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This study aims to synthesize urea nitrogenated activated carbon (N-ACU) derived from oil palm empty fruit
bunches and examine its performance as a supercapacitor electrode. The synthesis was carried out in three
stages: hydrothermal carbonization with CaCl, activator, impregnation with urea, and activation of nitrogenated
hydrochar with CO5 gas. The urea to hydrochar impregnation ratio was varied by weight at 1, 2, and 3, while
physical characterization of the material was carried out by SEM, XRD, adsorption/desorption isotherms, and
FTIR. Porosity analysis showed that all the samples had a mesoporous structure with 3.3-5.8 nm and a BET
surface area of 363.88-640.61 m? g~!. Furthermore, the electrochemical characterization indicated that the
optimum result was obtained for the N-ACU3 sample with an electrode-specific capacitance value of 176.76 F g’1
at a scan rate of 2 mV s 1. The highest energy and power density values at the current of 1 A g~* were 19.89 Wh
kg~! and 1431.20 W kg ™}, respectively. Durability tests of supercapacitor carried out by cyclic charge-discharge
for 5000 cycles showed that the coulombic efficiency and capacitance retentions were approximately 100% and
98.7%, respectively. Based on the results, the urea to hydrochar impregnation ratio affects the characteristic of
N-ACU and the performance of supercapacitors. In addition, urea nitrogenated treatment on activated carbon can
reduce the ohmic and charge transfer resistance and maintain the supercapacitor's cell stability. The improved
supercapacitor performance indicates that the Synthesis of nitrogenated activated carbon from biomass waste
can be a promising method for producing electrode materials.

1. Introduction supercapacitors using carbon-based electrodes. The electrode material

for electrical double layer capacitance (EDLC) needs chemical stability,

As the demand for clean, long-term energy solutions increases,
supercapacitors have gained substantial attention due to their rapid
charge/discharge rates, high power density, fantastic cycling stability,
and low production costs [1-3]. Carbon with pores has recently been
recognized as a top supercapacitor electrode material due to its
remarkable properties, such as wide surface area, high conductivity of
electricity, and vigorous stability in both physical and chemical terms
[4,5]. However, the intricate microporous architectures and disordered
textures, leading to the presence of a long diffusion distance and a high
barrier to ion transfer, cannot promptly meet the growing need for high-
performance supercapacitors at high current densities [6]. Super-
capacitors made of pure carbonaceous materials also have poor energy
density and low specific capacitance, which limit their usage [7]; hence
several efforts have been carried out to develop high-performance
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excellent electrical conductivity, a large surface area, and a regulated
pore design. [5]. Pseudocapacitance emerging from some oxides and
hydroxides of transition metals has also been studied in EDLC. For
example, the oxides/hydroxides of transition metals and conducting
polymers are two of the most common ways to improve pseudocapaci-
tance in supercapacitors [8]. However, some significant limitations,
such as the transition metal oxides' low conductivity of electricity, high
price, and the conductive polymers' insufficient cycle stability, limit
their widespread application [9,10]. The method of adding heteroatoms
such as B, N, O, P, and S with porous carbon frameworks to generate new
carbon compounds and improve the pseudocapacitance effect has
attracted massive attention [11]. Charge transfer by pseudocapacitance
is achieved by enhancing the basicity of the carbon electrode material
and the electron donors by nitrogen atoms in the event of nitrogen (N)-
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doping. Electrical conductivity can also be improved by doping nitrogen
into carbon, thereby allowing more mobility of charge/electron carriers
[12]. In carbon-based materials, nitrogen affects the porosity properties
including the average pore size and distribution, specific surface area,
total pore volume, as well as acts as an electron donor [13].

Given the possible scope of supercapacitor applications and the
shortage of fossil energy, the use of biomass wastes and renewable
biomass to make carbon-based materials with specific nanoarchitectures
in the energy field is considered worthwhile and is gaining massive
attraction [14,15]. Porous carbons have been made from various agri-
cultural wastes, including corn cobs and stalks, rice husks, coconut
shells, bagasse, palm shell, and others, using activating agents such as
H3POy4, KOH, and ZnCl; for activation methods [6]. Oil palm empty fruit
bunch (OPEFB) is a bountiful and free renewable agricultural lignocel-
lulose byproduct derived from palm oil. It is produced in Indonesia at a
rate of 40 million tons per year and used traditionally as a fertilizer after
burning, a substance for mulching plantations of palm oil, and palm oil
mill boiler fuel [16]. Particleboard, medium-density fiberboard, and
bedding materials are examples of non-traditional usage. This biomass
waste is also an effective precursor for synthesizing porous carbons
using the activating agent of KOH, ZnCly, H3PO4, and calcination [17].
Some of the porous as-prepared carbons have a capacitance suitable for
supercapacitors. Furthermore, several studies on the synthesis of acti-
vated carbon for supercapacitors from OPEFB have been carried out
[18-21]. Using biomass or its waste as precursors is sustainable to
manufacture porous carbons for supercapacitors. However, due to their
low nitrogen content, most as-prepared carbons have a medium-specific
capacitance which prevents optimal use in high energy density super-
capacitors. In this case, bulk manufacturing of porous carbons with a
high nitrogen content derived from biomass waste pyrolysis under
various experimental settings is an effective technique to increase the
gravimetric capacitance of their devices [22].

KOH and ZnCl; as activating agents have been suggested to enhance
surface area and increase the pore structure while drastically lowering
the N content of carbon-based materials as-prepared [23]. Meanwhile,
the application of activating agents might have greater or lesser severity
drawbacks, such as solid instrument and equipment corrosion and a high
level of toxicity and expenses, which will limit their broad and practical
use or raise the cost of manufacturing in large quantities. Therefore,
obtaining carbons from low-cost, sustainable biomass waste containing
high nitrogen concentration, large specific surface area, and super-
capacitors with good performance using an environmentally friendly
technique is challenging [1,6,24].

The production of porous carbon as an adsorbent from waste biomass
by chemical activation using CaCl; as a substitute for KOH and ZnCl; has
been explored [25]. However, investigations into the synthesis of
nitrogenated porous carbons that utilize activating agent of CaCly are
rare. The synthesis of N-enriched porous carbons from biomass wastes
such as OPEFB using CaCl, at suitable hydrothermal carbonization and
activation condition is presumably a cheap, renewable, effortless, and
ecologically conscious strategy. Therefore, this research aims to syn-
thesize activated carbon with hydrothermal carbonization of CaCly
activation agent, urea nitrogenated modification, and pyrolysis activa-
tion as an alternative method by emphasizing a study on the effect of
impregnation ratio on physical-chemical properties and electrochemical
properties. The research finding is that the modification of activated
carbon from OPEFB with urea can increase the wettability, conductivity,
and specific surface area, which improves the supercapacitor's perfor-
mance compared to activated carbon without modification. The syner-
gistic effects of CaCl, and urea on the porosity framework and
nitrogenated activated carbons were also extensively studied.
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2. Materials and methods
2.1. Material and solution

The biomass sample was oil palm empty fruit bunches (OPEFB) ob-
tained from a local palm oil mill in Cikasungka, Bogor, Indonesia.
Chemical reagents consisting of calcium chloride (CaCly, Merck, 99%),
potassium hydroxide (KOH, Merck, 99%), hydrochloric acid (HCI,
Merck, 99%), and urea (CO[NH;]y Merck, 99%) were supplied by
Merck, while ethanol (CoHs0H, AR, 96%), carboxymethylcellulose
(CMC, 60%), and polyvinylidene fluoride (PVDF, 65%) were purchased
from PT Bratachem, Bandung Indonesia. Furthermore, Whatman filter
paper (Grade 40) used as an electrode separator was obtained from
Sigma-Aldrich, while coin cell CR2032 for supercapacitor casing and
crimping cell machine were purchased from Xiamen TOB New Energy,
Fujian, China.

2.2. Synthesis nitrogenated porous activated carbon

The OPEFB biomass was washed, dried, and milled in 40 to 80 mesh
diameters, and then it was pretreated for 2 h with a 1 M HF solution to
remove ash. Filtered samples were dried in a 105 °C oven for 24 h. In the
batch reactor, biomass and the activating agent solution were added to
start the hydrothermal carbonization process, and the reaction occurred
at a temperature of 275 °C for 1 h. After cooling through the sampling
valve, the gaseous product was removed with the sampling bag. The
mixture produced was collected and filtered to separate the solid and
liquid portions, termed hydrochar and bio-oil, then the product was
dried at 110 °C overnight [20,21].

Nitrogen doping was carried out by mixing urea with hydrochar in a
ratio of 1, 2, and 3 in deionized water. Then a magnetic stirrer was used
to agitate the mixture at 80 °C for 2 h. The hydrochar-urea mixture was
evaporated and dried at 80 °C for 2 h. Subsequently, the hydrochar was
activated by depositing on a ceramic boat in a tubular reactor and
increasing the operating temperature to 800 °C at a thermal rate of
10 °C min~! with a volumetric rate of 50 mL min~ ! of Na. The Nj gas
stream was replaced with CO, at a 50 mL min ! rate for 2 h, and then the
reactor was cooled using N gas when it was turned on. The activated
carbon product was washed with 1 M HCl, neutralized with deminer-
alized water, and filtered to eliminate any remaining CaCly components.
The nitrogenated activated carbon was produced after 2 h of drying at
105 °C [21]. Undoped activated carbon is represented by ACO, while
urea doped activated carbon is represented by N-ACUX, where X is the
urea to the hydrochar ratio.

2.3. Physical characterizations

Activated carbon's morphology and element content was character-
ized by Scanning Electron Microscope and Energy Dispersive Spectros-
copy (SEM-EDS) using SEM Hitachi SU3500 carried out in Nano Center
Research of Bandung Institute Technology (ITB). A Quantachrome
TouchWin™ v1.2 was used to measure nitrogen adsorption/desorption
of samples in the Instrumentation Laboratory of Chemical Engineering-
ITB. The Brunauer-Emmett-Teller (BET) technique was used to compute
the specific surface area, while the total pore volume was determined at
arelative pressure of 0.9 using the adsorption amount. Furthermore, the
Barrett-Joyner-Halenda (BJH) method was used to compute the pore
size distributions (PSD), while the activated carbon crystal structure was
established using a powder X-ray diffraction pattern (40 kV, 40 mA)
with Bruker D8 advanced diffractometer and monochromatized Cu—K
radiation [13]. The Raman spectra were obtained using an XploRa Plus
Raman spectrophotometer with a 532 nm blue laser beam, and the
qualitative assessment of OFGs was performed using Fourier Transform-
Infrared (FTIR) analysis. The infrared vibrational mode of the samples
was accepted at an average of 24 sweeps by a Nicolet 6700 FTIR spec-
trometer ranging from 5000 to 400 cm ™! with unearthly reach at 4 cm™?
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goals, and as well as a KBr pellet as a perspective example.

2.4. Electrochemical characterization

The electrode material consisted of activated carbon and 10 wt%
PVDF (polyvinylidene fluoride). The powders were dispersed in ethanol
and mixed by sonication for 30 min, then 0.2 g of the dry composite
mixture was molded and pressed at 7-10 MPa to obtain a circle electrode
with a diameter of 15 mm and thickness of 1 mm. A coin cell (CR2302)
type supercapacitor was created with symmetrical 2.3 mg cm ™2 mass
loading electrodes. The Whatman filter paper was used to separate the
two electrodes in an aqueous electrolyte containing 6 M KOH, and then
the cell was pressed by a hydraulic crimping machine. Moreover, the
electrochemical behavior of the cell was characterized using a poten-
tiostat (Gamry R3000) with a two-electrode system consisting of cyclic
voltammetry (CV), galvanostatic charge-discharge (GCD), and electro-
chemical impedance spectroscopy (EIS) measurement. EIS studies were
performed at an open-circuit voltage and various bias potentials with a
range of frequencies from initial and end values of 100 kHz and 0.01 Hz,
respectively, with a four mV impedance amplitude, while the cycle
stability test was conducted using cyclic charge-discharge measurement.
The importance of specific capacitance Cs was determined from Egs. (1)
and (2) to correlate these electrode materials' capacitance performance
quantitatively [26].

Ceent =

1 ve
AT @

Cs =4Cea (2)

where Cey defines the coin cell's specific capacitance (Fg 1), m signifies
the total weight of the two electrodes (g), v denotes the scan rate (mV
s’l), (V.-V,) the potential sweep range (V), and I(V) the response current
(A). Egs. (3) and (4) were used to compute the energy density, E (Wh
kg’l), and power density, P (W kg’l), from the GCD test [27].
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Respectively, the td and V are discharge time (sec) and operating
potential (V).

3. Result and discussions
3.1. Morphology and structure characterization

The SEM analysis results of ACO and N-ACU are shown in Fig. 1.
Fig. 1a is an SEM image for the ACO sample showing the structure of the
interconnected porous network with wrinkles. The effect of variations in
the urea doping ratio on morphology demonstrated in Fig. 1b-d shows
that the pore structure of the modified activated carbon was formed with
interconnected pore clusters [28]. The sample has an irregular granular
morphology with abundant pores on the surface [22].

Meanwhile, the morphology, specifically the presence of cavities, is
essential concerning energy storage. A previous study confirmed that the
pore facilitates electrolyte ion storage [29]. The production of several
rough porosities above the sample surface is closely related to the
decomposition of the lignocellulosic precursor at elevated temperatures,
which causes volatile chemicals to evaporate, leaving freshly created
pores [30].

Fig. 2a shows XRD results of pristine and nitrogenated activated
carbon samples at the variation of doping ratio. All samples have a broad
peak, namely 002 on their XRD curves at 20 by 26° and a weak band of
100 at 26 by 43°. This diffraction plane belongs to hexagonal graphite
according to JCPDS card no. 41-1487 [31]. The broad peak (002) shows
the characteristics of amorphous carbon caused by the activation pro-
cess, and the presence of a cliff at 100 indicates that the sample contains
graphitic carbon [32]. Moreover, the percentage crystallinity values for
products N-ACU1, N-ACU2, and N-ACU3 were 19.5, 21.7, and 24.7%,
respectively. This value indicates that the more doping compounds are
added, the higher the percentage of crystallinity.

Fig. 2b shows the Raman shift of pristine and nitrogenated activated
carbon samples at a variation of doping ratio. Two significant peaks
were found for activated carbon, centered at about 1590 for graphitic, G,

Fig. 1. SEM images of the (a) ACO, (b) N-ACU1, (c) N-ACU2, and (d) N-ACU3.
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Fig. 2. (a) XRD patterns and (b) Raman spectrums of all as-prepared carbon materials.

and 1341 cm™! for the disordered D band, suggesting an idealized and
irregular graphite lattice. The D band, also known as the disruption
band, comes from the sp> hybridized carbon at the graphene's edge and
depicts the severity of the graphite structural flaw. The sp? hybridized
carbons emerging from the C—C bond strain on the graphitic plane were
represented with the G band. The D and G band ratios explain the
number of structural flaws in heteroatoms linked to sp3 carbon [33]. In
general, the addition of monoatomic or heteroatomic doping in the
manufacture of activated carbon from biomass increases the effect of
defects. The intensity of the D peak increases as the number of defects
rises, while that of the G peak decreases, which in turn reduces the de-
gree of graphitization [34]. The defect effect produced greater porosity,
but Fig. 2b shows that the addition of monoatomic doping did not
provide higher defects than the undoped activated carbon. Activated
carbon without doping had the highest Ip/Ig ratio with a value of 1.10.
With the addition of doping material, there was a slight change in the
structure of activated carbon with a decreased Ip/Ig ratio value. For
increasing the doping ratio, each Ip/Ig ratio value was 1.01, 1.037, and
1.04. The Raman analysis indicated that the smallest number of struc-
tural defects, some of which are from adding atoms for OPEFB activated
carbon, was produced from ratio doping of 3 [12].

EDS analysis was applied to quantify the elements contained in
activated carbon. The results presented in Fig. 3a show that the ratio of

(a) 120
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urea to hydrochar positively affects the content of nitrogen atoms in
activated carbon; the greater the ratio, the higher the nitrogen atom
content. The impact of ratio doping on the functional groups in the
nitrogenated activated carbon surface was analyzed by FTIR spectrom-
etry in the band range of 4500-400 cm ™, as shown in Fig. 3b. The 0—H
bond's stretching vibration caused the absorption band at 3450 cm™!
[35]. Furthermore, the peaks represent CH bond strain vibrations at
2935 cm™! and 2860 cm™!, while the band at 2372 em™! shows an
0=C=0 bond, the spectra at 1583 em ! indicate a C=C bond, and
spectra at 1463 cm ™! is defined as a CN asymmetric stretching vibration.
The bands formed at 1072-1141.9 cm ™! indicate the C—O bonds,
including primary alcohols, and esters, while the absorption band of
950.5 cm ! depicts the =C-H bond [36].

The activated carbon porosity studies were performed based on ni-
trogen's physical adsorption. Porosity can generally be classified based
on pore size and accessibility, namely open or closed. The N isotherms
of adsorption and desorption curves for each of the doped activated
carbon products are shown in Fig. 4. According to the International
Union of Pure and Applied Chemistry's (IUPAC) definition, a type-IV
isotherm was found in every sample, with a pronounced loop of hys-
teresis in the range 0.10-0.99 P/P, indicating a mesoporous structure
[37]. The volume of N, adsorbed at P/Py namely 0.97 experienced a
significant increase, specifically for the 1 and 2 doping ratios, indicating
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Fig. 3. (a) SEM-EDS analysis of atomic and (b) IR spectra of all as-prepared carbon materials.
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Fig. 4. (a) Nitrogen adsorption/desorption isotherm and (b) pore size distribution of all sample.

the existence of large voids and/or mesopores. Fig. 4a shows that the
volume adsorbed gradually reduced with increasing doping ratio. The
pore size distribution map in Fig. 4b confirms the mesoporous nature of
activated carbon, which displays samples with pore diameters ranging
from 3.3 to 38 nm. The four samples in Fig. 4b had a pore size distri-
bution with narrow peaks between 3.6 and 5 nm, affirming the doping
ratio's effect on the pore structure [38].

The surface area of BET (Sggt) and the porosity characteristics of the
activated carbon products are shown in Table 1.

According to Liu et al. [6], the mechanism of forming the porous
structure of nitrogenated activated carbon from biomass with a CaCly
activator is related to several factors. During heat treatment in the hy-
drothermal carbonization process, CaCl, had a significant water
removal effect on the cellulose, hemicellulose, and lignin components.
This is because CaCly species can seep into the framework of the biomass
structure. Subsequently, the main crystal structure was changed, with
CaCl; enhancing its wide dispersion into the biomass framework. Urea
was added to the hydrochar impregnation stage to serve as a nitrogen
developer. Meanwhile, NH3 produced by in situ breakdowns of
ammonia precursors such as urea combines with the carbon and widely
dispersed CaCl, aggregates to generate CaCly-2H,0 crystals (JCPDS: 70-
0385) during the activation step at high temperatures.

The activation process involves the coexistence of interconnected
macropores, micro, and mesopores which porosity develops into the
structure. Also, it contains nitrogen functional groups which can be
incorporated into the framework. Porous nitrogen-doped carbon tends
to have graphitization, high specific surface area, and unique
morphology. After washing with water and HC, the reaction with Ca®*
and dissolved carbonates produced the compound CaCl, and a minor
quantity of CaCOs, leading to a porous structure of nitrogen-rich carbon
[1,13]. The porous properties of synthesized activated carbon were
compared to values reported in the literature for various activated car-
bons, as shown in Table 2.

In general, the characteristic of biomass-based-activated carbon is
highly influenced by raw material properties (such as fixed carbon,

Table 1
Characteristics of the pore structure of activated carbon sample.
No Sample Sper (m? g™ 1) D, (nm) Vi (em® g7 1)
1 ACO 363,88 3,30 0,22
2 N-ACU1 640,61 3,09 0,73
3 N-ACU2 477,51 5,80 0,43
4 N-ACU3 445,18 3,80 0,30

D,: pore diameter, V;: total pore volume.

Table 2
Comparison of the surface area of activated carbon synthesized from different
biomass.

Carbon precursor Activating SgET (m? Viotal Dp References
agent ) (em® (nm)
gh
Pomelo mesocarps CaCl, 974.6 0.69 2.9 [1]
Sugar cane bagasse CaCl, 805.5 0.68 3.38 [6]
Oil palm empty KOH 1704 0.89 2.24 [18]
fruits bunch
Oil palm empty ZnCl, 1571 - 2.13 [20]
fruits bunch
Tobacco stalk KOH 3177 - - [39]
Rotten carrot ZnCl, 1155 0.93 3.2 [40]
Pea skin ZnCl, 1253 0.95 3.1 [41]
N doped pea skin KOH 1828 0.97 2.1 [42]
Butnea ZnCl, 1422 0.77 2.2 [43]
monosperma
Cocoa shell ZnCl, 619 0.32 4.8 [44]
Rice husk H3PO4 298 1.19 2.5 [45]
Rice husk H3PO4 1493 1.21 3.25 [46]
Cotton stalk KOH 1964 1.03 0.88 [47]
Sago waste ZnCl, 546.6 0.30 3.3 [48]
Rubberwood - 912 0.61 2.6 [49]
sawdust
Firewood K»CO3 818 0.44 2.1 [50]
N modified oil palm  CaCl, 640.6 0.73 3.09 This work
empty-fruits
bunch

volatile matter, moisture, and ash content), activating agent type,
carbonization time, impregnation ratio, and carbonization temperature.
In other words, the different source materials and activation procedures
can produce activated carbons with a wide range of properties. Acti-
vated carbon from the same raw material but synthesized with different
activating agents will produce other surface areas. Activated carbon
with the activating agent CaCl, has a lower surface area than KOH and
ZnCl, because of the differences in its dehydrating and oxidizing effect
and molecular sizes. However, CaCl, is cheaper than ZnCly. The effi-
ciency of activation and the cost should be considered in approaches to a
practical activation process [51].

3.2. Electrochemical properties

The electrochemical performance of all samples was assessed in a
two-electrode system. CV analysis aims to determine the characteristics
of the cell and the value of the specific capacitance of supercapacitors.
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Fig. 5. CV curve of supercapacitor cells (a) all samples at 2 mV s’l, (b) ACO, (c) N-ACU1, (d) N-ACU2, (e) N-ACU3, and (f) the rate capability of all sample.

Fig. 5a shows the CV analysis for supercapacitors of modified urea doped
activated carbon (N-ACU) and non-doped activated carbon (ACO) at a
scan rate of 2 mV s~ 1. The shape of the voltammogram curve for sample
N-ACU3 has an ideal quasi-rectangle shape without redox peaks.

The excellent rectangular shape of the cyclic voltammogram shows
that the primary electricity and double layer capacitance are formed
because several ions were adsorbed on the electrode's surface with the
electrolyte's diffusion limit. Moreover, the sample curves for N-ACU1
and N-ACU2 are quasi-rectangle with peaks at the right end edge,
indicating the redox effect caused by the nitrogen functional group. The

ACO sample tends to be oblique parallelogram indicating a fast charging
and discharging process with low series resistance and significant power
supply capability [52]. The N-ACU3 curve shows the largest closed area
among all samples, indicating the highest capacitance. Fig. S5b-e shows
the CV curve at 2-10 mV s~ ! for ACO, N-ACU1, N-ACU2, and N-ACU3,
respectively.

The higher the scan rate, the greater the parallelograms nature of the
cyclic voltammogram curves for all supercapacitor cells without redox
peaks, indicating the absence of pseudocapacitive phenomena and good
performance [53]. Fig. 5f shows that the higher the scan rate, the lower
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the specific capacitance value. At low scan rates, the cyclic voltammo-
gram offers ideal capacitive behavior. However, as the scan rate in-
creases, this perfect behavior is distorted with a gradual decrease in
capacitance. This is prevalent in activated carbon materials when a drop
in specific capacitance occurs due to insufficient time for ion transport
and adsorption within the tiniest pores in big particles. Decreasing
capacitance is due to obstacles to the transfer of ions from the electrolyte
to the electrode surface; hence, all electrode pores cannot be accessed at
high scan rates [53]. Fig. 5f shows that among the several supercapacitor
cells based on ordinary and modified activated carbon, N-ACU2 cells
have the highest capability rate, namely 83%. The high specific surface
area, N-doping, and rich mesoporous structure contribute to the high
rate capability. Besides, the high specific surface area and the tremen-
dous mesoporous system can facilitate even more active sites for ion
adsorption.

Nitrogen enrichment can upgrade the electrode material's wettability
and hydrophilicity and promote ion transport [52]. According to Yuan
et al., N doping significantly increased the supercapacitor-specific
capacitance of activated carbon synthesized from biomass, specifically
tobacco stems but decreased rate capability and cycle stability. Exces-
sive doping damages the material's structure because it causes a more
disordered system affecting electron transport efficiency [39].

The GCD curve shows the voltage response of the tested super-
capacitor cells at a constant current. Cell voltage was measured as a
charge and discharge time [38], while GCD analysis for each super-
capacitor cell was carried out at consistent current densities of 1, 2, 3,
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and 4 A g71; the curve for all samples presented in Fig. 6 shows a
symmetrical triangular shape with a low voltage drop. This type of curve
is characteristic of carbon-based supercapacitor cells [18].

The voltage drop indicates a less than ideal charge/discharge pro-
cess, showing that the ions are not entirely desorbed at a given current
value. The electrolyte ions react with the electrodes, leading to equiv-
alent series resistance. A previous study reported that a low voltage drop
indicates that the supercapacitor cell has good power characteristics
[13]. The GCD curve can be used as a parameter to determine the
operating voltage, namely the appropriate working voltage for super-
capacitor cells to operate safely [12]. Based on Fig. 6, the safe voltage for
a supercapacitor cell is 0.9-1.0 V for a single cell.

Energy and power densities were quantified by Egs. (3) and (4), and
the results are presented in Table 2, which shows the highest energy
density of 19.89 Wh kg™! for N-ACU3 and 8.08 Wh kg™! for ACO.
Meanwhile, the highest power density was 1431.20 W kg™! for the N-
ACUS3 sample, and the lowest was 484.83 W kg~! for ACO. These values
show that the modification of activated carbon with N doping increases
the energy density and power due to the redox effect and the enhance-
ment in the conductivity of the nitrogenated activated carbon [54]
(Table 3).

EIS was performed to characterize the electrochemical properties of
the supercapacitor, including the electrolyte/electrode interface and
diffuse resistance; the curve obtained was represented in the Nyquist
plot. The Nyquist plot of an ideal supercapacitor cell consists of a
semicircle at high frequencies, followed by a slash (45°) at medium
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Fig. 6. GCD curve of supercapacitor cells (a) ACO, (b) N-ACU1, (c) N-ACU2, and (d) N-ACU3.
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Table 3
The performance of activated carbon-based supercapacitor.
No Sample C(Fg™h E(Whkg™ 1) P(Wkg™)
1 ACO 103.43 8.08 484.83
2 N-ACU1 141.47 11.05 795.77
3 N-ACU2 151.60 13.48 970.24
4 N-ACU3 176.76 19.89 1431.20

frequencies and a perpendicular (90°) at low frequencies. The starting
point in the semicircle represents the electrolyte resistance (R;), while
the semicircle shape represents the cell impedance affected by charge
transfer resistance (R.). At medium to low frequencies, there is oppo-
sition to ion transfer into the pores of the electrode (Ry,) [55]. EIS curves
for all experimental samples are presented in Fig. 7a, showing that
increasing the doping ratio affects electrolyte resistance. The greater the
doping ratio, the smaller the electrolyte resistance at high frequency.
Some samples showed fully and partially formed semicircular loops at
medium-high frequencies. The smaller the semicircle, the lower the
charge transfer resistance at the electrolyte/electrode interface [56] due
to the N content. Furthermore, the N content influences the wettability
of the electrode on the electrolyte and increases the conductivity.
Electrolyte and small charge transfer resistance are essential in
expanding the supercapacitor rate capability [32].

As shown in Fig. 7a, the electrolyte resistance in order was N-ACU3
< N-ACU2 < N-ACU1 < ACO, while the Ry values of each sample were
0.40, 0.55, 0.80, and 1.3 Q. Furthermore, the R values of each sample
from semicircle shape in order N-ACU2 < N-ACU3 < N-ACU1 < ACO
were 0.5, 0.8, 0.85, and 1.1 Q, while the R,, values were 0.3, 0.5, 0.4,
and 0.5 Q for N-ACU3, N-ACU2, N-ACU1, and ACO, respectively. The EIS
curve shows that the modification of activated carbon with nitrogen
doping can reduce electrolyte resistance and charge transfer. However,
the pore mass transfer resistance was relatively similar because the pore

——ACO ?

-~—N-ACU1 f
——N-ACU2
—+— N-ACU3
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sizes of ordinary and nitrogenated activated carbon were in the same
mesoporous range.

The supercapacitor durability and cyclic stability test were carried
out using a potentiostat by cyclic charge-discharge (CCD) measurement.
The charge/discharge character of the supercapacitor in the multicycle
was obtained at a particular voltage and current for the specific cycle.
Moreover, the life cycle of the supercapacitor was determined by
considering the value of coulombic efficiency (CE) and retention
capacitance (CR). CE is the discharge-to-charge capacity ratio in the
current cycle [39], while CR is the ratio between the capacitance of each
process with the initial capacitance. The CE values for ACO and N-ACU3-
based-supercapacitor were stable at 94% and 100%, respectively, while
the CR values remained at 81% and 98.7%, respectively, for 5000 cycles.
Fig. 7b shows that activated carbon modification with N doping did not
decrease the cell cycle stability at constant voltage and working current
values but had an excellent capacitive performance. A high CE also in-
dicates that the potential for side reactions at the electrode surface is
minimum [33]. The Ragone plot from Fig. 7c depicted the symmetric
supercapacitor's energy density and power density. These findings sug-
gest that activated carbon with a nitrogenated mesopore structure and
an organized pore structure could increase energy density.

Table 4 shows the comparative properties of several supercapacitor
topologies using biomass-activated carbon-based electrodes. Compared
with the previously reported electrode materials in Table 4, the capac-
itance value of this study is quite good and higher than the reference
[18], which indicates that nitrogen modification of biomass is a prom-
ising method for upgrading the supercapacitor performance.

4. Conclusions
The nitrogenated mesoporous activated carbon (N-ACU) was suc-

cessfully produced from empty fruit bunches of oil palm by hydrother-
mal carbonization and CO,, gas activation. Porosity analysis showed that
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Fig. 7. (a) Nyquist plot of all samples, (b) cyclic stability of ACO and N-ACU3 based-cell, (c) Ragone plot for all of the supercapacitor cells.
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Table 4
The electrochemical parameters of activated carbon electrodes from different
biomass/biowaste.

Biomass Electrolyte  C, (F E (Wh Stability” References
g kg /P (%)/Cycle
w
kg™
Pomelo 2 M KOH 245 14.7/90 [1]
mesocarps (0.5A
g
Oil palm empty 1 MH,S04 150 4.3/ - [18]
fruits bunch (10 173.3
mA
cm?)
N modified- 6 M KOH 179 - 84/2500 [35]
coconut shell (0.5A
gh
Tobacco stalk 6 M KOH 281 (1 6.51/ 78/10000 [39]
Ag™h 3000
Rotten carrot 1 MLiClO4 142.7 28.4/ [40]
(1 mA 89,100
cm’z)
Pea skin 1MH,S0, 192.7 7.5/ 85/5000 [41]
(1 mA 1700
cm’z)
N doped-pea 1MLIiTFSI  141.1 19.60/ 75/5000 [42]
skin (1.3A 25,400
gh
Butnea 6 M KOH 130.5 4.53/ 99/10000 [43]
monosperma (1 mA 2070
cm?)
Rice husk 1 M H,SO4 112 (1 15.5/ - [46]
Ag™h 1421
Rubberwood 1MH,S0, 138(1 2.63/ - [49]
sawdust Ag™h 291
Firewood 1MH,S0, 189 - 85/5000 [50]
(0.2A
gh
Nettle leaves EMIM BF,4 163 50/372 92/10000 [57]
(0.5A
gh
N modified-oil 6 M KOH 176.7 19.8/ 98/5000 This work
palm empty (2mV 1431.2
fruits bunch s

@ Specific capacitance at current density or scan rate.
b As capacitance retention.

all samples had a mesoporous structure ranging from 3.3-5.8 nm and a
BET surface area of 363.88-640.61 m? g™ 1. At the same time, the elec-
trochemical characterization indicated that the ratio of urea to hydro-
char impregnation affects the performance of the supercapacitor.
Furthermore, electrode-specific capacitance values for all samples were
103.43,141.47,151.60, and 176.76 F g71 at 2mV s~! for ACO, N-ACU1,
N-ACU2, and N-ACU3. In contrast, the best energy and power density
values at the current 1 A g~ were 19.89 Wh kg ! and 1431.20 W kg,
respectively, for the N-ACU3 sample. Durability tests conducted for N-
ACU3 supercapacitor by cyclic charge-discharge for 5000 cycles showed
that the coulombic efficiency and capacitance retention were close to
100% and 98.7%, respectively. Based on the results, the urea to
hydrochar impregnation ratio affects the characteristic of N-ACU and
the performance of supercapacitors. Urea nitrogenated treatment on
activated carbon can reduce the ohmic and charge transfer resistance
and maintain the supercapacitor's cell stability. The improved super-
capacitor performance indicates that the synthesis of nitrogenated
activated carbon from biomass waste can be a promising method for
producing electrode materials.
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