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ABSTRACT

In this research paper, we present a very simple technique to create a triboelectric nanogenerator
(TENG) composed of aluminum and PDMS (polydimethylsiloxane) layers to harness energy. The
proposed TENG device can generate electricity through the process of triboelectrification. To
improve the performance of the fabricated TENG, spherical gold nanoparticles were sprayed on the
metal layer to increase the surface roughness of the layer. By applying force through Linear coil
actuator, voltage and current of the device was also measured for various load resistances ranging
from 1kQ to 100 kQ generating a voltage of 820.24 mV, current of value 40.24 pA and an output
power of 8.99 uW respectively.

KEYWORDS: Triboelectric nanogenerator (TENG), Poly-dimethyl-siloxane (PDMS), Gold
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1. INTRODUCTION

In the recent years the energy harvesting has drawn attention so as to supply sustained power for
various electronic devices to be used in the fields of medical science, biosensors etc. Energy
harvesting is used basically to convert waste energy that is available in our surroundings into useful
electrical energy. In order to meet the rapidly increasing energy crisis and global warming [1-3],
scientists and researchers are searching various sustainable, renewable and green energy sources so
as to provide energy on a large scale. Various sources of energy like solar, wind, chemical, thermal
and mechanical energy are available in abundance in nature and most of them goes waste because of
their non- utilization. With the used of these energy sources as self-powered devices the use of
battery can be limited/ reduces or devices without battery [4-7] can be manufactured. One of the
most promising sources of energy that can be used as a clean and green energy source is mechanical
energy. It finds its application in wireless sensors and in many portable /wearable electronic devices
[8-12]. With the use of various mechanisms like piezoelectric, triboelectric, electromagnetic and
electrostatic [13-22] the mechanical energy can be converted directly into electricity. With the use of
piezoelectric and tribo electrification low frequency mechanical energy is converted into electricity
that can be used for powering low voltage/ power electronic devices [23-29]. On the other hand
vibration energy is available in abundance in nature, though the energy harvesting is very small but it
finds its application in various portable and wearable electronic devices without the use of any
external power source. In piezoelectric nanogenerators potential is generated with the application of
force on the piezoelectric material which results in the flow of electrons through the external load
[30-33]. The present day piezoelectric nanogenerators mainly depends upon various parameters like
piezo charge co-efficient electro mechanical conversion factor (K), leakage current etc. which
basically limits the use of these materials for energy harvesting. Thus the researchers mainly focus
on triboelectric nanogenerators which are robust as well as cost effective. In general the triboelectric
nanogenerators operations based on contact electrification and electrostatic induction [18, 26, and
27]. TENG finds its applications in wireless systems, portable, wearable electronics and in various
self-powered systems [19, 29, 34, and 35] because of their low cost of operation, simple working,
availability of variety of materials and higher performance. This device basically works on contact
electrification and electrostatic induction [36-37]. Because of its limitations it is important to study
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the surface morphology and choice of materials before fabricating a TENG device. Therefore a great
effort has been made to propose a device that can provide electricity to be used for further
applications. On the other hand, many studies have demonstrated the surface engineering of metal
surfaces, such as the deposition of gold nanoparticles (Au-NPs) of various shapes and sizes. Gold is
used in a variety of applications such as sensors because it is very robust against oxygen present in
air and does not corrode or oxidize like other metals. It is also possible to easily fabricate gold
nanoparticles of various shapes and sizes to generate large contact surface areas at room temperature
and atmospheric pressure without using complex fabrication processes. Improvements in
performance parameters are observed when gold nanoparticles are deposited on metal surfaces
compared to metals without surface technology. Another advantage of using gold nanoparticles is
that gold's robustness against oxygen does not require special protective packaging to protect the
TENG device. Protective passivation is mandatory in various sensor applications, but not in the
manufacture of this his TENG device as it collects waste energy from the environment. The surface
stability of gold nanoparticles makes them suitable for various TENG applications. In this study,
surface technology is presented for the first time by fabricating TENG devices. Deposition of gold
nanoparticles (Au-NPs) on the surface of aluminum metal increases the contact area between the
metal and the PDMS-based polymer layer, increasing the surface charge density. Pinch the device
and apply force using your fingers or a static weight. VVarious parameters such as open-circuit voltage
short-circuit current, and power varies as the applied force varies. From the results, it was observed
that Au-NPs based his TENG performed well despite the fact that gold has a low triboelectric
coefficient compared to other metals. Au-NPs based TENG fabricated in this way exhibit a high
level of robustness even in very hot and humid environments.

2. PREPARATION AND DEPOSITION OF METAL LAYER

The substrate used in the manufacturing process is a 1.5" x 1" ITO coated glass that has first been
properly cleaned using a soap solution. After the substrate is ultrasonically treated, it is treated at
room temperature for about 15 minutes and then immersed in an IPA (isopropyl alcohol) solution.
Finally, the substrate is dried using an air dryer. The substrate is now ready for the deposition
process. First, a titanium metal layer of approximately 100 nm is deposited on the surface of the
substrate. This essentially acts as a binder layer between the ITO-coated glass substrate and the
aluminum layer. For the deposition of a 100 nm Ti layer, the average deposition rate is set to a value
in the range of 30.2 A/sand the LT secondary current value is kept at the highest value of 62
amperes. For the deposition of 150 nm aluminum films, the average deposition rate is on the order of
17 A/lsand 32 amperes for the deposition of aluminum. The water cooler has a pressure of
28 bars and a temperature value of 230 °C. This is done basically by the use of thermal vapor
deposition technique by fixing various deposition parameters as depicted above. A schematic of the
deposition process through thermal vapor deposition is as shown in Figure 1.

Gold
MNanoparticles N

ITO coated Glass
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Fig. 1 Schematic diagram of deposition of metal layers by thermal vapor deposition.

3. PREPARATION AND DEPOSITION OF PDMS LAYER

In order to prepare the PDMS solution, thoroughly mix the Sylgard 184 elastomer and its curing
agent in a 10:1 ratio. To further dilute the solution, add 1 mL of methyl chloride to the solution
prepared above and keep the same solution under vacuum for approximately 30 min to remove air
bubbles from the PDMS. A PDMS layer is deposited on the surface of the ITO-coated glass by a
spin-coating technique, as shown in figure 2. Spin the spin coater at 2500 rpm for 40 s with an
acceleration of 50 rpm to obtain a layer with a thickness of 8-10 um. The samples are then tempered
in a muffle furnace at 150 °C for approximately 3 hours.

[ PDMS (8-10 um) ] -

[ ITO coated Glass ]

Fig. 2.Fabrication of PDMS Layer

4. SYNTHESIS AND DEPOSITION OF GOLD NANOPARTICLES (Au-NPs)

To prepare the seed solution, 2.4 mM gold chloride solution is mixed with 5 ml of distilled water.
Also, mix together 2.4 mMtrisodium citrate and ice-cold sodium borohydride. Finally, both solutions
are mixed and stirred with a magnetic stirrer at 200 rpm for 10 min. To prepare the growth solution,
CTAB (cetyltrimethylammonium bromide) at a concentration of 0.1 M is added to 20 ml of
distilled/DI water. Again, add 2.24 mM gold chloride to pre-dissolved CTAB in distilled/DI water.
Now add 600 pl of the seed solution to the growth solution thus prepared, followed by stirring with a
magnetic stirrer for about 10-15 minutes. The final step is to centrifuge the thus prepared solution to
remove by-products or capping agents (sodium citrate). Therefore, the gold nanoparticles (Au-NPs)
thus produced can be used for deposition on the surface of aluminum metal layers by spray pyrolysis.

~ PDMS Layer

5. FABRICATION OF TENG DEVICE AND ITS WORKING MECHANISM

The triboelectric nanogenerator thus fabricated consists of two layers. i) One layer consists
of PDMS fabricated on an ITO-coated glass substrate and ii) the second layer is gold deposited on
the surface of an aluminum layer fabricated on an ITO-coated glass substrate. Inthe fabricated
device, the gold nanoparticles essentially serve a dual role. One is that it increases roughness when in
contact with the PDMS layer and also acts as an electrode. Assemble the devices thus prepared using
sponge as spacer and tape them to prevent delamination problems. The TENG devices thus prepared
are then subjected to various forces (1-9 kgf) and also manually pushed to induce the phenomenon
of contact separation. The electrical properties of the device were measured, including open circuit
voltage, short circuit current, and output power at different values of applied weight/force. A
schematic of the TENG device is shown below, where a 100 nm thick layer of titanium metal acts as
a binder to bind a layer of aluminum (150 nm) to the surface of the substrate. Next, gold
nanoparticles made by a sol-gel process are sprayed on the top layer to increase the surface
roughness, so that better contact is formed between the two layers when superimposed, thereby
increasing the surface charge density as well as the output performance.
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Fig. 3 Complete fabricated structure

The operating mechanism of the device thus manufactured is as shown in Fig.4. This device
basically works with contact charging and electrostatic induction. In the initial stage, the friction
layers are separated from each other by using a sponge as a spacer to separate the two layers by a
distance 5mm distance as shown in fig. 4, so that the charge between the two surfaces is not created.
When an external weight is placed on top of the top layer, the two friction layers come into contact
with each other as shown in Fig. 4(a), generating a negative charge on the PDMS surface due to the
roughness present. This negative charge caused a positive charge across the PDMS-ITO substrate
interface due to charge neutrality. Removing the weight separates the two surfaces again, creating a
potential gradient between the top and bottom electrodes, as shown in Fig. 4(b). Here, to reach the
equilibrium state, electrons move from the bottom to the top electrode through an external circuit, as
shown in Fig. 4(c). This process produces positive spikes in voltage and current readings. When the
device is reloaded, the electrons move from the top electrode to the bottom electrode in order, and
the equilibrium is lost. The electrons return to their original position (top to bottom of the electrode)
until a new equilibrium is reached, creating a negative voltage and current spike to complete the
entire cycle.

lCurrent

Upperielectiodeliayer;

-~ Dielectric [ayer
Lowetlelectiodellayer

Fig. 4 Electricity generation process in TENG
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a) Contact of ITO and PDMS layer. b)Separation of layers by force reduction. ¢) Original state has
triboelectric charges. d) Contact and movement of electrons

6. PHYSICAL/STRUCTURAL CHARACTERIZATIONS

The various physical /structural characterizations are as explained below:

6(a). Field Emission Scanning Electron Microscopy (FE-SEM)

The surface morphology of gold nanoparticles (Au-NPs) so prepared is characterized by the FESEM
image as shown in figure below.

Fig. 5. FE-SEM images of the metal surface at different scales
From the obtained FESEM images, it was clarified that spherical gold nanoparticles precipitated on
the surface of the aluminum metal used as the electrode, increasing the surface roughness of the
upper surface and increasing the surface roughness. The contact area when two surfaces/layers
come into contact with each other during the fabrication of a TENG device.The morphology of the
PDMS surface is characterized FESEM (Field emission scanning electron microscopy) at different
magnifications which clearly indicate cross linkages depicting that the polymer layer has been

successfully deposited.

=t O %, Bam

Fig. 6. FESEM images of PDMS of different magnifications
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6 (b). Energy Dispersive Spectroscopy (EDS)

The elemental composition of the sample includes precipitation of titanium, aluminum-gold
nanoparticles, and PDMS, as indicated by distinct peaks for each element, as shown in Figures 6 and
7. The sample is therefore ready for electrical characterization. EDS analysis of the elemental

composition is shown in Table 1.
Electron Image 2

!TI
Fig. 7 EDS with unique peaks corresponding to different elements of metallic layers

TABLE 1 EDS ANALYSIS FOR ELEMENTAL COMPOSITION OF METAL LAYER

Element Weight % | Atomic %

Titanium(Ti) | 44.38 36.34

Aluminum(Al) | 41.91 60.93

Gold(Au) 13.71 2.73

Total 100.00 100.00
Electron Image 1

T iom
Fig.8. EDS with unique peaks corresponding to different elements of PDMS layer
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Element Weight % | Atomic %
Carbon(C) |41.99 52.94
Oxygen(O) | 38.75 36.67
Silicon(Si) | 19.27 10.39
Total 100.00 100.00

7. ELECTRICAL CHARACTERIZATIONS

7 (a). Calculation of Open circuit voltage and Short circuit current

The output performance of the TENG fabricated in this way is examined with and without weights of
different values, and the respective open circuit voltage and short circuit current are measured. The
results obtained in this way are represented in graph 1. The graph shows that the open-circuit voltage
and short-circuit current increase with increasing applied force, reaching a maximum open-circuit
voltage of 175.45 mV and short-circuit current of 130.95uA, respectively.
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Graph 1 variation of open circuit voltage and short circuit current
Graphl shows the change in open circuit voltage and short circuit current as a function of applied
weight. The applied force/weight increases the contact between the metal and polymer surfaces and
increases the flow of charge carriers between the two surfaces, thereby enhancing the phenomenon
of contact charging. Therefore, the increased weight and gradual contact separation between the
surfaces creates a potential difference between the two triboelectric layers, which drives both the
open-circuit voltage and the short-circuit current to a maximum value of 175.45 mV & 130.95 pA
respectively.
7 (b). Current — Voltage calculations under different load conditions
The effects of load resistance on voltage, current, and output power are presented in graphical form
as shown below. The load resistance varies from 1KQ to 100 KQ and the maximum voltage value
thus obtained applies to a load resistance of 100 KQ, the maximum current corresponds to a
minimum load of 1 KQ, and the maximum output power obtained at a load resistance of 100 KQ.
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Graph 2 Variations of voltage and current with load
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Graph 3 Variations of power with load
Graph 2 shows the output power of the metal polymer-based triboelectric nanogenerator under
different external loads from 1 KQ to 100 KQ with different weight/applied force. As can be seen
from the graph, the average voltage increases as the load increases, while the average current
decreases due to resistive losses. At a maximum load of 100 KQ, the maximum voltage achieved
with this method is 820.24 mV and a maximum current of 40.24 pA is achieved with a minimum
resistance of 1 KQ. The variation in output power of manufactured TENG is expressed as a function
of load resistance. A maximum power of 8.99 uW is achieved with a load resistance of 100 KQ.
Thus, the results so obtained suggest that aluminum and PDMS-based TENGs work efficiently when
the load has a resistance of several kilo-ohms (KQ).

8. CONCLUSION

In conclusion, it can be said that we have successfully fabricated gold nanoparticles and PDMS-
based electro-rigid nanogenerator. The fabricate TENG device is therefore capable of converting
mechanical energy applied in the form of force (N) through a linear voice coil actuator in the form of
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electrical output. The surface roughness due to the gold nanoparticles plays an important role in
generating the peak power of 8.99 uW. Although the device produces very low power output, it has
clearly demonstrated that power output can be achieved using random mechanical energy. However,
with the control of various parameters such as photolithography, surface roughness, gap spacing, the
output parameters can be increased and even with the use of flexible substrates, Flexible TENGs
could be manufactured, which could lead to an upgraded version of the TENG that could find
application in portable electronics and thus generate large output power so that the device could be
used for commercial purposes.
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