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This work reports, for the first time, the conversion of polyethylene oxide (PEO) into porous carbon (PC)
and its application in supercapacitors (SC). For applications in contemporary technology, PCs and related
materials are found extensively in nature. Due to the irreplaceable unique characteristics of PC, such as
its tunable pore volume and pore size, physical and chemical stability, and very high surface area, there
can be a broader range of applications. Along with these, its good catalytic properties and low cost
make PC a better choice as an electrode material for SC. Therefore, this work assessed the synthesis of
PC from PEO by using concentrated sulfuric acid (con. H,SO,4) as an activating agent. Detailed studies
related to the PC synthesized here were conducted, and its potential applications in SC were thoroughly
investigated. The fabricated SC cell showed the highest specific capacitance of ~100 F g~* at 5 mV s7!
with ionic liquid (EMImMTCM)-incorporated PVDF-HFP solid polymer electrolyte. Therefore, this study not
only advances our understanding of PEO as a new precursor for synthesis of PC, but also offers tangible
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1. Introduction

In an era of escalating energy demands for smart and other
energy-consuming devices, there is an increasing need to devise
alternative green and sustainable energy generation options to
fulfill the global energy demands. Therefore, the focus has
recently shifted toward generating new energy storage devices
that are relevant in the present scenario and also open pro-
spects for different kinds of energy operating devices. In energy
storage devices, electrode or electrode materials are of the
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insights to propel progress toward a future with more sustainable and efficient energy.

utmost importance as they determine their performance and
applicability in various areas. Porous carbon (PC) materials are
used in devices for water purification, chromatography, gas
separation, catalyst support, energy storage, and conversion.
Therefore, PC is known as the best and most economical choice
as electrode material to increase the performance of such
devices. The PC material is a carbon-derived material with
pores in it. A typical PC-based carbon skeleton comprises of a
haphazardly distributed network of defective graphene layers or
aromatic sheets. The PC is further described and characterized
by the pore size, such as pores greater than 50 nm, known as
macropores; less than 2 nm, known as micropores; and pores of
2-50 nm, known as mesopores."* It has already been reported
in the literature that PC has exceptional characteristics, such as
high electrical conductivity, surface area, and chemical stabi-
lity, along with large pore volume. Due to these properties, it is
suitable for use as electrode material. However, there is an
urgent need to derive good-quality carbon from environment-
friendly sources.®” Nowadays, various studies have endeavored
to synthesize high volumes of PC from waste materials,®"°
polyvinyl chloride,"* ™ corn starch,'* orange-apple peels,* etc.
These sources offer a cheap and environmentally friendly path
to obtaining good quality electrode materials. Moreover, people
have used commercial high-grade PC-based electrodes for
various applications. However, they are very costly to use.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Standard-grade PC and natural, environmentally friendly car-
bon precursors, such as peanut shells, coconut shells, palm
shells, coal, rice husk,'® sucrose,’” pine cone flowers,'® quince
leaves,'® organic polymers,**?* etc.'®>® are being utilized for the
development of PC for electrode application in SC. Among these,
organic polymers are the best choice for the synthesis of PC due to
their controlled composition and structure, consistent properties,
high carbon content, less ash content, and high purity. Therefore,
many organic polymers, such as carbazole-terephthalaldehyde-
based co-polymer,*® poly (para-phenylenediamine),®® polyvinyl
chloride,"® polystyrene,*" polypyrrole,®® chitosan,® etc. have
been used for the synthesis of different kinds of PC for super-
capacitor (SC).

In energy storage devices, SCs have grabbed attention due to
their high-power density, higher cyclic stability, and low inter-
nal resistance that is based on ion adsorption and can promptly
accumulate and release charges at the electrolyte/electrode
interface, either electrostatically or electrochemically. Due to
these properties, SC could be a potential replacement for other
energy storage options.**® SC are further categorized into
three classes, according to their charge storage mechanisms.
These categories are EDLC, pseudo-capacitors, and hybrid
capacitors. Many active electrode materials have been used in
SC, such as different forms of carbons, metal oxides, conducting
polymers, and their composites. These materials have their
advantages and disadvantages but carbon-based materials are
an excellent choice among these for the EDLC-type devices.
Particularly, PCs derived from organic polymers, such as
methylcellulose,>” PVC,'**® poly(divinylbenzene-co-vinylbenzyl
chloride),® etc.** have been applied in SC.

As discussed in the previous section, many organic polymers
have been used for the synthesis of PC, but no reports are
available on the use of polyethylene oxide (PEO)-derived PC and
its application in SC. Therefore, in this work, PC was synthe-
sized for the first time from eco-friendly PEO precursors using
concentrated H,SO, as an activating agent. PEO is cheaper and
the yield of the final product (i.e., PC) is ~40% which is
sufficient for utilization in future energy applications. Further-
more, a well-organized laboratory scale prototype of an EDLC
was efficaciously fabricated using this PC as an electrode
material and an IL-doped polymer film as an electrolyte sand-
wiched in between the electrodes. The fabricated EDLC cell
showed the highest specific capacitance of ~ 100 F g~ at
5 mV s~ ' with ionic liquid (EMImTCM)- incorporated PVDF-
HFP solid polymer electrolyte.

2. Experimental techniques

2.1. Materials

PEO was used as the precursor to synthesize a PC material. Other
chemicals, such as acetone, H,SO,, poly (vinylidene fluoride-co-
hexa-fluoropropylene; PVDF-HFP), hydrochloric acid (HCI), and
ionic liquid (IL: 1-ethyl-3-methylimidazolium tricyanometha-
nide, EMImMTCM)-doped polymer electrolyte were prepared via
solution cast technique reported by our group previously. All the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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above-mentioned materials and chemicals were purchased from
Sigma Aldrich. The current collector, ie., graphite sheet, was
purchased from Nickunj Eximp Entp P Ltd, Mumbai.

2.2. Synthesis of porous carbon using PEO activated with H,SO,

For the synthesis of pure carbon (nonporous) and activated
porous carbon (porous), two types of carbon were prepared.
One was pure carbon synthesized by PEO, and the other one
was prepared by using H,SO, as the activating agent by
chemical activation method with pre-carbonization treatment
of the PEO polymer.

To prepare pure carbon from the PEO polymer, PEO
was carbonized in a tubular furnace in an inert atmosphere
at 5 °C min~* ramp up to 800 °C with half an hour of hold at
maximum temperature. Using the same ramp rate, the sample
was brought to room temperature. To prepare porous carbon,
PEO was mixed in a concentrated H,SO, solution as an activating
agent for 6-8 hours. The mixture was then carbonized in a tubular
furnace in an inert gas environment at 5 °C min~* ramp rate up
to 800 °C with half an hour hold at a certain temperature.
The sample was brought back to the ambient environment with
the same ramp of 5 °C min . Both the carbon types were
prepared and washed with HCl, followed by double distilled water
in a vacuum filtration unit. Finally, the prepared carbon samples
were kept in a vacuum oven at 90 °C to dry them. Pure carbon
derived from PEO and the H,SO,-activated PC derived from PEO
were named U-C (un-activated carbon) and A-PC (activated porous
carbon), respectively.

2.3. Fabrication of porous carbon electrodes

To prepare the EDLC electrode materials, a slurry of both
carbon materials fabricated here was prepared by using the
binder, PVDF-HFP, in an N-methylpyrrolidone (NMP) solution.
Here, 10 wt% binder PVDF-HFP was dissolved in NMP solution
and stirred with a magnetic stirrer for 3-4 hours. Then, 90 wt%
of prepared carbon material was mixed in the binder solution
and kept for ultra-sonication for 4-5 hours to achieve uniform
mixing. Finally, the slurry of both the prepared carbon types
(~1 mg) was coated on a current collector, i.e., graphite sheet
of area 1 x 1 cm?, followed by overnight vacuum drying in a
vacuum oven at 90 °C.

2.4. Synthesis of polymer electrolyte

Ionic liquid (EMImTCM)-incorporated PVDF-HFP solid polymer
electrolyte film was prepared by using the solution cast techni-
que. Firstly, the host polymer, PVDF-HFP, was mixed in acetone
with continuous magnetic stirring for 4-5 hours in an ambient
atmosphere until a homogenously dissolved solution was
obtained. Next, 300 wt% ionic liquid (EMImTCM) was added
to the same solution, and continuous magnetic stirring was
applied for 4-5 hours at room environment to achieve a uniform
mixing of IL in the PVDF-HFP solution. At last, the prepared
solution of IL-incorporated polymer was poured into a Petri dish,
which allowed the solvent acetone to evaporate slowly, followed
by vacuum drying to remove the remaining traces of solvent in
an IL-incorporated polymer.*® Related studies on ionic liquid
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(EMImTCM)-incorporated PVDF-HFP polymer electrolytes
included Fourier transform infrared spectroscopy (FTIR), X-ray
diffraction (XRD), thermo-gravimetric analysis (TGA), and polar-
ized optical microscopy (POM); these were performed by our
group previously and are available in the literature.*® The highest
ionic conductivity value shown by 300 wt% IL in PVDF-HFP was
3.7 x 107> S em ™', and the electrochemical stability window
(ESW) was 2.0 V. The dielectric-related properties of prepared IL-
incorporated PVDF-HFP electrolyte films, such as relaxation
frequency, dielectric constant, time, and dielectric loss tangent
(Tan §), have also been reported in the literature.*’

2.5. Fabrication of EDLC

Two EDLCs were prepared by using pure carbon derived from
PEO and H,SO,-activated PC derived from PEO. To fabricate an
EDLC, the current collector, i.e., a graphite sheet, was cut into
1 cm X 1 cm, and a slurry of the carbon material (~1 mg) was
coated on the current collector (as discussed above in Section 2.3).
Optimized 300 wt% ionic liquid (EMImMTCM)-incorporated PVDF-
HFP solid polymer electrolyte film was sandwiched in between
two prepared symmetric electrodes of EDLC further to perform
the studies CV and LIS.

3. Results and discussion

3.1. X-Ray diffraction (XRD) analysis

The archetypal pattern of XRD was obtained for both carbon-
based materials, i.e., pure carbon derived from PEO (U-C) and
H,S0,-activated PC derived from PEO (A-PC) as shown in Fig. 1.
The U-C patterns show two 2-theta broaden diffraction peaks,
23.46 and 44.27, corresponding to (002) and (101) graphitic
planes, which coincide with JCPDS Card No. 41-1487, indicat-
ing the predominance of amorphous phase in a prepared
carbon. In the XRD pattern of A-PC, a reduction in peak
intensity and an increase in peak broadening suggests a more
amorphous nature of A-PC.

=== A-PC
—— U-C

Intensity (a.u.)

0 20 3 4 s e 70 8 90
2 theta
Fig. 1 XRD profile of samples, U-C and A-PC.
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3.2. RAMAN analysis

RAMAN spectroscopy studies were performed on the synthe-
sized (U-C) and (A-PC) materials to verify uniformity, purity,
graphitization, and deformation of the prepared carbon mate-
rials before they were used as electrodes for EDLC application.
Typical RAMAN spectra of the prepared carbon materials, (U-C)
and (A-PC), derived from PEO are shown in Fig. 2. The spectra
show a characteristic peak for both carbon-based materials, i.e.,
(U-C) and (A-PC), which corresponds to the “D” and “G” bands.
The “D” band, known as the deformation band, originates
from the induced defects of the sp® rings breathing mode
because of the oxygen-containing functional group. The “G”
band is known for the scattering first order of sp> C atoms of
the E,; phonon.

Additionally, the ratio of intensity, Ip/Is, represents the
quality and defects in a carbon matrix. For material (U-C), the
presence of the “D” band at 1337 cm ™' and the “G” band at
1586 cm ™' indicates that fewer defects are present in the (U-C)
material. The ratio of Ip/Ig = 0.91 shows a lower degree of
graphitization. For material (A-PC), the presence of the “D”
band at 1334.24 cm™ " and the “G” band at 1585.19 cm ™', along
with the ratio of Ip/Ig = 1.02, shows the occurrence of more
significant defects as compared to the (U-C) material. Defects in
the carbon matrix can improve the electrochemical perfor-
mance of a cell.*! The Ip/I; value of 1.02 was lower than that
for (U-C), representing a considerably higher graphitization
degree. The RAMAN spectra thus provided good justification
for the (A-PC) material having significant defects in their
carbon matrix; these results are consistent with the XRD
pattern.

3.3. Field emission scanning electron microscopy (FESEM)

FESEM analysis was performed on both the samples, i.e. (U-C)
and (A-PC), to study the surface morphology of the prepared
carbon-based materials derived from PEO polymer; results are
shown in Fig. 3 at 400 nm scale. The SEM micrograph of the
sample (U-C) shows a very dense morphology, revealing the less
porous nature of the material. On the other hand, the SEM

: : h_ U-C
H |——A-PC|
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Fig. 2 RAMAN profile of samples, U-C and A-PC.
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Fig. 3 FESEM profile of U-C and A-PC samples.

micrograph of (A-PC) shows the porous nature of the prepared
material, which is the very first requirement to enhance the
capacitive behavior of EDLC. This observation is also justified
by the electrical characteristics of EDLC as discussed below in
the Device Performance section.

3.4. Brunauer-Emmett-Teller (BET)

The functional capability of porous carbon is contingent on
porosity and surface area. The process of activating a carbon
through different activating agents leads to a porous nature by
widening the existing pores, formation of new pores, improving
formerly inaccessible pores, and amalgamation of existing
pores. The BET analysis is the best method to identify the
surface area and pores development in a carbon-based mate-
rial. The N, adsorption-desorption isotherm graph of U-C and
A-PC derived from PEO polymer is shown in Fig. 4(a).

Quantifiable information, such as surface area, pore
volume, micropore, mesopore, and average pore, for U-C and
A-PC derived from PEO is listed in Table 1.

From Fig. 4(a), it can be seen that A-PC derived from PEO
shows the H4-type hysteresis according to IUPAC classification,
which is referred to as type-IV isotherm. The rapid increase in
the isotherm signifies micropores (<2 nm) and the hill area is
indicative of mesopores (2-50 nm). The H4-type hysteresis
usually occurs for complex materials with both micropores
and mesopores, which is well organized shown by the A-PC

View Article Online
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sample. On the other hand, pure carbon, i.e., U-C derived from
PEO, features a nonporous nature as shown in Fig. 4(a). Finally,
two EDLC cells were fabricated using U-C and A-PC as active
materials derived from PEO polymer. Fig. 4(b) shows the pore
size distribution pattern of U-C and A-PC.

3.5. Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) analysis provides
invaluable insights into the microstructural characteristics of
porous carbon materials, including activated porous carbon
with disordered carbonaceous matrix and visible pores. In the
non-activated porous carbon sample, i.e., (U-C), large chunks of
a carbonaceous matrix were prominently visible, depicted by
the yellow rectangles in Fig. 5(a). These regions indicate the
presence of an inactivated, disordered carbonaceous structure.
Upon acid-induced activation, a remarkable transformation
occurs within the porous carbon structure. The acid treatment
exfoliates the matrix, resulting in wide openings or enlarged
pores, as depicted by the yellow dotted circles in Fig. 5(d). This
activation process creates more accessible pathways and
increases the overall porosity of the (U-C) material.** The wider
openings can facilitate enhanced adsorption and catalytic
activities, making the activated carbon suitable for the present
application. The large openings in the matrix of activated
carbon sample, (A-PC), are highlighted with an arrow in
Fig. 5(e). The selected area electron diffraction (SAED) patterns
were analyzed to further understand the structural changes
induced by activation. Fig. 5(c) illustrates the SAED pattern of
non-activated carbon (U-C), where we can readily observe a few
distinct diffraction spots but no lattice fringes. This pattern
hints at the materials’ partial graphitic or less ordered crystal-
line nature. The presence of diffraction spots confirms that
there are specific crystallographic planes within the material.
However, the absence of lattice fringes suggests that the atomic
arrangement is irregular or at least well-defined enough to
produce fine lines or bands that are often seen in highly
crystalline materials. Fig. 5(c), corresponding to the non-
activated carbon sample, (U-C), reveals a distinct diffraction
pattern indicative of its partially graphitic nature. The presence
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(a) BET N, adsorption/desorption isotherm profile of samples, U-C and A-PC; (b) pore size distribution in U-C and A-PC.
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Table 1 Brief data on the surface area, pore volume, and pore diameter of samples, U-C and A-PC

U-C

A-PC

17.3342 m> g !
0.0491 cc g "
8.97 nm

Surface area
Pore volume
Average pore diameter Dv

628.2565 m”> g !
0.3595 cc g’1
2.82 nm

Surface area
Pore volume
Average pore diameter Dv

Fig. 5 High-resolution TEM analysis of a U-C sample, (a), (b), and (c); A-PC (d), (e), and (f).

of clear diffraction spots and concentric rings signifies the
ordered arrangement of carbon atoms within the crystalline
structure.”® In contrast, the SAED pattern of the acid-induced
activated porous carbon, shown in Fig. 5(f), exhibits a completely
amorphous behavior. The absence of discernible diffraction
spots or rings indicates a disordered arrangement of carbon
atoms. This amorphous nature results from the exfoliation and
removal of the graphitic layers during the activation process.

3.6. X-ray photoelectron spectroscopy (XPS)

XPS analysis provides valuable insights into the elemental
composition and chemical states of porous carbon, U-C, and
activated porous carbon, A-PC. The XPS spectra of both U-C and
A-PC demonstrate the presence of carbon (C) and oxygen (O) in
the material, revealing the surface composition of the samples.
Notably, the C: O ratio changes upon acid-induced activation,
suggesting alterations in the material’s surface chemistry. By
deconvoluting the XPS spectra of the activated porous carbon
(Fig. 6), several distinct peaks were observed in the C 1s region.
At 284.57 eV, a prominent peak corresponded to C 1s, high-
lighting the presence of C—C structures. This peak indicates

2434 | Mater. Adv, 2024, 5, 2430-2440

the existence of aromatic or conjugated carbon bonds within
the carbonaceous matrix. Additionally, a relatively smaller peak
appeared at 286.22 eV corresponding to sp’ hybridized carbon
atoms; it was indicative of aliphatic carbon species. Another
peak at 287.72 eV corresponded to oxygen-containing func-
tional groups attached to the carbon, such as carbonyl or
hydroxyl groups. Upon acid-induced activation, changes
occurred in the deconvoluted spectra of the activated porous
carbon. The intensity of the C 1s peak corresponding to C—C
structures decreased significantly, suggesting a reduction in
the content of aromatic or conjugated carbon bonds. Further-
more, this peak shifted to 284.28 eV from its initial position at
284.57 eV, indicating alterations in the electronic structure or the
bonding environment of these carbon atoms. Conversely, a
larger peak could be observed at 286.53 eV, corresponding to
sp® hybridized carbon atoms. The increase in the last peak
suggests an enhancement in aliphatic carbon species, possibly
resulting from the breakdown or exfoliation of the carbonaceous
matrix during activation. Additionally, the peak at 287.72 eV,
which is associated with oxygen-containing functional groups,
remains present, albeit potentially with an altered intensity due

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 High-resolution XPS spectra of U-C and A-PC.

to changes in the material’s surface chemistry.** The O 1s
spectra also provide insights into the effect of activation on
the oxygen moieties. While the specific details of the O 1s
spectra were not studied, they likely exhibit changes in peak
positions or intensities, reflecting alterations in the oxygen
functional groups present on the surface of the activated
carbon. Additionally, the XPS spectra of the porous carbon
sample revealed a peak at 350.37 eV, suggesting a lower fraction
of epoxy or ethereal linkages on the surface.*>*® However, upon
acid-induced activation, a higher degree of oxidation in the
functional moieties was observed, indicating an increase in the
presence of oxygen-containing groups. In the XPS spectrum of
the non-activated carbon sample, deconvolution of the O 1s
peak revealed two distinct components at binding energies of
531.82 and 532.92 eV. Upon activation, these peaks underwent
a subtle shift, whereby they were positioned at 532.08 and
532.98 eV, respectively. The peak observed at 531.82 eV in the
non-activated carbon can typically be ascribed to oxygen in
the hydroxyl (OH) groups. The shift to 532.08 eV in the activated
sample suggests a possible increase in the electron density
around the oxygen atom, which could result from the removal
of acidic functionalities upon heating. Similarly, the peak
at 532.92 eV in the non-activated sample, which shifted to
532.98 eV upon activation, corresponded to oxygen atoms in
the carbonyl (C—0) groups. Minor changes in the peak posi-
tion are indicative of changes in the electronic environment
upon heating.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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4. EDLC Performance

4.1. Cyclic voltammetry (CV)

CV analysis was conducted on U-C and A-PC-based cells at
various scan rates of 5, 10, 20, 50, 100, 200, and 500 mV s~ with
a potential range of —1 to 1 V (Fig. 7 and 8). Furthermore, the
performance of U-C and A-PC-based cells was tested for a large
range of potential (—0.8 to 0.8, —1.0 to 1.0, —1.2 to 1.2, and
—1.4 to 1.4 V) with a scan rate of 50 mV s~ (Fig. 7 and 8). The
CV curves of U-C and A-PC-based cells showed typical EDLC-
type curves with good cyclic reversibility over the tested scan
rates. Additionally, over the large potential window, both cells
showed good stability and performed well.

Apart from the cyclic behavior of the cell, CV was used to
estimate specific capacitance, which is a measure of the
amount of charge that can be stored per unit mass of the
electrode material by using the following formula:

C=1ils

where C is the specific capacitance; 7 is current, and s is the
scan rate.

From these CVs, it can be concluded that A-PC-based cells
stored more charge than the U-C-based cells at the interface of
the electrode and electrolyte by the formation of a double layer.
Therefore, A-PC-based cells showed more specific capacitance
than pure U-C-based cells. The highest specific capacitance
showed by the A-PC-based cell, ie., 88.80 F g ' at 5 mV s *

Mater. Adv,, 2024, 5, 2430-2440 | 2435
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Fig. 7 CV curve of U-C (a) at various scan rates, (b) at various voltage ranges, (c) at various scan rates after 30 days, and (d) at various voltage ranges after 30 days.
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Fig. 8 CV curve of A-PC (a) at various scan rates, (b) at various voltage ranges, (c) at various scan rates after 30 days, and (d) at various voltage ranges
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Table 6 Specific capacitance from LIS

Scan rate Specific capacitance Specific capacitance Specific capacitance Specific capacitance
(mvs™) (F g~ (1st day) (F g7 ") (after 30 days)  Sample (F g~ ") (1st day) (F g ") (after 30 days)
5 26.58 33.10 U-C 16.8 15.19

10 25.40 25.00 A-PC 50.90 38.49

20 21.60 17.85

50 31.68 8.92

;88 1;'22 13'1; (Table 4), was much higher than the specific capacitance of the
500 7.36 13.8 U-C-based cell, i.e., 26.58 F g~ ', at the same scan rate (Table 2).

Table 3 U-C-based cell at various voltages

Voltage Specific capacitance Specific capacitance
(\%] (F g~ ") (1st day) (F g~ ") (after 30 days)
—0.8 to 0.8 12.28 9.06

—0.1to 0.1 14.74 11.96

—1.2to 1.2 17.18 13.86

—1.4to1.4 18.46 15.92

Table 4 A-PC-based cell at various scan rates

Scan rate Specific capacitance Specific capacitance
(mvs™) (F g~ ") (1st day) (F g~ 1) (after 30 days)
5 88.80 72.48

10 68.70 65.54

20 57.75 46.20

50 42.00 33.44

100 34.30 45.00

200 26.25 36.50

500 15.84 22.16

Table 5 A-PC-based cell at various voltages

Specific capacitance

Specific capacitance
(Fg™") (1st day)

Voltage (V)

(F g1 (after 30 days)

—0.8 to 0.8 40.00 34.73
—0.1to 0.1 44.00 25.06
—1.2to 1.2 48.20 34.15
—1.4t01.4 53.20 38.79

Furthermore, the stability of the U-C and A-PC-based cells was
tested after 30 days by performing their CV and evaluating
specific capacitance. Cells based on both materials showed
excellent stability even after 30 days. In addition, the specific
capacitance of U-C and A-PC-based cells at various scan rates is
summarized in Tables 2-5.

4.2. Low-frequency impedance spectroscopy (LIS)

LIS is a widely used non-destructive technique that allows the
determination of the electrical properties and performance of
supercapacitors over a wide range of frequencies, i.e., 0.01 to
10° Hz. Both devices show the EDLC-type behavior, which
exhibited compliance with CV. The impedance spectrum typi-
cally consists of a semicircle in the high-frequency region and a
straight line in the low-frequency region. The semicircle is
attributed to the charge transfer resistance at the electrode-
electrolyte interface, while the straight line originates from the
diffusion of the electrolyte ions. Furthermore, a critical para-
meter extracted from the impedance spectrum is the equivalent
series resistance (ESR), which represents the internal resistance
of the supercapacitor. The pure U-C-based device showed an
ESR of 28.83 Q, which increased to 29.82 Q after 30 days. In
addition, the same trends were found with the A-PC-based
devices. The A-PC-based device showed an ESR of 53.79 Q,
which increased further to 61.10 Q after 30 days (Fig. 9).
Although the A-PC-based device showed higher ESR than the
pure U-C-based device, this device showed higher specific
capacitance. The specific capacitance of the supercapacitor
device is an important parameter obtained from the impedance
spectrum and was indicated to be a double-layer capacitance
here that was related to the amount of charge that could be
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2004| ¢ pC after 30 days . 80041 o APC after 30 days
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Fig. 9 EIS of the (a) U-C-based device before and after 30 days and (b) A-PC-based device before and after 30 days.
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Fig. 10 GCD in the first six cycles of samples, U-C (a) and A-PC (b); stability over 10 000 cycles of U-C (c) and A-PC (d)

stored at the electrode-electrolyte interface. Therefore, the
specific capacitance of both devices was obtained from LIS
via the following equation:

C = —1/2nfZ"

Here, C denotes specific capacitance; the symbol f repre-
sents frequency, while the symbol, Z”, refers to the imaginary
part of the impedance.

The pure U-C-based device showed a specific capacitance of
16.8 F g that was reduced after 30 days to 15.19 F g *. On the
other hand, the A-PC-based device showed a higher specific
capacitance (50.90 F ¢~ and, after 30 days, 38.49 F g~ ') than
the pure U-C (Table 6).

4.3. Galvanostatic charge-discharge (GCD)

The GCD technique was performed to verify the electrochemi-
cal features of the developed EDLC using two active materials
fabricated here, i.e., U-C and A-PC. A current of 1 mA was
applied for the GCD technique to both cells. The GCD process

Table 7 Calculated specific capacitance, energy density, power density,
and coulombic efficiency of the fabricated EDLC with (U-C) and (A-PC)

Specific
capacitance Energy density Power density Coulombic

Sample (Fg ) (Whkg™) Wkg) efficiency (%)
U-C 11.44 1.88 2180.00 89
A-PC 43.22 7.13 2180.00 80

2438 | Mater. Adv., 2024, 5, 2430-2440

was carried out for 10000 cycles to check the stability of the
cells shown in Fig. 10(c) and (d). Fig. 10(a) and (b) show the first
six cycles of both cells, and the calculated values of specific
capacitance, energy density, power density, and coulombic
efficiency are presented in Table 7.

5. Conclusion

The synthesized A-PC from PEO was studied in detail; it is
concluded that this material has the potential to be used in an
electrode as an active material for use in a supercapacitor. U-C
and A-PC were successfully synthesized and characterized
through different techniques. The XRD peak broadening sug-
gested a greater amorphous nature of A-PC. RAMAN spectra
justified the nature of the fabricated material and were con-
sistent with the XRD patterns. A-PC material has a significant
defect inside the carbon matrix. BET analysis gives a large
specific surface area of A-PC, i.e., 628.2565 m*> g '. SEM/TEM
analysis provided helpful perceptions into the microstructural
characteristics of porous carbon materials, including activated
porous carbon with a disordered carbonaceous matrix and
visible pores. Upon acid-induced activation in A-PC, a higher
degree of oxidation in the functional moieties could be
achieved, indicating an increase in the presence of oxygen-
containing groups. The fabricated supercapacitor showed a
specific capacitance of 100 F g~ at a scan rate of 5 mV s '
using cyclic voltammetry and was stable for up to 30 days.

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