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Abstract

Background: Porous carbon electrode (PCE) is identified as a highly suitable electrode material for commercial application due
to its production process, which is characterized by simplicity, cost-effectiveness and environmental friendliness. PCE was syn-
thesized using torch ginger (Etlingera elatior (Jack) R.M. Smith) leaves as the base material. The leaves were treated with differ-
ent concentrations of ZnCl, resulting in a supercapacitor cell electrode with unique honeycomb-like three-dimensional
(3D) morphological pore structure. This PCE comprises nanofibers from lignin content and volatile compounds from aromatic
biomass waste.

Results: From the characterization of physical properties, PCE-0.3 had an impressive amorphous porosity, wettability and 3D
honeycomb-like structural morphology with a pore framework consisting of micropores and mesopores. According to the struc-
tural advantages of 3D hierarchical pores such as interconnected honeycombs, PCE-0.3 as super itor electrode had a high
specific capacitance of up to 285.89 F g~ at 1 A. Furthermore, the supercapacitor exhibited high energy and power density of
21.54 Wh kg~ " and 161.13 W kg, respectively, with a low internal resistance of 0.059 Q.

Conclusion: The results indicated that 3D porous carbon materials such as interconnected honeycombs derived from the aro-
matic biomass of torch ginger leaves have significant potential for the development of sustainable energy storage devices.
© 2023 Society of Chemical Industry.
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INTRODUCTION leading to improved electrochemical performance.'®"” The
selection of biomass as the base material for supercapacitor elec-
trodes is driven by global concerns about creating sustainable
technologies.' This is due to its abundant presence, natural
microporous structure and environmental friendliness as an elec-
trical energy storage device.'® Aromatic biomass with a distinctive
odor, resulting from its lignin content and volatile compounds,
composed of abundant aromatic structures has become the focus
of attention in this field.?” For example, Cao et al.?' used a popular

The recent attention paid to the continuous improvement of
supercapacitors as electrical energy storage devices, in terms
of electrodes and electrolytes, is because of their advanced perfor-
mance with superior energy and power capacities compared to con-
ventional capacitors and batteries.! Some of these innovations
include graphene,” graphene oxide,> activated carbon/porous
carbon,” carbon aerogel,* conductive polymer® and metal oxide®
Activated carbon materials with unique geometries such as

nanofibers,” nanotubes,® nanoballs,” nanosheets'® and nano-3D"’
have become of interest due to their thermal stability and electro- _ _ g _ -
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sawdust waste with abundant aromatic structures to produce a
3D carbon skeleton with improved porosity and specific capaci-
tance. Taer et al? also considered using citronella leaves as an
aromatic biomass-based carbon precursor to produce a 3D inter-
connected porous carbon with high electrochemical performance
through a one-step integrated pyrolysis process (physical
carbonization-activation) with ZnCl; impregnation.

The study reported here focused on using aromatic biomass
waste, obtained from agricultural residues rich in lignin, cellulose,
hemicellulose and volatile elements, as the base material for pro-
ducing porous carbon for supercapacitor electrodes. Torch ginger
leaves were selected as an example of potential agricultural waste
for this purpose. In a previous report, torch ginger plant parts,
namely flowers, rhizomes, leaves, bark, stems and roots, were
optimized as natural antioxidants and antibacterial agents.”**
However, the use of torch ginger leaf wastes as a material for mak-
ing porous carbon, especially for electrodes in supercapacitor cell
components, is still in its early stages.””?® Torch leaves have a
characteristic dark-green color and are 80 cm x 18 cm. They are
a good source of carbon-producing nanocellulose®® and the con-
version into 3D porous activated carbon is simple and uncompli-
cated. The process involves continuous carbonization and
physical activation to produce activated carbon with a
honeycomb-like hierarchical pore structure rich in interconnected
micropores.

The activated carbon was produced from aromatic biomass
waste from renewable torch ginger leaves, using a simple and
harmless one-stage integrated pyrolysis process (carbonization—
physical activation). The 3D porous honeycomb structure was
obtained based on different activator concentrations. Chemical
activation was done using ZnCl, with low concentrations (0.1,
0.3, 0.5 and 0.7 mol L™") mixed with torch ginger leaf carbon
through a chemical activation process, which contributed to con-
trolling the formation of pore structures. In this process, no com-
plicated and very tedious template methods were required to
produce interconnected pore microstructures. The increase in
specific capacitance and energy and power densities of the
obtained porous carbon electrode (PCE) was also supported by
the attractive features of the hierarchical pore system. This
included good amorphous properties, high wettability and provi-
sion of active sites between the electrode and suitable electrolyte
during the electrochemical process. The selection of the precursor
of the aromatic biomass of torch ginger leaves as a material for
making carbon electrodes was a very suitable and promising
strategy for sustainable, renewable, environmentally friendly
and cost-effective energy storage devices.

MATERIALS AND METHODS

Basic materials

An amount of 5 kg of torch ginger harvest waste in the form of old
leaves was collected from community plantations in Pekanbaru,
Riau. The green-brown leaves with a distinctive aroma were cut
to <5 cm to make processing easier. Subsequently, the samples
were dried in the sun and an oven for 5 days to dehydrate them.

Additional materials

The torch ginger leaf waste was treated to create a porous carbon
base material for supercapacitor electrodes using ZnCl, impreg-
nation at different concentrations of 0.1,0.3,0.5 and 0.7 mol L™'M
as an activating agent. A total of 1 mol L™' H,50, was used as a
source of electrically charged ions to fill the carbon pores. The

acidity level of the samples was measured using pH indicator
strips. These three materials were purchased from Merck KgaA,
Germany. Chemical activation and sample neutralization were
carried out by adding distilled water as an activator solvent and
sample purification.

Electrode manufacturing

The dried torch ginger leaves were pre-carbonized by heating ata
temperature of 250 °C for 2.5 h to brittleness and producing char-
coal. Subsequently, the carbon was ground to a particle size of
<60 pm using mortar and ball milling. The samples were chemi-
cally activated with ZnCl; at concentrations of 0.1, 0.3, 0.5 and
0.7 mol L™ using a Thermo Scientific hot plate stirrer at 80 °C
and 300 rpm rotation. This process was begun by dissolving the
ZnCl, activator with distilled water for 1 h, followed by mixing
30 g of carbon and stirring for 2 h. The carbon of activated torch
ginger leaves was heated in an oven for 2 days to rehydrate the
remaining water content during chemical activation. The samples
were printed into coins with a solid texture and not brittle using a
hydraulic press at a pressure of eight tons with a holding time of
2 min. A unique honeycomb-ike 3D hierarchical pore structure
rich in interconnected micropores was generated through one-
stage integrated pyrolysis, namely carbonization and physical
activation using a Payuntech furnace. Carbonization was carried
out from room temperature to 600 °C under the influence of
nitrogen gas to vaporize elements other than carbon in the sam-
ple. This was followed by physical activation up to a temperature
of 850 °C under the influence of carbon dioxide gas to open the
pore structure of the carbon. Finally, each sample was neutralized
(pH = 7) using distilled water with a scale-washing technique to
characterize its physical and chemical properties. Figure 1 shows
a schematic of the preparation of supercapacitor PCEs based on
torch ginger leaf aromatic biomass with high potential for further
development.

Physical characterization

The basic physical properties of PCEs based on torch ginger leaves
were determined through the amount of density reduction before
and after N,/CO, pyrolysis. This was based on the calculation of
the mass, diameter and thickness of PCE coins by measuring car-
bon coins using digital scales and a caliper. The functional groups
and wettability level of activated carbon was investigated with
Fourier transform infrared (FTIR) characterization using a Shi-
madzu Prestige 21 Nicolet Avatar 360 IR with an infrared light
source. Subsequently, the degree of crystallinity of carbon sam-
ples was determined through X-ray diffraction (XRD) characteriza-
tion using a Merck Panalitical Philip X-Pert PRO PW 3060/10 with a
Cu-Ka radiation source. This was followed by the determination of
the morphological appearance of carbon coins through scanning
electron microscopy using a Zeiss EVO 10 vacuum at room tem-
perature (24 °C) with secondary electron reflection. The specific
surface area and pore size distribution of activated carbon coins
were also calculated using the Brunauer-Emmett-Teller (BET)
and Barret-Joyner-Halanda (BJH) methods with a Quantachrome
Touchwin V1.22 instrument at 300 °C with a flow of 10 °C min™"
for 60 min under the influence of absorbed nitrogen gas.

Electrochemical characterization

The electrochemical properties of PCEs based on torch ginger
leaves were determined using cyclic voltammetry (CV) and galva-
nostatic charge-discharge (GCD) methods. This was carried out to
evaluate the performance and electric charge storage capacity of
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Figure 1. Schematic of PCE preparation with 3D pore structure that supports supercapacitor performance.

the porous carbon. The CV characterization was performed with
the physics tool CV UR Rad-Er 5841 Software Cyclic Voltammetry
CV V6 calibrated with VersaStat Il (Princeton Applied Research)
with an error of +6.0% and GCD using CD UR Rad-ER 2018. This
characterization used two electrodes under the influence of aque-
ous electrolyte. This included 1 mol L™' H,50, which was sepa-
rated from the duck eggshell membrane with high resistivity
and conductivity. The test was carried out at a potential window

of 0-1 Vand a low scan rate of 1 mV s™'.

RESULTS AND DISCUSSION

Material properties analysis

One-step integrated pyrolysis of N5/CO, up to a high temperature
of 800 °C, through the impregnation of low ZnCl, concentrations
of 0.1, 0.3, 0.5 and 0.7 mol L™ was the first determinant of carbon
purity and the formation of pore structures. This was based on
density shrinkage, leading to an increase in the porosity of PCE
monolithic carbon. The decrease in density after the pyrolysis pro-
cess was indicated by the evaporation of impurities other than
carbon, as confirmed by a reduction in the mass, diameter and
thickness of the monolith PCE coins. Based on the decrease in
the density of PCE coins as illustrated in Fig. 2, a significant differ-
ence was identified in each sample, namely PCE-0.1, PCE-0.3,
PCE-0.5 and PCE-0.7. Before pyrolysis, the density values for all
samples were almost the same (0.91, 0.99, 0.99 and 0.97 g cm ™)
with an average error of 0.036. Meanwhile, the pyrolysis of N,/
CO; led to a varying decrease in density of 0.77, 0.61, 0.72 and
0.68 g cm ™~ with an average error of 0.048. The addition of ZnCl,
from 0.1 to 0.3 mol L™' to the PCE sample increased the density
by 39%. This was due to the chemical reaction between ZnCl;
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Figure 2. Porosity of PCE monolith coin based on density shrinkage.

and carbon which contributed to the formation of pores during
pyrolysis.® ZnCl, reacted with water molecules in the carbon
sample to form ZnCl,-nH,0 and the water evaporated during
the pyrolysis process as the temperature increased. The formed
oxychloride compound reacted with elemental oxygen in the
sample to form ZnOCI-nCl, where the elemental chlorine will
evaporate during physical activation at high temperatures’' The
Zn0OCl compound decomposed again into ZnO-nCl and the ele-
mental chlorine also evaporated, indicating a reduction in density,
thereby increasing the porosity of the sample.?® This ZnO com-
pound facilitated the formation of pores in carbon materials by
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impregnation of ZnCl,* Subsequently, CO, by-products
evaporated when high-temperature pyrolysis produced space
(pores/cavities) and a large specific surface area.>** This was in
line with the improved performance of the PCE-0.3 electrode in
storing charged ions and the high specific capacitance.”® The
addition of ZnCl, activator concentration from optimum condi-
tions up to 0.7 mol L™" in PCE samples was also discovered to
reduce density loss. This was due to the decomposition of carbon
through a direct reaction between the activating agent and
excess carbon during pyrolysis, as shown by a decrease in density
loss from 39% to 27%. Similarly, related investigations on the
decrease in density were also carried out using different biomass
such as banana stem waste,?” solanum torvum fruit®® and yellow
mangosteen fruit.**

The functional groups and wettability of activated carbon in
torch ginger leaves were analyzed using FTIR spectroscopy
through absorption peaks at wavenumbers 450-4450 cm™' as
shown in Fig. 3. The peaks of PCE samples experienced a slight
shift due to the availability of chemical bonds between functional
groups. The results were not the same for each variation of ZnCl,
impregnation concentrations of 0.1, 0.3, 0.5 and 0.7 mol L™". This
aligned with previous reports from different biomass base mate-
rials such as date palm tree* and annatto peels.*' All samples
showed the presence of wide strain between wavenumbers
3565-3903 cm™' indicated by the primary amine (N—H) and
hydroxyl (O—H) functional groups. Based on Fig. 3, it was discov-
ered that low concentrations of ZnCl; activator can provide opti-
mum hydroxyl groups for PCE samples, while further addition of
0.7 mol L™ will cause a significant reduction. The high concentra-
tion of ZnCl, led to excessive evaporation, which impaired the
purity of the carbon, as indicated by the analysis of density reduc-
tion. A high content of hydroxyl bonds in activated carbon can
cause redox reactions, indicating pseudo-capacitive properties
during electrochemical processes. This was because the hydroxyl
group was a contribution from the structure of cellulose and
hemicellulose, the main constituent of biomass. The primary
amine functional group can produce the wettability properties
of the PCE electrode and also contribute to increasing ion diffu-
sion at the electrode interface. Furthermore, at wavenumbers
2177-2360 cm™, there was a strain in all samples as indicated
by the strain of the C=C functional group which showed high car-
bon purity. At 1450-1600 cm™', there were strain peaks for all
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Figure 3. FTIR spectra for all concentration variations of PCE samples.

sample variations, attributed to volatile aromatic compounds in
the natural content of torch ginger leaves. Phenols and alcohols
were also evident from stretching of the C—O functional group
at wavenumbers 1152-1287 cm~'** Moreover, the remaining
oxygen in the sample can act as a self-doping heteroatom to
improve the electrochemical performance of the electrode.

The degree of crystallinity of the PCE samples was analyzed
using the XRD method at a scattering angle of 26 of 10-60°. The
characterization results were processed using Microcoral Origin
software to obtain lattice parameter values and diffraction pat-
terns. The XRD results for the PCE samples showed two broad
peaks and several sharp peaks, as presented in Fig. 4. The
broad peaks at diffraction angles of 22-25° and 42-45° in the
hkf planes (002) and (100) confirmed the presence of a turbostra-
tic structure in form of carbon, which was disturbed due to the for-
mation of pore structures and produced good amorphous
properties.** Reflection (002) confirmed the availability of weak
carbon structures, while 100 indicated the hexagonal structure
of the PCE sample. The diffraction pattern of PCE had almost the
same appearance as that of previous investigations using differ-
ent biomass such as wheat husk** and camellia pollen.** Further-
more, there are several sharp peaks in Fig. 4, indicating the
presence of crystalline non-carbon elements as impurities in the
sample. Non-carbon elements such as oxygen and nitrogen
detected during FTIR testing included natural compounds that
make up torch ginger leaves. This was confirmed by JCPDS card
no. 82-1690, which showed the presence of calcium atoms in
the bonds of the CaCO; compound in the form of sharp peaks
at diffraction angles of 37° and 39°. For further information, JCPDS
card no. 89-1668 indicated the presence of silica and oxygen
atoms in the form of Si0, compounds at angles of 27° and 29°.
Meanwhile, the crystal elements in PCE samples were only avail-
able in small quantities. This indicated that PCE samples have
good availability of amorphous structures for electrodes in
supercapacitors.

Table 1 presents the shift in the diffraction angle for each PCE
sample based on variations in ZnCl, activator concentration due
to the rearrangement of the porous carbon atom structure back
to its initial state during the pyrolysis process. The addition of
ZnCl at concentrations from 0.1 to 0.3 mol L™ widened the dif-
fraction peaks of 002 and 100, and also increased the amor-
phous porosity. This was due to the hierarchical formation of
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Figure 4. XRD curves of all variations of PCE samples.
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micro-, meso- and macropore structures on the surface of the
PCE-0.3 coin. Moreover, dgg, for the PCE sample was greater
than the value of dg,,phite = 3.33 A,* indicating the good prop-
erties of amorphous carbon possessed by PCE samples. The d1o0
also confirmed the value that described the carbon characteris-
tic for biomass material.*” The microcrystalline layer height (L)
in the PCE samples showed different values for each variation,
indicating the more possible microcrystalline layers available
in PCE coins. It was also discovered that thinner layers can
increase the surface pores in each microcrystalline layer. Fur-
thermore, a small L. will produce activated carbon with a higher
surface area.*® Optimizing the porosity of the electrode surface
also increased the performance of the supercapacitor through
electrically charged ion storage spaces/pores, causing an

increase in the amount of ionic charge stored in the elec-
trodes.*” The addition of the ZnCl, activator to the PCE-0.3 elec-
trode at 0.5 and 0.7 mol L™ can narrow the diffraction angle,
which was around 25-44°. This also caused an increase in the
value of L, indicating that the surface area of PCE-0.3 was larger
than that of PCE-0.5 and PCE-0.7.

The morphological structure of the PCE samples was clarified at
optimum conditions (PCE-0.3) produced by one-step integrated
pyrolysis (N2/CO,) using scanning electron microscopy to further
highlight the structural advantages of the electrodes. These
results revealed an outstanding morphology such as 3D hierarchi-
cal fibers and pores, as shown in Fig. 5. Torch ginger leaves with a
high natural content of cellulose and lignocellulose produced
a very clear fiber morphological structure. Meanwhile, the volatile

Table 1. XRD parameters of all variations of PCE samples

29002 29]00 d\]UZ dl'ICICI L( La
Sample ) ) (A) A (&) (&)
PCE-0.1 25122 44.469 3.542 2036 15.878 32.147
PCE-0.3 24418 44616 3.642 2029 9.235 20.383
PCE-0.5 25.740 44.758 3458 2023 12965 40.774
PCE-0.7 25.182 44213 3533 2047 13.669 34.306
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Figure 5. Optimization of the honeycomb-like 3D hierarchical pore morphology structure of PCE-0.3.
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compounds giving the distinctive aroma of the leaves can also
produce a different morphological appearance.”®*' At tempera-
tures below 300 °C, it was discovered that volatile compounds
created an optimum orderly hierarchical pore structure.”

The PCE-0.3 sample which was effected by the ZnCl; activator at
a low concentration of 0.3 mol L' exhibited unique honeycomb-
like 3D hierarchical pores with pore walls composed of very fine
nanofiber bundles. The uniqueness of the 3D pore structure in
PCE-0.3 greatly impacted the process of electrolyte ion diffusion
and electron transfer when applied to supercapacitors.® The
unique morphology of PCE-0.3 can be fully identified using a high
resolution of 10 0003, 150 000, 20 000x and 40 000x. This was
carried out to observe the pore structure on a rougher surface
with clearer mesopores, which was important for the high perfor-
mance of the supercapacitor. In Fig. 5(a)—(d), focus on hierarchical
pore structures such as honeycomb is confirmed to have a pore
framework thickness ranging from 25 to 48 nm (mesopores)
which is composed of very fine fiber walls of less than 2 nm
(micropores). Subsequently, no pore collapse was found in the
3D pore structure such as the PCE-0.3 honeycomb sample, indi-
cating an excellent carbon structure with high-purity carbon.**
The superior conducting path of PCE-0.3 was confirmed through
the appearance of a continuous pore structure free of junctions
which was also advantageous for the occurrence of ion transport.
This was achieved through the use of 0.3 mol L™ ZnCl; which was
most suitable for torch ginger leaf waste-based carbon to increase
the specific surface area with a greater number of pores during
the one-stage integrated pyrolysis process (N,/CO,).* It was dis-
covered that a high specific surface area, rich pore count®® and
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Figure 6. Isothermal curves of PCE samples based on adsorbed N3 gas.

interconnected pore structure can enhance sufficient active sites
in ion adsorption and electron transport. This can cause an
increase in the specific capacitance value of the PCE-0.3 electrode.

The absorption ability of PCE samples was analyzed using N>
absorption—-desorption at 77 K through the specific surface area,
total volume and pore size distribution. Based on the shapes of
the curves in Fig. 6, the PCE obtained through the one-step inte-
grated pyrolysis of N,/CO, up to a high temperature of 800 °C
showed a mixed isotherm type of curve between types | and IV,
according to IUPAC classification. At a low relative pressure (P/
Pp) below 0.3, the amount of adsorbed N; increased significantly
in all variations of PCE samples. This condition explained the dom-
inant filling of micropores on the surface of the samples.”” The
PCE produced based on the different concentrations of the ZnCl,
activator of 0.1, 0.3, 0.5 and 0.7 mol L™ showed optimum condi-
tions for PCE-0.3. At low concentrations, i.e. PCE-0.1, the worst
uptake of N, with a much different appearance of the
absorption-desorption curve was obtained. Furthermore,
the pore volume of PCE-0.1 was very small with very few micro-
pores and mesopores. The addition of the ZnCl; activator at opti-
mum concentration, confirmed through the PCE-0.3 sample,
produced an isothermal curve with a closed hysteresis loop and
a surface area of 519.02m? g~' with a high pore volume. PCE-
0.3 had a maximum combined micro- and mesoporous pore
structure that enhanced the compatible active sites between elec-
trode and electrolyte. Moreover, in detail, the isotherm curves for
PCE-0.3, PCE-0.7 and PCE-0.9 samples showed a distortion hyster-
esis curve (not closed). This is due to the presence of ink-
bottle-shaped and numerous narrow-neck pores. Furthermore,
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this is because the more intense chemical reactions of ZnCl, with
biochar allow the widening of the micropore structure to initiate
the formation of mesopores. Their disrupted pore dilation struc-
ture produces a labile pore shape resembling a bottle-top surface
with a thin pore neck. The unique shape of the narrow pore neck
with the wide inner surface resists the escape of N gas resulting
in the characteristic open-loop hysteresis. The open-loop hystere-
sis indicated the highest pore widening structure. This large pore
structure contributes significantly to favorable electrolyte inser-
tion and rapid ion diffusion in symmetric supercapacitors.

Figure 7 shows the pore distribution of each activated PCE. It
was discovered that PCE-0.3 contained a wide range of meso-
pores (>2 nm) and a hierarchical fibercombined 3D pore struc-
ture rich in interconnected micropores, making it more
conducive to the storage of electrically charged ions. N, gas

absorption parameters such as surface area, pore volume and
pore size are presented in Table 2. The relatively low specific sur-
face areavalue of PCE samples compared tothose of the literature
can be explained by the very low concentration of ZnCl; activator
(0.1, 0.3, 0.5 and 0.7 mol L™"), which influenced the combination
of size and surface pore distribution. Previous reports have shown
that optimal micropore-mesopore availability can help facilitate
charge transfer during the working process of a supercapacitor.*®

The capacity and performance of supercapacitors as energy
storage devices were determined using CV characterization
through a review of specific capacitance, energy density and
power density. The measurement was conducted using a sym-
metric two-electrode carbon system based on torch ginger leaves
in a strong acid aqueous electrolyte (1 mol L' H,S0,). Generally,
supercapacitors store energy in the form of charged ions from
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Figure 7. Pore distribution of PCE samples.
Table 2. Parameters of specific surface area of PCE-0.3 sample and comparison with other samples
SBl':T Q‘rlcm Smeso 1"'IrT(}nT lecro 1"'Irmes.cr Daue
Source (m*g™) (m*g™") m?g) {emig™) {em® g™ {em®* g™ (nm) Ref.
Lacquer wood 1609.09 46359 11455 1.467 0.035 1.432 — 59
Chingma abutilon seed 58034 31647 26387 0.440 0.347 0.093 438 &0
Cork 7105 549.7 160.8 0.369 0.236 0.133 208 61
Composite of palm 673 375 298 0.19 0.09 0.10 2.04 62
Trichoderma 39773 — — 2215 1.062 1.153 2214 63
Native European deciduous trees 616 — — 0.564 0.274 4.6 64
PCE-0.3 51902 427710 9131 0324 0.225 0.099 2,500 This study
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decomposed electrolytes that move to fill the electrode pores.
The energy storage process occurs because of the applied poten-
tial difference for a high current to app hen the ions move to
fill the electrode pores. This assay was carried out at a fixed scan
rateof 1 mV s~' to increase the voltage from 0 to 1 V. Figure 8 dis-
plays the CV curves for all the various PCE samples. It was discov-
ered that the imperfect rectangular shape of the curve originated
from the combined effect of the electrostatic charge storage
mechanism and the surface redox reaction of self-doping
heteroatoms.®*® The appearance of this curve was an ideal form
of electric double-Hayer supercapacitor (EDLC) for biomass-based
electrodes. Characterization was carried out using the CV UR
Rad-ER 6841 Physics tool with VersaStat Il (Princeton Applied
Research) calibration with an error of +6%. The energy storage
process occurred when a voltage of 0-1 V was applied to the elec-
trode, causing ions to fill the pores of the electrode. Meanwhile,
discharge occurred when the electrode voltage was biased back-
ward to force the ions out of the carbon pores until the voltage
returned to its initial value. A ZnCl; activator concentration
of 0.1 molL™" can produce a specific capacitance value of
76.43 F g~'. The addition of the activator at 0.3 mol L' can pre-
sent a slight bump in the potential area of 0.4-0.8 V. This con-
firmed the presence of pseudocapacitance which contributed

(=] -
w o
1 1

Current density (mA cm'z)
o
o
1

-05 -

[ e e Tt [
0.0 0.2 0.4 0.6 08 1.0
Voltage (V)

Figure 8. Distorted rectangular CV curves of PCE samples.
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directly to increasing the specific capacitance value significantly
almost threefold to 21742F g~'. This pseudocapacitance
property, ascribed to the presence of the functional groups of O
and N, leads to an apparent capacitance,”” as confirmed through
FTIR analysis, that increased the wettability of the carbon material.
This maximum result was also supported by the excellent porosity
and amorphous properties of the PCE-0.3 sample. The addition of
activator concentration up to 0.7 mol L™' reduced the capaci-
tance of activated carbon to 124.55 F g~. This was because the
addition of further concentrations reduced the physical proper-
ties of the electrode, such as carbon content and surface area. This
indicated that the PCE-0.3 sample had the optimum specific
capacitance value for the torch ginger leaves with an activator
concentration of 0.3 mol L™' ZnCl..

Further analysis of the optimization of PCE electrochemical
capabilities was carried out using the CV method, at different scan
rates of 1,2and 5 mV s ".It was d ered that the CV curve still
maintained a rectangular shape. As the scan rate increases to
5mV s, the QV curve displayed a reduced (distorted) rectangu-
lar shape. This indicated insufficient response for electrolyte ions
to maximally diffuse into the electrode pores at high scan rate,*®
which affeml the specific capacitance as presented in Fig. 9(a).
Therefore, at a scan rate of 5 mV s~', the bulge of the pseudoca-
pacitance from the faradaic redox reaction began to weaken
and cannot be observed clearly in the electrode material.*® The
reduction in specific capacitance values as the scan rate increased
is also presented in Fig. 9(b). This was indicated by charged ions
originating from the decomposed electrolyte, namely positive
ions (H") and negative ions (SO, %) that entered with difficulty
the electrode pores.”” According to Brunce Dunn, scan rate and
current density response read at a certain voltage had a quantita-
tive relationship that affected the specific capacitance.”

The performance of PCE-0.1, PCE-0.3, PCE-0.5 and PCE-0.7 elec-
trodes was evaluated using the GCD method on a symmetric super-
capacitor assembled in a two-electrode system at a low current of
1 A. The electrodes were placed in an acidic environment of
1 mol L™" H,5S0,, an aqueous electrolyte. The GCD curves of the
PCE with all ZnCl, concentrations showed a nonlinear isosceles tri-
angle shape. This indicated the favorable EDLC behavior with out-
standing electrochemical reversibility, as shown in Fig. 10(a). The
optimal GCD results were obtained for the PCE-0.3 sample with a tri-
angular curve that was significantly greater with a longer charge-
discharge time. This maximum time confirmed that the PCE-03
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Figure 9. Effect of scan rate variations on PCE samples: (a) shape of the CV curve and (b) specific capacitance value.
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Figure 10. (a) Charge—discharge curves and (b) Ragone plot of PCE samples.

Table 3. Potential of PCE-0.3 electrode in energy storage and comparison with other samples
Cep E P R

Sources Electrode  Pore structure  Activator Electrolyte (Fg™ (Whkg™) (Wkg™ " Q) Ref.
Poplar sawdust 3 Honeycomb — 6 mol L™ KOH 348 — — 0.66 21
Chingma 3 Honeycomb KOH lonic 1719 95.29 802 0.26 60

abutilon seed
Aloe peel 3 Honeycomb KOH 6 mol L' KOH 264 — — — 74
Cork 2 Honeycomb Na,50, 6 mol L' KOH 102 42 750 — 75
PCE-0.3 2 Honeycomb Zndl, 1 mol L™" H,50, 285.89 21.54 161.13 0.059  This study

electrode had the highest specific capacitance value, reaching
285.89 F g~'. The slight hump-ike bend in the charge current of
the PCE-0.3 sample was due to a faradaic redox reaction, contribut-
ing to the pseudocapacitance properties'*’>”? as described for the
CV analysis. This was also attributed to the presence of a large num-
ber of participating micropores, increasing the active sites suitable
for storage of charged ions which can improve the specific capaci-
tance. The unique 3D pore structure such as a honeycomb rich in
interconnected micropores was also advantageous for ion access
in the carbon pores. Furthermore, the small IR drop at 1 A current
confirmed the low internal resistance of the carbon material. As
shown in Fig. 10(a), the specific capacitance decreased with the
increase of ZnCl; activator concentration from optimum conditions.
This was due to reduced amorphous porosity, wettability and sur-
face area of activated carbon as presented in Fig. 10(b). The Ragon
plot curve showed the relationship between the energy and power
densities of all variations of the PCE electrode. Based on the electro-
chemical charge-discharge measurements, the maximum energy
and power densities were exhibited by the PCE-0.3 electrode, with
values of 21.54 Wh kg™' and 161.13 W kg~ with a small internal
resistance of 0.059 €. The values of specific capacitance, energy
density and power density were calculated from PCE samples based
on differences in ZnCl, activator concentrations as described in
Table 3. The measurements were carried out at a current density
of 1 A and the values obtained were compared with those for previ-
ously reported biomass-derived carbon materials.

The electrochemical properties of activated carbon based on aro-
matic biomass waste ginger torch leaves at optimum conditions, i-
e. PCE03, were analyzed by the electrochemical impedance

spectroscopy method. The tests e carried out in a two-electrode
system with a 1 mol L~" H,50, aqueous electrolyte, over a frequency
range of 001 Hz to 100 MHz, with an amplitude constant of 10. The
Nyquist plot confirmed the normal EDLC behavior for activated car-
bon materials from biomass as shown in Fig. 11(a). The diameter of
the semicircle about the real axis (Z') in the high-frequency region
represented the series resistance at charge transfer (R.,) in the carbon
material. The very small ESR value of the PCE-0.3 electrode 0.8 Q also
confirmed the suitability between the electrode and the electrolyte
ions in increasing the active state. The small R, value of 13.6 Q indi-
cated the high conductivity of the material from the honeycomb-like
3D hierarchical pore structure rich in interconnected micropores. This
R was also related to good electrode wettability, compatible with
1 mol L™ H,S0, agueous electrolyte, enabling efficient distribution
of electrolyte ions through faradaic redox reactions at the interface
of the suitable electrode and electrolyte. The Nyquist plot of PCE-
0.3 showed the slope (Warburg element) identified at the 45° line
in the low-frequency region. This confirmed the speed of the ion dif-
fusion rate filling pores™ to improve the electrochemical perfor-
mance of supercapacitors with PCE-0.3 electrodes. Furthermore, the
ideal capacitive behavior of PCE-0.3 was shown by the characteristics
of ion diffusion at higher frequencies through the presence of an
almost vertical curve. The high electrochemical performance of
PCE-03 synergized with its interconnected 3D pore structure rich in
microporosity. The Bode phase plot in Fig. 11(b) showing the phase
angle dose to —80° further confirmed the presence of real and imag-
inary capacitance in the material. Figure 11(c),(d) also revealed the
real capacitance and imaginary capacitance parts, respectively,
explaining the capacitive behavior at low frequency and relaxation
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Figure 11. (a) Nyquist plot, (b) Bode phase plot, (c) Bode plot of real capacitance and (d) Bode plot of imaginary capacitance of PCE-03.

time. For a more detailed review regarding imaginary capadtance,
the relaxation time of 833 s of the PCE-0.3 electrode was obtained
using the equation r = 1 f,”'”” The small relaxation time confirmed
that the PCE-0.3 electrode based on aromatic biomass waste torch
ginger leaves had a honeycomb-like 3D hierarchical pore structure.
These electrodes are also rich in micropores with extraordinary ability,
making them applicable as supercapacitor electrodes.

CONCLUSION

Supercapacitor cell components were fabricated using sustain-
able biomass of torch ginger (Etlingera elatior (Jack) R.M. Smith)
leaves with 3D honeycomb-like morphology composed of micro-
porous fibers from lignin and volatile compounds. This was
achieved by impregnating the biomass waste with different

concentrations of ZnCl; to create aromatic-based material.
The activated carbon materials were synthesized using simple
methods including chemical activation, carbonization and physi-
cal activation, which did not require complex equipment or cause
damage to the environment. The porous carbon produced had a
unique morphological structure with a high specific surface area
of up to 519.02 m? g~'. Furthermore, the concentration level of
ZnCl; impregnation was highly controlled in the synthesis process
to obtain optimum conditions that affected electrochemical per-
formance. The optimized activated carbon material, PCE-0.3
exhibited outstanding electrochemical performance with a spe-
cific capacitance re@lg 28589 F g~ at 1 A.The supercapacitor
also exhibited high energy density and power of 21.54 Wh kg™’
and 161.13 W kg~', respectively, with a low internal resistance
of 0.059 Q. These results suggested that activated carbon from
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aromatic biomass waste, especially torch ginger leaves, is promis-
ing for sustainable, cost-effective and environmentally friendly
energy storage for supercapacitor cell electrodes.
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