Bioresource Technology Reports 21 (2023) 101301

ELSEVIER

Contents lists available at ScienceDirect
Bioresource Technology Reports

journal homepage: www.sciencedirect.com/journal/bioresource-technology-reports

BIORESOURC
TECHNOLOC
REPC

B
%

ORTS

Check for

Facile synthesis of N, S-modified activated carbon from biomass residue for "
promising supercapacitor electrode applications

Heri Rustamaji ", Tirto Prakoso ™, Hary Devianto , Pramujo Widiatmoko *, Kiki Adi Kurnia®

2 Department of Chemical Engineering, Bandung Institute of Technology, JL. Ganesha 10, Bandung 40132, Indonesia
b Department of Chemical Engineering, Lampung University, Jl. Soemantri Brojonegoro No. 1, Bandar Lampung 35145, Indonesia

ARTICLE INFO ABSTRACT

Keywords:

Biomass

N

S modified carbon material
Electrochemical impedance spectroscopy
Electrochemical performance

The electrochemical capacitor

This study used hydrothermal carbonization and activation methods to synthesize N, S modified activated carbon
(NS-ACA) from biomass residue for supercapacitor electrode application. The process involves calcium chloride
as an activating agent and ammonium persulfate as sources of nitrogen and sulfur. The NS-ACA sample's mes-
oporous structure and specific surface area were 2.9-8.9 nm in diameter and 364.0-677.5 m?eg~'. The elec-
trochemical analysis revealed that the NS-ACA3 sample is the best result, with a specific capacitance value of
173.91 Feg ! at 0.5 Aeg~!. The optimum energy and power density values were 5.11 Whekg ! and 230.0
Wekg !, respectively, with a current of 0.5 Aeg™!. The supercapacitor's coulombic efficiency and capacitance

retentions were 100 % and 98 %, following 5000 cycles of cyclic charge-discharge testing. The present prepa-
ration method is a simple, unique, and promising routine to synthesize dual heteroatoms carbon materials from
biomass for high-performance supercapacitors.

1. Introduction

The desire to create sustainable, clean, and green energy storage
systems has increased over the last decade (Simon and Gogotsi, 2020).
Supercapacitors (SCs) are essential in electrochemical energy storage
systems due to their long-life cycle and high power specificity (Gopa-
lakrishnan et al., 2020). This property includes an electrochemical
capacitor as an energy storage device with a higher power density than a
battery and superior energy-specific than a conventional dielectric
capacitor. Furthermore, improved energy storage for supercapacitors
has significantly progressed in recent years (Li et al., 2016a, b; Wang
et al., 2018). SCs are categorized into two based on how they store en-
ergy. They are (1) electric double-layer capacitors (EDLCs), forming
capacitance by electrostatic charge separation at the electrode-
electrolyte contact, and (2) pseudocapacitors, which store energy
based on fast and reversible faradaic redox reactions (Hou et al., 2017;
Xie et al., 2016).

There are several investigations of porous carbon materials, such as
activated carbon, carbon nanotubes, and graphene as EDLC electrodes
(Gao et al., 2015a, b; Liu et al., 2013; Xing et al., 2016). Activated
carbon is preferred for commercial supercapacitor devices over other
materials because of its wide surface area and inexpensive (Li et al.,
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2016a, b). However, conventional activated carbons have limited
capacitance and power due to their complex and obstructed pore
structure, describing the electrolyte ion's pore accessibility at a high
charge/discharge rate. Outstanding power output is achieved by mini-
mizing the ion's time to diffuse through electrode materials (Wan et al.,
2019). Supercapacitors with pristine carbon materials have poor specific
capacitance and energy density, which restricts their application
(Thambidurai et al., 2014). Therefore, various initiatives are being made
to create excellent-performance supercapacitors with carbon based-
electrodes. Chemical stability, high conductivity, a sizable surface
area, and controlled pore configuration are requirements for the elec-
trode material for EDLC (Ji et al., 2020).

Insertion of heteroatoms is the most effective strategy to boost the
specific capacitance and energy density of carbon material electrodes,
including nitrogen, sulfur, phosphor, and boron (Chang et al., 2017;
Zhang et al., 2016a, b). Furthermore, heteroatom doping enhances
surface wettability, accessibility of electrolyte ions, and electrical con-
ductivity and adds pseudocapacitance (Cai et al., 2017; Li et al., 2013).
Pseudocapacitance transfers charges by boosting the carbon electrode's
basicity and nitrogen atom's electron donors during nitrogen (N)-inser-
tion. Doping nitrogen into carbon increases the charge/electron carriers,
enhancing electrical conductivity (Dujearic-Stephane et al., 2021). The
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porosity of the materials made of carbon was affected by nitrogen,
including average pore size, distribution and volume, specific surface
area, and acts as an electron donor (Gao et al., 2015a, b).

The synergistic impact of co-doping two heteroatoms rather than a
single one improves the overall electrochemical performance (Gopals-
amy et al., 2017). Therefore, S atoms protrude from the planar carbon
lattice with a bigger size and higher electrochemical activity than the N
atoms, generating strain effect and defect sites. The electron spin con-
centrations on the carbon surface are altered when S atoms (with a
greater atomic radius than carbon) are doped, causing varied bond an-
gles and lengths (Kicinski et al., 2014). Consequently, the emphasis on
studying heteroatom doping in energy storage materials has increased
recently (Zhao et al., 2018).

Porous carbons are produced from various agricultural wastes,
including bagasse, coconut and palm shells, maize cobs and stalks, rice
husks, and corn stalks, with activating agents like H3PO4, KOH, and
ZnCly (Hu et al., 2014). Empty fruit bunches of oil palm (OPEFB) are
agricultural lignocellulose, a plentiful and cost-free renewable waste of
palm oil, generated at 48 million tons annually in Indonesia (Statistic
Indonesia, 2020). Furthermore, it is typically burned and used as fer-
tilizer, mulching palm oil plants, and mill boiler fuel (Farma et al.,
2013). There is various research on the creation of activated carbon from
this biowaste for supercapacitors, including Farma et al. (2013), Hen-
driansyah et al. (2018), Larasati et al. (2019) and Wulandari et al.
(2021). However, they have a medium-specific capacitance due to low
nitrogen and sulfur content, preventing the highest performance in en-
ergy storage devices with highly energetic densities. As a result, mass-
producing porous carbons with elevated nitrogen and sulfur concen-
tration from biomass residues through pyrolysis in various experimental
situations effectively raises the device's gravimetric capacitance (Zhu
et al., 2018).

The KOH and ZnCl; are the suggested activating agents to enhance
the surface area and upgrade the porosity framework despite decreasing
the nitrogen concentration of carbon materials (Jain et al., 2015). There
are investigations of the chemical activation of waste biomass in pro-
ducing porous carbon as an adsorbent, replacing KOH and ZnCl, with
calcium chloride (CaCly) (Lacerda et al., 2015). However, there is a lack
of research on synthesizing porous N and S carbon from OPEFB activated
by CaCl,. This type of synthesis under appropriate hydrothermal
carbonization and activation conditions is less expensive, renewable,
straightforward, and environmentally friendly. Therefore, this research
aimed to create N, S modified activated carbons with directed and
interconnected porosity, utilizing a hydrothermal and activation process
of OPEFB raw material employing ammonium persulfate (APS) as ni-
trogen and sulfur sources. We carefully examined the synergistic im-
pacts of calcium chloride and APS on the permeability structure and
activated carbons.

2. Materials and Methods
2.1. Materials

Feedstocks were gathered from the domestic palm oil plant in
Indonesia. The chemical reagents used in pure analytical grade include
calcium chloride (99.9 wt%, MERCK, CAS-No: 10043-52-4), hydro-
chloric acid (37 vol%, MERCK, CAS-No. 7647-01-0), and ammonium
persulfate (99.9 wt%, Merck, CAS-No: 7727-54-0), polyvinylidene
fluoride (99.9 wt%, TOB, CAS No: 24937-79-9). In contrast, ethanol (96
vol%, MERK, CAS-No: 64-17-5) and hydrofluoric acid (55 vol%, Fluka,
CAS-No: 7664-39-3) were technical grades supplied by Bratachem Ltd.
Whatman filter paper (no. 42) was utilized as a separator in super-
capacitor cells produced by GE Healthcare LS. At the same time, the coin
cell CR2032 for the case of a supercapacitor was obtained from TMAX
Battery equipment, Xiamen, China.
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2.2. Synthesis N, S modified activated carbon

The experimental preparation stage was adapted from Wulandari
et al. (2021). The raw material in size of 60 mesh diameters was treated
with an HF concentration of 1 M for 2 h to take off the ash, filtered, and
dried for 24 h in a 105 °C oven. Furthermore, hydrothermal carbon-
ization was conducted by introducing the deashed sample and the CaCl,
solution to the batch reactor, reacting at 275 °C for 1 h. In cold condi-
tions, gas is accommodated in the sampling bag past the sampling valve.
The product mixture was accumulated, strained to split the biochar and
liquid product, and then dried for an entire night at 110 °C (Jain et al.,
2015; Wulandari et al., 2021).

The nitrogen and sulfur (N, S) were altered by mixing APS with
hydrochar in 1, 2, and 3 ratios in deionized water, then agitating the
mixture at 80 °C for 2 h with a magnetic stirrer, evaporated, and dried.
Furthermore, the dried sample was pyrolyzed for activation in a tubular
reactor at a temperature of 800 °C. A thermal rate of 10 °C min~! was set
by flowing 60 cm3min~! of N,. Once the temperature of 800 °C was
reached, the N, gas flow was changed with 60 cm®-min~! of CO, gas for
2 h to maintain temperature. The reactor was cooled by flowing N, gas,
and then the carbon product was taken from the reactor, rinsed with 1 M
HCl to remove activating agent residue, neutralized, and filtered.
Finally, the N, S modified activated carbon was obtained after drying for
2 h at 105 °C (Rustamaji et al., 2022). In addition, ACO and NS-ACAX
denote pure and modified activated carbon, respectively, where X rep-
resents the ammonium persulfate to hydrochar proportion.

2.3. Physical characterizations

Scanning electron microscope and energy dispersive spectroscopy
(SEM-EDS) were utilized to evaluate the morphology and atomic content
of the sample. The carbon sample's X-ray diffraction (XRD) characters
were acquired using a Cu target on a Rigaku Ultima IV apparatus
(Tokyo, Japan) at 40 kV/20 mA. On a Quantachrome TouchWinTM v1.2
analyzer, the specific surface area was examined using the Ny
adsorption-desorption method. Using Raman spectroscopy (HORIBA
Xplora) with a 532 nm blue laser beam, defects resulting from hetero-
atoms and the degree of graphitization of materials were assessed. A
Nicolet 6700 FTIR spectrometer was utilized to characterize the samples'
qualitative oxygenated functional groups (OFGs) spanning from 5000 to
450 cm L. The surface functional group of the samples was evaluated by
X-ray photoelectron spectroscopy with Al Ko radiation (XPS, Kratos,
Japan).

2.4. Electrochemical characterization

The electrochemical characterization was applied to a full super-
capacitor cell. The electrodes were produced by combining activated
carbon and 10 % PVdF binder. The material mixture was disseminated
in ethanol and incorporated by ultrasonication for 30 min. The prepared
material was then slapped and compacted at ~8 MPa to create an
electrode with a 15-mm diameter and 1-mm thickness, respectively. A
supercapacitor of the coin cell (CR2032) type was constructed using the
symmetrical ~2.5 mg cm ™2 weight of electrodes. Using an electrolyte
solution of 6 M KOH, a Whatman filter paper separated the two elec-
trodes, and then the cell was squeezed using a hydraulic press. The cell's
electrochemical characteristic was explored by applying a Gamry
Reference3000 potentiostat. Cyclic voltammetry (CV), galvanostatic
charge-discharge (GCD), and electrochemical impedance spectroscopy
(EIS) at 1072-10° Hz. The cycle stability analysis was performed by
employing cyclic charge-discharge characterization. The specific
capacitance, Csp, was evaluated using Egs. (1) and (2) to quantitatively
related the capacitance value of certain electrode materials (Senthilku-
mar et al., 2013).
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With Cce defined as the cell's gravimetric capacitance (Fog_l), mis
the entire mass of both electrodes (g), At is discharge time (s), AV is the
potential range after IR-drop (V), and I is applied current (A). Egs. (3)
and (4) were used to evaluate the specific energy, Eceq (Whokg’l), and
power, Peep (W-kg’l), from the GCD test (Zhou et al., 2016).
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3. Results and discussions
3.1. Morphology and structure characterization

The morphological structure of activated carbon was examined by
SEM-EDS. Fig. Sla-d in the Supporting Information shows the topology
of the linked porous network with crinkles in an SEM image of the ACO
sample and the shape of modified activated carbon with varying APS
doping ratios, respectively. The N, S modified activated carbon samples
have a porous network structure interconnected with pore clusters
(Zhou et al., 2016), while the example's granular morphology has
several uneven pores on the surface. Furthermore, morphology and
exceptional cavities are critical for energy storage. Previous research
found that pores improve ion energy storage. The development of a
number of harsh porosities on top of the material surface is linked to the
breakdown of lignocellulosic feedstock at high temperatures, evapo-
rating the violent compounds and departing newly formed cavities
(Thines et al., 2016).

XRD was utilized to examine the crystallographic structure of acti-
vated carbon. Fig. S2 in the Supporting Information depicts the XRD of
pure and N, S modified activated carbon samples at various doping ra-
tios. The pieces' XRD curves exhibited a prominent peak and weak band,
namely 002 at 20 by 26° and 100 at 20 by 43°, respectively. According to
JCPDS card no. 41-1487 (Hou et al., 2015), scattering in this layer
belonged to hexagonal graphite. Furthermore, the peak at (100) indi-
cated that the carbon material contained a graphitic structure, while the
broad peak (002) displayed amorphous structure properties from the
activation process. Fig. S2 also shows that the peak intensity (100) of the
modified activated carbon is lower than that of ordinary activated car-
bon, indicating a reduced graphitic structure due to the addition of APS
doping (Zhou et al., 2015).

Raman spectra tested the degree of graphitization of activated car-
bon samples. Fig. S3 in the Supporting Information depicts the Raman
spectrum of pure and modified activated carbon as a function of APS
proportion. In general, the activated carbon had two substantial peaks at
1590 cm™! for the band of disordered D and 1341 cm™! for graphitic G,
implying a perfect and uneven graphite lattice. The D or disruption
band, made of sp® hybridized carbon at the edge of the graphene,
demonstrates the extent of the structural flaw in graphite. The G band
represented the sp? hybridized carbons from the graphitic plane's G—C
bond stretch.

Furthermore, the D and G band proportion explained the number of
structural faults connected to sp3 carbon (Barczak and Bandosz, 2019).
The addition of heteroatomic to biomass-based activated improved the
defect effect. The number of defects increased the intensity of the D peak
and reduced the G peak intensity and graphitization (Zhou et al., 2016).
Fig. S3 demonstrates heteroatomic doping gives more defects than
undoped activated carbon despite the increased defect porosity. The
activated carbon, with a value of 1.21 with doping, exhibited the highest
Ip/Ig ratio. Furthermore, its structure changed slightly with increasing
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Fig. 2. (a) Nitrogen volume of isotherms adsorption and (b) pore diameter
distribution of four sample.

doping material, lowering the Ip/Ig proportion value to 1.09 and 1.02,
respectively. Raman's research revealed that ratio doping of 3 caused the
slightest structural flaws, part of which resulted from the addition of
atoms to OPEFB-activated carbon (Dujearic-Stephane et al., 2021).
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Table 1
Properties of the activated carbon porous structure.
No Material Sper (m2eg™1) d, (nm) Viotal (cmeg ™)
1 ACO 364.00 3.20 0.23
2 NS-ACA1l 677.50 3.10 0.31
3 NS-ACA2 558.76 291 0.32
4 NS-ACA3 440.24 8.90 0.30

Fig. 1 shows the quantified elements in activated carbon using EDS
analysis. The APS to hydrochar ratio favorably affected the quantity of
nitrogen and sulfur atoms in activated carbon, indicating that a higher
percentage increased nitrogen and reduced sulfur atoms. Each sample
had a nitrogen content of 1.15, 10.40, and 20.15 % for NS-ACA1, NS-
ACA2, and NS-ACA3. The sulfur content was 3.01, 0.45, and 1.45 %,
respectively.

The influence of the APS proportion on the functional groups of the
modified activated carbon was investigated using FTIR spectroscopy in
the streamer region 5000-450 cm ™!, as depicted in Fig. S4 in the Sup-
porting Information. The absorption band at 3450 cm ™! was brought on
by the stretching vibration of the O—H bond (Zhou et al., 2015). In
addition, the bands at 2371 cm ™! demonstrated an O—=C—O0 bond, and
the peaks at 2935 cm™! and 2860 cm ™! exhibited G—H stretching vi-
bration bonding. In contrast, the spectra at 1583 cm ™! and 1463 cm ™!
denoted a C—=C bond and a C=N asymmetric stretching vibration. The
C—O bonds, comprising esters and primary alcohols, were represented
by the bands around the frequency of 1072-1141.9 cm™!, whereas a
spectrum of 951 cm ™! showed the =C—H bond. The wobbling of the
C=S bond and the stretching of the S—S bond in the scope were at 732
em ! and 597 cm ™}, respectively (Shabik et al., 2020). The FTIR analysis
revealed that nitrogen and sulfur atoms bonded to the modified acti-
vated carbon.

The analysis of activated carbon porosity focused on nitrogen
adsorption characteristics as open or closed based on the size and
accessibility of the pores. Fig. 2a shows Ny isotherms of adsorption-
desorption of each modified activated carbon. Each sample had a
type-1V isotherm with a strong hysteresis loop in the 0.20-0.98 P/P,
range. They show the mesoporous structure formed from hydrothermal
carbonization followed by the pyrolysis process (Zhang et al., 2016a, b).
At the P/P value of precisely 0.97, Ny volume increased significantly,
indicating substantial voids or mesopores, especially for the APS doping.
Fig. 6a shows how the volume adsorbed decreased with an increased
doping ratio.

Meanwhile, Fig. 2b exhibits the mesoporous character of activated
carbon through the pore size distribution in sizes around 3.3 to 38 nm in
diameter. Additionally, it presents the distribution of pore sizes with
various tight peaks ranging from 4.2 to 5.5 nm in four samples, con-
firming the impact of the doping ratio on pore structure. Table 1 shows
BET surface area (Spgr), average pore diameter (dp), and total pore
volume (Vioa1) of activated carbon samples.
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APS doping positively affects the increased surface area of modified
activated carbon. However, the increased doping ratio decreased the
surface area of altered activated carbon. This decrease was caused by the
partial collapse of the pore structure from excess doping compounds
(Zhu et al., 2018). Additionally, it was due to a reduction in the effect of
defects and an increase in the graphitic structure of activated carbon
from increased doping compounds (Treeweranuwat et al., 2020). An
increase in the graphitic form was confirmed by the XRD and Raman
analysis, showing a slight increase in the degree of graphitization with
increased doping compounds. Furthermore, the defect from additional
APS was good at a low doping ratio than in ordinary activated carbon.

Various parameters cause the porous structure of N, S-modified
activated carbon from waste with a CaCl, activation (Liu et al., 2016). In
the hydrothermal carbonization stage, the activator significantly
reduced the amount of water the lignocellulose substances retained. At
the same time, their species leaked into the biomass framework.
Furthermore, the basic crystal structure was modified, and CaCl, was
added to improve its widespread penetration of biomass. The APS as a
nitrogen and sulfur developer was introduced in the hydrochar
impregnation stage. At the same time, NH3 was created by insitu
breakdowns of ammonia precursors from APS mixed with the carbon at
high temperatures activation, aggregating a widespread CaCl, to form
CaClye2H50 crystals (JCPDS: 70-0385).

As the structure's porosity developed, the activation process pro-
duced macro, micro, and mesopores cohabitation. Furthermore, it had
nitrogen functional groups inserted into the structure. A porous
nitrogen-doped carbon was identified by graphitic degree, an enormous
specific surface area, and a distinctive shape. After being washed with
deionized water and HCI, the interaction between calcium and soluble
carbonates created calcium chloride and a small quantity of calcium
carbonate (CaCOs), creating a highly porous nitrogen-rich carbon (Peng
et al., 2016). The porous characteristics of synthetic values for various
activated carbons reported in the literature were compared, as seen in
Table 2.

The properties of the biomass (such as the proximate parameters),
the type of activator, the hydrothermal duration, the doping proportion,
and the pyrolisis activation temperature significantly impact the char-
acteristics of biomass-based activated carbon. In other words, activated
carbons with various properties can be made using different source
materials and activation techniques. Varied activating agents used to
synthesize activated carbon from the same biomass will result in distinct
surface areas. CaCly-based-activated carbon has a lessen surface area
than KOH and ZnCl; due to variances in its dehydrating and oxidizing
actions and molecular dimension. CaCl; is less expensive instead of
ZnCly, nevertheless. A viable activation procedure should consider cost
and activation efficiency (Dang et al., 2020).

The N, S modified activated carbon was confirmed by XPS evalua-
tion. As shown in Fig. S5a in the Supporting Information, five different
peaks of the O 1s, N 1s, C 1s, S 2s, and S 2p spectrum are evident at 530,
399, 284, 230, and 168 eV, respectively, demonstrating that N and S

Table 2

Porosity characteristics of activated carbon prepared from distinct raw material.
Carbon source Activating agent SgET (mzng’l) Viotal (cm3-g’1) dp (nm) Reference
Oil palm empty fruits bunch KOH 1704 0.89 2.24 (Farma et al., 2013)
Oil palm empty fruits bunch ZnCl, 1571 - 2.13 (Hendriansyah et al., 2018)
Sugar cane bagasse CaCl, 805.5 0.68 3.38 (Liu et al., 2016)
Pomelo mesocarps CaCl, 974.6 0.69 2.9 (Peng et al., 2016)
Cocoa shell ZnCl, 619 0.32 4.8 (Saucier et al., 2015)
Rice husk H3PO4 298 1.19 2.5 (Somasundaram et al., 2013)
Rice husk H3PO,4 1493 1.21 3.25 (Ganesan et al., 2014)
Sago waste ZnCl, 546.6 0.30 3.3 (Togibasa et al., 2021)
Firewood K2CO3 818 0.44 2.1 (Lu et al., 2016)
Durian shell KOH 180 0.093 1.1 (Kanjana et al., 2021)
Rubber seed shell KOH 148 0.067 1.2 (Kanjana et al., 2021)
Palm petiole KOH 436 0.241 1.2 (Kanjana et al., 2021)
N, S-modified empty-fruits bunch CaCl, 677.5 0.31 3.1 This work
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were inserted into the structure of NS-ACA3 (Zhou et al., 2016). On the
other hand, in the ACO sample, the atomic signals of N 1s, S 2s, and S2p
do not appear. It is already that the process of modifying N and S is
successful.

Three properties of the C structure are shown by the high-resolution
C 1s XPS spectrum (Fig. S5b), such as aromatic conjugated sp? C (C=C)
at 284.4 eV, the sp3 C (C—N, C—O0, and C—S) at 285.6 eV, and the
C=0/C=N at 288.1 eV (Liu et al., 2017). According to the high-
resolution N 1s spectrum (Fig. S5¢), the modified N atoms were in the
pyridinic-N (398.5 eV), pyrrolic (400.5 eV), quaternary-N (401.5 eV),
and pyridine-N-oxides bonding arrangements (402.6 eV) (Zhang et al.,
2020). Due to their outstanding electron-donor properties, pyridinic and
pyrrolic have excellent charge mobility, which may also increase the
electrochemical reactivity of carbon material surfaces (Liu et al., 2016).
Quarternary is highly helpful in increasing the conductivity of carbon

materials due to the partial substitution of N atoms for carbon atoms in
graphite crystallites (Peng et al., 2016; Saucier et al., 2015). As a surface
functional group, pyridine-N-oxides will also significantly impact the
carbon material's wettability (Ji et al., 2020).

NS-ACA3 reveals a clear S atom spectrum, as shown in Fig. S5d. Two
peaks can match the S 2p orbit with binding energies of 168.1 and 169.4,
which are assigned to the various oxidation states of C—SOx—C ob-
tained from the plane of the carbon falseworks. In contrast to the N
element, the S element will enhance the polarization and electron den-
sity of the carbon surface when inserted into a carbon matrix, and its
oxygen-comprising functional groups (such as sulfoxide and sulfone)
will add ancillary pseudocapacitance (Zhou et al., 2016). Therefore, the
high amount of sulfoxide and sulfone is favorable for the specific
capacitance of N, S-doped carbon.
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Fig. 4. Charging and discharging curves resulted from galvanostatic assessment. (a) All of the material at 0.5 Aog’l, (b) ACO, (b) NS-ACA1, (c) NS-ACA2, and (d)

NS-ACA3.
3.2. Electrochemical characterization

The electrochemical characteristics of all materials were performed
on full supercapacitor cells. The CV curve determined the cell's prop-
erties and the supercapacitor's specific capacitance value. Fig. 3a illus-
trates the CV analysis for modified (NS-ACA) and pure activated carbon
(ACO) supercapacitors with a scan rate of 2 mVes 1.

Each material's cyclic voltammogram had a perfect quasi-rectangle
shape with no redox peaks. Main electricity and double-layer capaci-
tance were generated due to numerous adsorbed ions on the electrode's
surface with the electrolyte's diffusion threshold, shown by the cyclic
voltammogram's excellent rectangular shape. Furthermore, the vol-
tammogram curve was an oblique parallelogram with an increased scan

rate, indicating rapid charging-discharging with minimal series resis-
tance and robust power deliverability (Cao et al., 2018). The NS-ACA3
curve presented the sample's biggest covered region, denoting the
maximum capacitance. Fig. 3b-e exhibits the voltammogram at 2-10
mVes ! for ACO, NS-ACA1, NS-ACA2, and NS-ACA3, respectively.

The greater scan rate caused more parallelograms of the cyclic vol-
tammogram plots for all supercapacitors. Lacking redox plateaus con-
firms the lack of pseudocapacitive occurrence and excellent
performance (Wan et al., 2019). Fig. 3f shows the specific capacitance
values from Eq. (2) at different scan rates, which grow with the
increased number of dopants. However, adding N and S at the doping
ratio of one increases the capacitance insignificantly due to low doping.
The results demonstrated that a faster scan rate lowered the particular
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Table 3
Activated carbon-based supercapacitor performance at 0.5 A g~ .
No. Material Csp (Fog ™) Ecen (Whekg ™) Pear (Wekg ™)
1 ACO 130.43 3.83 145.30
2 NS-ACA1l 141.30 4.15 166.10
3 NS-ACA2 163.30 4.79 215.60
4 NS-ACA3 173.91 5.11 230.00
5
o ACO
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Fig. 5. The EIS-Nyquist curve of four samples.

capacitance value. The cyclic voltammogram in low scan rates showed
perfect capacitive behavior. Increased scan rate increased disturbed the
ideal behavior, continuously dropping the capacitance. This phenome-
non is common in activated carbon materials because of not enough time
for ion transfer and adsorption inside the irregular pore structure of
particles. Reduced capacitance indicates that not all pore structures are
accessible at higher scan rates due to the resistance in the movement of
ions from the electrolyte to the internal area of the pores (Si et al., 2013).

Fig. 3f shows that ACO-based supercapacitor cells have the highest
rate capability at 65 %. Furthermore, samples with N and S doping had a
lower capability level of 53, 43, and 57 % for NS-ACA1, NS-ACA2, and
NS-ACA3, respectively. Rate capability was affected by the massive
mesoporous structure, and the high specific surface area permits more
active sites for ion adsorption. Enriching the electrode material with
nitrogen and sulfur improved wettability and hydrophilicity and pro-
moted ion movement (Liang et al., 2019). In conclusion, the N and S
doping boosted the supercapacitor-specific capacitance of biomass-
based-activated carbon but lowered the rate capability. Oversized
doping degraded the material's structure by disordering the pore system,
reducing the electron transport efficiency (Zhou et al., 2016).

The characteristics of the supercapacitor voltage response to time
measured at a certain current are shown by a charge/discharge graph in
Fig. 4. Charge-discharge measurements indicate the rate of the charging-
discharging process and the range of cell voltages achieved (Yu et al.,
2021), performed at a specific current of 0.5-4 Aeg~!. All the sample
scarves in Fig. 4 had a symmetrical triangular formation. This kind of
graph is typical in supercapacitor devices made of activated carbon
(Farma et al., 2013). The voltage reduction denoted an imperfect
charge/discharge process, indicating a partial ions' desorption at a
specific current.

Furthermore, a reaction between the electrolyte and electrode ions
produced an equivalent series resistance. According to this research, the
supercapacitor cell has a superior power character because of its mini-
mal voltage drop (Li et al., 2016a, b). The charge/discharge plot was
employed to ascertain the secure operating voltage for supercapacitor
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Table 4
Capacitance and resistance value of activated carbon based-supercapacitor from
the equivalent circuit.

No. Material Ca (F) Cps (mF) Rs () R ()
1 ACO 6.72 0.67 0.78 0.82
2 NS-ACA1 6.85 2.06 0.60 0.33
3 NS-ACA2 8.13 4.07 0.55 0.28
4 NS-ACA3 9.05 7.25 0.46 0.23

cells, shown as 0.8-1.0 V in Fig. 4 (Dujearic-Stephane et al., 2021).

Table 3 shows the results for Egs. (3) and (4) calculating the energy
and power densities, with the highest and lowest specific energy of 5.11
Whekg™! and 3.83 Whekg™! in NS-ACA3 and ACO, respectively.
Furthermore, the maximum specific density was 230 Wekg ! for the NS-
ACA3 sample, while the lowest was 145.30 Wekg ! for ACO. The redox
effect and conductivity improvement of the modified activated carbon
demonstrated that the N and S doping increased the energy and power
density (Dang et al., 2020).

The supercapacitor's electrochemical parameters, the electrolyte/
electrode interface resistance, and ion transfer in porous resistance were
characterized using EIS in a frequency range from 1072 to 10° Hz, dis-
playing the curve in a Nyquist plot. Fig. 5 shows the Nyquist plot of the
four samples and the equivalent circuit for fitting the EIS data achieved
by the Echem Analyst software (the inset). A perfect supercapacitor cell
in high, medium and low frequencies has a semicircular, slash (45°), and
perpendicular (90°) Nyquist curve, respectively. Furthermore, the
electrolyte's resistance (R;) is represented at the beginning of the semi-
circle. From the Nyquist plot, it can be obtained that the electrolyte
resistance, Ry for ACO, NS-ACA1, NS-ACA2, and NS-ACA3 was 0.79,
0.61, 0.56, and 0.45 Q for each sample, respectively. The samples in
medium-high frequencies revealed full and partial semicircular loops
with their form, indicating the cell's impedance impacted by charge
transfer resistance (R.y) at the interface between the electrolyte and
electrode. Their R values in the semicircle shape were 0.81, 0.34, 0.27,
and 0.24 Q. The slanted segment of the curve (about 45) in the inter-
mediate frequencies is attributed to the Warburg impedance (W), which
was resistance in ion transport into the electrode pores at medium to low
frequencies (Ry) (Mei et al., 2018). The Ry, value were 0.30, 0.15, 0.14,
and 0.12 Q, respectively. At low frequencies, the imaginary part of the
impedance increases, corresponding to the ideal capacitive behavior of
carbons.

The N and S concentrations in a smaller semicircle lowered the
charge transfer resistance at the electrolyte/electrode interface (Wang
et al., 2015). Furthermore, nitrogen and sulfur in the electrode affected
the electrolyte's wettability and improved conductivity. The
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Fig. 6. Cyclic stability of NS-ACA3 samples at 5000 cycles.
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Fig. 7. Ragon plot of four samples.

supercapacitor's rate capability is expanded by an electrolyte and a low
charge transfer resistance (Cao et al., 2018). The EIS curve demonstrated
that nitrogen and sulfur doping of activated carbon reduced the resis-
tance of electrolyte and charge transfer. Ion transfer resistance in the
porous decreased with an increased doping ratio, although the pore
diameters were relatively similar. Additionally, lower mass transfer
resistance was due to increased wettability (Zhang et al., 2016a, b).

Table 4 shows the fitting parameter values based on the equivalent
circuit of the Nyquist plot, which follows other research (Si et al., 2013).
The measured capacitance is the actual capacitance of the electrode
mass load. Cq is a double-layer capacitor, and Cp; is a boundary pseu-
docapacitor produced by a redox reaction of a heteroatom-containing
group, the value of which increases with an increase in the amount of
N and S doping.

A cyclic charge-discharge (CCD) assessment was used to verify the
supercapacitor's cyclic stability and endurance, as depicted in Fig. 6. A
specific voltage and current were used to obtain the supercapacitor's
charge and discharge during a predetermined cycle. Additionally, the
coulombic efficiency (CE) and capacitance retention (CR) values were
used to compute the device's life cycle. The CE represents the discharge-
to-charge capacity ratio for the current process (Zhou et al., 2016), while
CR is the capacitance ratio of every cycle to its beginning. The CE values
for NS-ACA3-based supercapacitors remained constant for 5000 cycles,
with 100 %; hence the CR values were stable at 98 %. The electro-
chemical assessment results revealed that modified activated carbon
with N and S doping effectively increased the specific capacitance and
maintained coulomb efficiency but decreased the capacitance retention.
High CE indicates a low risk of adverse reactions at the electrode surface
(Rustamaji et al., 2022).

The energy density and power density of the symmetric super-
capacitor on the Ragone plot are displayed in Fig. 7, demonstrating that
the ACO sample has the lowest energy density. In contrast, adding N and
S doping to the sample increases the energy density for the NS-ACA1,
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NS-ACA2, and NS-ACA3 samples, respectively. The carbon material's
surface polarity is substantially enhanced by heteroatom functionalities,
improving the specific electrostatic interactions between the electrode's
active surface and the electrolyte ions. The obvious benefit is that the
modified space-charge-layer capacitance increases specific capacitance
by improving electrode wettability because there are more hydrophilic
polar sites and declining equivalent series resistance. The functional
groups formed on the carbon surface go through faradic redox reactions,
which contribute to pseudocapacitance and thus improve overall
capacitance. This event ultimately enhances the supercapacitor's energy
density (Hasegawa et al., 2015). These results indicate that N, S modi-
fied activated carbon could boost energy density.

Table 5 compares the characteristics of various supercapacitors
employing electrodes of biomass-based-activated carbon. The cycle
stability of the supercapacitor results from this study shows a higher
value at a longer cycle than the reference (Farma et al., 2013; Mei et al.,
2018). The capacitance value of this experiment is quite competitive
compared to the previously published electrode materials in Table 5,
which suggests that N, S modification of biomass is a viable technique
for improving the capabilities of supercapacitors.

4. Conclusions

The hydrothermal and activation methods effectively synthesized a
novel N, S-modified activated carbon (NS-ACA) with APS. The NS-ACA's
mesoporous structure had a specified surface area of 440.24-677.50
m?eg~l. Furthermore, increasing APS to hydrochar increased and
decreased the nitrogen and sulfur atom content, respectively. The
highest capacitance value at 173.91 Feg™! at 0.5 Aeg™! in 6 M KOH
electrolyte for the NS-ACA3 sample. The assembled symmetric super-
capacitor had an operating potential of 0.8-1.0 V and maximum energy,
power, and energy density of 5.11 Whekg™!, 230.0 Wekg™!, and 0.5
Aeg™ ! respectively. Coulombic efficiency was maintained at 100 %,
while the retention capacitance was 98 % in the 5000-cycle test.
Modifying N and S increased activated carbon's specific capacitance and
lowered the rate capability and cycle stability. Furthermore, these out-
comes implied that palm oil waste could be recycled and utilized for
activated carbon products.
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Table 5

Electrochemical characteristics of diverse biomass or biowaste-derived activated carbon electrodes.
Biomass Electrolyte Cop (Fog’l) Ecen (Whokg’l)/Pceu (W-kg’l) Stability (%)/cycle References
Oil palm empty fruits bunch 1 M H,SO4 150 (10 mAecm 2) 4.3/173.3 - (Farma et al., 2013)
Rice husk 1 M NaySOy4 112 (1 Aeg™ ) 15.5/1421 - (Ganesan et al., 2014)
Durian shell 1 M KOH 178 (1 A-g’l) - 99/4000 (Kanjana et al., 2021)
Rubber seed shell 1 M KOH 123 (1 mAecm 2) - - (Kanjana et al., 2021)
Modified-coconut shell 6 M KOH 179 (05A g™ - 84/2500 (Yang et al., 2018)
Rotten carrot 1 M LiClO4 142.7 (1 mA cm’z) 28.4/89,100 (Ahmed et al., 2018)
Pulp sludge 1 M TEABF, 120 (10 Aeg™) 14.7/90 (Wang et al., 2013)
Hemp fibers 1 M H,S04 122 (10 Aeg B - - (Mijailovic et al., 2017)
N, S-modified-oil palm empty fruits bunch 6 M KOH 173.91 (0.5 Aeg™ 1) 5.11/230.0 98/5000 This work
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