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ABSTRACT: Biomass-based activated carbon has great potential in the
use of its versatile 3D porous structures as an excellent electrode material
in presenting high conductivity, large porosity, and outstanding stability for
electrochemical energy storage devices. In this study, the electrode
material develops through a novel consolidated carbon disc binder-free
design, which was derived from Moringa oleifera leaves (MOLs) for
electrochemical double-layer capacitor applications. The carbon discs are
prepared in a series of treatments of precarbonized, chemical impregnation
of zinc chloride, integrated pyrolysis of N, carbonization, and CO, physical
activation. The physical activation temperatures applied at 650, 750, and
850 °C optimize the precursor potential. By optimizing the 3D hierarchical
pore properties of the MOL750, the carbon disc binder-free design
demonstrates optimal symmetric supercapacitor performance with a high
specific capacitance of 307 F g™" at a current density of 1 A g”" in an aqueous electrolyte solution of 1 M H,SO,. Furthermore, the
extremely low internal resistance (0.006€2) of the carbon disc initiated excellent electrical conductivity. The supercapacitors also
maintain their high capacitive properties in aqueous electrolyte solutions of 6 M KOH and 1 M Na,SO,, respectively. The results
show that a novel consolidated carbon disc binder-free design can be obtained from biomass MOLs through a reasonable approach
to develop superior electrode materials to enhance high-performance electrochemical energy storage devices.
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1. INTRODUCTION
The rapid growth of the world’s population with the demands

tors received much attention due to their outstanding power
transmission specifications, fast energy storage, infinite cycle

for prosperous life management has made the energy crisis the
main global challenge. At the end of 2021, energy consumption
was 4.5% higher than the previous year' and is estimated to
increase by more than half in the next 4 years.” Moreover,
approximately 90% of the total energy demand is obtained
from coal, which is nonrenewable. Studies have shown that the
use of coal energy sources causes significant problems in the
production of CO, emissions and greenhouse gas effects,
which leads to global warming and climate change.” This
makes it necessary to develop effective, efficient, and pollution-
free green energy technology and renewable energy conversion
systems. In the past decade, people have focused on abundant,
low-cost, safe, and environmentally friendly renewable energy
sources such as wind, ocean waves, solar, and biomass.
However, their use was limited due to a relatively low supply of
technology and complex supporting components. Several
developed countries such as China and the United States
have implemented renewable energy technologies as alter-
native sources of energy.” This situation led to the develop-
ment of energy storage systems and devices with high
specifications, good stability, low cost, effectiveness, and
efficiency to perfect green energy technologies.”® Among the
various energy storage technologies investigated, supercapaci-
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stability, high conductivity, and eco-friendly nature.””” The
main key to the superior characteristics of supercapacitor
devices is their electrode-based material.'”'" Various elec-
trode-based materials can produce high and low characteristics
of electronic and ionic conductivity. This significantly affects
the ability of the electric charge transfusion rate and cyclic
resistance of the supercapacitor.'”'® Therefore, there is a need
to design and develop excellent electrode materials for high-
performance supercapacitors. In recent years, electrode
materials have shown high specifications such as metal oxides,
conducting polymers, and carbon materials. The metal oxide
materials such as MnO,, TiO,, and RuO, offer high oxidation
states for efficient charge transfer during redox reactions, which
generate Faradaic currents and ion intercalation that favor
charge storage, high capacity, and conductivity as well as low
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Figure 1. (a) Dimensions of binder-free consolidated discs before and after pyrolysis. (Photograph courtesy of Apriwandi Apriwandi. Copyright
2022). (b) Changes in the density of the carbon discs of MOLs at different temperatures of pyrolysis treatments, (c) XRD pattern of MOLs disc at
different pyrolysis temperatures, and (d) FTIR spectrum of the MOLs carbon disc at a wavenumber of 4500—450 cm™".

toxicity.*™'® According to Wang et al.,, the mixed metal oxide
material has produced a specific capacitance of 788 F ¢! with
an energy density of 138 Wh kg™"."” Similar results were also
confirmed in polymeric materials that produce high energy
density.'® The polymeric materials allow flexible design, which
is considered to be more practical, modern, and generally
acceptable. The excessive consumption of metal and high-cost
polymeric materials with their complicated production
methods, low porosity, and corrosive properties significantly
increases the risks of mass production and limit their wider
application.

Similarly, carbon materials, especially activated carbon, are
of greater concern due to their lower production costs,
abundant availability, suitable pore structure, and very high
porosity properties.”'” The biomass-based activated carbon
provides a 3D hierarchical pore structure of a combination of
micro-, meso-, and macropores that enable the electrode
material to produce high energy and power densities
simultaneously.””*' Moreover, the self-doping of N/O/P on
carbon-based biomass also confirmed their high advantage.””
Activated carbon from the leaves of Parthenium hysterophorous
(biomass) has shown a 3D porous structure with a high surface
area of 4014 m? g™ recently, followed by oxygen self-doping.*
This characteristic has increased the storage capacity of a
symmetric supercapacitor to 270 F g~'. The adjustable micro-/
macropore ratio of activated carbon from pecan shells can also
produce an extraordinary specific capacitance of 447 F g~'**
and display high electrochemical properties with a surface area
of 1,785 m* g~'. This showed that the high surface area does
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not guarantee the high electrochemical properties of the
supercapacitor. Some suspicions of tuning micromesopores,
heteroatom self-doping, and the natural conductivity of the
materials also contribute to the improvement of their
electrochemical properties. Similar results were also obtained
from other organic-based activated carbon sources such as
wood powders,25 feather finger grass flower,”® camellia
pollen,”” and peach gum.”® Meanwhile, the electrode materials
of biomass-based activated carbon possessed energy density
disproportionately with their power density and electrical/
ionic conductivity far from metal oxide materials and
conducting polymer due to high porosity, which hinders
their practical application. Therefore, it is necessary to design a
biomass-based porous carbon with a novel, easy, inexpensive,
and approach for environmentally friendly, pollution-free, and
high-performance supercapacitors.

Therefore, this study aims to develop a novel electrode
material design from Moringa oleifera leaves biomass-based
consolidated solid carbon discs to increase the storage capacity
of symmetric supercapacitor devices. The proposed carbon
discs are prepared binder-free, and their treatment consists of
precarbonization, chemical impregnation (ZnCl,), integrated
pyrolysis of N, carbonization, and physical activation of CO,.
The potential for activated carbon precursors was also
maximized through different pyrolysis temperatures 650, 750,
and 850 °C. Moreover, the carbon discs of MOLs exhibit 3D
hierarchical pore properties with oxygen heteroatoms as their
additional oxidative property. The optimized carbon disc
exhibits a high specific capacitance of 307 F ¢! in the 1 M
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Table 1. Microcrystalline Parameters and Elemental Status of MOLs Carbon Disc at Different Physical Activation

Temperature

Microcrystalline parameters

Elemental status

Carbon disc MOLs dyoy (A) digo (A) L. (A)
MOL600 3.524 2.077 13.391
MOL650 3.616 2.051 12.297
MOL750 3.698 1.994 7.481
MOL750 3.689 1.993 10.323

L, (4)
22.159
16.903
23.866
18.144

C (%) O (%) Ca (%) Cl (%) Zn (%)
79.45 17.41 2.28 0.87 0.00
85.97 10.49 0.63 0.68 2.24
88.54 8.06 1.11 0.64 1.65
88.91 8.45 1.38 0.60 0.66

H,SO, electrolyte. This showed that the proposed design is a
reasonable approach to increase the symmetric storage capacity
of pollution-free, low-cost, and high-performance super-
capacitors.

2. RESULTS AND DISCUSSION

2.1. Material Analysis. Density analysis is an important
aspect for the evaluation of carbon MOLs in form of binder-
free consolidated discs. This section shows the analysis of
changes in the density of the carbon discs of MOL:s at different
temperatures of pyrolysis treatments. The precursor powder
pressed at a predetermined load was properly compacted at a
diameter of +£19.00 mm, a thickness of +£2.00 mm, and a mass
of +0.70 gr (see Figure 1a). The potential precursors of the
confirmed MOLs formed a strong/resistant and a fracture-free
consolidated disc with a smooth surface. Their biological
composition and complex compounds can act as self-adhesives
to enable the formation of binder-free strong discs.

A similar case was also stated in a previous study using
banana leaves as a precursor.” In this study, the average
densities of the samples MOL600, MOL650, MOL750, and
MOLB850 were 0.9990, 0.9680, 0.9730, and 0.9660 g cm™3,
respectively. The discs of consolidated MOLs were pyrolyzed
at high temperatures, including carbonization in an N, gas
environment and physical activation in a CO, gas environ-
ment, and their final process was evaluated for overall
dimensional changes."’O As shown in Figure 1b, the disc
density of the consolidated MOLs degraded significantly after
the high-temperature pyrolysis process due to a significantly
large mass loss. Pyrolysis initiated from 30 to 850 °C for over
10 h significantly degraded the disc dimensions, where their
diameter, thickness, and average mass were reduced to
+14.00—13.00 mm, +1.2—1.0 mm, and 0.2—0.1 gr, respec-
tively. After the pyrolysis process, the MOLs disc density
decreased to 0.8280, 0.6500, 0.5600, and 0.6700 g cm™ for
samples MOL600, MOL650, MOL750, and MOLSSO0,
respectively.

The evaporation of volatile compounds, water content, and
decomposition of the biological composition of the precursor
during the chemical reaction of ZnCl, at high-pyrolysis
temperature caused the reduction of the density of MOLs
discs. Furthermore, the physical appearance of the disc sample
is relatively solid black, which indicated a high fixed carbon
content. The 42.44% density degradation initiated the
formation of a diverse pore framework which is needed as a
good electrode material for electrochemical energy storage
devices. The different pyrolysis temperatures from 600 to 750
°C affect their respective densities by degrading the MOLs disc
density to 32.36%. This is due to the erosion of the carbon
framework which causes the expansion of larger pores and
initiates the formation of macropores within the micron scale.
Upon increasing the pyrolysis temperature from 750 to 850
°C, the density of the disc increased by 16.41% due to
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excessive erosion of the carbon pore walls. This makes the
carbon skeleton unable to maintain the structure above; thus, it
collapsed and covered the pores below. However, these results
are relatively normal for solid carbon samples.

The material structure of the carbon disc MOLs was
evaluated through X-ray diffraction (XRD) and Fourier
transform infrared (FTIR) techniques. Figure lc shows the
XRD pattern of disc MOLs at different pyrolysis temperatures
of 600, 650, 750, and 850 °C. The carbon discs showed strong
broad peaks at angles of 24° and 44° correlated with the (002)
and (100) scattering planes, which confirmed the turbostratic
carbon structure (JCPDS No. 29-1126, 29-1127).>" The high-
temperature pyrolysis of the precursor MOLs allows the
decomposition and rearrangement of the carbon structure to
initiate good amorphous behavior.*”

Furthermore, the properties of the carbon disc structure of
MOLs changed during the high-temperature pyrolysis process
including carbonization and physical activation. The hkl (002)
plane possesses broad peak attenuation from 600 to 850 °C,
which significantly reduced the crystalline properties and
initiated the formation of abundant micromesoporosity.”* This
property improves the electroactive site of the electrode
material in energy storage systems. Meanwhile, the sharp peaks
in the sample were significantly reduced from 600 to 850 °C,
indicating the presence of a small amount of crystal structure
of the compounds CaCOj and ZnO at angles of 23°, 26°, 29°,
32° 36° and 43°.

These compounds are the contribution of organic precursor
components and byproducts of their chemical impregnation.
The CaCO; compound is located at angles of 23.165°
29.255°, 32.050°, and 36.095° (JCPS No. 06-0230) and the
ZnO compound in very small amounts at 26.05°—26.395°
(JCPDF No. 36-1451).”%** The MOLs600 sample that was
carbonized at 600 °C produced an XRD pattern containing
several CaCOj; crystalline compounds. The application of
physical activation in the CO, gas environment reduced the
CaCO; compounds as shown in MOLs650, MOLs750, and
MOLs850, as described for the EDS technique in Table 1.
Moreover, high-temperature pyrolysis obtains carbon discs
with a well amorphous structure. Table 1 summarizes the
interlayer spacing and microcrystalline dimensions of the
MOLs carbon discs at pyrolysis temperatures ranging from 600
to 850 °C. The value of d(gg,) of MOLs is slightly higher than
d(oo2) of graphite by approximately 3.46%, while d(;p) indicates
a relatively ideal for amo1;phous carbon-based biomass as stated
in previous studies.*®*” Furthermore, the microcrystalline
dimension (L.) is closely related to the specific surface area
and the active channel on the electrode material, which is often
related through empirical equations.”®” Based on this
empirical equation, L. showed that the specific surface area
inversely, where a low L allows the electrode disc to obtain a
high surface area. From Table 1, the carbon discs pyrolyzed at
750 °C showed higher surface areas than others.

https://doi.org/10.1021/acsomega.2c04301
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Figure 2. SEM image of (a) MOL600, (b) MOL600 at closer zoom, (c) MOL650, (b) MOL6S0 at closer zoom, (e) MOL7500, (f) MOL600 at

closer zoom, (g) MOL850, and (h) MOLSS0 at closer zoom.

Figure 1d shows the FTIR spectrum of the carbon disc
MOLs at a wavenumber of 4500—450 cm™'. Generally,
different pyrolysis temperatures, namely 600, 650, 750, and
850 °C, of the MOLSs precursors exhibited stretching vibrations
of —OH, C—H, C=C, C—0, CH,, and C—H aromatics.*>*'
This functional group is considered normal for porous
activated carbon based on organic waste. The carbon discs
pyrolyzed at 600 °C (carbonization only) showed significant
absorption at several wavenumbers compared to higher
temperatures. Furthermore, the highest absorption was
discovered in the band 3,463—3,309 cm™! due to stretching
vibration of —OH,** which was also discovered at wavenumber
1,491-1,422 cm™'. The stretching vibration of C—H was
indicated at wavenumbers 2,926 and 978 cm™!, while 1,652
em™" and 1,553 cm™" were the stretching vibrations of C=C.
Meanwhile, the absorption band in the range 1,300—1,010
cm™' represents the C—O functional group, while the CH
aromatic is located at 770—709 and 540—518 cm™.*’ The
abundance of C and O in this functional group indicates their
relatively high content in carbon disc MOLS as shown in Table
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1. At higher temperatures, the pyrolysis of MOLG650,
MOLs750, and MOLS8SO integrated with the one-stage
carbonization and physical activation process showed relatively
different absorption patterns. The stretching vibrations of C—
O and —OH decreased significantly at MOL650, MOL750,
and MOLS8S50, as shown in the absorption bands of 3,400—
3,300 and 1,300—1,010 cm™. This is due to the physical
activation in the CO, gas environment treatment, maximizing
the evaporation process of organic compounds and rearranges
the carbon framework, thereby possessing FTIR spectra that
are nearly ideal for porous activated carbon. Meanwhile,
MOL750 showed the lowest absorption band, followed by the
removal of some absorbance, especially on the stretching
vibration of C—O and CH aromatic.*>** This indicated that
the FTIR spectra obtained are the most ideal compared to the
others. The presence of a relatively confirmed —OH functional
group provides wettability and hydrophilicity properties for the
electrode material."**> This property is used as a heteroatom
to increase the effect of extra pseudocapacitance in electro-

https://doi.org/10.1021/acsomega.2c04301
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Figure 3. N, gas absorption profiles of the MOLs carbon disc.
chemical energy storage devices. Similar results were also to the disc carbon-based electrode material of consolidated
shown by EDS and electrochemical property analyses. MOLs.

Energy-dispersive spectroscopy (EDS) was carried out at a
voltage of 15.0 kV within the energy range of 0—20.0 keV to
analyze the elements of consolidated carbon discs MOLs that
were pyrolyzed at high temperature. Meanwhile, the details
elemental status of the carbon disc MOLs is summarized in
Table 1. It was shown that carbon (C) is the main component
of the highest consolidated disc with approximately 79—89%
and oxygen (O) heteroatoms 8—17%, followed by other
elements in very small amounts such as potassium (Ca),
chlorine (Cl), and zinc (Zn). These results are in line with the
previously discussed XRD and FTIR analyses. The carbon-
ization process at 600 °C in the N, atmosphere significantly
obtained high pure carbon content of 79.45%. This also
supported the density analysis where volatile, high water
content, complex organic compounds evaporated and
degraded. However, as a byproduct, they still leave oxygen in
the form of an oxide compound of 17.41%. An increase in the
pyrolysis temperature on physical activation using CO,
increased the elemental carbon by 88.91% at MOL8S50, while
the elemental oxygen is reduced regularly and remains 8.06%
at MOLs750. The element Zn appears because the byproduct
of chemical impregnation ZnCl, is not completely evaporated.
Meanwhile, the elements Ca and Cl are the contributions of
the organic components of the precursor MOLs. The high
pure carbon element obtained in the consolidated disc MOLs
also allows the electrode material to have high conductivity
properties to boost the electrochemical behavior of the
supercapacitor.”® The elemental oxygen can also contribute
to self-heteroatoms and provide additional pseudocapacitance
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The morphological structures of the obtained consolidated
MOL carbon discs were reviewed by scanning electron
microscopy (SEM) as shown in Figure 2. Binder-free carbon
discs pyrolyzed using 600—850 °C different temperatures
exhibited a 3D connected pore-rich surface structure.
Precursor MOLs that were impregnated with ZnCl, at 600
°C showed a smooth surface with clear micron-scale pore
channels. In the selected area, MOL600 maintains the natural
pore structure of MOLSs at the nano and micro scale. The pores
obtained were dominated by mesopores in the 23—46 nm
range and rich in micropores. Furthermore, the ZnCl,
impregnation maximizes the potential of MOLs precursors to
provide rich pores through evaporation and gradation of their
organic compounds.*” Figure 2b confirms the mesoporous rich
structure in the range of 24 to 49 nm and macropores in the
100 nm scale.

This is useful as an electrolyte reservoir in the electro-
chemistry of supercapacitors.”® When the pyrolysis temper-
ature was increased to 650 °C in the CO, physical activation
process, the surface structure was decorated with holes in the
diameter which ranged from 65 nm to 1,261 nm as shown in
Figure 2c. The physical activation of CO, significantly grows
the rich macropores by grinding the carbon skeleton, which is
released in form of CO, H,O, and CO,.*” Through a closer
zoom, SEM micrographs confirmed the presence of multiple
pores connected in 3D hierarchies, where the macropore walls
contain mesopores in small numbers. Figure 2d also shows the
expansion of the pores toward a larger direction due to high-
temperature carbon skeleton grinding compared to Figure 2b.
Meanwhile, increasing the pyrolysis temperature to a higher at

https://doi.org/10.1021/acsomega.2c04301
ACS Omega 2022, 7, 36489—-36502


https://pubs.acs.org/doi/10.1021/acsomega.2c04301?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04301?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04301?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04301?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c04301?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

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

750 °C allows MOLs750 to have abundant pores as shown in
Figure 2e. The various pore structures obtained range from
500 to 900 nm. Figure 2f shows morphology 3D carbon foam-
like interconnected by thin sheetlike struts and open pores
with a diameter of several tens of nanometers.

This pore structure significantly contributes to an increase in
the amount of ionic charge transfer and electroactive activity in
the MOLs of the electrode material.’® These morphological
properties are expected to cause high capacitive properties with
greater energy density and power in symmetric supercapacitor
devices. Increasing the pyrolysis temperature to 850 °C at
MOLS8SO0 led to a more severe etching of the carbon matrix,
causing considerable pore dilation. Subsequently, the 3D
hierarchical porous structure becomes visible as shown in
Figure 2g and their magnification selected area. Moreover,
MOLS8S0 exhibits a 2D nanofiber structure at a diameter of
approximately 73—188 nm, which can lead to the distribution
of micropores on their surface. Figure 4h shows the abundant
3D pore morphology connected hierarchically between
mesopores and macropores. The analysis showed that
increasing the pyrolysis temperature etches the carbon
framework giving rise to a 3D porous carbon framework
connected to nanoscale 2D nanosheets and nanofibers on
MOLs carbon discs. These results indicated that the proposed
approach can significantly increase the proportion of hierarchi-
cally connected mesopores/macropores in carbon MOLs.
Therefore, excellent material properties can be achieved to
improve the performance of electrode materials in electro-
chemical energy storage devices. A more detailed analysis of
the pore structure was confirmed through the N, adsorption—
desorption isotherm characterization. The MOLs carbon discs
obtained from the integrated single-stage pyrolysis process at
different temperatures of 600—850 °C have type N, gas
absorption profiles as shown in Figure 3.

The MOLG600 carbon discs obtained by carbonization at 600
temperatures have the lowest isotherm curve with mixed types
I and IV. This confirmed a low specific surface area of 207 m*
g~! with micro- and mesopore structures at a ratio of 65.30%
and 34.70%, respectively. After the physical activation of CO,
on MOL650, MOL750, and MOLS8S0 carbon discs, the
absorption curve regularly increased. This indicated higher
pore properties and specific surface areas that exhibit mixed
type I and IV isotherm curves with an H4 type hysteresis loop.
It also showed a hierarchical pore combination of micropores
and mesopores that are connected.’” Furthermore, the
hysteresis loops are open due to the physical structure of the
imperfectly developed pores, where their upper surface is
smaller than the inner structure and is usually called a
bottleneck pore in several studies.’® Increasing the physical
activation temperature from 650 to 750 °C can significantly
increase the specific surface area by approximately 2 times
from 211 m” g™' to 412 m” g~". The distribution of their micro
and meso surface areas also changes, which affects the electro-
active properties of the electrode material. Abundant micro-
pores promote the material by providing rich channels for ion
adsorption, which create an electrical layer, while high
mesopores contribute to increased barrier-free charge
flow.>”* Moreover, MOLs750 indicated the presence of a
macropore structure in small amounts as shown by an increase
in uptake at a relative pressure of 0.95 < P/P, < 1.0. The
macropore structure can also act as a reservoir for electrolyte
ions after the confirmation of the electrochemical properties of
the supercapacitor,55 which is in line with the SEM analysis as

shown in Figure 2. The complete combination of micro, meso,
and macroporous structures in MOL750 is expected to
increase the high performance of MOLs precursor-based
supercapacitors. An increase in the physical activation
temperature to approximately 850 °C in the MOL8S0 samples
exhibited a reduction in N, gas uptake with their specific
surface area of about 322 m* g”!. There is a possibility that the
overgrowth of the pores prevents their walls from maintaining
the carbon skeleton for the top to collapse and cover the pores
below. The pore structure parameters are shown in Table 2,
while the pore size distribution of the MOLs carbon discs is
shown in Figure 4.

Table 2. Porosity Properties of MOLs

Carbon SBET Shicro Seesm Vit aver
samples (m*g™") (ming’l) (ming’l) (em®g™") (nm)
MOL600 207.482 135.500 71.982 0.1558 3.0
MOL650 211.334 165.167 46.167 0.1470 2.7
MOL750 412.196 313.343 98.853 0.2697 2.6
MOLS850 322.008 264.035 57.973 0.2004 2.4

The pyrolyzed carbon disc MOLs at different temperatures
showed an abundant pore distribution of micropores (x < 2
nm), which is rich in mesopores (2 < x < 18 nm). Carbonized
discs at 600 °C temperatures gave a relatively balanced
micromesopores distribution with an average pore diameter of
3.0 nm. The physical activation treatment of CO, at a
temperature of 650—850 °C also gave abundant micropores,
which were dominated by 1.7 nm micropores. In addition, this
treatment reduced the mean pore diameter to approximately
24 nm as shown in Table 2. These results confirm the
formation of a hierarchical pore structure that develops more
conducive to charge/ion storage at the electrode/electrolyte
interface.”>*” Furthermore, the physical activation of CO, at
different temperatures indicated that the hierarchical pore
structure varied in the pore ranging from 1.4 to 2.7 nm. The
potential for MOLs precursors was also confirmed to obtain
3D hierarchical porous carbon discs.

2.2. Electrochemical Performance Analysis. The
electroactive interactions of ionic charge and carbon-based
MOLs electrodes were reviewed in detail through cyclic
voltammetry (CV) and galvanostatic charge—discharge
(GCD) in a two-electrode system in 1 M H,SO, electrolyte.
Figure Sa shows the CV curve of the carbon disc MOLs at a
scan rate of 1 mV s, showing a nearly perfect rectangular
shape in a potential window of 0—1 V. This showed the
electroactive properties of the normal electrically double-
layered carbon disc MOLs. Furthermore, the spike in current
density in the potential window of 0.4 to 0.6 V characterizes
the additional pseudocapacitance due to the contribution of
the heteroatoms as self-doping.”® It was also discovered that
the highest specific capacitance was in the MOL750 carbon
disc of 283 F g', characterized by the largest rectangular
shape, while the lowest capacitance was in MOL600 of 101 F
g~". The CV curve of MOL650 shows a rectangular shape that
is larger than MOLG600. This indicated that the CO, physical
activation treatment can significantly increase the capacitive
properties of MOL650 discs to approximately 196 F g™'. The
physical activation of CO, can significantly maximize the
impurity evaporation process, thereby initiating the formation
of a rich micromesopore structure, which allows more ions to
diffuse at the electrolyte/electrode interface.
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The application of a higher activation temperature can
maximize the potential of the MOL750 carbon disc,
confirming the greatest capacitive properties. This is
contributed to their compactly consolidated material structure
with a 3D hierarchical structure, followed by an increase in
specific surface area. However, the addition of a higher
temperature to 850 °C reduces the specific capacitance to 211
F g '. This is because the intense pore expansion can reduce
their surface area as shown in Figure 3 and Table 1, which
reduced the electrochemical properties of MOL850. The
carbon discs MOL600, MOLs650, MOLs750, and MOLS850
were evaluated at various scanning levels as shown in Figure
Sb—e to confirm the effect of pores on the performance of the
electrode material. It was also discovered that the curve
presents a wide rectangular distortion at a scanning speed of
2—5 mV s~', which shows a good EDLC performance. The
pseudocapacitance property was not confirmed at the scanning
levels of 2 and § mV s™!; therefore, it can be speculated that
the electrode material has a weak heteroatom self-doping.>”
Furthermore, at S mV s™', CV curves are obviously different
with a significant increase in current followed by an unusual
shape indicated due to their relatively low pore structure. This
is confirmed similarly to the previous study.”"*° Moreover, the
higher scan rate also confirms the performance of the
capacitive properties of carbon MOLs as shown in Figure Sf.
The scan rate treatment of 1 to 10 mV s~ significantly reduced
the specific capacitance caused by their pore size distribution.
However, the MOLs750 carbon disc was able to maintain a
specific capacitance of 78% at a scan rate of 10 mV s~'. Figure
6a shows the GCD curves of the disc electrode MOLs at
higher physical activation temperatures of 650, 750, and 850
°C in a current density of 1 A g~". It also showed a distorted
isosceles triangle shape, which indicated the nature of the ideal
electric double layer. Furthermore, the iR drop on the barely
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visible curve indicates low ion diffusion resistance.”’ Their
charge times, which were greater than discharge times,
indicated ion degradation due to the presence of self-doping
heteroatoms associated with the redox reactions of oxygenated
surface functions in the aqueous electrolyte of 1 M H,SO,.”>%*
This is supported by the high level of oxygen in the MOLs
carbon disc of approximately 8.06—17.41%. The long charge—
discharge time of the MOLs disc electrodes characterizes the
increase in specific capacitance after the CO, physical
activation process at temperatures of 650, 750, and 850 °C.
The MOLs750 disc electrodes exhibited the longest discharge
time, showing that their highest capacitance was 307 F g/,
followed by MOLs850 and MOLs650 of 221 and 156 F g7/,
respectively.

This is directly affected by the increase in surface area and
accessible pore volume in the carbon disc MOLs, which are
required for electrolytic ion charge accumulation and fast
unimpeded transport. The physical activation at a high
temperature can significantly increase the specific surface
area, followed by an increase in the total pore volume and their
pore size distribution, which is rich in 3D micromesopores.”*®’
The results also showed that MOLs carbon discs have the
highest specific surface area of 433 m> g~! with a maximum
total volume of 0.244 cm® g~". This allows them to have a high
accumulation of electrolyte ions, thereby forming more electro-
active layers. The hierarchically connected 3D-rich mesopore
structure of MOLs750 confirms their almost unimpeded access
to ion transport and the range of diffusion in all directions
acting as a reservoir for electrolyte ions.”* This can significantly
improve the capacitive properties of the MOLs carbon
electrodes as shown in the MOLs650 to MOLs750 electrodes.
An increase in temperature to approximately 850 °C at the
MOLs850 carbon disc reduced its capacitive properties as
shown by excessive pore expansion. This can cause the pore
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Figure 5. (a) CV curve of the MOLs carbon disc at a scan rate of 1 mV s™', (b—e) CV curve in different scan rate of MOL600, MOL650,
MOL750, and MOLS850, and (f) capacitive performance of carbon MOLs at different scan rates in 1 M H,SO, electrolyte.

framework to collapse and cover the hierarchical pores below,
which reduced their surface area and pore volume (Table 1).

However, the GCD curve of MOLs750 has the least
symmetrical isosceles triangle shape due to the pseudocapa-
citance effect of oxygen heteroatoms.'”*® The results obtained
from GCD are very similar to SEM, EDS, N, adsorption/
desorption, and CV images. The Ragone plots confirm the
energy and power densities of the MOL650, MOL750, and
MOLS8S0 disc electrodes as shown in Figure 6b. Meanwhile,
the Ragone plot tends to show that the energy density rises as
the physical activation temperature increases at high power

density. The MOL650 disc electrode produces an energy
density of 25.37 Wh kg™" at a power density of 122.25 W kg™".
An increase in the physical activation temperature on the
MOL750 carbon disc gave the most significant energy density
of 36.47 Wh kg™ at a power density of 240.73 W kg™ due to
the contribution of hierarchically connected 3D micro-
mesopores, specific surface area, and self-doping heteroatom.
The MOLs850 disc electrode shows an energy density of
27.6876 Wh kg™' with a power density of almost 139.4286 W
kg™". These results indicated that the disc electrode MOLs can
produce high properties for electrochemical energy storage
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applications. Although the specific surface area of MOL750 is
not very high, it can have extraordinary energy density and
compete with other studies as summarized in Table 3. This is

Table 3. Electrochemical Performance of MOLs Carbon
Disc in CV and GCD Techniques

Ccv GCD

Cy (0 E P
Electrolyte Fgh Fgh (Whkg') (Wkg™") R(Q)

1 M H,SO, 283 307 36.47 240.73 0.006
6 M KOH 248 254 33.21 220.75 0.012
1 M Na,SO, 202 201 31.59 144.75 0.031

due to the efficiency of the electrode material designed as solid
consolidated carbon discs, which optimized 3D hierarchical
pores leading to low internal resistance and high conductivity
and producing high electrochemical performance.”*”

The MOL750 carbon disc electrode was evaluated through
different aqueous electrolytes, namely 1 M H,SO,, 6 M KOH,
and 1 M Na,SO,, to confirm the high electrochemical
performance. Figure 7a shows the CV curve of the
MOLs750 carbon in different aqueous electrolytes. Generally,
all aqueous electrolytes showed a distorted rectangular shape,
which indicated good EDLC properties. In H,SO, and KOH
electrolytes, there was a sudden increase in current density in
the voltage range of 0.6—0.8 V. This is closely related to the
redox reaction of oxygen heteroatoms under acidic and alkaline
aqueous electrolytes that confirms the presence of apparent

capacitance. However, it was not discovered in the neutral
aqueous electrolyte Na,SO,. Based on the magnitude of the
formed CV curve, the performance of MOL750 on different
electrolytes can be ordered by H,SO, > KOH > Na,SO, with
specific capacitances of 283, 248, and 202 F g . Improved CV
scanning was also applied to MOLs750 in different aqueous
electrolytes as shown in Figure 7b—d. All three aqueous
electrolytes still produced a distorted rectangular shape,
although showing widening toward a parallelogram at scan
rates of 2 and S mV s™'. This generally exhibited good EDLC
performance on acidic, alkaline, and neutral electrolytes.
Furthermore, it was discovered that higher scan rates reduced
their capacitive properties as shown in Figure 7e. Although
specific capacitance was decreased at a scan rate of 10 mV s~
for all electrolytes, they still maintain their capacitive properties
of 61—78% with the order H,SO, > KOH > Na,SO,. This was
significantly contributed by rich mesoporosity >30%, allowing
electrolyte ions to diffuse smoothly when their scan is
enhanced. Moreover, the contribution of this aqueous
electrolyte modification is also reviewed through the GCD
technique. Figure 7f depicts the GCD curves of the MOL750
carbon disc electrodes on different electrolytes. It exhibits a
nearly ideal isosceles triangular shape, which indicates the
normal EDLC properties of an aqueous electrolyte. However,
the KOH electrolyte appeared a GCD curve that contained the
greatest ion degradation characterized by a charging time,
which is significantly different from the discharging time. This
is closely related to oxygen heteroatoms with the potential of
the evolution of O, and H, in aqueous electrolyte systems.’® It
was also discovered that the iR drop was relatively very low,
confirming the high conductivity properties of the MOLs750
precursor as summarized in Table 3.

This phenomenon initiates the high storage capacity of
supercapacitors despite their relatively low surface area. Based
on the length of the discharge time, the H,SO, electrolyte
exhibited the highest specific capacitance, followed by KOH
and N,SO, with their capacitive values of 307, 254, and 201 F
g~!, respectively. This result is in line with the CV analysis,
which also revealed almost similar results. To confirm the
practical application,66 the volumetric capacitance was also
evaluated as high as 101.61, 684.07, and 66.53 F cm™? for
different electrolytes H,SO,, KOH, and Na,SO,, respectively.
Moreover, modifying the cations and anions in the aqueous
electrolyte can affect the electrochemical substance of the
supercapacitor, especially at the MOL750 carbon disc
electrode. This is due to ionic mobility, ionic hydrated radius,
conductivity, and impact on charge/ion exchange as well as
diffusion.”” The small dehydrated sphere of H* cations
compared to K" and Na* allows the charge on the cations to
produce the greatest molar jonic conductivity and ionic
mobility.”® These characteristics are needed to obtain fast
charge transfer and high ion adsorption at the electrolyte/
electrode interface. Similarly, the specification of the cationic
radius is also closely related to long-term cycle stability for the
MOLY750 electrode material, as shown in Figure 7e, where the
H,S0O, electrolyte maintained a specific capacitance of 78%.
Anion specifications were also studied in their interactions with
the MOL750 disc electrode. The results showed that the OH™
has a narrower hydration ball radius, initiating better
conductivity and ionic mobility. Meanwhile, the SO,*~
exhibited a larger hydration ball radius, leading to a decrease
in the number of ions accessing the pores and lower electrical
double sheet formation.”” Relative to other anions, SO,>~ ion
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Figure 7. (a) CV curve of the MOLs750 carbon in different aqueous electrolytes, (b—d) Improved CV scanning was also applied to MOLs750 in
different aqueous electrolytes, (e) capacitive performance of carbon MOLs in different scan rate in different aqueous electrolytes, and (f) GCD

curve of the MOLs750 carbon in different aqueous electrolytes.

has poor conductivity and ion mobility, which makes Na,SO,
electrolytes show the lowest capacitive properties compared to
H,SO, and KOH electrolytes.

For detailed confirmation, the potential of the MOL750 disc
electrode in different aqueous electrolytes was reviewed
through the Ragone plot as shown in Figure 8. The H,SO,
electrolyte demonstrated the highest performance with an
energy density of 36.47 Wh kg™' at a power density of 240.73
W kg~'. Furthermore, 3D hierarchical pore properties with a
micro to meso ratio of approximately 3:1 perfectly match the
criteria for H* anions and SO,*” cations in aqueous electrolyte
H,SO, to possess high energy density in supercapacitor energy
storage devices. The alkaline electrolyte KOH also displays an
energy density of 33.2047 Wh kg™' at a power density of
220.750 W kg™', while the neutral electrolyte Na,SO, exhibits
an energy density of 31.5964 Wh kg™' at a power density of

144.7541 W kg™'. Moreover, the volumetric energy density is
summarized in detail covering 12.07, 10.99, and 10.45 Wh L™!
for the different electrolytes H,SO,, KOH, and Na,SO,, which
indicated the great potential of MOL750 electrode as practical

o ; . ;. 66,70
applications in electrochemical energy storage devices.
This result is relatively high compared to previous reports,
which are summarized in Table 4

3. CONCLUSION

The green Moringa oleifera leaves (MOLs) were converted into
a novel consolidated carbon disc-based electrode material
through a facile, simple, and environmental approach. The
MOLs carbon discs obtained showed a rich 3D hierarchical
micromesopore structure decorated nanofibers. Furthermore,
oxygen heteroatoms (8.06—17.41%) were confirmed with a
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Figure 8. Ragone plot of the disc electrode MOLs in different
aqueous electrolytes.

high carbon content of 88.91%. Furthermore, the electro-
chemical properties of the carbon disc electrodes of MOLs
were evaluated in a symmetric supercapacitor system on
different aqueous electrolytes. The MOL750 disc electrode
showed the best electrochemical properties with a specific
capacitance of 307 F g~' on aqueous electrolyte H,SO,.
Moreover, the MOLs750 discs can maintain their high
performance on aqueous electrolytes KOH and Na,SO, with
specific capacitances of 254 and 201 F ¢! in a current density
of 1 A g”'. The design of binder-free consolidated carbon disc
MOLs showed their great potential in producing high
capacitive properties, lower internal resistance, high con-
ductivity, despite the relatively low surface area of 412.196 m*
g~'. Therefore, the MOLs can be developed as a novel
approach for producing excellent biomass-based electrode
material to enhance the performance of energy storage devices
in symmetric supercapacitors.

4. EXPERIMENTAL SECTION

4.1. Synthesis of Porous Consolidated Carbon Disc
from MOLs. Green M. oleifera leaves, hereinafter referred to
MOLs, were obtained from a vegetable supplier of the
Pekanbaru grand market, separated from the stalks, and
cleaned. After the soil and sand elements were removed, the
leaves were sun-dried for 2 days and further oven-dried at 110
°C (oven food warmer 10—110C type FW-35) for 35 h until
the green precursors turned wilted and brittle. The precursor

was mixed with ZnCl, solution on a Digital Lab Thermostatic
Hot-Plate instrument (WiseStir Wisd MSH30D) with a
rotation rate of 300 rpm at a temperature of 80 °C for 2 h,
while the impregnated samples were dried in an oven at 110
°C for 2 days. As a novelty in this study, the carbon powder
was converted into a consolidated disc without a binder. For
one solid disc sample, 0.7 g of sample powder was pressed
through a hydraulic press (Hydraulic Press Bench Type 10T
Krisbow KW0500135) at a pressure equal to a mass of 8 tons.
0.7 gr powder samples put in an iron mold resembling a tube
with a diameter of 19 mm. The iron mold is pressed using a
hydraulic press freely equivalent to +8.0 tons. A total of 15
monolith solid discs were further put into a vertical furnace
(Box Furnace NDT-LB S, Payun Tech) for high-temperature
pyrolysis. The pyrolysis process including carbonization and
physical activation was carried out in a single-stage integrated
system. This process starts with carbonization in the N, gas
environment from a temperature of 30 to 600 °C with a gas
increase rate of 3 °C/min. The gas environment is replaced
with CO, as a physical activation stage to a high different
temperature of 650, 750, and 850 °C, with an increased rate of
10 °C/min. For comparison, a sample was further prepared at
600 °C without physical activation. Meanwhile, the 3D porous
carbon samples obtained were neutralized by soaking in
distilled water and HCl in 1 m/L solution. The immersion
water was confirmed to be neutral (pH = 7) using a universal
pH strip indicator, which was purchased from Merck KGaA,
64271 Darmstadt, Germany. Several labels were made to
facilitate the analysis and comparison of materials, as well as
electrochemical properties of 3D porous activated carbon-
based MOLs. It includes MOL600 as a precursor as well as
MOLs650, MOLs750, and MOLs850 from ZnCl, impregna-

Table 4. Comparison of Electrochemical Performance in Different Carbon Sources

Sources Sper(m? g7) Electrolyte Electrode design C,(Fg') E(Whkg') R(Q) ref
Wood powders 2824 6 M KOH Powder with PTFE 150.1 25
Feather finger grass flower 637.1 6 M KOH Powder with PTFE 315 18.75 26
Camellia pollen 852 6 M KOH Powder with PTFE 300 14.3 0.68 27
Sword bean shell 2282 6 M KOH Powder with PVDF 264 12.5 1.38 44
Foxtail grasses 819 6 M KOH Powder with PTFE 358 18.2 0.8 53
Calcium p-gluconate 539 1 M H,S0, Powder with PTFE 35S 40.5 71
Rubber wood sawdust 2820 1 M H,S0O, Powder with PTFE 185 6.93 1.32 72
Kapok flower 1904.1 6 M KOH Powder with PTFE 286.8 0.79 73
Banana leaves 1459 [BMIM][PF6] Powder with PVP 190 59 74
Shallot peel 1182.2 1 M H,SO, Solid coin without binder 170.12 16.67 0.031 60
MOLs 412.196 1 M Na,SO, Concolidate disc binder-free 201 31.59 0.031 This work
MOLs 412.196 6 M KOH Concolidate disc binder-free 254 3321 0.012 This work
MOLs 412.196 1 M H,S0O, Concolidate disc binder-free 307 36.47 0.006 This work

https://doi.org/10.1021/acsomega.2c04301
ACS Omega 2022, 7, 36489—-36502


https://pubs.acs.org/doi/10.1021/acsomega.2c04301?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04301?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04301?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04301?fig=fig8&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c04301?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

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

tion and physical activation with different temperatures of 650,
750, and 850 °C.

4.2. Material Characterizations. The initial porosity
properties of solid consolidated disc carbon samples were
evaluated through density reduction in high temperatures
before and after the pyrolysis process. The density was
calculated based on measurements of mass using a Labtronics
GM-303 analytical balance, thickness, and diameter of the solid
carbon monolith pellets using a QRCS digital caliper.”” The
porosity properties of carbon MOLs were further evaluated
through the N, gas adsorption/desorption using Quantach-
rome version 10.01 at a temperature of 77 K in the P/P,
relative pressure range of 0.00—0.985. The specific surface area
was determined with the Breuneur-Emmet-Teller (BET)
technique and the pore size distribution was calculated using
the density functional theory (DFT) approach. Furthermore,
the structure and morphology of activated carbon were
reviewed through X-ray diffraction (XRD) and scanning
electron microscopy (SEM) methods. X-ray diffraction
(XRD) was examined in a CuKa source (A = 1.54051) at an
angle range of 10—60° (Malvern Panalytical’s X-ray diffrac-
tometers), while interlayer spacing was calculated using Braggs
law and lattice parameters (L. and L,), which were determined
by the Debye—Scherrer equation.’®*” Similarly, scanning
electron microscopy (SEM) was reviewed at a voltage of 15
kV in the energy range 0—20 keV using a JEOL-JSM6510LA
instrument. The elemental status of MOLs was also reviewed
through the energy-dispersive spectroscopy method (JEOL-
JSM-6510-LA instrument).

4.3. Measurement of Electrochemical Properties. The
working electrodes were prepared in a two-system config-
uration similar to a binder-free two solid disc carbon MOLs
with a loading mass of approximately +10.0 mg. The carbon
disc obtained from pyrolysis was polished using P1200
polishing paper to obtain carbon discs with diameters and
thicknesses of +8 and 0.19 mm, respectively. Here, two carbon
discs as binder-free electrodes were prepared with a diameter
of +8.0 mm with a thickness of 0.19 mm. They were separated
by an organic separator made from eggshell membranes. As a
support for the electrode, the cell body was made in a
rectangular geometry with a hole of 9.0 mm diameter in the
middle. The current collector was prepared from 0.2 mm
stainless steel, and an aqueous electrolyte consisting of 1 M
H,SO,, 6 M KOH, and 1 M Na,SO, was selected.
Subsequently, the electrochemical properties were reviewed
using cyclic voltammetry technique with CV, RAD-ER 5841,
calibrated error +6.0% in a potential window range of 0.0—1.0
V at different scanning rates of 1, 2, 5, and 10 mV s™L. Specific
capacitance, energy and power densities, and internal
resistance were further evaluated through the galvanostatic
charge—discharge technique using GCD, RAD-ER 2018 at a
constant current density of 1.0 A g™' based on the standard
equation76

I-At
CSP =
m-AV
E,= [IVdt
E
p =-—2
SP t

where C,, (F g7') is the specific capacitance, I (A) is the
current, At (s) is the discharge time, m (g) is the mass working
electrode, AV (V) is the voltage discharge, E, (Whkg™) is the
energy density, and P, is the power density (W kg™).
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