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INTRODUCTION

Increasing demand for sustainable energy has driven attention of researchers to alternative energy-harvesting
technologies and triboelectric nanogenerators (TENGS) have emerged as promising approach for converting
mechanical energy into electrical energy [1]. TENGs work on the principles of triboelectrification and
electrostatic induction, which make the harvesting of energy from the ambient sources like vibrations, human
motion and wind possible [2]. They have a high-power density and are also cost effective and suitable for
flexible and wearable applications [3].

Polyethylene oxide was noticed as a positive triboelectric material because of its incredible biocompatibility,
processing convenience and great triboelectric properties [4]. PEO based TENGs are superior in performance
when used with electron accepting materials like PDMS and metal electrode. Some preliminary research also
investigated the effects of addition of fillers such as aluminum, copper, barium titanium oxide, carbon
nanotube, etc. These materials showed that there is a visible improvement in the performance of TENGs based
on PEO [5], and among them, silicon carbide particles showed excellent performances based on their high
polarization effect and Dielectric Constant, which led to an improvement in charge retention and the ability
of the material to transfer charges [6]. The relationship between SiC concentration and TENGs performance,
however, may need to be investigated, specifically their relationship with the various loading levels for the
TENGs performance. This study proposes how changing concentration of SiC may affect the performance of
PEO based TENGs.

The aim of the work is to investigate the potential of polyethylene oxide (PEO) - based composites for
mechanical energy harvesting in triboelectric nanogenerator (TENG) devices. During the work pure PEO and
PEO based composite films will be casted and their triboelectric properties will be investigated in several
TENG configurations towards increasing the efficiency of mechanical energy conversion into electrical

power.

Obijectives:
1. To prepare and fabricate PEO-based composites films with different materials and concentrations for
TENG application.
e To prepare PEO film samples on Aluminum and Copper.
e To prepare PEO film samples incorporated with BaTiO3, CNT, SiC and SiC with varied
concentration placed over copper using spin coating.

2. To test triboelectric performance of prepared samples on TENG device.


https://www.google.com/search?q=triboelectric+nanogenerators+%28TENGs%29&sca_esv=a3affe3e6ab6bc29&sxsrf=AE3TifMdiSzkFZLP3mSzziPoyB60fgVbow%3A1764832372872&ei=dDQxad_1NPiHxc8PwcjZsA8&ved=2ahUKEwiAzdyXuKORAxXLVPEDHaFNHooQgK4QegQIARAC&uact=5&oq=%E2%80%9CPEO-based+triboelectric+nanogenerators%E2%80%9D%0D%0ADuring+the+work%2C+various+PEO+films+will+be+casted+on+different+electrodes%2C+their+dielectric+and+triboelectric+properties+will+be+studied%2C+and+prototypes+of+triboelectric+nanogenerators+%28TENGs%29+for+mechanical+energy+harvesting+will+be+developed.%0D%0AThe+aim+of+this+work+is+to+investigate+t&gs_lp=Egxnd3Mtd2l6LXNlcnAiygLigJxQRU8tYmFzZWQgdHJpYm9lbGVjdHJpYyBuYW5vZ2VuZXJhdG9yc-KAnQpEdXJpbmcgdGhlIHdvcmssIHZhcmlvdXMgUEVPIGZpbG1zIHdpbGwgYmUgY2FzdGVkIG9uIGRpZmZlcmVudCBlbGVjdHJvZGVzLCB0aGVpciBkaWVsZWN0cmljIGFuZCB0cmlib2VsZWN0cmljIHByb3BlcnRpZXMgd2lsbCBiZSBzdHVkaWVkLCBhbmQgcHJvdG90eXBlcyBvZiB0cmlib2VsZWN0cmljIG5hbm9nZW5lcmF0b3JzIChURU5HcykgZm9yIG1lY2hhbmljYWwgZW5lcmd5IGhhcnZlc3Rpbmcgd2lsbCBiZSBkZXZlbG9wZWQuClRoZSBhaW0gb2YgdGhpcyB3b3JrIGlzIHRvIGludmVzdGlnYXRlIHRIAFAAWABwAHgBkAEAmAEAoAEAqgEAuAEDyAEA-AEC-AEBmAIAoAIAmAMAkgcAoAcAsgcAuAcAwgcAyAcA&sclient=gws-wiz-serp&mstk=AUtExfCjMTdBSpOHGUMEdq57IUEsNQPsq-5feryD7VYta3bO7f8qxSaTyfJUs-IhDJa7WZyk0kGyW1q84zVE7s6YtIcMQ9fgjBufDtGmJPmReRykYumUXK3mhZgq0yKeYmnYUZKpfAuK5GxZPXEP98iVJ6YP7KAovRNmBM9EZJ_Vnyr6oBE&csui=3

e Measurement of short circuit current with Al, Cu, PDMS/Al and PDMS/Cu in vertical contact
separation.
e Measurement of surface charge density (nC/cm?).

e Measurement of load voltage and load current of all prepared samples

3. To evaluate optimal power through TENG device.
e For optimal power, calculate power density for prepared sample and eventually how PEO
based triboelectric nanogenerator influenced with addition of impurities with specified

concentration at room temperature.



LITERATURE REVIEW

2.1 Introduction to TENGS

The use of green and sustainable energy has received a lot of attention due to the growing threats of
environmental pollution and the need for energy. Many efforts have been made to harvest various forms of
energy from various natural sources, including solar, wind, and hydro [7], and convert them into useful
electrical energy. The most dominant of them is mechanical energy, which can originate from gravity, water,
and wind. The capacity of triboelectric nanogenerators to capture mechanical energy and convert it into
sustainable electrical energy has attracted a lot of interest. Through a variety of techniques, including
electrostatic induction and the coupling effect of contact electrification, they can transform mechanical energy
into electrical energy [8].

Since its initial display, TENG has been extensively investigated and admired. TENG offers several benefits,
including flexible structural design, low cost, and high-power generation. TENG can function in electrode
contact, single electrode contact, and sliding modes [9]. In contact mode, it consists of two insulators with
electric polarities that are far apart in a triboelectric series so that, upon contact and subsequent separation,
one material acts as a donor and the other as an acceptor. We refer to the donor material as positive triboelectric
and the acceptor material as negative triboelectric because our goal is to maximize output power, which can
be achieved through increased surface charge density. The only effective way to boost TENG’s efficiency is
to choose the best material with a high electron affinity difference and costly equipment. As a result, the TENG

cost increases significantly, making the use of these methods impractical.

2.2. Triboelectric Effect and Triboelectric Series

TENG uses electrostatic induction and triboelectric phenomenon to transform mechanical energy into
electrical energy. In the inner circuit, the charge transfer between two thin organic/inorganic films with
opposing tribopolarity generates potential, and in the outer circuit, the electrons transfer between two
electrodes attached to the back of the films so that the potential in the outer circuit is balanced in accordance
with the potential generated in the inner circuit [10]. The built-in potential of TENG is dependent upon the
use of electrodes. The relative position of the tribomaterial in the triboelectric series may change depending
on the choice of the electrode due to the use of potential for enhancing the electrical performance by increasing
electron charge density. Because of their availability and high conduction properties, Al and Cu are the most
often used electrodes. The triboelectric series is also crucial to understanding how charge transfer works in

the case of triboelectric nano generators, which rate materials according to how likely they are to gain or lose



electrons when they come into contact with one another but only if they are in their place. The combinations
of these materials have a great effect on the output performance due to the tendency of materials close to the
positive side to lose electrons and materials close to the negative side to gain more electrons. Materials such
as polyethylene, which are on the negative side of the trend, have high electron affinity, as shown in figure 1.
With the materials located nearer to the positive side, such as Al and Cu, the pair can act as an effective
triboelectric pair and the polarity difference between the materials can lead to better results and output

characteristics.

Positive | Polyamide 11 Polyester
Polyamide 6-6 Polyuretane flexible sponge
Melanimel formol o | Polychlorobutadiene
Wool .© | Nature rubber
Silk o | Polybisphenol carbonate
Aluminum “ | Polychloroether
Paper .9 | Polystyrene
Cotton ;3 Polyethylene
Steel 5 Polypropylene
Wood "© | Polyimide
Hard rubber _8 Polyvinyl chloride
Nickel ‘T | Polydimethylsiloxane
= | (PDMS)
Brass Polytetraflouroethylene .
Silver Polytetraflouroethylene Negative

Figure 1: Triboelectric series with the positive and negative characteristics.[7].

2.3. Working principle of TENGs:

A TENG operates on the most basic principles of electrostatic and triboelectric effects [11].
Triboelectrification, also known as contact electrification, is a phenomenon that occurs when two distinct
substances come into touch with one another. It is the basis for how TENG operates. When two different
materials come into contact with one another as a result of external mechanical energy, electrostatic charges
are induced in them. When the external mechanical energy separates them again, an electrical potential is
created between these electrostatic charges, causing the charges on these materials to move from one side to
the other. This process of charge movement is irreversible. Hence the excess charges accumulate on one side
and deficit charges on other side and alternating current can flow according to charge polarity [12]. The

schematic illustration of working of TENG is shown in figure 2.
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Figure 2: Working principle of the TENG in contact-separation mode [12].

As seen in figure. 3, TENG operates in four main modes: vertical contact separation, freestanding triboelectric
layer, single electrode, and lateral sliding. Both materials move relative to one another perpendicular to the
interface during vertical contact separation. This creates a potential difference, which causes a current flow to
counteract the impact. A potential difference is created when lateral sliding movement is parallel to the
interface. In single electrode mode, earth acts as the reference electrode and mechanical energy is captured
without the need for a conduction line. Two symmetric electrode pairs are employed in the FT mode. The
unequal charge distribution generates an electrical output due to separation of freely moving charges [13].
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Figure 3: The four working modes of TENG.[14].

figure 4 illustrates the four primary levels of TENG: the charge-generating layer, the charge-trapping layer,
the charge-collecting layer, and the charge-storage layer. When two charge-generating layers first come into
touch with one another by mechanical force, electron transfer occurs, and one layer becomes positively



charged while the other becomes negatively charged. The charge that was transferred between them is then
sent to the charge storage layer after being shunted via the charge trapping and collecting layer during the
subsequent cycle [15]. The TENG layers are depicted in the Figure [4] below.

? ;
Charge
Storage e
Layer ‘

e

Figure 4: Four different layers of TENG [16].

lon transfer, electron transfer, and material transfer are the three primary triboelectrification processes.
Triboelectric charging occurs because of imbalanced charges brought on by ion transfer. Large particles of
material are exchanged when surfaces come into touch with one another; this might happen as a result of a

chemical reaction or surface roughness [17].

2.4. Theoretical Model of Contact-Separation TENG

The interaction between voltage, charge transfer, and separation distance determines how TENG functions in
contact separation. The V-Q-x relationship provides the voltage for a parallel plate capacitor model with two
dielectric layers in contact. When the surfaces split, the voltage increases for open circuit voltage. Surface
charge density, separation distance x, and the material’s dielectric characteristics all affect the open circuit
voltage. A short-circuit transferred charge Qsc is produced when charges flow via an external circuit under a

short circuit state.
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Figure 5: Theoretical model of TENG [18].

There are two cases shown in figure 5 above. 1% case is dielectric to dielectric in such case there are two
dielectric layers of thickness d1 and d2 and having relative dielectric constant of &,.; and &,., they are used as
triboelectric layer and on the outside layer two metals are used, and their distance is varied accordingly.
Between these dielectrics, there is an air gap and inside these dielectric and air gaps electric field only has a
component pointing in perpendicular direction to surface. And their electric field strengths according to gauss

theorem are given by;

Ey =5 )

Eair = _ste® (2)
N

E; = _Ssonrl 3

V=Ed + Ey + E; (4)

Q

d
- [ 4
0\ ¢&r1

V=-—

S¢g &

Ly x(t)> + 20 (5

2 €0
In above equations Q represents the charges generated, o is the surface charge density and S represents area
size of the metals. For second case as shown in fig 5b, metal 1 acts as an electrode since there is only one
dielectric which will act as acceptor. Therefore, the equation for voltage for this case becomes;

V:Ed2+ Eair (6)
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V= i<d—2+x(t)>+%()t) (7)

. . di | dy - .
If, in equation of voltage we replace 8—1 + 8—2 with dy we will get
rl r2

V= —S%o(d0 +x(0)+ 22 ()

€0

And in short circuit condition V=0 hence after solving above equation, we get;

Sox(t)
QSC - d0+x(t) (9)
Transferred charge is maximum when surfaces are fully separated.
Short circuit current is time derivative of charge being transferred
_ dQg
Iye = 2 (10)
Replacing the value of Q. and after solving this equation we get
Sadgv(t)
=— 11
sc (d0+x(t))2 ( )

The maximum short circuit current is observed for fastest separation or approach phase.

At open circuit condition, when Q is 0 because of no charge transfer in open circuit conditions. Therefore,
Voc is given by;

ax(t)

€0

Voc =

(12)

Voc is directly proportional to separation distance and increases linearly with separation distance and is
inversely proportional to effective dielectric thickness of each layer and materials with high relative

permittivity &, reduce the voltage while thinner layer increases the voltage.

2.5. Power Output and Enhancement Strategies

The electrode materials in the triboelectric nanogenerator play a very important role in transferring the
triboelectric charges to an external circuit. Aluminum (AL) and copper (Cu) are both good conductors of
electricity, rigid and have good bonding ability with the dielectric material. When Al is used with Cu, however,

due to its low output voltage, friction is reduced in order to minimize abrasion [19].
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Output voltage for the copper foil was 78.8 V and the current was measured as 12 pA, hence the selection of
the appropriate material of the electrodes plays a vital role in achieving the best results [20]. In some studies,
the electrical performance of TENG was investigated by using aluminum and copper electrodes and some of
the materials were evaluated according to the performance of TENG used in the single electrode mode.
Another study [21] showed that, utilizing a few layers of graphene-based electrode in TENG, the power
density was 26 times higher. The negative electron affinity materials such as (PDMS), (PVDF) and
polytetrafluoroethylene (PTFE) are best ones for enhancing TENG performance. However, not much has been

done on positive triboelectric materials.

It was believed that the PA6 was the best material among tribo-positive materials to use for the fabrication of
TENG because of its high positive polarity. But recently PEO emerged as the more positive and less costly
alternative to PAG. Polyethylene oxide, also known as PEO, is a synthetic, inexpensive, soluble in water and
biodegradable commodity polymer. The triboelectric properties of PEO/PDMS are much more positive than
those of polyamide-6 (PA6) PEO/PDMS [6]. The output efficiency of the TENG is closely related to polymer-
electrode contact, which has an important influence on it. It is therefore very important to have an optimal

interaction, both for maximum output power and maximum efficiency.

When mixed with metal electrodes such as Al and Cu PEQ’s structural support and electrical conductivity
will be enhanced. The analysis revealed that Al has benefits in terms of cost and weight, and in terms of
generating and transferring electricity, which enhances performance [22]. If PEO with copper is used,

blistering problems can be avoided, and good anti-corrosion and fouling resistance will be given [23].

2.6. Polymer Composites for Performance Enhancement

Recent research has shown that incorporation of different high dielectric fillers can be used as an effective
means of enhancing output performance by increasing surface charge density. Being a high dielectric constant
material, BaTiO3 has gained significant interest amongst the different fillers due to its ability to cause
interfacial polarization and increase the surface charge density when distributed in elastomeric matrices such
as PDMS [24]. In another example, the use of semiconducting fillers in polymer composite such as silicon
carbide (SiC), to enhance the electrical insulation and charge trapping property, has resulted in a high
triboelectric output and good operational stability [6]. In addition, the high specific surface area and high
electrical conductivity enable easy charge transit in the polymer layers and facilitate the modification of their
surface shape to enhance the electrical performance of the layers, which is why carbon nanotubes (CNTSs) are
often incorporated into the polymer triboelectric layers [25]. These studies show that the electrical and
interface properties of polymer composites can be modified effectively by adding dielectric, semiconducting

and conductive fillers as compared to the conventional Al/Al, Al/Cu and PDMS/Cu TENG configurations.
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This can be used as a good starting point to examine the properties of the modified layers (BaTiO3, SiC and
CNT’s) in the PEO.

A paradigm change in material design techniques was brought about by the creation of composite-based
TENGs. The researchers succeeded in enhancing the surface charge density and the dielectric properties by
introducing functional filler [26]. Ceramic nanoparticles, such SiC and BaTiO3, have drawn a lot of interest
among other materials because of their elevated dielectric constants and polarization capacities. Further, the
BaTiO3 SiC-filled composites also had higher output power and charge retention than the other composites.
SiC with excellent electrical properties, high thermal stability and high mechanical strength has appeared to
be a very attractive filler for polymer matrices like PEO. According to the proposed mechanism, SiC
nanoparticles will be integrated with PEO based TENG’s to enhance the performance, because of its higher
surface area and charge transfer ability. SiC in optimum concentration can substantially improve voltage and
power density. The mechanism through which SiC enhances performance of PEO based TENG’s can be
attributed to several factors, one of which is that incorporation of SiC nanoparticles influences microstructure
and phase of pro matrix that leads to improved charge generation and transfer [6]. In particular, the electrical
performance is improved by the increase in the interfacial area for charge separation and transfer.

Future research work can be helpful in finding the optimum concentration range of SiC to further improve the
performance of PEO based TENG’s and maximize energy transfer from TENG?’s.

From the existing literature, there has been definite development progress regarding the development of TENG
materials; however, the relationship between the concentration of the fillers and the performance had not been
studied yet, and this is well understood. Studies in literature are also concerned with loading the material with
fillers to increase the dielectric properties, but it is also possible to optimize the performance by determining
optimal concentrations.

In the present study, the problem is being solved by studying the effects of varying concentrations of SiC in
PEO composites. In contrast with previous works which concentrated on the selection of the best material, we
show that the optimal SiC concentration can be used to enhance performance by optimizing charge transfer

dynamics. This will bring into question the current paradigms and give new ideas for TENG improvement.

2.7. PEO and PDMS in TENG Applications

PEO is a flexible material. It contains c-o0-c in high density that gives it a high positive polarity in the
triboelectric series, PEO is a linear semicrystalline. A flexible positive triboelectric material is polyethylene
oxide (PEO). The high positive polarity in the triboelectric series, resulting from the high density of c-o-c,
makes it suitable to use it as a positive friction layer, and the repeating ether motifs can facilitate the transfer
of charges of the surface during the contact separation process [4]. PEO has certain unique properties due to
its simple and flexible structure, which is a linear semicrystalline polymer. The crystallinity and glass

transition temperature of the PEO can be changed by varying the molecular weight of PEO, for example by
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changing the salt concentration and adding other polymers [27]. The triboelectric property of PEO has been
recently proposed to be enhanced by changing its shape and by adding chemicals. The addition of AgSiO2 to
improve the output, due to its higher dielectric constant and surface roughness [28].

Technically, PEO is a rich and viable material for study of electrode pairing and dielectric response for TENG
performance, while practically, it is a suitable host material for synthesis of PEO-based composites. Molecular
structure of PEO is given in figure 6. Hao et al. [4] pointed out the importance of polyethylene oxide as a
positive triboelectric material. This material has the following features: Excellent dielectric property, film
forming property and environmental friendliness. It also directly contributes to the research of PEO films on
aluminum and copper. Because of its great tribo-positivity, PEO is frequently utilized as a positive triboelectric
generator in TENG arrangement.

H;C °
3 O
O CH3

o &
Figure 6: Molecular structure of polyethylene oxide (PEO).[29]
PEO is a polar polymer with oxygen containing functional groups that tend to lose electrons when in contact

whereas PDMS with its siloxane and methyl side groups tend to gain electrons. This large separation ensures

high surface charge density when in contact.
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METHODOLOGY

3.1 Material Selection

For our experiment we used 600 000g/mol of PEO as a dielectric material and Al, Cu and PDMS with
Al and Cu were used as electrodes. Various number of composites of BaTi0O3, CNT’s and SiC, and SiC
whiskers in a varying quantity prepared and incorporated over PEO, and Triboelectrification is
investigated. Detailed sample preparation is mentioned below;

3.2 Sample and Composite preparation

To determine the effect of the electrode material and nanocomposite fillers on the performances of TENG
devices, several thin films were fabricated based on the standard fabrication methods. This base polymer
solution was obtained by dissolving 0.3 g of polyethylene oxide (PEO) powder in 10 mL of distilled water
and then continuously stirring the solution with a magnetic stirrer for 24 hours at room temperature to ensure
complete dissolution and achieve a high viscosity for uniform film deposition. The solution obtained was then
deposited onto aluminum (Al) and copper (Cu) substrates in a Polo Spin 150i spin coater at 800 rpm for 120
s. Residual solvent was removed and the integrity of the films consolidated by thermal drying of the coated

substrates at 60 °C for 10 minutes.

The effect of the electrode material on the device output was tested by preparing six different top/bottom
electrode configurations. Al, Cu and polydimethylsiloxane (PDMS) were used in combination as the top
electrodes and the resulting combinations are as follows: AI/PEO_AI, Cu/PEO_Cu, AI/PEO_Cu, Cu/PEO_AI,
Al/PEO-PDMS_Cu, and Cu/PEO-PDMS_Cu. The adopted geometry of each device was of a sandwich type,
and they were all used in the vertical contact-separation mode, with the aim of providing uniform and
comparable mechanical excitation in all the configurations. PEO thin film was deposited on Al and Cu to form
dielectric-electrode assemblies constituting upper and lower components of device and when PDMS is added

as additional dielectric it increases effective permittivity and thickness of dielectric device.

After testing these electrode configurations, we used three active filler materials which were then incorporated
into the polymer matrix: multi-walled carbon nanotubes (CNTSs); spherical silicon carbide (SiC), with average
diameter of 80 nm and barium titanate (BaTiOs). The base polymers are obtained by dissolving 0.3g of PEO
in 10g distilled water, and 0.108144g of MWCNT is added to solution. For barium titanium oxide, 0.3g of
PEO was added to 10g of distilled water, later added 3.15528g of 300 nm BaTiOs. For Silicon carbide
whiskers, 0.15g of PEO was added 5mL distilled water. 0.0828g of SiC was added to this solution. All these
mixtures are continuously stirred for 24 hours with magnetic stirrer to obtain homogeneous composite

solutions.
14



The homogenous composites solutions were placed over copper substrate. Every substrate has a surface area
of 2.5 x 2.5 cm?. Because of its impacted electrical characteristics, this substrate is perfect for Triboelectric
Nanogenerator (TENG) applications.

Following the spin-coating procedure, the produced samples were heated to 110°C for three hours on a hot
plate. A stable, functioning sample that is prepared for testing is produced by this last heat treatment, which
guarantees that the composite film is securely bonded to the substrate. The sample preparation was done using
polyethylene oxide in powdered form with molecular weight of 600,000 (nominal) and silicon carbide

whiskers. The physical properties used were as follows

To achieve thin films composite solutions were deposited on substrates using a spin coater. To maintain film
quality under different viscosities the spin speed was adjusted in an incremental manner for higher

concentrations and maximum spin speed for about 120 seconds for a concentration of 5 vol%

Table 1: Test samples against their spin speed.

Sample (vol% SiC) Spin Speed (rpm)
0.025 vol% 400

0.05 vol% 400

0.045 vol% 500

0.1 vol% 500

0.3 vol% 600

0.5 vol% 700

1.0 vol% 800

5.0 vol% 1200

TENG device was assembled according to film fabrication. The composite PEO-SIC film served as primary
triboelectric layer. Copper top contact integrated with PDMS layer for that PDMS was spin coated on same
Cu foil at 800 rpm for 2 minutes and thickness of PDMS was 0.0886mm. This served as counter-electrode

layer.
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3.3 Experimental Setup

The whole experimental setup used to assess output characteristics during the previous semester is depicted
in the pictures below. The device's output performance, including output voltage, current, and other
characteristics, was measured using a repeated vertical compression force of around 20 N at various
frequencies ranging from 1 Hz to 1 MHz. An electric generator (LABPS3005DN) that produced a 12 V electric
pulse at the necessary frequency via relay was utilized to operate a pushing plunger for periodic blows.
Using a 3D printer, a rectangular tip for direct sample contact was created and affixed to the electromagnet's
movable component. An oscilloscope was used to measure the output voltage on the sample, and an adapter
was attached to the oscilloscope to export the data straight into a computer for processing and real-time results
monitoring. figure 7 depicts the completed circuit with plunger and loads, whereas figure 8 depicts the
schematic of experimental set-up.

Figure 7: Contact separator circuit with loads and plunger used to determine output parameters

For this time, we used a new TENG device as shown below in figure 8. This setup is basically a test rig for
vertical contact separation TENG, generated repeated mechanical contact between two triboelectric surfaces.
During each downward stroke the moving sample met fixed lower sample. This periodic contact separation
caused triboelectric charges to build up on the surface resulting in a potential difference. The output of device
was connected with the voltmeter/ammeter for calculating Voc and Isc with a relay, which is further connected
with digital oscilloscope. Further, this TENG is also connected with load for calculating Vi and I .. In this

TENG device, contact time and separation time are kept same which is 100 milliseconds.
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Figure 8: TENG device to determine output parameters.
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RESULTS AND DISCUSSIONS

This study was conducted in three phases and the findings from each phase motivated to investigate new
samples. Results and Discussions are characterized into three phases;

e Pure PEO

e PEO with SiC, BaTiOs, CNT’s

e PEO with different SiC concentrations
Triboelectrification is investigated by measuring open circuit voltage (Voc), short circuit current (Isc), surface
charge density (c) and load dependent output of devices (PLoap) from which the peak power density (Pd) was
calculated. The results are presented and illustrated below in the logical order.

4.1 Pure PEO:

To study the triboelectric output of the fabricated TENG’s using a PEO-based dielectric film as the active
triboelectric layer and a combination of six different electrode was used, along with counter layer
configurations which were designed and estimated. Our TENG device is based on same vertical contact
separation mode as mentioned in figure 05, [18]. For TENG devices we have two mechanism, top electrode
and bottom contact both are dielectric materials (PDMS-Al and PDMS-Cu on top and PEO-AI and PEO-Cu
on bottom) as shown in figure 05 (a), and top electrode as metals (Al and Cu) and bottom contact as dielectric
material (PEO-AIl and PEO-Cu) as shown in figure 05 (b) [18].

The experimental Open Circuit voltage (Voc) values align with the theoretical behavior predicted by Equation
(12) which states that Voc output is directly proportional to the generated surface charge density, 6. The
Al/PEO-AIl and Cu/PEO-Cu samples acted as per the single-dielectric model of Fig. 5(b), and so Eq. (12) was
used to analyze the voltage generation mechanism. Although the work-function differences are very small for
the same metals, the electrostatic charge generated at the interface was small, so the output voltage was
relatively small. figure 9 shows combined graph of open circuit voltage. The Cu/PEO-Cu configuration was
slightly better because of the difference in electronegativity between Cu and Al, but the Voc was still around
1.6 V for the AI/PEO-AI configuration. For metals pair configuration of AlI/PEO-Cu and Cu/PEO-AI, the
devices were still operated according to the figure 5(b) configuration, and the results were analyzed by the
equations (7) and (12).

The surface potential difference significantly increased, increasing the triboelectric charge density, and thus
the output voltage. AI/PEO-Cu configuration resulted in the production of around 6.5V, whereas the Cu/PEO-
Al configuration resulted in the production of near 9-10V. This can be attributed to the higher electronegativity
difference between Cu and Al which enhanced the charge transfer at the interface and thus increased the o

according to Equation (12).
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ox(t)
£

Voc =

(12)

When PDMS was used as the counter triboelectric layer, a much better results were obtained. The devices of
Cu-PEO/PDMS-Cu and AI-PEO/PDMS-Cu, which had a dual-dielectric structure as shown in figure 5(a),

were analyzed by Equations (1) to (5) for the voltage generation mechanism.

Q
Eq1 = —
di Seo&r1
Q
E. —_st®
air — N
o
Q
Eq2 = —
dz Se,€.2

V = Eq1 + Eair + Eg2

V= - (L L)+ 2l

Se, \ &1 & o

V =Eq; + Eair

(1)

2)

3)

(4)

(5)

(6)

Nearly 90 V was obtained for the PDMS/PEO-AI configuration and nearly 57 V was obtained for the

PDMS/PEO-Cu configuration. The strong enhancement is due to the highly electronegative attribute of

PDMS, which is more on the negative end of the triboelectric series due to its siloxane backbone and methyl

side groups. On the other hand, PEO has electron donating ether linkages (C—O—C) which lead to an extremely

large polarity difference between PDMS and PEQ. This large polarity difference led to a high surface charge

density of the triboelectric charging ¢ and hence to a higher Voc as expressed in Equation (12).
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Figure 9: Open circuit voltage.

The short circuit current trends were similar to that of Equation (11)

__ Sod,v(t)

 (dotx(t)) (11)

sC
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Figure 10 shows short circuit current graphs obtained for these configurations. The devices with larger current
output had the higher triboelectric charge densities, as Isc is directly proportional to ¢ and the active separation
process. Peak currents from 0.02-0.054A were obtained from the metal-only configurations and currents as
high as 0.2uA were obtained from the PDMS/PEO-AI containing structures which is the highest current
obtained in this phase followed by PDMS/PEO-Cu which exhibited nearly 0.019 YA current peak .
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Figure 10: Short Circuit current
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The electrical measurements were also measured dependence on load, which were further confirmed the
capacitive nature of the fabricated TENGs. The current load decreased, and the load voltage increased
gradually with an increase in the external load resistance. The behavior is consistent with the internal
impedance characteristics of the contact-separation TENGs. With a peak load voltage of ~8 V for PDMS/PEO-
Al , the peak load current of PDMS/PEO-Cu was ~33 nA, and for PDMS/PEO-AI, the current was ~20 nA
figure 11 shows combined graphs of load current and load voltage.

Power is calculated using the formula.

P =V2/R (13

Since the surface area is 2 cm?, therefore.

Pd = W/cm? (14)

As illustrated above, power density can help find maximum load resistance. For this purpose, we took

logarithm for power values, load resistance and applied polynomial equation on origin pro.
ax? + bx+¢c=0 (15)

After applying polynomial equation, power parameter displaced in resultant sheet have intercept value as c,

B1 as ax? and B2 bx value. By applying differentiation on polynomial equations.

x = —— (16)
As shown in figure 12 a characteristic parabolic curve was obtained. The PDMS/PEO-AIl and PDMS/PEO-Cu
combination gave the maximum peak power density of 10 W/cmz, undoubtedly making it the most effective
combination of electrodes during this stage of testing whereas other configurations like AI/PEO-AI and

Cu/PEO-AI exhibited 10™° W/m2, and Cu/PEO-Cu gave lowest power density of about .
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chosen for further optimization studies with nanocomposites.

4.2 PEO with SiC, BaTiOs, CNT’s
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The steady increase in the trends of Voc, Isc, surface charge density, and power density indicated that the
triboelectric performance is not only affected by the conductivity of the electrode materials but also strongly

depends on the polarity contrast between the contacting surface. Considering these results, the PDMS was

In Phase 2, the contrast of dielectric polarity was shown to be important and use of high permittivity

nanofillers in the PEO matrix was tried to improve its triboelectric performance. To investigate the charge



interaction mechanism, three different types of nanofillers were selected, namely multi-walled carbon
nanotubes (CNT’s), barium titanate (BaTiOs) and silicon carbide (SiC).

The open circuit voltage results as shown in figure 13(b) indicated that the nanocomposites fabricated have a
well-defined performance order. All the nanocomposite devices were made up of one active dielectric
composite layer on the surface of the electrode, which meant that they were based on the single-dielectric
model as depicted in figure 5(b). Therefore, (12) was used to investigate the effect of type and concentration
of' nanofiller on the change in the voltage output. The Voc values for the PEO/SiC composite and PEO/BaTiOs
composite were ~76 V and ~60 V, respectively, higher than the values of the metal-only reference structures
developed in case of pure PEO. The PEO/SiC composite exhibited a Voc of ~76 V and PEO/BaTiOs composite
exhibited a Voc of ~60 V, which are higher than the metal-only reference structures developed in case of pure
PEO.

The improvement in Voc is directly attributed to equation (12) which says that higher the surface charge
density o, higher is the voltage. The use of nanoparticles with a high permittivity allows an increase in charge
accumulation at the interfaces after contact electrification, results to an increase in the polarization of the PEO
matrix. The enhanced polarizability enhanced the effective charge trapping property of the dielectric layer and

the layer's surface charge trapping amount.
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Figure 13:(a) Combined short circuit current graph. (b) Combined open circuit voltage graph

Although the permittivity of the PEO/SiC composite is not as high as that of BaTiOs, the produced voltage
was the maximum. This phenomenon shows that SiC has not only a polarization effect, but also a high number
of surface trap states that can trap the triboelectric charge between cycles of voltage. The high effective ¢ and,
hence, the large Voc is further reduced by the large bandgap of SiC, which also helps to reduce charge
recombination.

The comparatively low voltage was explained as being due to the formation of conductive percolation
pathways in the polymer matrix of the CNT composite. Some of the charges leaked through the conductive
CNT network which lowered the effective charge-storage capacity and hence the surface charge density.

This was confirmed by the short-circuit current measurements. The amplitude of the PEO/SIC and
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PEO/BaTiOs were large, being +0.4 to —1.3 pA and +£0.4 to —1.1 pA, respectively. The increased ¢ values that
were obtained from the increased dielectric polarization as given in Equation (11) led to these larger currents.
The currents in the PEO/CNT composite were relatively small because the conductive pathways neutralized
part of the charges. figure 13(a) shows combined short circuit graphs of these samples.

The measurements of the surface charge density were more revealing of the role of the nanofillers. The
equations utilized in finding charge density are illustrated below along with the table.

=2 qr)

FIPS

where Q is the total triboelectric charge, o is the surface charge density, and A is the contact area. This equation
highlights why increasing surface area through nano structuring and boosting charge density through material

selection are critical for TENG performance.

Q =[Iscdt (18)
8§ =-[Iscdt (19)
As shown in figure 14. The surface charge density of the PEO/SIC composite was found to be highest with
positive charge density of about +1.615 nC/cm?, the PEO/BaTiOs composite had the highest negative surface
charge density of nearly —1.683 nC/cm2. Comparatively, the metal-only reference structures showed an
interfacial-charge generation of around +0.093 nC/cm2, emphasizing the need for the use of dielectric

nanofillers in enhancing the generation of charges at the interfaces.
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Figure 14: Surface charge transferred graph for both positive and negative cycles.

In terms of peak load voltage, the PEO/CNT composite was the best and achieved voltage of 13 V, slightly
higher than that of PEO/BaTiOs and PEO/SiC composites, whose peak load voltage were about 12 V. The

increased voltage production of the CNT composite under load conditions could be due to the increased
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effective contact area and the localized electric field amplification which increases the apparent contact area's
charge density under resistive loading. Not surprisingly, the metal-only systems (Al-PEO/Cu and Cu-PEO/Cu)
retained their position as having the lowest load voltage values for all the resistances.

The load current behavior, as shown in figure 15, showed that PEO/SIC had the largest RMS load current of
around 0.067 pA and PEO/BaTiOs had the RMS load current of 0.057 pA. The CNT composite had a relatively
low load current, which is explained by the charge trapping effect, increased internal impedance, and partial
polarization saturation of the conductive network of the composite. Overall, these results make PEO/SIC the

most balanced and consistently high performing composite in all four electrical parameters tested.
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Figure 15:(a) Load current graphs under varying load condition. (b) Load voltage graphs under varying load

conditions.

The composite PEO/SIC had the highest RMS load current (0.067A) and the most uniform load dependent
power generation and surface charge density in all the measured output parameters of the composites. So, the

PEO/SIC composite was chosen for the optimization of concentration in Phase 3.

4.3 PEO With Different Sic Concentrations

In the final stage of the above work, the concentration of SiC nanoparticles in PEO matrix was systematically
optimized and the amount of SiC nanoparticles that would provide the optimal energy harvesting performance
of the triboelectric generator was determined. Seven different formulations containing SiC content of 0.025,
0.075, 0.1, 0.3, 0.5, 1, and 5 vol% were prepared and tested.

There was a clear non-monotonic response of electrical output to SiC concentration. All the measured
parameters first increased as SiC loading increased, peaked at 0.1 vol%, and then gradually decreased as the
loading was further increased.

When the concentration of SiC nanoparticles is low, the nanoparticles are well dispersed and will enhance the
amount of dielectric polarization and avoid forming aggregates of nanoparticles that can act as charge trapping

sites. This will result in a higher surface charge density o, and a higher Voc and Isc as shown in Equations
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(11) and (12).

These results in terms of the open-circuit voltage as shown in figure 16 clearly showed such concentration
dependence. The voltage output of the composite became highest with value of -95V as it was more
concentrated, reaching 0.1 vol%, and then decreased slowly as it became more concentrated still. The loss of
effective charge trapping at high concentrations of SiC is consistent with more SiC contributing to the loss of
effective charge trapping, so that the overall surface charge density decreases.
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Figure 16: Open Circuit Voltage

The measurements of short circuit current that were also conducted showed even more evidence of an optimum
concentration figure 17 shows short circuit current graphs for the tested samples. The concentration-dependent
devices (PEO/SIC) gave a concentration-dependent current behavior as illustrated in the figure 5(b)
configuration and the resulting current behavior was understood based on Equation (11), which is a direct
function of the concentration of SiC, free layer thickness dO and separation velocity. The 0.1 vol% sample
yielded a peak-to-peak current of ~ £2.3puA, which was over four times that of the 0.025 and 0.075 vol%

samples, and almost five times that of the higher loading samples.
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Figure 17: Short Circuit Current

This is a good strengthening which can be accounted for by equation (11). Both ¢ and effective dielectric
parameter do had positive values at 0.1 vol% which were good for maximizing charge transfer for the contact-
separation cycle. This concentration, and beyond, resulted in charge storage capacity decreasing due to the
presence of conduction pathways created by agglomeration, which led to a current output decrease.

The best behavior was quantified in the measurements of surface charge density. As shown in table 2 and
figure 18 The density of positive and negative charges both increased continuously with increasing
concentration of SiC up to the volume concentration of 0.1 vol% SiC and had the maximum concentrations of
+2.59 nC/cm? and —2.33 nC/cm?, respectively. These concentrations are about 100% higher than the lowest
concentration sample.

Both the positive and negative surface charge density decreased in a systematic manner beyond the optimum
concentration. The measured ones at 5 vol% SiC were +0.857 nC/cm? and —0.869 nC/cm?, respectively. The
degradation rate decreases monotonically, indicating that the main degradation pathway becomes the one of
agglomeration of the nanoparticles at high filler concentrations.

Table 2: Surface Charge Density of Each Concentration

PDMS on top Q(+ve) Q(-ve)
and PEO-SiC nC/cm? nC/cm?
on bottom
Vol%
0.025 1.29 -1.43
0.075 1.42 -1.41
0.1 2.59 -2.33
0.3 2.35 -2.1
0.5 1.56 -1.32
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Figure 18: Surface Charge Density

The three samples with the best performance (0.075, 0.1 and 0.3 vol% SiC) were then tested under load-
dependent electrical measurements. The load voltage of RMS device exhibited the typical impedance
matching phenomenon of contact-separation TENGs their output can be observed in figure 19. When the
external resistance was low, the voltage was small since the majority of charges that were produced passed
through the external circuit. As resistance rose the voltage slowly got closer to saturation.

There was the steepest voltage rise in the sample containing 0.1 vol%. This voltage output was the greatest at
the relatively low resistance levels in this sample, which were approximately 15V. This behavior suggests low
internal impedance and good impedance matching behavior for real-world energy harvesting applications.
As expected, the measurements of RMS load currents decreased monotonously with the increase of load
resistance as shown in figure 20. For the lowest resistance tested (10* Q), the sample of 0.3 vol% of the current
was the highest, around 0.065-0.070 YA, followed by the current of the sample of 0.1 vol% and the current of
the sample of 0.075 vol%. Despite the slightly smaller sample size at low resistance, the 0.3 vol% sample

internal resistance and charge retention was higher resulting in a decrease in total power generation capability.
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Power density analysis was the most direct measurement used to determine the most optimum concentration.
All of the samples had the common power-density curve as a function of load resistance, with the maximum
power obtained at the point where the external resistance value is equal to the internal resistance value of the
TENG. For this purpose, we calculated power by using voltage measured over relative time at individual load.
Later, this power is integrated and area under the power curve for every pulse was calculated. Formula for

power and the values at optimal resistances are mentioned below in Table 3 and figure21.

X2
A :f Py (t) dt (20)
X1
P (21)
WXy
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Where, F,,, represent the statics value taken for prepared sample. Later, we applied gaussian method, since
the power density graph showed in figure 21 has bell shaped peaks. These bell-shaped peaks represent the
area where power is maximum over the range of resistive load. Therefore, after applying gaussian method,

optimal resistance and power density is further calculated by using these equations.

R™M* = 10%c (22)
The composite with 0.1 vol% showed the highest maximum peak power density of 9.325 x 1077 W/cm2 at
optimum value of resistance of 10.62 MQ. In comparison, the 0.075 vol% sample produced 5.717 x 1077
W/em? at 7.96 MQ, while the 0.3 vol% sample generated only 2.842 x 1077 W/cm? at a significantly higher

resistance of 21.26 MQ.

Table 3: Power Density of samples against load resistance

PDMS on top and PEO-SiC on bottom | R™* Pd

Vol% MQ W/cm?
PEO 0.075 vol % 7.95884 5.7171E-7
PEO 0.1 vol % 10.62038 9.325E-7
PEO 0.3 vol % 21.25935 2.8419E-7
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Figure 21: Power Density Graph

When the content of SiC increases, the optimal resistance increases, which specifies that the internal
impedance increases as the SiC content increases, the internal dielectric coefficient decreases, and a certain
degree of agglomeration of nanoparticles exists. The nanoparticles were well dispersed in the PEO matrix at
the concentration of 0.1 vol% SiC, which lead to the maximum dielectric enhancement and charge trapping

efficiency, impedance matching and surface charge density.
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CONCLUSION

e After investigating different PEO/metal and PDMS/PEO TENG configuration, the best result was with
PDMS counter layer, giving Voc of 90 V, Isc of 0.2pA, Load Current of ~33nA and power density of 10°
& wicmz,

e Adding fillers like BaTiOs, SiC and CNT’s we found that PEO/SIC gave the best values with Voc 0of ~76
V, Isc of 0.4 pA, surface charge density of +1.615nC/cm?.

e Seven different SiC concentrations ranging from 0.025-5%vol were tested and best results were obtained

for 0.1 vol% SiC with Voc of -95V, Isc of 2.3 pA and, surface charge density of +2.59/-2.33 nC/cm? and
highest power density of 9.325 x 10" W/cm? at optimum PEO resistance of 10.62 MQ.
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SUMMARY

Didéjanti tvariosios energijos paklausa ir TENG, kaip perspektyvaus atsinaujinancios energijos Saltinio,
atsiradimas paskatino mus toliau tirti PEO pagrindu pagamintus TENG ir kaip galime pasiekti maksimalig
galia naudodami skirtingas TENG konfigliracijas arba jtraukdami aktyvius uzpildus i PEO pagrindu
pagamintus. Pirmiausia kaip aktyvy triboelektrinj sluoksnj panaudojome PEO pagrindu pagamintg dielektring
plévele ir Sesiy skirtingy elektrody konfigtracijy derinj (AVPEO_Cu, PDMS/PEO_Al, PDMS/PEO_Cau,
Cu/PEO_Al, Cu/PEO_Cu, AI/PEO_Al). Atlikus tyrimg pastebéta, kad PEO pagrindu pagaminti TENGS su
PDMS/PEO konfigiiracija parodé geriausius rezultatus, kai LOJ buvo 90 V, ISC 0,2 pA, apkrovos sroveé ~33
nA ir galios tankis 10-8 W/m?. Nustate, kad TENG veikimas labai priklauso nuo pavir$iy poliSkumo kontrasto,
toliau tyréme kriivio sgveikos mechanizmg, naudodami trijy skirtingy tipy nano uzpildus (CNT, BaTiO3,
silicio karbidg (SiC)), ir prid¢jome Siuos uzpildus j PEO pagrindu pagamintus TENG, iStyréme ir palyginome
Ju rezultatus ir pastebéjome, kad PEO/SiC pasizymi geriausiomis savybémis tarp visy iSbandyty uzpildy, kai
Voc yra ~76 V, Isc +0.4, -1.3 pA, pavirSiaus krovio tankis +1,615 nC/cm2, Irms 0,067 pA. Po to
optimizavome SiC koncentracijg PEO matricoje ir nustatéme SiC daleliy koncentracijos kiekj, kuris uZtikrinty
optimaly energijos surinkimo naSumg. Buvo paruostos ir iSbandytos septynios skirtingos koncentracijos, kuriy
SiC kiekis yra 0,025, 0,075, 0,1, 0,3, 0,5, 1 ir 5 tiirio %, o geriausi rezultatai gauti naudojant 0,1 tiirio % SiC,
kurio pavirSiaus kriivio tankis yra +2,59/-2,33 nC/cm?, o didziausia galia. Tankis — 9,325 x 1077 W/cm?, o
optimali PEO varza — 10,62 MQ. Rezultatai ger¢ja didéjant koncentracijai, taciau kai koncentracija virsija tam
tikrg ribg, kriivio perdavimo ir gaudymo efektyvumas pradeda mazéti, o tai sumazina TENG nasumg esant
didesnei koncentracijai. Gerai disperguotos nanodalelés, kuriy SiC koncentracija yra 0,1 tiirio %, uztikrina
maksimaly dielektrin] sustipréjimag ir kriivio gaudymo efektyvumg, todél gaunamas geriausias iSvesties

nasumas.
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Increasing demand of sustainable energy and emergence of TENGS as promising renewable energy source
motivated us to further investigate PEO-based TENGS and how we can achieve maximum power output
using different TENG configuration or incorporating active fillers into PEO based. We first used PEO- based
dielectric film as active triboelectric layer and combination of six different electrode
configurations(AI/PEO_Cu, PDMS/PEO_AI, PDMS/PEQO_Cu, Cu/PEO_AI, Cu/PEO_Cu, AI/PEO_AI) were
used and after investigation it was observed that PEO-based TENGS with PDMS/PEO configuration exhibited
best results with Voc of 90 V, Isc of 0.2pA, Load Current of ~33nA and power density of 108 W/m2. after
discovering that performance of TENG highly depends on polarity contrast between the surfaces we further
investigated charge interaction mechanism using three different types of nano fillers (CNTs ,BaTiO3, silicone
carbide (SiC) and added these fillers in PEO based TENGs and investigated and compared their results and
observed that PEO/SIC shows best behavior among all the tested fillers with Voc0f~76 V, Isc of +0.4,-1.3uA,
surface charge density of +1.615nC/cm?, Irms of 0.067 pA. After that, we optimized SiC concentration in
PEO matrix and determined the amount of SiC particle concentration that would give optimal energy
harvesting performance, Seven different concentrations containing SiC content of 0.025, 0.075, 0.1, 0.3, 0.5,
1, and 5 vol% were prepared and tested and best results were obtained for 0.1 vol% SiC with surface charge
density of +2.59/~2.33 nC/cm? and highest power density of 9.325 x 10~/ W/cm?2 at optimum PEO resistance
of 10.62 MQ. Results improve with increase in concentration ,but when the concentration exceeds a certain
limit charge transfer and charge trapping efficiency starts to decrease which decreases performance of TENGs
at higher concentration. Well dispersed nanoparticles at the concentration of 0.1 vol% SiC, lead to the

maximum dielectric enhancement and charge trapping efficiency resulting in best output performance.
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