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From waste to energy storage: post-consumer
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This research work aims to explore the potential usage of post-consumer waste expanded polystyrene
(EPS) for the fabrication of self-standing electrodes by incorporating reduced graphene oxide (rGO) into
it via a facile cost-effective mechanical mixing process. The m—m interaction between the expanded
polystyrene and rGO is evidenced from FT-IR and Raman analysis. The elevated thermal stability of the
EPS/rGO composite from thermogravimetric analysis (TGA) further confirms the interconnection
between the rGO and EPS. This m—m stacking interaction between the rGO and the polystyrene
molecules present in the polymer matrix enable the composite material to be interconnected
throughout which is beneficial for the charge transport process. The symmetric coin cell supercapacitor
fabricated using the EPS/rGO composite electrode can be operated with a high operating voltage of
16 V in aqueous KOH and Na,SO, electrolytes. The devices fabricated with KOH and Na,SO4
electrolytes deliver an areal capacitance of 11.9 mF cm™ and 10 mF cm™2 at the discharge current
density of 0.1 mA cm~2. Further, the devices fabricated with the KOH and Na,SO, electrolytes
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cycles. This facile method of preparation without consuming energy or polluting the environment is

DOI: 10.1035/d3ra07071a a novel approach which can be scaled-up to large-scale fabrication of self-standing plastic electrodes
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1. Introduction

Technology advancement in consumer electronics highly
demands portable energy storage devices. Carbon materials are
widely studied for energy storage applications since they are
abundant, low-cost materials, having high specific capacitance
and high power density and being electrochemically stable
materials." In recent years, storing energy in plastics is a new
concept in the field of energy storage in which low-cost plastic
materials are employed for energy storage applications.”> Often
research communities have attempted to convert the plastic
and industrial waste materials into carbon materials which can
be used as electrode materials for supercapacitors.® In our day-
to-day life, polymers, particularly expanded polystyrene (EPS)
which is commonly known as thermocol, a synthetic aromatic
polymer material, are most commonly used in the form of
packaging materials, foam cups, shock absorbing materials,
transportation, medicine etc.*® The usage of EPS is increasing
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for low-cost energy storage applications.

continuously and subsequently the disposal of the same in the
environment is also increasing rapidly. After use, it is thrown
into open spaces which is harmful to the environment. Disposal
or burning processes of EPS are not advisable as they can
release toxic chemicals which can pollute the land and
ecosystem. Instead, converting them into value added products
such as adhesive materials for construction, or for preparing
carbon materials, has been a welcomed effort to reduce the
pollution.® Nevertheless, an eco-friendly recycling process is
required for a better environment.” Waste EPS can be dissolved
in organic solvents such as petrol, acetone, ethanol or combi-
nations of them to make useful products like adhesive or glue
which can be used in construction, factories etc.* In the field of
energy storage, Vadiyar et al. converted the EPS waste into
carbon materials for the preparation of a carbon-Fe;O, nano-
composite for application in a supercapacitor.®? Though, using
them directly without consuming energy or polluting the envi-
ronment for the energy application is a novel approach. Basi-
cally, polystyrene (PS) is an electrical insulator, however, the
conductivity of the polystyrene can be tuned by the addition of
conducting carbon materials like graphene, rGO etc. into it.°
The incorporation of the carbon materials into the non-
conductive plastic materials is an effective way to make the
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conductive polymer composites.”® Such a process of incorpo-
rating the conducting material into the polymer matrix is
a ground-breaking technique which is also beneficial to
improve the mechanical, thermal, optical and electrical prop-
erties of the desired composite.”'* The adhesive and charge
transfer properties of the polymer were significantly improved
via - interaction of phenyl rings present in the graphene."*
Many attempts including in situ polymerization, in situ reduc-
tion, solution blending, and melt blending were made for the
preparation of polymer/graphene composites.’” For instance,
the encapsulation of Ag nanoparticles into the polymer matrix
showed improved thermal stability, mechanical strength and
anti-bacterial property.® Likewise, the polystyrene/graphene
composite prepared via melt blending showed enhanced elec-
trical properties.'* Similar to this, polystyrene grafted on rGO via
an emulsion polymerization method showed improved dielec-
tric behavior of the composite.' An analytical device fabricated
with a polystyrene@rGO composite prepared via an electrostatic
interaction process showed promising performance for the
application of biosensors.' The mechanical mixing of the EPS
with the rGO at high rpm can prevent the agglomeration of the
rGO over EPS which is advantageous for the continuous inter-
connected network.' A polystyrene/rGO composite prepared by
a casting technique showed electrical conducting properties
(conductivity in the range of 10" to 10°® S m ") thus can be
used in electronic devices.® The conductivity of the polystyrene/
rGO composite was improved to 22.68 S m ™" while prepared via
a two-step in situ reduction. These results confirmed that the
rGO formed a connected network with the polymer matrix to
improve the conductivity and this composite can be a potential
candidate for the application of electronic and energy storage
devices."” Kwon et al.*® showed the presence of non-covalent -
7 stacking between the basal plane of the graphene and back-
bone of the aramid (aromatic polyamide) nanofiber. They form
hydrogen bonding with the oxygen functional groups present in
the graphene molecule and the amide groups (CO=NH)
present in the aramid polymer which improved the mechanical
strength as well as the electrochemical stability of the
composite. The highest specific capacitance of the symmetric
coin cell fabricated with an graphene/aramid composite elec-
trode using 6 M KOH achieved was 207 F g~ ' at the current
density of 0.5 A g~ . After introducing the abundant functional
groups into the carbon fiber paper, the symmetric cell con-
structed with those functionalized self-standing carbon fiber
paper electrodes delivered an areal capacitance of 370 mF cm ™2
at the current density of 50 mA cm ™2 in 1 M Na,SO, electrolyte.*®
Conducting polymer polypyrrole (PPy) composites with rGO
have been extensively studied for supercapacitor applications
due to their synergistic effect which resulted in longer cycle life,
higher specific capacitance and higher energy density
compared to pure PPy.*

Based on the literature, in this research work, we aim to
convert the post-consumer EPS waste into a self-standing elec-
trode by incorporating rGO into it for supercapacitor applica-
tions. This is an extremely simple, yet a new approach to employ
the non-conducting waste polymer material which is harmful to
the environment for energy storage applications. The
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electrochemical performance of the composite was studied in
most frequently used acidic, alkaline and neutral electrolytes.
The as fabricated electrode displays unique capacitive behavior
and extremely long-life cycle. The symmetric coin cell super-
capacitor devices based on EPS/rGO electrodes constructed with
6 M KOH electrolyte was evaluated for maximum areal energy
and power density. Further, for practical application demon-
stration, two coin cells were connected in series that can glow
an red LED over 5 minutes. This new way of constructing the
EPS based self-standing electrode is an efficient yet cost effec-
tive approach to produce a potential candidate for the low-cost
energy storage devices. This study is an approach towards
“waste to worth” concept.

2. Experimental
2.1 Materials

Waste expanded polystyrene (EPS), otherwise known as ther-
mocol, was collected from a dump yard at VIT Chennai
campus. Acetone, KOH, Na,SO,, and H,SO, were purchased
from Merck and used as purchased without further modifica-
tions. Commercial rGO was purchased from Adnano Tech-
nology. LIR 2032 coin cell case with spacer and spring were
purchased from Xiamen Aot Electronics Technology Co., Ltd.,
China.

2.2 Preparation of EPS/rGO composite

Firstly, large pieces of EPS were shredded into small pieces with
the help of mixer. Those collected small spheres were weighed
and used directly without any further modifications. Different
compositions of EPS and rGO were prepared. The weight ratios
of EPS:rGO were 2:1, 1:1 and 1:2 respectively. All the
compositions of EPS and rGO were prepared by following the
same process. Briefly, the calculated amount of rGO (as per the
desired weight ratio) was mixed with acetone in a mechanical
mixer. Afterwards, calculated amount of shredded EPS (as per
the desired weight ratio) was added and mixed evenly with the
rGO. The resulted black colored, soft jelly like EPS/rGO
composite was collected and spread into a sheet/film with the
help of a glass rod. Finally, the composite was dried at ambient
room temperature to evaporate the solvent and thus obtained
self-standing EPS/rGO electrode. They were further cut into
small pieces for other characterizations. The pristine EPS sheet/
film was also prepared by following the same procedure without
adding rGO for comparison purpose. It is noted that the weight
ratio of EPS:rGO 1:2 does not form self-standing electrode. It
was found that at this particular ratio, intactness between EPS
and rGO was affected due to the poor gel formation and even-
tually led to discontinuous network between EPS and rGO
despite regular mixing procedures of these individual
compounds. Instead, the fabricated electrode samples withered
to powder form, hindering the formation of self-standing elec-
trode with desired size and shape. However, the compositions
of EPS : rtGO with 2: 1 and 1 : 1 were formed jelly like composite
which can be used for the formation of self-standing electrode
with desired size and shape.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.3 Characterization

The Fourier Transform Infrared Spectroscopic (FT-IR) analysis
of the pure rGO and EPS/rGO composite was performed using
FT-IR JASCO, Japan. The Raman spectrum was recorded by
employing invia Raman microscopes from Renishaw (wave-
length of the laser used is 532 nm). The thermogravimetric
analysis (TGA) of the samples was obtained by Inkarp ther-
mogravimetric analyzer at the heating rate of 10 °C min " under
nitrogen atmosphere. The contact angle measurement of pure
EPS and EPS/rGO composite was analyzed against water by
KYOWA interFAce Measurement and Analysis System FAMAS by
Sessile drop method. The surface morphology of the samples
was performed by Thermo Fisher Field Emission Scanning
Electron microscope (FE-SEM). The surface chemical composi-
tion of the pristine EPS and EPS/rGO films were conducted by
Physical Electronics XPS Systems.

2.4 Electrochemical characterization

The as prepared EPS/rGO composite was directly used as elec-
trodes. The electrochemical investigations such as cyclic vol-
tammetry (CV), galvanostatic charge discharge (GCD) studies of
the electrodes were performed using PARSTAT 4000 (Princeton)
electrochemical analyzer. The CV of the electrode was per-
formed in a conventional three electrode system in which EPS/
rGO electrode served as a working electrode, Ag/AgCl as
a reference electrode, and a Pt wire as a counter electrode. The
CV, GCD, and EIS studies were conducted in 1 M KOH, 1 M
H,SO, and 1 M Na,SO, solutions respectively. The electro-
chemical impedance spectroscopic studies were conducted in
the frequency range of 0.1 to 10°> Hz with the amplitude of the
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Fig. 1 Schematic representation of EPS/rGO electrode fabrication.
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sinusoidal AC voltage of 10 mV. The equivalent circuit diagram
was fitted using ZSimpWin software. Symmetric coin cells were
fabricated in which EPS/rGO composite served as both anode
and cathode, while Whatman filter paper served as a separator.
The components of the coin cells were a cell case covering for
top and bottom, spring ring, metal plate, two identical EPS/rGO
composite electrodes. The diameter of the EPS/rGO electrode
was 16 mm and the area of the device calculated was 4.022 cm”
(for both electrodes). Whatman filter paper soaked in electro-
Iytes (6 M KOH, 1 M H,SO, and 1 M Na,SO,) overnight was used
as separator while fabricating the coin cell.

3. Results and discussions

Different compositions of EPS and rGO were prepared in the
ratio of 2:1, 1:1, 1:2. Pristine EPS/rGO was also prepared for
comparison purpose. The EPS/rGO in the ratio 1:2 does not
form self-standing electrode due to the poor gel formation.
Therefore, the weight ratio of EPS:rGO in 2:1 and 1:1 were
considered for further studies. Photographs of the prepared
pristine EPS film and EPS/rGO with various compositions are
shown in Fig. S1.1 For initial studies, coin cell supercapacitor
devices were constructed using EPS/rGO composite self-
standing electrodes (prepared with the weight ratio of EPS:
rGO in 2:1 and 1:1) in which 6 M KOH was served as electro-
Iyte. From the CV and GCD studies shown in Fig. S2a and b, it
is observed that the device fabricated with 2 : 1 ratio of EPS : rGO
delivered low performance (an areal capacitance of 1.6 mF cm >
at the current density of 0.05 mA cm ™ ?) due to the low amount
of rGO in the EPS matrix. Therefore, further studies were con-
ducted and discussed throughout this paper for the EPS/rGO

Mechanical
mixing with
rGO in acetone

—

Soft jelly like EPS/rGO composite

Spreading

flll.

| unat

Self-standing EPS/rGO
composite electrode

EPS/rGO
composite film
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composite sample prepared with 1:1 ratio. The schematic
representation of the preparation of EPS/rGO composite is
shown in the following Fig. 1.

The existence of functional groups in EPS/rGO composite
and their interfacial interaction was investigated using FT-IR
technique. The FT-IR spectrum (Fig. 2a) of rGO shows the
symmetric stretching of -O-H bonding at 3426 cm™'. The
absorption bands at the wavenumber of (1725, 1575,1091) cm ™"
are corresponding to the vibrations of C-H and C-O groups
present in the rGO. Further, the band at 794 cm™" represents
the out of plane bending vibration of C-H group belong to the
benzene ring.>* The sharp absorption band at 694 cm ™" indi-
cates the 7t—m interaction between the both graphene oxide and
polystyrene molecule present in the composite. Along with this
absorption band, the characteristic absorption peaks corre-
sponding to C-H vibrations of the benzene ring present in the
EPS/rGO composite are also observed at (747, 903, 1025, 1450,
1491, 1599) cm™".?° Further, from the literature, it is observed
that the presence of peak at 1025 cm ™" is owing to the -7
stacking interaction of the both graphene oxide and poly-
styrene.** The presence of both symmetric and asymmetric
vibrations of the methylene group present in the EPS can be
identified by the presence of peaks at (2918, 2851) cm™'.>> The
stretching vibrations of C-H bands at (3061, 3024) cm ™' are
associated with the polystyrene.” It is worthy to note that these
peaks are not observed in the FT-IR spectrum of the rGO. Thus,
the presence of interfacial interaction between both the EPS and
rGO is evidenced from the FT-IR results. Further, the results are
consistent with the literature and it strongly supports the
formation of EPS/rGO composite which is having inter-
connected network.

Raman technique was employed to analyze the structural,
chemical compositions, non-covalent -7 stacking of the rGO
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and polystyrene molecules present in the EPS/rGO composite.
From the Raman spectrum shown in Fig. 2b, two characteristic
D and G bands of pure rGO can be seen at 1350 cm ™' and
1580 cm™ " which are ascribed to sp® and sp> hybridized carbon
atoms. The intensity ratio of the D and G band indicates the
quantity of sp® hybridized carbon atoms over sp* hybridized
carbon atoms. Here, the intensity ratio In/Ig of the EPS/rGO
composite is increased to 0.539 compared to the pure rGO
(0.418) owing to the surface m-m interaction of the benzene
rings of EPS and basal plane present in the rGO.'® Overall, the
increase in the D and G band ratio indicates the increase of sp*
hybridized carbon atoms over sp> hybridized carbon atoms in
the EPS/rGO composite. The peaks present at 620, 793, 1000,
1030, 1154 cm™ ' are ascribed to the polystyrene molecule
present in EPS/rGO composite.*®** These results are consistent
with the FT-IR analysis of the EPS/rGO composite.

The thermal stability of the EPS and EPS/rGO composite
samples were examined by TGA analysis. From the thermo-
grams shown in Fig. 2c, the thermal stability of rGO is observed
until 600 °C without noticeable degradation. The EPS sample
starts decomposition at 412 °C whereas the EPS/rGO starts at
434.9 °C. The EPS/rGO composite showing elevated thermal
stability compared to pure EPS sample because of the presence
of interconnected rGO in the sample. After 400 °C, both EPS and
EPS/rGO samples undergo thermal degradation and beyond
450 °C, EPS decomposed completely into its monomers, dimers
and trimers.’

The surface morphology of the pure rGO and EPS/rGO
samples were analyzed by FE-SEM technique. Fig. 2d and e
shows the well-arranged nanosheet morphology of the pure
rGO. Similar nanosheet morphology of the EPS/rGO composite
can be seen in Fig. 2f and g. The interconnected network of the
EPS/rGO composite is obtained by the simple mechanical
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Fig.2 (a) FT-IR (b) Raman spectrum of pure rGO and EPS/rGO composite (c) TGA curves of rGO, EPS, EPS/rGO (d, e) FE-SEM images pure rGO (f,

g) FE-SEM images of EPS/rGO composite.
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Fig. 3 The contact angles of (a) pristine EPS (b) EPS/rGO composite.

blending process. The sheet like morphology of the EPS/rGO
composite clearly demonstrates the rGO incorporation into
the EPS matrix. Since the FE-SEM image of the pure form of EPS
shown in Fig. S3f displays approximately plane surface
morphology, the sheet like morphology is mainly contributed
by the rGO present in the sample. Moreover, Fig. 2f and g
confirms the continuous network of the composite which
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ensures the uniform distribution of the rGO into the EPS sheet.
This has the major impact on the device performance.

The wettability of the surface of the pure EPS and EPS/rGO
composite was performed by measuring the static contact
angle of water droplet on their surface. The water droplet on
pristine EPS and EPS/rGO composite are shown in Fig. 3a and b.
The high static angle of 104.6° which is much higher than the
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pure EPS (55.7°) demonstrates the increasing hydrophobicity of
the EPS/rGO composite film. This dramatic increase in hydro-
phobicity validates the abundant availability of the rGO on the
composite surface®® which is hydrophobic in nature due to the
absence of polar functional groups. Further, the increase in
hydrophobicity is advantageous to prevent the accumulation of
moisture into the polymer matrix surface which ensures the
long-term stability of the composite films under ambient
conditions.”®

The surface composition and chemical states of the pristine
EPS and EPS/rGO films were investigated by XPS analysis. The
corresponding XPS spectra of both the samples are shown in
Fig. 4a-d. Though no oxygen group is present in the pristine
EPS film, the peak corresponding to O 1s is observed in the
survey spectrum of same (Fig. 4a). The reason is the possibility
of presence of surface absorbed oxygen from air®” since the air
molecule can easily be trapped into the holes present in the EPS
film. The comparison of the C 1s spectrum of both pristine EPS
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film and EPS/rGO (Fig. 4b) confirms the successful incorpora-
tion of the rGO into the EPS matrix. Further, the peak intensity
of the EPS/rGO composite is higher than the pristine EPS which
suggest that the increased C-C, C=C bonds in the composite
(originated from EPS). The deconvoluted C 1s spectrum of
pristine EPS film (Fig. 4c) shows two peaks at 284.5 eV and
285.4 eV respectively. Those peaks are corresponding to C=C of
the phenyl ring and C-C of the EPS polymer.”® Similarly, the
presence of peaks at 284.5, 286.3, 291 eV in the deconvoluted C
1s spectrum of EPS/rGO composite film (Fig. 4d) confirms the
existence of C-C/C-H/C=C, C-OH/C-0/C-0-C, O=C-OH
within the composite which further supports the successful
incorporation of the rGO into the EPS matrix.*®

A systematic electrochemical investigation of the EPS/rGO
electrode was conducted in a three-electrode system in which
a Pt wire served as a counter electrode and Ag/AgCl as a refer-
ence electrode using three different electrolytes such as 1 M
KOH, 1 M H,SO, and 1 M Na,SO,. The as prepared EPS/rGO
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Fig. 5 (a, b, c) CVs at 20 mV s~* (d—f) CVs at various scan rates (g—i) GCD of EPS/rGO composite recorded in 1 M KOH, 1 M H,S0,4, Na,SO,

aqueous electrolyte.
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composite was cut into pieces as per required sizes and directly
used as a working electrode. The area under the curve is
increased for both H,SO, and Na,SO, compared to KOH elec-
trolyte which is evidenced from the CV plot (Fig. 5a-c) recorded
at the scan rate of 20 mV s~ . This indicates the increase in
capacitive behavior of the electrode in H,SO, and Na,SO, elec-
trolyte. Moreover, the shape of the CV plot recorded in aqueous
H,SO, and Na,SO, suggests that the electrode is a suitable
candidate to act as both anode and cathode.

The absence of the redox peaks in the CV curve suggests that
the capacitance of the electrode is mainly due to the contribu-
tion of electrical double layer capacitance.*® However, in this
work, the EPS/rGO electrode shows more pronounced redox
reaction in H,SO, solution indicating the enhanced faradaic
charge transfer reaction which might come from the presence
of functional groups in rGO.* This result suggests the existence
of pseudocapacitive behavior along with electrical double layer
capacitance behavior of the electrode. Thus, the resulted areal
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capacitance value of the EPS/rGO electrode with 1 M H,SO,
exhibited superior charge storage capacity (117 mF c¢m?)
compared to 1 M KOH (74 mF cm™ %) and 1 M Na,SO, (95 mF
cm %) electrolytes. The increase in current density while
increasing the scan rates implicates the good rate capability of
the electrode in all three electrolytes (Fig. 5d-f). The interac-
tions of the H' ion with the functional group present in the rGO
is given as follows*

—~COOH «< -COO + H' + ¢~
>C-OH < >C=0+H" +¢"
SC=0+e¢ o >C-0~

The electrochemical capacitive behavior of the EPS/rGO
composite electrodes are investigated by GCD measurements.

Ng 15] = | V 12V Ng " 5mV/s 10 mV/s 16 () ] mA/cm?
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Fig. 6 Studies of EPS/rGO symmetric coin cell fabricated in 6 M KOH: (a) CVs at varied voltage window (b) CVs at varied scan rates (c) GCDs at
varied current densities. Studies of EPS/rGO symmetric coin cell fabricated in 6 M KOH, 1 M H,SO4, 1 M Na,SOy4 (d) areal capacitance with respect
to the discharge current (e) Ragone plots (f) Nyquist plots. Studies of EPS/rGO symmetric coin cell fabricated in 6 M KOH: (g) capacity retention of
the EPS/rGO symmetric coin cellin 6 M KOH (h) comparison of 1st and 10 000" GCD profile (i) photograph of LED powered by serially connected

two EPS/rGO symmetric coin cells with 6 M KOH.
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The GCDs of the EPS/rGO electrode recorded at different
current densities are shown in Fig. 5g-i. The shape of the GCD
profiles measured in all three electrolytes (KOH, H,SO,4, Na,SO,)
is not a perfect triangle, which features the existence of pseu-
docapacitive nature of the electrode. This result is consistent
with the CV profiles of the EPS/rGO electrodes in all three
electrolytes (KOH, H,SO,, Na,SO,). From the GCD plot, the EPS/
rGO electrode in aqueous Na,SO, solution delivers 476 mF
cm ? at the discharge current density of 0.5 mA cm ™2, which is
highest among aqueous solution of KOH (143 mF cm ™ at 1 mA
em?) and H,SO, (152 mF cm 2 at the current density of 5 mA
em ?). The iR drop increases with increasing the current
densities as reported in the previous literature.*” From the GCD
profiles, it is found that the iR drop is more pronounced with
the H,SO, solution compared to the other KOH and Na,SO,
electrolytes at the discharge current density of 5 mA cm™ >, The
iR drop relates the resistance experienced by the electrode in the
electrolyte and loss of energy during charging/discharging
process.*® From the Nyquist plots of EPS/rGO electrodes
shown in Fig. S4,f it is observed that the diameter of the
semicircle (R.) for the EPS/rGO electrode in H,SO, electrolyte is
highest compared to the other electrolytes KOH and Na,SO, due
to the blocked diffusion path of ions.** Because of this high R,
the EPS/rGO electrode in H,SO, electrolyte shows high iR drop
compared to KOH and Na,SO, electrolytes. Further, the high iR
drop of the EPS/rGO electrode in H,SO, contributes to the quick
discharge capacity of the electrode and can be observed from
the GCD plot shown in Fig. 5h. In the fixed voltage window, the
iR drop contributes to the lower usable voltage as evidenced
from the GCD plot of the coin cell supercapacitor device fabri-
cated with EPS/rGO in H,SO, electrolyte.

Further, for practical applications, symmetric coin cell LIR
2032 supercapacitors based on EPS/rGO electrodes were fabri-
cated with two identical electrodes. A Whatman filter paper was
used as a separator. All three aqueous KOH, H,SO,, and Na,SO,
electrolytes were used for the fabrication of coin cell super-
capacitor devices. The electrochemical behavior of all the
devices were examined by CV, GCD and EIS techniques. The
operating voltage range of the devices were investigated by
performing CV analysis at potential range from 0 to 2 V at a scan
rate of 20 mV s~ . Fig. 6a shows the well capacitive behavior of
the EPS/rGO electrode in aqueous KOH (Na,SO, is shown in
Fig. S4at). Further, the CV profile shows the quasi-rectangular
shape. The linear increase in the capacitance with the wide
potential window (0 to 2 V) demonstrates the good electro-
chemical stability®® of the EPS/rGO electrode in KOH and
Na,SO, electrolytes as well. However, this trend is not followed
in the case of H,SO, electrolyte (Fig. S5at). The charge storage
capacitance of the device is investigated by CV technique at
various scan rates from 5 to 100 mV s~ * (Fig. 6b). The increase in
current density while increasing the scan rate indicates the
predominant rate capability of the device. The same trend is
observed for the coin cell fabricated with H,SO, electrolyte
(Fig. S5bt) and Na,SO, electrolyte (Fig. S4bf). Moreover, the
quasi-rectangular shape is retained for all three electrolytes
even at a high scan rate demonstrates the excellent capacitive
behavior of the electrode. The charge transport within the
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electrode and at electrode/electrolyte interfaces are further
investigated by GCD technique. The GCD profiles (Fig. 6c) for
the KOH electrolyte exhibits mixed plateau-like and triangular
like shapes due to the contribution of both faradaic and non-
faradaic charge storage mechanisms. The similar mixed
plateau-like and triangular like shapes of the GCD plot are
observed in Na,SO, and H,SO, electrolytes (Fig. S4c and S5c¥).
The EPS/rGO coin cell supercapacitor fabricated in aqueous
KOH electrolyte demonstrated superior charge storage capaci-
tance (areal capacitance of 11.9 mF cm™?) followed by Na,SO,
electrolyte (areal capacitance of 10 mF cm ™ ?) at the discharging
current density of 0.1 mA cm™> compared to the H,SO, elec-
trolyte (areal capacitance calculated is 2.5 mF cm > at the
current density of 0.05 mA ¢cm™?). These results demonstrate
the good capacitive behavior of the EPS/rGO electrode in both
KOH and Na,SO, solutions. However, a better areal capacitance
of the KOH based device compared to Na,SO, based one is due
to the higher molar conductivity of K* ion compared to that of
Na® ion in the electrolyte*® yet the overall performance is
comparable. The high operational potential window 0 to 1.6 V
was achieved for the device fabricated with KOH and Na,SO,
electrolytes. The aqueous H,SO, based device shows narrower
potential window 0 to 0.8 V similar to the previous literature.* It
is worthy to be noted here is the presence of different functional
groups and their quantity in rGO is the deciding factor of the
capacitive behavior of the rGO based electrode.*” The maximum
energy and power density of the EPS/rGO coin cell super-
capacitor can reach 3.9 pW h cm™? and 243 pW cm™ 2 which is
noticeably better than the coin cells fabricated with H,SO, (0.2
W h em ™2 and 63.9 pW cm ™) and Na,SO, (3.2 yW h em ™2 and
256.9 pW cm?) electrolytes respectively. The decrease in areal
capacitance with the increase in current density of the EPS/rGO
electrode is observed from Fig. 6d for the devices fabricated
with all three aqueous KOH, H,SO, and Na,SO, electrolytes. At
low current density, the distribution of the ions present in the
electrolyte is uniform and thus the ions can easily penetrate into
the active sites of the electrode surface. While at the high
current density, the difficulty in the penetration of the ions
resulted in the decrease in capacitance of the device.*® Further,
at high current density, there is energy loss due to heat during
the charge/discharge process®® which have negative impact on
the areal capacitance of the device. However, moderate decrease
in areal capacitance with the increase in current density of the
EPS/rGO electrode in H,SO, compared to KOH and Na,SO,
electrolytes is observed due to the rapid transfer of the ions
present in the electrolyte solution.** The energy and power
density are important parameters to determine the energy
storage capacity of the supercapacitors. Ragone plots are used
to evaluate those parameters. The Ragone plot of the EPS/rGO
electrode fabricated with all three aqueous KOH, H,SO, and
Na,S0O, electrolytes shown in Fig. 6e illustrates the superior
performance of the supercapacitor device fabricated with
aqueous KOH and Na,SO, electrolytes compared to those with
H,SO, electrolyte. In Nyquist plot, the intercept on the real axis
represents the series resistance (Rs) contributed by electrolyte,
electrode, cell components. CPE1 (constant phase element),
CPE2 represent the nonideal capacitance in the double layer at

© 2024 The Author(s). Published by the Royal Society of Chemistry
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electrode/electrolyte interfaces due to the surface roughness,
imperfections in the electrode surface. Rcry is located at the
high frequency region of the semicircle corresponding to the
electrolyte ion diffusion at the electrode/electrolyte interface
and conductivity of the electrode whereas Rcr, corresponds to
the charge transfer resistance at the low frequency region of the
semicircle. The Zw represents Warburg impedance which
relates the diffusion of the electroactive species into the elec-
trode surface.** Though the H,SO, electrolyte in a three-
electrode system exhibits lowest solution resistance (shown in
Fig. S67) due to its highest ionic conductivity compared to K"
and Na' ions, the coin cell fabricated with it shows highest
solution resistance.*® Fig. 6f shows the coin cell constructed
with KOH and Na,SO, solution show lower R, value of 6.94 Q
and 8.53 Q compared to H,SO, which shows 43.08 Q indicating
the lower electrolyte resistance experienced by the device
fabricated with KOH and Na,SO, electrolytes. Further, both the
devices fabricated with the electrolytes KOH and Na,SO, display
similar kind of Warburg like behavior. The equivalent circuit of
the EIS parameter analysis is shown in Fig. S7.7 The electro-
chemical stability of the electrode is the deciding factor for the
real-time application of the device. Fig. 6g shows the long-term
electrochemical stability of the device fabricated with KOH
electrolyte through 10 000 continuous cycles of GCD at a current
density of 2 mA cm 2. Initially, the device shows the decrease in
capacitance till it reaches around 500 cycles then the capaci-
tance started increase and maintained until 10 000 cycles. The
device shows the best cycling performance with 87.1% capacity
retention. The long-term electrochemical stability of the other
devices fabricated with Na,SO, and H,SO, electrolytes show
better capacity retention of 99.5% and 94.5% (Fig. S4d and
S5dt). Overall, the device fabricated with the Na,SO, electrolyte
shows the best capacitance retention of 99.5% after 10 000
cycles. These results are further evidenced from the CV plots
(Fig. S8a-ct) measured initial and after 10 000 cycles. The CV
curve shows negligible degradation of the EPS/rGO electrode in
all three KOH, H,SO, and Na,SO, electrolytes indicating the
good rate capability of the devices. To clarify this, the GCD plot
of the 1st and 10 000™ cycles are compared in Fig. 6h. Finally,
for real time applications, two EPS/rGO symmetric coin cells
constructed with 6 M KOH electrolyte connected in series and
tested with red LED (Fig. 6i).

The observed performances of EPS/rGO electrode con-
structed in both conventional three electrode and coin cell
supercapacitor devices in three electrolytes KOH, H,SO, and
Na,SO, are briefly explained as follows. Firstly, the performance
of the EPS/rGO electrode is highly depended on the influence of
the electrolytes used.*” Further, it is well known that the
capacitance obtained for two electrode system is half the
capacitance obtained from a three electrode system*“** due to
the difference in the electrode capacitance contribution. Thus,
it is expected that the capacitance of the two electrode device is
lower than the capacitance obtained from a three electrode
configuration as reported in literatures.*** In similar way, the
capacitance values obtained in our work for the EPS/rGO elec-
trode fabricated as coin cell supercapacitor are 11.9, 10, 2.5 mF
cm ™2 for the electrolytes KOH, Na,SO, and H,SO, respectively.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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However, the EPS/rGO electrode in a three electrode system are
74, 95, 117 mF cm™> for the electrolytes KOH, Na,SO, and
H,SO, respectively. Though EPS/rGO electrode in H,SO, elec-
trolyte delivers highest capacitance value of 117 mF cm ™2 in
a three electrode system due to the interaction of functional
groups in rGO with the electrolyte,*** the GCD of the same
shows high iR drop which comes from the high internal resis-
tance.*»* According to the literature,** as the voltage value
increases, the contribution of capacitance due to pseudocapa-
citive component also increases. The EPS/rGO in a three elec-
trode system with H,SO, delivers high capacitance value (117
mF cm?) along with high potential window of —0.8 to 1.4 V
(Fig. 5h). The pseudocapacitive behavior of the EPS/rGO elec-
trode is because of the oxygen containing rGO which is evi-
denced from the XPS results (Fig. 4). However, in coin cell
supercapacitor fabricated with H,SO,, the CV plot shows the
absence of pseudocapacitive behavior at least till 1 V of poten-
tial window (Fig. S5bt). As the symmetric device fabricated with
H,SO, electrolyte can reach only upto 0.8 V during charge-
discharge process (Fig. S5ct), it is believed that the capacitance
value of the device is poor due to the lack of contribution of
capacitance by pseudocapacitive components present in rGO
yet the device shows better capacity retention (94.4%) than the
device constructed with KOH (87.1%).

Further, the areal capacitance for coin cells with different
electrolytes were found to be in the order of KOH > Na,SO, >
H,S0O,. In a three electrode system, the GCD of the EPS/rGO
electrode shows less iR drop for KOH and Na,SO, electrolytes
compared to H,SO, electrolyte. Because of the large iR drop of
the EPS/rGO electrode in H,SO, electrolyte, the usable voltage of
the same in coin cell is drastically decreased (the voltage
window for the H,SO, device is only 0 to 0.8 V). However, it is
observed that the voltage window of the EPS/rGO coin cell
device in both KOH and Na,SO, electrolytes is 0 to 1.6 V. In
addition to this, the EIS analysis of the EPS/rGO coin cell
fabricated with aqueous electrolytes shows that the R, value of
the device in KOH solution is lowest compared to the other
Na,SO, and H,SO, electrolytes. The low R value leads to the
improved capacitance of the devices.*®* The Ry value of the
devices follows the order of KOH < Na,SO, < H,SO, which
further supports their performances.

From the previous reports, it is observed that the
polyelectrolyte-wrapped graphene/carbon nanotube core-
sheath fibres,* polypyrrole (PPy)/GO nanocomposite,* carbon
dot@graphite felt-600,** rGO FCSC (flexible cable-type super-
capacitor)”” delivered an areal energy density of 3.84, 13.56,
20.7, 5.3 u4W h cm™> with the areal power density of 20, 500, 150,
509 uW cm 2. The energy and power density of the coin cell
supercapacitor fabricated in our work with EPS/rGO electrode in
KOH electrolyte resulted in 3.9 yW h em ™2 and 243 pW cm 2
respectively. The energy density values achieved are comparable
with the spun yarn supercapacitors made from polyelectrolyte-
wrapped graphene/carbon nanotube core-sheath fibres (3.84
uW h em™?). However, the power density achieved by this EPS/
rGO is 10 times higher than the spun yarn supercapacitors (20
uW cm™?). The comparison of the areal energy and power
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Fig. 7 Ragone plot compared with literature.

density of this work with the reported values and as shown in
the Ragone plot in Fig. 7.

For real time applications, two different symmetric coin cell
devices, D1 (device 1) and D2 (device 2) were connected in series
or parallel. The GCD of the same was performed at a current
density of 1 mA cm ™. From the GCD plots displayed in Fig. 8,
the obtained areal capacitance value for individual device D1 is
1.78 mF cm 2 and for the device D2 is 0.72 mF cm 2. While the
calculated areal capacitance for the devices connected in series
is 0.58 mF cm > and for the devices connected in parallel is 3.37
mF cm™> respectively. The increase in capacitance while the
devices connected in parallel connection demonstrates the
practical way of increasing the overall capacitance of the
devices.” Moreover, the predicted areal capacitance value for
the device connected in series and parallel is 0.51 mF cm ™ and
2.5 mF cm > which is approximately equals the calculated areal
capacitance values.
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Fig. 8 GCD curves recorded for two different symmetric coin cell
supercapacitor devices (D1 and D2) connected in parallel and series at
a current density of 1 mA cm™2.
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4. Conclusion

Post-consumer EPS waste is successfully converted into a self-
standing electrode by incorporating conductive rGO via
a facile one-step mechanical mixing for the application of
supercapacitors. The increased Ip/I; ratio observed in Raman
analysis for the EPS/rGO composite confirmed the existence of
the - interaction between the phenyl rings of EPS and basal
plane present in the rGO. The elevated thermal stability of the
EPS/rGO composite compared to a pure EPS sample was due to
the uniform distribution of rGO in the EPS matrix through the
interconnected network. The as fabricated conducting EPS/rGO
composite electrode delivered an areal capacitance in the elec-
trolytes of the order KOH > Na,SO, > H,SO,. The order of rate
capability was 99.5%, 94.4%, and 87.1% for Na,SO,4, H,SO,, and
KOH electrolytes respectively after 10 000 cycles with a high
operating voltage of 1.6 V (KOH and Na,SO, only). Two
symmetric coin cells fabricated with a self-standing EPS/rGO
composite electrode connected in series are capable of
lighting up a red LED for more than 5 minutes, demonstrating
the promising next generation polymer electrode for super-
capacitor applications. This new approach of utilizing EPS
waste for energy storage applications can pave a way for large-
scale production of self-standing polymer electrodes for multi-
functional applications in various energy research sectors.
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