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In this study, an EDLC type supercapacitor device followed by extra pseudo-capacitance properties has
been synthesized by using spruce leaf waste as 3D-porous carbon source. Consistently, we investigated
the effect of chemically activating ZnCl, at 0.1, 0.3, and 0.5 M on electrochemical and material properties.
Through optimized porous carbon, their surface morphology is highly porous rich in 3D followed by high
amorphousness. Furthermore, the 0.3 M ZnCl, impregnated porous carbon elicited a faradaic redox reac-
tion of self-doping heteroatoms that could increase the electrochemical capacitance. Through symmetric-
system, the highest specific capacitance reaches 187 Fg~! at 1 Ag™' in 1 M H,SO, electrolyte.

© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (https://creativecommons.org/licenses/by-nc-nd/4.0) Selection and peer-review under responsi-
bility of the scientific committee of the 3rd International Conference on Chemical Engineering and
Applied Sciences. This is an open access article under the CC BY-NC-ND license (http://creativecommons.

org/licenses/by-nc-nd/4.0/).

1. Introduction

Nowadays, a lot of research is focused on developing energy
conversion systems and optimizing sustainable and environmen-
tally benign energy storage systems due to the continuing crisis
of fossil energy sources which have an impact on the world econ-
omy, industry, and ecology. DSSC third-generation solar cells,
rechargeable batteries, and electrochemical supercapacitors are
considered suitable options to meet the increasing energy transfer
demands in optimizing energy storage devices and renewable
energy conversion systems. Electrochemical supercapacitors are
considered ideal targets for future renewable energy storage
devices due to their long lifetime, high discharge rate, and excel-
lent power density [1,2]. Furthermore, the main concern is that
the energy density is much lower than that of batteries, which is
a recent challenge in the latest electrochemical supercapacitor
devices. Therefore, great interest has been evident in the exposure
to novel porous systems with high accessibility and high energy
density along with long-term stability for new-generation superca-
pacitors. In the last decade, it has been significantly confirmed that
carbon-based biomass provides a very large surface area, porous
surface morphology, and 2D nanostructures that increase manifold
energy density, excellent stability, and high accessibility [3,4].
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After nearly half a decade of intensive studies, many researchers
have claimed, the high specific surface area (SSA) is not the main
key to enhancing the energy density of supercapacitors. High SSA
indeed promises abundant active sites that allow ion diffusion at
the rich electrode/electrolyte interface. This behavior drastically
increases the high specific capacitance as a figure-of-merit for
measuring the improved energy density performance of superca-
pacitors. However, the specific surface area dominated by microp-
ores that have a narrow diameter (<2 nm) limits the ion transport
pathways thereby reducing the power density and degrading the
work efficiency and life cycle of the supercapacitor device. On
the other hand, the behavior of various pore size distributions
and 3D hierarchically connected micro-meso-macropores is
believed to be a solution to this problem. Their adjustable combi-
nation with suitable ratios reveals increased supercapacitor energy
density without limiting their high power density performance.
Interestingly to discuss, recent work has revealed that increasing
the energy density while maintaining high power density can be
achieved through the contribution of 3D hierarchical pore struc-
tures including micro-meso-macropores combinations which
improve the accessibility of ionic charges and wettability of the
base materials as doped heteroatoms supporting [5,6]. Recently,
a report by Zheng et al. 2021 has been performed on carbon mate-
rials derived from the kapok flowers with a hierarchical porous
structure rich in micropores and mesopores and distinctly
oxygen-rich doping as electrode material for EDLC supercapacitor
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[7]. These carbon-based materials can be efficiently synthesized
from the raw materials via the procedure route carbonization
and activation of KOH at 700 °C. Surprisingly, this study shows
high EDLC properties followed by apparent capacitance behavior.
In another study, Okonkwo et al. 2020 studied nitrogen-rich porous
carbon obtained from Spirulina-mediated castor shells via KOH
impregnation [8]. This study demonstrated that the specific capac-
itance could be increased by 365 F g~! in a three-electrode system
with a maximum energy density of 9.14 F g~!. Multi-doped het-
eroatom combinations have also been described in detail by Luo
et al. 2021 [9] and Wang et al. 2022 [10] with various biomass-
derived products. In addition, similar results were also confirmed
in different waste biomass such as garlic peel [11], sakura flower
[12], and banana leaves [13]. On the other hand, ZnCl, activation
is believed to be very suitable and suitable for the design of
biomass-based binder-free solid carbon, as reported by Taer et al
[14,15]. As an example, activated carbon from leek waste which
is designed to resemble solid coins through activation of KOH,
NaOH, and ZnCl, shows the best pore and electrochemical proper-
ties in the ZnCl, activating agent with a specific capacitance of
170.12 F g~'. In addition, the 3D hierarchical pore carbon that
has been obtained from Moringa oleifera leaves is also synthesized
through the activating agent ZnCl,. In the solid carbon design, their
capacitance is increased by 257 F g~! in a two-electrode system.
However, it is very rare to find a biomass precursor that has the
potential of a 3D hierarchical pore structure and is doped with het-
eroatoms at the same time. Additionally, the difficulty of routing
large amounts of synthesis at minimal cost prevented it from being
widely developed.

On the other hand, spruce leaves are a potential biomass as a car-
bon source with a regular pore structure. This indication is assumed
to originate from the basic appearance of the dark green leaves
which have 41 % cellulose and 35.1 % lignin as a high carbon source.
In addition, to our knowledge, there has been no previous research
examining the carbon source of pine needles for electrode materials.
Therefore, this is the first study to study the potential of pine leaves
as a carbon source for sustainable supercapacitor applications.

In this study, we have prepared hierarchically interconnected
3D micro-mesoporous carbons with high porosity and oxygen
functional groups as self-doping heteroatoms for supercapacitor
applications. The precursor was selected from a new spruce leaf
biomass source which was converted into porous carbon with a
new approach, environmentally friendly, free of toxic and corrosive
compounds through ZnCl, activation, carbonization, and CO, acti-
vation. The ZnCl, activating agent was chosen to optimize the per-
formance of the electrode with a binder-free solid design.
Furthermore, the electrode material is designed in a non-bonding
solid form which can significantly maintain the high conductivity
of the material. The optimized porous carbon exhibits a hierarchi-
cally connected 3D pore morphology structure with well-
confirmed wettability of the oxygen functional groups. In addition,
the electrochemical properties studied in the symmetrical configu-
ration possessed high specific capacitance with a coulombic effi-
ciency of up to 89 %. Therefore, the proposed approach of
sourcing the new material from pine leaves enables the synthesis
of high-quality carbon as a sustainable electrode material for
future supercapacitor applications.

2. Materials and methods
2.1. Materials
Zinc chloride and hydrochloric acid were acquired from Sigma

Aldric, Singapore. DI waters are acquired clinically on a lab scale
at the same time as sulphuric acid is provided from Panreac Quim-
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ica sau. The spruce leaves were received from gardeners who tidied
up the lawn at the college of mathematical and natural Sciences,
riau university.

2.2. Synthesis of porous carbon from spruce leaves

Spruce leaves are separated from the branches and dried in the
sunlight until they turn pale green. Further drying performed with
ovendried in 50-250 °C. The route of conversion of dried spruce
leaf biomass into powder was conducted through a series of pre-
carbonization, crushing of samples using a milling tool, and
homogenization using a 250 mesh sieve, as previously reported
[16,17]. The dried spruce leaf powders were immersed with zinc
chloride solution in various molarities. This study focused on the
activating agent concentration of 0.5, 0.3 and 0.1 M. Zinc chloride
solutions were synthesized by a commonly reported technique
[15,18]. Prepare ZnCl, in powder form with a mass equivalent to
the desired molarity (use the stoichiometric equation). After that,
the powder was put into a beaker containing 30 mL of DI water.
The mixture was stirred at 300 rpm for 60 min. Subsequently, pre-
pare 30 g of precursor powder and put it into the activating agent
solution that has been obtained. Sample powder was mixed with
an activating agent and then stirred at a speed of 300 rpm at
80 °C for 120 min. Subsequently, the mixed sample was precipi-
tated and dried to obtain an activated powder with an activating
agent in a particle scale of < 60 pum. Furthermore, the dry powder
that has been obtained is pressed using a hydraulic press with a
metric pressure of 8 tons to obtain a solid coin-like sample with
dimensions of 2 cm diameter, 0.2 cm height, and 0.7g mass for
the record solid coins obtained free of any binding material. The
solid coin sample is put into a horizontally furnace which is inte-
grated with N, and CO, gases. In this instrument furnace, two
stages of pyrolysis are applied including carbonization followed
CO, activation. Carbonization is performed by flowing N, gas from
room temperature to a temperature of 289 °C at a heating rate of
1 °C/min, then this process is held for 60 min, after that it is con-
tinued to a temperature of 600 °C at a temperature rate of 3 °C/
min. Furthermore, the physical activation was carried out from a
temperature of 600 °C to 850 °C at a temperature rate of 10 °C/
min by passing CO, gas. When the furnace temperature reaches
the maximum, the physical activation process is held for
150 min. The cooling down process is carried out normally without
setting the temperature drop. The porous carbon sample that has
been obtained was neutralized using 500 cm?® DI water.

2.3. Characterization of material properties

The spruce leaf-based porous carbon that has been obtained
was evaluated in detail including changes in densities of solid sam-
ples, confirmation of wettability, microcrystalline properties, sur-
face morphology, and elemental status. Changes in the density of
solid samples were recorded according to reduction of diameter,
thickness, and, mass precursors. The sample density was evaluated
through the standard equation, as is commonly reported [19,20].
The microcrystalline properties were revealed using the X-ray
diffraction (XRD) method at an angle range of 20 10°-60° with Cu
as anode in step size and step scan time of 0.0260 and 7.1400. Their
parameters XRD such as dgg2/dqgo and L.-L, were also evaluated
with Debyee Scherrer equation and Braggs law [21,22]. The func-
tional group was detected using Fourier transform infra-red
approach in scan rate and accumulations of 10 min/128. The mor-
phological structure of the porous carbon surface was reviewed by
scanning electron microscopy (SEM) at 5000x and 40000x magni-
fications in 15 kV acceleration voltage. The elemental status of the
sample was confirmed using energy dispersive spectroscopy (EDS)
at 1000x magnification with an energy range of 0 to 20 KeV.
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2.4. Electrochemical measurements

The electrochemical behaviours of spruce leaf biomass-based
porous carbon electrodes were evaluated in detail through cyclic
voltammetry (CV) and galvanostatic charge-discharge (GCD) tech-
niques in a symmetric supercapacitor cell system in an aqueous
electrolyte of 1 M H,SO,4. The separator electrode was selected
from an organic permeable membrane from duck eggshell. The
mass effective electrode was prepared in a mass of 21 mg at a
diameter of 0.8 cm. CV was measured at a potential voltage of
0V to 1.0 V with scaning rate of 1-10 mV s~ . The capacitance of
the electrodes was calculated using the standard equation, as pre-
viously reported. Furthermore, GCD was evaluated at a 0-1 Vin 1-
10A g~'. Specific capacitance, energy density, power density, and
electrode resistance were confirmed in detail through GCD mea-
surements using standard formulas, as previously reported studies
[23].

3. Results and discussions

The analysis of monolithic solid dimensional changes of spruce-
based porous carbon was evaluated through their density differ-
ences in initial and final furnace pyrolysis process, as shown in
Fig. 1. The selected straategies routes simultaneously removed
the organic compounds of the based material and initiated high
biochar [24]. In addition, the chemical reaction of the carbon and
the activating agent allows the dehydration of the lignocellulosic
complex compounds through their reactions on the carbon chains
formed in these components and their breakdown into a porous
carbon skeleton. This combination of synthesis routes significantly
reduces the porous carbon dimensions as shown in Fig. 1. In initial
pyrolysis, the carbon density ranged from 0.7127 to 0.8255 g cm >
at a mean standard deviation of 0.035. The N, carbonization from
30 °C to 600 °C allows maximum evaporation of water content
and volatiles and decomposes the lignin and hemicellulose chains
that bind cellulose [25]. This process allows for high carbon fixed
and low ash.

Furthermore, the chemical reaction of the activating agent at
temperatures above 500 °C allows significant removal of lignin
and cellulose thereby initiating the formation of pores on the car-
bon walls and optimization of the 2D nanofiber structure [26]. This
analysis is more clearly reviewed through SEM micrographs. Fur-
thermore, physical activation through CO, gas at a high tempera-
ture of 850 °C causes optimal ash evaporation and strengthens
the pore walls in the carbon-based material [27]. Of course, these
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Fig. 1. Porous carbon density at initial-final pyrolysis process.
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routes significantly reduce the density of porous carbon. In finally
pyrolysis, the porous carbon density was reduced to 32 % at an
error measurement of 0.045 with a range of 0.5118, 0.5400, and
0.6125 g cm~3 for SCL1, SCL3, and SCL5, respectively. SCL3 con-
firmed the decrease in high density due to the combination of car-
bonization, chemical activation of 0.3 M, and physical activation of
CO, allowing the most optimal organic compound evaporation fol-
lowed by the formation of a high pore structure. Carbon electrodes
need this property to improve the work performance of superca-
pacitor [28].

The phase change behavior and micro-crystallinity of the spruce
leaves-based porous carbon were revealed by X-ray diffraction
analysis. The XRD pattern obtained shows (see Fig. 2) that the
two broad peaks at 20 angles around 24° and 44° are remarked
with the 002 and 100 scattering planes illustrating that the carbon
material obtained has turbostratic properties, weak crystallinity,
low graphitization, and high amorphous [29,30]. This accounts
for the presence of various pores including micropores and abun-
dant mesopores on the surface of carbonaceous materials. Signifi-
cantly these properties are required to form a rich electrical
double layer and high ion accessibility in supercapacitor devices.
Furthermore, a weak sharp peak was also confirmed in the XRD
pattern indicating the presence of a CaO/CaCOsz impurity with a
weak crystalline structure on the carbon material. The Ca0/CaCO3
compounds were found in carbonaceous materials at angles 28.3°,
30.7°, 31.9°, and 43.1° which were in agreement with previous
studies. The presence of CaO/CaCOs is contributed by organic com-
pounds from spruce leaf biomass which is rich in Ca elements
[20,31]. This analysis is consistent with the EDS analysis discussed
in Fig. 5. Table 1 recorded the 26 angle in the 002 and 100 planes,
the XRD parameters of dggy/digp, and Lc-L,. The porous carbon
obtained from increasing the concentration of the activating agent
from 0.1 M to 0.3 M showed a shift in the scattering angle 002 from
24 to 23 indicating the disturbed pore structure was dominated by
micropores [32]. Meanwhile, increasing the concentration higher
up to 0.5 M indicates that their angle shifts towards a larger con-
firming the widening of the pores towards abundant macropores.
This is due to the high pore wall erosion at a higher concentration
of activator. A similar analysis was also confirmed via SEM micro-
graphs, as shown in Fig. 4.

Furthermore, the dgo, obtained in the SLCs had a higher value
than the dgg, graphite by about 6-11 %, revealing that the porous
carbon exhibited a good amorphous structure [21]. Moreover, the
porous carbon SLCs exhibits a relatively low microcrystalline L.
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Fig. 2. XRD pattern of spruce leaves-based porous carbon.
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Table 1

The XRD parameters of dgg/d100 and Lc-L,.
Porous carbon 20002 (°) 20100 (°) dooz (nm) dyoo (NM) L. (nm) L, (nm)
SLC1 24.479 44.053 0.3575 0.2053 0.8120 41.138
SLC3 23.676 44.498 0.3754 0.2034 0.7563 36.653
SLC5 24.924 44.868 0.3569 0.2018 1.0056 21.820

dimension indicating a relatively high surface area as an ideal
active site for electrolyte ions. The specific surface area of the por-
ous carbon can be predicted using L. through an empirical
approach, as previously reported [22,33]. The L. parameter is inver-
sely related to the specific surface area prediction as their empiri-
cal formula SSAy.q = 2/pL.. According on these empirical equations,
SLC3 displays largest surface area of about 1120 m? g~

SLCs surface functional groups were recorded by the FTIR
approach. Fig. 3 illustrated the FTIR spectra of the spruce-leaves
porous carbon SLC3 and SLC5. It can be seen clearly that the absor-
bance peaks were relatively complex at the wavelength of 4500-
500 cm~'. The SLC3 sample illustrated an absorption peak at
3469 cm! related to the —-OH hydroxy functional group in strain
mode due to the adsorption of water content [34]. The C—H strain
band is observed faintly at 2953 cm™! [35].

Furthermore, the absorption peaks at 2570 and 1648 cm~! were
indicated for the C—H/C=0 carboxylic acids and phenol [36]. The
wavenumber of 1410 cm ™! is described to the C=C bond followed
by a stretch band along 1226 cm™! to 653 cm™! which is closely
related to the C—O bond originating from the alcohol, phenol,
and carboxylic acid strains [37]. The chemical impregnation route
using ZnCl, at a concentration of 0.3 M significantly displayed
oxygen-rich functional groups. This characteristic significantly
contributes to increasing the wettability of the sample surface
which initiates the presence of redox behavior in electrodes mate-
rial. This characteristic is frequently encountered in the literature
as a heteroatom self-doping effect, as previously reported [38,39].

Moreover, the impregnation of ZnCl, at a higher concentration
of up to 0.5 M in SLC5 indicated a shift in the —~OH strain band to
3458 cm~! confirming the formation of more oxide compounds.
In addition, the deformation of phenol and carboxylic acids along
wave number 2905 to 1889 cm™! indicates high dehydration of
the porous carbon. In addition, the C—O strain band at
1639 cm~! was confirmed to be higher than SLC3 indicating high
oxygen in SLC5. Meanwhile, alcohol, phenol, and carboxylic acid
along the absorption band 1236-654 cm™~! were reduced faintly
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Fig. 3. FTIR spectra of spruce leaves-based porous carbon.

revealing the evaporation of water content and elemental oxygen
in the porous carbon sample. However, some oxygen functional
groups are significantly associated with carbon and hydrogen in
the prepared samples initiating enhanced heteroatom self-doping
properties for the material electrodes [18,40]. This analysis was
confirmed in detail through the elemental status confirmation
and performance of the EDLC devise through the EDS and CV-
GCD techniques.

The surface morphology structure of spruce leaves-based por-
ous carbon was reviewed by scanning electron microscopy (SEM)
at 5000x and 4000x mags, as shown in Fig. 4. The selected porous
carbon synthesis route included ZnCl, impregnation at different
solution concentrations, N, carbonization, and CO, physical activa-
tion has markedly displayed an abundance of diverse framework
and it also 2D nanofiber nanostructures. As shown in Fig. 4a,
SEM micrographs of SLC3 display particle and block carbon aggre-
gates in the size range of 0.26 pm to 4.28 pm. In addition, they also
surprisingly illustrate 3D pore structures at varying sizes in macro
to micro scales. At 4000x magnification area, SLC3 confirmed their
potential in presenting various hexagonal pores resembling a hon-
eycomb which on the side walls are decorated with narrow inter-
connected pores, as shown in Fig. 4b. This revealed that the SLC3
sample had 3D hierarchical pores including micro, meso, and
macropores which contributed greatly to the enhanced specific
capacitance of EDLC type of supercapacitor [41]. Micropores that
are on a small scale of 2 nm contribute to providing a high active
site corresponding to the charge of the electrolyte ion to form a
high electrical layer thereby increasing the energy density of the
supercapacitor [42].

Furthermore, the combination of mesopores in the range of 2-
50 nm and macropores larger than 50 nm enables carbon elec-
trodes to have high ion accessibility, very fast charge transfer, ion
buffering, and ion diffusion capability in all directions which initi-
ates their high power density [43]. Therefore, the combination of
these three pore scales drastically increases the specific capacitive
of the supercapacitor energy storage device. This analysis is
strongly supported by the CV and GCD analyses discussed in
Fig. 6 and Fig. 7.

Moreover, the impregnation of ZnCl, at the highest concentra-
tion in SLC5 surprisingly changed the surface structure of the pre-
cursor. Particle aggregates and carbon blocks were found to be
relatively small in size, as confirmed on the 5000x magnification
SEM micrograph in Fig. 4c. Their 3D pore structure is reduced
due to high chemical impregnation which dehydrates too much
carbon thereby eroding the pore walls and causing the pore frame-
work to collapse. Interestingly, excessive etching of carbon chains
at a concentration of 0.5 M allowed obtaining nanofiber structures
on their surfaces, as shown in Fig. 4d. SEM SLC5 micrograph at
4000x magnification noticeably revealed 2D nanofiber nanostruc-
tures at 98 nm diameter. This allows relatively small pores to
adhere along the nanofiber surface. In addition, this nanofiber
structure initiates high conductivity for the material’s electrodes
[44]. In comparison, the morphological structure of spruce leaves
carbon has similarities with previous studies such as garlic peel,
etc.

The elemental status of the spruce leaves precursors converted
into porous carbon through multi-activation of ZnCl,-CO, was
revealed by energy dispersive spectroscopy (EDS) technique in
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Fig. 4. Micrograph SEM of a) SLC3 in 5000x magnification, b) SLC3 in 40000x magnification, c) SLC5 in 5000x magnification, and d) SLC5 in 40000x magnification.
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the energy range of 0-20 keV. In general, the selected synthesis
route has succeeded in obtaining biochar samples with high carbon
quality at 91-93 %, as shown in Fig. 5. Furthermore, elemental oxy-
gen occupies the highest elemental status after carbon indicates
that oxide compounds are still present in the sample, in lower con-
centrations. In addition, the relatively high presence of oxygen
confirms the previously discussed XRD and FTIR analysis that the
sample significantly exhibits wettability in the sample acting as a
doped self-heteroatom [18,45]. Additionally, elemental calcium
was confirmed to be very low in the sample as a result of incom-
pletely evaporated organic precursor compounds revealing the

presence of Ca0/CaCO3; compounds as confirmed by XRD.
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Fig. 5a displays the EDS spectra with the highest carbon, reveal-
ing that the SLC3 sample has high purity properties followed by an
oxygen content of 6.035 %. Increasing the concentration of ZnCl, at
a higher concentration reduces the organic precursor elements to
0.43 %, as shown in Fig. 5b. However, the dehydrating agent ZnCl,
causes an excessive oxidation reaction thereby reducing the carbon
content to 91.03 % and increasing elemental oxygen to 7.73 %.
However, the overall carbon yield is relatively high which can
improve the quality of the electrode material as an electrochemical
energy storage device.
The electrochemical properties of spruce leaves-based biochar
pyrolyzed at high temperature and chemical impregnation of zinc
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chloride at different solution concentrations in the range of 0.1, 0.3,
and 0.5 M were evaluated through cyclic voltammetry and gal-
vanostatic charge-discharge techniques in aqueous electrolyte
H,SO04. The working electrodes are assembled in a symmetric
supercapacitor system consisting of two solid carbon-based spruce
leaves (average working mass of 21 mg), a separator from an
organic semipermeable membrane, a current collector made of
stainless steel, and an aqueous electrolyte of 1 M H,SO4. The CV
analysis was reviewed in the standard voltage range from 0 V to
1.0V ata scan rate of 1 mV s~ . Next, the specific capacitance is cal-
culated by means of the charge and discharge currents listed in the
CV test, according to the standard formula. The CV profile of the
spruce leaf-based porous carbon is illustrated in Fig. 6, showing
that the SLC1, SLC3, and SLC5 electrodes reveal a distorted rectan-
gular hysteresis curve shape characterizing the normal electrical
double layer state [46].

Furthermore, the increase in density that forms a wide hump in
the voltage range of 0.62 < U < 0.82 confirms the extra pseudo-
capacitance of the redox reaction that occurs as a contribution
from the self-doping of oxygen heteroatoms. In addition, the CV
profile confirms the capacitive nature of the electrode where a
large hysteresis area indicates a high specific capacitance and vice
versa. In detail, the SLC1 electrode exhibits a CV profile displaying a
sizeable CV profile confirming a specific capacitance of 104 Fg~!. In
addition, at U > 0.52, a significant increase in current density was
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found, describing the redox reaction of the oxygen functional
group which gave more ionic charge to the device system. This
clearly indicates the presence of pseudo-capacitance at the
electrode.

Furthermore, the CV profile of the SLC3 electrode shows the lar-
gest rectangular shape followed by a wide current density hump at
0.62 < U < 0.82 indicating the outstanding capacitive properties
and obvious pseudo-capacitance properties. Their specific capaci-
tance is the highest at 141 F g~' compared to other electrodes.
The amazing combination of material properties of SLC3 carbon
including amorphous, high porosity, predicted largest specific sur-
face area, 3D hierarchical pore structure, wettability, and self-
oxygen doped dramatically enhances the high performance of the
electrodes resulting in maximum optimized energy storage devices
[47,48].

Moreover, the SLC5 electrode displayed the smallest CV profile
of the three test electrodes, revealing a low specific capacitance of
75 F g~ . This confirms that the reduction of the 3D pore frame
structure drastically reduces the electrode capacitive properties
of the material, as shown in the SEM micrograph Fig. 4c. In addi-
tion, the effect of the redox reaction of the oxygen functional group
is getting weaker and looks faint indicating reduced pseudo-
capacitance. This certainly has an effect on the weakening of the
capacitive properties of the SLC5 electrode.

The electrochemical properties of symmetrical cell supercapac-
itors SLC1, SLC3, and SLC5 were further investigated by galvanos-
tatic charge-discharge (GCD) at a current density of 1 A g~ !in a
scan rate of 1 mV s~', as shown in Fig. 7. The GCD profile displays
an almost ideal isosceles triangular shape showing the high poten-
tial of the electrode to produce normal electrical double layer
capacitive behavior. In addition, the very small voltage drop (iR
drop) in the initial discharge stage characterizes the relatively
weak electrode resistance in aqueous electrolyte. Furthermore,
their charge and discharge times reflecting a coulombic efficiency
of 70-89 % revealed the presence of a pseudo-capacitance effect
in the electrodes of SLCs. In addition, the long charge-discharge
time indicates the specific capacitance of the supercapacitor
electrodes.

In detail, the SLC1 electrode exhibits a sufficiently long charge-
discharge time identifying a specific capacitance of 106 F g ! at an
electrode resistance of 0.02 Q. Chemical activation of ZnCl, in
0.1 M solution can produce relatively high capacitive properties
of some previous studies derived from biomass. Interestingly,
increasing the concentration of ZnCl, solution at 0.3 M drastically
increased the specific capacitance of the SLC3 electrode to 187 F
g~ L. This is due the chemical impregnation of ZnCl, 0.3 M can sig-
nificantly present an interconnected 3D pore structure from micro
to macropores and followed the high specific surface area of
1120 m? g~'. Micro-meso-macropores significantly increase the
provision of high active channels at the electrolyte/electrode inter-
face followed by high ion accessibility [49]. Therefore, their capac-
itive properties are improved by almost 2 times. Furthermore, the
wettability property of the oxygen functional group elicits a fara-
daic redox reaction at the SLC3 electrode initiating extra pseudoca-
pacitance. However, the growth of high narrow pores on the SLC3
electrode significantly inhibited the flow of ionic charge thereby
increasing the electrode resistance by 0.43 Q.

Moreover, the addition of a higher concentration of ZnCl, solu-
tion on chemical activation allows the removal of more pore
framework walls thereby reducing their capacitive properties, as
shown in the GCD profile for the SLC5 sample. The SLC5 electrode
showed the lowest specific capacitance of 30 F g~'. This reduction
in capacitive properties is due to an increase in pore volume on a
macro scale which significantly reduces the active channel corre-
sponding to the selected electrolyte ion. On the other hand, the
SLC5 electrodes showed the lowest electrode resistance of
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0.009 Q indicating that they had the highest ion accessibility com-
pared to the other two electrodes.

As illustrated in Fig. 8, the energy and power specific (Wh kg !
and W kg~ !) of the SLCs were confirmed by means of a Ragone plot.
The SLC1 electrode displays a relatively low energy density equal
to 0.60 Wh kg~ ! at a power density of 96.60 W kg~ . The increasing
concentration of ZnCl, on the SLC3 electrode showed the highest
energy density reaching 8.07 Wh kg~! at an optimum power den-
sity of 94.00 W kg~ . This confirms that the presence of 3D pores
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and oxygen functional groups can increase the high energy density
of the EDLC-type supercapacitor electrodes. Meanwhile, the SLC5
electrode has an energy density of 3.25 Wh kg~! at a power density
of 98.80 W kg~ .

The best performance of SLC3 was reviewed comprehensively
through electrochemical impedance spectroscopy (EIS) technique
in symmetrical electrodes separated by a duck eggshell membrane
and 1 m/L H,SO4 aqueous electrolyte. Based on EIS measurements,
Nyquist plot, bode phase plot, bode plot of real capacitance, and
bode plot imaginary capacitance were illustrated in Fig. 9a-d.
Nyquist plots reveal the capacitive properties of the SLC3 symmet-
rical electrodes approaching the ideal behavior of electrochemical
double layer capacitance with a liquid electrolyte, as confirmed
by the markedly increasing impedance pattern in the low-
frequency region up to 10 mHz. In the mid-frequency region, a
straight line with a slope of about 45° refers to the Warburg resis-
tance, which results from the insertion/de-insertion of ions in the
hierarchical pores of the spruce leaves-based electrode material.
Furthermore, the semicircular features in the high-frequency
region represent the ionic resistance of the electrolyte, the elec-
trode resistance, and the geometric/double layer capacitance val-
ues. The ionic resistance of the electrolyte and the bulk
resistance of the SLC3 electrode were evaluated from the intersec-
tion of the Nyquist plot and the real axis which is often referred to
as the series resistance (R;) of 1.039 Q cm~2. This relatively low
value of Ry indicates high capacitive properties for supercapacitor
cells. On the other hand, the charge transfer resistance (Rct) was
evaluated from the intersection of the semicircular arcs on the Z
axis. The R, value obtained at 4.071 cm™2 is closely related to
the Faradaic redox reaction occurring at the electrode-electrolyte
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interface, initiating a pseudocpacitive effect on the SLC3 electrode.
This analysis was also clearly confirmed on the CV and GCD mea-
surements which have been discussed in Fig. 6 and Fig. 7. In prin-
ciple, the charge transfer resistance (R.) was observed as a result
of the OH/COOH functional group attached to the activated carbon
surface which was found to be adsorbed on the biomass carbon-
based electrodes as shown in FTIR spectrum. This adsorbed func-
tionality is responsible for Faradaic (pseudocapacitive) reactions
with electrolyte ions, and the main reason for obtaining R values
in the electrodes of biomass carbon-based supercapacitors [1-3].
Furthermore, the Bode plot of the phase-to-frequency angle illus-
trated in Fig. 9b confirms the angle value close to —90° at the min-
imum frequency. This shows that the SLC3 electrode has an ideal
capacitive behavior. In addition, a frequency (f;) at a phase angle
of 45° representing a value of about 0.108 Hz can be applied to
determine the lifetime of the ionic charge (7) of the SLC3 electrode.
Through the 1/f, equation, the relatively small ion lifetime reveals
the potential of the SLC3 electrode for efficient and stable superca-
pacitor applications. Moreover, the bode plot on the part of the real
and imaginary capacitances is shown in Fig. 9c-d. As reported by
many studies [4], C’ represents realeliverable capacitance, while
C' represents energy loss. SLC3 electrodes show C’ values which
are highly dependent on low frequencies and lower their value at
higher frequencies confirming the purely resistive behavior of
supercapacitor cells. In addition, C* also shows almost similar
behavior, but a peak (f;,) is found at low frequencies. The peak fre-
quency (fp) of about 0.108 Hz can be applied to determine the life-
time of the ionic charge (1) of the SLC3 electrode. Through equation
1/fp, the relatively small ion lifetime reveals the potential of the
SLC3 electrode for efficient and stable supercapacitor applications.

4. Conclusions

In conclusion, porous carbon synthesized through a combina-
tion of chemical activation and physical activation from spruce leaf
derivatives has succeeded in obtaining a 3D pore structure to
improve the high performance of the electrode material as electro-
chemical energy storage. Furthermore, chemical activation of ZnCl,
at different solution concentrations followed by high-temperature
physical activation resulted in the wettability of the oxygen func-
tional group. Furthermore, the surface morphology suggests poten-
tial precursors provide a 3D carbon skeleton of the meso-
macropores combination. As a result, the electrode-based specific
capacitance of SLCs has increased rapidly to reach 187 F g~ ! at a
current density of 1 A g~ In addition, the optimized carbon elec-
trode has excellent stability with a coulombic efficiency of up to
89 %. The highest energy density of porous carbon-based devices
from spruce leaves can reach 8.07 Wh kg~!. Therefore, we have
generated a 3D structure of carbon derived from spruce leaves
waste for potential applications of implantable EDLC-type superca-
pacitor devices and electronic components in the future.
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