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Abstract: In this paper, a commercial polymeric resin precursor (polystyrene sulphonate beads) was
used as a source of carbon spheres. The resin was pyrolyzed at different temperatures (700, 800, and
900 ◦C) and the resulting carbons were analyzed by cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS). From the result of EIS, carbon spheres obtained at 700 ◦C (CS−700)
have the least ohmnic resistance and highest capacitance. In furtherance, the resin was chemically
activated with iron (III) chloride FeCl3·6H2O at different concentration (0.1 M, 0.3 M, and 0.5 M) and
pyrolyzed at 700 ◦C to obtain activated carbon sphere namely (ACS 700−0.1, ACS 700−0.3, and ACS
700−0.5) in which the last digit of the samples denotes the concentration of FeCl3. Scanning electron
microscope (SEM) showed that the carbon is of spherical shape; X-ray diffraction (XRD), energy
dispersive spectroscopy (EDS), and X-ray photon electron spectroscopy (XPS) revealed successful
introduction of Fe on the surface of the carbon. Out of all the activated carbon spheres, ACS 700−0.1
exhibited highest double layer capacitance of 9 µF cm−2 and lowest charge transfer resistance of
3.33 KΩ·cm2. This method shows that carbon spheres obtained from a polymeric source can be easily
improved by simple resin modification and the carbon could be a potential candidate for an electrical
double layer capacitor.

Keywords: polystyrene sulphonate beads; carbon spheres; capacitors; electrochemical impedance
spectroscopy

1. Introduction

The field of electrochemical capacitors, with a focus on electrical double layer capaci-
tors (EDLCs), is becoming increasingly popular in our day. Capacitors are energy storage
devices that have a fast charging and discharging rate, a high energy density, and a long
cycle lifetime [1]. The ion storage mechanism of a supercapacitor/pseudo-capacitor is
based on the Faradaic redox process [2], whereas the ion storage mechanism of an EDLC
is based on a non-redox process (adsorption process) [3]. Both types of capacitors work
on the same principle: two sandwiched electrodes are sandwiched in an electrolyte and
set parallel to each other. The electrodes may or may not be separated by membranes,
depending on the cell’s architecture.

Supercapacitors have been used in the fields of batteries, catalysis, and sensors, among
other things [4,5], while EDLCs have been used in the field of desalination, energy stor-
age, etc. [6]. Because of their porosity, high surface area, and adsorption capabilities,
carbon-based materials have been widely explored as capacitor sources [7,8]. Carbon,
on the other hand, has some downsides—such as low hydrophilicity, low capacitance,
and low conductivity, to name a few [9]—and as a result, techniques to overcome these
shortcomings have been the focus of recent research.
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The use of chemical or physical methods to improve the physico-chemical properties
of carbon via doping, additives, thermal annealing [10], freeze drying technique [11], and
beam irradiation [12], has been reported in literature. Due to their high porosity, large
surface area, and regulated pores arrangement, carbon-based biopolymers such as cellulose
and sucrose have recently gained attention as an alternative carbon source to commercial
carbon (petrochemical product) [13]. Mao et al. [14] reported sucrose-based carbon with a
specific capacitance of 316 F g−1, while Yan et al. [15] published N/S coal-based carbon
with a specific capacitance of 301 F g−1 in the literature. However, most of these precursors
are expensive and hard to come by, necessitating the search for a low-cost alternative.

Carbons, because of their unique features—such as a large specific surface area, varied
pore structure, and availability—have a lot of potential for long-term industrial use. Carbon
materials with regulated macroscopic forms, such as beads, are, on the other hand, in high
demand because they can suit the needs of most industrial applications.

In the literature, various types of functionalized activated carbon beads have been
recorded with the goal of addressing specific applications. Steam, CO2, ZnCl2, and KOH
activations [16–19], have all been studied and optimized for the manufacture of carbon ma-
terials with high surface areas and appropriate pore topologies for a variety of applications.
However, the time and cost of the extensive post-synthesis modification methods prevent
practical manufacture of carbon spheres on a wide scale. As a result, great emphasis was
placed on making the preparation of activated carbon as simple as possible. By mixing
an activating chemical (solid KOH and ZnCl2) with biomass, Singh et al. observed a
single-step activation. The synthesized activated biocarbon had a high BET surface area
and good porosity, but its shape and particle size were not well characterized [20,21].

There is little or no well-established synthetic approach for producing carbon beads
with the appropriate particle size and homogeneous pore size distribution at the moment
to the best of our knowledge. As a result, a unique and efficient method of producing
porous carbon spheres is very desirable. The usage of shaped polymer beads as a precursor
to activated carbon beads is one option that could be pursued. Cation exchange resin beads
are the most likely candidate among the industrially available shaped polymer beads to
meet these requirements. They can be made in a variety of sizes and pore configurations.
Furthermore, they provide evenly distributed ion exchange sites, allowing for the insertion
of an activator that promotes the carbonization reaction and, as a result, the pore structure
of the carbon beads. Therefore, the goal of this research is to make carbon beads with a
well-defined spherical form and a mesoporous structure that could be employed as an
EDLC while using resin beads as the starting material because of their acceptable particle
size and morphology.

Because of the pore structure of cation exchange resin beads, the activator—in this
case iron—is distributed uniformly, resulting in a very uniform carbonization reaction and
in order to optimize the pore structure of the resultant carbon beads for surface charge
improvement to promote better electron transport within the carbon structure, the resin
beads were ion exchanged with FeCl3 solutions of various concentrations and carbonized
at 700–900 ◦C (optimized temperature range for effective carbonization). Carbon spheres
with a predetermined shape and size were created, as well as a mesopore network.

Aside from research on naturally occurring polymers—such as sucrose, glucose, and
cellulose—synthetic polymers as carbon sources have recently been a subject of recent
research in the EDLCs community, and there has been a report on the electrochemical
behavior of carbon-based synthetic polymer sources in the literature [22,23]. Intense
treatment conditions, such as thermal or hydrothermal breakdown, are required for the
synthesis of graphitic carbon from precursory polymers. Due to the significant instability of
the polymer backbone, oxygen-rich polymers—particularly those with unsaturated bonds
and heteroatoms—have a strong tendency to decompose into carbon when heated. Prior
to pyrolysis, the polymer undergoes a crosslinking phase (stabilization), which results in
the transformation of the polymer into carbon. Under specific conditions, polymers such
as polyacrylonitrile (PAN), polyethylene glycol (PEG), and polyethylene (PE) have been



C 2021, 7, 82 3 of 14

reported as carbon sources in the literature [24–27]. However, there are few reports in the
literature about carbon-derived polystyrene sulphonate beads.

As a result of this, we studied the pyrolytic conditions and electrochemical behavior of
carbon generated from this commercial polymeric-based precursor (polystyrene sulphonate
beads) through chemical modification of the polymer followed by pyrolysis at various
temperatures.

2. Materials and Methods
2.1. Materials

Polymer resin polystyrene sulphonate beads (DOWEX 50WX8-Hydrogen form CAS
no: 217492-100G), polyvinylidenefluoride (PVDF) (CAS no. 24937-79-9), N-methyl-2-
pyrrolidone (NMP) (CAS no. 872-50-4, 99.7%, M.W 99.13 g/mol), and sodium chloride
(NaCl) were all purchased from Sigma Aldrich, Steinheim, Germany. Iron chloride hex-
ahydrate (FeCl3·6H2O) (CAS no. 10625-77-1 99%, M.W 270.30 g/mol) was purchased from
Merck, Sigma Aldrich, Germany.

Resin Pyrolysis and Activation

Briefly, 4.5 g of the polymer resin was put in a crucible boat and placed in a hollow
tube furnace under pure nitrogen for 2 h at a ramp rate of 3◦/min at different temperatures
(700, 800, and 900 ◦C). After pyrolysis, the samples were named after their corresponding
temperature—i.e., CS 700, CS 800, and CS 900.

For chemical activation, different molarities of FeCl3 (0.1, 0.3, and 0.5 M) were prepared
and impregnated with 4.5 g of the polymer resin. The solution was stirred for 20 h. After,
it was filtered, washed with distilled water, and dried overnight at 80 ◦C. The modified
polymer resin was then pyrolyzed at a particular temperature under the same condition as
mentioned above.

2.2. Experimental Procedure
Solid Electrode Preparation for CV and EIS Studies

Solid carbon electrode was prepared as a suspension of carbon sphere powder (0.3 g),
and poly (vinylidene fluoride PVDF, 0.03 g) in 2 mL N-Methyl-2-pyrrolidone (NMP). The
mixture was stirred for 3 h to ensure homogeneity and PVDF dissolution. Few drops of
the slurry were then slowly deposited on a graphite sheet area of 1 cm2. The deposited
electrode was dried at 80 ◦C in an oven for 2 h.

2.3. Physical Characterization

Field emission scanning electron microscopy (FESEM) was used to analyze the mor-
phology of the samples (FESEM, Hitachi S4800, Tokyo, Japan). The structural properties
were studied by using Raman spectroscopy (HORIBA Xplora, Minami-ku, Kyoto, Japan).
X-ray diffractometer (XRD Pan Analytical X’pert Phillips, Lelyweg, EA, Almelo, The
Netherlands) was used to reveal the crystallinity of the materials. Energy dispersive
X-ray (EDX Oxford X-Max, Oxford, UK) and X-ray photon electron spectroscopy (XPS)
(ESCALAB 250 Thermo Electron, Strasbourg, France) analyses were done to investigate
the atomic composition and chemical functional groups (moities) of the materials. For the
XPS analysis, the excitation source was a monochromatic source Al Kα anode with photo
energy that was observed at 1486.6 eV. The analyzed surface has a diameter of 500 µm.
The photoelectron spectra were calibrated in terms of bond energy with respect to the
energy of the C=C component of carbon C1s at 284.4 eV and Fourier transmission infer-red
(410 ATR FTIR spectrometer) was done to also verify the functional groups present in the
materials. Specific surface area was obtained by using N2 adsorption/desorption at 77 K.
SBET was the specific surface area calculated by the Brunauer–Emmett–Teller (BET) method
(Micromeritics 2020 ASAP, Merignac, France). Vt was the total pore volume calculated
from the amount adsorbed at a relative pressure (P/P◦) of 0.99, Vmeso was the mesopore
volume calculated by the Barrett–Joyner–Halenda (BJH) model.
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2.4. Electrochemical Characterizations

The electrochemical properties of the as prepared electrodes were examined by electro-
chemical impedance spectroscopy (EIS) and cyclic voltammetry (CV). EIS was performed
using a three-electrode system. The carbon electrode (deposited on a graphite sheet as
support) with an exposed surface area of 1 cm2 was made to have contact with the elec-
trolyte (1 M NaCl solution), platinum mesh and Ag/AgCl served as counter and reference
electrodes respectively. The measurement was done with Origalys Potentiostat (OGF01A,
Origalys Electrochem SAS, Les Verchères 2, France) at an operating frequency of 1000 KHz
to 10 mHz and a sine wave of 10 mV.

Cyclic voltammetry was also performed on Origalys Potentiostat (OGF01A, Origalys
Electrochem SAS, Les Verchères 2, France) using a three-electrode system as described
above at an operating window of −0.4 to 0.8 V vs. ref (0.1 V Ag/AgCl) in a 1.0 M NaCl
electrolyte. The double-layer capacitance (CDL) was determined using cyclic voltammetry
at different scan rates by considering the open circuit potential (OCP 0.1 V vs. ref) of the
charging and the discharging currents. The determined double-layer capacitance of the
system was the absolute value of the slope of the linear plot of charging current fitted to
the data. Double-layer capacitance (CDL) is calculated using Equation (1) below

i = v CDL. (1)

For an ideal capacitor Q = CV, thus by differentiation i = C v, where v is the scan rate.
The double-layer charging current i is equal to the product of the scan rate, v, and the

electrochemical double-layer capacitance, CDL.
Galvanostat charge discharge (GCD) was also performed on the same system de-

scribed above at a current density of 0.1 A/g.

3. Results
3.1. SEM Study

The shape of the produced carbon was verified using SEM at various tempera-
tures. The synthesized carbon is spherical in nature with approximately uniform size,
as shown in Figure 1a–f. As can be shown in Figure 1 from SEM, carbon spheres ob-
tained at 700 ◦C are quite smooth after pyrolysis (a–b). Also, at higher temperatures, the
resin beads appear to break down or disintegrate more, presumably due to the pressure
exerted inside the beads, which causes expansion and uneven decomposition. Using
KEYENCE SEM software, the average diameter of the pore size was 140 ± 0.003 µm.
Also, following activation, there was no modification in the shape of the carbon spheres
(Supplementary Information Figure S1a).

3.2. XRD Studies

XRD was used to investigate the crystal nature of the CS, as shown in Figure 2a. All
of the samples show broad diffraction peaks at 2 = 23◦ and 44.5◦, which correspond to
the 002 and 100/101 planes of carbon, respectively, which is a typical carbon diffraction
peak [28]. The carbon materials are amorphous and low graphitic in nature (display of
broad diffraction bands). The temperature of pyrolysis has no effect on the crystallinity
of carbon. It was further shown that temperature has no major effect on the inter-planar
distance using Bragg’s law (n = 2dsinӨ), where n = 1, d is the inter-planar distance,
and is the angle of diffraction (d002 and d001) as no much difference is observed as
shown in Table 1. The interlayer spacing between two adjacent carbon sheets in a typical
carbonaceous material, such as ordered graphite, is 0.335 nm [9]. Our materials have
a disordered carbonaceous character, corresponding to an interlayer distance (d002) of
0.377–0.38 nm.
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Figure 1. SEM micrographs of carbon spheres (CS) at different magnification scales: (a,b) CS 700;
(c,d) CS 800; (e,f) CS 900.

Figure 2. XRD (a) CS 700, CS 800, and CS 900; (b) Raman spectra of CS 700, CS 800, and CS 900; (c) FTIR of CS 700, CS 800,
and CS 900.
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Table 1. Interlayer spacing and microcrystallite size with reference to temperature.

Sample d 002 (nm) 100/101
(nm) Lc (nm) La (nm) Lc/La Np

(Lc/d002)

CS 700 0.37 0.21 6.14 0.80 7.67 16.59

CS 800 0.37 0.21 6.14 0.76 8.07 16.59

CS 900 0.38 0.21 6.51 0.72 9.04 17.13

Using the Debye–Scherrer equation, (D = K/c, a cos), where K is the constant value
of 0.9 for Lc (the stack height determined from the 002 plane) and 1.84 for La (the stack
width determined from the 100/101 plane), is the XRD machine radiation (0.1541 nm), is
the full width at half maximum of the diffraction peak in radian and is the diffraction angle
in radian. The ratio of Lc/La corresponds to the relative density of the edge and basal
planes of the microcrystallites while Np represents the ratio of plane numbers present in
the microcrystallites [28,29]. The size of micro-crystallite in the CS appears to be unaffected
by pyrolysis temperature. Additional information on the XRD of the activated carbon may
be found in the additional information section of Figure 2a.

3.3. Raman Studies

The influence of temperature and defect on the structural deformation of the carbon
lattice was verified using Raman. Because of in-plane vibration, carbonaceous materials
show well-defined peaks at the D-band of 1350 cm−1 corresponding to disordered graphite
and the G-band of 1580 cm−1 corresponding to ordered graphite [30]. A defect-free sample
has no D band, but our materials have one due to the presence of heteroatoms in the carbon
lattice, rendering it insensitive to excitation wavelength [30]. The materials peaks conform
to the aforementioned bands under all situations, as illustrated in Figure 2b. In Raman,
the intensity ratio (R = ID/IG) indicates the degree of defect present in any carbon-based
substance. As indicated in Table 2, the intensity ratio demonstrates a high level of defect in
the carbon spheres, with CS 700 having the lowest level of defect.

Table 2. Different intensity ratios of the materials.

Samples CS 700 CS 800 CS 900

R 0.92 1.15 1.20

3.4. EDS, FTIR, and XPS Studies

Figure 2c shows how FTIR was used to analyze the surface chemistry of CS. The
presence of C=C aromatic bonds in the materials is revealed by the identified signal at
1575 cm−1. The –OH stretching vibration of the alcohol and CH3 bands is related with
the peaks at 3417 and 2925 cm−1, respectively [31]. The vibrational peaks at 1720.49 cm−1

are caused by the C=O carbonyl group, and they are most evident in CS 700, probably
due to more carbonyl groups being formed at this pyrolysis temperature. C–H stretching
causes the peak at 1382 cm−1, while C–O bonds from esters and ethers cause the peak at
1022 cm−1 [32].

Further investigation was carried out using X-ray photoelectron spectroscopy analysis.
Information about CS (700, 800, and 900 ◦C) is presented in Figure 3a,d while that of
activated carbon sphere (ACS) is provided in Supplementary Information in Figure S2b.
Information regarding EDX is provided in Supplementary Information Table S1.
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Figure 3. Sulphur 2p spectra of (a) resin gel, CS 700, CS 800, and CS 900; (b) Whole XPS spectra of CS 700, CS 800, and CS
900; (c) C1s spectra of CS 700, CS 800, and CS 900. (d–f) Deconvoluted C1s spectra of CS 700, CS 800, and CS 900.

The surface elemental atomic compositions of the polymer resin gel before pyrolysis
were characterized to be 74.30% C and 19.53% O. After pyrolysis, CS does not show
significant difference at all temperatures except for CS 900 with 71.55% C and 17.51%
O (highest peak intensity for O element in Figure 3b while CS 700 possessed (95.69%
C, 4.31% O) and CS 800 (97.54% C, 2.46% O)). Figure 3a shows the changes in the XPS
spectra of Sulphur 2p of both the precursor and the resulting carbons. The XPS research
revealed that at temperatures of 700 ◦C and 800 ◦C, the sulphonic acid functional group
decomposes rapidly to SO2 and H2O gases, whereas at higher temperatures of 900 ◦C, only
a little base of the polymer is pyrolyzed, accounting for the large number of O in CS 900.
Figure 3b shows that the polymer resin’s benzene sulfonic acid band (C6H5SO3H), which
has an S2p binding energy of 168.8 eV, is present in CS 900 after pyrolysis—though in a
less pronounced form than the precursory material—but is absent in CS 700 and CS 800,
indicating that CS 900 retains some benzene sulphonic group at this temperature. The peak
at 164.0 eV corresponds to phenyl sulfide polymer (C6H5S) n [33].

Presence of oxygenated functional groups—i.e., -C=O, COOH, etc.—is beneficial for
improvement of electrochemical properties in EDL capacitors as both wettability and
hydrophilicity of the capacitor surface is improved [9]. As shown in Figure 3c,d, binding
energies of 284.9, 286.7, and 288.9 eV present in the distribution of the peaks correspond to
-C-C- carbon bonds, -C-O- carbon bonds, C=O and -COO- (carbonyl and carboxylic peaks)
respectively [34].
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3.5. Textural Properties

The textural features of carbon spheres produced and activated at various temper-
atures were compared in this study. The specific surface area of the synthesized carbon
spheres decreased sharply as temperature increased, as shown in Table 3, and the lowest
temperature (700 ◦C) appears to be the best temperature for abundant pores development
in the resultant carbon. Following that, the selected carbon (CS 700) was activated, and
the CS activated at 0.1 M had the highest specific surface area among its counterparts,
indicating that a generation of active species was required for pore activation by the ac-
tivating agent, resulting in a higher specific surface area. All of the electrode materials’
isotherm curves had a typical type II adsorption isotherm [35], as illustrated in Figure 4a.
The pores accessible for a molecule or ions of a specific size and shape are indicated by
the pore size distribution. The pore size distribution of the materials was computed using
the BJH model, and it was discovered that the mesopore area is responsible for adsorption
(11–30 nm), as shown in Figure 4b. Table 3 summarizes material parameters such as total
pore volume, BET specific surface area, and mesopore volume.

Table 3. Textural parameters of CS 700, CS 800, CS 900, ACS 700−0.1, ACS 700−0.3, and ACS
700−0.5.

Sample Vt (cm3·g−1) SBET (m2·g−1) VMESO (cm3·g−1)

CS-700 0.65 811.96 0.43
CS-800 0.62 778.75 0.40
CS-900 0.56 654.57 0.41

ACS 700−0.1 0.68 849.18 0.48
ACS 700−0.3 0.66 812.74 0.47
ACS 700−0.5 0.66 798.82 0.46
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Figure 4. (a) Nitrogen adsorption–desorption isotherm of CS 700, CS 800, CS 900, ACS 700−0.1, ACS 700−0.3, and ACS
700−0.5. (b) Pore width distribution of CS 700, CS 800, CS 900, ACS 700−0.1, ACS 700−0.3, and ACS 700−0.5.

3.6. Electrochemical Studies

Figure 5 shows the Nyquist plots of the EIS data of the materials (a). Figure 5 shows
the effect of changing the pyrolysis temperature on the semi-circle formation and Warburg
diffusion lines of these materials (a). The dominant resistive nature of the material is
depicted by a tiny semicircle in the high frequency range.
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Figure 5. Nyquist plot of (a) CS 700, 800, and 900 respectively; (b) theoretical capacitance of CS 700, CS 800, and CS 900 as a
function of frequency.

Solution resistance (Rs) is the resistance of the solution or electrolyte in use and
indicates the start of the semicircle line at Zi (left intercept at real axis) in EIS. The electrode
internal or intrinsic resistance (R) marks the semicircle’s end or termination (right intercept
at Zi real axis). The ease with which ions diffuse into the pores of the electrode or material is
represented by Warburg diffusion in the intermediate frequency range, whilst the capacitive
behavior of the material is shown in the low frequency range. Pyrolysis at 700 ◦C appears to
be the exact optimal temperature for generating CS with the lowest resistivity, as indicated
in Table 4.

Table 4. EIS parameters from Nyquist plots calculated theoretically from equivalent circuit fitting.

Sample R2 (KΩ.cm2) Yo (µS) Capacitance (nF)

CS 700 12.59 22.99 0.467
CS 800 19.87 53.19 0.380
CS 900 35.00 06.22 0.361

ACS 700−0.1 3.33 2.83 1.780
ACS 700−0.3 23.79 1.88 0.106
ACS 700−0.5 9.34 21.60 0.185

R: Resistance, Yo: Warburg diffusion.

The theoretical capacitance determined as a function of frequency from the imaginary
portion (Zii) of the EIS data of the synthesized carbons was shown in Figure 5b. The CS
700 capacitance increases as the frequency range is increased. This indicates that ions
migrate more easily or penetrate more deeply into the pores (intrapores) of the CS-700,
resulting in a considerable differential in capacitance. CS 700 also has the lowest resistance
(Table 4), which allows for efficient ion transport and rapid diffusion into its pores, resulting
in the maximum capacitive behavior.

CS 700 was chosen as a desired candidate of interest because it has the lowest resistivity
value and the highest capacitance, and it was chemically activated to improve its surface
charge using FeCl3 of various concentrations.

To validate the effect of varied concentrations of activating agent on the resistivity and
capacitance of the CS-700, EIS analysis was done (Figure S3), and as indicated in Table 4,
ACS 700−0.1 has the lowest resistance and highest capacitance.

Galvanostatic Charge–Discharge and Cyclic Voltammetry

The reversibility of the carbon electrodes was tested using a galvanostatic charge-
discharge (GCD) technique. The symmetrical triangular forms of GCD without any type of
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variation, as shown in Figure 6a, clearly suggest that the storage mechanism is predomi-
nantly EDL in nature and that all electrodes are reversible [36]. Figure 6a demonstrates
that CS 700 has the largest area of size, indicating that it performs at a fast rate.

Cyclic voltammetry (CV) is an important tool in predicting the capacitive behavior
of a capacitor. For an EDL capacitor, an almost or a rectangular shape is observed as
a function of scan rates. For an ideal EDL capacitor, a rectangular shape depicts low
resistivity of ions diffusion to the pores of the material thus enabling the formation of
stable EDL interface especially at a low scan rate [6]. The capacitive behavior of the
materials is shown in Figure 6b,d. Although all of the samples have pseudo-rectangular
shapes indicating the low capacitive characteristics of these materials, CS 700 exhibited
the most stable EDL formation out of all of them, possibly due to its improved surface
chemistry and generation of electroactive species at this optimal pyrolysis temperature,
leading to higher ions diffusion as shown in Figure 6b with highest current area under
CV. Following activation, a modest concentration of 0.1 M FeCl3 is all that is required to
improve electrochemical behavior, as seen in Figure 6d. The addition of iron (Fe) at this
concentration must have increased the material’s carbon conductivity network (surface
charge), resulting in decreased resistivity at the electrode–electrolyte interface. After
activation, the curves of the materials take on a considerable form, going from pseudo-
rectangular to almost rectangular at the same scan rate (50 mV s−1). This demonstrates the
effectiveness of the activation procedure. Table 5 shows the predicted EDL capacitance of
all carbon electrodes based on the absolute value of the slopes in Figure 6c,e.

Table 5. Electrical double layer capacitance (CEDL) calculated from the charge and discharge currents of the CV curves of
the synthesized carbons in aqueous solution.

Sample CS 700 CS 800 CS 900 ACS 700−0.1 ACS 700−0.3 ACS 700−0.5

CEDL (µF cm−2) 5.10 4.50 2.90 9.00 5.00 4.20

Figure 6. Cont.
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Figure 6. Galvanostatic charge–discharge (a) of CS 700, CS 800, and CS 900; (b,d) cyclic voltammetry curve of CS 700, CS 800,
CS 900, ACS 700−0.1, ACS 700−0.3, and ACS 700−0.5 at the scan rates of 50 mV/s respectively; (c,e) double-layer capacitance
voltammetry measurements of CS 700, CS 800, CS 900, ACS 700−0.1, ACS 700−0.3, and ACS 700−0.5 respectively. Cyclic voltammetry
measurements were carried out in 1 M NaCl aqueous electrolyte and measured in a non-Faradaic region of the voltammogram at high
scan rates of 150–300 mV s−1. The charging current (ref current density above 0 A cm−2) and discharging current (ref. current density
below 0 A/cm2) were plotted as a function of scan rate (V s−1). The determined double-layer capacitance of the system was taken as
the absolute value of the slope fits to the data [36].

Our materials’ double layer capacitance values are consistent with those reported
in the literature—i.e., for carbon materials such as carbon black, the reported double
layer capacitance ranges from 4 to 10 F cm−2, while for activated carbon, it ranges from
10–15 F cm−2 [37–39]. Table 6 shows the double layer capacitance of several carbon com-
pounds based on published data [40,41].
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Table 6. Values of electrochemical double layer capacitance of carbonaceous materials as found
in literature.

Carbonaceous
Material Electrolyte Double Layer Capacitance

(µF cm−2) Ref.

Carbon black 10% NaCl 19.00 [42]
1 M H2SO4 8.00 [42]

31 wt% KOH 9.00 [42]
Carbon fiber cloth 0.5 M Et4NbF4 6.90 [42]
Graphite powder 10% NaCl 35.00 [42]

Graphite cloth 0.168 N NaCl 10.70 [42]
Glassy carbon 0.9 N NaF 13.00 [42]

Carbon aerogel 4 M KOH 23.00 [42]
ACS 1 M NaCl 9.00 This work

ACS: activated carbon sphere.

4. Conclusions and Future Perspectives

Pyrolysis of polymeric beads in a tube furnace at various heating temperatures yielded
spherical carbons in this work. Carbon spheres synthesized at 700 ◦C had the best electro-
chemical characteristics and the most spherical form of all the carbon spheres tested. As a
result, iron, which acts as an activator at this pyrolysis temperature, replaced the precursor
gel (cation exchange resin). It was proven that the activation state is dependent on the
activator concentration. When compared to the results reported in the literature on its
use as an electrical double layer capacitor, the produced activated carbon demonstrated
good electrochemical properties. This demonstrates that this easy and effective approach
of obtaining spherical carbon from a low-cost polymer source is a promising technology
for electrochemical capacitor (EC) manufacture.

We believe that a well-controlled polymerization technique, such as the RAFT ap-
proach, can be a focus of research for easy scale-up of self-supporting carbon synthesis
from polymers, as well-oriented and structured carbons can be created for applications as
EDL capacitors from this method. Additionally, research into conductive polymers such as
poly (3,4-ethylenedioxythiophene)—poly (styrene sulfonic acid) (PEDOT-PSS), which has a
low resistance, could be advantageous. They are also stable in water and, thanks to their
hydrophobic carbon chain, can potentially create carbon. Furthermore, more research is
needed to determine the viability of employing water soluble polymers as a carbon source
for EC, however recent findings from various groups demonstrate that PEDOT-PSS has the
potential to increase performance [42–44].

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/c7040082/s1, Figure S1: SEM micrographs of (a) ACS 700−0.1 (b) ACS 700−0.3 (c) ACS
700−0.5; Figure S2: (a) XRD of ACS 700−0.1, ACS 700−0.3, and ACS 700−0.5; (b) XPS spectra of Fe
2p of ACS 700−0.1, ACS 700−0.3, and ACS 700−0.5; Figure S3: Nyquist plot of activated CS 700 at
0.1 M (ACS 700−0.1), 0.3 M (ACS 700−0.3), and 0.5 M (ACS 700−0.5) FeCl3. Table S1: Elemental
composition of CS obtained from pyrolysis of polymer resin at 700, 800, and 900 ◦C.
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