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A B S T R A C T

Activated carbon plays a crucial role in enhancing supercapacitor performance by optimizing parameters such as 
surface area, pore structure, and morphology. This study investigates activated carbon derived from Manihot 
esculenta tubers, which offers a promising, sponge-like porous morphology suitable for supercapacitor electrodes. 
Activated carbon derived from Manihot esculenta tubers was synthesized utilizing chemical activation with 
varying concentrations of potassium hydroxide (KOH) as the activator 0 M (C-S0), 1 M (AC-S1M), 2 M (AC-S2M), 
and 4 M (AC-S4M). The AC-S4M sample variant achieved the highest surface area (471.645 m2g− 1) and total 
volume (0.253 cm3g− 1). Electrochemical characterization using symmetric coin cell supercapacitors demon
strated excellent specific capacitance of 146.570 Fg− 1 at 0.1 Ag− 1 in a 6 M KOH aqueous electrolyte. Notably, the 
highest energy density of 15.525 Whkg− 1 at a power density of 174.660 Wkg− 1 was achieved. These results 
underscore the potential of Manihot esculenta tubers-derived activated carbon as a sustainable, high-performance 
electrode material, advancing environmentally friendly energy storage technologies, which remain interesting 
for further studies.

1. Introduction

Supercapacitors are innovative technologies developed as energy 
storage devices that surpass conventional capacitors. According to 
Market Research Consulting, the demand for supercapacitors in the 
global market will continue to increase from 2019 to 2030 (Lasrado 
et al., 2021). The advantages of supercapacitors as energy storage de
vices include high power density (2–5 kWkg− 1), high stability, fast 
recharge time, and long cycle life (Baig and Gul, 2021; Kalu-Uka et al., 
2022). The limited energy density of supercapacitors hinders their 

widespread adoption in electric vehicles and electronic devices. Thus, 
efforts must be made to raise energy density to preserve the cycle life 
and performance of power densities. Increased specific capacitance 
leads to increased energy density.

One effective strategy to improve the electrochemical performance 
of supercapacitors is to use active electrode materials with high elec
trical conductivity and large surface area (Borenstein et al., 2017). 
Various active materials that are often used for supercapacitor elec
trodes include metal oxides, metal–organic frameworks (MOFs), 
covalent-organic frameworks (COFs), conductive polymers, and 
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activated carbon (Adoor et al., 2024; Adoor et al., 2023; Agadi et al., 
2024; Pramitha et al., 2024; Pramitha et al., 2023). Compared with 
other materials, such as metal oxides (such as Mn3O4 and Co3O4), MOFs, 
COFs, and conductive polymers, activated carbon offers a wider pore 
size range that supports ion accommodation and enables efficient ion 
diffusion. The interconnected pore structure further contributes to 
substantial energy storage capacity and superior energy and power 
densities. In activated carbon-based electric double-layer capacitors 
(EDLCs), charging is initiated by depositing negative and positive elec
trolyte ions on the cathode and anode under an applied voltage (Intan 
Subadra et al., 2019). During discharge, the ions become randomly 
oriented, and the electrodes are left uncharged. The electrochemical 
performance of EDLC is greatly influenced by the raw material of acti
vated carbon, activated carbon derived from biomass materials has the 
advantages of being abundantly available, cost-effective, and easy to 
synthesize (Ghosh et al., 2019).

Based on data from 2014 to 2018, the demand for imported activated 
carbon in Indonesia reached 10,630 tons per year, with a compound 
annual growth rate of 1.5 %. Import activities were necessary to fulfill 
the demand for activated carbon in Indonesia, as local sources proved 
inadequate. Based on President Decree No. 29 of 2018, regulations 
regarding industrial empowerment were issued. The President Decree 
mandates using local content at a rate of more than 40 %. Local natural 
resources in Indonesia are widely utilized as sources for activated carbon 
production (Adinaveen et al., 2013).

The synthesis of activated carbon is influenced by various parame
ters, including the activation method, activating agent, synthesis pro
cedure, and raw material (Thongpat et al., 2021). Physical activation 
and chemical activation are two frequent activation techniques. Physical 
activation involves thermal treatment of the material in the presence of 
oxidizing or inert gases such as carbon dioxide (CO2), nitrogen (N2), or 
argon (Ar), resulting in pore formation (Illingworth et al., 2022). One 
disadvantage of physical activation is that high temperatures can lead to 
increased ash content and reduced carbon content in certain biomass 
materials. In contrast, chemical activation is a process that utilizes 
chemicals including potassium hydroxide, sodium hydroxide, phos
phoric acid, sulfuric acid, and zinc chloride as activating agents (Chen 
et al., 2012; Demir and Doguscu, 2022; He et al., 2013).

Supercapacitor electrodes typically use activated carbon precursors 
derived from biomass materials such as coconut shells, bagasse, straw, 
bamboo, coffee, and cassava, which have been proven effective in 
enhancing electrode performance (Charoensook et al., 2021a; Omokafe, 
2020; Zhang et al., 2018). However, certain limitations remain, such as 
the need for higher specific capacitance as well as improved surface area 
and pore volume for large-scale applications. This study aims to address 
these limitations by exploring the underutilized potential of Manihot 
esculenta (cassava) to produce highly porous activated carbon through 
controlled chemical activation. According to data from the Food and 
Agriculture Organization from 2012 to 2022, Indonesia ranks 6th 
globally in Manihot esculenta production, with a cultivation area 
covering approximately 19,155,594 ha. Manihot esculenta is commonly 
used in food and tapioca flour production. Manihot esculenta also has the 
potential for use in non-food products, particularly in energy storage 
materials. Nevertheless, the potential has not yet been fully realized. 
Manihot esculenta has a high content of lignin (13.42 %), cellulose 
(39.29 %), and hemicellulose (24.34 %) (Lismeri et al., 2021). The 
composition contributes to the significant porosity and surface area of 
the resulting activated carbon. Previous research on Manihot esculenta- 
derived activated carbon has shown promising results in terms of surface 
area and porosity, particularly when activated using ZnCl2 (1567 m2g− 1, 
0.54 cm3g− 1), KOH (1605 m2g− 1, 0.691 cm3g− 1), and H2SO4 (398.46 
m2g− 1, 0.1639 cm3g− 1) (Ospino Orozco et al., 2022; Shrestha, 2022; 
Zhang et al., 2018). Furthermore, the activated carbon derived from 
Manihot esculenta exhibits a porous morphology with a surface area of 
1350 m2g− 1, which enhances ion transport and electrolyte accessibility 
(Chaisit et al., 2020). Based on previous studies, the synthesis of 

activated carbon from various parts of Manihot esculenta, including 
stems, peels, roots, and starch, the potential of tubers as a carbon source 
is still unexplored. Furthermore, previous studies, such as the work of 
Chaisit et al., only used one concentration of KOH during activation. In 
this study, we systematically vary the concentration of KOH to improve 
the electrochemical properties of activated carbon derived from Manihot 
esculenta tubers, providing insight into its potential for high- 
performance energy storage applications. This study improves current 
knowledge by examining the effects of various concentrations of KOH 
(0, 1, 2, and 4 M) on the activation of Manihot esculenta tubers to produce 
activated carbon with porous morphology and higher specific capaci
tance for supercapacitor electrodes. The previous results show that using 
KOH not only enhances the porosity but also increases the specific 
capacitance to 179 Fg− 1, which is better than the previous results with 
Na2SO4 (80 Fg− 1) and H2SO4 (64 Fg− 1) (Chaisit et al., 2020; Ospino 
Orozco et al., 2022). By optimizing the KOH concentration, this research 
offers a more effective and scalable method for producing high- 
performance supercapacitor electrodes.

2. Materials and methods

2.1. Materials

Waste Manihot esculenta was procured from a traditional market in 
Malang, Indonesia. All chemicals employed in this study were of 
analytical purity and used without further refinement: potassium hy
droxide (KOH, Sigma Aldrich Chemical Reagent Co., USA), hydrochloric 
acid (HCl, Sigma Aldrich Chemical Reagent Co., USA), N-methyl-2- 
pyrrolidone (NMP, Sigma Aldrich, Burlington, MA, USA), poly
vinylidene fluoride (PVDF, Dongguan Gelon LIB Co., Ltd., China), and 
carbon black (CB, Imerys, La Hulpe, Belgium) as a conductive additive. 
Nickel foam served as the substrate, and coin-type cells were obtained 
from TOB Machine, Fujian, China.

2.2. Activated carbon synthesis

As shown in Fig. 1, the Manihot esculenta was subjected to chemical 
activation. The initial step in this process was peeling the Manihot 
esculenta to remove the peel from the tubers. In this study, the tubers of 
Manihot esculenta were used. Then, the Manihot esculenta tubers were cut 
into ±3 cm in size and dried under the sun for 12 h to remove excess 
moisture. The dried Manihot esculenta tubers were pre-carbonated at 
400 ◦C for 2 h until they turned carbon. Next, the carbonized Manihot 
esculenta tubers were pulverized and passed through a 200-mesh sieve to 
achieve a uniform particle size. The Manihot esculenta tubers carbon was 
mixed in 50 mL of KOH solution with concentrations of 0 M, 1 M, 2 M, 
and 4 M (called C-S0, AC-S1M, AC-S2M, and AC-S4M) and stirred for 24 
h at room temperature. The washing process was carried out in 2 stages, 
the first washing using 1 M HCl, then continued using distilled water 
until it reached a neutral pH. The activated carbon was desiccated in an 
oven at 110 ◦C for 24 h, followed by calcination in a furnace at 600 ◦C for 
60 min.

2.3. Electrode preparation and fabrication of EDLC coin cell

The electrodes were fabricated by mixing activated carbon derived 
from Manihot esculenta tubers as the active material, carbon black (CB), 
and PVDF in a weight ratio of 8:1:1. The total mass of the electrode was 
1 g, with 0.8 g consisting of the active material. The resulting slurry was 
homogenized through 12 h of continuous stirring. The nickel foam 
substrate was cut into the form of a disc with a diameter of 1.5 cm. The 
nickel foam substrate was coated on both sides with 20 µL of Manihot 
esculenta tubers-based electrode paste using a micropipette. The elec
trodes were heated in an oven at 80 ◦C for 1 h. Manihot esculenta acti
vated carbon electrodes were pressed with a load of 500 kg to produce 
thin film electrodes. Finally, the electrodes were immersed in 5 mL of 6 
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M KOH solution electrolyte for 24 h. The electrodes were arranged using 
a coin cell, with the arrangement as shown in Fig. 1.

2.4. Materials characterization

The microstructure of the activated carbon was examined through 
scanning electron microscopy (SEM), Brunauer-Emmett-Teller (BET) 
analysis, X-ray diffraction (XRD), Raman spectroscopy, Fourier trans
form infrared (FTIR), and X-ray photoelectron spectroscopy (XPS). SEM 
with the brand FEI Inspect-S50 type was used to determine the pore 
structure of the activated carbon of Manihot esculenta tubers. The N2 
adsorption analyzer utilizes the Brunauer-Emmet-Teller (BET) method 
using Tristar II Plus 3020. The micropore volume (Vmicro) and external 
surface area (Sext) from the N2 adsorption were determined by t-plot 
using the De Boer method in Eq. (1) (De Boer, 1965), 

t(Å) =

⎡

⎢
⎢
⎣

13.99

0.034 − log
(

P
P0

)

⎤

⎥
⎥
⎦

0.5

(1) 

where P/Po is the relative pressure. Based on the t-plot graph, the rela
tionship between statistical thickness (t; nm) and adsorbed quantity 
(cm3g− 1 STP) produces a straight line with intercept (i) and slope (s)
which is used to determine micropore volume (Vmicro) and external 
surface area (Sext) as in Eqs. (2) and (3) (Tran et al., 2018), 

Vmicro
(
cm3g− 1) = 0.001547 × i (2) 

Sext
(
m2g− 1) = 15.47 × s (3) 

The constant 15.47 denotes the conversion factor from gas to liquid 
volume. The crystallinity and diffraction pattern of the Manihot esculenta 
tubers-based activated carbon were characterized using X-ray diffrac
tion. The PANalytical 4 instrument was operated at 2θ ranging 10–90 ◦C 
using CuKα radiation sources (λ = 0.15406 nm). Raman spectroscopy 
was employed to conduct a more comprehensive chemical composition 
analysis. FTIR analysis was conducted on the activated carbon using a 
Shimadzu IR Prestige 21 spectrophotometer to identify functional 
groups. The operating spectrum range is 400 cm− 1 to 4000 cm− 1 in 
transmission mode with a resolution of 4 cm− 1. X-ray photoelectron 
spectroscopy (XPS PHI5000 Versa Probe II, ULVAC-PHI, Japan) was 
employed to analyse the elemental composition.

2.5. Electrochemical measurements

Electrochemical properties of the coin cell supercapacitor were 
evaluated using galvanostatic charge–discharge (GCD), cyclic voltam
metry (CV), and electrochemical impedance spectroscopy (EIS). GCD 
measurements were performed on a NEWARE Battery Testing System, 
while CV and EIS were conducted using a Palmsens4 potentiostat. EIS 
measurements use a frequency range of 0.01 to 100 kHz. The char
ge–discharge cycle was measured at a current density of 0.1 Ag− 1, and a 
cut-off voltage of 0.0–1.0 V. Specific capacitance was determined from 
the discharge current (I), discharge time (t), electrode mass (m), and 
potential difference (ΔV) using Eq. (4) (Zapata Benabithe et al., 2013), 

Cs(Fg− 1) =
4 × I × t
m × ΔV

(4) 

The energy density (ED) and power density (PD) were calculated ac
cording to Eqs. (5) and (6) (Saputro et al., 2020; Yang and Park, 2020), 

ED
(
Whkg− 1)

=
0.5 × Cs × (ΔV)2

3.6
(5) 

EP
(
Wkg− 1)

=
3600 × ED

t
(6) 

3. Results and discussion

3.1. Morphological and microstructure analysis

SEM images of activated carbon from Manihot esculenta tubers before 
and after activation are shown in Fig. 2(a – d). SEM image with low 
magnification (800×) shows that increasing the KOH concentration in 
the activation process produces increasingly smaller activated carbon 
particles from Manihot esculenta tubers. KOH plays a role in the process 
of breaking down larger carbon particles into smaller and more uniform 
structures, thereby increasing the efficiency and performance of elec
trical energy storage (Chaudhary et al., 2024).

Fig. 2(e – h) depict the porosity morphology of activated carbon 
derived from Manihot esculenta tubers. The surface morphology reveals a 
porous and smooth structure, which varies with the concentration of the 
KOH activator. The KOH activator plays a role in the formation of 
sponge-shaped pores in the activated carbon derived from Manihot 
esculenta tubers. Morphological analysis indicates that pore diameter 
decreases with increasing KOH concentration. Fig. 2(e) shows that pre- 
activated Manihot esculenta tubers have pores with larger diameters. 
Fig. 2(f – h) show that post-activation with KOH, activated carbon pores 

Fig. 1. Synthesis schematic illustration and EDLC coin cell assembly of Manihot esculenta tubers-activated carbon.
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Fig. 2. SEM images magnification 800× (a-d) and 5000× (e-h) of Manihot esculenta tubers-activated carbon on the variation of KOH activator.

M. Diantoro et al.                                                                                                                                                                                                                               Arabian Journal of Chemistry 18 (2025) 106068 

4 



increase, and the pore diameter decreases. The sponge-like pore struc
ture facilitates rapid ion transport within the electrode, leading to 
enhanced electrochemical properties in supercapacitors (Wu et al., 
2025). The pore structure of activated carbon significantly impacts the 
accessibility of ions to the electrode surface. The pore structure of 
activated carbon derived from Manihot esculenta tubers is open and 
directly connected to the electrode surface, facilitating faster ion 
mobility. Table 1 presents the characteristics of the activated carbon 
derived from Manihot esculenta tubers, including particle dimensions, 
pore size, and porosity percentage. Variations in dimensions and pore 
size can lead to differences in porosity, which consequently can affect 
the electrical performance (Atchudan et al., 2022).

Table 1 shows that particle size and pore diameter decrease, but the 
porosity percentage increases with increasing KOH activator concen
tration. According to research conducted by (Chaisit et al., 2020), par
ticle size affects the decrease of the surface area. The role of KOH in the 
activation process is to oxidize and erode other materials in the carbon. 
The KOH activator also breaks bond chains to reduce particle size and 
increase porosity. The smaller particle size distribution results in smaller 
and more numerous pores, enhancing supercapacitor performance. The 
reduced particle size and increased pores signify high electrochemical 
performance and capacitance, attributed to the enhanced capacity for 
accommodating electrolyte ions within the pores and improved elec
trolyte ion diffusion.

Pore structures of Manihot esculenta tubers-activated carbon were 
contrasted and analysed to further explore their physical properties. 
Adsorption and desorption isotherm analysis of N2 was carried out 
through BET characterization, aiming to analyse Manihot esculenta 
tubers-activated carbon pore properties and specific surface area. BET 
analysis on Manihot esculenta tubers-activated carbon is presented in 
Fig. 3(a – d). Based on Fig. 3(a), a linear graph of isotherms shows that 
Manihot esculenta tubers-activated carbon corresponds to the type I 
isotherm (P/Po <0.3) according to the IUPAC classification (Rawal et al., 
2018). The graph begins with the sharp increase caused by the absorp
tion process of the main nitrogen gas. A sharp increase at P/Po <0.3 
indicates the sample has microporous-sized particles with a small 
external surface area. A steady increase after the initial rise indicates the 
presence of mesoporous and macropore-sized particles. The adsorption 
and desorption of N2 on the samples yielded overlapping graphs, 
signifying the presence of numerous microporous-sized particles. Mes
opore analysis is depicted in the BJH pore size distribution, which shows 
that Manihot esculenta tubers-activated carbon has a pore diameter range 
of 1.9–3.8 nm, as illustrated in Fig. 3(b). Based on research by M. 
Vinayagam et al., the findings indicate the existence of micropores in the 
samples (Vinayagam et al., 2024b). The t-plot for the Manihot esculenta 
activated carbon was constructed within the relative pressure range of 
0.05 to 0.35. Micropore volume and external surface area were subse
quently determined from the t-plot intercept and slope, respectively, 
using Eqs. (2) and (3) (Fig. 3(c)).

Table 2 reveals that the AC-S4M sample possesses the highest 
micropore surface area (376.382 m2g− 1), external surface area (95.263 
m2g− 1), and total BET surface area (471.645 m2g− 1), along with a 
micropore volume of 0.185 cm3g− 1. According to Fig. 3(d), Manihot 
esculenta tubers-activated carbon exhibits a higher micropore volume 
than mesopore and macropore volumes. Microporous-sized particles are 
very good at increasing the ability to store electrochemical energy 

(Supawet Phainuphong et al., 2022). The BET surface area of activated 
carbons derived from Manihot esculenta tubers was determined for 
various activator concentrations and is presented in Table 2. The C-S0 
sample has the lowest surface area of 413,794 m2g− 1. The activation 
process significantly increases the surface area of the samples. Specif
ically, surface areas of 418.695, 449.417, and 471.645 m2g− 1 were 
achieved for AC-1 M, AC-2 M, and AC-4 M, respectively. The larger 
surface area can increase the charge storage capacity for energy 
applications.

The diffraction pattern using XRD from Manihot esculenta tubers- 
activated carbon and Thailand commercial activated carbon is pre
sented in Fig. 4(a) to analyse the phase and crystallinity of the activated 
carbon of Manihot esculenta tubers. The diffraction of Manihot esculenta 
tubers-activated carbon is marked as pre-activation (C-S0), post- 
chemical activation (AC-S1M, AC-S2M, AC-S4M), and commercial 
activated carbon (AC-Commercial). X-ray diffraction patterns of acti
vated carbon prepared from Manihot esculenta tubers reveal character
istic peaks at 2θ = 23◦ (002) and 43◦ (100). The presence of an 
amorphous phase, along with a well-defined peak at 2θ = 23◦ indicative 
of a graphitic structure, is supported by the diffraction pattern (Yang 
et al., 2020). The amorphous phase of Manihot esculenta tubers-activated 
carbon adopts a turbostratic model, signifying a graphite-like layer with 
microscopic defects and irregularities, and includes two diffraction 
peaks within the graphite peaks on a flat plane (planar). Based on the 
XRD diffraction pattern, the first diffraction peak with a large area is 
produced at 2θ = 19.58◦ (C-S0), 23.77◦ (AC-S1M), 23.56◦ (AC-S2M), 
23.56◦ (AC-S4M), and 23.56◦ (AC-Commercial). The first peak in the C- 
S0 sample is not located in the same place as the other samples. The KOH 
is indicated to be responsible for rearranging the carbon atoms to their 
correct location (Farma et al., 2021b; Latupeirissa et al., 2016). The 
second peak is at 2θ = 43.33◦ (AC-S1M), 42.75◦ (AC-S2M), 42.75◦ (AC- 
S4M), and 43.29◦ (AC-Commercial), with an area smaller than the first 
peak. The low peak intensity in the C-S0 sample is due to the lack of 
chemical activation and high-temperature carbonation, where final 
carbonation leads to the rearrangement of carbon, forming more carbon- 
intensive materials. In AC-S1M and AC-S2M samples, the low intensity 
of the second peak indicates incomplete formation of activated carbon. 
The AC-S4M sample shows the highest diffraction peak intensity, and 
the intensity increases with higher KOH concentration, revealing the 
formation of a hexagonal crystal structure from cellulose content. The 
increase in KOH activator concentration is directly related to the smaller 
particle size. The chemical activation process of carbon-based Manihot 
esculenta tubers produces a diffraction pattern similar to that of com
mercial activated carbon.

The activated carbon structure of Manihot esculenta tubers is more 
explicitly understood through Raman characterization. Raman charac
terization is a sensitive method used to detect abnormalities in carbon 
materials at the molecular level and analyze the chemical bonds 
responsible for resonance in the Raman spectrum. Based on Fig. 4(b – d), 
four peaks (I, D, D’, G band) are observed in the Raman characterization 
of Manihot esculenta tubers-activated carbon. As demonstrated in the 
study by Chen, Weimin, et al. and Yin, Yanshan, et al., the fitting process 
was applied to the four peaks obtained in our research (Chen et al., 2017; 
Yadav et al., 2022; Yin et al., 2018). The peaks are the D band 
(1300–1400 cm− 1) and the G band (1500–1600 cm− 1). Based on 
Table 3, the I band at 1233.943 cm− 1 (C-S0) and 1250.392 cm− 1 (AC- 
S4M) indicate the presence of impurities in the structure of graphite. The 
D band represents a defect carbon that has a lower intensity than the G 
band (Ahmed et al., 2018; Yumak et al., 2019). The D band is related to 
the charge storage capacity of Manihot esculenta tubers-activated carbon, 
indicating the interaction between graphite carbon atoms and electro
lyte ions (Sahoo and Rao, 2021). The D’ band observed at 1446.767 
cm− 1 (C-S0) and 1512.185 cm− 1 (AC-S4M) is associated with amor
phous sp2-bonded carbon fragments or functional groups within the 
disordered structure. The bands located at 1446.767 cm− 1 (C-S0) and 
1512.185 cm− 1 (AC-S4M) suggest irregularities in the stacking sequence 

Table 1 
Particle size, pore diameter, and porosity percentage of Manihot esculenta tuber- 
activated carbon.

Sample Particle Size (μm) Pore Diameter (μm) % of Porosity

C-S0 12.371 4.069 64.158
AC-S1M 8.905 3.422 73.542
AC-S2M 5.811 2.184 74.456
AC-S4M 5.480 1.789 74.918
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of the graphite layers. The G band is associated with the Irregularities in 
the arrangement of the graphite layer and levels of electrical conduc
tivity. In the C-S0 sample, an ID/IG ratio of 1.258 is in the D band 
(1348.667 cm− 1) and G band (1588.518 cm− 1). The AC-S4M sample 
shows an ID/IG ratio of 1.243 in the D band (1358.519 cm− 1) and G band 
(1593.114 cm− 1) positions. The elevated ID/IG ratio observed in the AC- 
S4M sample signifies increased structural irregularities in the carbon 
and a reduction in crystal size. The results presented here corroborate 

those obtained from SEM analysis. The peaks of the D band and G band 
are vibrational modes of sp2-bonded carbon atoms, which indicate the 
presence of an irregular microcrystalline structure or amorphous 
structure. The increase in FWHM in band D in the AC-S4M sample shows 
that defective species in the sp2 clusters increase due to the influence of 
chemical activation. Raman characterization shows results that are in 
accordance with XRD characterization.

Fig. 5 presents the FTIR characterization results of activated carbon 

Fig. 3. (a) BET isoterm plot, (b) BJH pore diameter distribution, (c) t-plot graph, (d) pore volume distribution of Manihot esculenta tubers-activated carbon at various 
concentrations of KOH activator.

Table 2 
BET analysis of Manihot esculenta tuber-activated carbon at various concentrations of KOH activator (0, 1, 2, 4 M).

Sample BET SSA (m2g− 1) Dave
d (nm) Pore Volume (cm3g− 1)

Smicro
a Sext

b SBET
c Vmicro

e Vmeso+macro
f Vt

g

C-S0 331.634 82.160 413.794 2.247 0.173 0.059 0.232
AC-S1M 344.483 74.212 418.695 2.171 0.173 0.054 0.227
AC-S2M 340.287 109.129 449.416 2.132 0.171 0.069 0.240
AC-S4M 376.382 95.263 471.645 2.145 0.185 0.068 0.253

a Smicro: micropore surface area.
b Sext: external surface area.
c SBET: Brunauer-Emmett-Teller surface area.
d Dave: average pore size (4Vt/SBET).
e Vmicro: micropore volume.
f Vmeso+macro: mesopore and macropore volume.
g Vt: total volume at P/Po of 0.997.
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derived from Manihot esculenta tubers at different KOH concentrations. 
FTIR spectroscopy was employed to characterize the functional groups 
of activated carbon produced from Manihot esculenta tubers. Based on 
Fig. 5, the Manihot esculenta tubers activated carbon functional group 
has a wave number range of 526–3629 cm− 1 with increasing and 
decreasing absorption peaks. The FTIR spectrum of the C-S0 sample is 
different from the FTIR spectrum of the AC-S1M, AC-S2M, and AC-S4M 
samples. The samples with chemical activation have a uniform shape. 
The activation process produces an O − H (hydroxyl) absorption peak 
for the phenolic functional group located at 3632.60 cm− 1 for AC-S1M, 
AC-S2M, and 3643.19 cm− 1 for AC-S4M. The activation process, 
involving KOH and subsequent carbonation, decomposes phenolic 
compounds, releasing carbon dioxide gas. The gas evolution contributes 
to enhanced porosity and surface area development in the activated 
carbon derived from Manihot esculenta tubers (Darvishi et al., 2021). The 

Fig. 4. (a) XRD diffraction pattern, (b) Raman spectra, (c) Raman deconvulation curve of the C-S0 sample, (d) Raman deconvulation curve of the AC-S4M sample.

Table 3 
Raman parameter analysis of Manihot esculenta-tuber activated carbon.

Sample Raman shift (cm− 1) of each parameter FWHMD
e

Ia Db D’c Gd

C-S0 1233.943 1348.667 1446.767 1588.518 105.905
AC-S4M 1250.392 1358.519 1512.185 1593.114 125.440

a I: impurities in the structure of graphite.
b D: defect carbon in the activated carbon structure.
c D’: Irregularities in the arrangement of graphene layer.
d G: graphitic order.
e FWHMD: full width at the half maximum of D-band peak.

Fig. 5. FTIR spectra of Manihot esculenta tubers-activated carbon at various 
concentrations of KOH activator.
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presence of hydroxyl groups (O − H), evidenced by the absorption band 
between 3200 and 3850 cm− 1, suggests residual water content from the 
activation process (Ospino Orozco et al., 2022). At wave numbers 
2927–3056 cm− 1, the aliphatic C − H functional group has a low ab
sorption peak in samples AC-S1M, AC-S2M, and AC-S4M. The decrease 
in the absorption peak can be explained by the loss of hydrogen (H) 
atoms, which evaporate during the activation phase (Mopoung et al., 
2015). The wave number range 1600–1820 cm− 1 contains the C = O 
functional group, located at a wavelength of 1716.41 cm− 1. The pres
ence of lignin in the activated carbon derived from Manihot esculenta 
tubers is indicated by the C = O functional group. In the wave number 
range 1553–1635 cm− 1, there is a C = C functional group. The activated 
carbon derived from Manihot esculenta tubers showed a C = C group at 
1586.56 cm− 1. The C = C group indicates the presence of aromatic 
compounds that make up the hexagonal structure of activated carbon. 
The presence of a C − O group at 1228.9 cm− 1 indicates the polar nature 
and high absorption capacity of Manihot esculenta tubers-activated car
bon (Wijaya et al., 2018). The C − C functional groups were between 
wave numbers 767.05 to 903.12 cm− 1, indicating the presence of cel
lulose in activated carbon. In activated carbon samples that have been 
activated using KOH, the aromatic C − H functional groups are detected 
at wavenumbers of 832 cm− 1 and 525 cm− 1. The aromatic C − H group 
shows that there are pores on the surface of the activated carbon (Baloch 
et al., 2021; Wang et al., 2021b).

The XPS spectra results show further analysis of the chemical ele
ments of Manihot esculenta tubers activated carbon at a 4 M 

concentration of KOH activator, as presented in Fig. 6. Based on Fig. 6
(a), the XPS observed spectrum of Manihot esculenta tubers activated 
carbon at a 4 M concentration of KOH activator shows the presence of 
carbon, oxygen, and silicon elements. The high-resolution O1s XPS 
spectrum in Fig. 6(b) deconvoluted into three components, corre
sponding to C–O (533.90 eV), C–O–C (532.29 eV), and C = O (530.85 
eV) bonds, respectively (Wang et al., 2021b). The C–O–C bond exhibits 
an area percentage of 56.44 %, surpassing the C = O bond at 24 % and 
C–O at 19.55 %. A high C–O–C bond percentage indicates the presence 
of an ether group, which influences the absorption capacity from acti
vated carbon. Fig. 6(c) illustrates three distinct chemical states of car
bon, each characterized by different peaks. Deconvolution of the C1s 
peak reveals three distinct components centered at 288.69 eV (C = C 
aromatic), 286.42 eV (C–O), and 284.79 eV (C–C), with the C–C 
component exhibiting the highest peak area (Owusu et al., 2020). In line 
with the FTIR characterization results, the C–C bonds are attributed to 
the cellulose content present in Manihot esculenta tubers. Meanwhile, as 
depicted in Fig. 6(d), the SiO2 presence is evident in the Si 2p peak, 
displaying a low peak intensity at the binding energy position of 102.43 
eV. The Si 2p peak is derived from the precursor content of Manihot 
esculenta tubers, which persists even after activation. The presence of Si 
2p peak was observed in activated carbon derived from rice husk 
(Barakat et al., 2022).

Fig. 6. XPS spectrum of Manihot esculenta tubers-activated carbon at 4 M KOH activator concentration, (a) survey spectrum, (b) O1s spectrum, (c) C1s spectrum, and 
(d) Si2p spectrum.
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3.2. Electrochemical performance

Fig. 7(a) shows the charge–discharge graph that was performed at 
various KOH concentrations on supercapacitor electrodes made of car
bon activated by Manihot esculenta tubers. The GCD in Fig. 7(a) shows 
the ability to charge and discharge the supercapacitor electrodes from 0 
V to 1 V. Fig. 7(b) illustrates the stability retention of the AC-S4M 
sample, demonstrating a retention rate of 93.96 % at the 100th cycle. 
The initial increase in retention over the first 20 cycles suggests the 
activation of the electrode during the charge–discharge process 
(Selvaraj et al., 2020). The charging process occurs when the super
capacitor undergoes a transient phase following the application of a 
supply voltage. The higher voltage with increasing time indicates that 
the Manihot esculenta tubers-activated carbon electrode responds fast to 
an electric field. The higher voltage during the charging process also 
demonstrates the capability of the electric field to orient activated car
bon molecules, leading to polarization within the supercapacitor 
(Vinayagam et al., 2021). During discharge, a significant electric charge 
is transferred to the resistance. The transfer is evident from the voltage, 
which decreases sharply when the discharge process begins (Diantoro 
et al., 2022). Fig. 7(c) depicts the configuration of the coin cell super
capacitor during charging and discharging processes. The resulting 
graph forms an imperfectly symmetrical triangle, which characterizes 
the EDLC supercapacitor (Wei et al., 2020).

GCD graphs can be processed to produce specific capacitance, energy 
density, and power density, as shown in Table 4, which illustrates the 
impact of increased KOH concentration on these parameters. The AC- 
S4M sample demonstrates the highest performance, signifying that the 
electrode can store significant electrolyte ions. Optimizing the ion- 
transfer pathway is essential for improving electrolyte accessibility to 
the micropore structure (Vinayagam et al., 2020). The performance is 

corroborated by BET analysis, which reveals the presence of micropo
rous structures in the activated carbon, leading to high-performance 
supercapacitors (Vinayagam et al., 2024a). Nickel foam substrates 
enhance the active surface area and improve the interface for electrolyte 
ion diffusion, effectively capturing electrons and providing a robust 
pathway for electrolyte ion transport. The comparison of electro
chemical supercapacitors derived from biomass-activated carbon using 
KOH activators is presented in Table 5.

Fig. 8(a) and Fig. 7(b) display the CV curves of the EDLC super
capacitor coin cell, which reveal a quasi-rectangular shape representing 
the relationship between voltage and current. Based on the graph, there 
are two types of currents. The charge current (Ic) is shown in the voltage 
range of − 0.4 to 1.0 V, and the output current (Id) is in the voltage range 
of 1.0 to − 0.4 V. Fig. 8(a) at a scan rate of 80 mVs− 1 is rectangular with a 
more prominent curve area when the KOH concentration is increased. 
The AC-S4M sample exhibited the largest cyclic voltammetry curve area, 
suggesting rapid electrolyte ion diffusion, and has the highest specific 
capacitance. Fig. 8(b) shows the CV on the AC-S4M sample at different 

Fig. 7. (a) GCD curves, (b) capacitance retention, and (c) the coin cell supercapacitor configuration scheme during the charging and discharging process.

Table 4 
The specific capacitance, energy density, and power density the Manihot escu
lenta tubers activated carbon electrode-based coin cell supercapacitor.

Sample Specific Capacitance 
(Fg− 1)

Energy Density 
(Whkg− 1)

Power Density 
(Wkg− 1)

C-S0 20.03 2.051 171.740
AC- 

S1M
43.36 4.529 173.44

AC- 
S2M

97.51 10.242 173.920

AC- 
S4M

146.57 15.525 174.660
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scan rates of 20, 50, and 80 mVs− 1. The graph shows the characteristics 
of an EDLC supercapacitor with a rectangular curve. Increased scan rate 
during cyclic voltammetry measurements resulted in a larger enclosed 
area, indicating a higher electrochemical performance associated with 
lower internal resistance at the electrode–electrolyte interface 
(Thirumal et al., 2022). Activated carbon in a sponge can retain elec
trolyte ions, thereby increasing charge storage capacity and improving 
supercapacitor performance (Lobato-Peralta et al., 2023). Fig. 9(a and b) 
illustrate the Ragone plot and correlation between the pore structure of 
activated carbon and the specific capacitance of the supercapacitor 
(Chaitra et al., 2017; Qian et al., 2014; Wang et al., 2021a; Wang et al., 
2013, 2020; Young et al., 2022). Based on Fig. 9(a), activated carbon 
derived from Manihot esculenta exhibits superior power density 
compared to activated carbon sourced from Nipah fruticans fruit, 
bamboo stalk, Shorea robusta wood dust, and bamboo carbon (Farma 
et al., 2021a; Gong et al., 2017; Muthi Aturroifah et al., 2024; Shrestha 

and Rajbhandari, 2021).
Further investigation in term of electrochemical performance of 

supercapacitors based on Manihot esculenta tubers-derived activated 
carbon was conducted through EIS, which provided insights into 
impedance and resistance capabilities. Impedance is related to capaci
tive performance or alternating current movement, while resistance is 
related to resistance from a device or direct current movement (Gharbi 
et al., 2020; Kim et al., 2019). The data obtained from the EIS is in the 
form of a Nyquist plot. The Nyquist plot is shown from the real (Z’) and 
imagined (Z“) impedance values, as shown in Fig. 10(a). Fig. 10(a) 
shows a smaller diameter of quasi-semicircle with increasing KOH 
concentration. The diameter of the quasi-semicircle represents the 
charge transfer resistance of cations from the electrolyte to the electrode 
matrix (Rct). Electrochemical performance is better if the device resis
tance is low, indicated by a small Rct (Hasan et al., 2022; Shahrokhian 
et al., 2018; Thirumal et al., 2022). The Rct is an essential indicator for 

Table 5 
Performance comparison of supercapacitor from activated carbon biomass with KOH activator.

Biomass Activating 
Agent

Specific Capacitance 
(Fg− 1)

Energy Density 
(Whkg− 1)

Power 
Density 
(Wkg− 1)

Rct 

(Ω)
Electrochemical 
Measurements

Ref.

Cocoa Skin KOH 0.4 M 140.2 − − − Three electrode system (Yuli et al., 2021)
Sugarcane 

Bagasse
KOH 0.3 M 146.89 3.83 209 1.59 Supercapacitor cell (Taer et al., 2014)

Banana stem KOH 0.5 M 170 − − 3.80 Sandwich type (K et al., 2017)
Coffee KOH 1:1 ratio 74 − − − Coin cell device (Choi et al., 2019)
Manihot esculenta 

peel
KOH 70 % 62.16 − − − Three electrode system (Ospino Orozco et al., 2022)

Pomelo peel KOH 1:4 ratio 43.5 17.1 420 0.47 Three electrode system (Peng et al., 2014)
Cigarette filters KOH 52 7.2 127 − Sandwich type (Bi et al., 2022)
Sweet corn husks KOH 1:4 ratio 80 20 0.68 7.80 Coin cell device (Usha Rani et al., 2020)
Rice Straw KOH 1:3 ratio 80 17.4 126 − Three electrode system (Sudhan et al., 2017)
Baobab fruit shells KOH 1:1 ratio 56.67 20.86 400 2.06 Solid-state supercapacitor 

device
(Mohammed et al., 2019)

Cocos nurifera ZnCl2 and 
KOH

279.56 7.52 220.00 − two-symmetric electrode 
system

(Subraya Hegde and 
Ramachandra Bhat, 2024)

Mangifera indica 
leaf

FeCl3, KOH 521.65 17.04 242.50 − two symmetric electrode 
system

(Hegde and Bhat, 2024a)

Tectona grandis FeCl3, KOH 572.0 − − − two symmetric electrode 
system

(Hegde and Bhat, 2024b)

Fatsia Japonica 
seed

KOH 140 23 550 1.50 Coin cell device (Li et al., 2020)

Manihot esculenta 
tuber

KOH 4 M 147.57 15.53 174.66 2.19 Coin cell device This work

Fig. 8. (a) CV curves with scan rate 80 mV/s, (b) CV curves AC-S4M sample.
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determining the electrochemical rate of supercapacitors (Muthurasu and 
Ganesh, 2012). The increase in the electrochemical performance is 
associated with the decrease in initial resistance (Rs) and Rct 
(Charoensook et al., 2021b).

Fig. 10(b and c) shows that comparing the Nyquist fitting data for 
sample C-S0 and sample AC-S4M, sample C-S0 has higher resistance 

than sample AC-S4M. Sample AC-S4M has lower Rs and Rct than sample 
C-S0. Based on Table 6, the Rct is 4.3 Ω for the C-S0 sample and 2.2 Ω for 
the AC-S4M sample. Apart from Rct, Rs is also an important indicator of 
supercapacitor performance. Rs represents the overall resistance, 
encompassing both the bulk resistance of the electrolyte and the inter
facial resistance at the electrode–electrolyte interface. The Rs on C-S0 
and AC-4 M are 3.1 and 0.7 Ω. Less resistance in the electrolyte pathway 
is characterized by lower Rs and Rct, thereby increasing conductivity and 
device performance. Fig. 10(b and c) shows illustrates a Randles 
equivalent circuit model consisting of internal resistance (Rs) in series 
with a capacitance (C1) connected in parallel by a combination of charge 
transfer resistance (Rct) and Warburg impedance (ZW) with a Warburg 
element (W open, W short, and W) as shown in Table 6.

Table 6 shows that decreased Rs and Rct increase the C, indicating the 
capacitance performance. Based on the EIS analysis results, an increased 

Fig. 9. (a) Ragone plot of the Manihot esculenta activated carbon supercapacitor compared with different biomass, (b) the comparison of the pore shape of activated 
carbon with the specific capacitances.

Fig. 10. (a) Nyquist plot of Manihot esculenta tubers-activated carbon electrodes, fitting of the EIS data using an equivalent circuit model for supercapacitor coin cell 
(b) C-S0 and (c) AC-S4M.

Table 6 
Equivalent circuit Randles model for C-S0 and AC-S4M.

Sample Rs 

(Ω)
Rct (Ω) C (F) Wo (Ω) Ws (Ω) W (Ω)

C-S0 3.1 4.3069 1.66×10− 5 5.2292 1.65×10− 6 4.19×10− 7

AC- 
S4M

0.7 2.1903 1.205×10− 4 2.3577 0.25801 0.92299
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slope in the impedance plot correlates with improved electrochemical 
performance and higher capacitance values (Funari et al., 2020; Song 
et al., 2018; Zelinskyi et al., 2022). In addition to the semi-circular graph 
representing Rs and Rct, the straight line shows the Warburg area. The 
straight-line Warburg impedance (W) indicates the ion diffusion path 
capability, which is influenced by the capacitive properties of the ma
terial (Kurniawan et al., 2019; Zeigler et al., 2015). Several factors in
fluence Warburg impedance, including electrolyte, morphology, and 
electrode material composition (Koseoglou et al., 2021; Laschuk et al., 
2021). The optimal supercapacitor performance is achieved at a 45◦

angle on the Warburg line, owing to the equilibrium between diffusion 
and electrochemical reactions. The slope of the Warburg line shows that 
there is less resistance when electrons move between the electrode and 
the electrolyte (Lukács and Kristóf, 2020). Fig. 10(c) shows that the AC- 
S4M sample performs better, with the Nyquist forming an angle of 45◦

compared to the C-S0 sample. An angle slope approaching 90◦ signifies 
enhanced capacitive behavior within a device, characterized by the 
facile movement of KOH within the pores and rapid ionic diffusion 
(Chaudhary et al., 2019; Moreno-Fernández et al., 2019). The mecha
nism aligns with a report using NAC electrodes, which exhibited a 
significantly lower Warburg impedance (0.5291 Ω) compared to AC 
electrodes (0.8383 Ω), indicating better electronic conductivity 
(Abouelamaiem et al., 2018; Iqbal et al., 2020). The findings confirm 
that AC-S4M sample exhibits superior electrochemical and ionic diffu
sion performance compared to samples with lower KOH concentrations.

4. Conclusion

Manihot esculenta tubers-derived activated carbon demonstrates 
strong potential as a sustainable and efficient electrode material for 
supercapacitors, addressing the limitations of conventional capacitors. 
By employing chemical activation with varying KOH concentrations (0, 
1, 2, and 4 M), we achieved a distinctive, sponge-like porous 
morphology, which is particularly pronounced in the optimized AC-S4M 
sample. This sample exhibited the highest surface area (471.65 m2g− 1) 
and ideal pore diameter (2.67 nm), enhancing ion transport and elec
trolyte accessibility. Manihot esculenta tubers activated carbon has an 
amorphous structure with diffraction peaks at (002) and (100). Through 
a chemical activation process, activated carbon is produced, which is 
indicated by the functional groups C = O, C = C, C − O, and C − H. The 
symmetric supercapacitor coin cell utilizing AC-S4M achieved an 
impressive gravimetric capacitance of 146.57 Fg− 1 at 0.1 Ag− 1, and in a 
6 M KOH aqueous electrolyte, delivered a high energy density of 15.525 
Whkg− 1 at a power density of 174.660 Wkg− 1 with an Rct of 2.19 Ω. 
These findings establish Manihot esculenta tubers-derived carbon as a 
viable option for high-performance, scalable supercapacitor electrodes, 
advancing the development of sustainable energy storage solutions.
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