DENSITY FOR TRIBOELECTRIC
NANOGENERATORS

From the previous theoretical analysis and experimental demonstrations of the
three fundamental modes for triboelectric nanogenerators, it can be noticed that the
surface triboelectric charge density is the most important factor for the output power
density. This density of the static surface charges on the triboelectric layer not only
directly determines the amount of the transferred charges through the external load (or
stored in energy storage units) in each operation cycle, but also proportionally influences
both the short-circuit current density and the open-circuit voltage.**’"*! As a result, a
TENG’s power density has a quadratic dependence on the surface charge density. Thus,
in order to improve the output performance of TENGs, increasing the surface charge
density is one of the most effective and indispensable approaches. On the other hand,
because surface charges will generate the electrical field in the surrounding media, the
achievable charge density will be limited by the breakdown of the air in the proximity
region. Thus, in a certain TENG structure, there should exist a maximum surface charge
density that results in the electrical field equaling to the threshold for air breakdown. For
the purpose of improving the surface charge density to a level as high as possible, it is
highly desirable to know the theoretical value and the influencing structural factors of
this maximum surface charge density. Therefore, both the theoretical analysis and the
experimental study of the maximum surface charge density is critically important.

In triboelectric nanogenerators, the static surface charges are brought by the
triboelectrification process between the two different surfaces while they are in contact.
According to the current understanding of the triboelectrification, the driving force for
the charge transfer from one surface to the other is the difference of the surface chemical

potentials. Thus, the density of the generated surface charges is primarily determined by
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the intrinsic properties of the materials and/or surfaces. For example, in most of the
previously demonstrated TENG designs, the triboelectric layers are FEP (or PTFE) and
Al respectively. The FEP is the polymer that terminated with the functional group of
fluoro (Fig. 5.1a), which is the most electronegative functional group and thus provides
the strongest attraction to electrons. When a FEP layer gets into contact with an Al film—
the metal that is easy to lose electrons, the difference in the surface chemical potentials
will drive the electrons to transfer from Al to FEP. After the two films being separated,
the FEP film will have negative surface charges as a result of the above electron transfer
process. Although this triboelectrification process is very effective in generate the static
surface charges to harvest mechanical energy, it is not best choice for the study of the
maximum surface charges for TENG, for the reasons lying in the following aspects. First,
limited by the surface potential difference between conventional materials, the
triboelectric charge density generally cannot reach a very high level to approach the
maximum surface charge density. Also, as determined by the intrinsic property of the two
surfaces, the triboelectric charge density cannot be directly controlled or varied without
changing the utilized materials, which is very inconvenient for the experimental study of
the maximum surface charge density. More importantly, in the triboelectrification-
enabled generator, the generation of the surface charge and the conversion of the
mechanical energy are taking place concurrently, so that it can hardly be told whether the
surface charge density is limited by the chemical potential difference or by the air
breakdown. Thus, it is important to use new approach to introduce the surface charges

that can facilitate the study of the maximum surface charge density for TENGs

5.1 Introduction of Static Surface Charges by the Injection of lonsfrom the Corona
Discharging of the Air
Because the kernel operation principle of the TENG is an electrostatic induction

process under the relative movement of the surface with static charges, the static charges
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on the surface could be introduced by other approaches than the triboelectrification, to
enable the same electricity generation process. One possible method is to directly inject
single-polarity charged particles or ions on to the surface. In the dielectric materials, there
is one category named as electret, that can quasi-permanently preserve the charges on the
surface for a very long time (could be as long as several years). After the surfaces of
these materials being pre-injected with charged particles and ions, they can operate as the
induction source for the mechanical energy harvesting for a sufficiently long time,
without the need of charging the surface again. In this way, the static charge generation
process and the electricity generation process could be sequentially-separated, which will
make the study of the maximum surface charge density for TENGs much easier. Also,
without being limited by the chemical potential difference between the two surfaces, the
surface charge density could reach an unprecedentedly high level, which could not only
facilitate the study of the maximum charge density, but also help to build ultra-high-
output TENGs.

From this regard, we chose to inject ions formed from the electrostatic/corona
discharging of air onto the electret surface, for the introduction of the surface charges.”
This was achieved by utilizing a special tool—an electrostatic gun, which can produces
ions of both polarities through triggering the discharge of air inside the gun. The polarity
of the ions injected from the gun’s outlet can be manually controlled by either squeezing
or releasing of the trigger bar. Using this method, the negative charges were brought onto
the surface of FEP (which is also an electret material), as shown in Figure 5.1b. The
trigger of the gun was firstly squeezed with the outlet of the gun facing away from the
surface of FEP, during which the positive ions (mainly composed of (H,0),H")” were
injected from the outlet. Subsequently, while keeping the trigger at the squeezed position,
we moved the outlet of the gun to directly face the FEP surface with a vertical distance of
~3 cm. Then the trigger will be gently released. During this process, the negative ions

(CO3, NO3 , NO, , O3 and O{)99 were injected onto the surface of FEP, making it
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negatively charged. This surface charges introduced by this method do not rely on the
chemical property of the surface. Through injecting the ions for multiple times, the
negative charges on the surface can reach a very high level, which can possibly approach
the level for the breakdown of the air. Then, by assembling the negatively pre-charged
film into a TENG structure, these negative static charges can electrostatically induce the

electricity generation process under the application of surrounding mechanical motions.
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Figure 5.1 The comparison between the generation of the static surface charges on the FEP film
by (a) the triboelectrification process and (b) the injection of the ions from corona discharging of

the air.

5.2 Thelon Injection Processand Its Utilization in a TENG for Harvesting

M echanical Energy

5.2.1 lon-Injection Process for the FEP Film Utilized in a Contact-Mode TENG
Using this method, we enhanced the power output and studied the maximum

surface charge density for the vertical contact-separation-mode TENG. In the basic

structural design of the TENG in this mode, the dielectric layer (e.g. the FEP film used in

this study) is deposited with a layer of electrode on the back. During the ion-injection
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process, it is critically important to connect the bottom electrode to the ground in order to
reach a high surface charge density. In this way, the arrival of the negative ions onto the
surface will electrostatically induce the electrons in the bottom electrode to transfer to the
ground, thus making the bottom electrode positively charged (Fig. 5.2a). In order to
achieve a zero potential difference between the bottom electrode and the ground, the
induced positive charges in the bottom electrode will be equal to the amount of negative
charges brought to the FEP surface by ion injection. As a result, the double-layered
opposite charges will confine the electrical field within the FEP layer, leaving no
electrical field in the proximity region of air. Because the dielectric strength (~2.6x10°
V/m) of FEP is almost two orders higher than that (3x10° V/m) of the air, the charge
density on FEP surface from this ion-injection process can reach a much higher level than
that on an electrode-free FEP layer in which the achievable charge density through ion-
injection will be limited by the breakdown of the air. After such an ion-injection process
is taken for a few times, the negative surfaces charges on the FEP will reach a large
density, which equals to the density of the positive charges on the bottom electrode (Fig.

5.2b).
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Figure 5.2 Basic processes of the ion injection on the FEP film and the operation of the contact-

ﬂ Mechanical energy

mode TENG built using this FEP film. (a) Injecting the negative ions onto the FEP surface from
an air ionization gun. The bottom electrode attached to the FEP film is grounded during this
process so that the positive charges can be induced onto the electrode to screen the electrical field
from the injected negative charges on the FEP surface. (b) When the ion-injection is completed,
the FEP surface and its bottom electrode have the opposite charges with the same density. (c-f)
The ion-injected FEP/electrode double layer is assembled with an Al layer to form a contact-
mode TENG, with 4 springs supported in between to get them separated (not shown in the
figure). The electricity generation cycle of this contact-mode TENG under the periodic

deformation force is shown in these four schematic images.

5.2.2 Mechanical Energy Harvesting Process of the Contact-M ode TENG with the
lon-Injected FEP film
Then, this FEP/electrode double layer will be assembled with an Al layer of the

same size in a face-to-face configuration to form a vertical contact-separation mode
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TENG, as shown in Figure 5.2c. A set of four springs will work with two acrylic
supporting substrates to keep the Al plate separated from the FEP layer at deformation-
free condition. The vertical-to-plane distance is much larger than the thickness of the FEP
film. The Al plate as the top electrode is connected to the bottom electrode through
external load. Then, under the triggering of surrounding mechanical motion, the negative
charges on the FEP layer can generate the electricity in the load, following the similar
mechanism of a vertical contact-separation mode TENG. When the mechanical motion
of the surrounding objects provides a pressing force onto the Al plate, it will move
towards the FEP layer. As their vertical-to-plane distance reaches the level that can be
comparable to the thickness of the FEP film, the induced potential difference between the
two electrodes will drive the positive charges on the bottom electrode to transfer onto the
Al layer through the external circuitry, which generates the electricity in the first half
cycle (Fig. 5.2d). This electricity generation process will last until the Al layer gets into
fully contact with the FEP surface. At this very moment, all the positive charges have
transferred from the bottom electrode onto the lower surface of the Al, so that they will
locate at the same plane with the negative charges on the FEP surface (Fig. 5.2e).
Subsequently, when the pressing force is released, the Al layer will start to get separated
from the FEP surface due to the resilience of the springs, creating a potential difference
between the two electrodes because of the separation of the opposite charges. As a result,
the positive charges will transfer back from the Al layer to the bottom electrode of FEP,
producing the second current pulse in the reverse direction (Fig. 5.2f). When the
separation distance between the two plates gets much larger than the FEP film thickness,
all the positive charges will return back to the bottom electrode and the TENG will reach
the state shown in Figure 5.2c. Such a mechanical energy harvesting cycle can keep
taking place as long as the triggering from the mechanical motion continues. In each
deformation process (either pressing or releasing), the amount of charge transferred

across the load equals to the amount of the negative charges on the FEP layer.
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5.3 The Study of the Maximum Surface Charge Density for the TENG

5.3.1 TheIn-Situ M easurement of the | on-I njection Process and the Enhancement of
the TENG’ s output

Through using the ion injection method to introduce static charges on the
dielectric surface, the charge density can be manually controlled. Moreover, this charge
generation process is independent of the electricity generation process. Thus, this method
makes it possible to systematically study the maximum surface charge density for
TENGs. In the charge injection process as shown in Figure 5.2a, because the amount of
the negative charges injected onto the FEP surface equals to the amount of electrons
flowing from the bottom electrode to the ground, this charge injection process can be
monitored by using a coulomb meter to measure the instantaneous charge flow from the
ground to the bottom electrode (inset of Fig. 5.3a). As shown in Figure 5.3a, each time of
ion injection will cause a transfer of charge with an area density of ~40 uC/m? from the
ground to the bottom electrode, implying the same density of charges introduced onto the
FEP surface. When we kept injecting the negative ions for multiple cycles, the charges
transferred from the ground to the bottom electrode accumulated step by step, reflecting
the accumulation of the negative charges on the FEP surface. We conducted the ion-
injection process for 17 times, during which there is no charge saturation observed.
Finally, the density of the positive charges on the electrode reaches ~630 pC/m? which
stands for density of the negative static charges obtained by the FEP surface. This is over
ten times higher than the maximum surface charge density (53.1 pC/m?) that could be
obtained by an electrode-free dielectric film.

Such a step-by-step ion injection for the enhancement of surface charge density
has also been studied in a TENG structure. After the FEP surface has been injected with
the negative ions by one further time, the FEP/electrode double layer is assembled with

an Al plate into a vertical contact-separation mode TENG. Then the short-circuit charge
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density (4dosc) from the TENG is measured, which equals to the surface charge density on
the FEP layer. In this set of experiments, the thickness of the utilized FEP film is 50 pm.
We first tested the output of the TENG before the FEP film was injected with negative
ions, in which the static surface charges were generated by triboelectrification with Al.
As shown in Figure 5.3b, in this initial group, the TENG only produced a dosc of ~50
uC/m*, which stands for the triboelectric surface charge density on the FEP surface.
Then, we utilized the air-ionization gun to inject negative ions onto the FEP surface. As
shown in Figure 5.3b, the 4ogc from the TENG gradually increased step by step after the
negative ions were injected onto the FEP surface time by time. This directly reflects the
enhancement of surface charge density by the ion injection. After the first few times of
injection, the Aogc approached the level around 250 uC/m?. Then every time of injection
will only lead to a small increase on Aasc. After the 9™ time of injection, there appeared a
distinctive difference in the charge transfer behavior, as marked by the red square box in
Figure 5.3b. After the additional cycle of ion-injection, the first pressing motion led to a
charge transfer with the density of ~260 pC/m”. Subsequently, when the Al layer was
released by to get separated from the FEP layer, the reverse charge transfer only has an
amount of ~230 uC/mz, so that the Aogc curve cannot return to the base line after the first
full deformation cycle. In the following cycles, the dogcstayed at the level of 230 uC/m”.
Since the amount of charge flow in each deformation process should equal to that of the
surface charges on FEP, this abrupt decrease of dosc in the first deformation cycle after
the 9™ jon injection should come from the loss of the static surface charges as a result of
air breakdown during the first releasing process. This should come from the voltage drop
across the air gap between the Al layer and the FEP surface, when these two surfaces
starts to get separated (Fig. 5.3¢). The existence of this voltage drop can be verified by
the numerical simulation of the potential distribution in this TENG system. As shown in
the bottom image in Figure 5.3c, when the vertical-to-plane distance between the Al and

the FEP is half the thickness of the FEP (set as 50 um in the simulation model), a voltage
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drop of ~300 V exists in the air gap at the short-circuit condition. This voltage drop (V)
should be proportional to the surface charge density on the FEP. So if the surface charge
density leads to a Vg, higher than the threshold voltage for the air breakdown at a certain
gap distance, the air in the gap will get discharged so that the positive ions from the
corona will partially screen the negative surface charges on the FEP. This will result in
the loss of the surface charges in the first cycle of deformation after the ion injection, as

shown in the last set of TENG operation in Figure 5.3b.

5.3.2 The Experimental Study of the Maximum Surface Char ge Density

With the help of this ion injection method, this unique charge transfer behavior in
the last set of operation shown in Figure 5.3b can serve as an indication of the air
breakdown during the operation of the TENG, which provides an effective way to study
the maximum surface charge density for a TENG structure. In such an operation group of
TENG, the density of the initial short-circuit charge transfer (dosc;) from the first
pressing deformation is evidently larger than the density of charge transfer (dosc.r) in the
remaining deformation cycles thereafter, as shown in such a magnified charge transfer
curve in the inset of Figure 3d. Through changing the times of ion injection, we
introduced widely-varied surface charge densities onto the FEP layer. After each set of
ion injections, the FEP film was assembled into the TENG to test the charge transfer
behavior. From each group of charge transfer curve, the Aosc;and Adosc.g can be obtained,
which were then plotted in the same figure, with the 4osc; value as the horizontal axis
and the dosc.gas the vertical axis. As shown in Figure 5.3d, in the Region I where dosc;
is within the relatively small range, the plotted points are almost on the line of Aosc; =
Aosc.g. This is the normal charge transfer behavior we observed from the TENG in which
there is no air breakdown happening. Then, when the Aosc; is further increased to the
range over 200 uC/mz, the points deviate downward from the line of 4osc.; = Aosc.r. This

means that the surface charge density on the FEP starts to cause the air breakdown and
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thus approaches the maximum charge density, from which Adosc; get into Region II. In
this region, the dasc.r of all the points are smaller than the 4osc;. And a higher dosc;
leads to a smaller 4osc.z. The possible reason is that when the surface charge density on
the FEP exceeds the maximum charge density by a larger extend, the air breakdown
caused during the first operation cycle of the TENG will be more intensive, which could
probably cause a stronger screening to the negative surface charges on the FEP. From this
plot, the maximum surface charge density can be easily obtained either as the border
between the Region I and Region II, or as the highest achievable value of the Adogc .
From this plot, the maximum charge density (o, for this TENG structure with the FEP
thickness of 50 pm is ~240 pC/m’.

5.3.3 The Theoretical Study of the Maximum Surface Charge Density

The maximum charge density for the contact-mode TENG can also be obtained
from the theoretical analysis through comparing the threshold voltage for the air
breakdown between a gap and the actual voltage drop across the gap in the contact-mode
TENG. We firstly derive the equilibrium charge density (o,) on the bottom electrode at a

gap distance of x. The potential difference between the two electrodes is:

AVE=%(x+i)—&(—x+i)+2(—x—j—r) (5.1)

0 &) 2g e/ 2g
where d is the thickness of the FEP film, o, is the surface charge density on the FEP
film, and ¢,1s the relative permittivity of the FEP layer. When the two electrodes are in
short-circuit condition, we have:

AV =0 (5.2)

From this, we can get:

0y = — g, (5.3)

- d+xe,

Thus, the potential difference across the air gap between the triboelectric surfaces:

X——X X =

(0g—0. o o (gg—0. dogx
oap — 0 x) x ‘o X — 0 x) _ 0 (5.4)
2¢&g 2¢&g 2¢&g =) go(d+xey)
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For the breakdown voltage of a gas between two plates at a small gap distance, it

follows the Paschen curve—an empirical law showing the relationship of the breakdown

voltage and the gap distance between the two plates'*'":

A(Px)
- In(Px)+B

a-b (5-5)

in which P is the pressure of the gas, 4 and B are the constants that determined by the
composition and the pressure of the gas. For air at standard atmospheric pressure of 101
kPa as the surrounding condition of a TENG, 4 = 2.87x 10° V/(atm'm), and B = 12.6."
Thus, during the releasing half cycle of the TENG, when x starts to increase from
0, the Vg, needs to be kept smaller than V., at any x > 0 in order to avoid breakdown of

air. So the following relationship should be satisfied:

A(Px) ___doox >0 (56)

In(Px)+B  go(d+xey)

From this, we can get,

APeg(d+xey)

9 < (Gn(pryr5) ) min

(5.7)

Thus, the maximum surface charge density (0,,,4,) for a TENG with the dielectric

thickness of d is:

_ APgo(d+xgy) '
Umax - (d(ln(Px)_I_B))mm (5'8)

From this equation, when d = 50 um for the FEP layer used in this experimentally
studied case, the theoretical g,,4, is 241.05 pC/m* which matches very well with the

experimentally obtained value of ~240 uC/m”.
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Figur e 5.3 Step-by-step measurement of the ion-injection process and the study of the maximum
surface charge density for the TENG. (a) The in-situ measurement of the charge flowing from the
ground to the bottom electrode of the FEP film during the step-by-step ion injection process. (b)
The increase of the short-circuit charge density (4osc) from the TENG when the FEP film was
injected with ions time-by-time. (¢) The schematic and the numerical simulation results showing
the voltage drop (V) in the air gap between the Al and the FEP layers, which could cause the
breakdown of the air. (d) The plot showing the relationship between the initial short-circuit

charge density (4osc.;) from the first pressing motion of the TENG right after the ion-injection
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process on the FEP film, and the short-circuit charge density (dosc.g) in the remaining cycles.
The inset is the magnified curve for the short-circuit charge density when the air-breakdown
happens in the first deformation cycle so that Agsc.g is smaller than Aasc.s. (€) The plot of the
air-breakdown voltage and the voltage drop (V,,,) across the gap in the TENG system,
with the relationship to the gap distance (x). (f) The theoretical relationship between the
maximum surface charge density (o,.4) and the thickness (d) of the FEP film. (g) The
plot of the above theoretical relationship in the range of 20-150 um, with the three points

of the experimentally obtained o, for the d of 50, 75 and 125 pum, respectively.

This theoretical analysis of the maximum surface charge density can also be
achieved by the plotting the threshold voltage curve for the air breakdown and the Vg, in
the TENG with different o, and d in the same figure, as shown in Figure 5.3e. The curve
of the air breakdown voltage has a very unique shape in that the voltage will have a
minimum value at certain gap distance of x. As for the curves for the Vg, in the TENG
system with specific d and gy, if the curve is below air breakdown voltage curve at any x
value, without any intersections, the V., will not cause the breakdown of the air in the
gap. When the g, is increased with the d kept at the same value of 50 um, the curve of the
Veap Will proportionally go up, as shown by the orange, the blue and the green curves for
the o, of 150 pC/m?, 240 pC/m* and 350 pC/m* respectively. Among them, the blue
curve has the tangential contact with the air breakdown voltage curve, reflecting that the
corresponding g, of 240 uC/m? is the maximum surface charge density for this TENG.
But if we keep the ¢, in the same value of 240 pC/m? but decrease the d to only 25 pm,
the plotted purple curve will move downward compared to the blue curve, making it
located below the air breakdown curve. Thus, the g, of 240 uC/m? is smaller than the
Omax Tor this film thickness. This clearly tells that a smaller film thickness will lead to a

larger maximum surface charge density for the contact-mode TENG.
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Such a relationship between the o,,,, and the d can be also directly obtained by
numerically plotting the curve of g,,,,-d according to Eq. (5.8). As shown in Figure 5.3f,
when the film thickness decreases from the range of tens of microns to the range of
hundreds of nanometers, the o4, will increase by two orders to over 10 mC/m?. Such a
theoretical relationship between the o,,,, and the d can be verified by experiments. We
carried out the similar sets of experiments on the FEP films with the thicknesses of 75 pm
and 150 um, respectively, to determine the corresponding o0;,,, for them. Then we
plotted the three points representing the o0;,,, for these three thicknesses in Figure 5.3g,
and together with the theoretical g,,,4,-d curve in the range of 20-150 um. From this plot,
we can find that these three experimental points coincide with the theoretical curve very
well. So this relationship of maximum surface charge density was illustrated both
theoretically and experimentally. Such a relationship clearly tells that a smaller thickness
of the dielectric film is favorable for building a high-output TENG by improving the

surface charge density.

5.4 Enhancement of TENGS Power Output by the lon-Injection Method

5.4.1 The Enhancement of the TENG’s Power Output

This ion injection method for the introduction of the surface charges can largely
enhance the power output of the TENG for mechanical energy harvesting, through
effectively increasing the surface charge density on the FEP. From the measured Adogsc of
the TENG with the FEP film before and after the ion injections as shown in Figure 5.3b,
the ion injection can lead to a five-fold enhancement of the surface charge density (also
the dosc) compared to that generated by the triboelectrification process. This increase of
surface charge density should lead to a proportional increase of both the V¢ and the Jsc.
As shown in Figure 5.4a, before the ion injection, the TENG can only produce a V¢ of ~

200 V. After the ion injection that increased the charge density to the maximum value
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(240 uC/m?) for this film thickness, the Vo¢ from the TENG increased to ~1000 V. As for
the current signals before and after the ion injection both generated by gentle hand
pressing (with an approximate pressing force of 20 N), the Js¢ increased from ~18
mA/m” to ~78 mA/m” (Figs. 5.4c&d). If the ion-injection-enhanced TENG was triggered
by a much higher pressing force that leads to a much faster deformation process, the
generated Jsc will have a very large magnitude. As shown in Figure 5.4e, under the
pressing force of ~300 N, the TENG generated a Jsc as high as 900 mA/m”. Under this
deformation condition, this actual power output from this ion-injection-enhanced TENG
was tested by connecting the TENG to a series of loads with different resistances. As
shown in Figure 5.4f, the current density through the load will gradually decrease with
the increase of the resistance, while the voltage follows a reverse trend. The power output
density of this TENG reached the maximum value of ~315 W/m” at the resistance of 300
MQ. Therefore, the ion-injection is a very effective method for the improvement of
TENGs’ power output. Considering that the maximum surface charge density becomes
larger when the film thickness gets smaller, the power output of the TENG can possibly
be enhanced to a much higher level by the ion-injection method if a thinner FEP film is

used.
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Figure 5.4 The enhancement of the TENG’s output performance by the ion injection method. (a-
b) The open-circuit voltage (a) of the TENG before any ion injection process, in which is the
surface charges are only generated by triboelectrification with Al, (b) of the TENG after the ion-
injection process, making the surface charge density on the FEP reach the maximum value. (c-d)
The short-circuit current density of the TENG under the gentle pressing of hand with the force of
~20 N: (c) before any ion injection process; (d) after the ion-injection process, making the surface
charge density on the FEP reach the maximum value. (e) The short-circuit current density of the
TENG after the ion injection, under the deformation force of ~300 N. (f) When the above TENG
after the ion-injection was connected to the loads with different resistances, the current density
and the voltage on the loads. (g) The power density obtained by the loads with difference

resistances.
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5.4.2 The Stability of the Enhanced Output by the lon-Injection

When the TENG is constructed by an electret film, which is the experimental
demonstration in this work, the negative surface charges brought by the ion-injection
method can preserve for a very long, so that the TENG can deliver a high output in a
long-term after its dielectric surface gets pre-charged. The FEP we used in this study is a
very good electret, the negative surface charges on the FEP film from the ion injection
should be able to preserve for a long time. In order to study the stability of the surface
charge on the FEP, we regularly measured the dogc from the TENG constructed using
this FEP film in a time range of 160 days. From the results in Figure 5.5a, the 4osconly
decayed from the initial 240 pC/m’ that was measured right after the ion injection, to
~200 uC/m” after 160 days, and almost got stabilized at this value. Thus, there is only
~16.6% loss of the surface charges, and the remained Adosc after 160 days is still 4 times
as high as the dosc generated by the TENG without the ion injection process. The
stability of the TENG performance was also investigated under a continuous operation
case. As shown in Figure 5.5b, when the TENG was continuously deformed by the
external pressing force, the generated 4osc only has a little decay in the continuous
operation of ~400,000 cycles. Both of the above two groups of measurements clearly
show that the ion injection method is an effective and practical method for building the

TENG that can deliver a largely-enhanced output for a sufficiently long time.
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Figure5.5 Stability of the electret-based TENG with the dielectric surface injected with ions. (a)

The stability of the surface charge on the FEP layer from the ion injection process, tested through
measuring the 4osc from the TENG. (b) The stability of the TENG when it was

continuously operating for ~400,000 cycles.

This study not only provides an effective method for the enhancement of the
TENG’s output for mechanical energy harvesting, but also for the first time observed the
existence of the maximum surface charge density for the TENG. The relationship
between the maximum surface charge density and the thickness of the dielectric film
clearly reveals an important guideline for the structural design when trying to enhance the
surface charge density through material or surface modification. Under a small film
thickness, the maximum surface charge density largely increases, creating a much bigger
room for the improvement of the triboelectric charge density. Therefore, this study
clearly tells us that through optimization of the materials’ property, the power output of

the TENG can be largely enhanced by as high as 4 orders!
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CHAPTER 6
SELF-CHARING POWER CELL BASED ON THE
HYBRIDIZATION OF PIEZOELECTRIC NANOGENERATOR AND
LI-ION BATTERY

. 8,16,60
Energy conversion and storage™ ™

are two most important technologies in
today’s green and renewable energy science, which are usually separated units designed
based on vastly different approaches. As for energy harvesting, depending on the nature

1015 thermal,'®'® chemical,”®** and mechanical, various

of energy sources, such as solar,
mechanisms have been developed for effectively converting them into electricity. Take
smaller scale mechanical energy as an example, piezoelectric nanogenerators (NGs) have
been developed into a powerful approach for converting low-frequency, biomechanical
energy into electricity. The mechanism of the NG relies on the piezoelectric potential
created by an externally applied strain in the piezoelectric material for driving the flow of
electrons in the external load.”"> As for energy storage, Li-ion battery is one of the most

24,62-65

effective approaches, in which the electric energy is stored as chemical energy

through the migration of Li ions under the driving of an externally applied voltage source
and the follow up electrochemical reactions occurring at the anode and cathode.'®*

In general, electricity generation and energy storage are two distinct processes
that are accomplished through two different and separated physical units achieving the
conversions of from mechanical energy to electricity and then from electric energy to
chemical energy, respectively. In this dissertation, we introduced a fundamental
mechanism that directly hybridizes the two processes into one, through which the
mechanical energy is directly converted and simultaneously stored as chemical energy, so
that the nanogenerator and the battery are hybridized as a single unit.'”® Such an

integrated self-charging power cell (SCPC), which can be charged up by mechanical

deformation and vibration from the environment, provides an innovative approach for
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developing new mobile power source for both self-powered systems’* and portable and

personal electronics.

6.1 Structural Design and Fabrication of the Self-Charging Power Cell (SCPC)

The experimental design of a self-charging process is based on the characteristics
of both piezoelectric and electrochemical properties, as schematically shown in Figure
6.1a. The device is based on a sealed stainless-steel 2016-coin-type cell, as shown in the
highlight of Figure 6.1b. The SCPC is composed of three major components: anode,
separator and cathode. The anode is aligned TiO, nanotube (NT) arrays that are directly
grown on a Ti foil.'” Instead of using the polyethylene (PE) separator'® as for traditional
lithium ion battery, a layer of polarized poly(vinylidene fluoride) (PVDF) film
(Measurement Specialties, Inc., U. S. A.) is located above the TiO, nanotube arrays as the
separator. This PVDF film can establish a piezoelectric potential across its thickness
under externally applied stress, which not only converts mechanical energy into
electricity, but also serves as the driving force for the migration of Li ions. The cathodes
are LiCoOy/conductive carbon/binder mixtures on aluminum foils. Figure 6.1c is a cross-
sectional SEM image of the sandwich structure of the device. The TiO; nanotube arrays
with anatase crystal structure (Fig. 6.2a) were fabricated on Ti substrate using an
anodization method with a post-annealing process in air.'”® The detailed growth process
of the TiO; nanotube array is described below. As shown in Figure 6.1d, the height and
diameter of the nanotubes are about 20 pum and 100 nm, respectively. A commercial
piezoelectric PVDF film with a thickness of ~110 um is predominantly composed of f3
phase, which generates the strong piezoelectric effect, and with a small fraction of o
phase (Fig. 6.2b).'"”” The PVDF film has been prior poled before assembly into the
battery. After placing LiCoO, cathode with a thickness of 20 pm on the other side, the
system was filled with electrolyte (1M LiPF¢ in 1:1 ethylene carbonate: dimethyl

carbonate) and finally sealed for measurements. Periodic deformations were applied onto
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the device in order to charge it up (Fig. 6.1b), and the voltage and current were monitored

simultaneously in both charging and discharging processes.

Figure 6.1 Structure design of a self-charging power cell by hybridizing a piezoelectric
nanogenerator and a Li-ion battery. (a) Schematic diagram showing the design and structure of
the self-charging power cell. The anode is aligned TiO, nanotube arrays that are directly grown

on Ti foils; a layer of polarized PVDF film performs as the separator; the cathode is LiCoO,
mixture on aluminum foil. This structure is sealed in stainless-steel 2016-coin-type cells, as
shown in the inset. (b) Sticking a power cell on the bottom of a shoe, the compressive energy
generated by walking can be converted and stored directly by SCPC. (c¢) Cross-sectional SEM
image of the self-charging power cell, which is composed of aligned nanotubes as anode,
piezoelectric polymer film as separator and cathode. (d) Enlarged view of the aligned TiO,

nanotubes. The inset is a top view SEM image of the nanotubes.

TiO, nanotube arrays were directly grown on Ti foils (0.05mm thick, 99.6%
purity; Alfa Aesar) by electrochemical anodizing in ethylene glycol solution containing

0.3 wt % NH4F and 2 vol % H,O, with Pt as counter electrode. Prior to growth, all Ti
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foils were ultrasonically cleaned in acetone, water, and ethanol consecutively, and then
dried in air. A thin layer of PMMA was spin-coated on one side of the foil to protect it
from the etching solution. The prepared Ti foil was anodized at 50 V for 5 hours, and
then treated by ultrasonication in acetone for a few seconds, leaving hexagon-like
footprints on the surface of Ti foil. A second anodization was then performed under the
same condition for 2 h to produce well-aligned TiO,. Finally, the two-step anodized
nanotubes were annealed at 450 °C for 2 hours in the air to form anatase crystalline phase

and remove PMMA on the back of Ti foils.'%
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Figure 6.2 Structural Characterization of the TiO, nanotubes and the PVDF film. (a) XRD
pattern of as-synthesized TiO, nanotubes to define their phase. All of the main peaks can be
indexed to anatase TiO, crystal (JCPDS File No. 21-1272). (b) FTIR spectrum of PVDF separator
film.

6.2 M echanical-to-Electrochemical Process as Working Mechanism for the SCPC

Based on the nature of piezoelectricity and electrochemistry-based energy storage
process, we proposed the working mechanism of the SCPC as an electrochemical process

1% At the very beginning,

driven by deformation created piezoelectric potential (Fig. 6.3).
the device is at a discharged state, with LiCoO, as the positive electrode (cathode)
material and TiO, NTs as the negative electrode (anode), which is the originally

fabricated structure of the device, and the LiPFg electrolyte is evenly distributed across

the entire space, as shown in Figure 6.3a. A PVDF film, which has intimate contacts with
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both electrodes, serves as the separator and it has the smallest Young’s modules among
all of the components in the device, thus, it suffers from the most severe compressive
strain when a compressive stress is applied onto the device, as shown in Figure 6.3b. We
purposely use the PVDF film with the polarity that results in a positive piezoelectric
potential (piezopotential) at the cathode (LiCoO,) side and negative piezopotential at the
anode (TiO,) under compressive strain for separating the charges. Under the driving of
the piezoelectric field with a direction from the cathode to the anode, the Li ions in the
electrolyte will migrate along the direction through the ionic conduction paths present in

the PVDF film separator for ion conduction'®'"

in order to screen the piezoelectric
field, and finally reach the anode, as shown in Figure 6.3c. The decreased concentration

of Li" at the cathode will break the chemical equilibrium of the cathode electrode reaction
( LiCoO, <> Li, CoO, +xLi" +xe” ),'"" so that Li" will deintercalate from LiCoO,,

turning it into Li;<CoO; and leaving free electrons at the current collector (Al foil) of the
cathode electrode. This process is driven by the tendency of establishing new chemical

equilibrium. In the meanwhile, under the elevated concentration of Li" at the anode, the
reaction at the other electrode (7i0, + xLi" + xe~ <> Li TiO, )" will move to the forward

direction for the same reason, enabling Li" to react with TiO, so that Li, TiO, will be
produced at the anode electrode, leaving the positive charges at the Ti foil as the current
collector. During this process, Li" will continuously migrate from the cathode to the
anode and the device is charged up a little bit owing to the large volume of the device.
During the progress of charging electrochemical reactions at the two electrodes, extra
free electrons could be suggested to transfer across the two electrodes through some
internal mechanisms. Under the mechanical deformation, the piezopotential continues to
drive the migration of Li" ions until to a point when the chemical equilibriums of the two
electrodes are re-established and the distribution of the Li" can balance the piezoelectric-

field in the PVDF film, with no Li" drifting through PVDF, (Figure 6.3d); that is to say, a
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new equilibrium is achieved and self-charging process will cease. This is the process of

converting mechanical energy directly into chemical energy.

LiPFgt _y
Electrolyte

TiO, NT:

Figure 6.3 The working mechanism of the self-charging power cell driven by compressive
straining. (a) Schematic illustration of the self-charging power cell in discharged state with
LiCoO; as cathode and TiO, nanotubes as anode. (b) When a compressive stress is applied onto
the device, the piezoelectric separator layer (e.g., PVDF film) creates a piezopotential, with the
positive polarity at the cathode side and negative piezopotential at the anode. (¢) Under the
driving of the piezoelectric field, the Li ions from the cathode will migrate through the PVDF
film separator in the electrolyte toward the anode, leading to the corresponding charging reactions
at the two electrodes. The free electrons at the cathode and positive charges at the anode will
dissipate inside the device system. (d) The status where chemical equilibrium of the two
electrodes is re-established and the self-charging process ceases. (¢) When the applied force is

released, the piezoelectric field of the PVDF disappears, which breaks the electrostatic
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equilibrium, so that a portion of the Li ions will diffuse back to the cathode. (f) This

electrochemical system reaches a new equilibrium, and a cycle of self-charging is completed.

In the second step, when the applied force is released, the piezoelectric field of the
PVDF disappears, which breaks the electrostatic equilibrium, so that a portion of the Li
ions diffuse back from the anode to the cathode (Fig. 6.3¢) and reach an even distribution
of Li" all over the space in the device again (Fig. 6.3f). Then, a cycle of charging is
completed through an electrochemical process of oxidizing a small amount of LiCoO, at
cathode to Li;.xCoO, and reducing a bit of TiO, to Li,TiO, at the anode. When the device
is mechanically deformed again, the process presented above is repeated, resulting in
another cycle of charging by converting mechanical energy directly into chemical energy.

In this self-charging mechanism, the role played by the piezoelectric material
(PVDF) is similar to the DC power supply used in the conventional charging process of a
Li battery. Both of them can be deemed as charge pumps, but the specific mechanisms
are different. As for the conventional charging method, the DC power supply will pump
the electrons from the positive electrode to the negative electrode through the external
circuit and the Li ions will go in the same direction but within the cell, in order to remain
a neutral charge balance. Thus the electrochemical reactions on the two electrodes occur
and the battery is charged up. But for our SCPC proposed here, the piezoelectric material
pumps the Li" ions, rather than the electrons, from the positive to the negative electrode,
which also accomplishes the charging of the device. This mechanism can also be

"2 the relative electrode

explained by thermodynamics. According to Nernst’s theory,
potentials of the two electrodes have the following relationships with Li" concentration:

RT 1

— 0 A P
Pri o0,/ Lico0, = Pri_Co0,/1iCo0, F n [a. (L]

o g R 1
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where @, c.0,/1ic00, a0d @i /15 1o, are actual electrode potentials of cathode and anode,
O O :
DL cooyrricon, A4 @rip 1, 1o, are standard electrode potentials of these two electrodes,

and a.(Li") and a,(Li") are the activities of Li" around cathode and anode, respectively,
which can be approximately equated to the concentrations, R is the gas constant, 7 is the
temperature, and F is the Faraday constant. Thus, under the driving of piezoelectric field,
because of depleting of Li" concentration near the positive electrode, the electrode

potential @;; c.0./1ico0, Will decrease; likewise, the elevation of Li" concentration will
result in an increase of @4 1, o, at the negative electrode. For conventional Li-ion
battery, the electrode potential @;; .0, /1000, 18 larger than @y, ,;; 110, , S0 that the battery
can discharge spontaneously through the reduction of Li;«CoO, and oxidization of

Li, TiO,. But for the self-charging process, because the change of Li" concentration will

possibly make @y, /;; 1o, larger than @, .0 /1ic00, » the device is self-charged through

the reduction of TiO; and oxidization of LiCoO,.

6.3 Experimentally Measured Self-Charging Process

By using a mechanical setup that can provide a periodic compressive stress onto
the device, we demonstrated the self-charging process of the power cell. Figure 6.4a is a
typical self-charging and discharging cycle. Under the compressive force applied to the
SCPC at a frequency of 2.3 Hz, the voltage of the device increased from 327 to 395 mV
in 240 s. After the self-charging process, the device was discharged back to its original
voltage of 327 mV under a discharge current of 1 pA, which lasted for about 130 s. So
we proved that the proposed power cell can be charged up under the repeated
deformation by directly converting mechanical energy to chemical energy. In this

experimental case, the stored electric capacity of the power cell was about 0.036 pAh.

144



From the theory of piezoelectricity, within elastic deformation regime, the
magnitude of the piezopotential is linearly proportional to the magnitude of strain, thus
also to the magnitude of the compressive force. Figure 6.4b shows that, as we solely
increased the mechanical force applied to the device, the self-charging effect would be
enhanced. Thus, an increased piezopotential can give an enhanced charging effect. In
addition, the self-charging effect is also affected by the frequency at which the
deformation is applied, as shown in Figure 6.4b. Under a constant applied force of
impact, a higher frequency resulted in an increased charging voltage simply due to higher
input power. When the force and the frequency were both kept as constant, the rate at
which the voltage was increased was relatively stable. The above results are additional
proofs that the self-charging process is due to the piezoelectric effect. We have
demonstrated that a series connection of several SCPCs drove the operation of a

commercial calculator for more than ten minutes, as shown in the inset of Figure 6.4b.
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Figure 6.4 Self-charging process of SCPC under periodic compressive straining and the

corresponding discharging process. (a) A typical self-charging process simply by applying cycled
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mechanical compressive strain to the device (green shadowed region). In the discharge process
(blue shadowed region), the stored power is released in the form of electron flow in the external
load as indicated by the measured current and drop of voltage. (b) Self-charging and discharge
cycles of SCPC under different force and frequencies, respectively. Inset shows the operation of a
commercial calculator using the SCPCs as the power source. (c) As a comparison of efficiency,
the SCPC is separated into two individual units: a PVDF piezoelectric generator and a Li-ion
battery by using PE as a separator. The inset is a schematic circuit of the traditional charging

methods with separated generator and storage units connected by a bridge rectifier.

The overall efficiency of our proposed SCPC has two parts—the energy
converting efficiency of piezoelectric material and the energy storage efficiency of this
mechanical-to-electrochemical process. We compared this with the efficiency of the
traditional charging method, which is composed of a separated generator and a storage
unit connected though a bridge rectifier (inset of Fig. 6.4c). The generator unit was
fabricated by sealing the PVDF film in the same coin cell to create a similar straining
condition as SCPC. After being charged for 4 min via cycled deformation of the separate
PVDF generator, the voltage of the battery has only increased by ~10 mV (Fig. 6.4c),
which is a lot lower than that of SCPC (65 mV) (Fig. 6.4a). Therefore, the single
mechanical to chemical process for SCPC is much more efficient than the mechanical to
electric and then electrical to chemical double-processes for charging a traditional
battery. This is because our current study demonstrated a new approach for directly
converting mechanical energy into chemical energy without going through the generation
of electricity as an intermediate state, which saves at least the energy wasted on the outer
circuitry, including the rectifying component. This is the innovation of the power cell.
Thus, the SCPC we proposed here could be a powerful device to simultaneously harvest
and store mechanical energy, after making several improvements on piezoelectric
separators, device structure, fabrication techniques and development of flexible devices.

The rigid stainless steel coin cell, which consumed a large portion of mechanical energy,
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is apparently not an optimal way for the packaging of SCPC. This could be solved by

designing flexible devices in the future.

6.4 Control Experimentsfor the Validation of the Proposed M echanism

As a comparison and control experiment, we measured the response of a
conventional Li-ion battery under the same deformation condition, which had the same
structure as the power cell except using PE film as the separator instead of the
piezoelectric PVDF film. As shown in Figure 6.5a, the voltage remained the same at
~325 mV during the ~4000 cycles of deformation that lasted for ~0.5 hour. Thus, the
conventional Li-ion battery cannot be charged up at all by applying cycled mechanical
deformation. This is because there is no piezoelectric potential that drives the migration
of Li ions. This comparison experiment rules out the possible contribution from the

electrostatic noise or the measurement system to the charging process presented in Figure

6.4a for SCPC.
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Figure 6.5 Response of devices of the similar structure as self-charging power cell, but with
different films as separators. (a) For a conventional Li-ion battery using PE as the separator, no
charging effect is observed by applying cycled mechanical deformation, indicating the result
presented in Fig. 6.4a is due to the piezoelectric driven charging process. (b) For a device that has
the same structure as a SCPC but with the PVDF film having a piezoelectric field pointing from
anode to cathode, no charging effect either, just as expected from the mechanism presented in

Fig. 6.3.
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Alternatively, if the piezoelectric polarization as presented in Figure 6.3 is
reversed, the piezoelectric field in the PVDF film is pointing from anode to cathode,
which will drive the migration of Li ions in the opposite direction. As a result, the reverse
electrochemical process will take place under the similar mechanism, so that the entire
device will be slightly discharged after many cycles of mechanical deformation. The
response of the device fabricated using PVDF film with opposite polarization was
measured under the same deformation condition, as shown in Figure 6.5b. The voltage
slightly decreased from 330 to 315 mV during the ~8000 cycles of deformation that
lasted for ~1.1 hour. Rather than self-charging, the self-discharging has been accelerated
in such a device simply because the piezopotential drove Li ions to migrate in the
opposite direction of the charging process. This further confirmed the working principle
of the SCPC, as proposed in Figure 6.3, can continuously drive the progress of
electrochemical reactions for the energy storage.

Thus, based on the as-proposed mechanical-to-electrochemical process, the self-
charging power cell can simultaneously harvest and store mechanical energy at a higher
efficiency. This new concept of device could become a new energy technology for

driving personal electronics and self-powered systems.
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CHAPTER 7
FLEXIBLE SUSTAINABLE-POWER-UNIT BASED ON THE
HYBRIDIZATION OF TRIBOELECTRIC NANOGENERATOR AND
LI-ION BATTERY

Energy generation and storage are the two most important areas for developing
new power sources, and they are usually two separated units based on two consecutive
processes, which have limitations as sustainable power sources. Targeting at the self-
powered systems that have a high mobility, excellent working-condition adaptability and
stability, energy generators that function by harvesting energy from the working/living
environmental usually have uncontrollable fluctuation/instability in their outputs that are
greatly influenced by the change in ambient environment. Take the mechanical energy
harvesting as an example, although the recently-invented triboelectric nanogenerator
(TENG) is proven to be a powerful and promising technology that is highly-efficient,

- - 42-44 1
low-cost and environmentally-friendly,***7>7778

the electricity generated are non-
continuous pulses with irregular magnitude, thus, it cannot be directly used to drive most
electronic devices that need a constant DC voltage supply. Energy storage devices such

. 24,6265
as batteries,”™

on the other hand, can provide a constant voltage at their discharging
plateau to act as the direct power sources for most portable and wireless electronic
devices. But the intrinsic problem of batteries is the limited lifetime, so that they have to
be charged or replaced periodically, otherwise batteries can be “deadly drained”.

In order to develop sustainable power sources by complimentarily combining the
advantages of these two technologies as presented above, we demonstrated the first
flexible self-charging power unit (SCPU) that is capable of simultaneously harvesting
and storing ambient mechanical energy, by integrating a TENG-based mechanical energy

harvester and a Li-ion battery (LIB) based energy storage. In this SCPU, the Li-ion

battery portion can be directly charged by mechanical motions. With this SCPU, we
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demonstrated a new working mode for a power source—the ‘“‘sustainable mode”, in
which the environmental mechanical energy is scavenged to charge the battery while the

battery keeps driving an external load as a DC source.'"”

7.1 Structure Design of the Self-Char ging Power Unit (SCPU)

The integration of a LIB and a TENG in the SCPU was achieved through the

construction of a flexible LIB, which was made in an arch shape for creating the gap

necessary for the TENG structure,”

as illustrated in Figure 7.1a. To achieve a good
flexibility on a LIB, we grew TiO, nanowires grown on flexible and conductive carbon

cloth as the anode side for the LIB.'**!!*!13

a Packaging shell
Kapton & PDMS & Epoxy

Ti0, nanowires @

carbon cloth =

Separator --- ~ =
LiFePO, @ Al - - —= =

Figure 7.1 Structure design of a flexible self-charging power unit (SCPU). (a) Schematic diagram
showing the detailed structure of the SCPU, the inset on the left is a photograph of a typical
SCPU device, and the inset on the right is an SEM image of the Kapton nanorod-structure on the
concave surface of the bottom Kapton, with 30°-tilted view. (b) SEM image of the carbon cloth
grown with TiO, nanowire (NW) networks, the top inset is the enlarged SEM image of a single

fiber in the fabric, and the bottom inset is a photograph of the TiO,-covered carbon cloth as the
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anode, showing its good flexibility. (c) SEM image with higher magnification showing the

detailed morphology of the TiO, NW networks on the carbon cloth.

7.1.1 Growth of TiO, on Carbon Cloth

The carbon cloth was firstly ultrasonically cleaned in acetone, ethanol, and DI
water for 30 min respectively, and then placed in a 50-mL Teflon-lined stainless steel
autoclave. Next, 1 g TiO; (P25) powder and 40 mL NaOH (10 M) were added into the
autoclave and mixed with the carbon cloth for another 30 min. After sealing, the
autoclave was kept in an oven at 200 °C for 12 hours, and then cooled down in air. After
this first-step hydrothermal reaction, the carbon cloth covered with Na-titanate nanowire
networks were washed with water and immersed in HCI solutions (1 M, 40 mL) for 10
min to replace Na’ with H', forming H-titanate nanowire networks. After that, this piece
of carbon cloth was washed with water again, and then dried at ambient temperature.
After heat treating the sample at 500 °C for 3 hours under Ar atmosphere, TiO, nanowire
networks (NWN) on the carbon cloth were obtained.'"* The obtained TiO, NWN has

anatase crystal structure, as identified by XRD (Fig. 7.2).

Intensity (a.u.)
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Figure 7.2 XRD pattern of the TiO, nanowire networks, showing that the crystal phase is anatase.

7.1.2 Device Structure and Fabrication of the SCPU
For the flexibility of the battery, we designed a polymeric shell for the packaging

and sealing, to replace the conventional ridge coin cell (Fig. 7.1a). The supporting
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substrate of this polymeric shell is a bent Kapton film (3 cm % 4 cm) with purposely-
introduced thermal stress through the deposition of a SiO, film at high temperature.®®®
The three kernel components of the LIB: the TiO, nanowires (NWs) anode, the PE
separator and the LiFePOus/active carbon/binder mixture cathode on the Al current
collector, were laminated on top of the convex surface (the surface deposited with SiO,)
of this Kapton substrate. This kernel structure with an effective area of ~1.5 cm x 1.5 cm
was immersed in the electrolyte. The SEM image of the TiO, NWs grown in carbon cloth
is displayed in Figure 7.1b. From the picture of the TiO,/carbon cloth composite shown
in the inset (bottom) of Figure 7.1b, this anode layer exhibits excellent flexibility. SEM
images with higher magnifications are shown at the top inset of Figure 7.1b and Figure
7.1c, from which we can tell that every single fiber in the carbon cloth is uniformly
covered by TiO, NW networks with an average length of ~1 um. The battery was isolated
from air by covering with a layer of thin Kapton film and sealing with PDMS and epoxy
at the sides. For the hybridization with the TENG, this LIB’s supporting Kapton substrate
was deposited with Al film on the back and bonded with another bent Kapton film of the
same size in a face-to-face manner. This forms an arch-shaped TENG structure based on
the triboelectrification between the top Al layer and the bottom Kapton that has the
corresponding electrode (Al film) deposited on its convex surface. In order to enhance the
triboelectric charge density through large surface roughness and increased effective
contact area, the concave surface of the bottom Kapton was pretreated with ICP reactive
ion etching, to produce the nanorod-covered surface,®' as shown in the inset (right) of
Figure 7.1a. With this hybridized SCPU structure, the LIB can be charged through
harnessing ambient mechanical energy, only by rectifying the TENG-generated
alternating-current (AC) pulses to DC with a full-wave bridge rectifier. A photo of a
typical SCPU device is shown in the inset (left) of Figure 7.1a, clearly revealing its

flexibility and arch-shaped structure.
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7.2 Individual Performance of TENG Part and Li-lon Battery Part in the SCPU

The performance of the SCPU is first characterized by the outputs of the TENG
and the LIB as individual units (Fig. 7.3). When the arch-shaped structure was
periodically flattened under a frequency of 8 Hz, an open-circuit voltage (Voc) of ~220 V
was generated between the two electrodes of the TENG part (Fig. 7.3a), which is the
potential difference induced by the separation of opposite tribo-charges on the Al and
Kapton films. Under a short-circuit condition, this voltage drives ~110 nC of charges
(40) to flow between the two electrodes in each half deformation cycle (as shown in the
measured charge transfer in Fig. 7.3b). This value should theoretically equal to the
amount of tribo-charges on each triboelectric surface (with an area of ~12 cm?),
corresponding to a charge density of ~91.6 pC/m’. This back-and-forth charge transfer
produced a pair of AC short-circuit current (/s¢c) peaks in each cycle. As shown in Figure
7.3c, the positive peak with a larger magnitude of ~150 puA came from the pressing
motion, which had a higher deformation rate compared to the elastic releasing process.
But these two asymmetric peaks per cycle carry the same amount of charges due to
charge conservation (Fig. 7.3b). This AC output can be rectified to DC by a low-loss full
wave bridge rectifier (Fig. 7.3d), which generates ~220 nC electricity per cycle to be
stored in the LIB.

The capability of the flexible LIB in the SCPU for charge storage was evaluated
using deep charging/discharging galvanostatic test between 0.7 and 2.7 V, at a current of
2 uA, as for conventional batteries. As indicated by the voltage profile in the 6
consecutive cycles (Fig. 6.3¢), the LIB gave clear voltage plateaus in both charging and
discharging processes. The discharging plateau is ~1.53 V, which is the real working
voltage of the LIB as a power source. The LIB also has a stable capacity around 17.5

nAh, revealing its expected performance as an energy storage unit.
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Figure 7.3 Characterizing the individual performances of the TENG part and the LIB part in the
SCPU. (a) The open-circuit voltage (Voc), (b) the amount of charges transferred (4Q), (c) the
short-circuit current (Isc) and (d) the rectified current (/g..) generated by the TENG part when the
SCPU is periodically flattened by external mechanical agitation under the frequency of 8 Hz. (¢)
The voltage profile of the LIB part during the deep charging/discharging galvanostatic test with a

current of 2 pA.

7.3 SCPU Working in “ Standby-Active M ode”

When the TENG part and the LIB part work conjunctionally as a full unit, the
SCPU will work as a self-sufficient power source. Conventionally, the charging and
discharging of an energy storage unit is in two separated and consecutive steps. This

working mode for the SCPU is called the “standby-active mode™*.
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7.3.1 Working Mechanism of the SCPU in “ Standby-Active M ode”

When external mechanical vibration is applied onto the flexible SCPU to
periodically flatten it, the two surfaces across the gap will get into contact from time to
time. Coupling of the triboelectric effect with the electrostatic induction will generate a
flow of current in the external circuit, which will be stored in the LIB in the same device.
At the “standby-state”, the LIB part is charged by the TENG part, but disconnected from
the external load. We now illustrate the simultaneous charge generation and storage
process of the SCPU without connecting to an external load, as shown in Figure 6.4a-¢
(for clarity, the arch-shaped SCPU is depicted as a flat structure and the periodic change
of the gap is expressed as the change of spacing between the two parts). The electricity
generation process by the TENG part is similar with that of the arch-shaped TENG
described in Chapter 2. When the external pressing force is applied onto the arch-shaped
device, the two surfaces (Al and Kapton) will be brought into contact from time to time.
As a result, the two oppositely-tribo-charged surfaces will switch between the states of
intimate contact and fully separation. The changing induced potential difference between
the two electrodes creates the driving force for the electrons to transfer between the two
electrodes in order to screen this potential difference. Because of the rectifier, electron
flow in either direction between the two electrodes will be rectified to charging direction
of the LIB part, thus stores the electrical energy in the LIB. Ideally, the amount of
charges stored in the LIB during in each half cycle should equal to the number of tribo-
charges on the Kapton surface. When the SCPU is subjected to a lasting mechanical
agitation, this cycle from Figure 7.4b to 7.4e will keep taking place so that more and
more energy will be stored in the LIB part of the SCPU. After the LIB part got fully
charged by the TENG part, the SCPU will switch into the “active state”, in which the LIB

part is discharged by driving the external load.
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Figure 7.4 Basic working principle of the SCPU in the “standby-active mode”. (a) A two-
dimensional sketch showing the structure and the original state of the SCPU before mechanical
deformation. For clarity, the arch-shape is expressed as a flat structure. (b) Mechanical pressing
brings the top Al and the bottom Kapton into contact, generating opposite triboelectric charges on
the two surfaces. (c) The force is releasing and the SCPU is reverting to its original arch shape.
The induced potential difference generates the first current peak, which charges the LIB part. (d)
The SCPU returns to its original shape, with induced potential difference fully screened. (e) The
SCPU is pressed again and the redundant charges on the bottom electrodes flows back, generating

the second current peak to charge the LIB part.

7.3.2 Performance of the SCPU Working in “ Standby-Active M ode’
The “standby-active mode” of the SCPU is shown schematically in the circuit

diagrams in Figure 7.5a. In the real demonstration of a typical SCPU device, the LIB is
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connected to the TENG through the rectifier but disconnected from the load (with S1
closed and S2 open), during which it is only storing the electrical energy generated by the
TENG part. As demonstrated in Figure 7.5b, the LIB was charged to its full capacity in
~11 hours by the TENG under a deformation frequency of 9 Hz, with the voltage (Vsaser,)
increasing from 0.7 V to 2.5 V crossing the charging plateau at ~1.62 V. This is the
“standby mode” during which the SCPU is charged. Next, the fully-charged SCPU will
be used as a battery to drive a device by switching the connection with S1 open and S2
closed. As shown in Figure 7.5b, the fully charged LIB could provide a constant current
of 2 pA to the external load for ~ 10 hours (~3 hours at the discharging plateau, which is
the actual working time for this LIB as a constant-voltage power source). This is the
“active mode” of the SCPU during which it is used to drive a device. In practical
applications, the SCPU switches between the “standby mode” and the “active mode”,
which correspond to the charging and discharging of the LIB, respectively. This
operational integration methodology of energy harvesting and storage is particularly
suitable for applications where the current required by certain electronic devices is much
larger than the average current (rather than the peak current) generated by the TENG, and
the electronic devices do not need to work continuously. This meets the requirement of

some sensors for intermittent detections.
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Figure 7.5 Performance of the SCPU in the “standby-active mode” as an integrated DC power
source. (a) Electrical circuit diagram showing the “standby-active mode” for the integration of the
TENG part and the LIB part. The portion enclosed by the dotted square is the SCPU. (b) The
voltage profile showing the LIB part fully charged by the TENG part (the “standby mode”) and

then discharging under a current of 2 pA (the “active mode”).

7.4 SCPU Working in “Sustainable Mode”

Alternatively, in the cases that the electronic devices need to work constantly, the
SCPU can work in a “sustainable mode”, in which the LIB is being charged by the TENG
while it is simultaneously powering an external load. As long as the averaged current
converted from the surrounding mechanical energy is approximately the same as the
current required by the load, the energy stored in the LIB will remain at a stable level so
that the voltage can remain at its discharging plateau “forever” due to the nature of

electrochemical reactions.

7.4.1 Working Mechanism of the SCPU in “ Sustainable M ode”

In the sustainable mode, the SCPU is being simultaneously charged and
discharged due to the connection to an external load, as shown in Figure 7.6. The AC
pulses generated by the TENG are first rectified, and then directed into the LIB from its
positive electrode. But when the LIB is connected to the external load, the positive
electrode is always at a higher potential. This causes the current to flow from the positive
electrode to the load, which will be in the reversed direction in reference to the charging
current, but flowing through two separated electrical connections. Thus, the
electrochemical reactions corresponding to both charging and discharging are occurring
simultaneously at each electrode. The voltage applied across the load will be the voltage
of the LIB (Fig. 7.6), which is determined by the difference in the electrode potentials of
the two half-reactions. Since the electrode potential is not affected by the state of charge

24,112

(SOC) within the wide-range discharging plateau, the irregular and fluctuating
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current generated by the TENG due to the change of the surround mechanical motion will
not cause an obvious change in the output voltage of the LIB. This stable constant voltage
on the load should be able to be maintained for an infinitely long time in principle, as
long as the averaged current provided by the TENG over time is about the same as the
current consumed by the load, so that the SOC of the LIB does not shift out of the voltage
plateau. In this proposed integration mode of mechanical energy harvesting and energy
storage, the consumed energy is generated from the surrounding mechanical motion, thus
the amount of energy stored in the LIB will not change very much although the load is
being driven continuously. Therefore, the battery works not only as an energy storage
unit, but more importantly as a power regulator that converts the irregular, unstable and
time-dependent input from the TENG (due to the varying ambient condition), to a
constant DC output. This is the reason that the SCPU can be a stable DC power source in

the “sustainable mode”.
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Figure 6.6 Basic working principle of the SCPU in the “sustainable mode”, in which the LIB part
is driving an external load while being charged by the TENG part. Both the charging and
discharging reactions take place at the electrodes (the blue arrow stands for the discharging

current through the load).

7.4.2 Performance of the SCPU Working in “ Sustainable M ode’
When the above SCPU is working in the “sustainable mode”, the TENG and the
LIB parts are connected as shown in Figure 7.7a. As shown in Figure 7.7b, when the

SCPU was being triggered by a pressing motion at 9 Hz (the averaged current produced
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can be estimated as ~1.98 pA according to the result of the measured charge transfer in
Fig. 7.2b), the LIB part provided a constant current of 2 pA at the voltage of ~1.55 V for
more than 40 hours! Thus, in this proposed “sustainable mode”, the SCPU could work as

an independent, self-sufficient and sustainable power source for providing a constant

voltage.
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Figure 7.7 Performance of the SCPU in the “sustainable mode” as an integrated DC power
source. (a) The electrical circuit diagram showing the newly-proposed “sustainable mode”, in
which the LIB part is driving the external load while it is being charged by the TENG part. (b) In
this sustainable mode, the SCPU provided a 2-pA DC current with a constant voltage of 1.53 V

for more than 40 hours, when the SCPU was deformed under a frequency of 9 Hz.

7.4.3 Application of the SCPU as a Sustainable Power Sourcefor Electronics

In a lot of applications, a constant voltage from the power source is needed for the
operation of the electronic systems. For example, in a sensing system for detecting the
change in the environment through the resulted change of the sensor’s effective
resistance, the current as the measurable signal should solely depend on the sensor’s
resistance, so that the whole system can be calibrated. For many sensing purposes,
changes in the environment need to be constantly monitored without interruption so that
any undesired instances can be detected immediately, thus, the use of battery may have
its limitation due to its relatively short lifetime. The demonstrated SCPU under the
“sustainable mode” can serve as a non-stop power source for these applications. We used

a ZnO-nanowire-based UV sensor''® to demonstrate this unique capability of the SCPU.
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In the sensor, the nanowire is bonded onto the substrate at its two ends with silver paste,
forming a metal-semiconductor-metal structure (the left inset of Fig. 7.8a). A Schottky
contact is formed so that the [-V has a rectifying behavior. In the first case (Fig. 7.8a), we
only used the fully charged LIB portion of the SCPU to power this UV sensor as shown
in the inset (right) of Figure 7.8a, which is the “active mode” of the SCPU illustrated in
Figure 7.5a. When the UV light is off, with an input voltage of ~1.53 V from the battery
at its discharging plateau, the measured current through the sensor was around 1.55 pA.
When UV light is turned on, the current jumped to a level of ~2.95 pA. We periodically
turned the UV light on and off, and the voltage of the battery remained stable during the
first few cycles. However, after ~3.5 hours, the voltage started to drop, which indicated
that the battery was running out of charge. As a result, the current levels for the UV-off
and UV-on states both decreased to lower levels, and thus could not be an effective
indicator for the presence of UV-illumination anymore since it cannot be judged using
the calibrated current, which means that this battery has to be replaced after about 4 hours
usage.

This problem can be solved using the SCPU in the proposed “sustainable mode”.
As shown in Figure 7.8b, when the LIB was being charged by the TENG under a
deformation frequency of 9 Hz while driving the UV sensor, the output voltage of the
battery can stay at the plateau of around 1.55 V with only small fluctuation for over 12
hours, during which the UV light was periodically turned on and off for more than 10
times without obvious decay in current level, which can clearly convey the information of
the UV illumination to the calibrated system. Therefore, it has been undoubtedly
demonstrated that with the “hybridization” of the mechanical energy harvesting and
energy storage in the SCPU, an electronic system could be truly self-powered

continuously and sustainable.
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Figure 7.8 The SCPU as a sustainable power source for driving a UV sensor. (a) Operation of the
UV sensor when solely driven by the LIB part in the SCPU, which was recorded from the point
that the battery just entered its discharging plateau. The left inset is an optical microscope image

of the ZnO-nanowire-based UV sensor in this demonstration, and the right inset is the circuit
diagram showing the power source. (b) The operation of the UV sensor continuously driven by
the SCPU in the “sustainable mode” for ~13 hours. The inset is the circuit diagram showing the
UV sensor powered by the SCPU in the “sustainable mode”. In both of a and b, the top curve
(red) is the current though the sensor, reflecting its response to the UV light, and the bottom curve

(blue) is the real time voltage of LIB part.

7.5 Impacts of the Hybridization of M echanical Energy Harvesting and Energy
Storage

Through integrating the mechanical energy harvesting and the energy storage both

physically and operationally, the intrinsic limitations of these two technologies can be
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remarkably overcome. For the electricity generated by TENGs, the electrical output is
pulse-shaped due to their fundamental working mechanism. This output is often
noncontinuous and irregular, therefore cannot be used to directly power electronic
devices in most cases. By combining a TENG with a LIB in the “sustainable mode”, the
TENG’s only function is to replenish the energy drain in the LIB, so that the harvested
mechanical energy can be used to drive the load at a constant voltage through the LIB,
which benefits from the stable potential difference between the two electrodes in the
electrochemical reaction. Thus, in this integration, the battery works not only as an
energy storage, but also as a power regulator (for changing the pulsed electrical outputs
into a constant voltage), not just as an energy storage unit. This is a new role for batteries,
and can potentially change the traditional views in the battery technology. Since the
stored energy in the battery will not be fully used up, having a large capacity in the
battery for a longer lifetime through the improvement of the materials’ energy densities is
no longer essential, which, however, is the current trend in battery research. Also, the size
and weight of the battery can be miniaturized, and waste chemicals from dead batteries
can be greatly reduced. Moreover, this demonstration opens the door to a new research
field for developing long lifetime power sources, that is a wise integration of the TENG
and the battery, in the aspects such as the appropriate design of the TENG to meet the
desired energy consumption of the load, the optimum capacity of the battery to tolerate

the estimated output fluctuation of the TENG in certain environment, and so on.
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CHAPTER 8
CONCLUSION

Along with the development of the human civilization, the demand for energy is
growing and expanding exponentially, not only for the total quantity in large scale, but
for unprecedented functionalities in much smaller scale. For addressing people’s demand
for energy from different aspects, energy harvesting and energy storage emerge as the
two major fields. The chief focus of the research in this dissertation is about the
harnessing of mechanical energy—a form of energy that is universally existing in our life
and in the nature but has not been fully utilized. Based on the effect of
triboelectrification, we developed a new technology—triboelectric nanogenerators—for
generating electricity from mechanical motions. Through establishing fundamental
operation mechanisms and modes, largely improving power output by rational structural
design, developing a variety of structures for harvesting different types of mechanical
energies, the research in this dissertation has greatly propel the development of this
recently-invented technology. In the further step, in order to utilize mechanical energy for
driving electronics sustainably with a constant voltage output, we explored the
hybridization of mechanical energy harvesting and energy storage. In this dissertation,
both fundamentally-new process for energy conversion and storage, and power units with
unprecedented functionalities have been demonstrated.

The basic working principle of triboelectric nanogenerators is the conjunction of
triboelectric effect and electrostatic induction based on the periodic contact-separation of
two triboelectrically-charged surfaces. Such a contact-separation process can be realized
in vertical-to-plane direction, which serves as the first basic mode of TENGs—vertical
contact-mode. In order to largely improve the output of the TENG in this mode by
enabling an effective electrostatic induction, we rationally designed arch-shaped structure

in the TENG, which can enable both the intimate contact and fully separation of the two

164



triboelectric surfaces. This unique structure achieved a largely improved power output:
128 mW/em® (voltage of 230 V and current of 0.13 mA). This is also the first
demonstration of TENG based on the triboelectrification between a conductor and a
dielectric. The basic mechanism has been studied both analytically and numerically. With
such a high output, the TENG has been demonstrated and systematically studied as a
direct power source for electronic devices, revealing the dependence of the TENG’s
output on the resistance of the external load. Moreover, the TENG was used to build up a
power module together with a Li-ion battery for driving a wireless sensor system as well
as a commercial cell phone.

In the above contact-mode based TENG, an air gap is mandatory so that the two
triboelectrically-charged surfaces can get separated. This usually requires sophisticated
design of the device structures. Fundamentally, the charge separation can also be
achieved in in-plane direction by sliding motion. Based on this, we for the first time
demonstrated the second basic mode of TENG—the lateral sliding-mode. In the first step,
the experimental operation and the working principle of this new mode was developed.
The voltage generation process and the charge transfer behavior from the sliding motion
were clearly outlined by finite-element simulation. According to our experimental study,
the electrical outputs have a strong dependence on the sliding motion including the
vertical distance and velocity. Based on this mechanism, we further introduced a novel
design of disk-shaped triboelectric nanogenerator for harvesting rotational energy.
Through experimental comparison, we found an enhancement of current from finer
segmental patterns, which can serve as the guidance for future structural design. The disk
TENG makes it possible to generate electricity continuously with a high frequency and a
high magnitude of power density, showing unprecedented superiority in both driving
electronics directly and continuously as well as charging energy storage units. In order to
further improve the power output from the harvesting of rotational energy, we develop

the disk-structured TENG into multi-layers by ensuring a synchronized rotation of all the
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layers and intimate contacts between adjacent triboelectric surfaces. Furthermore, based
on the hybridization of the contact-mode and the sliding-mode for TENGs, a wind-cup-
based TENG has been demonstrated for effectively harvesting wind energy, especially
weak-wind available outdoors.

In the above two modes of TENGs—the contact mode and the sliding mode, each
triboelectric layer is attached with an electrode and a lead wire. Such a device
configuration largely limits TENGs’ versatility and applicability for harvesting energy
from an arbitrary moving object. In this regard, we developed a new mode of TENG—
freestanding-layer-based mode that can scavenge energy from the mechanical motion of a
freestanding object, without an attached electrode. With two stationary electrodes
alternatively approached by the tribo-charges on the sliding layer, an alternating current
is generated between the electrodes due to electrostatic induction. Compared to the
sliding-mode TENG, this new mode has a good tolerance to the vertical separation
between the sliding triboelectric surface and the electrode, so that it can operate in both
contact and non-contact sliding mode. Because of these unique features, the freestanding-
layer-mode TENG can achieve versatile energy harvesting from unrestricted and freely-
moving mechanical energy sources, such as a free walking man, a moving car or train, at
a greatly-enhanced efficiency. In order to increase the output and applicability for
mechanical energy, we developed the grating-structured freestanding-layer TENG. The
GF-TENG with finer grating units exhibits improved performance in the respect of the amount of
collectable charges, current density, and output frequency. When the device is operated in non-
contact mode, it shows an excellent stability and high total conversion efficiency up to 85% at
low operation frequency. We further expanded the basic design of this mode of TENG to
the disk structures, making it possible to harvesting rotational energy in non-contact
mode. Compared with the sliding-mode based disk TENG, this new design has much
higher stability and durability, and much smaller deterioration in performance at the non-

contact mode.
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Since the static surface charge density is the most important factor for the output
of the TENGs, we systematically studied the maximum surface charge density through
introducing the ionized-air-injection method for the generation of the surface charges.
Using this method, the maximum surface charge density for any TENG structure can
obtained from the experiments. This maximum surface charge density was studied both
experimentally and theoretically, leading to an important conclusion that the maximum
surface charge density will get larger at smaller thickness of the dielectric film in the
TENG. This will serve as an important guideline for the structure of TENG when trying
to increase the triboelectric charge density through materials optimization. Besides, the
ionized-air-injection method introduced in this work also provides an effective method
for the enhancement of TENGs’ power output.

In many cases, the generated electricity through environmental energy harvesting
needs to be stored in energy storage units before used to drive electronic devices. In
general, electricity generation and energy storage are two distinct processes that are
accomplished through two separated units. In this research, we hybridized a piezoelectric
nanogenerator for mechanical energy harvesting with a Li-ion battery for energy storage
into one device—a self-charging power cell, by replacing the PE separator as for
conventional Li battery with a piezoelectric PVDF film. Based on this convoluted
structure, a new mechanical-to-electrochemical process is proposed for simultaneously
converting and storing mechanical energy directly as chemical energy, with a
significantly higher overall efficiency than the traditional charging method composed of
two separated units. This new concept of device provides an innovative approach for
developing new sustainable power sources for personal electronics.

Such a hybridization of a mechanical energy harvester and a Li-ion battery was
also performed on the recently invented triboelectric nanogenerator. This was realized by
building a flexible Li-ion battery (LIB) on an arch-shaped TENG structure. As triggered

by ambient mechanical vibrations, the TENG part can efficiently generate electricity with
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high output, and the rectified electrical energy can be stored in the LIB part. Based on
such a device, we proposed a new mode for the integration—the “sustainable mode”, in
which the surrounding mechanical energy is harvested and simultaneously stored in the
LIB, while the LIB is driving an external device. The self-charging power unit (SCPU) in
this mode can provide a constant voltage for continuously powering electronic devices.
Hence, the integrated SCPU in the proposed “sustainable mode” can potentially serve as
an independent, portable, sustainable and stable power unit, which will meet the general
requirement of almost any electronic device and make the self-powered system more
feasible by harvesting ambient mechanical energy.

It can be anticipated that the development of the fundamental principles and
structural designs for mechanical energy harvesting and the demonstration of the new
concepts of power sources could open up a broad research direction, especially for
material scientists. Through improving the properties of the active materials, the
performance of these technologies can be largely enhanced, and hopefully begins to

change people’s everyday life in the near future.
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