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Humans generate massive amounts of plastic and electronic waste, which pollute
our environment, particularly our water supplies, and cause fatal difficulties. In
addition, the increased use of fossil fuels is wreaking havoc on the ecosystem. In
order to solve these issues, we describe a simple, low-cost, and environmentally-
friendly triboelectric nanogenerator (TENG) made of electronic waste and
recycled plastic, and we add nanomaterial to improve power generation using
biomechanical energy. The present investigation involves synthesizing carbon dots
(CDs) nano-material through a single-step hydrothermal technique and CDs nano-
material characterized via UV.Vis Spectroscopy. The proposed carbon dot-
graphite nano composite-based TENGs (CGC-TENGS) are created by reusing dry
cells (electronic waste) to obtain graphite, plastic bottles to obtain plastic, and
synthesized CDs. CGC-TENGs manufactures a simple, low-cost, and
environmentally friendly In-house quick and bulk fabrication printed electro
hydrodynamics (EHD) electrospray process that uses less solvent and does not
require specialist equipment or knowledge. Comparing fabricate TENG device
results, in which CDs used produced high voltage (127.31 V)/current (107.12 pA),
while not using CDs produced low voltage (95.23 V)/current (104.12 pA) at similar
fabrication parameters, the size of the devices are 4.5 cm x 7 cm, and 15 N force
applied. The CGC-TENG (8) has maximum output performance and is thoroughly
investigated using an open-circuit voltage of 171.30 V, a short circuit current of
111.39 pA, and a maximum output power density of 53.08 pW/cm? CGC-TENG
() was used to power an electronic glucose monitoring device, and twenty-three
blue light-emitting diodes (LEDs) to demonstrate its practical applications. The
approach we propose produces renewable energy sources by reutilizing plastic
waste and technological waste, providing a practical and sustainable path toward
our goal of creating a green planet.
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1. Introduction

In the last few decades of technological breakthroughs,
the modern world has been fast changing, resulting in a
massive increase in electric gadgets, for example, digital
cameras, cell phones, computers, and different loT
devices [1-3]. According to recent research by the
International Renewable Energy Agency (IREA), it is
estimated that by the end of 2025, over 70 billion
electronic devices will be connected to the Internet,
surpassing 35.8 billion devices [4]. The increased use of
electronic devices generates severe environmental
issues by producing electronic waste. According to
estimates, global electronic waste creation is expected to
exceed 111 million tonnes by 2050. Because bulk
electronic gadgets are battery-driven, worldwide battery
demand is growing and is expected to spread around (70
GWh) by the end of 2035 [5-7]. Such as a result, a
substantial fraction of electronic waste is abandoned
batteries, particularly non-rechargeable batteries [8, 9].

Furthermore, most of these batteries include harmful
compounds such as carbon metals, which are slowly
discharged into the surroundings and represent
substantial hazards to human health and the
surroundings. When harmful items are discarded in
landfills, they can leach into the soil and enter our water
supply. Poisonous gases are released when burnt,
endangering the environment and human health [10, 11].
Metal-carbon batteries and polymers have some
environmental and health effects. As a result of these
implications, numerous recycling methods for battery
materials have been developed. However, the described
techniques have mainly concentrated on recycling the
battery's metal component while overlooking the
reutilizing of the battery's carbon-based component [12-
16].

Plastic trash contributes to ecological issues like air
pollution, soil contamination, water pollution, rising
temperatures, and so on [17,18]. For example, the "Great
Pacific Garbage Patch" covers 1.5x10* MMkm? of the
Pacific Ocean, with most garbage being plastic waste
[19, 20]. According to projections, worldwide plastic
trash will reach over 12000 million tonnes by 2060 [21,
22]. Plastic bottles hold food and drink, the most
common source of domestic waste, as most of these
flasks are never reused. The increased use of plastic
bottles is driving manufacturing and is estimated to
exceed by the end of this year 585 billion units. As a
result, it is critical to reuse bottles and use them
resourcefully and sustainably [23, 24].
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Energy has historically been a vital component of
human life. We have numerous energy sources around
us, including heat, wind, and light, where mechanical
energy sources lead significantly, as low-frequency
mechanical vibrations are commonly detected. TENGs
have emerged as a low-cost, effective, and efficient
energy source for less power consumption portable
sensors and electronic gadgets like torches, calculators,
LEDs, smart bracelets, and pH sensors [25-28]. TENGs
are a potential technology because they can generate
electrical output using electrostatic induction and
triboelectric charging principles from various low
frequencies, environmental, and mechanically driven
sources. TENG's manufacturing is also low-cost or
scalable, making it preferable to supplementary a low-
frequency energy source. TENGs have traditionally
been manufactured using expensive components and
complex fabrication techniques such as triboelectric
material modification and liquid metal [29-33].

Several methods for producing TENGs from waste
materials have been proposed; one early study gathered
supermarket bags, poly bags, and sponges via trash to
create triboelectric layers, and electrodes were created
with aluminum foil. Another study made the
triboelectric layer out of rubber tires and used aluminum
foil as an electrode. The use of heat glasses reactors and
spin-dip coating processes complicates fabrication.
Broken tea leaves were also recycled as a recovered
triboelectric layer, and aluminum was removed from
used aluminum waste plastic bags. A compaction was
employed to press the aluminum sheet and the broken
tea leaves [34-37].

Furthermore, mixing strain gauges plus TENG was
developed by reusing plastic-based bags. The
combination of a strain detector and a TENG
complicates the overall structure. Only the substrate was
reused from waste plastic bottles in the following study.
In addition, plastics use a negatively charged
triboelectric layer. Then, triboelectric layers were
created using recycled plastic bags, and gold-based
electrodes were created via vacuum deposition
sputtering. The use of gold-based electrodes increases
the cost of the manufacturing process. Face-masks were
repurposed, and electrodes were developed using sticky
copper (tape). Disinfection of facial masks increases the
manufacturing time and cost [38-41].

CDs are nanoparticles with quasi-spherical shapes
and sizes less than 10nm. CDs were discovered in 2004
as a new family member of the nano-carbon. Apart from
being environmentally friendly. It is also potential in
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nanoelectronics and also in biomedical applications due
to less harmful material. The CD's toxicity measurement
depends on various factors, i.e., concentration, size,
surface chemistry, etc. However, the exact reason is still
unknown due to insufficient scientific research. The
CDs have a variety of benefits, including conductivity,
biocompatibility, light bleaching properties, high
solubility, and so on [42-45]. CDs have exceptional
photoluminescence properties, which explains their
efficacy in fluorescence labeling, chemical sensing,
light-emitting diodes, and biological sensing. CDs can
be used as a shell material. A formless or sp2-sp3 hybrid
crystal emerges from the central carbon core. Defects, as
well as functional groups on the surface such as carbonyl
(C- -0), amino (-NH2), hydroxyl (-OH), carboxyl (-
COOH), epoxy (-CH(O)CH-), sulfonic (-HSO3), and
cyano, are present in the spherical shell. (-CN). CDs
containing these functional compounds disperse well in
solvents and interact actively with various materials [46,
47].

Electrohydrodynamic (EHD) inkjet printing is a non-
contact, additive, and direct-writing technology that has
benefits in prototype and large-level manufacturing due
to its cost-effective efficacy, low waste, and quick
output. EHD printable electrospray methods deposit thin
films with high control and precision. They have several
benefits versus spinning depositing, such as more
excellent resolution, fine layer control, adaptability, trim
waste, and quick fabrication. These methods may
deposit various materials and are appropriate for various
applications such as sensors, electronics, and even
biomedicine. In this process, an electric field is applied
between a printing nozzle and a target substrate to emit
the microscale droplets and print the microscale
functional patterns. EHD inkjet printing can create
microscale grid patterns that are invisible to the naked
eye [48-51]. The grid structure of carbon-based printed
electrodes also ensures mechanical robustness and
adaptability. As a result, wearable and flexible TENGs
have been created using carbon-based EHD-printed
electrodes [52].

To reduce pollution and produce valuable eco-
friendly energy, we developed a low-cost and
environmentally friendly triboelectric nanogenerator
(TENG) by recycling e-waste (dry cells) to obtain
graphite and unwanted plastic for triboelectric materials.
For the preparation of conductive ink, recovered
graphite is blended with CDs for EHD printable TENGs,
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where CDs improve the performance of the TENGs.
Using these waste products aids in reducing waste in the
environment and promotes the circular economy. The
suggested CGC-TENG is made quickly in the home
without using expensive equipment, environment, or
experience. The three prototype devices performed
admirably, but the highest performance is CGC-TENG
(8), obtaining a voltage of 171.30 (V), a short-circuit
current of 111.39 (WA), and a maximum electrical output
of power density of 53.08 (uW/cm?). The CGC-TENG
powers an electronic glucose monitoring device and
twenty-three blue LEDs to show its practical
applications in portable, less-power-effective electronic
devices. CGC-TENG reduces environmental pollutants
while also producing energy, promoting the long-term
growth of self-powered portable devices.

2. Material and Methodology

2.1 Materials, Synthesis of Carbon Dots (CDs), and
Characterization

For the synthesis of carbon dots, all raw materials were
bought analytical grade from Sigma-Aldrich, i.e.,
Ascorbic Acid (A92902), Ethylenediamine (E26266,
>99% pure), and Acetone (270725, >99% pure). The
CDs were prepared using a single-step hydrothermal
technique. In 50 mL deionized water, 1 g ascorbic acid
and 1 mL ethylenediamine were dissolved using a
magnetic stirrer for 20 min at 1000 rpm, and further, the
solution was sonicated for 15 min. The solution was
placed in a stain steel autoclave lined with Teflon and
heated at 200 °C for 8 hrs. After heating, the autoclave
was cooled to room temperature, and the resulting CDs
solutions were centrifuged at 4500 rpm for 20 min. After
that, the solutions were filtered through a microporous
membrane with a pore size of 0.22 um, precipitated
wash with acetone, and dried in a hot air dryer at 90 °C
for 18 hrs; after cooling at room temperature, the
material was stored in a moisture and dust-free container
until testing. Fig. 1 depicts the complete technique for
synthesizing CDs using Ascorbic Acid with the
hydrothermal method. UV-Spectroscopy model is
Biotechnology Medical Services (BMS)/ UV 1602
characterized the Carbon Dots synthesized material.
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Fig. 1. Synthesis CDs using Single Step Hydrothermal
Method Process flow

2.2 Printable CDC-TENG Device Fabrication
2.2.1 Materials

CGC-TENG was primarily made of recyclable
materials. The plastic utilized in the device's
construction was cut from smooth surfaces of water
bottles and plastics gathered from a house rubbish bin.
Before usage, the reusable plastic was thoroughly
washed with deionized water and dried at 20 °C.
Graphite was recovered from dry cells obtained from the
local market. The gel-ink from a local market present
gel-pen (Dollar Gel-1' Black-Pen) was combined with
the Carbon Dots CDs and the Graphite composite (CGC)
material for the preparation of conductive ink paste for
the fabrication of CGC-TENG's active layer and the use
of Copper (Cu) and Aluminum (Al) tape as an electrode.
As a flexible substrate material for triboelectric or active
layers and electrodes, chart paper (0.25 mm thickness)
was used. Copper wires were utilized to connect the
electrodes of the CGC-TENG to the external circuitry
and operate portable electronic devices like the
electronic glucose monitoring device, which required
9.6 LW of power, respectively.

2.2.2 Preparation of carbon dots graphite composite
(CGC) conductive ink for thin film formation

The graphite material retrieved from a dry cell produced
composite conductive ink. After removing the graphite
electrode from the used dry cell, rinsing it twice with de-
ionized water, and then cleaning it with cotton fabric, the
graphite electrode is pulverized (micronized) manually
with a porcelain mortar and pestle. In the end, the
polarised graphite powder and the carbon dots powder
were mixed to make a composite material known as
CGC powder with a ratio of 1:0.25. This powder was
then utilized as a conductive paste. The weight of
graphite and carbon dots and the volume of gel pen ink
were measured with the help of a lab analytical digital
electronic weight balance (Joanlab RS-232) and a
measuring porcelain crucible cup, respectively. After
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combining gel pen ink with CGC powder as a binder and
dissolving the mixture in 1 ml of acetone per 5 ml of
solution (CGC solution), the conductive ink is sonicated
for 40 min at 25 °C before developing a thin film.

2.2.3 Preparation of thin films for printable CGC-TENG
device

To create a thin film (active layer), the prepared
conductive ink (CGC solution) is poured into a 5 ml
syringe, and then the syringe is attached to a printable
EHD-based electrospray system, as depicted in Fig. 2(a).
The following components are included in a printable
spray setup: a syringe, a nozzle made of stainless steel,
a pump, a supply of direct current voltage, a microscope
lens, a laptop, and a stage for substrates. Three sizes of
CGC-TENG (0, B, and 8) devices are fabricated,
dimensions are 25 cm x 7 cm, 4.5 cm x 7 cm, and 6.5
cm X 7 cm, respectively. Operating parameters for thin
film forming printing machines include spray nozzle 28-
gauge size (ID = 184 micrometers and OD = 350
micrometers), flow rate of 0.33 gtt/min for 5hrs, and
direct current D.C voltage of 1.5 K.V. The thin film
(active layer) was then created on the chart paper using
conductive paste and an electrospray setup on the above
sizes. The resistances of thin films made with mere ink
of gel-pen and with CGC powder conductive paste
added are plotted. After the thin film was created, the
paper-based substrate was dried out at normal
temperature in an ambient condition.

)

s

Fig. 2. (a) Printable Thin Film Setup (b) EHD No Droplet
Formation (c) EHD Droplet Formation (d) EHD Taylor Jet
Cone Formation

2.2.4 CGC-TENG device assembling

To fabricate the various sizes of the CGC-TENG device
(a, B, and 9), the length and width are 2.5 cm x 7 ¢cm, 4.5
cm X 7 cm, and 6.5 cm x 7 cm, respectively. These are
divided into two sections, with the upper portion
forming the CGCl/paper/plastic thin film as the active
layer and aluminum as an electrode. The lower portion
forms the CGC/paper thin layer as the active layer and
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copper as the electrode, with a 2 cm sponge (Molty
foam) used as a separating material, as shown in Fig. 3.

(O]

CGC Active Thin Layer
(Active layer Formation), ()
4

Dry Cell CGC Conductive ok §
(CDs/Graphite/Gel Ink)

Assembling

€ s-Plastic [l CGCI Paper Plastic [l Cu Al Sponge

Fig. 3. Hlustrations of the CGC-TENG production process in
schematic form: Both (a) and (b) include using paper as a
substrate for producing active thin films. In (c, and d), the
conductive paste is electrospray onto the paper substrate

using printable EHD technology. (e) A sheet of plastic
salvaged from a used plastic bottle is adhered to the back of

an active layer using double-sided tape. Assembly of a
triboelectric pair (f) concludes the manufacturing procedure.

2.3 Investigation of CDC-TENG Device

The resistances of the triboelectric layers and electrodes
were examined using a Uni-T digital multimeter
(UT33B). The electricity-producing performance of the
CGC-TENGs was evaluated when a mechanical tapping
device supplied external mechanical energy. A virtual
digital-oscilloscope (NI VB-8012) was used to examine
the electric signals generated via CGC-TENGs
continuously.

3. Result and Discussion
3.1 Characterize Carbon Dots using UV- Spectroscopy

It was observed that when the synthesized CDs sample
was put in the UV light, the color of the CDs sample
transformed from a hue that was brilliant yellow when
seen with visible light to a hue that was sea green when
seen with UV light. This transformation is depicted in
Fig. 4. According to the results of the UV-Vis
investigation, the CDs sample exhibits absorption
bands; the peak that can be seen at 264 nm is attributed
to the (n- ©n*) transitions of (C=0) bonds, while the
shoulder that can be seen at 301 nm is attributed to the
(m-m *) transitions of aromatic (C=C) bonds. These
transitions can be seen in the spectrum [53, 54]. When
CDs sample was analysed in the UV-Vis, the
concentrated sample of 0.5 ml was diluted in 20 ml of
deionized water before it was analyzed.
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Fig. 4. CDs UV-Vis Analysis Results
3.2 CGC-TENGs Fabrication

The motivation for developing the CGC-TENGsS is to
utilize waste materials and construct them simply
without using expensive specialized equipment. It has
been noticed that Fig. 2 (b, ¢, and d) demonstrates that
the droplet and the Taylor jet cone formation take place
when variations in voltage and current. The voltage
supply and flow-rate parameters of the EHD-printed
electrospray setup for thin film creation as an application
of fabricating triboelectric nanogenerator TENGs are
shown in Fig. 2 (a). It is observed that the voltage and
flow rate are not applied, nor a droplet nor a Taylor jet
cone is formed (see Fig. 2b). The droplet 1854 mm
creation is seen in Fig. 2 (c), but there is no Taylor jet
cone formed in the region where the flow rate was
applied, but no wvoltage was given. Fig. 2(c)
demonstrates that the Taylor jet cone formation has a
droplet size of 63 mm when the applied voltage is 1.5
K.V, and the flow rate is 0.33 gtt/hr. These droplet size
analyses were performed with the "Imagej" software.
The software allowed us to add the electrospray nozzle
size outside diameter, OD = 350 micrometers, and then
interpret available data.

Fig. 5 (a-e) displays the findings of the optical
microscope (B series: SC1603-CK) at 200x active thin
film layer production before and after on the paper
substrate and other supporting components such as
aluminum, copper, and plastic. This was done on the
paper substrate. The magnified results of the material
surface pictures demonstrate that the surface is rough
and uneven and observe the quality of the material used
to fabricate CGC-TENGs. The process by which the
paper fiber absorbed the conductive ink and altered the
surface of the paper substrate is depicted in detail in Fig.
5 (aand b).
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Fig. 5. The findings of a 200x optical microscopy (a) paper
substrate before the active thin film layer development, (b)
After the formation of the active thin film layer on the paper-
based substrate, (c) Aluminum (Al) substrate, (d) Copper
(Cu) substrate. (e) Plastic substrate

3.3 CGC-TENGs' Fundamental Working Mechanism

The CGC-TENG employs triboelectric materials with
opposing polarities, such as plastic substrate and paper.
Fig. 6 depicts the precise working mechanism or
principle of CGC-TENG in vertical contact and
separation function mode, which is based on the
electrostatic induction and the electrification of contact
coupling impact. The manufactured CGC-TENG
generates  significant voltage and current from
mechanical energy that is continuously imparted. The
synergistic impact of the CGC-TENG active layer
dipoles, namely electroactive graphite and carbon dots
(CDs), may explain how CGC-TENG works. Strong
electrostatic relationships between CDs molecules and
the negative dipoles of the CGC-TENG matrix result in
the construction of electroactive graphite during the
formation of hydrogen bonds when CD particles are
present in the complex matrix. While a periodic applied
mechanical or biomechanical force is to the CGC-
TENG, a secondary-potential is created in the CDs
molecules, which arranges the CGC dipoles in the way
that follows the mechanical or biomechanical force is
applied, which encourages stress-associated
polarisation. Vertical contact compression of the CGC-
TENG produces a positive potential at the upper part of
the aluminum (Al) electrode and a negative potential at
the lower part of the copper (Cu) electrode due to self-
polarization caused by deformations of the crystalline
framework of the CDs-doped graphite nanocomposite
and various triboelectric materials. (CGC active layer).
In conjunction with self-polarization, the potential
difference between the two electrodes regulates electron
flow from one electrode to another via an external load.
The triboelectric potential decreases immediately when
the compressive force is abruptly released. Electrons
grouped at the lower part of the electrode are returned to
the additional electrode through the external circuit,
resulting in an electrical output (voltage and current)
with the polar opposite polarity. This process is
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repetitive in the CGC-TENG under continual
compression and relaxation to obtain the electrical
performance output (voltage and current) signals from
the triboelectric nanogenerator energy harvester gadgets
[65-58]. Furthermore, Maxwell's equations can
demonstrate the CGC-TENG device's operation.
Because of local invariance, Maxwell's equations stay
constant in electrodynamics, which can be signified in
the following equation.

V.]+%X(V.D):O (1)
d
Zrw@wpn=o0 (2)

This is known as the continuity equation. Where (p)
and (J) are the overall charge density and current
density, respectively.

The charge density is expressed as

p = pi +pb (3)

Where (Jf) denotes free costs, and (/b) denotes
bound charges.

The current density is denoted by

J=]Jf +]b (4)

Where (Jf) denotes free currents, and (Jb) denotes
bound currents.

Auxiliary fields, which play an active role in dipole
production in dielectric materials, can be characterized
as

D X (r,t) =e0 X E X (r,t) + P X (r,t) (5)

Bx(r,t)
uo

HX (r,t) = M X (r,t) (6)

There (D) stands for displacement field; (e0) stands
for free space permittivity; (E) stands for the electric
field; (P) stands for polarisation; (H) stands for the
magnetic field; (uo) stands for free space permeability;
(B) stands for magnetic induction; (M) stands for
magnetization.

Maxwell's equations could be used to define the
operating mechanism of our current work technology.
Free charges and current will be used to solve Maxwell's
equations.

VxH = Jf + (l—]:(Ampee’s circuital law with correction)  (7)

V X D = Pf (Guss’s law of electrostatics) (8)
VXE = — i—]f (Faraday’s law) 9)
V X H = 0 (Magnetostatics of Gauss’s law) (10)
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The electric field is represented by (E), the
displacement electric field by (D), magnetic induction
by (B), the magnetic field by (H), the free electron
volume charge density by (Jf), and the current density
due to free electron flow by (Pf).

Electrodynamics can calculate the displacement
current for an electric field and the polarisation current
for an electric polarization.

dE
p=" (12)

Thus, the overall displacement current (JD) in a
linear isotropic medium is represented by the 2nd term
of Maxwell's 4th equation. (Eq. 7).

p=2=e0F+5 (13)
Total displacement current is a time-dependent
guantity affected by the dielectric medium's electric
field and polarization. The first term of Eqg. (13)
improves the output efficiency of wireless systems such
as radio, Wi-Fi, etc. In contrast, the second term
improves the piezoelectric effect by increasing (P),
which is determined by the applied force or strain.

Pi = (e)ijk x (S)jk (14)
T = CeS — e”E (15)
D =eS —kE (16)

Where (S) is the mechanical strain, (e)ijk is the
piezoelectric third-order tensor, (T) is the stress tensor,
(Ce) is the elasticity tensor, and (k) is the dielectric
tensor. A linear polarising medium's displacement
current is

o= (17)

As a result of Eq. (17), the piezoelectric effect and
output current density are proportional to the rate of
change of applied force or strain. As a result, achieving
the output value of CGC-TENG by applying force
corresponds to the theoretical equations.

When there is no external field (E) on a dielectric
medium, displacement current depends simply on
polarization (from Eq. (17)). Taking the polarization
along the z-axis (a), we may write.

Da = Pa = 6P(a) (18)

Where 6P(z) is the material's piezoelectric
polarisation surface charge density. The displaced
current term along the z direction (o) will then be
calculated.
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dp de
Jpa = 5 = 2RO (19)

The preceding equation clearly shows why the CGC-
TENG gadget has a high output performance.

Electrical Qutput

Relaxation

(a) Compression

T

pping Device

1
nical Tapping Device

nical

Mecha

echa

M

€ s-piascic Ml coc Paper Plastic [l cu al Sponge

Fig. 6. The Working Principle of CGC-TENGs is illustrated
schematically.

3.4 Study of CGC-TENGs Performance

With the assistance of CDs/graphite active layer and
plastic, we constructed a TENG energy harvesting
device called CGC-TENG for this work. To assess the
performance of the CGC-TENGs (o, B3, and 9), various
electrical output analysis characteristics are plotted and
recorded on the output voltage graphs versus time
presented in Fig. 7(a). The electrical output voltage (V)
and current (MA) are produced by continuous
mechanical tapping that imparts and releases a constant
axial pressure of 15 N with 7 Hz. This process is
repeated indefinitely. Fig. 7(b) illustrates the
characteristic of the constructed CGC-TENGs (o, 3, and
d) known as the current versus time output Fig. 7(b).

During mechanical tapping impartation, the electrical
output (voltage (V) and current (WA)) performance of
the CGC-TENGs is at a high level. CGC-TENGs (o, B,
and J) output voltages are 92.61 V, 127.31 V, and
171.30 V. The short circuit currents are 78.76 HA,
107.12 pA, and 111.39 pA, respectively; both voltage
(V) and current (LA) are measured by a virtual digital
oscilloscope (NI VB-8012) (see Fig. 7(a) and (b)). The
inconsistency of the provided strain on the TENG
energy harvester flexibility and responsiveness device
during mechanical tapping impartation is primarily to
blame for the modest variation in the peak values of the
output voltage (V) and current (MA) that occurs through
rare releasing and pressing. Positive peaks can be seen
in the data when the device is subjected to strain,
whereas negative peaks can be seen when the device is
allowed to recover from the strain and return to its
original form. As a result of the dampening effect that
the device has, further tiny peaks have been obtained.
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Fig. 7. CGC-TENGs device generates electricity characteristics (o, B, and 8): (a and b) Operating output voltage (V)/current (LA)
of a device of increasing size. (c and d) A comparison of the output voltage (V)/current (WA) during the manufacture with and
without using CDs. (e) An evaluation of the CGC-TENG output voltage at the various intervals of manufacture and later 20000
cycles or rounds. (f) Time-dependent charging curves for various capacitors. The rectified voltage from the full-bridge rectifier is
stored in the capacitors. (g) Power density vs Resistance graph. (h) Effect of sponge size and force applied on voltage generation

using CGC-TENG.
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A comparison of the impact of Carbon Dots CDs on
a triboelectric nanogenerator device's electrical output
performance (voltage and current) can be shown in Fig.
7 (c and d). In a triboelectric nanogenerator device, the
findings show a voltage (127.31 V) and a current
(107.12 pA) obtained when CDs were used; in contrast,
the results of not using CDs also show a voltage (95.23
V) and a current (104.12 pA) were acquired. This is
evidenced by the fact that the electrical output (voltage
(V) and current (MA)) performance of CGC-TENG,
which is 1.34 % V and 1.03 % pA with CDs present, is
significantly higher than the output performance of
CGC-TENG without CDs present when both devices
same applied force 15 N.

Fig. 7 (e) depicts the voltage output evaluation of the
as-formed CGC-TENG later 20000 cycles or rounds to
examine its long-lasting durability. These charts show
no noticeable decline in voltage, showing that the CGC-
TENG has solid mechanical durability and stability and
can power portable electronic devices reliably over a
lengthy period. Another vital parameter to consider
when evaluating the performance of a nanogenerator is
power density. As a result, multiple load resistances
have been used to optimize the electrical power density
of CGC-TENG, as presented in Fig. 7 (g). At 700 kQ,
the load resistance, the highest power of 53.08 uW/cm?,
is reached, indicating that this is the CGC-TENG's
optimum internal resistance. Fig. 7 (h) depicts the effect
of sponge size and force applied on voltage generation
using CGC-TENG. It’s observed that the sponge size of
2 cm and force applied at 15 N generated the highest
voltage. When applied force increases in the TENG
device, voltage output increases by enhancing the
contact area and allowing good interexchange charges.
The larger device separation between materials after
recontacting a higher charge imbalance results in a
higher electrical output. Both factors improve TENG
device charge retention and transfer [59, 60].

Low-power electronic devices can only function
properly when supplied with a constant DC signal. As a
consequence of this, the AC signal that is produced by
TENGs cannot be utilized in order to activate these
devices directly. TENGs, in conjunction with energy
storage systems, must be used to supply low-power
electronic devices with continuous DC power. As a
result, the AC voltage of the output CGC-TENG was
rectified using a rectifier and utilized to charge a
capacitor. Fig. 8 (a) displays the circuit block diagram
of the capacitor charging setup. A digital multimeter is
used to monitor the capacitor charging process via CGC-
TENG. The charging curves of several capacitors, 15
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mF to 45 mF, for 200 seconds using CGC-TENG at 7
Hz frequency are shown in Fig. 7 (f), the highest
frequency achieved with mechanical tapping. These
capacitors had enough energy to power small electronic
devices.

3.5 CGC-TENG Real-Time Device-level Applications

CGC-TENG's primary objective is to be used in real-
time device-level applications. It’s demonstrated the
capability of our CGC-TENG to collect energy by
powering several low-power consumption electrical
devices. To begin, we ignited commercial blue LEDs
with our CGC-TENG. Fig. 8 (b) shows twenty-three
LEDs arranged in the alphabetical representations
depicting "CUI" and linked in series using CGC-TENG.
The power supplied by CGC-TENG using
manual tapping was subsequently used to power such
LEDs directly. When the room lights are turned off, the
LEDs illumination becomes more visible, as shown in
Fig. 8 (c). This example shows how easily our CGC-
TENG can power LEDs (7.1 mW).

Fig. 8. Demonstration of CGC-TENG-based less energy use
portable electronics devices: (a) A circuit schematic of a
system incorporating a CGC-TENG (3), a capacitor, and a
rectifier for portable power gadgets. (b and c) show twenty-
three commercial LEDs (left) linked in a series and
controlled precisely by CGC-TENG (8). Lights turn ON and
OFF to demonstrate the flashing of the LEDs. (right-left). (d)
Photogruyj7aphs of the digital electronic glucose monitoring,
driven by CGC-TENG ().

According to the circuit block diagram illustrated in
Fig. 8 (a), to provide power to portable electronic
devices, a capacitor within the CGC-TENG. The system
is divided into two major blocks: the CGC-TENG
merged block linked via a series connected to a full
bridge rectifier and a capacitor with the circuit. For
changing A.C signals to D.C, use four diodes as a
common bridge rectifier, and in order to provide
continuous power to electronic devices for an extended
period, use a capacitor as an energy storing device. The
rectifier's positive terminal is linked to the capacitor's
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positive terminal. In contrast, the negative terminal is
linked to the capacitor's negative terminal, and the
switch is linked to the capacitor's positive terminal and
the portable electronic device. A switch turns ON to
power the gadgets once the capacitor has been charged
to the required level. A digital glucose monitoring
device was chosen from among the portable electronic
devices to be controlled by our CGC-TENG. Charging a
66 F capacitor for 60 seconds using a CGC-TENG
device to power the glucose device. Fig. 8(d) shows that
this portable glucose monitoring device worked for 10
seconds using a 66 F capacitor. The efficient operation
of these gadgets suggests that our CGC-TENG derived
from waste could be utilized to power the low-
power consumption electronic gadgets.

4. Conclusion

The current work discusses the synthesis, low-cost
fabrication of printable EHD electrospray, and operation
of CDs/graphite nanocomposite-based CGC-TENG in
harvesting electrical energy (voltage and current) from
diverse mechanical energy (force applied) sources for
operating low energy consumption portable electronic
devices. The suggested CGC-TENG was created in an
environmentally responsible manner by recycling
wastes and carbon-based nanoparticles that boost
TENG's performance. Furthermore, the suggested
fabrication approach is easy, quick, and simple to use in
our normal environment. The prototype CGC-TENGs
performed admirably, the highest electrical output was
obtained using CGC-TENG (8) with an open-circuit
voltage of 171.30 V, a short circuit current of 111.39 pA,
and a maximum output power density of 53.08 uW/cm?
achieved. When Carbon Dots (CDs) were employed, the
TENG device produced a high voltage of 127.31 V and
a current of 107.12 pA; without CDs, it produced a low
voltage of 95.23 V and a current of 104.12 pA. CDs in
the graphite matrix boost CGC-TENG's electrical
output. The electrical output performance of CGC-
TENG with CDs is much higher than without CDs. 1It’s
demonstrated the CGC-TENG (8) can power an
electronic glucose monitoring device and twenty-three
blue LEDs, proving its usefulness in energy-
consumption portable electronic devices. The proposed
CGC-TENG:s are entirely made of household recyclable
materials, which is consistent with the globular low-cost
concept because not only are the triboelectric active
layers but also other materials can be recycled and
recovered from electronic trash. The paper-based
triboelectric layer is eco-friendly, and also another
triboelectric layer made of plastic is recovered from
unwanted plastic bottles; the proposed CGC-TENG
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decreases environmental contamination and promotes
sustainable development.
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6. Abbreviations

A Current

AC Alternative Current

Al Aluminum

CDs Carbon Dots

CGC Carbon Dots Graphite Nano Composite
Cu Copper

CUl COMSATS University Islamabad
D.C Direct Current

EHD Electro Hydrodynamics

E-Waste  Electronic Waste

HEC Higher Education Commissions
K.W. Kilo Watt

TENGs Tribo Electro Nano Generators
\Y Voltage
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