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OBJECTIVES In this study, we report the synthesis of a NiO-
Carbon composite using sugarcane bagasse (SB) waste. SB
underwent a two-step calcination process at 400 and 800
°C to produce the pristine carbon sample. Scanning Elec-
tron Microscopy (SEM) and adsorption-desorption isotherm
analysisindicated the presence of pore structures in the sam-
ple. METHODS NiO was added to the pristine carbon samples
using the hydrothermal impregnation method at 110 °C, re-
sulting in the formation of the NiO-carbon composite. X-ray
diffraction (XRD) pattern and Energy dispersive X-ray spec-
troscopy (EDX) confirmed the presence of NiO on the carbon
structure, with a higher loading of NiO resulting in a greater
presence of NiO in the carbon structure. RESULTS The BET
surface area increased from 11.85 to 57.81 m?/g after NiO ad-
dition, indicating changes in the pore structure. The electro-
chemical properties of the pristine carbon sample were com-
pared with those of the NiO-carbon composite samples us-
ing a three-electrode system. The specific capacitance of the
pristine carbon sample was 89.53 F/g at a current density of
0.05 A/g, while after NiO addition, it increased to 250.53 F/g at
the same current density. Calculation of the specific capaci-
tance also revealed that a higher NiO loading had a negative
impact on the electrochemical properties, suggesting an op-
timum NiO loading on the carbon structure. CONCLUSIONS
Based on all the results, an optimum NiO loading amount on
the carbon structure was identified, impacting the crystallite
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size, morphology, and electrochemical performance. This
work will add to our understanding of converting biomass
waste into carbon composite materials that can be used as
electrode materials.

KEYWORDS carbon composite; galvanostatic charge-
discharge; hydrothermal; nickel oxide; sugarcane bagasse

1. INTRODUCTION

The Industrial Revolution 4.0 created a highly dependent so-
ciety on electronic technology. The sizeable global energy
demand to fuel the world's economy drives sustainable con-
sumption of fossil fuels, leading to a decline in environmen-
tal conditions. Therefore, innovating more environmentally
friendly energy systems has become a top priority in address-
ing energy issues and global warming. In this context, super-
capacitors showed superiority over traditional energy stor-
age systems such as batteries and fuel cells, with outstanding
power density, extraordinary life cycles, fast charging and
discharging speeds, and extensive storage capacity (Shao
etal 2018; Wang et al. 2021). Carbon is a sustainable and eco-
friendly material, obtainable from various sources, including
biomass waste, making it an economical energy storage al-
ternative. It also offers a greener choice than other electrode
materials. Despite these benefits, more study is needed to
improve the electrochemical performance of carbon materi-
als in supercapacitors. Essential research areas include im-
proving synthesis methods, adjusting pore and surface struc-
tures, and exploring new precursors for activated carbon pro-
duction. Therefore, further study on carbon-based material
use for electrode materials is vital for advancing energy stor-
age technology.

There was significant research on transition metal ox-
ides (TMOs) and hydroxides due to their high theoretical ca-
pacitance, making them favored pseudocapacitive materials
for increased energy density. RuO2 stood out because of its
exceptional capacitance, impressive cut-off voltage, and re-
markable cyclic stability (Oh and Nazar 2010). However, its
high cost limits its practical application utilization. As a re-
sult, alternative materials such as NiO (Fan et al. 2012; Ge
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et al. 2012), Co304 (Li et al. 2011), and MnO, (Xu et al. 2007)
have been explored. Among these, NiO showed promise
as an electrode material due to its high theoretical capac-
itance (2573 F/g), affordability, environmental friendliness,
and physicochemical stability (Karuppaiah et al. 2019). By
combining NiO with porous carbon materials, the porous
structure of the carbon material can serve as an electron-
transport medium, facilitating electron transfer and mak-
ing the redox reaction of NiO more accessible. Thus, inte-
grating nickel oxide/hydroxide with porous carbon materi-
alsis a promising approach for pseudocapacitor applications
(Pradiprao Khedulkar et al. 2022). There were several meth-
ods to incorporate heteroatom into the carbon structure,
such as solution doping (Nugroho et al. 2022b), solid-state
(Nugroho et al. 2021), and hydrothermal methods (Askaputra
and Yuliansyah 2020; Haraki et al. 2023). The hydrothermal
method is preferred due to its simplicity and lower energy re-
quirements than other methods.

Organic residues from various sectors, particularly
biomass waste, have recently become an important research
focus as a sustainable carbon source for developing suit-
able porous carbon materials for supercapacitors. This is
due to their easy fabrication method, low production cost,
abundant availability of raw materials, and eco-friendly.
This study uses sugarcane bagasse from a local ice drink
vendor as a raw material for carbon composite. Sugarcane
bagasse is an abundant and renewable source of biomass,
particularly in areas where sugarcane is widely grown. It has
a unique structure and high cellulose (33.5%) and hemicel-
lulose content (43.6%), which result in a higher carbon yield
upon pyrolysis (Sun et al. 2004). Furthermore, carbon-based
materials made from sugarcane bagasse have a relatively
high porosity and surface area, making them appropriate for
various applications.

Various characterization techniques, including Fourier-
transform infrared spectra (FTIR), X-ray diffractometer
(XRD), Scanning Electron Microscopy Energy Dispersive
X-Ray (SEM-EDX), and nitrogen adsorption-desorption
measurements, were employed to analyze the samples and
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understand their structural and morphological properties.
Additionally, electrochemical properties were evaluated
using a three-electrode system to assess the practical
applications of the synthesized samples. This analysis helps
determine the suitability of the materials for energy storage
systems. The research presented in this study not only
addresses waste management and fossil fuel exploration
issues but also contributes to the development of environ-
mentally friendly energy storage solutions. By utilizing
agricultural waste like sugarcane bagasse, this research
aligns with the principles of the circular economy and offers
potential positive impacts on both the environment and the
energy sector.

2. RESEARCH METHODOLOGY

2.1 Materials

Materials used in this research were NaOH (CAS-No: 1310-
73-2, Merck) as the chemical activator, NiSO4.6H20 (CAS-
No: 10101-97-0, Smartlab) employed as the nickel oxide pre-
cursor, and Na2S04 (CAS-No:7757-82-6, Merck) for the elec-
trolyte. Sugarcane bagasse (SB) waste, obtained from a local
ice drink vendor, was washed three times using deionized
water to remove dirt, followed by drying in an oven at 110°C
for 12 hours. The dried SB was ground using a mortar and
passed through a 100-mesh sieve until fine SB powder was
obtained.

2.2 Synthesis procedures

Synthesis of carbon composite was done via carbonization
combined with hydrothermal impregnation process. The
schematic of the synthesis process was described in Figure
1

SB powders underwent a two-step calcination process:
precarbonization at 400°C and carbonization at 800°C. In a
typical procedure, 5 grams of SB were transferred to a cru-
cible and placed in a muffle furnace at 400°C for two hours.
The precarbonized sample (pre-C) was mixed with a 01 M
NaOH solution (mass ratio 1:4), stirred for 2 hours, and fil-
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FIGURE 1. Schematic Synthesis of NiO-Carbon composite from Sugarcane Bagasse.
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FIGURE 2. Three-Electrode Measurement Layout.

tered using a Whatman Filter paper. The remaining sample
was transferred to a crucible and underwent a carbonization
process in a tube furnace (MTI OTF-1200X, quartz size of OD
50 x ID 44 x 450 L mm), at a temperature of 800°C for one
hour under Ar gas flow. After carbonization, the sample was
washed three times with deionized water. The washed sam-
ple was then dried in a vacuum oven at 70°C for 8 hours. This
sample was designated as PC (pristine carbon sample).

In a separate process, 50 mL of NiSO4.6H20 1 M was
mixed with 50 ml of 2 M NaOH solution and stirred for 30 min-
utes. Then, the mixture was filtered to produce a green pre-
cipitate and dried in an oven at 100°C for 4 hours. The dried
solid from the oven was then calcined at 450°C for 1 hour to
produce nickel oxide. Impregnation of NiO on the carbon
structure was done by the hydrothermal method. The NiO
was dispersed in water by mixing 0.1 grams of NiO in 120 ml
of deionized water. Pristine carbon samples with amounts of
0.025 gram, 0.05 gram, and 0.1 gram (respectively referred to
as NiO-C1; NiO-C2; NiO-C3) were then added to the solution
and stirred for 30 minutes. The stirred solution was trans-
ferred to a 200 mL Teflon-lined autoclave (dimension of 2.5”
x 4.5") and underwent a hydrothermal process at 150°C for 6
hours. After hydrothermal treatment, the sample mixture so-
lution was filtered, washed with deionized water, and dried in
avacuum oven at 70°C for 8 hours.

2.3 Characterization

The crystal structure of the sample was analyzed using an X-
ray diffractometer (XRD) ranging between 10°and 80°, using
a PANalytical EMPYREAN instrument. Fourier-transform in-
frared spectra (FTIR) were acquired using a Thermo Scien-
tific iS5 instrument with a 500-4000 cm ! wavelength range.
The BET surface area and pore size distribution were deter-
mined with a Quantachrome Aswin. The morphology and
chemical composition of the elements in the sample were
obtained from Scanning Electron Microscopy Energy Disper-
sive X-Ray (SEM-EDX, Quanta FEG 450), with an accelerated

TABLE 1. Calculated Yield Data and Crystallite Size from XRD Pattern.
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voltage of 20 kV and magnifications of 1000x and 10000x.
The electrochemical performance of the synthesized mate-
rials was tested with a three-electrode system in an Auto-
lab potentiostat. An Ag/AgCl electrode and Pt wire acted as
the reference and counter electrode, respectively, and 1 M
Na2S04 was the electrolyte solution. The working electrode
was prepared according to previous research (Haraki et al.
2023; Nugroho et al. 2022a). Cyclic voltammetry (CV) and gal-
vanostatic charge-discharge (GCD) were carried out on an
AUT87662 Autolab Potentiostat at room temperature. The
system was assembled as displayed in Figure 2.

3. RESULTS AND DISCUSSION

According to the pre-PC yield calculation (Table 1), more than
60% of the mass was lost due to the breakdown of hemi-
cellulose, cellulose, and lignin at high temperatures. Hemi-
cellulose degraded between 220°C and 315°C, with the most
rapid breakdown occurring at around 270°C. Cellulose de-
composed at temperatures ranging from 315°C to 400°C,
with the peak decomposition rate occurring at approximately
350°C. Lignin breakdown occurred over a wide temperature
range of 160°C to 900°C (Dwiyaniti et al. 2020). The addition
of NiO substantially affected the yield percentage; the more
metal added, the higher the yield percentage or remaining
mass. Due to its catalytic activity in the CO, production re-
action, this effect was prevalent in the thermal treatment of
carbon employing metal oxide (Nugroho et al. 2021).

Figure 3(a) shows the XRD patterns of all the samples.
The XRD results peak at around 21.9°, corresponding to the
reflection (002) from the graphite-like carbon structure. Ad-
ditionally, a peak at 44.3°indicates the plane (101). This struc-
ture, known as a turbostratic peak, may consist of a two-
dimensional order of layers of carbon planes (Sarkar et al,
2020). In the three samples impregnated with NiO metal, ad-
ditional peaks are located at 37.3°and 43.2°, with Miller in-
dices (111) and (200), respectively. These peaks indicate the
presence of NiO in the carbon structure (Ramos et al. 2021).

Therefore, it can be concluded that NiO has been success-
fully impregnated into the carbon structure. Meanwhile, the
crystallite size of carbon in NiO-C1(0.87 nm) was the lowest,
which may have resulted in the high specific surface area.
The crystallite size of the carbon composite sample could
negatively correlate with the specific surface area and capac-
itance. Alow crystallite size can also indicate low crystallinity.
Metal oxides with low crystallinity or an amorphous struc-
ture often yield superior specific capacitance compared to
their high-crystalline particles. This phenomenon is primar-
ily due to the increased structural defects and disorder of car-
bon structure (Owusu et al. 2017).

The functional groups in all the samples were character-

Sample Ratio C: NiO Yield (%) Crystallite size (nm)
Pre-PC - 34.8

PC - 11.2 21.20
NiO-C1 1:0.25 3.4 0.87
NiO-C2 1:0.5 3.1 0.95
NiO-C3 1:1 29 3.99
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FIGURE 3. (a) XRD pattern and (b) FTIR result of carbon materials after precarbonization, carbonization, and metal oxide impregnation.

ized by FTIR, as shown in Figure 3(b). In the Pre-PC sam-
ple (precarbonized only), the spectrum peaks were more
prominent, indicating that most of the functional groups in
the sample were still clearly detectable. This occurred be-
cause the Pre-PC sample was subjected to alow-temperature
treatment of 400°C, and its components had not fully de-
composed. Subsequently, during the carbonization pro-
cess at 800°C, the complex organic structure broke down,
and volatile components evaporated, causing the spectrum
peaks to become flat or nearly imperceptible for the PC and
NiO carbon composite. The O-H functional group, found in
cellulose and hemicellulose, was also identified in this pro-
cess. The presence of a fairly dominant O-H functional group
is usually associated with O-H bonds in phenol, which are
commonly found in carbon materials (Danish et al. 2018).
None of the NiO carbon composites exhibited the NiO stretch
peak. Several factors could have contributed to this occur-
rence, such as not all bonds and active functional groups
being responsive to IR. More specifically, FTIR detects vibra-

tions between bonds. NiO has a simple and ionic lattice struc-
ture, and ionic bonds might not produce strong absorption
peaks in FTIR at wavelengths greater than 500 cm™ (Rahdar
etal. 2015).

SEM and EDX were used to characterize the morphology
of the samples. As depicted in Figure 4, pore structures were
observed in all samples after carbonization and NiO impreg-
nation. A previous study also indicated that the SEM image of
pre-carbonized SB samples contained few pores (Adinaveen
et al. 2013). The pore formation was likely a result of the hy-
drogen gas generated from NaOH during the carbonization
process (Hassan and Youssef 2014). In Figures 4(g) and (h),
NiO-C2 and NiO-C3 show a uniform distribution of particles
in the pores, corresponding to NiO particles. The EDX results
provided further characterization (Figure 4(i-1)), indicating
component mapping in the carbon samples. The PC sample
only showed C at 98.8% and Na at 1.2%. Due to the numerous
and deep cavities of the pores in the pristine carbon, some
Naremained trapped within the sample and could not be eas-

FIGURE 4. (SEM images of (a) PC 1000x, (b) NiO-C1 1000x, (c) NiO-C2 1000x, (d) NiO-C3 1000x, (e) PC 10000x, (f) NiO-C1 10000x, (g) NiO-C2 10000, and (h)
NiO-C3 10000x. EDX images of (i) PC, (j) NiO-C1, (k) NiO-C2, and (1) NiO-C3 impregnation.
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FIGURE 5. (Nitrogen adsorption-desorption isotherm of (a) PC and (b) NiO-C1 1000x. The inset figures shows the pore distribution of the sample.

ily washed out. In the NiO-C3 and NiO-C2 samples (Figure
4(k) and (1)), it was evident that NiO was present, confirm-
ing the success of the impregnation process. The green color
indicated that the NiO particles were uniformly distributed
in the samples. However, some unwanted impurities were
still present in the carbon composite, such as Si and S. Si in
the EDX spectrum could be attributed to the natural composi-
tion of bagasse, which is known to contain silica (SiO,) (Chin-
daprasirt and Rattanasak 2020; Khotseng et al. 2022). As for
the S, it may have been absorbed from the soil during sugar-
cane growth and found in various organic forms within plant
tissues (Prasad and Shivay 2018).

The specific surface areas of PC and NiO-carbon com-
posites were further determined by nitrogen adsorption-
desorption measurements. Figure 5(a) shows that the
adsorption-desorption isotherm follows type II of a macro-
porous structure with a BET surface area of 11.85 m,/g. The
inset of Figure 5(a) also supports the claim that the carbon

=

100 mVi/s

0.0 02 04
Potential (V vs Ag/AgCl)

-0.2 0.6 0.

Jnioc2

——5m\V/s
—— 10m\V/s
——20m\/s
——350mVis
— 100 mV/s

050 025 000 025

Potential (V vs Ag/AgCl)

particles consist of macropores with a diameter of 314.79 nm
and a pore volume of 0.03606 cc/g. After the addition of
NiO (NiO-C1), the BET surface area increases to 57.81 m?/g.
The isotherm curve (Figure 5(b)) shows hysteresis, indicat-
ing an increase in pore volume (0124 cc/g). The pore size
also increases to 404.25 nm. The results of the adsorption-
desorption isotherm align well with the morphological struc-
ture from the SEM image.

Electrochemical testing was carried out using the CV test
for all sample variations. The CV test for PC was conducted
in the potential window of -0.3 to 0.7 V, while for PC/Ni0, it
was performed in the potential window of -0.7 to 0.3 V, with
varying scan rates at 5 mV/s, 10 mV/s, 20 mV/s, 50 mV/s,
and 100 mvV/s. The results of the CV test can be seen in
Figure 5. The CV curve for PC closely matched the desired
shape, resembling a rectangle. In an ideal state, this rect-
angular shape indicates that the supercapacitor possesses
pure capacitive characteristics, meaning that the charging
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FIGURE 6. CV curves of (a) PC (b) NiO-C1 (c) NiO-C2 (d) NiO-C3 at various scan rate of 5-100 mV/s.
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and discharging processes occur without any chemical reac-
tions altering the material’'s form or structure. This rectan-
gular shape should remain consistent during charging and
discharging, meaning the CV curve must be symmetrical and
show corresponding charging and discharging times. An
EDLC (Electric Double-Layer Capacitor) can operate at high
charge transfer speeds, as observed from the rectangular
shape of the CV curve remaining intact even when the scan
rateis increased (Xiong et al. 2021). However, when nickel ox-
ide was added significantly (1:0.5 for NiO-C2; 111 for NiO-C3),
the shape of the CV curve changed, and a peak appeared. This
peak signified the presence of pseudocapacitive behavior, in-
dicating that specific chemical reactions altered the mate-
rial’s structure or form during the charging and discharging
processes. This peak appeared at a specific voltage value
when the chemical reaction occurred. However, in NiO-C1,
the peak indicating pseudocapacitive behavior was not visi-

TABLE 2. Specific capacitance of carbon samples.

[ NiO-C1] ——0.05A/g
030 ——0.1A/g
—0.2A/g
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ble. This may have occurred because the proportion of NiO in
the sample was possibly too low to show the peak. The pseu-
docapacitive behavior of NiO might have been overshadowed
by the capacitive behavior of carbon, which displayed the typ-
ical rectangular CV curve of an EDLC.

If we compare the results of PC with NiO-C1, adding a
metal oxide into the composite electrode could help increase
capacitance (as observed from the curve area). However,
adding an excessive amount of metal oxide could reduce ca-
pacitance. Metal oxides tend to have lower electrical conduc-
tivity compared to carbon materials. So, if the quantity of
metal oxide in the composite was too high, it may have slowed
down electron transfer within the electrode, thereby limiting
the supercapacitor’'s power performance. The excessive ad-
dition of metal oxide could have also affected the electrode’s
pore structure and surface area. This might have reduced
electrolyte ion access to the electrode surface and decreased

Sample Current Density (A/g) Specific Capacitance (F/g)
0.05 89.53
PC 0.1 20.93
0.2 13.50
0.05 250.53
NiO-C1 0.1 384.57
0.2 51.39
0.05 31.00
NiO-C2 0.1 15.99
0.2 8.65
0.05 23.02
NiO-C3 0.1 8.98
0.2 3.48
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double-layer capacitance (Zhang and Zhao 2009). All sam-
ple variations showed a decreasing curve area as the scan
rate increased. The scan rate in CV measurements signifi-
cantly impacted the specific capacitance value measured. At
higher scanrates, electrolyte ions did not penetrate as deeply
into the active electrode material's inner surface, as they had
less time to permeate into the pores of the electrode material
(Javed et al. 2016).

The GCD curves are depicted in Figure 6. The GCD curve
for an EDLC should ideally form a perfectly symmetrical tri-
angle that reflects consistent capacitance during the charg-
ing and discharging cycles. However, for the pristine carbon
sample, the GCD curve shows an asymmetrical triangle. This
non-ideality may be due to the relatively high internal resis-
tance of the electrode or the electrochemical cell. This re-
sistance could slow the charging and discharging processes
and create curvature in the GCD curve (Andreas and Conway
2006). Another possibility is the presence of impurities or
other components in the sample that behave pseudocapac-
itively. These materials could interact with electrolyte ions
and cause redox reactions that affect the GCD curve. Mean-
while, NiO carbon samples show a GCD curve that is a combi-
nation of EDLC and pseudocapacitance. This can be observed
from the curve’s shape, which forms a triangle with curva-
ture, increasing the area of the triangle and resulting in a
longer discharge time (Sannasi and Subbian 2020). The pres-
ence of curvature indicates the occurrence of redox reactions
in the electrochemical system.

The calculation results of the specific capacitance values
for all samples are displayed in Table 2. The increase in spe-
cific capacitance values after adding NiO is associated with
the combined effect of the metal oxide and the carbon-based
material.

Nickel oxide, with its high theoretical capacitance, enters
the pores of the carbon material, providing more active sites
for redox reactions on the material. NiO can react reversibly
in the electrochemical process, thereby enhancing the elec-
trochemical performance of the material. Generally, the NiO-
Clmaterial shows the highest specific capacitance results. A
ratio of 1:0.25 is the most optimal. Adding more NiO (in ra-
tios of 1:0.5 and 1:1) might disrupt the pore structure or lead
to excessive accumulation of NiO, reducing the number of
available active sites. Adding NiO in large amounts might dis-
rupt the redox process, for example, by limiting ion diffusion
through the material or causing aggregation of NiO particles,
which could decrease the capacitance.

The electrode material may not be fully charged because
the electrolyte ions need more time to diffuse into the ma-
terial at a high current density. Therefore, only some active
sites participate in the charge-discharge process (Hou et al.
2021). However, different results were obtained in the NiO-
C1sample, where the capacitance at 01 A/g is higher than at
0.05 A/g. If the electrode material contains many pores that
can be quickly filled and emptied, the capacitance at higher
current density might be larger. Ata current density of 01A/g,
there might be a proper balance between adequate time for
ions to diffuse into the pores and a high enough redox reac-
tion rate to provide a significant pseudocapacitive contribu-
tion. On the other hand, redox reactions contribute less at a
current density of 0.05 A/g, while at 0.2 A/g, the diffusion time
istoo shortto allowions toreach all active sites within the ma-
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terial.

4. CONCLUSIONS

The transformation of sugarcane bagasse into carbon ma-
terials using pre-carbonization and carbonization methods
with NaOH has been successful, resulting in the formation of
carbon composite structure. XRD analysis confirms the suc-
cessful addition of nickel oxide (NiO) to the activated carbon.
The CV and GCD curves indicate that the impregnated sam-
ples exhibit pseudocapacitive properties, suggesting their
potential for energy storage applications. The specific capac-
itance of the pristine carbon sample was 89.53 F/g at a current
density of 0.05 A/g, while after NiO addition, it increased to
250.53 F/g at the same current density. At higher current den-
sity of 0.1 A/g, the specific capacitance of the NiO-C1 sample,
which was impregnated with NiO, was found to be 384.57 F/g.
This result indicates an increase in specific capacitance com-
pared to the sample without NiO impregnation. These find-
ings demonstrate the effectiveness of incorporating NiO into
the activated carbon for enhancing its energy storage capa-
bilities. This study highlights the promising potential of utiliz-
ing agricultural waste, such as sugarcane bagasse, to develop
carbon-based materials for energy storage devices. It em-
phasizes the importance of proper material selection and op-
timization to achieve improved performance in energy stor-
age applications.
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