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The accelerated urbanization and rapid growth of the global population has resulted in the generation of
massive amounts of municipal solid waste, mainly containing plastics. The improper disposal and
minimal recycling rate of these waste materials exacerbate several environmental challenges. The
present study focuses on the
nanogenerators (TENGs) based on PS films synthesized by various methods, i.e., solution casting,

recycling of waste polystyrene (PS) by fabricating triboelectric
electrospinning, and spray coating as a positive triboelectric material. Fourier-Transform Infrared (FTIR)
spectroscopy and Field-Effect Scanning Electron Microscopy (FE-SEM) were used to analyze the
functional groups and morphology of the synthesized films. The spray-coated PS-based TENG exhibited
the highest electrical performance with a maximum open circuit voltage (V) of 690 V at 4 Hz, short-
circuit current of () of 67 pA at 5 Hz, and maximum output power density of 28 W m~2 at 50 MQ of
load resistance. This enhanced performance can be attributed to the nanofibrous nature and increased
surface area of the spray-coated films. The practical applications of PS-TENGs were also demonstrated,
and include charging various capacitors and powering a calculator using a rectified voltage circuit. Also,
the real-time control of a small remote-controlled (RC) car has been successfully demonstrated using
PS-based TENGs. This innovative study paves the way for a circular economy by recycling waste plastic
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1 Introduction

The rapid growth of the human population is causing urbani-
zation at an alarming rate, resulting in a large amount of waste
generation globally. According to a report, municipal solid
waste generation is expected to increase from 2.3 billion tonnes
in 2023 to 3.8 billion tonnes in 2050." The poor management of
these waste materials is adversely affecting the environment in
the form of water, soil, and air pollution. Approximately 38 Mt
of plastic waste is dumped as garbage, out of which only 6 Mt
gets recycled.” The packaging industry generates significant
amounts of plastic waste, such as polyethylene terephthalate
(PET), polystyrene (PS), polypropylene (PP), and polyethylene
(PE). The pie chart shown in SI Fig. S1 represents the demand
for these plastics globally.®* Managing plastic garbage is crucial
due to its heavy production and ever-increasing demand. The
improper treatment of plastic garbage can cause serious
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environmental and ecological problems. Handling and
controlling plastic waste have become extremely important as it
generates massive amounts of garbage. To address such issues,
a simple yet effective solution has emerged, which is to convert
waste into sustainable energy.

One of the promising technologies that has become
apparent recently is the triboelectric nanogenerator (TENG),
which converts mechanical energy into electrical energy. It has
several advantages, including easy fabrication, a simple struc-
ture, low cost, and a wide range of material choices. The concept
of TENG was first proposed by Wang et al. in 2012.* The TENG
can harvest energy from various sources, such as wind, water
waves, raindrops, and human motions.*® Apart from these, the
TENGs have become a promising alternative as self-powered
sensors for biomedical and environmental monitoring.****

The triboelectric materials include consumer plastics, also,
which are often discarded or thrown into the environment,
creating serious environmental pollution. In recent times,
several TENGs have been fabricated using waste polymers such
as polypropylene (PP),"** polyethylene terephthalate (PET),'®
polyvinyl chloride bags (PVC),"” polyurethane sponge (PU)"® etc.
The PS is significant among other synthetic polymers, also
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known as thermo-col/Styrofoam, and is a common packaging
material for consumer products such as disposable food
containers'?® because it offers very effective thermal insulation
and is also permeable to gases and water vapour. Due to its
durability, inert nature, and low cost, it is frequently used in
several appliances. However, excessive use of PS is a global
challenge, and recycling poses a threat to the environment in
various ways. The PS may not be the most readily available
polymer, but it poses a severe environmental issue because it is
heavily used in single-use packaging and is challenging to
recycle. It is estimated that around 14 to 15.6 million tonnes of
PS are generated each year, and this is expected to increase in
the coming year.>* However, only 10 to 12% of used PS is recy-
cled, leaving the rest to end up in landfills or the environment.
This exacerbates plastic pollution and places an additional
strain on existing waste management processes. The enormous
waste burden necessitates the utilization of waste PS through
innovative technologies that can support circular economy and
environmental sustainability objectives. The waste PS has
garnered little attention in the advancement of TENGs
compared to other synthetic polymers, such as PVDF, PTFE, and
PDMS. The current study into waste-derived PS-based TENGs
for energy harvesting and sensor applications has been driven
by these factors.

Waste PS-based TENGs represent an innovative approach for
energy harvesting, utilizing recycled PS to convert mechanical
energy into electrical energy. Several studies have explored
various combinations of materials to enhance the performance
of polystyrene-based TENGs. A research group successfully
created a recycled polystyrene-ZnO nanocomposite film for use
in TENG applications.”” This film produced twice the output
voltage and 4.5 times the power density of non-composite
polystyrene TENGs. Adding stearic acid treatment further
enhanced the triboelectric performance, demonstrating that
this composite could be an effective method for energy collec-
tion.”” Research on electromechanically responsive laminates
made from recycled polystyrene has demonstrated that they can
generate voltages exceeding 200 V and currents of up to 12 pA in
response to movement. These laminates, produced through
electrospinning, offer a distinct alternative to traditional ferro-
electric materials, demonstrating stability and efficiency in
energy conversion.”® TENGs that can be moved around and
made from recycled polystyrene. A portable TENG made from
recycled polystyrene and waste corn husk had a power density of
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670.5 mW m 2, sufficient to power several small electronic
devices and LEDs. This highlights the potential of polystyrene-
based TENGs in enabling portable and cost-effective energy
solutions.**

These studies demonstrate how waste PS can be utilized in
TENG applications. However, we must also consider the
broader context of waste management and energy sustain-
ability. The integration of waste materials for energy harvesting
technologies not only reduces environmental pollution signifi-
cantly but also promotes the development of green energy
solutions. On the other hand, to fully utilize these potentials in
real-world situations, problems such as cost-effectiveness,
scalability, and long-term durability must be addressed, as the
utilization of waste PS for developing self-powered sensors,
energy harvesting devices, and optimizing their performance is
still in its early stages.

The three key stages involved in electricity generation via
friction in TENGs are charge generation, charge dissipation,
and charge transfer. However, the optimization and enhance-
ment of electrical output performance are still crucial. Most
reports focus on enhancing charge generation through chem-
ical modifications. This work focuses on the scalable synthesis
of waste PS, the utilization of waste PS, and the effect of an
increase in surface area on the fabrication of TENG. To achieve
this, waste PS is collected from local waste sites. The PS film has
been synthesized using solution casting, electrospinning, and
spray coating methods. This work shows the potential for
reducing energy costs and waste management.

2 Experimental
2.1 Materials

Waste PS was obtained from discarded packaging debris, and
chloroform (99%) was purchased from Loba Chemie Pvt. Ltd,
deionized water (DI) was purchased from Organo Biotech
Laboratories Pvt. Ltd. Conductive copper tape of 3M, and fluo-
rinated propylene copolymer (FEP) were procured from
Amazon.

2.2 Solution preparation

In the first step, waste PS was washed several times using DI
water and left to dry at room temperature. Then, a 10 wt%
solution of waste PS was prepared by dissolving waste PS in
chloroform in a 50 ml beaker.

Fig. 1 Pictures of fabricated samples.
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2.3 Preparation of polystyrene films by different methods

The waste PS film has been synthesized by three methods: (i)
solution casting, (ii) electrospinning, and (iii) spray coating. The
image of all the fabricated samples is shown in Fig. 1.

In the solution casting method, the waste PS solution was
poured into a Petri dish and left to dry at room temperature.
Once the solution dried, it was peeled off from the glass Petri
dish. This sample was labelled as SC-PS.

The electrospinning of the solution was done using standard
electrospinning equipment procured from ESPIN-NANO
(Chennai), India. A stainless-steel needle (21 gauge) coupled
with a 10 ml solution containing a syringe pump was used.
During the process, the flow rate of 1 ml h™", the needle-to-
collector distance of 12 c¢cm, and a high voltage supply of 12
KV were adjusted. Fibers were collected on a stainless-steel
drum wrapped with aluminium foil and ground. This sample
was labelled as ES-PS.

For the spray-coated film, the solution was spray-coated on
an aluminum foil using a Pilot Power AB-05 airbrush gun. The
diameter of the nozzle was 0.5 mm. The PS solution was poured
into the cup of the gun and sprayed at an angle of 45° from
a distance of 15 cm. A very fine layer of fibrous film of waste PS
uniformly gets coated on an aluminum foil. This sample was
labelled as SP-PS.

2.4 Fabrication of various PS-TENGs

A2 x 2 ecm? of synthesized waste SC-PS film, cut and 3M copper
tape was used as an electrode, while 2 x 2 cm? of synthesized
waste PS fibrous film (ES-PS, SP-PS), coupled with aluminum
foil, was cut out. The commercially available FEP film of 2 x 2
cm?® with copper tape was utilized as a negative triboelectric
counterpart, forming the TENG based on PS and FEP tribo-
electric pairs. The TENGs have been further utilized in energy
harvesting and sensor applications.

2.5 Characterizations

A field-effect scanning electron microscope (FE-SEM; Carl Zeiss
Sigma 500) was used to study the morphology of the synthesized
fibers. To understand the functional groups and bonding
structure of waste PS samples, Fourier-transform infrared
(FTIR) spectroscopy (PerkinElmer Spectrum IT-FTIR, from 500
to 4000 cm ') was used. Two different materials with an active
area of 2 x 2 cm” were fixed at the two terminals of a standard
linear motor-based testing system for the contact-separation
process. The open-circuit voltage was measured by a digital
oscilloscope (SIGLENT SDS1104X-E, impedance = 1 MQ), and
the short-circuit current of TENG was measured by an elec-
trometer (Keithley 6517B). All the electric measurements were
recorded at room temperature.

3 Results and discussions
3.1 FTIR analysis

FTIR has been used to analyze different functional groups and
chemical compositions of the PS films synthesized by different
methods. Fig. 2 depicts the FTIR spectra of PS films recorded in

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 FTIR spectra of spray-coated (SC-PS), electrospun (ES-PS), and
solution-casted (SP-PS) fabricated films.

the range of 3500-600 cm ™ '. All the characteristic peaks asso-
ciated with PS were present in the FTIR spectra of three films,
SC-PS, ES-PS, and SP-PS, confirming the preservation of its
chemical composition regardless of synthesis methods.

The peak at 3040 cm™ ' corresponds to aromatic =C-H
stretching vibration, while peaks at 2890 cm ™ * and 2820 cm™*
show the symmetric and asymmetric stretching of —-CH,-
respectively. The transmission peaks at 1600 and 1450 cm ™"
attributed to aromatic C=C stretching. Further, the peak at
1025 cm " can be identified as in plane =C-H deformation
while the peak at 780 cm ™" can be identified as out of plane =
C-H deformation. The band at 710 cm ™ * corresponds to out-of-
plane aromatic deformation. Similar observations were re-
ported by other researchers.”>¢

3.2 Morphological analysis

Typically, the surface area and surface roughness of a tribo-
electric material play an important role in increasing the output
performance of the TENGs. So, to examine the effect of surface
area and surface roughness on the performance of TENG, the
morphology of the PS film has been studied and the electrical
performance of TENGs is correlated to it.

Fig. 3 represents the SEM images of the films. The surface
morphological difference between the SC-PS, ES-PS, and SP-PS
is substantial and can be observed from the SEM images. The
average diameter of ES-PS fibers is approximately 14.4 pm with
a standard deviation (SD) of 8.58 pm, having very high porosity
(average pore size of 0.07 um and SD of 0.03 um) in each fiber,
and the average diameter of fibers of SP-PS is about 377 nm with
SD of 18 nm, having a much higher density of fibers compared
to ES-PS. In contrast, no porosity and roughness is observed in
SC-PS. The smaller diameter of SP-PS fibers compared to ES-PS
fibers can be attributed to the properties of the materials and
processing techniques. The spray coating controls the produc-
tion of fiber more precisely, resulting in reduced diameters.
This method atomizes a polymeric solution using high-velocity
air, creating smaller droplets that solidify into very fine fibers.
On the other hand, the electrospinning depends on the viscosity
of the solution, concentration of the solution, and electrical
forces, which result in thicker fibers. The increase in ionic
conductivity can result in smaller fiber diameters, as evidenced
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Fig. 3 SEM images of (a) solution casted (SC-PS), (b and c) electrospun (ES-PS), and histogram showing fiber analysis and pore size analysis, (d)
spray-coated (SP-PS), and histogram showing fiber analysis of synthesized film.
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(a and b) Working mechanism and (c)(i—iii) electron cloud model describing contact-electrification in PS-TENG.
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by a study relating conductivity to jet radius.”” However, spray
coating is independent of these parameters, facilitating the
fabrication of finer fibers.

3.3 Working mechanism and electron cloud model of
PS-based TENGs

The working mechanism of PS-based TENGs is shown in Fig. 4.
When the top and bottom layers come into contact, an external
force is exerted on the TENGs, and the transfer of surface charge
occurs due to contact electrification. The PS-based films act as
a positive triboelectric material, while FEP is a negative tribo-
electric material. So, PS will lose electrons while FEP will gain
electrons. Due to this, the positive charges accumulate on the
surface of PS films while negative charges generated on the
surface of FEP film (Fig. 4b(i)). When the layers get separated
because of an external force, the potential difference develops
as shown in Fig. 4b(ii). As the separation gap increases, the
potential difference also increases until equilibrium is reached
(Fig. 4b(iii)). Due to electrostatic induction, the opposite charge
will be induced on the corresponding electrodes of the films,
and the electrons will start flowing through the closed circuit of
electrodes (Fig. 4b(iv)). A mechanism has been proposed by
Wang and coworkers®® to explain the transfer of electrons at the
atomic-level interactions using an electron cloud model. The
possible mechanism of electron transfer due to contact elec-
trification is illustrated in Fig. 4c. At the initial stage, when PS
and FEP are separated, the H atoms of PS and the F atoms of
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FEP remain isolated, with no overlapping of their respective
electron clouds (Fig. 4c(i)). Since the interfacial potential barrier
(E;) prohibits electron transfer between the clouds, electrons
remain intact inside the atoms in the potential well. When the
PS and FEP come in contact with each other, at the interface as
soon as the interatomic distance enters a repulsive region, the
electron clouds overlap, reducing the interfacial potential
barrier as depicted in Fig. 4c(ii). This reduction allows electron
transfer between the PS and FEP polymer interface.

Once the layers are separated, the surface of PS becomes
positively charged while the surface of FEP becomes negatively
charged (Fig. 4c(iii)). With the repetitive contact separation
cycle, the continuous potential is generated between the elec-
trodes, which promotes charge flow and generates current in
the external circuit.

3.4 Testing of electrical outputs

The waste PS-based PS-TENGs have been tested for open circuit
voltage and short circuit current at different frequencies, i.e.,
3 Hz, 4 Hz, and 5 Hz, under a constant force of 3 N. The output
power density of PS-TENG depends on both V,. and I, values at
different load resistances. So, the power density is obtained
using both the voltage and current values obtained at different
load resistances, divided by the area of the samples used in PS-
TENGs. Fig. 5 shows the electrical outputs of TENGs-based SC-
PS, ES-PS, and SP-PS as positive triboelectric material, while FEP
is a negative triboelectric material.
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for (a) SC-PS, (b) ES-PS, and (c) SP-PS, respectively.
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Fig. 6 Triboelectric outputs (a) open-circuit voltage, (b) short-circuit current, and (c) power density reported in the literature?*-** compared with

the present study.

It can be observed that PS-TENG based on SC-PS shows
a maximum V,. of 190 V and I, of 1 pA at a frequency of 4 Hz.
The TENG shows a maximum output power density of 1 W m™>
at 1 MQ of load resistance. The ES-PS-based TENG shows
a maximum V,. of 392 V at 5 Hz, I;. of 16 pA at 4 Hz, and output
power density of 7.6 W m~2 at 10 MQ of load resistance. Simi-
larly, SP-PS-based TENG shows a maximum V,. of 690 V at 4 Hz,
I of 67 pA at 5 Hz, and a maximum output power density of
28 W m™ 2 at 50 MQ of load resistance. The SI Fig. S2 represents
the average and SD of V,. and I,. All the readings were taken
under 3 N of mechanical stimulation measured using a load
cell. Fig. 6 shows a comparative analysis of available literature
based on polystyrene-based TENGs. It can be observed that SP-
PS-based TENG shows 28 times more power output than SC-PS-
based TENG due to the enhancement in surface charge gener-
ation due to the increase in surface area.

The Fig. 6 highlights that the present work, using fibrous
films, shows the maximum power density amongst the reported
results. The enhanced electrical output characteristics can be
attributed to the unique morphology of fibrous films. TENG
based on SP-PS shows the highest output density because of the
denser and nanometer-sized fibers. So, the result concludes that
the increase in surface area yields higher electrical output.

3.5 PS-TENG as a power source

Since the TENGs generate alternating signals, which are
unsuitable for powering wearable and portable electronic

412 | RSC Adv, 2026, 16, 4107-4115

devices, a full bridge rectifier circuit has been utilized to charge
capacitors. Further, the charged capacitors can be utilized to
power portable electronics. The equivalent circuit of PS-TENG
for charging capacitors and powering electronic devices
through the rectifier circuit is shown in Fig. 7a.

Different capacitors are charged using the rectified voltage of
the SC-PS-based TENG, and the voltage accumulated across the
capacitors is shown in Fig. 7b. Further, two 47 pF capacitors
were connected in series such that the resultant capacitance is
23.5 pF, and are used for powering the calculator (Fig. 7c and d).

3.6 Toy car controller using contact-separation-based PS-
TENG as human-machine interface

In the current era, Internet-of-things (IoT) based devices have
a significant impact on both personal electronics and industrial
applications. Researchers have predicted that in the upcoming
years, the number of IoT devices will grow exponentially.**
Recently, self-powered wearable flexible devices have gained
significant attention for resolving the increasing energy crisis
and enabling battery-free applications. The TENG has emerged
as a promising energy harvesting technology offering various
benefits, such as a wide range of materials and self-powered
signals that can be used for battery-free systems and wearable
electronics. Therefore, extensive research efforts have been
initiated, leading to advancements in various domains like self-
powered sensors,** actuators, and energy harvesters.***”

© 2026 The Author(s). Published by the Royal Society of Chemistry
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The control interface is a crucial fundamental component
that facilitates the interaction between humans and machines.
With the advancement in TENGs globally, the control interface
based on triboelectricity has become significantly appealing as
it offers unique advantages such as flexibility, low cost, high
performance, and self-generated signals.

A contact-separation mode-based triboelectric control
system for multidirectional sensing and toy car control has been
developed. The real-time control of a small remote-controlled
(RC) car is successfully demonstrated using SP-PS-based
TENG. The triboelectric control system consists of four arch-
shaped PS-TENG using SP-PS as positive triboelectric material
and FEP as negative triboelectric material, coupled with
aluminium and copper electrodes, respectively. The TENG
sensors marked as t, =, §, and e as a game controller are
shown in Fig. 8. The block diagram and the photograph of the
entire control system, having wireless communication systems,
are shown in Fig. 8b and c. The whole setup consists of a wire-
less RC car controlled by four TENG-based sensors, two Arduino
Uno microcontrollers, a 433 MHz radio frequency transmitter
and receiver, an L298 motor driver, and a motor circuit. The
voltage signal from the TENG sensors is converted into a digital
signal by Arduino for accurate processing. The microcontroller
encodes such that the signals are transmitted wirelessly to the
receiver using an RF transmitter. The decoded signals are then

© 2026 The Author(s). Published by the Royal Society of Chemistry

received by the microcontroller through the RF receiver and
transmitted to the motor driver. The motor driver helps in the
efficient control of the motors. The realtime video

Microcontroller
Unit

Microcontroller
Unit

Motor
Driver

RF Module
Reciever

Fig. 8 (a) Block diagram of wireless control system, (b) wireless
controlling using TENG used as switches with microcontroller and RF
module transmitter, and (c) toy car with RF module receiver and
microcontroller connected with motor driver.
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demonstration of the wireless remote-controlled car can be
found in the SIVideo V1. This demonstration of the triboelectric
control system shows the promising potential for diverse
applications in the human-machine interface, inspiring more
research and applications.

4 Conclusions

The study focuses on the innovative approach of recycling
plastic waste by fabricating TENGs based on discarded waste
polystyrene. The fabricated PS-based functional films demon-
strated excellent triboelectric performance, with spray-coated
films exhibiting the highest output power density due to
increased surface area and dense nanostructured morphology.
These results illustrate the paramount role of surface charac-
teristics for enhancing the TENG performance. The practical
applications of PS-TENGs, from self-powered devices to human-
machine interface and energy harvesting applications, pave
a promising pathway toward sustainable waste management
and energy solutions. By addressing environmental challenges
and enhancing energy efficiency, this study establishes a foun-
dation for innovations in energy harvesting technologies and
self-powered sensors utilizing waste materials.
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