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Abstract

Activated carbon is synthesized from sugarcane bagasse (SB) through a pre-carbonization
process in a muffle furnace at 400 °C, followed by carbonization and activation using the
pyrolysis method at 800 °C. In the activation process, pre-carbonized SB is activated using
0.1 M NaOH. The activated carbon is then impregnated with cobalt oxide (CoO) using a
hydrothermal method at 110 °C to improve its electrochemical performance. After impreg-
nation, the presence of CoO is confirmed by X-ray diffraction patterns. Scanning electron
microscopy suggests that the samples' morphology shows pore structures. Electrochemical
properties are measured by cyclic voltammetry and galvanostatic charging-discharging
techniques using a three-electrode system with 1 M Na;SO4 as an electrolyte. It is found that
the specific capacitance of activated carbon from SB is 89.53 F/g, while after impregnation
with CoO, it increases to 102.04 F/g at the same current density of 0.05 A/g.

Keywords
Biomass; sugar industry byproduct; activated carbon production; cobalt oxide
impregnation; specific capacitance

Introduction

Along with population growth that increases every year, there is an increase in energy demand
that seriously affects the environment. Therefore, some alternative storage devices that are
environmentally friendly are highly needed to overcome energy problems and global warming. In
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recent years, the transition to alternatives has become the focus of researchers to realize energy
storage devices that are cheap, have large capacities, and can be used for a long time. Such energy
storage devices are batteries, capacitors, or those that involve hydrogen, magnetic, and pump
energy storage [1].

In this context, supercapacitors are part of a promising technology for preserving electrical energy
because of their advantages, such as a large power density, long life cycle, and good reversibility
properties. Aside from those advantages, supercapacitors have potential applications in hybrid
vehicles, electronic devices, and renewable energy-based smart grid management. Today, supercapa-
citors act as energy storage devices that bridge gaps such as cell voltage and specific power between
batteries and conventional capacitors. Supercapacitors differ from ordinary conventional capacitors/
/batteries in their ability to store energy. Supercapacitors are energy storage devices that can be
charged almost instantly and release energy over time. Also, they can be charged multiple times with
minimal degradation in performance. Although having a fast charge-discharge, the supercapacitor's
energy density is low due to the limited charge time due to the surface of the electrode material used.
This makes it necessary to increase the specific capacitance and potential window, which is done by
choosing electrode materials with high capacitance. One of the electrodes commonly used to improve
the performance of supercapacitors is made from carbon-based materials [2-4].

Activated carbon (AC) is a porous carbon material with a large specific surface area and is applied
in various fields, such as adsorption and catalysis, where it produces high-value products. AC can be
obtained from biomass, usually composed of three main components: cellulose, hemicellulose, and
lignin. Materials with a greater lignin content will produce AC with a macroporous structure, while
materials with higher cellulose content will produce AC with a predominantly microporous structure
[5,6]. Sugarcane bagasse (SB) is one of the biomasses that has the potential because bagasse waste
has a cellulose content of 43.6 %, lignin of 18.1 % and hemicellulose of 33.5 % [7].

To improve capacitive properties, AC has been frequently applied in the form of composites with
transition metal oxides, which, by fast redox reaction, contribute to pseudocapacitive properties of
electrode material. The synthesized metal oxides, including NiO, ZnO, Mn,03, and CuCo,0,, are
frequently utilized as electrode materials for pseudocapacitors due to their high theoretical
capacitance [8]. However, one of the main challenges is their relatively short cycle life. To address this
issue, one approach is to convert the material into a nanostructure. This modification can increase the
active surface area and stability of the material, thus improving the cycle life and overall performance
of the pseudocapacitor [9,10]. However, it has low performance on high current rate density.

Among transition metal oxides, cobalt (II) oxide (CoO) has been selected because of its high
conductivity, which promotes efficient electron transfer and ensures consistent redox reactions.
Furthermore, CoO exhibits outstanding electrochemical activity, leading to high specific capacitance
and effective energy storage. Its fast and reversible redox reaction capacity makes it an ideal choice
for applications requiring rapid energy storage and release [11,12]. Therefore, CoO is quite
interesting for further investigations. It has been declared a promising electrode for supercapacitors
due to its low-cost environmental footprint and high theoretical capacitance (3560 F/g). CoO shows
good electrical conductivity and the ability to store the charge of ions during the electrochemical
process, which would affect the electrochemical performance of the supercapacitor [13].

In this study, SB is pre-carbonized, activated using chemical activation, and impregnated by
different amounts of the synthesized CoO. Thus, obtained SB-based samples are tested for their
surface and electrochemical properties.

706 () er |



K. Y. Siburian et al. J. Electrochem. Sci. Eng. 14(6) (2024) 705-717

Experimental

Materials

SB was obtained from one of the sugarcane drink stalls in Jakarta, washed with water to remove
impurities, and then dried in an oven at 110 °C for 12 hours to remove water content. NaOH used
for SB activation was obtained from Merck CAS-No: 1310-73-2. CoS04-7H,0 from PT Smart LAB
Indonesia CAS: 10026-24-1 was used as a precursor for preparing CoO, while Na,SOs for electrolyte
is obtained from Fischer Chemical CAS: 7757-82-6.

Experimental methods

The synthesis of AC from SB was carried out using three main processes: pre-carbonization by
pyrolysis method, chemical activation using NaOH, and impregnation with cobalt oxide using the
hydrothermal method. Chemical activation is preferred over physical activation because it can achieve
greater yields at lower temperatures, create distinct pore structures and shorten reaction times [14].

Preparation of activated carbon

Dried SB samples were mashed and filtered using a 100-mesh sieve. In the pre-carbonization
process, 5.6 g of SB was transferred into a crucible and put into a furnace at 400 °C for 2 hours to
produce pyrochar. This sample was defined as LAT-Pre. After pre-carbonization, 1 g of pyrochar was
activated with 0.1 M NaOH solution and stirred for 2 hours. Then, the sample was filtered, put into
crucibles for carbonization and entered in a tube furnace at 800 °C for 1 hour in an Ar gas flow. After
carbonization, the AC sample was cooled to room temperature and washed with deionized (DDI)
water until pH was close to neutral. The washed sample was dried in a vacuum oven at 70 °C for 8 h.
This sample was defined as LAT-AC.

Synthesis of cobalt oxide

Cobalt(ll) oxide (CoO) was synthesized by preparing 1 M solution of CoSO,-7H,0 by dissolving
281.14 g of CoSO,4-7H,0 in 1 L of deionized water (DDI) and stirring the mixture for 20 minutes. After
that, 40 mL of 2 M NaOH solution was poured slowly into 40 mL of prepared CoSQO,4-7H,0 solution
and stirred for 30 minutes until it produced a blue precipitate. Then, the solution was filtered and
dried at 100 °C for 4 hours and calcined at 300 °C for 1 hour to produce CoO.

Impregnation of cobalt oxide into activated carbon

The impregnation of CoO into AC was carried out by the hydrothermal method. A solution was
prepared by mixing 0.1 g of AC in 120 mL of DDI water, subsequent addition of CoO (0.1, 0.05 and
0.025 g) (sequentially called LAT-AC-CoO-1; LAT-AC-Co0-05; LAT-AC-Co0-025) into the solution, and
stirring for 30 minutes. Then, the final solution was put into a 200 mL Teflon-lined hydrothermal
autoclave and heated in an oven at 1109C for 6 hours. After the hydrothermal process, the AC/CoO
material was filtered and washed until neutral pH was attained, and then it was finally dried in a
vacuum oven at 70 °C for 8 hours.

Characterizations

The functional groups of the prepared SB-based samples were analyzed using FTIR Thermo
Scientific iS 5 with a 500 to 4000 cm™ wavelength range. Raman analysis was used to accurately
determine the degree of carbonization. XRD was used to characterize the crystal structure of the
samples at a diffraction pattern of 10 to 80° with a PANalytical instrument with CuKa radiation. The
morphological structure of the sample surfaces was characterized using SEM (accelerated voltage of
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20 kV) with magnifications of 10000x. Meanwhile, EDX was used to analyze the elements composition
in each sample.

Working electrode preparation

The working electrode, i.e., the modified glassy carbon electrode, was prepared using the drop-
casting method. First, a cast ink was prepared by mixing 1.6 mg of each sample (LAT-PRE, LAT-AC
and LAT-AC-CoO) with 0.5 mL of isopropanol in a glass vial. The mixture was sonicated for 30 minutes
to ensure homogeneity. Separately, the glassy carbon electrode was sonicated for 30 minutes, dried,
and polished using specialized sandpaper from Metrohm to clean its surface. Subsequently, 6 uL of
the prepared ink was drop-cast onto the cleaned glassy carbon with an area of 7.065 mm? using a
micropipette. After drying, 3 pL of Nafion solution was drop-cast onto the surface.

Electrochemical measurements

For the electrochemical testing, Ag/AgCl was used as the reference electrode, which served as a
stable reference point for measuring the potential of the working electrode. A Pt wire was used as
the counter electrode to facilitate the current flow necessary for the electrochemical reaction to
occur on the glassy carbon as the working electrode where the redox reaction occurs. These three
electrodes were assembled in a three-electrode system within a beaker containing 1 M NaxSO4 as
the electrolyte [15].

Results and discussion

Table 1 presents the chemical compositions of all prepared SB-based (LAT-Pre, LAT-AC and LAT-AC-
CoO) samples and the carbon yield after SB treatment using the pre-carbonization method, chemical
activation, and impregnation steps. The LAT-Pre sample is a sample before the activation process,
while LAT-AC is a sample obtained after the activation process using NaOH. The carbon yield obtained
from the LAT-Pre sample is only 34.2 %. The low yield is due to heat treatment at 400 °C, which causes
the decomposition of chemical components within the temperature range of 240 to 400 °C [16,17].
The yield calculation considers only the carbon content without including the weight of the activators
such as NaOH or CoO. This approach leads to a lower reported yield percentage since the contribution
of additional compounds used in the activation process is excluded.

Table 1. Carbon yield for SB samples after pre-carbonization, activation and impregnation

Sample Composition (AC : CoO weight ratio) Yield, %
LAT-Pre - 34.2
LAT-AC - 10.5
LAT-AC-Co0-025 1:0.25 1.7
LAT-AC-Co0-05 1:0.5 1.7
LAT-AC-Co0-1 1:1 1.9

After activation, the yield drastically decreases to 10.5 %, as presented in Table 1. The
decomposition of the acid group causes a low yield after activation at a temperature range of 100
to 650 °C. After the activation process, the carbon formed has only organic functional groups [18].
After CoO addition, a further decrease in carbon yield from the previous AC sample is observed. The
low carbon yield after CoO addition could be due to the water and gas content from raw materials.
After the hydrothermal process was completed, the sample experienced a significant decrease in
mass because of the release of water and gas content.

Based on the FTIR results shown in Figure 1(a), SB samples have O-H functional groups in the
range of 3334 cm™ before pre-carbonization. In addition, there are functional groups C-H, C=C, C=0
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and C-0. The presence of functional groups on the LAT-Pre sample shows that this sample has the
potential to activate carbon [19]. All carbon functional groups disappeared during the activation and
impregnation process. The high-temperature condition at 800 °C causes the sample to decompose
and makes the organic structure of SB split. Additionally, after the impregnation process, the FTIR
test results in a peak in the range of 559 cm™, which indicates a peak of CoO [20].
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Figure 1. (a) FTIR spectra of SB-based samples, including the sample before carbonization (LAT-Pre); (b) XRD
results of activated carbon (LAT-AC), impregnated carbon (LAT-AC-Co0), and CoO samples

In the XRD analysis in Figure 1(b), the peak from LAT-AC at 21.92° corresponds to the reflection
(002), a graphite-like carbon structure. These (002) reflections indicate that the structure of AC is
almost like graphite [21]. Besides that, a peak at 44.26° indicates a two-dimensional (101), usually
owned by AC materials [22]. In addition, the peak from LAT-AC-CoO samples is in the 36.8 to 44.65°
range with reflection due to the (111) plane of CoO, which proves the formation of only Co?* ions,
without the formation of Co3*. It differs from the XRD result of CoO in Figure 1(b), which shows an
amorphous nature, indicated by broad and uneven peaks. These peaks can be assigned to the
amorphous structure, which formed due to the synthesis process using precipitation without further
calcination prior to embedding in carbon LAT. The result indicates that during the hydrothermal
process, no oxidation reaction of Co?* to Co3* is present [23].

The results of crystal size calculations for all samples are referred to in Table 2. Obviously, the
carbon crystal size of 21.20 nm for LAT-AC is larger than for the other samples. After CoO impreg-
nation, crystallite sizes became smaller (3.97 and 1.59 nm), which influences the specific capacitance
of the material. Material with low crystallite size is beneficial in increasing specific capacitance [24].

Table 2. Crystallite size of all SB-based samples and synthesized CoO

Sample 20/° FWHM Compound Crystallite size, nm
CoO 19.0 1.9201 CoO 0.08
LAT-AC 21.9 0.3816 Carbon 21.20
223 2.0352 Carbon 3.97
LAT-AC-C00-025 44.6 1.0176 CoO 8.44
22.9 5.0880 Carbon 1.59
LAT-AC-Co0-05 44.6 1.0176 CoO 8.01
18.9 0.7632 Carbon 10.55
LAT-AC-Co0-1 36.8 0.5732 CoO 14.62

After the pre-carbonization and calcination process, the carbon structure showed similarity, as
indicated by the yellow peaks in the Raman spectra shown in Figure 2. After the addition of Co, there
is evidence of the rearrangement in the carbon structure towards a more disordered state, as
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observed by the increase in the D band intensity and Ip/lg ratio. This rise in the D band and /p//s ratio
signifies increased structural defects or disorder within the carbon matrix.
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Figure 2. Raman analysis of (a) LAT-Pre, (b) LAT-AC, (c) LAT-AC-Co0-025, (d) LAT-AC-Co0O-05,
(e) LAT-AC-CoO-1 samples

D

As the Co content increases, the yellow peak gradually decreases, which suggests the vibrational
mode’s transformation in the carbon structure, such as changes in bonding due to doping or
incorporation of cobalt. This decline indicates that higher Co content reduces ordered carbon regions,
pointing to a more pronounced disruption or alteration in the carbon framework [25].

SEM analysis of each SB-based sample is shown in Figure 3. Figure 3(a) of the AC sample demon-
strates that pores are formed uniformly after activation. These results are similar to previous studies
on using SB for activated carbon preparation [26,27]. Next, Figures 3(b) and (c) of CoO-impregnated
samples show small particles attached to the pore surfaces. These tiny particles are CoO that stick
to the surface of AC after the impregnation process. Adding more CoO ratios will cover some sides
of the pores that have already been opened, as can be seen in the SEM image in Figure 3(d).

From the results of the EDX analysis shown in Table 3, the components contained in LAT-AC are
mostly C, which is 98.8 wt.%, and Na, which is 1.2 wt.%. For AC samples impregnated with CoO at
different ratios, it was found that there are C and O components that are commonly owned by AC.
In CoO-impregnated samples with the smallest ratio of 0.25, the CoO component was not detected
in the EDX results. The result contradicted the FTIR result. We believe the CoO is placed within the
pores and shown as small particles in the SEM images. However, EDX could not detect the content
of CoO due to its tiny amount. The EDX images of all SB-based samples are shown in Figure 4.
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Figure 3. SEM images of (a) LAT-AC, (b) LAT-AC-Co0-025, (c) LAT-AC-Co0O-05, a

'

nd (d) LAT-AC-CoO-1 samples

Table 3. Chemical composition of AC and AC impregnated by CoO samples obtained by EDX analysis

LAT-AC LAT-AC-Co0-025 LAT-AC-Co0O-05 LAT-AC-Co0O-1
Component
Content, wt.%

C 98.79 76.20 96.56 70.07

0 - 23.80 - 12.40
CoO - - 2.79 17.53

Na 1.21 - 0.65 -
Total 100.00 100.00 100.00 100.00

Al o o ccron]

7 [ ey Blofe e _
Figure 4. EDX images of (a) LAT-AC (b) LAT-AC-Co0-025 (c) LAT-AC-Co0-05 (d) LAT-AC-CoO-1 samples

The other two samples impregnated with CoO showed an even distribution of CoO. The presence
of Na element (<1.2 %) originates probably from NaOH during activation. The opening of pores during
activation makes Na enter and be trapped in the pore cavity. It seems that during the sample washing
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process, Na is trapped and stays in AC pores. Based on the results of the SEM-EDX, it can be concluded
that adding CoO to AC will affect the pore structure that has been formed and close ion access,
affecting the performance of AC/CoO material as a supercapacitor electrode.

Figure 5 presents cyclic voltammograms (CVs) of each SB-based sample. CVs were performed
within the potential window of -0.3 to 0.7 V vs. Ag/AgCl at various scan rates of 5 - 100 mV/s. The
results in Figure 5a indicate that the CV curves from the LAT-Pre sample are still far from the EDLC
mechanism. Next, the CV shapes of the LAT-AC sample shown in Figure 5b are almost like the EDLC
mechanism, meaning no charge transfer occurs on the electrode-electrolyte surface during the
charge-discharge process. The mechanism that occurs in EDLC storage involves the process of
adsorption or desorption of ions from the electrolyte through an electrical double-layer structure
on AC electrodes [28]. For LAT-AC samples impregnated with CoO, the CV curves in Figures 5c to 5e
changed from square to irregular due to redox reactions between CoO and ions in the electrolyte.
This characteristic corresponds to the mechanism of pseudocapacitors that can store charge
through faradaic and EDLC surfaces at the same time [29].
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Figure 5. CV curves at different potential scan rates of (a) LAT-Pre (b) LAT-AC (c) LAT-AC-025 (d) LAT-AC-
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Figure 6 shows the results of complete galvanostatic charging-discharging (GCD) tests for all SB-
based samples at various current densities of 0.05 - 0.2 A/g. Briefly, the GCD curves of all samples
show a triangle form that shows charge and discharge cycles. However, the graph of the GCD displayed
forms a less-than-perfect triangle due to curvatures due to long charge and discharge time. The
curvature formed in this GCD test is probably due to a reaction in AC impregnated with CoO and
electrolyte ions, making the triangle area more expansive and the discharge time longer [30].
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Figure 6. GCD curves of (a) LAT-Pre, (b) LAT-AC, (c) LAT-AC-025, (d) LAT-AC-Co0-05 and (e) LAT-AC-CoO-1
electrode

According to Figure 6(a), the readings for LAT-Pre samples can only be done at current densities
of 0.1 A/g and 0.2 A/g, suggesting this material's very low storing charge ability. A minimal specific
capacitance value of 0.77 F/g was obtained at the current density of 0.1 A/g. However, the GCD
curves for the AC sample presented in Figure 7(b) showed a certain possibility of storing charge.
After the activation process, the specific capacitance of LAT-AC increased to 89.53 F/g at a current
density of 0.05 A/g. This value indicates that the process of opening pores has been carried out
successfully to increase the specific capacitance of the material. The most considerable specific
capacitance value of 102.04 F/g was obtained after the impregnation of AC with CoO in the ratio of
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1:0.25. It is obvious that adding an excess of metal oxide cannot additionally increase specific
capacitance. However, it can disrupt the redox process, limiting ion diffusion and reducing the
capacitance [31]. While CoO has a high theoretical specific capacitance due to its pseudocapacitive
properties, an excess amount can lead to inefficient utilization of its pseudocapacitive behavior. This
inefficiency arises because only the surface of CoO is involved in fast redox reactions, and the bulk
may remain electrochemically inactive if not properly distributed [32].

The complete results of specific capacitance calculations from GCD tests for all SB-based samples
are presented in Table 4.

Table 4. Specific capacitance values of SB-based samples obtained by GCD tests

Sample Current density, A/g Specific capacitance, F/g

0.10 0.77
LAT-Pre 0.20 0.50
0.05 89.53

LAT-AC 0.10 20.93
0.20 13.50

0.05 102.04

LAT-AC-Co0-025 0.10 57.71
0.20 28.30

0.05 18.79
LAT-AC-Co0O-05 0.10 8.42
0.20 5.20

0.05 25.99

LAT-AC-CoO-1 0.10 15.41
0.20 7.70

The comparison of CVs at 5 mV/s and GCD results at 0.05 A/g for various samples is presented in
Figure 7. Figure 7(a) shows that the highest current values are obtained for the AC/Co0-0.25 sample,
suggesting the highest capacitances. The same is observed in Figure 7(b), which clearly
demonstrates that LAT-AC impregnated with CoO in a smaller ratio (LAT-AC-0.25) shows a larger
triangular area than all other samples. This larger triangular area means an increase in the specific
capacitance value of the sample.
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Figure 7. Comparison of (a) CV curves at 5 mV/s and (b) GCD curves at 0.05 A/q for all SB-based samples

Conclusions

Electrochemical results in this study showed that the specific capacitance of SB-based activated
carbon impregnated with CoO is smaller than that of previous studies that used SB as a basis for
activated carbon synthesis. However, this study has proven that SB can generally be used as a base
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for manufacturing activated carbon, and the addition of CoO can be successfully carried out. These
are evidenced by a Co-O functional group from the FTIR test and the appearance of a peak due to
CoO from the XRD test. From the CV and GCD test results, it can be concluded that adding a small
amount of CoO (LAT-AC-Co0-025 sample) can improve the electrochemical performance of the
corresponding electrode compared to other electrodes. GCD results showed that for this electrode,
the largest specific capacitance of 102.04 F/g at 0.05 A/g is obtained, compared to the activated
carbon (LAT-AC sample) that showed 80.53 F/g. Other CoO-impregnated SB-based AC electrodes
(LAT-AC-Co0-0.5 and LAT-AC-Co0O-1 samples) showed lower specific capacitance values due to less
efficient utilization of sites within the material bulk.
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