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Preparation and Characterization of Physically Activated Carbon
and Its Energetic Application for All-Solid-State Supercapacitors: A
Case Study
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ABSTRACT: Biomass-derived activated carbons have gained significant attention as electrode materials for supercapacitors (SCs)
due to their renewability, low-cost, and ready availability. In this work, we have derived physically activated carbon from date seed
biomass as symmetric electrodes and PVA/KOH has been used as a gel polymer electrolyte for all-solid-state SCs. Initially, the date
seed biomass was carbonized at 600 °C (C-600) and then it was used to obtain physically activated carbon through CO, activation
at 850 °C (C-850). The SEM and TEM images of C-850 displayed its porous, flaky, and multilayer type morphologies. The
fabricated electrodes from C-850 with PVA/KOH electrolytes showed the best electrochemical performances in SCs (Lu et al.
Energy Environ. Sci., 2014, 7, 2160) application. Cyclic voltammetry was performed from S to 100 mV s~/, illustrating an electric
double layer behavior. The C-850 electrode delivered a specific capacitance of 138.12 F ¢! at S mV s™/, whereas it retained 16 F g™
capacitance at 100 mV s~'. Our assembled all-solid-state SCs exhibit an energy density of 9.6 Wh kg™" with a power density of 87.86
W kg™'. The internal and charge transfer resistances of the assembled SCs were 0.54 and 17.86 Q, respectively. These innovative
findings provide a universal and KOH-free activation process for the synthesis of physically activated carbon for all solid-state SCs
applications.

1. INTRODUCTION

The global climate anomalies and cumulative depletion of
nonrenewable energy sources have encouraged the fast growth
of sustainable energy sources, pushing forward a crucial need
for smart and productive devices for energy storage.'”’ The
two biggest and commonly used electrochemical devices for
energy storage are supercapacitors and batteries. Super-
capacitors (SCs) differ from batteries because of their fast
charging, high power density, and discharging rate capabilities.
These features make SCs suitable for use in applications where
one requires a high power uptake.®”'" Electrochemical
capacitors are generally composed of electrolytes, separators,
and electrodes. Electrodes are responsible for charge storage,
while electrolytes and separators assist in ion migration
between electrodes and keep them separated from each
other. In the past decades, SCs have achieved remarkable
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consideration due to their long lifespan and high power
density."" Application of SCs includes use in rechargeable
pulsed power sources particularly, in hybrid power forms in
electric vehicles, and in complementary power sources in
different applications due to their remarkable cyclic stability
and high power density."'~'¢

SCs are mainly divided into two types, viz,, redox and
electrical double layer capacitors (EDLCs). Redox SCs store
charges through fast reversible Faradic reactions on the
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Scheme 1. Schematic Ilustration of Physically Activated Carbon Prepared from Date Biomass
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electrolyte/electrode interface. They exhibit larger capacitance
than EDLCs owing to the additional charge migration between
the applied potentials.”'”'® However, the cyclic stability of
redox SCs is not too much prolonged because the electrode
candidates deteriorate due to the fast Faradic reactions.” Active
materials such as NiO,,"” RuO,xH,0,° Co00,,*"** poly-
(anthraquinonyl)sulfide,” conducting polymers, e.g., polythio-
phene, and polyaniline”*~>* have been used as redox-active
materials in redox supercapacitors.11 In contrast, EDLCs store
electrolyte ions/charges on the surfaces of the used electrode
materials, e.g., activated carbon due to the electrostatic
attraction among the adsorbed electrolyte ions and polarized
electrode surfaces, resulting in two charged layers called
Helmholtz double layers.**”*° For the EDLC formation, the
electrode materials must hold high enough conductivity and
specific surface area. EDLCs are mainly assembled from
activated carbon because of their high surface area, controllable
porosity, nontoxicity, and good enough electrical conductiv-
ity, 12131631

Carbon and carbon-based electrodes have gained wide-
spread applications in various energy storage systems because
they are low-cost and own thermochemical stability,
processability, structural tenability, and textural characteristics
to achieve the necessities of the particular applications. The
design of the hierarchical porous materials creates larger
effective specific® surface areas, which attains the fast ion
transportation.”” " In the past two decades, biomass-based
ACs have attained tremendous consideration due to their
abundant feedstocks, low cost, and porosity” and they promote
added value to bio-waste.”>® Several bio-wastes such as tea
leaf residues,®”* nutshells,>**’ vegetable wastes, > coconut
shells,"** and apricot shells** have been employed as
precursor materials to obtain activated carbon (AC). More-
over, the presence of various organic functional groups provide
thermal stability to their skeleton, which make them more
promising.*> The methods involved in the production of AC
can be divided mainly into chemical activation, physical
activation, and physical—chemical activation. Among these, the
process for the physically activated carbon preparation is
advantageous due to its cost-effectiveness and environmental
friendliness.*™** Moreover, the mechanism of this approach
involves the occurrence of redox reactions among the carbon
component of carbon materials and various oxidizing gases
including CO,(), Oy, HyOg), and their mixtures.”**>°
Among them, activation with CO,) and H,Of, is more
manageable because the endothermic reactions could reduce
the excessive burn-off, which not only enhances the AC yield
but also participates in the controllable formation of porous
structures.”’ By contrast, the chemical activation method
mainly uses NaOH, KOH, H;PO,, NaHCO;, and ZnCl,.
However, this method is expensive and associated with
environmental issues.’

Electrolytes play a significant role in SCs, whereas their
stability, potential range, and ionic conductivity might affect
the electrochemical performance.”> These SCs, which
comprised liquid electrolytes, suffer from self-discharge,
current leakage, explosion, corrosion, and bulky shape, as in
the same case of liquid electrolytes in batteries.'"”>*** Thus,
significant attention has been given to assemble all solid-state
SCs using solid—gel polymer electrolytes because they have
high packaging flexibility, easy handling without leaking toxic
liquids, advantageous mechanical properties, high ionic
conductivity, appropriate electrolyte—electrode contact, and
the capability to make thin films of desirable area where
required.'*>*® Some of the recently reported polymer/_;el
electrolytes in SCs application are PMMA-EC-PC-LiClO,,>"**
glycerol/KOH,*® PVA/H,SO,,” PVA/H,P0,* and PVA/
KOH.® This paper presents the synthesis of a gel polymer
electrolyte from polyvinyl alcohol and potassium hydroxide
(PVA/KOH) and physically activated carbon (PAC) derived
from date biomass. An all-solid-state SCs was configured
utilizing PVA/KOH as the solid electrolyte as well as the
separator and PAC as the electrode material. The electro-
chemical performance of the configured SCs was evaluated via
cyclic voltammetry, Bode plot, impedance spectroscopy, and
galvanic charge—discharge tests. The specific capacitance of
the C-850 electrode and energy density of SCs were 138.12 F
¢! and 9.6 Wh kg 'at a power density of 87.86 W kg™’,
respectively, whereas the charge transfer resistance was 17.86
Q calculated through the Nyquist plot.

2. EXPERIMENTAL SECTION

2.1. Used Chemicals. All the chemicals used were of
analytical rank and were utilized as received. Potassium
hydroxide (KOH), polyvinyl alcohol [C,H,O],, ethanol
(C,H;OH), and acetone (C,HsO) were ordered from
Sigma-Aldrich. Polyvinylidene fluoride (PVDF,
—(C,H,F,),—), carbon black (CB), and N-methyl-2-pyrroli-
done (NMP, C,H,NO) were ordered from MTI Corp.
Deionized water was used for the solution preparation.

2.2, Preparation of Samples. Date seeds were amassed
from a local date seed packing company. The date seeds were
washed repeatedly by tap and distilled water. The cleaned
seeds were then ground into a fine powder and was used as raw
materials. In the next step, the obtained date powder was kept
in a furnace for carbonization at 873 K (600 °C) and it was
kept for 1 h under the N, environment. The obtained
carbonized carbon was named C-600. To get a refined surface
with small size particles, C-600 was ground further into small
particles using a mortar and pestle. Further, the ground C-600
was kept in the furnace and activated by CO, at 1123 K (850
°C) for 60 min. The achieved physically activated carbon was
washed with distilled water and ethanol. The final obtained
physically activated carbon was named as C-850 and were
tested as an electrode candidate for the all-solid-state SCs with
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Scheme 2. PVA/KOH Thick Paste, Thin Film Formation, and Its Flexible Nature
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no further chemical treatment. The schematic illustration for
the synthesis of C-600 and C-850 is shown in Scheme 1.

2.3. Sample Characterization. The surface morphologies
of the achieved C-600 and C-850 were characterized using a
field emission scanning electron microscope (FESEM,
HITACHI SUS8220) and transmission electron microscope
(TEM 200 KV, Tecnai G20 STWIN). Elemental analysis of
the used materials was performed by X-ray photoelectron
spectroscopy (XPS, ESCALAB 250Xi XPS Microprobe, micro-
focusing X-ray monochromator, Thermo Scientific, USA). The
amorphous nature of C-600 and C-850 was analyzed by X-ray
diffraction (XRD, MiniFlex, Rigaku). The diffractometer was
used at 10 mA current, 30 kV voltage, and 0.15416 nm A. The
Raman spectra of C-600 and C-850 were measured at room
temperature by Raman spectroscopy (iHR320 image spec-
trometer equipped with a CCD detector, HORIBA). A
Micromeritics ASAP 2020 machine was utilized to analyze
the pore size distribution and specific surface area (SSA) by
Brunauer—Emmett—Teller (BET) N, adsorption/desorption.
The thermal stabilities of the C-600 and C-850 were tested by
thermogravimetric analysis (TGA). A Pyris Diamond TGA/
DTA equipment (Perkin Elmer Instruments CO. Ltd., USA)
was used. TGA results of the aforementioned samples were
recorded between 30 and 1000 °C with a heating speed of §
°C min~! under a N, environment. The Fourier transform
infrared (FT-IR) spectra of C-600 and C-850 were obtained
through KBr disks in transmission mode using a Perkin-Elmer
Spectrum-One Spectrometer.

2.4. Synthesis of the PVA/KOH Electrolyte. A gel
polymer electrolyte of PVA/KOH was prepared by the method
reported in the literature.’ Initially, 2 g of PVA was added to
40 mL of distilled water. A temperature around 95 °C was
fixed, and the PVA/H,0O mixture was stirred until the PVA
dissolved completely and a transparent solution appeared. At
this stage, an equal amount of the dissolved KOH (2 g in 20
mL of H,0) was added dropwise to the transparent PVA
solution. The PVA/KOH mixture was stirred until the water
evaporated (95 °C) and a thick paste was achieved. The PVA/
KOH transparent paste was added into a glass Petri dish,
which was kept at room temperature for 3 days to form a wet
gel thin film. The prepared PVA/KOH gel electrolyte thin film
with flexibility is shown in Scheme 2.

2.5. Assembling of the All-Solid-State SCs. The
electrodes were fabricated from C-850 (70%), carbon black
(CB, 20%), and -polyvinylidene fluoride (PVDF, 5%). A fixed
proportion of C-850, CB, and PVDF was mixed and ground
well using a mortar and pestle. The weight of active materials
in the electrodes was 2.2 mg. In the next step, the ground
mixture and S mL of N-methyl-2-pyrrolidone (NMP) were
placed in a beaker and stirred vigorously at 85 °C for 5 h to
form a thick homogeneous paste. The gained homogeneous
thick paste was casted on Al foil using a doctor blade and
vacuum-dried at 80 °C overnight. The casted electrodes on the
Al foil was cut into small slices, and an all-solid-state symmetric

SCs was configured. The configuration of Swagelok assembled
SCs was kept as Al/C-850//PVA-KOH//C-850/Al to perform
the electrochemical tests.

2.6. Electrochemical Tests. The electrochemical tests of
the assembled solid-state SCs were performed using a
potentiostat (PGSTAT302N, Metrohm Autolab) at ambient
temperature. Galvanostatic charge—discharge (GCD), electro-
chemical impedance spectroscopy (EIS), Bode plot, and cyclic
voltammetry (CV) were applied to investigate the charge
transfer resistance, electric double formation, and the activated
carbon nature of the fabricated electrodes. The specific
capacitance from CV and charge—discharge curves were
calculated using eq 1 and eq 2, whereas the energy and
power densities were calculated using eq 3 and 4 as
follows:>*°*

1 V2
C=—— / 1dv(Fg™)
mXvXAV J, (1)
I X At 1
C=—""(F
s <y T8 ©)
1/2xC, .
Ey = ———=AV* (Whk
d 3.6 (Whikg™) (3)

Eq -1
P, At X 3600 (Wkg ") (@)
where C, represents the specific capacitance in Farad per gram
(F g™'), m stands for the active mass of electrode in g, / vrdv
represents the area below the CV curve, AV is the difference in
applied potential, v is the applied scan speed (V s7), I is the
applied current in ampere, and At is the difference in discharge
time in s. E; and P, are the energy and power densities of the
assembled all-solid Al/C-850//PVA-KOH//C-850/Al sym-
metric SCs and are measured in Wh kg_1 and W kg_l,
respectively.

3. RESULTS AND DISCUSSION

To eliminate the bulk of volatile compounds (lignin, cellulose,
hemicellulose, and lignocellulose)45 and achieve a carbon
material with enhanced porosity, date biomass was first
exposed to a pretreatment at 600 °C under an inert
environment followed by the activation with CO,. The carbon
obtained at 600 °C under an inert environment of N, is due to
the removal of soft volatile matter. As this carbon was prepared
at 600 °C, so it was named C-600. During the physical
activation process at high temperatures, at first, oxygen species
of the activating agent interact with the tarry off-product
restricted in the pores, and thus this process leads toward the
opening of the closed pores. The development of heteropores
occurred as the oxidizing agent burnt the areas that are more
reactive in the carbon skeleton of C-600 at high temperatures.
In this study, as we used CO, as the activating agent at 850 °C,
the obtained physically activated carbon was named C-850.
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Figure 1. (a) SEM image of C-600, (b, c) HRTEM images of C-600, (d) SEM image of C-850, and (e, f) HRTEM images of C-850.
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Figure 2. Typical XPS surface chemical analysis. (a) Average survey scan and corresponding high-resolution spectra of (b) C 1s, (c) O 1s, and (d)

N 1s of the C-850 activated carbon.

SEM, EDS, and HRTEM were used to study the surface
morphology, elemental composition, and multilayer nature of
C-600 and C-850. Figure la—c shows the SEM images of C-
600 at various magnifications. Figure la illustrates that C-600
exhibited a foam-type morphology with no obvious pore
formation, whereas the HRTEM images (Figure 1b,c) of C-
600 at high and low magnifications illustrate its flat-type and
multilayer nature morphology. Figure 1d exhibits the SEM
image of C-850 with apparent pore formation. A particular area

21656

in Figure 1d, enclosed by a yellow rectangle, was magnified
further, which illustrated the apparent heteropore formation
with a sheet-type morphology. The HRTEM images (Figure
le,f) of C-850 further confirmed the apparent pore formation,
sheet-type morphology, and its amorphous nature. The
chemical composition on the surfaces of C-600 and C-850
was confirmed by XPS analysis, as shown in Figure S1 and
Figure 2. The typical XPS spectra of both the samples show the
presence of carbon (C 1s), oxygen (O Is), and nitrogen (N

https://doi.org/10.1021/acsomega.3c01065
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Figure 3. (a) XRD, (b) FT-IR, (c) TGA, and (d) BET characterization of C-600 and C-850 samples.

1s) as the main constituent elements (Figure S1b and Figure
2b). The high-resolution deconvoluted spectrum of C 1s
indicates three peaks at 289, 285.6, and 284.7 eV, which are
assigned to the carbon—oxygen double bond (C=0),
carbon—oxygen single bond (C—O), and sp’ héybridized
carbon, respectively.(Figure S1b and Figure 2b).°*** The
peaks at 289 and 285.6 eV confirm the presence of oxygen that
are in the form of carboxylic (COOH) and ether (C-OR)
functional groups. Figure Slc and Figure 2c illustrate the
deconvoluted spectra of O 1s at 533.43 and 532.2 eV, showing
another indication of the oxygen availability in C-600 and C-
850 samples. The peak component at 533.43 eV is assigned to
the oxygen single bonded to the aromatic carbon (phenolic
oxygen as C-OH), while the component peak at 532.2 eV is
ascribed to the carbon—oxygen ether-like single bond (C-
OR).*® The high-resolution deconvoluted peaks of N 1s are
shown in Figure S1d and Figure 2d. The deconvoluted peaks
of N 1s at 401 and 398.2 eV show the presence of two nitrogen
types available in the C-600 and C-850 samples, ie., the
graphitic nitrogen and pyridinic nitrogen.63

The XRD measurements of the produced samples were
performed to reveal their structures, whether they exhibit
crystalline or amorphous nature. Both the physically and
chemically activated carbons illustrate a diffraction peak (002)
around 26 = 23° and overlapped peak (100 and 101) around
20 = 44°.°° It was observed that before and after the CO,
activation process, the obtained C-600 and C-850 showed a

21657

well introduced graphitic stacking signal at 26 = 22.25° and a
broad weak signal at 26 = 43.59°. The peaks that appeared in
C-850 with high intensity might be owing to the formation of
high-degree interlayer condensation and improved conductiv-
ity.””®” The peaks at 20 = 22.25° and 26 = 43.59° are indexed
to the (002) and (100) planes of the graphitic carbon, which
are typically amorphous structures (Figure 3a).%

FT-IR spectroscopy provides significant information regard-
ing the chemical nature of the materials. Figure 3b shows the
comparative FTIR spectra of C-600 and C-850. The FT-IR
spectrum of C-600 indicates that it consists of various
functional groups that mainly come from various compounds
present in the biomass. In C-600, the peaks around 3548 cm™!
are attributed to the O—H functional group in phenol, whereas
the peaks around 3428, 3230.85, 2031.16, 1624, 2014.75, and
1153 cm™! are attributed to the O—H stretching vibration,
C=C stretching vibration with a weak band, strong
conjugated peak of C=C, aromatic ring, and stretching
vibration of C—O functional groups. The remaining peaks,
which are smaller than 1000 em™, can be attributed to the
fingerprint region.69 In contrast, the FT-IR spectrum of C-850
illustrated that some of the functional groups along with their
corresponding peaks on 3548, 3230.85, 2031.16, and 1153
cm™! disappeared or attenuated after activation with CO, at
high temperatures. Further, the spectrum of C-850 showed
new peaks at 2922 and 1095 cm™!, which indicated the
presence of methylene (—CH,—) and C—O stretching
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Figure 5. Electrochemical measurements of the C-850 electrode with the PVA/KOH gel polymer electrolyte: (a) CV curves at various scan rates,
(b) specific capacitance of a single electrode at different current densities, (c) galvanostatic charge—discharge curves with various current densities,

and (d) Ragone plot of coin cell SCs.

vibrations, respectively. Thus, a clear difference was seen
among the two samples before and after the activation process.
TGA is a valuable tool that is used to distinguish the difference
between the stabilities of C-600 and C-850. Figure 3c depicts
the TGA curves of both the samples. The TGA analysis of
both the samples was conducted in the temperature range from
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20 to 900 °C. The TGA curve of C-600 showed a gradual
weight loss with an overall retention of 77% of the initial
weight. By contrast, the TGA line of C-850 shows a gradual
weight loss and its weight retention after 900 °C was up to
82% of the initial weight. The excellent thermal stability of C-
850 might be due to the further degradation of the available
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compounds into carbon at high temperatures, illustrating the
stability of physically activated carbon. The N, adsorption and
desorption isotherms of C-600 and C-850 samples are
presented in Figure 3d. The isotherms for C-600 followed a
type I curve, whereas the physically activated carbon (C-850)
followed type IV isotherms. A small hysteresis loop is observed
for sample C-850 from P/P, = 0.44 to P/P, = 0.804, which is
because of the mesopore formation. In other words, the
isotherm of C-850 indicates the mesoporous adsorption
occurrence on its surface. These results indicate the mesopore
and heteropore formation after activating C-600 with CO, at
high temperatures. The reason for the formation of more
mesopores is the burning off of the majority of the micropores
as a result of high temperature activation.”””" The BET surface
areas of C-600 and C-850 were found to be 35.21 and 659.56
m* g, respectively. The BET of C-850 is higher than that of
C-600, showing the effective activation by carbon dioxide,
which has significantly improved the pore formation during the
activation process at high temperatures.

The pore size distributions of C-600 and C-850 were
calculated through Barrett—Joyner—Halenda Model (BJH), as
presented in Figure 4a. It was observed that both the samples
exhibited a heteroporous structure (mixture of micro-, meso-,
and heteropores). The characteristic micro- and mesopore
diameters were found in the range of 1.8—2.9 nm, respectively.
Raman spectroscopy was performed to determine the graphitic
and defective nature of the samples. In the Raman spectra,
both the C-600 and C-850 showed two peaks located at 1358
and 1596 cm™!, which were assigned to the D and G bands,
respectively (Figure 4b). The D-band corresponds to the
double-resonance Raman process in disordered carbons,””
while the G-band is associated with the graphite structure.”” In
other words, the G-band is related to the sp” vibration in the
C—C planar graphite and the D-band showed the disordered
structure.”® The intensity of the D-band depends on the
defects and disordered structure in the carbon skeleton. The
low intensity peak ratio between the D- and G-bands (Ip/I; =
0.733) shows the more graphitic and less defective nature of C-
600 and C-850.

We have explained the abovementioned discoveries of C-
600 and C-850 samples. Though C-600 is amorphous and
show graphitic properties, due to its low BET (35.21 m* g™'),
it was not suitable to test its electrochemical performance for
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SCs application. This is because this surface area is not that
much favorable to form an electric double layer for all-solid-
state capacitors. Therefore, for further electrochemical
measurements, only C-850 was used due to its appropriate
specific surface area. The electrochemical measurement of the
assembled symmetric SCs, configured as Al/C-850//PVA-
KOH//C-850/Al in a Swagelok cell, was performed. Figure Sa
depicts the CV curves of C-850 electrodes at different scan
rates from S to 100 mV s™* with an operation potential window
between 0 and 1 V. The CV curves depict nearly rectangular
forms at each scan rate. At a low scan rate of 5 mV s}, the C-
850 electrodes show a CV with symmetrical rectangular shape
without the appearance of any obvious Faradaic peaks, which is
the characteristic of EDLCs. At scan rates of 5, 10, and 20 mV
s™!, the fabricated electrodes retained their rectangular shape
with no gradual distortion. However, a gradual distortion has
been observed at scan rates of 40, 70, and 100 mV s, which is
due to the fast ion migration between the electrodes and
electrolyte ions. The specific capacitance of the C-850
electrode was determined from the CV scan rates using eq 1.
The influence of the scan speeds on the specific capacitance
(C,) of the C-850 electrode was also calculated, as given by
Figure Sb. A specific capacitance of 138.12 F g™' was achieved
at a scan speed of S mV s™'. It can be seen in Figure Sb that
with the increase in scan speed (5 to 100 mV s™'), the area
below the curves was increased, and as a result, the
corresponding specific capacitance was decreased from
138.12 to 17.21 F g™ The specific capacitance values of the
C-850 electrode at 10, 20, 40, 70, and 100 mV s~ ! were
calculated as 106.56, 40, 28, 22.5, and 17.21, respectively
(Figure Sb). The increasing trend of specific capacitance at low
scan speeds was observed because at slow scan speed, the
electrolyte ions were absorbed entirely into the pores of
electrodes. Therefore, it is expected that the entire active
electrode surface was used for the storage of electrolyte ions.
By contrast, at high scan speeds, the ions do not have time long
enough to transport completely into the electrode materials’
pores, and thus, only the external active surface is used for ion
storage.”’* The specific surface area (SSA) is a critical
parameter to achieve the high SCs performance; however, it
is not mandatory to gain high specific capacitance always with
larger SSA. Though the SSA of the C-850 electrode is not that
much excellent when compared to other activated carbons, it
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still shows a specific capacitance of 138.12 F g~'. Some
electrode materials achieved high capacitance even with a
smaller SSA because in their case, the total available pores are
utilized by the ions.””> Moreover, some of the activated
carbons hold a large SSA but own small pore sizes
(micropores) and offer less electrochemical performance
when compared with the activated carbon possessing smaller
SSA but with a larger pore shape such as the meso- and
macropores along with the micropores.”> The galvanostatic
charge—discharge (GCD) test was conducted for the C-850-
based all-solid-state SCs. Figure Sc shows the symmetric and
triangle shape at different current rates, which illustrated the
phenomenon of electric double layer formation. At a current
density of 0.5 A g™', a specific capacitance of 88.4 F g~' was
calculated from the GCD using eq 2. An energy density of 9.6
Wh kg™' at a power density of 87.86 W kg™' was achieved for
the assembled SCs, as shown in Figure Sd. The electrodes
retained an energy density of 1.2 Wh kg™ when the power
density achieved to 307.46 W kg™'. Both the energy and power
densities were calculated using eq 3 and eq 4, respectively.

A NaOH-activated carbon electrode prepared from date
palm fronds showed a specific capacitance up to 156.8 F g™" at
04 A g_1.76 A similar value of 150 F g™' at 0.3 A g™ was
reported by Farma et al. using KOH-CO,-activated carbon
from empty fruit bunches of oil palm.”” In another study, a
commercial activated carbon was treated and added to waste
palm and activated with KOH that exhibited 226.0 F g~' at 0.5
A g7! using a PVA-based gel electrolyte.”® A CO,-activated
carbon electrode derived from date palm fronds at the same
current density of 1 A g~' achieved 56.8 F g™'.’° The
electrodes assembled from our prepared physically activated
carbon showed a specific capacitance of 88.4 F g ' at 0.5 A g™,
demonstrating the significant contribution of this work to the
research community. A detailed comparison of various
activated carbons and their supercapacitors is shown in
Table S1. To further understand the ion transportation and
electrode resistance, EIS and the corresponding Nyquist plot
were obtained in the frequency range from 100 kHz to 10 mHz
(Figure 6a). The Nyquist plot is composed of the real and
imaginary parts of the impedance that assist in calculating the
different resistances (R) related to the device. The low
frequency region in the Nyquist plot displays a sharp growing
curve, revealing the capacitive nature of the assembled device.
A slope in the low frequency region or the inclined line above
the semicircle shoulder in the low frequency region is termed
as the Warburg impedance (W), which is associated to the ion
diffusion into porous channels of electrodes.”””* In the high
frequency region, the x-intersection illustrates the ohmic
resistance of the electrolyte and the internal resistance of the
electrode, which is defined as Rg. The semicircle from the high
to medium frequency region corresponds to the charge transfer
resistance (Rcr).*” The EIS data were simulated through the
inset model in Figure 6a, and the values obtained for the Rg
and Rcr were 0.54 and 17.86 €, respectively. These results
revealed the low resistance in an all-solid-state SCs. The
obtained Nyquist plot data was simulated through the inset
model. In Figure 6a, the experimental and simulated data
obtained for the C-850-based all-solid-state SCs are presented
by the blue and red lines, respectively. The values calculated
for the Rg and R are based on the simulated data of the
Nyquist plot. In the applied model, CPE reflected the
interparticle electronic resistance of the electrodes.®’ Further,
the data developed by the EIS analysis was utilized to draw the

Bode plot from the phase angle value on the y-axis and the
frequency on the x-axis (Figure 6b). The Bode plot curve
indicated the wide trend in the high frequency region that
increased nearly vertically in the low frequency region. At the
low frequency region, the phase angle value was measured to
be 76.6°, which showed the capacitive behavior of the
assembled SCs, and this capacitive behavior is almost similar
to the capacitive behavior of the ideal SCs, i.e., 90° 682

We have further gone through the literature survey and used
the Ohm’s law to calculate the equivalent series resistance
(Rgsp)®’ from the charge—discharge curves at 0.5 and 1 A g™!
using eq S

R = AV

I (s)

Similarly, the Rpgp value can also be calculated from the
galvanostatic charge—discharge measurements at different
current densities (SO Q at 0.5 A g™' and 135 Q at 1 A g7").
The Rggr value obtained from EIS measurement is usually
estimated from the width of the semicircle on the x-axis, which
is around 18 Q in our case. Ideally, the Rpg; obtained at
different current densities should be the same. In the case of
supercapacitors, high resistance might be created due to the
fast ion transport during the charge large current passage
through the device. This is the main reason that the potential
drop in GCD curves increases as the current drawn from it is
increased. Moreover, this discussion has been added and
highlighted in the revised manuscript.

4. CONCLUSIONS

In summary, a universal and chemical activating agent-free
strategy was employed to prepare C-850 activated carbon at
850 °C from C-600 by using CO, as the activating agent. The
samples reported in this paper were characterized by SEM,
HRTEM, XRD, EDX, TGA, BET, FT-IR, and Raman
techniques. The SEM and HRTEM images revealed that C-
600 exhibited a flat and multilayer-type morphology with a
very low SSA, while the physically activated C-850 displayed a
flat, multilayer, and porous structure having an SSA of 659.56
m? g”'. The XRD and Raman characterization of C-850
showed its graphitic and amorphous nature with less defects.
The FT-IR, BET, TGA, and Raman spectrum illustrated that
most of the compounds disappeared or degraded into carbon
when C-600 was activated by CO, at high temperatures. The
gel polymer electrolyte was prepared from PVA and KOH
(PVA-KOH) and used in all-solid-state SCs, while the
symmetric electrodes were based on the physically activated
carbon (C-850). An approximately rectangular CV and triangle
shape GCD curves illustrated the EDLC of the assembled SCs.
Specific capacitance values of 138.12 F g”! from CV and 88.4 F
g”! from GCD curves were calculated. Further, an energy
density of 9.6 Wh kg™ with a power density of 87.86 W kg™
was achieved. The values obtained for the Rg and Ry were
0.54 and 17.86 ohms, respectively, showing the low ohmic
electrolyte resistance/internal resistance of the electrode and
charge-transfer resistance. The phase angle value at the low
frequency region was 76.6° for C-850 electrodes, which
portrayed the nearly capacitive behavior of the cell that was
closer to the ideal capacitive behavior (90°). Though the C-
850 electrode did not show very excellent electrochemical
performance in terms of specific capacitance and energy
density, we are highly encouraged by this strategy for the
preparation of physically activated carbons from various
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biomass precursors due to its cost-effectiveness and environ-
mental friendliness. More detailed studies at various conditions
to realize their in-depth performances in energy storage devices
should be performed in the future.
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