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Managing non-biodegradable polymeric waste and exploring efficient energy materials are imperative and

need immediate attention. Herein, these two highly demanding problems were solved simultaneously by

synthesizing nonpolar graphene quantum dots (GQDs) from non-biodegradable plastic waste and using

the GQDs to fabricate energy storage systems. The GQDs were synthesized using styrofoam waste and

coated on a carbonized polyacrylonitrile electrospun matrix (cPAN) to fabricate three- and two-

electrode supercapacitors. A GQD coating of 0.4 mg led to an areal capacitance of 1883 mF cm−2 (or

a volumetric capacitance of 784 F g−1) at 2 mA cm−2 in a three-electrode supercapacitor, which was

∼78 times the capacitance produced in neat cPAN. The energy density also increased from 4 to 316.5

mW h cm−2 compared to neat cPAN. In addition, the two-electrode supercapacitor exhibited high

capacitance, energy density and power density values of 59.7 mF cm−2, 10 mW h cm−2 and 125 mW

cm−2, respectively. Additionally, both the three- and two-electrode supercapacitors maintained their

capacitive behaviour for three thousand charge–discharge cycles. Thus, the approach developed in this

work for the synthesis of efficient energy storage materials can be expanded to other plastic wastes for

the generation of value-added products and unexplored applications, while addressing pertinent issues

related to the environment.
Sustainability spotlight

This study emphasizes the importance of ensuring sustainable consumption and production patterns (SDG 12 of the UN). The pollution due to plastic waste as
solids or emissions in the aquatic and terrestrial ecosystem and the UN's aim of mitigating their detrimental consequences on human well-being and the
environment as stipulated in SDG 12 are addressed in the present work through the process of recycling plastic waste into advanced nanomaterials. Subse-
quently, these nanomaterials are harnessed for energy storage applications, ensuring access to affordable, reliable, sustainable, and modern energy for all (SDG
7). The conversion of plastic waste into quantum dots, followed by their utilization in energy storage applications can contribute to universal access to
affordable, reliable, and state-of-the-art energy services while minimizing the adverse effect of plastic waste.
1. Introduction

The past decade has witnessed an increase in the demand for
new energy storage devices and related technologies to over-
come the serious energy crisis imposed by the depletion of
natural sources.1 Thus, efforts have been devoted to nding new
materials for energy storage devices that can outperform the
current generation of materials. Batteries have long been the
conventional energy storage devices of choice, offering relatively
high energy density and long-lasting power. However, they oen
ng, Indian Institute of Technology Delhi,

il: rajiv@iitd.ac.in

dian Institute of Technology Delhi, Hauz

tion (ESI) available. See DOI:

the Royal Society of Chemistry
suffer from limitations in terms of charging time and lifespan.
Alternatively, electrochemical capacitors, also known as super-
capacitors, seem to full future energy storage device require-
ments because of their miniaturised size, portability and fast
charging–discharging at a high power density.2,3 The eld of
energy storage has experienced remarkable advancement,
propelled by the escalating demands for efficient and sustain-
able solutions. Noteworthy progress has been achieved in sulfur
composite battery research,4–6 wherein innovative metal–air
batteries7 have led to a demonstrably extended lifespan. On the
supercapacitor frontier, GQDs,8–10 MXenes,11–13 carbon
composites,14 metal–organic frameworks (MOFs),15,16 and con-
ducting polymers17 have emerged as promising candidates,
facilitating the fabrication of high-performance devices with
exceptional rate capabilities. With the escalating demand for
sustainable energy solutions, continued exploration and
RSC Sustainability, 2024, 2, 1515–1527 | 1515
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innovation in these domains are imperative for the develop-
ment of next-generation energy storage technologies. Studies
have explored the utilization of both biodegradable18–21 and
non-biodegradable22,23 waste materials in energy storage appli-
cations. The investigation of supercapacitor active materials
from non-biodegradable plastic waste has been driven by the
urgent need for sustainable energy solutions. In this case,
supercapacitors play an important role as we move from limited
natural resources to renewable energy sources for different
applications, including electric vehicles and energy production
powerplants. Depending on the energy storage mechanism,
electrochemical double-layer capacitors (EDLCs) and pseudo-
capacitors are the two classes of supercapacitors that store
energy at the electrode–electrolyte interface and faradaic
reversible reactions of electroactive materials, respectively.
Given that the capacitance and performance of EDLCs mainly
depend on the electrode material, the search for materials with
a high surface to volume ratio, electrode compatibility, and
good conductivity for supercapacitors is necessary despite the
easy availability of a wide range of electrode materials.24

Carbon nanomaterials have high potential to overcome the
challenging demands of supercapacitors due to their tuneable
conductivity and ultra-high surface area. Carbonaceous mate-
rials with a high conductivity, specic surface area and low
fabrication cost are desirable as electrochemical double layer
(EDL) active materials for supercapacitors. In this case, carbon
quantum dots,25–32 carbon nano-onions,33–37 graphene,38–42 and
porous carbon composites43–50 have become a focus of research
in the energy device sector. This is ascribed to their unique
structural properties and marginal change in mechanical,
thermal and electrical properties given that all atoms are uti-
lised to contribute to these properties.

Among the carbon nanoforms, zero-dimensional graphene
quantum dots (GQDs) are one of the most exciting nano-
materials because of their high quantum connement, which
opens up new extraordinary properties that have never been
seen before. GQDs without doping,51–55 doped GQDs,56–60 and
GQD composites61–64 have been explored as EDL materials, and
it has been found that they exhibit good specic capacitance
values at a high current density. The sp2 hybridized single-layer
carbon hexagons with pie-electron cloud in GQDs give rise to
higher conductivity, which contributes to further increasing the
capacitance. However, the synthesis of GQDs involves the use of
harsh acids or bases, which create defects in the continuous sp2

hybridization and hamper their innate properties. Thus, the
production of defect-free zero-dimensional nanomaterials
typically requires costly precursors and technology. Energy-
related materials provide multi-fold benets if produced from
non-biodegradable plastic waste or other environmental
pollutants.

The reuse and recycling of plastic are two conventional ways
to mitigate the environmental concerns raised by plastic debris.
This paves a plausible route for realizing a circular economy;
however, the formation of value-added products, especially for
the energy sector, from these non-degradable wastes, which
typically converge as landll or sewage is challenging. In this
case, carbon quantum dots (CQDs) with luminescence
1516 | RSC Sustainability, 2024, 2, 1515–1527
behaviour, low toxicity, biocompatibility, good conductivity and
stability have attracted attention from researchers worldwide,
especially their synthesis from different types of waste. CQDs
have been synthesized using waste from the paper,65 plastic66,67

and food industries.68–71 Most of these techniques involve rst
the conversion of waste into bulk carbon form via thermal
energy, and then converting the bulk carbon form into
a quantum size using harsh basic or acidic conditions. The use
of base or acids in these methods leads to the generation of
different types of polar functional groups on the surface of
CQDs, which further limit their applications and compatibility
with other carbon forms. Thus, it is necessary to search for
nonpolar CQDs for carbon electrode-based applications given
that they show higher compatibility with other nonpolar carbon
electrodes, and ultimately may lead to a signicant enhance-
ment in the desired properties.72

In this work, supercapacitor electrodes were fabricated using
a nonpolar GQD-coated carbonized polyacrylonitrile electro-
spun matrix (cPAN) to achieve a superior capacitance. Nonpolar
GQDs were synthesized using our previously reported method,
in which non-biodegradable Styrofoam waste was pyrolyzed
under microwave radiation in an acid/base/catalyst-free envi-
ronment.73 Nonpolar GQDs have the advantage of high
compatibility with other nonpolar carbon materials.72 The
contact angle of water on cPAN bre increased from 137° to
145° aer coating GQDs (shown in Fig. S1†), which showed the
good compatibility of the nonpolar GQDs with the cPAN matrix.
It is established that nonpolar carbon materials demonstrate
enhanced compatibility with other carbon materials with
a nonpolar nature. This observation underscores the favourable
interaction between the GQDs and the carbonized PAN
substrate, further supporting the compatibility of GQDs for
integration with the electrode material. The electrochemical
analysis was performed by fabricating three- and two-electrode
systems composed of the GQD-coated cPAN matrix. The GQD-
coated cPAN, platinum sheet and Ag/AgCl were used as the
working, counter and reference electrodes, respectively, in the
three-electrode system. Moreover, a coin cell-based two-
electrode system was also fabricated using GQD-coated cPAN,
cotton fabric and neat cPAN as the cathode, separator, and
anode, respectively. This work was focused on developing
a value-added, novel and inexpensive product using non-
biodegradable plastic waste in the form of quantum dots to
achieve exceptional capacitance properties in the correspond-
ing fabricated supercapacitors.

2. Experimental
2.1. Materials

Styrofoam waste was collected from the packaging boxes of
home appliances, having a weight-average molecular weight
(Mw) and number-average molecular weight (Mn) of 108 035 and
43 811, respectively. The Ag/AgCl/KCl saturated reference elec-
trode was purchased from Biologic Science Instruments, India.
The coin cell holder assembly was purchased from a local
vendor. Whatman lter paper with a diameter of 125 mm and
pore size of 11 mm was used for ltration. Chloroform, toluene,
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4su00153b


Paper RSC Sustainability

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
A

pr
il 

20
24

. D
ow

nl
oa

de
d 

on
 1

2/
5/

20
25

 1
2:

42
:0

1 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
dimethylformamide (DMF) and sulfuric acid of SQ grade were
purchased from Fischer Scientic. All chemicals were used as
received without any further purication or modication.
2.2. Synthesis of GQDs

Our previously reported method was employed for the synthesis
of GQDs from Styrofoam waste.73 Briey, the air in the waste
Styrofoam was squeezed out by dissolving it in chloroform to
avoid the formation of carbon oxide gases. A Rota-evaporator
was used to recover the chloroform and a solid mass of Styro-
foam was formed aer the evaporation of the chloroform. The
solid mass of 0.5 ± 0.01 g was treated at 370 °C for 30 min at
a ramping rate of 10 °C min−1 in a microwave furnace. The as-
obtained dark brown color residue was dispersed in toluene and
ltered using Whatman lter paper to separate the bulk
impurities. The synthesis was performed in triplicate to check
the reproducibility of the process and as-obtained product. The
GQD toluene colloidal solution was further used for the fabri-
cation of the supercapacitor electrodes.
2.3. Preparation of carbonized electrospun PAN matrix

Electrospinning was used to prepare the PAN-based carbon
nanobres. Briey, a PAN (9%wt/wt) solution was made in DMF
and kept under magnetic stirring for 24 h. The resulting poly-
mer solution was electrospun using an electrospinning setup
(E-Spin Nanotech, India) at an applied voltage of 18 kV and
feeding rate of 1 mL h−1. The distance from the tip to the
collector was xed at 21 cm. The electrospun nanobres were
stabilized at 250 °C for 90min in the presence of air, followed by
carbonization at 750 °C for 2 h in a nitrogen atmosphere. The
electrospun carbonized PANmatrix was prepared in triplicate to
check the reproducibility.
2.4. Fabrication of three- and two-electrode based
supercapacitors

The working electrode of the supercapacitor was prepared by
cutting the cPAN matrix to a size of 1 cm2. The cut matrix was
connected with a 0.38 mm diameter copper wire using silver
paste. Subsequently, the prepared electrode was inserted into
a glass pipe with a diameter of 6 mm and glued with epoxy resin
and dried in an oven at 40 °C for 12 h. The nal cPAN matrix
electrodes were dipped into two different concentration GQD
toluene colloidal solutions for 12 h and dried in an oven for an
additional 12 h at 50 °C. A weight gain of 0.1 and 0.4 mg was
observed on the cPAN matrices aer the dipping and drying
process for the two different concentration GQD toluene
colloidal solutions, respectively. The electrodes were used as
working electrodes for further electrochemical characterization.
A platinum sheet with the dimensions of 2.5 cm × 1.5 cm ×

0.014 cm was used to prepare the counter electrode using the
same procedure with silver paste and epoxy resin. Ag/AgCl and
1 M H2SO4 were used as the reference electrode and electrolyte,
respectively. All the electrodes were tted into a Teon-capped
glass cell to form a three-electrode-based supercapacitor, as
shown in Fig. S7.†
© 2024 The Author(s). Published by the Royal Society of Chemistry
In the case of the coin cell-based two-electrode system, the
cPAN matrix and cotton cloth were calendared and punched
into a circular shape with a diameter of 15 mm. The cut cPAN
circular electrode was dipped into the GQD colloidal solution
and the nal GQD coating weight aer drying was measured
(0.1 mg). The GQD-coated cPAN was used as the cathode. Neat
cPAN and cotton were used as the anode and separator in the
fabrication process, respectively. The cathode, anode and
separator were dipped into 1 M H2SO4 electrolyte solution. A
spacer was also used in the assembly to avoid any unwanted
connection and realize the uniform contact of the electrodes
with the current collector. Finally, the coin cell-based assembly
was used for all the two-electrode-based electrochemical char-
acterizations. The two- and three-electrode fabrication process
was repeated to produce three replicates to check their repro-
ducibility in terms of capacitance behaviour.

2.5. Areal capacitance calculations

The area capacitance (C) was calculated from GCD using eqn
(1), where I (mA cm−2) is the current density, Dt (s) is the
discharge time, S (cm2) is the effective area, and DV (V) is the
potential window.

C
�
mF cm�2� ¼ I � Dt

S � DV
(1)

The energy density (E) and power density (P) were calculated
from eqn (2) and (3), respectively.

E
�
mW h cm�2� ¼ 1

7:2
� C � ðDVÞ2 (2)

P
�
mW cm�2� ¼ E

t
� 3600 (3)

2.6. Characterization and equipment

The transmission electron microscopy (TEM) images of the
coated and neat cPAN matrix were recorded on a FEI Tecnai
TF20 at 200 kV. The GQD-coated and neat cPAN matrix samples
were crushed using an electric mixture and sonicated in toluene
to prepare a TEM copper grid with a mesh size of 300. XPS (X-ray
photoelectron spectroscopy) was performed using a Kratos
Analytical Limited AXIS Supra instrument. The samples were
analyzed by Horiba Raman spectroscopy using a 325 nm laser at
a power of 12.5 mW. Nitrogen sorption measurements were
performed using a BELSORP-miniX instrument. All the samples
were degassed at 50 °C for 6 h and their surface area was
calculated using the BET (Brunauer–Emmett–Teller) method.
Electrochemical measurements were performed in a three-
electrode system on a VMP3 BioLogic Science Instruments.

3. Results and discussion

According to our previous report,53 GQDs were synthesized via
the microwave-assisted pyrolysis of waste Styrofoam and elec-
trospun PAN bres were carbonized for the fabrication of
RSC Sustainability, 2024, 2, 1515–1527 | 1517
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supercapacitor electrodes. The GQD samples and electrodes
with their replicas were further characterized using advanced
analytical instruments including electrochemical studies. The
neat cPAN and GQD-coated cPAN bres were partially crushed
using a mortar-pestle and dispersed in ethanol via sonication
for the preparation of the transmission electron microscopy
(TEM) grids. The high-resolution TEM images in Fig. 1A
conrm the presence of cPAN bres with a diameter of around
300 nm, while in the case of the GQD dip-coated cPAN bres
(Fig. 1B), the adequate deposition of GQDs was conrmed on
the bres. The size distribution of the GQDs was determined to
be 6 ± 1.5 nm based on the analysis of the TEM images, as
depicted in Fig. S5.† The high-resolution image of GQDs
inserted in Fig. 1B conrms the presence of uniform circular-
shape GQDs, as also reported in our previous study.

X-ray photoelectron spectroscopy (XPS) was also performed
for both the neat cPAN and GQD-coated cPAN matrix, as shown
in Fig. 2A and B, respectively. In the neat cPAN bre, a nitrogen
peak was seen at 398 eV. In contrast, no nitrogen peak was
observed in the case of the GQD-coated cPAN. Moreover, the
high-resolution carbon 1s spectrum was also recorded to
conrm the presence of carbon–nitrogen (C–N) and carbon–
oxygen (C]O) functionalities in both samples. No peaks were
observed for C–N and C]O in the GQD-coated sample, which
conrmed the surface deposition of GQDs throughout the cPAN
bre. However, aer deconvolution, the appearance of peaks at
285.5 and 288.3 eV conrmed the presence of C–N and C]O
functionalities in the neat cPAN samples coming from the
carbonization of polyacrylonitrile in the presence of oxygen,
respectively.74 A peak for the carbon–oxygen (C]O) function-
ality at 533 eV was also observed in both samples, which may
have originated from the oxidation process of PAN bre.75

Hence, the absence of nitrogen functionalities according to XPS
in the GQD-coated cPAN bred conrmed the uniform coating
of GQDs over the cPAN bres.

Fig. 3A and B show the Raman spectra of the neat cPAN and
GQD-coated cPAN bres used for the fabrication of the super-
capacitor, respectively. Both samples were analysed at an
exposure time of three seconds with ve accumulations using
Fig. 1 (A) TEM image of cPAN fibres. (B) 0.4 mg GQD-coated cPAN fibr

1518 | RSC Sustainability, 2024, 2, 1515–1527
a 325 nm laser at a power of 12.5 mW. A higher intensity defect
band (1350 cm−1) was observed in the case of the neat cPAN
bres compared to the GQD-coated cPAN bres, indicating the
presence of a higher number of defects in neat cPAN compared
to the GQD-coated cPAN. In the case of the graphitic band
(1597 cm−1), lesser broadening was observed for GQD-coated
cPAN, which indicated a more uniform graphitic structure
compared to neat cPAN.76,77 The Id/Ig ratios were also calculated
to be 0.36 and 0.2 for the neat cPAN and GQD-coated cPAN
bres, respectively. A similar Raman spectrum for GQDs, as
shown in Fig. 3B, was also observed in our previous study,73

which conrmed the uniform coating of GQDs on the cPAN
bres.
3.1. Three-electrode electrochemical studies

The supercapacitor studies were performed on the neat cPAN
and GQD-coated cPAN electrode for comparison. Platinum, Ag/
AgCl and 1 M H2SO4 were used as the counter electrode, refer-
ence electrode and electrolyte, respectively, in the three-
electrode system. Cyclic voltammetry (CV) was performed on
neat cPAN and different concentrations of GQDs (0.1 and 0.4
mg) were coated on cPAN as the working electrode. The CV
curves were recorded at 10 mV s−1, 25 mV s−1, 50 mV s−1, 75 mV
s−1 and 100 mV s−1 in the potential window of −0.3 V to 0.8 V.
The CV of neat cPAN (Fig. 4A) exhibited an almost negligible
integrated area, conrming its very low specic capacitance as
well as insignicant current and power density values. Alter-
natively, in the case of the GQD-coated cPAN electrode, a high
integrated area was observed, indicating its much higher
capacitive behaviour together with high energy and power
density compared to the neat cPAN electrode. Noticeably, the
0.1 mg GQD-coated cPAN electrode showed a lower current
density compared to the 0.4 mg GQD-coated cPAN electrode.
The nonpolar nature of GQDs showed better adhesion with
cPAN given that the carbonized PAN bre also showed nonpolar
behaviour. Furthermore, the observed augmentation in surface
area (as shown in Fig. S6†) calculated using the BET method
resulted in an enhanced capacitive performance.
es and high-resolution image of GQDs inserted in the top left corner.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 X-ray photoelectron spectroscopy (XPS) full scan survey of (A) the neat cPAN and (B) 0.4 mg GQD-coated cPAN fabric (high-resolution C
1s spectrum is inserted in the top-right corner).
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Fig. S2A and S2B† show that as the scan rate increased from
10 to 100 mV s−1, a slight improvement in the area and shape
symmetry was observed. This conrmed the high rate capacitive
performance and low internal resistance of the active quantum
material.78,79

Furthermore, galvanostatic charge–discharge (GCD) experi-
ments were carried out to evaluate the performance of the neat
and GQD-coated cPAN electrode at different current densities.
For comparison, the GCD of the neat and 0.1 mg GQDs coated
cPAN electrodes (Fig. 4B) was recorded in the potential window
of −0.3 to 0.8 V at a scan rate of 0.8 mV s−1. The discharge time
for the neat cPAN electrode was calculated to be 33 s, while that
in the case of the 0.1 mg GQD-coated cPAN electrode was 617 s.
The results conrmed that even 0.1 mg of nonpolar GQDs could
lead to an exceptional capacitive performance. The discharge
time from the GCD proles was used to calculate the specic
areal capacitance values from eqn (1). The specic areal
capacitance for the neat cPAN was 24, 15.5, 9.8, 6.4 and 4.4 mF
cm−2 (and its volumetric capacitance was 12, 7.3, 4.9, 3.1, 2.1 F
g−1) at a current density of 0.8, 1.0, 1.2, 1.4, and 1.6 mA cm−2,
respectively (Table S1†). Alternatively, the areal capacitance
values for the 0.1 mg GQD-coated cPAN electrode were found to
be 611.5, 448.7, 291.8, 135.3, and 41.8 mF cm−2 (and volumetric
Fig. 3 Raman spectra of (A) neat cPAN and (B) 0.4 mg GQD-coated cP

© 2024 The Author(s). Published by the Royal Society of Chemistry
capacitance was 291.2, 213.7, 138.9, 64.4 and 19.9 F g−1) at
a current density of 0.6, 0.8, 1.0, 1.2, and 2.0 mA cm−2,
respectively (Table S2†). In the case of the 0.4 mg GQD-coated
cPAN electrode, a maximum areal capacitance of 1883.6 mF
cm−2 (and volumetric capacitance of 784.9 F g−1) at 2 mA cm−2

current density was observed (Table S3†). Thus, a huge jump by
25- and 78-times the specic areal capacitance was observed for
the 0.1 mg and 0.4 mg GQD-coated cPAN electrodes, respec-
tively. In contrast, the IR drop increased aer increasing the
GQD concentration from 0.1 mg to 0.4 in the cPAN electrode
(Fig. S3A†).

Fig. 5A shows the GCD prole of the 0.1 mg GQD-coated
cPAN with varying current densities of 0.6, 0.8, 1.0, 1.2, and
2.0 mA cm−2. Moreover, a decrease in specic areal capacitance
was also seen with an increase in current density for both the
neat and 0.1 mg GQD-coated cPAN electrodes, as shown in
Fig. 5B. The stability of the electrode plays a crucial role in real
eld applications. Thus, the capacitance retention capabilities
of the 0.1 mg GQD-coated cPAN supercapacitor were tested at
a current density of 6 mA cm−2. The regular charge–discharge
measurements were performed for 3000 cycles for the evalua-
tion of cyclic stability (Fig. S4†). A good capacitance retention of
AN fibres.
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Fig. 4 (A) CV curves collected for neat cPAN and different concentrations of GQD-coated cPAN at a scan rate of 100 mV s−1. (B) GCD curves
collected for neat cPAN and 0.1 mg GQD-coated cPAN matrices at a current density of 0.8 mA cm−2.
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81.7% was seen even aer 3000 continuous charge–discharge
cycles.

Electrochemical impedance spectroscopy (EIS) was also
performed on the 0.1 mg GQD-coated cPAN electrode to
understand its electrochemical kinetics. The EIS measurement
was conducted in the frequency range of 100 kHz to 0.1 Hz at an
AC signal of 5 mV. The Nyquist plot (Fig. 6A) was comprised of
a semi-circle attached with an inclined line, representing the
overall resistance of the devices (including the resistance of the
electrode, electrolyte, their contact, and charge transfer resis-
tance) and Warburg impedance, respectively. The circuit t
showed the values of 20.3 and 34.1 U for equivalent series
resistance (Rs) and charge transfer resistance (Rct) respectively,
which indicated the good mobility of the electrolyte ions with
enhanced charge transfer.80,81 Also, the high linear slope sug-
gested better ion diffusion throughout the active matrix.

The maximum amount of energy that can be stored and the
maximum rate of energy transfer per unit area are the two main
factors for any energy device, which decide its market value and
are referred to as the energy density and power density,
respectively. The energy density and power density values were
calculated using eqn (2) and (3), respectively. In the case of the
neat cPAN electrode system, the maximum energy density of 4
mW h cm−2 with a power density of 440 mW cm−2 was observed
Fig. 5 (A) GCD curves of 0.1 mg GQD-coated cPAN matrices collected
coated cPAN matrices at different current densities.

1520 | RSC Sustainability, 2024, 2, 1515–1527
at a current density of 0.8 mA m−2, as shown in the Ragone plot
in Fig. 6B. Interestingly, a jump of around 19 times (75.4 mW h
cm−2) was seen in energy density in the case of the 0.1 mg GQD-
coated cPAN electrode system with the same power density of
440 mW cm−2 and current density of 0.8 mAm−2. The maximum
energy density of 102.8 mW h cm−2 was calculated at a power
density of 330 mW cm−2 and current density of 0.6 mA m−2,
which was 26 times higher than the maximum power density
observed in the neat cPAN electrode system. The capacitance,
energy density and power density values of our electrodes were
compared with previous studies (Fig. 7A). It was clearly observed
that our non-biodegradable plastic waste GQD-coated three-
electrode supercapacitor showed good capacitance, energy
density and current density values compared to previous
studies.
3.2. Two-electrode electrochemical studies

A two-electrode-based coin cell supercapacitor device was also
fabricated using 0.1 mg GQD-coated cPAN fabric and its elec-
trochemical analysis was performed. The GQD-coated cPAN,
cotton fabric, and neat cPAN were cut into a circular shape with
a diameter of 15 mm and used as the cathode, separator and
anode, respectively (Fig. 8A). The cathode, anode and separator
were all dipped in 1 M H2SO4 solution as the electrolyte used in
at various current densities. (B) Specific capacitance of neat and GQD-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (A) Nyquist plot of the GQD-coated cPANmatrix with the circuit fit and circuit diagram inserted on the right-hand side. (B) Ragone plot of
energy density and power density for neat and GQD-coated cPAN matrices.
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the three-electrode system. Subsequently, the whole assembly
was packed tightly with the help of a spacer to avoid any
unwanted gaps between the electrodes. The CV characteristics
were recorded (Fig. 8B) in the same potential window and
identical scan rates as the three-electrode system. The inte-
grated area of the GQD-coated two-electrode based super-
capacitor was greater than the neat cPAN-based three-electrode
system (Fig. S3B†), which further indicated the higher capaci-
tance values of the two-electrode device.

Moreover, the GCD curves were also recorded for the calcu-
lation of the actual capacitance values at different current
densities, as shown in Fig. 9A. The specic areal capacitance
values for the 0.1 mg GQD-coated two-electrode-based system
were 59.7, 48.3, 38.7, 30.8 and 5.9 mF cm−2 (and volumetric
capacitance was 28.4, 22.9, 18.4, 14.7 and 2.8 F g−1) at the
current density of 0.4, 0.6, 0.8, 1.0, and 2.0 mA cm−2, respec-
tively (Table S4†). The areal capacitance of the two-electrode
supercapacitor device for the different materials is shown in
Fig. 7B. The areal capacitance of GQDs obtained from non-
Fig. 7 (A) Three-electrode system areal capacitance, energy density and
GQD-coated cPAN electrodes. (B) Literature survey of areal capacitance
compared with the 0.1 mg GQD-coated coin cell fabricated in this work

© 2024 The Author(s). Published by the Royal Society of Chemistry
biodegradable plastic waste in the present work was signi-
cantly higher than that in the previously reported studies. EIS
was also performed on the 0.1 mg GQD-coated two-electrode
system in the frequency range of 100 kHz to 0.1 Hz at an AC
signal of 5 mV. The Nyquist plot of the two-electrode device
(Fig. 9B) consisted of a larger area semi-circle compared to that
observed in the three-electrode system attached with inclined
line. This larger area semi-circle indicated the higher resistance
in the two-electrode device compared to the three-electrode
system because of the restricted mobility of charge usually
seen in three-electrode setups. The equivalent series resistance
and charge transfer resistance were also calculated using the
relevant circuit t. The Rs and Rct values were found to be 2.2
and 119.3 U. The comparison of the Rs and Rct values with that
of the three-electrode system reected that the Rs value
decreased by 9.2 times, but on the contrary the Rct value
increased by 3.5 times.

As shown in Fig. 10A, GCD was also performed for 3000
regular charge–discharge cycles to evaluate the device stability
power density literature survey82–91 compared with 0.4 mg and 0.1 mg
, energy density and power density of the two-electrode system92–103

.
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Fig. 8 (A) Graphical representation of the coin cell-based two-electrode supercapacitor. (B) CV curves of 0.1 mg GQD-coated cPAN matrices
collected at various scan rates.
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of the two-electrode device. Aer all the charge–discharge
cycles, a good capacitance retention of 98.7% was observed,
indicating that the two-electrode supercapacitor was stable. A
maximum areal energy density value of 10 mWh cm−2 at a power
density of 125 mW cm−2 was observed at a current density of 0.4
mA m−2 (Fig. 10B). Furthermore, as the current density
increased, the energy density decreased, while the power
density increased. Themaximum power density of 625 mWcm−2

was calculated at 1 mWh cm−2 and 2mAm−2 energy density and
current density, respectively. The energy density and power
density values of the two-electrode system for different mate-
rials are shown in Fig. 7B. It can be found that the energy
density of 10 mW h cm−2 at a power density of 125 mW cm−2

established a signicant improvement compared to the values
in the literature.
4. Conclusion

A feasible approach to convert hazardous, non-biodegradable
plastic waste into a value-added product was reported herein.
GQDs of controlled dimensions and nonpolar properties were
reproducibly generated via the microwave-assisted pyrolysis of
Fig. 9 Two-electrode system (A) GCD curves of 0.1 mg GQD-coated
Nyquist plot of 0.1 mg GQD-coated cPAN matrix with circuit fit and the

1522 | RSC Sustainability, 2024, 2, 1515–1527
Styrofoam waste without using any corrosive acids or bases.
Subsequently, a supercapacitor was fabricated based on the as-
obtained GQDs by depositing the GQDs on a cPAN matrix and
the supercapacitance performance of three- and two-electrode-
based systems was evaluated. The three-electrode system
based on neat cPAN showed a specic areal capacitance value of
24 mF cm−2, while in the case of the GQD-coated cPAN three-
electrode, the maximum capacitance values of 611 mF cm−2

and 1883 mF cm−2 were obtained with a 0.1 mg and 0.4 mg
concentration of GQDs, respectively. Good energy density and
power density values were seen at 102 mW h cm−2 (0.1 mg GQD)
and 330 mW cm−2 (0.4 mg GQD), respectively, with capacitance
retention during 3000 charge–discharge cycles. A maximum
capacitance value of 78 times higher than the cPAN electrode
was seen aer coating the nonpolar GQDs. Alternatively, the
two-electrode system exhibited the maximum capacitance of
59.7 mF cm−2 at the current density of 0.4 mA cm−2. Also, the
two-electrode-based coin cell supercapacitor outperformed the
neat cPAN three-electrode system in terms of areal capacitance
and energy density values. GQDs coated on the cPAN electrode
clearly showed better adhesion because of their nonpolar
nature and defect-free sp2 hybridization, which contributed to
cPAN matrix collected at various current densities. (B) Two-electrode
circuit diagram inserted in the top centre.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 (A) Capacitance retention of 0.1 mg GQD-coated cPAN matrix for 3000 cycles in the two-electrode supercapacitor. (B) Ragone plot of
energy density and power density for the 0.1 mg GQD-coated two-electrode system.
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the overall conductivity enhancement of the electrode. The
better adhesion and higher conductivity of GQDs led to a very
high specic areal capacitance. The developed approach can be
further explored to realize the sustainable idea of non-
biodegradable plastic waste utilization in the eld of energy
storage materials and provide an unforeseen opportunity to
address the current energy and waste management demands.
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