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Effect of Activating Agent and Temperature Conditions on the Electrochemical
Performance of Rice Husk-Based Activated Carbon in Supercapacitors

This study investigates the electrochemical properties of activated carbon (AC) derived from rice husk, focus-
ing on the influence of activation conditions using NaOH and KOH at temperatures of 650 °C, 750 °C, and
850 °C. The results demonstrate that RH-AC/KOH activated at 750 °C exhibits the highest capacitance reten-
tion (159-165 F-g™!) and superior electrochemical performance, attributed to its optimized microporous struc-
ture and enhanced electrical conductivity. These properties make it an excellent candidate for electrode mate-
rial in supercapacitors. Electrochemical evaluations, including cyclic voltammetry (CV), galvanostatic
charge-discharge (GCD), and electrochemical impedance spectroscopy (EIS), confirm that RH-AC/KOH ac-
tivated at 750 °C delivers the highest current density, stable performance across a wide voltage range
(0.6-1.5 V), and the longest discharge duration. A comparison of the specific current change (ASc) at low po-
tentials (0.6—-1.0 V) for the four samples AC/NaOH at 850 °C and RH-AC/KOH at 750 °C, 650 °C, and
850 °C shows the following trend: 281.2 > 269.2 > 267.6 > 190.5 mA-g~!. At higher potentials (1.2-1.5 V),
the ASc values follow the order: 341.9 = 340.0 > 314.6 > 247.8 mA-g~!. These findings identify RH-
AC/KOH activated at 750 °C as a highly promising electrode material for next-generation supercapacitors,
offering unique energy storage capacity, stability, and long-term durability.

Keywords: activated carbon, rice husk, chemical activation, thermal post-treatment, electrical properties, elec-
trical conductivity, supercapacitors, electrode material, energy storage

Introduction

Activated carbon (AC) is widely used in energy storage applications, particularly in supercapacitors and
batteries, due to its high surface area, good electrical conductivity, and relatively low cost [1, 2]. AC can be
prepared through several methods, including physical activation (using gases such as CO», Ha, or CH4) and
chemical activation (using agents like ZnCl,, NaOH, KOH, or H3PO4). Chemical activation typically in-
volves thermal treatment of a carbon precursor with an activating agent at temperatures ranging from 450 to
900 °C. This method offers distinct benefits compared to physical activation [3]. The resulting porous struc-
ture, which includes micro-, meso-, and macropores, makes activated carbon a suitable material for a wide
range of industrial and environmental applications [4]. Numerous studies have investigated the influence of
processing conditions on the physicochemical properties of AC derived from biowaste sources such as rice
husk and walnut shells. Some of these studies have even developed predictive models for estimating AC per-
formance characteristics [5—8]. Nevertheless, there remains significant potential to optimize biowaste-
derived AC synthesis methods and explore new applications. Recently, increasing attention has been given to
the use of such materials in supercapacitors and hydrogen storage systems. Depending on the energy storage
mechanism, supercapacitors (SCs) utilizing AC can be categorized into three main types: electric double-
layer capacitors (EDLCs), pseudocapacitors, and hybrid supercapacitors, which combine features of the first
two [9]. As research progresses, supercapacitor technology is considered one of the most promising and effi-
cient solutions for next-generation energy storage devices [10, 11].

Despite their advantages, ACs also have certain limitations, including increased internal resistance and
reduced power output in energy storage devices [12—14]. Moreover, producing high-quality ACs often re-
quires high-temperature pyrolysis and strong chemical activating agents, such as acids or bases, which can
have harmful environmental effects [15, 16]. However, the rapid charging and discharging capacity of super-
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capacitors gives them a significant advantage over traditional batteries. From this perspective, one of the key
challenges lies in supporting high-speed electric motors, such as those used in electric vehicle engines and
specialized equipment. Consequently, biowaste-derived ACs have attracted strong interest from scientists
and companies as a promising electrode material for supercapacitor production. In recent years, numerous
agricultural by-products have been investigated as sustainable precursors for ACs production, including co-
conut shells, corn cobs, lignocellulosic biomass, walnut shells, and peanut shells [17-20]. These biomass
sources are typically rich in carbon and exhibit a high potential for porosity development, both of which are
critical for electrochemical energy storage applications. While abundantly available, walnut shells and corn
cobs tend to produce ACs with irregular pore size distributions and limited mesoporosity, restricting ion
transport in supercapacitor systems [21, 22]. In contrast, rice husk (RH) is particularly advantageous due to
its intrinsic high silica content, which acts as a natural template promoting hierarchical pore formation during
activation [23]. Furthermore, RH-derived ACs have consistently demonstrated higher surface areas, better
electrical conductivity, and enhanced electrochemical performance compared to other biomass-derived car-
bons [24]. Importantly, Kazakhstan produces a substantial amount of RH as agricultural waste, especially in
rice-producing regions, making it a readily available and cost-effective resource for value-added conversion
into energy storage materials [25].

In addition to carbonization temperature and the type of chemical activating agent, several other exper-
imental parameters play an important role in tailoring the structural and electrochemical properties of ACs
[26, 27]. Factors, namely activation time, heating rate, precursor particle size, and the atmosphere during
carbonization significantly influence porosity, specific surface area, and conductivity, key characteristics that
determine ACs performance in applications such as supercapacitors. For instance, prolonged activation time
can promote pore development but may also lead to pore collapse if overextended [28]. Similarly, slower
heating rates favor more uniform pore structures and higher surface areas [29], while smaller precursor parti-
cles have been associated with enhanced textural properties and ion accessibility [30]. Moreover, the carbon-
ization atmosphere (such as nitrogen gas, steam, or CO,) affects both the physical and chemical properties of
the carbon surface, with steam activation often introducing functional groups that improve wettability and
electrochemical performance [31, 32]. Therefore, the synergistic optimization of all these conditions is es-
sential to maximize the performance of biomass-derived ACs [33]. This is assessed through rate capability
tests (ranging from 0.1 to 10 A-g™') and long-term stability tests, including voltage floating (100 hours at a
cell voltage of 2.7 V) [34]. In our previous studies [35, 36], we compared various thermal treatment methods
for synthesizing activated carbon from walnut shells, with the goal of optimizing production processes [5, 7].
To achieve the best electrochemical performance from electrodes, fine-tuning and optimization, especially
for activated carbon-based electrodes, are essential. In this study, two activation agents, NaOH and KOH,
were used to produce activated carbons at a temperature of 850 °C. After conducting a comparative analysis,
it was found that KOH was the more effective agent. As a result, additional tests at 650 °C and 750 °C were
performed, and the resulting carbons were evaluated as electrodes in supercapacitors. Ultimately, the com-
parative analysis revealed that AC activated with KOH at 750 °C delivered the best electrochemical perfor-
mance among all tested samples.

This study presents a comprehensive investigation into the optimization of rice husk-derived activated
carbon for use in supercapacitor electrodes, with a particular focus on the effects of activation temperature
(650, 750, and 850 °C) and chemical activating agents (NaOH and KOH). The electrochemical performance
of the synthesized carbons was systematically compared across the tested temperatures. The findings provide
valuable insights into the optimal activation conditions, demonstrating that activation with KOH at 750 °C
yields the most favorable results for enhancing supercapacitor efficiency. Future work will involve cycling
stability and capacitance retention testing under extended voltage ranges (beyond 1.5 V), with the goal of
further improving the long-term performance and reliability of supercapacitor devices.

Experimental

Materials

Rice husk (RH) was sourced from the Kyzylorda Region, Kazakhstan. The activation agents, sodium
hydroxide (NaOH), potassium hydroxide (KOH) with 98 % purity, Carbon black (Css, Timcal C-NERGY
Imerys), and polytetrafluoroethylene (PTFE, 60 % dispersion in water) were purchased from Sigma-Aldrich
Chemical Co. (USA) and used without further purification. Nitrogen gas (99.95 wt.% purity, “Ikhsan Tech-
noGas” Ltd., Almaty, Kazakhstan) was used for the second carbonization step at 500 °C with a heating rate
of 7.5-8 °C'min"'. Gas activation was carried out under N, atmosphere at a flow rate of 150 mL-min!. Dis-
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tilled water (resistivity = 1-10 MQ-cm) and deionized water (DI, resistivity > 18.2 MQ-cm) were prepared
in-house and used for washing and synthesis procedures. Ethanol was purchased from “Laborfarma” LLP,
Almaty, Kazakhstan.

Methods
Synthesis of RH-Based Activated Carbon

Activated carbon was synthesized from rice husk using NaOH and KOH as activating agents under var-
ious high-temperature treatment conditions. Initially, the rice husk was thoroughly washed multiple times
with distilled water to remove dirt and surface impurities. After cleaning, it was dried to a constant mass and
subjected to preliminary carbonization at 500 °C (£10 °C) for 1 hour under a nitrogen atmosphere to prevent
oxidation [11, 12]. Chemical activation was carried out at 850 °C (£10 °C) for 1 hour under nitrogen flow.
For post-thermochemical activation, the carbonized rice husk was mixed with KOH powder and thermally
treated in air at 650 °C, 750 °C, and 850 °C for 5 hours to ensure full impregnation of the carbon structure by
molten KOH. Both sodium hydroxide (NaOH) and potassium hydroxide (KOH) were used as activating
agents, with a precursor-to-activating agent mass ratio of 1:4. After activation, the resulting samples were
washed with hot distilled water until a neutral pH (6-7) was achieved, ensuring the removal of residual alkali.
The materials were then dried at 100 °C for 24 hours. The dried activated carbon was ground and subjected
to a second carbonization step at 500 °C for 90 minutes under an argon atmosphere, with a heating rate of
7.5-8 °C-min"!, following the procedure described previously [5, 36]. The resulting RH-AC samples pre-
pared by this method were used in the fabrication of a supercapacitor cell, as described in the next section.

Electrode Fabrication and Electrochemical Tests

A symmetrical two-electrode system was employed, in which both the working and counter electrodes
were fabricated from the same activated carbon material derived from rice husk. Additionally, the superca-
pacitor cell was equipped with an Ag/AgCl reference electrode and a stainless steel current collector. To pre-
pare the activated carbon electrodes (Carbon/Css/PTFE), a composite mixture was formulated consisting of
90 wt.% activated carbon powder, 5 wt.% carbon black (C65) as a conductive additive, and 5 wt.% polytetra-
fluoroethylene (PTFE, 60 % dispersion in water), resulting in a 90:5:5 weight ratio. The components were
thoroughly mixed and ground using an agate mortar and pestle until the solvent fully evaporated. The result-
ing mixture was dried overnight in a vacuum oven at 120 °C. Afterwards, disc-shaped electrodes (10 mm
diameter) were punched from the formed sheet, yielding a final thickness of approximately 100 um [37].

Table 1
Rice husk-based activated carbon (RH-AC) electrodes

AC Mass values of AC combinations
Carbon, g Ces, g PTFE, g
NaOH — 850 °C 0.2547 0.0151 0.0141
RH — 650 °C 0.2893 0.0163 0.0162
RH — 750 °C 0.2793 0.0155 0.01506
RH — 850 °C 0.2909 0.0161 0.0165

The electrochemical performance of RH-AC in a supercapacitor was evaluated using cyclic voltamme-
try (CV), galvanostatic charge-discharge (GCD) measurements, and electrochemical impedance spectrosco-
py (EIS). The CV measurements were carried out within a voltage range of 0.6—1.5 V at various scan rates.
GCD tests were conducted at a constant current of 0.2 A-g! to determine specific capacitance and energy
density at different current densities, with a potential cutoff of 2 mV. EIS analysis was performed using a
VMP-3 multichannel potentiostat/galvanostat (BioLogic Instruments, France) over a frequency range of
100 mHz to 100 kHz to investigate charge transfer resistance and ion diffusion properties [37]. Electrochem-
ical studies were carried out using VSP-300 electrochemical workstations. The CV curves were recorded
within a 1 V potential window, while GCD tests were performed at a constant current of 0.2 A-g™'. Imped-
ance measurements were conducted in the 100 kHz—10 mHz frequency range with a potential amplitude of
1.5 V. The specific capacitance was calculated from GCD curves using the following equation:
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where C (F-g ') is the specific capacitance; I (A) is the discharge current; Af (s) is the discharge time; AV (V)
is the potential window; m (mg) is the total mass of two electrodes.
Specific capacitance from the CV curve was calculated using the following equation:

2

C= e (V6 7a) [1av. )

Va

Here, C (F-g™) represents the specific capacitance, m (mg) denotes the total mass of both electrodes,
v (mV-s™) is the scan rate, / (A) refer to the discharge current, and ¥} and V, correspond to the upper and
lower voltage limits in the cyclic voltammetry (CV) test [38].

Result and Discussion

Characterization of RH-based AC in a Supercapacitor System

The microstructural characteristics of carbon materials derived from rice husks after thermochemical
activation were extensively examined in our previous study [35]. The SEM micrographs of RH-AC revealed
a well-developed porous architecture within the carbon matrix, formed through carbonization and graphitiza-
tion at 750 °C, followed by KOH-assisted thermochemical activation at 850 °C. The resulting material ex-
hibited a uniform distribution of macropores across the surface. The specific surface area of the rice husk-
derived activated carbon reached 2290 m?-g™!, enhancing its suitability for electrochemical applications [36].
Building upon these prior findings, the present study investigates the electrochemical performance of RH-
based activated carbons (RH-ACs) in a supercapacitor system, with a particular focus on specific capacitance
behavior across a voltage range of 0.6—1.5 V at varying scan rates. The influence of activation parameters,
particularly the choice of chemical activator (KOH vs. NaOH) and activation temperatures (650 °C, 750 °C,
and 850 °C), is evaluated using CV, GCD, and EIS to determine the optimal RH-AC materials for use as
suitable cathodes in supercapacitors.

Figure 1 presents CV results of two electrodes (2E) in SC systems fabricated using four activated car-
bon samples: AC/NaOH at 850 °C (black), RH-AC/KOH at 650 °C (red), RH-AC/KOH at 750 °C (blue),
and RH-AC/KOH at 850 °C (green). Specific capacitance was evaluated across voltage ranges from 0.6 to
1.5 V to assess charge storage efficiency and ion transport properties.
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Figure 1. CV results showing (a) specific capacitance and (b) coulombic efficiency of 2E-type electrodes
based on AC/NaOH and RH-AC/KOH samples activated at different temperatures,
measured across a voltage range of 0.6—1.5 V at a scan rate of 2 mV/s

Figure 1(a) shows that AC/NaOH sample activated at 850 °C exhibited a stable and gradually increas-
ing capacitance, ranging from 166 to 184 F-g™!, except for a slight dip at 1.0 V (163 F-g™!), suggesting a well-
developed pore structure. In contrast, RH-AC/KOH activated at 650 °C displayed a sharp decrease in capaci-
tance from 161 to 157 F-g”!, likely due to insufficient activation and poor electrical conductivity. RH-
AC/KOH at 850 °C showed the lowest capacitance (119 to 125 F-g ), attributed to excessive pore widening
and reduced availability of effective charge storage sites. The RH-AC/KOH at 750 °C demonstrated the best
capacitance retention (159 to 165 F-g'), based on the microporosity and conductivity, making it the most
effective cathode material for supercapacitor applications. Figure 1(b) illustrates the coulombic efficiency of
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four different AC samples in a supercapacitor system. The performance of each sample is analyzed based on
capacitance retention as a function of voltage variation within the range of 0.6 to 1.5 V. The efficiency of
each sample was evaluated across the voltage range, showing a gradual decline. At the initial voltage of
0.6 V, the efficiencies of AC/NaOH at 850 °C and RH-AC/KOH at 650 °C, 750 °C, and 850 °C were all
close to 100 %. By the final voltage of 1.5 V, the efficiency values were approximately 98.6 %, 100 %,
96.7 %, and 100 %, respectively. The RH-AC/KOH at 750 °C displayed slightly lower efficiency compared
to the other samples at 1.5 voltage.

The CV curves of two electrode (2E) cells with AC/NaOH at 850 °C and RH-AC/KOH at 650 °C,
750 °C, and 850 °C, measured up to 1.0 V in 1 mol-L™!' Li,SOy4 electrolyte, are shown in Figure 2 (a, b, ¢, and
d), respectively. As shown in Figure 2(a), the CV curves of AC/NaOH at 850 °C exhibit capacitance traces
with a specific current (Sc) ranging from —135.6 to 145.6 mA-g ! in the lower potential region (0.6-1.0 V),
while in the higher potential region (1.2—1.5 V), the specific current varies from —157 to 184.9 mA-g'. The
specific current change (ASc) at low and high voltages was calculated as 281.2 and 341.9 mA-g', respec-
tively. Figure 2(b) presents the CV curves of RH-AC/KOH at 650 °C, showing capacitance traces where the
specific current increases from —143.9 to 123.7 mA-g! in the low potential region. At higher potentials, the
specific current varies from —157 to 184.9 mA-g!. The corresponding ASc values for low and high potentials
were determined to be 267.6 and 314.6 mA-g!, respectively. Similarly, as shown in Figure 2(c), the CV
curves of RH-AC/KOH at 750 °C exhibit specific current variations from —135.7 to 133.5 mA-g! in the low
potential region and from —155.6 to 184.4 mA-g' in the higher potential region. The ASc values for these
voltage ranges were calculated as 269.2 and 340.0 mA-g™!, respectively. In Figure 2(d), the cyclic voltamme-
try (CV) curves for the RH-AC/KOH sample at 850 °C show that the specific current ranges from —88.4 to
190.5 mA-g! at lower potentials and from —106.4 to 141.4 mA-g™' at higher potentials.
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Figure 2. CV curves at 2 mV/s of 2E cell with AC/NaOH at 850 °C (a)
and RH-AC/KOH at 650 (), 750 (c) 850 °C (d) activated electrodes in different voltages

The corresponding changes in specific current (ASc) are 190.5 mA-g ! and 247.8 mA-g!, respectively.
A comparison of ASc values at low voltages among the four samples, namely AC/NaOH at 850 °C and
RH-AC/KOH at 750°C, 650°C, and 850°C reveals the following trend: 281.2 > 269.2 > 267.6 >
>190.5mA-g!. Similarly, in the high voltage range, the ASc values follow the order: 341.9 = 340.0 >
>314.6 >247.8 mA-g'. From these results, it is evident that the electrode density of AC/NaOH at 850 °C is
significantly higher. Among the RH-AC/KOH samples, the one treated at 750 °C exhibits the highest current
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density, comparable to that of AC/NaOH at 850 °C. These electrochemical results indicate that RH-AC/KOH
at 750 °C achieves the highest current density, signifying superior electrochemical performance.

Figure 3 shows the galvanostatic charge-discharge (a), and electrochemical impedance (b) of AC/NaOH
2E cell at a current density of 0.2 A-g! in different voltage ranges at 850 °C. Figure 3 (a) shows a triangular
shape within the voltage range of 0.6—1.5 V, which suggests nearly ideal capacitive behavior, as is typical of
double-layer capacitors. The initial voltage drop during discharge, which occurs between 259 and 531 sec-
onds, appears minimal. A total discharge duration of 272 seconds indicates low internal resistance and excel-
lent conductivity of the electrode materials. The longest discharge time is observed at 1.5 V, with a maxi-
mum discharge time of 671 seconds exhibiting the highest stored charge value between 671 and 1342 sec-
onds. At higher voltages (1.4 V and 1.5 V), the charge-discharge curves remain linear with a right angle, in-
dicating good electrode stability even under elevated voltage conditions. Additionally, the charge-discharge
curves are symmetrical and consist of straight lines, showing consistent growth as the voltage increases from
0.6 to 1.5 V. Figure 3(b) demonstrates the Nyquist Plot (EIS) at different voltages (0.6—1.5 V). The shift in
charge transfer resistance (R at lower voltages 0.6—1.0 shows the same 0.6 Q and low Equivalent Series
Resistance (Rs) 0.27 Q. The small semicircle at high frequencies corresponds to the charge transfer resistance
(Rey) at the electrode/electrolyte interface [36]. According to the specified parameters, the R values for the
three voltages in 1.2 V, 1.4 V, and 1.5 V gradually increase to 0.73 Q, 1.21 Q, and 2.05 Q, respectively. Cor-
respondingly, the R, values are 0.32 Q, 0.41 Q, and 0.56 Q, respectively. A larger semicircle at higher volt-
ages (1.4 V and 1.5 V) is attributed to an increase in R.. The highest change in charge transfer resistance
(AR.) is 1.49 Q, which is possibly due to reduced ionic conductivity at higher voltages compared to lower
voltage ranges. The ECI measurement results (Fig. b) suggest that the enhanced R, values of AC/NaOH 2E
cells reflect a notable alteration in the porous structure that facilitates easier electrolyte diffusion.
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Figure 3. GCD (a) and EIS () curves of the AC/NaOH 2E cell at a current density of 0.2 A-g™!
in different voltage ranges at 850 °C

Figure 4 shows the charge-discharge behavior and electrochemical impedance of a 2E cell with RH-AC
treated with KOH at 650 °C, 750 °C, and 850 °C at a current density of 0.2 A-g™!, across various voltage lim-
its. Figure 4(a) shows that the initial voltage drop during discharge, occurring between 248 and 498 seconds,
is minimal. Moreover, the total discharge duration (A7) of 250 seconds suggests low internal resistance and
excellent conductivity of the electrode materials. The longest discharge time is notably observed at 1.5V,
ranging from 563 to 1124 seconds, with a maximum duration of (A7) 561 seconds, indicating the highest
stored charge value. However, the GCD properties of RH-AC/KOH at 650 °C are significantly lower than
those of AC/NaOH 2E at 850 °C. Furthermore, at higher voltages (1.4 V and 1.5 V), the charge-discharge
curves deviate from linearity; a curved line reduces symmetry rather than a right angle. In contrast, its stabil-
ity declines as the voltage increases from 1.2 to 1.5 V. Figure 4(d) presents the Nyquist plot of RH-AC/KOH
at 650 °C. At low voltages (0.6—1.0 V), the charge transfer resistance (R.) and equivalent series resistance
(Rs) remain similar, with values of 2.86 Q) and 0.47 Q, respectively. As the voltage increasesto 1.2 V, 1.4V,
and 1.5V, the R values rise uniformly to 3.5 Q, 5.2 Q, and 7.16 Q, respectively. Similarly, the Rs values
increase to 0.56 Q, 0.72 Q, and 0.84 Q. The most significant increase in charge transfer resistance is ob-
served at the highest voltage (1.5 V), reaching 7.16 Q due to the formation of a large semicircle.
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Figure 4. GCD (a, b, c), and EIS (d, e, f) of the RH-AC/KOH 2E cell at a current density of 0.2 A-g!
with different voltages at 650, 750, and 850 °C, respectively

Figure 4(b) shows the GCD performance of RH-AC/KOH activated at 750 °C. The initial voltage drop
during discharge is minimal and occurs within the time frame of 251 to 505 seconds. Additionally, the total
discharge duration (AT) of 254 seconds suggests that the electrode materials have low internal resistance and
excellent conductivity. Furthermore, the longest discharge time of 604 seconds is recorded at 1.5 V from 620
to 1224 seconds, directly reflecting the highest stored charge. Meanwhile, under comparable conditions, the
GCD behavior of RH-AC/KOH activated at 750 °C with KOH remains notably higher than that of the
RH-AC/KOH sample activated at 650 °C. Furthermore, at elevated voltages (1.4 V and 1.5 V), the charge-
discharge curves exhibit a linear profile, maintaining symmetry between the charge and discharge lines. Fig-
ure 4(e) presents the Nyquist plot for RH-AC/KOH at 750 °C. At low voltages (0.6—1.2 V), the charge trans-
fer resistance (R.) and equivalent series resistance (R;) are similar, with values of 0.89 Q and 0.26 Q, respec-
tively. As the voltage increases to 1.4 V and 1.5 V, the R, values rise slightly to 0.98 Q and 1.1 Q, respec-
tively, forming a semicircle with a small radius, indicating that the electrochemical impedance of electrodes
does not increase significantly. Meanwhile, the R, values remain constant at 0.26 Q throughout the tested
voltage range of 0.6—1.5 V. Additionally, the conduction resistance exhibits minimal variation, ranging from
0.89 Q to 1.1 Q across the entire voltage range, consistently forming a distinct semicircle. Notably, the max-
imum change in charge transfer resistance (ARc) is only 0.21 Q, which further confirms the stability of the
system.
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As can be seen in Figure 4(c), the initial voltage drop during discharge is minimal and occurs between
188.4 and 490 seconds. Moreover, the total discharge duration (A7) of 301.6 seconds indicates low internal
resistance and excellent conductivity of the electrode materials. Notably, the longest discharge time is ob-
served at 1.5 V, extending from 490 to 974 seconds. This maximum discharge duration (A7) of 484 seconds
is directly proportional to the highest charge storage capacity. Furthermore, at higher voltages (1.4 V and
1.5V), the charge-discharge curves exhibit a linear profile, maintaining symmetry between the charge and
discharge lines. Figure 4(f) shows the RH-AC/KOH Nyquist plot at 850 °C. As the voltage increases to 0.6 V
and 1.5 V, the equivalent series resistance (Rs) and charge transfer resistance (R.;) values become similar at
all six voltages. They increase slightly to 0.24 Q and 0.38 €, respectively, indicating that the electrochemical
resistance of the electrodes is very low and forming a semicircle with a very small radius. It is worth noting
that the maximum change in charge transfer resistance (ARc) is only 0.14 Q) confirming that the
conductivity of the system is very low.
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Figure 5. GCD versus 2E cell with RH-AC treated at 650, 750, and 850 °C at a current density of 0.2 A-g™!
versus voltage: (a) 0.6 V, () 0.8 V,(c) 1.0V, (d) 1.2 V,(e) 1.4V, and (/) 1.5V

Figure 5 demonstrates the galvanostatic charge-discharge behavior of a 2E cell containing RH-AC
treated at 650 °C, 750 °C, and 850 °C at a current density of 0.2 A-g ™' and over a wide range of voltage. Fig-
ure 5(a, b and ¢) shows the charge-discharge voltage variations for the RH/KOH sample treated at 850 °C
(blue line) at voltages of 0.6 V, 0.8 V, and 1.0 V, which were 189 V, 246 V, and 306 V, respectively. These
values indicate significantly lower capacitance than the other two samples, which were treated at 650 °C and
750 °C. Within the lower voltage range (0.6—1.0 V), the discharge voltage change values (A)) for the
RH-650 °C and RH-750 °C samples remained consistent across figures a, b, and c. Furthermore, the AV val-
ues increased in the following order: 247 V <326 V <391 V for RH-650 °C and 253 V <326 V <400 V for
RH-750 °C, respectively. On the other hand, when analyzing the graphs in Figure 5 (d, e, and f), it is evident
that at relatively high voltages (1.2 V, 1.4V, and 1.5V), the charge-discharge curves are more widely
spaced. Specifically, the discharge voltage changes (A)) increased in the order of 372 V <444V < <525V
for RH-850 °C, 451 V <520 V <556 V for RH-650 °C, and 481 V < 558 V <607 V for RH-750 °C. These
results indicate that the AV values for RH-850 °C were the lowest across all voltage tests, and the charge-
discharge intersection angle formed an acute angle. Meanwhile, the discharge voltage changes (A}) for RH-
650 °C and RH-750 °C followed a similar increasing trend. Additionally, as the voltage increased from 1.2 V
to 1.5V, the charge-discharge curves for RH-650 °C (brown line) became more arc-shaped, while the dis-
charge voltage gradually decreased. In contrast, the RH-750 °C (red line) displayed the largest discharge
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voltage change (AV) of 481 V < 558 V < 607 V, forming larger, symmetrical triangles and maintaining a
steady increase.

Figure 6 illustrates the pronounced impact of activation temperature on the pore structure of
RH-AC/KOH electrodes. At 650 °C (Fig. 6(a)), the RH-AC electrode exhibits a predominantly microporous
structure, with micropores (0.35-2 nm) accounting for 62.01 % of the total porosity, along with a notable
fraction of small mesopores (2—10 nm) comprising 34.57 %. Figure 6(b) shows that increasing the activation
temperature to 750 °C leads to a clear shift in pore distribution: microporosity decreases to 52.69 %, while
mesoporosity increases to 40.58 %. This trend reflects progressive pore widening, which is attributed to
more intense KOH activation at higher temperatures. Furthermore, at 850 °C (Fig. 6(c)), the RH-AC/KOH
electrode undergoes a dramatic structural transformation, with mesopores dominating at 89.98 % and mi-
cropores nearly disappearing to 0.04 %. This suggests that excessive activation at this temperature may lead
to overdevelopment of mesopores and potential pore collapse. These results demonstrate the temperature-
dependent tunability of the pore network, whereby elevated temperatures promote the formation of meso-
pores that enhance ion transport. However, this enhancement may come at the expense of a reduced specific
surface area. This highlights the importance of optimizing activation conditions to achieve a balanced pore
structure for optimal electrochemical performance.
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Figure 6. Pore volume distribution maps for RH-AC/KOH at 650 (a), 750 (b), and 850 °C (c¢) activated electrodes

This analysis confirms that the RH-750 °C sample exhibits stable and high capacitance across a broad
voltage range. Notably, it maintains superior performance at a current density of 0.2 A-g™' under voltages
higher than 1.5V, demonstrating superior desirable characteristics for energy storage applications in super-
capacitors.

Conclusions

Cyclic voltammetry (CV) tests reveal the electrochemical behavior of activated carbon samples, with
RH-AC/KOH synthesized at 750 °C demonstrating the highest capacitance retention (159-165 F-g!). This
superior performance is likely due to its optimized microporosity and enhanced conductivity, making it the
most effective cathode material for supercapacitors. Electrochemical analysis, including galvanostatic
charge-discharge (GCD) and electrochemical impedance spectroscopy (EIS), further confirms that
RH-AC/KOH at 750 °C achieves the highest current density and maintains stable performance across a volt-
age range of 0.6—1.5 V, exhibiting the longest discharge duration. Comparing the specific current change
(ASc) at low potentials (0.6-1.0 V) among four samples of AC/NaOH at 850 °C and RH-AC/KOH at
650 °C, 750 °C and 850 °C reveals the following trend: 281.2 > 269.2 > 267.6 > 190.5 mA-g'. At higher
potentials (1.2-1.5 V), the ASc values follow the order: 341.9 = 340.0 > 314.6 > 247.8 mA-g™'. These results
indicate that the AC/NaOH sample at 850 °C possesses the highest electrode density. However, the
RH-AC/KOH sample treated at 750 °C exhibits the highest current density, compared the other RH-AC
samples modified at different temperatures. Overall, the electrochemical data highlight the RH-AC/KOH
sample treated at 750 °C as the most efficient electrode material. It delivers stable, high capacitance across
different voltage levels and maintains superior performance at a current density of 0.2 A-g™!' above 1.5 V.
The excellent electrochemical properties of rice husk-derived activated carbon synthesized at 750 °C under-
score its strong potential as an advanced electrode material for supercapacitor energy storage. Its optimized
porosity, improved electrical conductivity, and superior charge retention ensure high capacitance stability
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over a broad voltage range. These attributes not only enhance energy storage efficiency but also indicate
long-term durability and performance reliability, making it a promising candidate for next-generation super-
capacitor applications in sustainable energy systems.
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