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ABSTRACT: Supercapacitors are high-power energy storage
devices due to their charge storage capability and long cyclic
stability. These devices rely on highly porous materials for
electrodes providing a substantial surface area per mass, such as
highly porous carbon. Developing high-performance porous
carbon from biomass wastes such as waste-activated sludge and
spent coffee is a sustainable way to reduce adverse environmental
effects, contributing toward a carbon circular economy. In this
study, hierarchically porous carbon with a high surface area of 1198
± 60 m2 g−1 was synthesized through a green route. Sodium
acetate was utilized as an environmentally friendly electrolyte. The
long-term stability test at a high current density was conducted,
providing valuable insights into the viability of sodium acetate as a robust electrolyte in supercapacitor application. The
supercapacitor demonstrated an excellent cycle stability of 98.4% after 20,000 cycles at a current density of 10 A g−1 in sodium
acetate. Further assessment revealed dominant fast surface kinetics. Moreover, a maximum energy density of 15.9 Wh kg−1 at 0.2 A
g−1 was achieved. By utilizing highly porous carbon in conjunction with a water-based binder, a substantial improvement of 76% in
capacity with respect to a nonaqueous-based binder was demonstrated.

1. INTRODUCTION
Supercapacitors are characterized by high power density, fast
charging/discharging rates, and remarkable long-term stability
(>10,000 cycles).1 Energy storage and delivery technologies
such as supercapacitors possess the capability to store and
deliver energy at an extremely fast rate, providing a high
current over a short period. Hence, they are applicable in
electric vehicles (EVs), uninterruptible power supplies (UPS),
and hybrid buses.2 The most common type of supercapacitor is
an electrochemical double-layer capacitor (EDLC). EDLC
supercapacitors store charges through the adsorption and
desorption of electrolyte ions at electrodes, in contrast to
batteries that depend on electrochemical redox reactions.3 This
distinction has enabled supercapacitors to achieve impressive
high power densities, surpassing lithium-ion batteries by an
order of magnitude. The electrochemical performance of the
supercapacitors is limited by the electrode materials. It is
crucial to develop highly porous carbon-based electrode
materials featuring a high specific surface area that can be
readily accessed to electrolyte ions. Accessibility of the specific
surface area depends on the pore size distributions. Pore sizes
smaller than 0.5 nm are not accessible to hydroxide ions when
aqueous electrolytes are used (e.g., potassium hydroxide) and
pore sizes below 1 nm are not accessible to organic
electrolytes.4

Porous carbons are the key component in many applications
including adsorption and energy storage systems such as

supercapacitors and lithium batteries.5 The demand for porous
carbon is expected to substantially increase over the next few
years. The high-cost petroleum-based active carbon ($4000 per
ton) is the commercial material that is currently being used.6

The operating voltage window and specific capacitance of the
commercial supercapacitors are 2.7 V and 100−120 F g−1 in
organic electrolytes and 1.23 V and 200 F g−1 in aqueous
electrolytes.2 Biomass-derived porous carbons are considered
the most reliable carbon source due to their low cost,
availability, and sustainability. In recent years, the use of
activated carbons derived from biomass, especially biowaste,
has sparked substantial interest in the energy storage device
community.7−12 This popularity is primarily due to the
inexpensiveness, sustainability, and abundance of the raw
materials. To date, several biowastes have been utilized to
synthesize activated carbon; however, the applications are still
restricted due to undesirable pore structures. The synthesis
methods play a vital role in controlling the carbonization
process and pore size distributions to meet the required criteria

Received: December 2, 2023
Revised: January 22, 2024
Accepted: February 29, 2024
Published: March 8, 2024

Articlehttp://pubs.acs.org/journal/acsodf

© 2024 The Authors. Published by
American Chemical Society

13134
https://doi.org/10.1021/acsomega.3c09438

ACS Omega 2024, 9, 13134−13147

This article is licensed under CC-BY-NC-ND 4.0

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maasoomeh+Jafari"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gerardine+G.+Botte"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.3c09438&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09438?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09438?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09438?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09438?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09438?fig=agr1&ref=pdf
https://pubs.acs.org/toc/acsodf/9/11?ref=pdf
https://pubs.acs.org/toc/acsodf/9/11?ref=pdf
https://pubs.acs.org/toc/acsodf/9/11?ref=pdf
https://pubs.acs.org/toc/acsodf/9/11?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.3c09438?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


for supercapacitor applications. The ideal porous carbon for
supercapacitors should possess several key characteristics
including a large specific surface area to accommodate charge
storage, hierarchical pores (micro (<2 nm), meso (2−50 nm),
and macro (>50 nm)) to facilitate fast ion transport diffusion,
and excellent wettability to enhance access of electrolyte ions
to the pores.13 Waste-activated sludge (WAS) and spent coffee
(SC) are ideal candidates to convert into porous carbon for
energy storage applications due to their high organic content
and their functional groups.14,15 Tremendous amounts of WAS
(45 million tons) and SC (15.33 million tons) are generated
annually around the world, which will end up mostly in
landfills.16,17 Landfilling these biowastes releases greenhouse
gases including 28.644 million tons of carbon dioxide and 21
million tons of methane annually.18,19 Hence, converting waste
to activated carbon for energy storage applications could solve
environmental issues related to waste landfilling. The hydro-
philic nature of WAS and SC due to their surface functional
groups makes the material wettable with aqueous electrolytes
and rapid ion diffusion to the pores, which results in obtaining
a higher capacity.
Traditional transformation routes of biomass to porous

carbon materials involve corrosive chemicals such as hydrogen
fluoride (HF), potassium hydroxide (KOH), and zinc chloride
(ZnCl2), which also hinder the economic feasibility, environ-
mental friendliness, and scaling of the processes.20−24 For
instance, Li et al. synthesized porous carbon from oily sludge
using HF pretreatment, KOH as the activation agent, and
hydrochloric acid (HCl) for the washing step, which resulted
in producing different hazardous waste streams.25 Also,
utilizing the microwave-assisted process for porous carbon
synthesis is not applicable to large scale due to challenges such
as the lack of uniform heating, safety concerns (thermal
runaway), and energy distribution (limited penetration depth
of microwaves).26 The production process of activated carbon
needs to be eco-friendly and easy to scale up. Therefore, it is
imperative to use environmentally friendly alternatives for
activating chemicals such as sodium thiosulfate, carbonate salts,
and molten salts (e.g., potassium chloride and sodium
chloride).27

Utilization of flammable organic electrolytes (e.g., tetrae-
thylammonium tetrafluoroborate (TEA-BF4) in propylene
carbonate or acetonitrile) in EDLCs causes numerous safety
issues. In addition, traditional aqueous electrolytes such as
sulfuric acid and potassium hydroxide have limited operating
potential to 1 V.25,28 Hence, the supercapacitors made with
conventional electrolytes have a low energy density (<10 Wh
kg−1).25 To develop high-energy-density and eco-friendly
supercapacitors, it is essential to use a green electrolyte with
a wider operating potential window (>1 V), which can
maintain capacity for a long operating time (>10,000 cycles) in
a coin cell.
In this study, a green, facile, and scalable route of production

of activated carbon from WAS and SC waste was developed by
using sodium thiosulfate, potassium carbonate, and trisodium
citrate as the green activation agents. Notably, no prior studies
have explored the synthesis of porous carbon from mixtures of
WAS and SC waste using these specified chemicals. The effects
of the activation agents with a molten salt aid (e.g., potassium
chloride), mixing method, and operating temperature on the
physiochemical properties of the activated carbons were
evaluated. The electrochemical performance of supercapacitors
made with synthesized activated carbon was investigated by

incorporating different binding materials into a traditional
aqueous electrolyte. It is worth noting that in this study, a
green electrolyte (sodium acetate) with a wide operating
potential window (∼1.5 V) was used to obtain a high-energy-
density supercapacitor. The kinetic and mass transfer processes
were examined using cyclic voltammetry with an ultrafast scan
rate ranging from 20 to 1000 mV s−1 and electrochemical
impedance spectroscopy, respectively. To the best of our
knowledge, no prior studies have investigated the long-term
stability test as well as the kinetic and mass transfer process of
a biomass-based supercapacitor using a sodium acetate
electrolyte.

2. EXPERIMENTAL SECTION
2.1. Materials. Sludge samples were taken from the

Lubbock, Texas, wastewater treatment plant after centrifugal
drying, the last step in the process before landfill disposal.
Spent coffee samples were obtained from premium roast
McCafe ́ after filter brewing. Both spent coffee and sludge
samples were dried in an oven (Across International) at 100
°C overnight (24 h). Sodium thiosulfate pentahydrate
(Na2S2O3·5H2O, 99.7%, Fisher Scientific), potassium carbo-
nate anhydrous (K2CO3, ACS grade, >99%, Sigma-Aldrich,),
potassium chloride (KCl, free-flowing, purity of >99%, Redi-
Dri, ACS reagent, Sigma-Aldrich), and trisodium citrate
dihydrate (Na3C6H5O7·2H2O, 99%, Alfa Aesar) were utilized
as the activation agent. Potassium hydroxide (KOH, 85%,
Fisher Scientific) and sodium acetate anhydrous
(CH3COONa, purity of ≥99%, Fisher BioReagents) were
used as the electrolyte for the supercapacitor. Acetylene black
(CB, purity of >99.9%, Alfa Aesar), polyvinylidene difluoride
(PVDF, HSV900, MTI Corporation), polytetrafluoroethylene
(PTFE in 60 wt % of aqueous dispersion, MTI Corporation),
and 1-methyl-2-pyrrolidinone (NMP, biotech-grade, purity of
≥99.7%, Sigma-Aldrich) were used as the conducting material,
binder, and solvent for making the electrode ink. Ethanol
(purity of ≥99.9%, Fisher Scientific) was used as the solvent
for the ink prepared with PTFE. Whatman glass microfiber
filters (934-AH) were used as a separator. Nickel foil (0.01 mm
thick, MSE Supplies) was used as a current collector, and
stainless-steel coin cell 2032 components, cases
(CR2032CASE316), spacers (CR20SPA05), and springs
(CR20WS-SPR), were used for making supercapacitor coin
cell devices, which were all purchased from MTI Corporation.

2.2. Activated Carbon Synthesis from Waste-Acti-
vated Sludge and Spent Coffee. Dried sludge (DS) and
dried spent coffee (SC) were ground in a coffee grinder to
obtain a fine powder. The mixture of DS and SS was prepared
in a 1:1 ratio as the carbon precursor for preliminary evaluation
purposes. The mixture of the carbon precursor was combined
with different activation agents including K2CO3, Na2S2O3, and
Na3C6H5O and in some cases in the presence of KCl as the
molten salt additive, in a mortar and pestle. This method is
called the dry method of mixing. After mixing, the mixture was
put into a quartz crucible, inserted into a tube furnace
(Lindberg Blue, Thermo Scientific), and heated up to 800−
900 °C with a ramp rate of 5 °C min−1 and a dwell time of 1 h
under a nitrogen atmosphere. The schematic of the synthesis
process is shown in Supporting Information Figure S1a. To
compare the effect of the mixing method, the carbon
precursors, activation agents, and the KCl additive were
mixed in 20 mL of deionized water (DI) in a beaker at 25 °C
overnight (∼18 h). This method is called the wet method. The
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mixture was dried in the oven (Across International) at 80 °C
for 24 h to obtain the dried powder before activation in the
oven as described above, see Supporting Information Figure
S1b. In all cases, the porous carbon materials after activation
and cooling to room temperature were washed with DI water,
and the solid was collected by using vacuum filtration with a
polyamide membrane filter (0.2 μm pore size, Sartorius) and
dried in a vacuum oven (Across International) at 80 °C and 25
inHg gauge pressure for 24 h. A blank porous carbon sample
was synthesized by self-activation under the same conditions
without an activation agent. The effects of the operating
temperature, activation agent, mixing procedure, and adding
KCl were evaluated on the physiochemical characteristics of
the activated carbons (ACs) and their electrochemical
performance.
The samples are labeled as SSC-activation agent-KCl-x-y(L)-

T throughout the text with legend constituents adjusted
depending on the components and conditions as described
next: the activation agent with choices of blank (no activation
agent), K2CO3, Na2S2O3, or Na3C6H5O; x is the weight mixing
ratio of the activation agent with the dried carbon precursor,
and T is the activation operating temperature (°C). For
example, a sample labeled as SSC-Na2S2O3-1.5-800 (Table 1)
was processed with Na2S2O3 as the activation agent at a 1.5
weight ratio with a carbon precursor and 800 °C. Some
samples were processed mixing the activation agent with the
KCl additive, labeled as “activation agent-KCl”, and in such a
case, y is the weight mixing ratio of KCl with the carbon
precursor, which could be accompanied with “L” indicating
liquid-phase mixing in DI water (wet mixing method). For
example, samples labeled as SSC-Na2S2O3-KCl-1.5-3.3-800
and SSC-Na2S2O3-KCl-1.5-3.6L-800 in Table 1 were processed
both with Na2S2O3 as the activation agent and the KCl
additive, at a 1.5 weight ratio of Na2S2O3 with the carbon
precursor and 800 °C. One sample contains a 3.3 weight ratio
(y) of KCl to carbon and the other 3.6, and the latter one was
wet mixed as denoted by the “L” in “3.6L”.

2.3. Analytical Techniques. Morphologies of the porous
carbon were acquired by scanning electron microscopy (SEM,
Zeiss Crossbeam 540). The nitrogen sorption isotherms of the
porous carbons were measured at −196 °C by using a
Quantachrome Autosorb iQ-MP micropore analyzer. About 60
mg of the AC sample was degassed at 200 °C for 6 h before
physisorption to remove the moisture or volatiles trapped in
the pores. The specific surface area was calculated by applying
the Brunauer−Emmett−Teller (BET) method. The t-plot
method was applied to determine the microporous areas. The
difference between the BET surface area and the microporous
surface was calculated to assess the external surface area, which
is the surface covered by the mesopores and micropores. The
total pore volume was evaluated at a relative pressure (p/po) of
0.99. The pore size distribution (PSD) was determined by
using nonlocal density functional theory (NLDFT). Raman

spectroscopy (Senterra, Bruker Raman microscope) with an
excitation beam wavelength of 532 nm, an integration time of
10 s, a spectra resolution of 3−5 cm−1, and a power level of 2
mW was performed to characterize the chemical nature of the
porous carbon samples.

2.4. Electrode Fabrication. AC samples, acetylene black,
and PVDF binder were dried in an oven (Across International)
at 80 °C for 24 h before slurry preparation. Carbon samples
were ground to obtain a fine powder with zirconia balls (1/4
in., Uxcell) at 1500 rpm for 5 min in a SpeedMixer (FlackTek,
Inc., DAC150.1 FVZ). The slurry was cast onto Ni foil using
the doctor blade (KTQ-II, LianDu-US) technique and dried at
60 °C under vacuum 25 inHg gauge pressure overnight (∼24
h). The AC sample, acetylene black, and PTFE were mixed in
ethanol (99.9%, Fisher Scientific) with a mixing ratio of
80:10:10 and coated on the surface of the punched nickel foil
(12.7 mm diameter) using the drop casting technique. The
coating prepared by the PVDF binder was punched into a
diameter of 12.7 mm (area loading ≈ 2−4 mg cm−2, with a 20
μm thickness). The loading was calculated by subtracting the
initial mass of the Ni foil from the mass of the coated nickel
foil after drying.

2.5. Coin Cell Assembly. Symmetric supercapacitor coin
cells were prepared with synthesized AC materials by using
MTI coin cell cases made of stainless steel. A pair of 12.7 mm
diameters were punched out of the coating. Slightly larger 19
mm Whatman (G/F) glass fiber filters were punched out to be
used as a separator. The separator was soaked in 6 M KOH
and 1 M CH3COONa before cell assembly. The coin cells
were pressed by using a hydraulic crimper (MSk-110, MTI
Corporation) at 100 psi.

2.6. Electrochemical Setup. The electrochemical per-
formance of the AC-based supercapacitor cells (two electro-
des) was carried out with a Biologic SP-150 electrochemical
workstation at room temperature. Electrodes underwent cyclic
voltammetry with a potential window of 0−1 V for 6 M KOH
and 0−1.5 V for 1 M CH3COONa with the scan rate of 20 to
500 mV s−1 in KOH and 20−1000 mV s−1 in CH3COONa. In
all the cases, the sustained periodic state was achieved after 4
sweeps. The galvanostatic charge−discharge (GCD) measure-
ment was implemented in the range of current to mass ratio of
0.2 to 20 A g−1 with the same voltage window for cyclic
voltammetry. The electrochemical impedance spectroscopy
(EIS) measurements were performed over a frequency range
from 200 kHz to 0.1 Hz with a sinusoidal voltage amplitude of
10 mV at the open-circuit potential.
The specific gravimetric capacitance of a single electrode (F

g−1) and the cell (Cg, F g−1) was determined from the
galvanostatic cycles using eqs 1 and 2 where dV/dt is the slope
of the discharge (V s−1) curve after the internal resistance (IR)
drop.29−31

Table 1. Summary of the Surface Area and Micropore Analysis of ACs in the Absence/Presence of KCl Synthesized with
Sodium Thiosulfate as the Activation Agent at 800 °C

sample
BET surface area

(m2 g−1)
micropore area

(m2 g−1)
mesopore area

(m2 g−1)
total pore volume

(cm3 g−1)
average pore size

(nm)

SSC-Blank-800 21 ± 1 5.4 ± 0.3 15.5 ± 0.77 0.05 ± 0.00 9.73 ± 0.09
SSC-Na2S2O3-1.5-800 268 ± 13 115 ± 6 148 ± 7 0.38 ± 0.02 5.70 ± 0.05
SSC-Na2S2O3-KCl-1.5-3.3-800 683 ± 32 288 ± 14 394 ± 20 0.58 ± 0.03 3.47 ± 0.03
SSC-Na2S2O3-KCl-1.5-3.6L-
800

878 ± 44 326 ± 16 552 ± 28 0.83 ± 0.04 3.89 ± 0.04
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In these equations, I is the constant current in discharging
(A), and m is the milligram mass of the active material on each
electrode (g). The Ragone plots were traced by using a
galvanostatic discharge test. The specific energy (E, Wh kg−1)
and power (P, W kg−1) were calculated by using eqs 3 and 4:
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where Vmax is the voltage at the beginning of the discharge and
Δt is the discharge time. A factor of 3.6 was used to convert the
energy density unit from J g−1 to Wh kg1−. For every
experimental condition, a pair of coin cells underwent testing,
and the associated uncertainties were quantified through the
calculation of the standard deviation.

3. RESULTS AND DISCUSSION
3.1. Mechanism of Activation by Adding Potassium

Chloride on Physicochemical Properties of the Porous
Carbons. In this section, sodium thiosulfate was used as a
green activation agent. Sevilla et al. reported that using sodium
thiosulfate as the activation agent with a ratio of 1.5 was mixed
with the carbon precursor and resulted in the highest surface
area for the biomass-based activated carbon.32 Therefore, the
activation agent to carbon precursor ratio of 1.5 was selected
for the activation process. It is important to note that
potassium chloride (KCl) and sodium thiosulfate (Na2S2O3)
decomposition products are melted at 800 °C (KCl melting
point, 770 °C), and the carbon precursor materials are
immersed into the liquid mixture of activation agents. In this
condition, melted KCl will play a role as the confinement
medium, which leads to reinforcing the contact between the

carbon precursor and activation agent decomposition products
and enhances the reaction rate.27 The porous structure of the
activated carbon samples was examined by nitrogen
physisorption. The adsorption isotherm and pore size
distribution are listed in Figure 1. The BET isotherm showed
the typical I/IV isotherm indicating the presence of substantial
micropores and mesopores in the porous carbon after chemical
activation with sodium thiosulfate. The porosity characteristics
of the samples such as the BET surface area and pore size
distribution are summarized in Table 1. Chemical activation
resulted in producing highly porous activated carbons with a
significantly higher surface area compared to physical/self-
activation (SSC-Blank-800 °C). The specific surface area of
AC samples enhanced significantly from 21 ± 1 m2 g−1 for a
blank sample to 268 ± 13 m2 g−1 with chemical activation. The
BET analysis results indicated that the addition of KCl further
increased the surface area and pore volume substantially from
268 ± 13 to 683 ± 32 m2 g−1. It is theorized that adding KCl
leads to the formation of more micro- and mesopores in the
activated carbon structure by improving the contact of the
activation agent and the carbon precursor. The physisorption
analysis demonstrated a higher surface area with a significantly
higher pore volume (878 ± 44 m2 g−1 and 0.83 ± 0.04 cm3 g−1,
respectively) and a wider pore diameter by mixing the
activation agent and the carbon precursor in the liquid phase
overnight (∼18 h). Further, SEM imaging of porous carbons
was conducted to evaluate the effect of activation on the
carbon structure morphology (Supporting Information Figure
S2). A blank sample (SSC-Blank-800 °C) synthesized by self-
activation shows a smooth surface with no pore development.
On the other hand, chemical activation with sodium thiosulfate
results in a highly porous structure. The sponge-like carbon
structure with interconnect microporous structure was
obtained by adding KCl to the mixture. It is worth noting
that the formation of mesopores in the carbon structure could
improve electrolyte mass transfer through the pores, leading to
a higher rate capability.
The activated carbons were further characterized by Raman

spectroscopy. The D-band around 1350 cm−1 results from sp3-
hybridized defect sites in the carbon structure, representing the
structural defects and the disordered structure on the graphitic

Figure 1. (a) Nitrogen adsorption−desorption isotherms and (b) pore size distribution of the porous carbons synthesized with self-activation and
Na2S2O3 in the presence of KCl at 800 °C for 1 h under a nitrogen atmosphere. Adding KCl enhanced the surface area by improving the contact
between the carbon precursor and the activation agent. Mixing in the liquid phase resulted in a notable enhancement in both the pore volume and
surface area.
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carbon.33,34 The G-band around 1590 cm−1 shows the
presence of graphitic or ordered planes in the carbon
material.35 The Raman spectra can also verify the defects
and disorder degree of the above samples by comparing the D-
band and G-band intensity ratio. The ratio of the D- to G-
bands (ID/IG) is known as the degree of graphitization or
defect density, which informs about the crystallinity level of the
carbon materials. The Raman spectra of the SSC-Blank-800,
SSC-Na2S2O3-1.5-800, SSC-Na2S2O3-KCl-1.5-3.3-800, and
SSC-Na2S2O3-KCl-1.5-3.6L-800 represent two distinct peaks
around 1343 (D-band) and 1590 cm−1 (G-band) (Figure 2).

The ratio of the D-band/G-band (ID/IG) was calculated to be
1.21 for the SSC-Blank-800 synthesized by self-activation. The
ID/IGdecreased to 1.035 by incorporating KCl in the synthesis
mixture, which indicates a higher degree of graphitization in
the carbon structure. On the other hand, the ID/IG slightly
increased for the SSC-Na2S2O3-KCl-1.5-3.6L-800, which

originated from creating more defects into the carbon
structure.

3.2. Effect of the Operating Temperature on
Physicochemical Properties of the Porous Carbons.
Referring to Table 1, the highest surface area was achieved for
the SSC-Na2S2O3-KCl-1.5-3.6L at 800 °C. Therefore, the
operating temperature was further increased to 850 and 900
°C to study the effect of calcination temperature on the pore
size formation and defects in the carbon structure.
Figure 3 represents the BET isotherms of the AC samples

synthesized by sodium thiosulfate at different operating
temperatures. It is evident that increasing the temperature
from 800 to 850 °C resulted in a slight increase in the surface
area and an increase in the mesoporous surface area from 482
± 24 to 552 ± 28 m2 g−1, see Table 2. As the temperature
increased from 850 to 900 °C, the mesoporous surface area
decreased to 492 ± 25 m2 g−1 with a smaller pore size (3.67
nm) due to collapsing of the pores and agglomeration.36 Table
2 provides a summary of the surface area and microporous
specification for ACs synthesized with sodium thiosulfate and
KCl at different operating temperatures (800−900 °C).
Additional analysis with Raman spectroscopy revealed that
elevating the carbonization temperature results in a greater
degree of graphitization. The ID/IG values of the samples
synthesized at 800 °C (1.036) are higher than those of 850 °C
(1.031) and the samples synthesized at 900 °C (1.025)
showing a greater degree of disorder and defects induced by
chemical activation at lower operation temperatures (Figure
4).35

3.3. Effect of the Activation Agent on the Physi-
ochemical Properties. In this study, green chemicals were
chosen as the activation agents to prevent post-treatment with
an acid, which is typically required to remove impurities.
Potassium carbonate, sodium thiosulfate, and trisodium citrate
were selected to investigate the impact of various activation
agents on the pore formation and specific surface area.
Referring to the literature, the primary reactions occurring
during activation using potassium carbonate are presented as
eqs 5−8:37

+ +2K CO 4C 6CO 4K2 3 (5)

+K CO CO K O2 3 2 2 (6)

Figure 2. Raman spectra of the activated carbons synthesized by
sodium thiosulfate in the presence of KCl at 800 °C. A higher
graphitization degree was obtained for all the AC samples activated by
sodium thiosulfate compared to self-activation. The increase in the
ID/IG ratio due to liquid-phase mixing indicates the development of
defects/disorders within the carbon structure.

Figure 3. Effect of operation temperature on (a) BET surface area and (b) pore size distribution; the surface area and pore volume increased as the
temperature was raised to 850 °C. However, with a further increase in operation temperature to 900 °C, both the surface area and pore volume
decrease. The reduction in the pore size at higher operating temperatures is attributed to the collapse of the pores.
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+CO C 2CO2 (7)

+ +K O C CO 2K2 (8)

When the temperature rises above 627 °C, K2CO3 reacts
with carbon (C) to generate carbon monoxide (CO) (eq 5).
This reaction contributes to the formation of micropores.38

K2CO3 will undergo thermal decomposition to produce carbon
dioxide gas (CO2) (eq 6) and reacts with C to generate CO
gas (eq 7). K2O from K2CO3 decomposition further reacts
with C to form CO gas and potassium K (eq 8). The generated
K can also be integrated into the carbon structure, causing an
expansion of the carbon framework. The subsequent release of

CO and CO2 gases typically leads to the creation of the
mesopores.37 As a result, the carbon obtained through the use
of K2CO3 activation agents exhibits a structure rich in
micropores.
The proposed activation process involving sodium thio-

sulfate relies on the reaction between the carbon precursor and
the sodium sulfate produced from the decomposition of
sodium thiosulfate at T > 250 °C (eq 9).27 The oxidation
reaction between carbon and sodium sulfate occurs at a
temperature above 342 °C, resulting in the production of
carbon dioxide (eq 10). Moreover, at an operating temperature
above 520 °C, sodium sulfate reacts with carbon to generate
carbon monoxide (eq 11).

+4Na S O 3Na SO Na S2 2 3 2 4 2 5 (9)

+ +Na SO 2C Na S 2CO2 4 2 2 (10)

+ +Na SO 4C Na S 4CO2 4 2 (11)

It is important to note that sodium thiosulfate decom-
position products are melted at 800 °C (melting point of
Na2SO4−Na2S, 740 °C), and the carbon precursor materials
are immersed into the liquid mixture of activation agents. The
formation of the liquid phase has a considerable influence on
the activation reactions. Likewise, it has been reported that
sodium citrate undergoes a transformation to sodium
carbonate at temperature of 650 °C, after which sodium
carbonate serves as the activation agent.39 The proposed
activation mechanism is presented as follows (eqs 12−15):40,41

+ +Na CO 2C 2Na 3CO2 3 (12)

+Na CO Na O CO2 3 2 2 (13)

+CO C CO2 (14)

+ +Na O C 2Na CO2 (15)

Table 2. Summary of the Surface Area and Microporous Specification for the ACs Synthesized with Sodium Thiosulfate and
KCl at Different Operating Temperatures (800−900 °C)

sample BET area (m2 g−1) micropore area (m2 g−1) mesopore area (m2 g−1) total pore volume (cm3 g−1) average pore size (nm)

SSC-Na2S2O3-KCl-1.5-3.6L-800 820 ± 41 339 ± 17 482 ± 24 0.80 ± 0.04 3.89 ± 0.04
SSC-Na2S2O3-KCl-1.5-3.6L-850 878 ± 44 326 ± 16 552 ± 28 0.83 ± 0.04 3.76 ± 0.04
SSC-Na2S2O3-KCl-1.5-3.6L-900 806 ± 40 314 ± 17 492 ± 25 0.74 ± 0.04 3.67 ± 0.04

Figure 4. Raman spectra of the activated carbons synthesized at (a)
800 (b) 900, and (c) 850 °C. The ratio of the ID/IG band decreased
while the temperature increased from 800 to 900 °C resulting in an
increase in the graphitizing degree of the porous carbon.

Figure 5. Effect of the activation agent on (a) BET isotherm and (b) pore size distribution. A significantly higher BET and microporous surface
area were obtained with potassium carbonate and sodium citrate as the activation agents.
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As mentioned earlier, the greatest surface area was achieved
when the temperature was raised to 850 °C, with a KCl to raw
material ratio of 3.6. Since potassium chloride does not actively
participate in the activation process, the quantity of KCl in the
chemical activation for both potassium carbonate and
trisodium citrate was reduced to a ratio of 1.5. The proportion
of the activating agent to the carbon precursor remained
consistent at a ratio of 1.5. Figure 5 shows the BET isotherm
and pore size distribution of the activated carbons synthesized
by the different activating agents. The highest surface areas of
1179 ± 59 and 1198 ± 60 m2 g−1 were obtained for the
samples activated by potassium carbonate and trisodium
citrate, respectively. These samples also showed the presence
of a substantial amount of the microporous area, which is
desirable for supercapacitor application. The percentage of the
microporous area to the total BET surface area drastically
increased from 37 ± 2 to 73 ± 4 and 62 ± 3% when sodium
thiosulfate was replaced with potassium carbonate and
trisodium citrate, respectively. This can be explained by the
reactions between the activation agent and the carbon
precursor, resulting in the development of porous materials.
Detailed information about the microporous area is
summarized in Table 3.
The surface morphology of the carbons with a higher surface

area was analyzed using SEM. Figure 6a−f shows the
morphologies of the ACs synthesized from potassium
carbonate and trisodium citrate. The hierarchical porous
carbon featuring various pore shapes was synthesized using
different activation agents. Activation with potassium carbo-
nate resulted in the formation of the three-dimensional (3D)
sponge-like morphology with a honeycomb structure, while
activation with trisodium citrate led to creation of the spherical
holes. It is noted that a substantial number of mesopores and

micropores were generated during activation with both
chemicals. In addition, it is evident that the larger pores are
interconnected with another one through the presence of
micropores. This could potentially reduce the electrolyte ion
transportation distance leading to higher power and energy
density. The effect of activation agents on the defect/
graphitization degree of the AC samples was studied via
Raman spectra and is presented in Supporting Information
Figure S3. The ID/IG ratios of 1.036, 0.98, and 1.05 were
obtained for AC samples synthesized using sodium thiosulfate,
potassium carbonate, and trisodium citrate, respectively. The
higher value of ID/IG was obtained for trisodium citrate due to
the development of more structural defects compared with
other activation agents. However, the AC sample synthesized
with potassium carbonate exhibits a slightly greater degree of
graphitization.

3.4. Electrochemical Performance of the Biomass-
Derived Porous Carbons. 3.4.1. Effect of Adding KCl and a
Binder Material. The binder plays a crucial role in providing
effective physical contact between the active carbon particles
and establishing a strong adhesion to the current collector.
PTFE and PVDF are the commercial binders used for the
electrode fabrication. PTFE is an environmentally friendly
water-based binder, while PVDF is a nonaqueous binder that
requires the use of an NMP solvent to make a slurry for
coating.
The effect of the binder on the electrochemical performance

of the supercapacitors was evaluated. Cyclic voltammetry
experiments were conducted on the synthesized carbons within
the range of 20−500 mV s−1 to evaluate the effect of the binder
on the rate capability. Figure 7 shows the CVs for the AC
samples synthesized using sodium thiosulfate and KCl at 800
°C (SSC-Na2S2O3-KCl-1.5-3.3-800) with a mixing ratio of

Table 3. Summary of the Surface Area and Pore Volumes for the Synthesized ACs by Different Activation Agents in the
Presence of KCl at 850°C

sample
BET area
(m2 g−1)

micropore area
(m2 g−1)

mesopore area
(m2 g−1)

total pore volume
(cm3 g−1)

average pore size
(nm)

SSC-Na2S2O3-KCl-1.5-3.6L-850 878 ± 44 326 ± 16 552 ± 28 0.83 ± 0.04 3.89 ± 0.04
SSC-K2CO3-KCl-1.5-1.5L-850 1179 ± 59 860 ± 43 319 ± 16 0.79 ± 0.04 2.68 ± 0.03
SSC-Na3C6H5O7-KCl-1.5-1.5L-850 1198 ± 60 744 ± 37 454 ± 23 0.86 ± 0.04 3.29 ± 0.03

Figure 6. (a−c) Morphology of the AC prepared by potassium carbonate and KCl at 850 °C, 3D honeycomb porous carbon with interconnected
micropores; (d−f) morphology of the AC sample prepared by trisodium citrate and KCl at 850 °C, where a hierarchical porous structure with
spherical pores was formed.
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Figure 7. Electrochemical performance of activated carbon in a two-electrode system in 6 M KOH synthesized using sodium thiosulfate and KCl at
800 °C for 1 h (SSC-Na2S2O3-KCl-1.5-3.3-800): (a) cyclic voltammogram for the electrode (80:10:10 PTFE) at a scan rate of 20−500 mV s−1, (b)
cyclic voltammogram for the electrode (80:10:10 PVDF) at a scan rate of 20−500 mV s−1, (c) effect of KCl and binder on galvanostatic charge/
discharge at 1 A g−1 in a two-electrode system in 6 M KOH, and (d) electrode capacity at different current densities ranging from 1 to 20 A g−1. A
higher capacity was obtained by adding KCl to the activation mixture. The utilization of a PTFE binder demonstrated a significant improvement in
the capacity.

Figure 8. (a) Effect of KCl and binder material on Nyquist plots of the AC electrodes synthesized by sodium thiosulfate at 800 °C in a frequency
ranging from 200 kHz to 0.1 Hz. (b) Re(Z) as the function of 1 . Adding KCl improves both charge transfer and mass transfer processes by
developing more pores in the AC structure. The PTFE binder led to a significant reduction in ESR, RCT, and Warburg coefficient, primarily by
improving the wettability of the electrode surface.
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80:10:10 (activated carbon:conductive carbon:binder) using
different binder materials (PVDF and PTFE). The sample
using PTFE shows a larger area as observed under the curve
for CV at the same scan rate compared with PVDF, which
leads to a higher electrode capacity. The shape of the CV
curves remained consistent while the scan rate increased from
20 to 500 mV s−1, indicating the high rate capability of the
materials for the fast charge/discharge rate. When the scan rate
increased, a significant difference was observed between PVDF
and PTFE. This suggests that the ion diffusion is slower in
PVDF compared to the PTFE electrode.42

Supporting Information Figure S4 shows a cyclic voltammo-
gram comparison of AC samples synthesized using sodium
thiosulfate and potassium chloride at 800 °C. The area under
CV significantly increased by incorporating KCl, which results
in enhancing the electrode capacity. This could be attributed
to modification of the textural properties of the AC samples.
The galvanostatic charge/discharge cycle was performed to
evaluate the effect of adding KCl and different binders on the
capacity of the electrode materials (Figure 7c,d). The addition
of KCl led to an increase in electrode capacity from 67.4 ± 0.4
to 89 ± 14 F g−1 at the current density of 1 A g−1. When PTFE
was employed as the binder, the capacity significantly
improved to 157 ± 24 F g−1 at 1 A g−1, which is higher
than that of the commercial activated carbon YP-50F (125 F
g−1 at 1 A g−1).43 This is due to an enhancement in the
hydrophilicity of the electrode’s surface.33

Electrochemical impedance spectroscopy (EIS) is a powerful
method for studying the electrochemical characteristics of the
electrode and its interface. The Nyquist plot shows two
primary regions for the supercapacitors: (1) at the high
frequency, a semicircle indicating the charge transfer resistance
(RCT), and (2) at the low frequency, a vertical line representing
the mass transfer resistance. The equivalent series resistance
(ESR) is calculated from the intersection of the semicircle with
the x-axis at the high frequency. ESR stands for the resistance
observed within the electrode, electrolyte, and electrical
contact. Figure 8a shows the Nyquist plots for the coin cells
made with AC materials synthesized by sodium thiosulfate and
KCl with different binders. With the addition of KCl, both ESR
and RCT decreased significantly from 0.54 ± 0.04 to 0.47 ±
0.00 and 0.82 ± 0.29 to 0.31 ± 0.05 Ω, respectively. A
substantial reduction in ESR and RCT (0.4 ± 0.0 and 0.1 ± 0.1
Ω) was achieved when using the PFTE binder. These results
illustrate the key role of the wettability of the electrode surface
in the supercapacitor performance. In addition, it is important
to emphasize that both ESR and RCT are the key factors for the
high specific power in supercapacitors. The findings from EIS
analysis are summarized in Table 4. The presence of the
vertical line at low frequencies indicates the capacitive
characteristics of the cells. Mass transfer information was

derived from the Nyquist plot at low frequencies. Warburg
resistance illustrates the diffusion of electrolyte ions into
porous carbon. The analysis of the impedance as a function of
the reciprocal of the square root of frequency was performed to
obtain information about the Warburg coefficient σ. Warburg
coefficients were determined from the slopes of the linear
fitting lines of Re(Z) as the function of 1 representing ion
diffusion resistance.44 Figure 8b shows the fitting data for the
Warburg coefficient of the supercapacitor cells. The effect of
adding KCl and using different binders on the mass transfer
coefficient was studied. Incorporating KCl leads to a notable
reduction in the Warburg coefficient from 3.29 ± 0.10 to 1.22
± 0.03 Ω s−0.5. This result aligns with the physical
characteristics of the ACs. ACs synthesized using sodium
thiosulfate in the presence of KCl showed a substantially
higher surface area and pore volume, facilitating the mass
transfer and reducing the resistance. The effect of using
different binders on the mass transfer resistance was also
evaluated. The electrode made with the PTFE binder (10 wt
%) exhibited a notably lower Warburg coefficient when
compared to the electrode using a PVDF binder (10 wt %).
The reduction from 1.22 ± 0.03 to 0.64 ± 0.04 Ω s−0.5 is
correlated to higher hydrophilicity of the electrode surface,
which, in turn, improves the ion transfer into the pores.33

3.4.2. Effect of the Activation Agent on the Electro-
chemical Performance of Supercapacitors in a Green
Electrolyte. A higher energy density could be achieved by
implementing electrolytes with a wider voltage stability
window (>1 V). Recent work accomplished by Dyatkin et al.
revealed that using sodium acetate at the concentration of 1 M
resulted in higher capacity compared to sodium sulfate with
the same concentration.45 Moreover, sodium acetate is a more
environmentally friendly electrolyte. Therefore, the effect of
the activation agent on the electrochemical performance of the
supercapacitors was evaluated in a two-electrode system in 1 M
sodium acetate (CH3COONa). To evaluate the stable
operating potential window in CH3COONa, cyclic voltamme-
try at 100 mV s−1 was performed in the range of 1−1.5 V.
Figure 9a shows the cyclic voltammogram for the SSC-
Na3C6H5O7-KCl-1.5-1.5L-850 in a 1 M CH3COONa electro-
lyte. It is clear that employing sodium acetate enables the
expanded operation potential window up to 1.5 V, in contrast
to traditional aqueous solutions (6 M KOH), where the
operating potential is limited to 1 V. Therefore, significantly
higher energy density will be achieved in supercapacitors. It has
been reported that the desolvated anion diameter is 0.15 nm
for CH3COO− (0.71 nm, while it is solvated);45 therefore, all
the ions, even the fully solvated ones, could fit into the
majority of the activated carbon pores.
To study the rate capability of the AC electrodes in the

CH3COONa electrolyte, cyclic voltammetry with a scan rate of
20−1000 mV s−1 and galvanostatic charge/discharge were
performed at the current density of 0.2−20 A g−1. Supporting
Information Figure S5 shows the electrochemical performance
of the AC electrodes activated by trisodium citrate and
potassium carbonate in 1 M CH3COONa. The shape of the
cyclic voltammetry curve was still rectangular even at a higher
scan rate (1000 mV s−1) showing the substantial rate capability
performance. Likewise, the galvanostatic charge/discharge
curve represented a triangular shape even at a high current
density of 20 A g−1 with a negligible IR drop (Supporting
Information Figure S6). The charge transfer mechanism in the
supercapacitor can be evaluated from eq 16:46

Table 4. Summary of the Impedance Resistance for the
Supercapacitors Made from ACs Modified by KCl at 800 °C
with Different Binders

AC sample RCT (Ω) ESR (Ω) O' (Ω s−0.5)

SSC-Na2S2O3-1.5-800-
PVDF

0.82 ± 0.29 0.54 ± 0.04 3.29 ± 0.10

SSC-Na2S2O3-KCl-1.5-3.3-
800-PVDF

0.31 ± 0.05 0.47 ± 0.00 1.22 ± 0.03

SSC-Na2S2O3-KCl-1.5-3.3-
800-PTFE

0.10 ± 0.09 0.37 ± 0.00 0.64 ± 0.04
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=i avb (16)

where i is the peak current (A), v is the scan rate (mV s−1), and
a and b are coefficients.46 To understand the rate capability
and kinetic information, log(i) from cyclic voltammetry data
versus the scan rate (mV s−1) was plotted. The slope of the
linear fitted line provides kinetic information about the
electrochemical reactions by which charge storage can be
controlled. There are two well-defined conditions for the slope
value. If the slope is equal to 0.5, it means diffusion-controlled
phenomena, while the slope equal or close to 1 represents the
surface fast charge/discharging of the double-layer super-
capacitor.46 The b values of 0.89 ± 0.02, 0.82 ± 0.02, and 0.86
± 0.02 were obtained for SSC-Na3C6H5O7-KCl-1.5-1.5L-850,
SSC-K2CO3-KCl-1.5-1.5L-850, and SSC-Na2S2O7-KCl-1.5-
3.6L-850, respectively, under scan rates from 20 to 1000 mV
s−1 in 1 M CH3COONa. The uncertainty of the slopes was
calculated with the LINEST function (least-squares method)
in Excel. These findings reveal that energy storage in the
supercapacitors is achieved through fast charge−discharge at
the electro/electrolyte interface for the SSC-Na3C6H5O7-KCl-
1.5-1.5L-850 and SSC-K2CO3-KCl-1.5-1.5L-850 electrode

materials. However, the b value decreased to 0.82 ± 0.02 for
SSC-Na2S2O7-KCl-1.5-3.6L-850, implying that the diffusion-
controlled process also contributes to the electrode reaction.
The AC synthesized using trisodium citrate showed a higher
coefficient that is aligned with the porous structure of carbon
(a BET higher surface area with more pore volume). A bigger
average pore size of 3.29 ± 0.03 nm was formed using
trisodium citrate as the activation agent, which facilitates the
ion transfer compared to AC synthesized with potassium
carbonate (2.68 ± 0.03 nm).
The electrochemical performance of the symmetric super-

capacitors was further evaluated by galvanostatic charge−
discharge for the range of current densities of 0.2−20 A g−1.
Figure 9c shows the electrode-specific capacitance as a function
of current density. The Na3C6H5O7-KCl-1.5-1.5L-850
achieved the highest specific capacity of 101.8 ± 10.2 F g−1

when operated at 0.2 A g−1.This translates to an energy density
of 15.9 ± 1.6 Wh kg−1 for the symmetric cell, which is
significantly higher than that of the traditional aqueous
electrolyte (2−10 Wh kg−1).9,47−49 The high capacity resulted
from the physicochemical properties of the AC supported by

Figure 9. (a) Cyclic voltammetry of the supercapacitor made with AC synthesized by trisodium citrate and KCl at 850 °C for 1 h with 1 M sodium
acetate as the electrolyte at 100 mV s−1 at the operating potential window of 1−1.5 V, (b) b values for fast kinetic evaluation as the function of the
scan rate at 20−1000 mV s−1, (c) specific capacity as the function of current density at 0.2−20 A g−1, and (d) Ragone plot of the symmetric
supercapacitor in a 1 M sodium acetate electrolyte. A maximum specific capacity of 101.8 ± 10.2 F g−1 was obtained for Na3C6H5O7-KCl-1.5-1.5L-
850 at 0.2 A g−1 corresponding to a 15.9 ± 1.6 Wh kg−1 energy density and a 300.00 ± 0.01 W kg−1 power density. The maximum power density of
36.05 ± 1.2 kW kg−1 was achieved at 10 A g−1 for the Na3C6H5O7-KCl-1.5-1.5L-850.
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BET surface analysis (1198 ± 60 m2 g−1 and 0.86 ± 0.04 cm3

g−1 pore volume). the high rate charge/discharge process
deteriorates the charge storage capability due to the limited
time for electrolyte ion diffusion through the electrode pores.50

In this study, the rate capability of the electrodes was assessed
from 0.2 to 20 A g−1. The supercapacitors showed different
capacity retentions as a function of current density due to their
physical pore structures. Supercapacitors with the AC electro-
des synthesized with sodium thiosulfate with a wider pore size
(3.89 ± 0.04 nm) showed the highest capacity retention of
89.7 ± 1.6% at 20 A g−1. This was followed by 80.4 ± 5.6 and
56.8 ± 1.2% for trisodium citrate and potassium carbonate
with the average pore sizes of 3.29 ± 0.03 and 2.68 ± 0.02 nm.
The decrease in the capacitance when the current density is
increased to 20 A g−1 is related to the resistance of the ion
transfer within the pores. The superior capacity retention of
the electrodes indicates a fast ion diffusion rate. These findings
revealed that both the surface area and pore size distribution
are key factors for supercapacitor performance. Figure 9d
demonstrates the Ragone plot for supercapacitors with AC
electrodes synthesized by different activation agents. The

maximum energy density of 15.9 ± 1.6 Wh kg−1 was achieved
for the Na3C6H5O7-KCl-1.5-1.5L-850 electrode at 0.2 A g−1

followed by 14.1 ± 1.5 and 9.70 ± 0.02 Wh kg−1 for SSC-
K2CO3-KCl-1.5-1.5L-850 and SSC-Na2S2O7-KCl-1.5-3.6L-850,
respectively.
Cycle stability at a high current density is an essential

parameter for supercapacitor performance evaluation. The
long-term cycle stability was carried out at 10 A g−1 for the
most promising porous carbon (e.g., SSC-Na3C6H5O7-KCl-
1.5-1.5L-850) for 20,000 charge/discharge cycles in 1 M
sodium acetate (Figure 10). The supercapacitor showed
superior stability, maintaining 98.4 ± 0.3% capacity after a
prolonged cycle life. This performance surpasses studies
reported in the literature using biomass-derived AC super-
capacitors.51−54 For instance, Liu et al. reported the electro-
chemical stability of biomass-derived activated carbon in 6 M
KOH with a 96% capacity retention at 10 A g−1 for 10,000
cycles.55 Wu et al. reported a cycle stability of 85.2% at 10 A
g−1 in 6 M KOH for 5,000 cycles.51 Cyclic voltammetry at 100
mV s−1 and electrochemical impedance spectroscopy (200 kHz
to 0.1 Hz) were performed before and after cycle life. The

Figure 10. Stability analysis of the SSC-Na3C6H5O7-KCl-1.5-1.5L-850: (a) capacity retention over 20,000 cycles at 10 A g−1 in a sodium acetate
electrolyte, (b) cyclic voltammetry of the supercapacitor at 100 mV s−1 before and after cycle stability at 10 A g−1 for 20,000 cycles showing the
substantial stability of the supercapacitor, (c) Nyquist plot of the supercapacitor before and after the stability test, and (d) Warburg coefficient
analysis. A 98.4 ± 0.3% capacity retention was achieved after a long cycle life test indicating superior stability of the AC electrode. The CV, Nyquist
plot, and Warburg coefficient showed a negligible change, revealing that the intrinsic parameter remains stable.
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negligible change in EIS and CV shows excellent stability of
the electrode materials (Figure 10b,c). The Warburg
coefficient (Figure 10d) showed a minor decrease after
20,000 charge/discharge cycles, representing the robust
stability of the electrode materials. This finding indicates that
the intrinsic properties of the electrode remained unchanged,
which is a crucial factor in supercapacitor applications.

4. CONCLUSIONS
In this study, highly porous activated carbon was developed
from a sustainable, green route by utilizing eco-friendly
activation agents such as sodium thiosulfate, potassium
carbonate, trisodium citrate, and inert molten salt (potassium
chloride). The effect of activation agents, temperature, mixing
procedure, and molten salt additive on the physiochemical
properties of the activated carbon samples was studied. The
study showed that mixing ingredients in the liquid phase
compared to dry mixing before calcination at elevated
temperatures leads to a higher surface area and wider pore
size. Synthesis temperatures above 900 °C represented an
adverse effect on pore formation. The highest mesopore
surface area and pore volume were obtained at 850 °C in the
presence of trisodium citrate and potassium chloride. The
effect of a binder and molten salt on the electrochemical
performance of the supercapacitor made from these activated
carbon electrodes was investigated. The electrochemical tests
indicated that PTFE as a binder not only improved the
electrode capacity significantly but also reduced the mass
transfer resistance substantially. It is worth noting that sodium
acetate as a green, environmentally friendly electrolyte was
evaluated for the first time in the long cycle life test. The
sodium acetate electrolyte enabled the supercapacitor to
operate at a wider operating potential (1.5 V), which results
in a higher energy density compared to the traditional aqueous
electrolyte (6 M KOH). The electrode maintained an excellent
cycle stability of 98.4 ± 0.3% at 10 A g−1. Future investigation
into the binder composition, the activation agent ratio to the
carbon precursor, and the mixing ratio of the biomass
precursors on the electrochemical performance of the super-
capacitor is recommended. Optimization of the yield for the
activated carbon material is recommended for future work.
This work provides a new step toward sustainable electrodes
and electrolytes for safe and high-performance supercapacitors
in the future.
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