
RSC
Sustainability

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
ve

eb
ru

ar
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

1.
02

.2
02

6 
21

:2
3:

26
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Activated carbon
aKamnoetvidya Science Academy, 999 Moo 1

Thailand. E-mail: suranan.a@kvis.ac.th
bFrontier Research Center (FRC), Vidyasirim

555 Moo 1, Pa Yup Nai, WangChan, Rayong
cThailand Institute of Nuclear Technolog

Thailand. E-mail: tanagorn@tint.or.th

† Electronic supplementary informa
https://doi.org/10.1039/d4su00701h

‡ These authors contributed equally to th

Cite this: RSC Sustainability, 2025, 3,
1507

Received 11th November 2024
Accepted 23rd January 2025

DOI: 10.1039/d4su00701h

rsc.li/rscsus

© 2025 The Author(s). Published by
derived from rice husks enhanced
by methylene blue and gamma irradiation for
supercapacitor applications†
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Jittiyada Surawattanawiset,‡a Nattamon Chittreisin,b Somlak Ittisanronnachai,b

Tanagorn Sangtawesin *c and Suranan Anantachaisilp *a

Electrodes for supercapacitors were developed from activated carbon (GAC) derived from glutinous rice

husk (GRH). The production of GAC involved the chemical activation of GRH with potassium hydroxide

(KOH), followed by carbonization at 800 °C for 2 hours under a N2 atmosphere. The pseudocapacitive

effects of the GAC were enhanced through N/S doping by adsorption of methylene blue, followed by

post-treatment. Two post-treatment methods were employed in this study: gamma irradiation at doses

of 25 kGy (GAC-25), 50 kGy (GAC-50), and 100 kGy (GAC-100), and hydrothermal treatment (GAC-Hdt).

Among all samples, GAC-25 exhibited the highest specific capacitance of 127.9 F g−1 at 0.5 A g−1, an

84.8% enhancement compared to GAC alone, attributed to pseudocapacitive effects. GAC-25 shows

pseudocapacitor behavior, while GAC-Hdt shows EDLC characteristics at an increased scan rate. GAC-

Hdt possessed a specific capacitance value of 0.5 A g−1, about four-fold higher than that of GAC-25, due

to its larger specific surface area of 1846 m2 g−1. These results highlight the potential use of gamma

irradiation as an alternative post-treatment method for developing supercapacitor electrodes.
Sustainability spotlight

This research contributes to SDG 7 (Affordable and Clean Energy) and SDG 12 (Responsible Consumption and Production) by developing sustainable super-
capacitor electrodes from rice husk, an agricultural by-product. Utilizing gamma irradiation and methylene blue enhances the performance of activated carbon,
enabling energy storage solutions that are efficient, cost-effective, and environmentally friendly. This approach supports waste reduction and resource
conservation by transforming rice husk waste into high-performance materials, aligning with the goals of cleaner production and sustainable energy technology
development. The research emphasizes innovative practices to meet global energy needs sustainably.
1 Introduction

Energy storage devices are becoming increasingly essential in
the modern era. Renewable energy sources are being harnessed
for power generation in many economies. However, these still
need some intermittent and less controllable limitations and
oen rely on local climate conditions for their feasibility.1,2 In
these cases, energy storage technology meets energy require-
ments while ensuring sustainability and efficiency.3–5 Super-
capacitors are an example of energy storage technology showing
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great promise: they can deliver energy quickly and facilitate
faster charging times, have elevated specic capacitance and
superior power density values, and endure longer life cycles
than many batteries.6 Supercapacitors are categorized into
electrical double-layer capacitors (EDLCs) that use an electro-
static charge to produce capacitance and pseudocapacitors that
store energy through fast and reversible faradaic redox
reactions.7,8

Activated carbon is the preferred choice over other carbon
materials for manufacturing electrodes for energy storage
devices.9–11 In addition to their relatively low cost, they exhibit
high specic surface areas, have tuneable pore distributions,
and can be developed from biomass.12,13 Numerous biomass
types are suitable raw materials for synthesizing activated
carbon, with rice husk having high potential in Asia driven by
its abundant availability as a waste product from the rice
milling process.14 Rice husk disposal can be problematic due to
its high silica content.15 However, this can be advantageous for
energy storage applications, providing a mesoporous structure
RSC Sustainability, 2025, 3, 1507–1515 | 1507
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to the activated carbon when the silica is removed.16 This makes
rice husk an ideal candidate for supercapacitor development.

Activated carbon is poorly conductive and hydrophobic,17–20

and therefore, introducing heteroatoms into the carbon
framework is a strategy for adding pseudocapacitive effects,
which enhance its utility in supercapacitor systems.3 Recent
efforts to improve supercapacitor efficiency have focused on
modifying the structure of activated carbons through doping
with nitrogen21 and sulfur.22 Nitrogen enhances ion transfer
capabilities and electronic conductivity, while sulfur induces
pseudocapacitive effects, reduces interfacial resistance, and
increases hydrophilicity, enhancing charge transfer speed.8,23–25

Methylene blue, a popular cationic dye employed in coloring
processes, offers a sustainable solution as an adsorbent.26 In the
case of methylene blue, activated carbon can absorb nitrogen
and sulfur atoms, resulting in improved energy storage effi-
ciency and wastewater treatment.27 This is benecial for
improving the supercapacitor's performance and promoting
environmental sustainability by resolving the challenge of dye-
laden effluents.28

Gamma irradiation, along with electron and high-energy
photon irradiation, is gaining attention as a technique for
modifying the properties of materials.29 Initially, studies on
particle irradiation focused on the treatment and modication
of carbon materials, resulting in changes in their mechanical,
electronic, and magnetic properties,30,31 highlighting its
promise as a material fabrication tool.32,33 The optimized
gamma irradiation technique can enhance the electrical
conductivity,34 specic surface area,35 and pore volume of
carbons36 while being environmentally benign, cost-effective,
and energy-efficient.30,37

This research aims to investigate the impact of methylene
blue doping and post-treatment by gamma radiation on rice
husk-derived activated carbon (GAC) properties in its use as
a supercapacitor material. Another signicant benet of this
research is demonstrating the dual functionality of activated
carbon for methylene blue removal and its subsequent reuse as
a supercapacitor electrode, contributing to the goal of zero
waste.
Scheme 1 The preparation of activated carbon and doped activated
carbon.
2 Methodology
2.1. Preparation of activated carbon

Glutinous rice husk (GRH) was collected from Surin, Thailand.
GRH was thoroughly washed with deionized water to eliminate
surface impurities and then dried at 60 °C for 48 hours. Aer
drying, the GRH was nely ground and sieved to achieve
a particle size of 74 mm. Subsequently, GRH-derived activated
carbon (GAC) was prepared by impregnating GRH with 33 wt%
potassium hydroxide (KOH) in a 1 : 2 weight ratio. The mixture
was dried at 80 °C for 72 hours before carbonization in a furnace
at 800 °C for 2 hours under a nitrogen ow, at a heating rate of
5 °C min−1. The resulting solid was subsequently washed with
0.1 M sulfuric acid (H2SO4), followed by distilled water until the
pH of the washings was neutral, before drying at 80 °C for 72
hours, as shown in Scheme 1.
1508 | RSC Sustainability, 2025, 3, 1507–1515
2.2. Modication of activated carbon with methylene blue

2.2.1. Doping of unmodied GAC without post-treatment.
In a typical batch, 200 mg of GAC was mixed with 400 ml of
a 50 ppm aqueous methylene blue solution. The mixture was
stirred using an orbital shaker at 150 rpm and maintained at
25 °C for 9 hours. Aer stirring, the material (GAC-Stir) was
ltered and dried at 80 °C for 12 hours.

2.2.2. Doping and post-treatment by hydrothermal pro-
cessing. GAC (200 mg) was mixed with 400 ml of a 50 ppm
aqueous methylene blue solution, and the suspension was then
stirred with an orbital shaker at 150 rpm at 25 °C for 9 hours.
The solution was then placed into a 500ml Teon hydrothermal
reactor, and hydrothermal treatment was conducted at 180 °C
for 12 hours. The material (GAC-Hdt) was collected and dried at
80 °C for 12 hours.

2.2.3. Doping and post-treatment using gamma irradia-
tion. The GAC was doped following the protocol mentioned
above. For the post-treatment, samples were purged with
nitrogen for 40 min before being exposed to gamma irradiation
from a 60Co source (JS 8900 IR-155, Nordion) at the Thailand
Institute of Nuclear Technology, Thanyaburi, Thailand. The
irradiation was performed at a dose rate of 8.3 kGy per h, with
a total dose of 25 kGy, affording the sample labeled GAC-25. The
samples were also subjected to 50 kGy or 100 kGy using the
same method and were labeled as GAC-50 and GAC-100,
respectively.
2.3. Characterization

2.3.1. Physical and chemical characterization of carbon
materials. The morphologies of GAC, GAC-Stir, GAC-Hdt, GAC-
25, GAC-50, and GAC-100 were investigated using Scanning
Electron Microscopy (SEM, JEOL JSM-7610F), with Energy-
Dispersive X-ray (EDX) spectroscopy used for mapping the
distribution of elements such as carbon (C), oxygen (O),
nitrogen (N), and sulfur (S) within the samples. Surface func-
tional groups were identied using Fourier transform infrared
spectroscopy (FTIR, Bruker Tensor 27), performed from
4000 cm−1 to 500 cm−1. The elemental composition of the
surface was ascertained through X-ray photoelectron spectros-
copy (XPS, JPS9010MC spectrometer, JEOL Ltd) using a MgKa
radiation source. The degree of graphitization and the presence
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The SEM images of (a) GAC, (b) GAC-Stir, (c) GAC-Hdt, (d) GAC-
25, (e) GAC-50, and (f) GAC-100.
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of defects within the sample were assessed using Raman spec-
troscopy (Raman, XploRA™ PLUS HOLIBA) over the range of
1000 cm−1 to 1800 cm−1 at an excitation wavelength of 532 nm.
The crystallinity of the samples was characterized using powder
X-ray diffraction (XRD, Bruker D8 ADVANCE) coupled with
CuKa radiation, covering angles (2q) between 10° and 80°. The
specic surface area and pore volumes were characterized using
nitrogen adsorption–desorption isotherms (BELSORP-max,
Microtrac BEL crop.) following the Brunauer–Emmett–Teller
(BET) method. Samples were degassed at 573 K for 5 hours prior
to measurement. The pore volume was determined by the
amount of nitrogen absorbed at 77 K with a relative pressure (p/
p°) ratio of approximately 0.999.

2.3.2. Electrochemical measurements. The electro-
chemical performance of the samples was assessed using
a three-electrode conguration. The electrodes were prepared
by mixing GAC, GAC-Stir, GAC-Hdt, GAC-25, GAC-50, or GAC-
100 with a polytetrauoroethylene (PTFE) binder and carbon
black in a weight ratio of 80 : 10 : 10. The mixture was combined
with ethanol to form a homogeneous dough, which was then
dried at 80 °C 12 hours. Subsequently, the material was
punched with a thickness of 0.090 mm and a diameter of 3 mm
and 4 mm to serve as the working electrode and counter elec-
trode, respectively. The samples were rolled into a freestanding
electrode.

The electrochemical performance of the prepared electrodes
was evaluated using three-electrode Swagelok-type cells with
3 M H2SO4 electrolyte, a Hg/Hg2Cl2 reference electrode, and
a Celgard 2400 lm as a separator. Cyclic voltammetry (CV)
measurements were conducted at scan rates of 5, 10, 20, 50, and
100 mV s−1 over a potential range of −0.05 to 0.65 V. Galvano-
static charge/discharge (GCD) tests were performed at current
densities ranging from 0.5 to 5.0 A g−1. A stability test was also
carried out using the GCD method at a current density of
2.0 A g−1 for 3000 cycles. For the three-electrode test, the
specic capacitance of samples was calculated using the
following equation: Csp ¼ ImDt

DV
; where Csp is the specic

capacitance (F g−1), Im is the current density (A g−1), Dt is the
time interval during discharge time (s), and DV is the potential
window (V).
Fig. 2 Nitrogen adsorption–desorption isotherms for GACs.
3 Results and discussion
3.1. Material characterization

The product yield of GAC is approximately 12.5%. The
morphologies of GAC samples are shown in Fig. 1. Each mate-
rial exhibits an interconnected porous structure, with the pore
formation characteristics of KOH activation. The decomposi-
tion of KOH releases carbon monoxide (CO) and carbon dioxide
(CO2), as shown in the equation below. These gases disrupt the
carbon structure, thus creating the observed porosity.38,39

6KOH + 2C / 2K + 3H2 + 2K2CO3 (1)

KOH + C / K + CO + 1/2H2 (2)

K2CO3 / K2O + CO2 (3)
© 2025 The Author(s). Published by the Royal Society of Chemistry
The morphology of the activated carbon framework does not
change signicantly aer the adsorption of methylene blue, as
the amount of methylene blue relative to activated carbon is
small, with 200 mg of activated carbon in 400 ml of a 50 ppm
aqueous methylene blue solution. However, gamma irradiation
results in some degradation of the carbon framework, with
higher doses (50 and 100 kGy) causing the formation of voids.
These voids alter the structural integrity of the material, which
leads to poor electron transportation. In contrast, hydrothermal
treatment (Fig. 1(c), GAC-Hdt) does not appear to result in
degradation, with the image revealingmany interconnected tiny
pores. SEM-EDX images for GACs are provided in the Appendix
(Fig. S1–S6).†

The textural properties of GACs were characterized using
nitrogen adsorption–desorption isotherms, as shown in Fig. 2.
According to the IUPAC classication,37 all GACs exhibit type I
and type IV isotherms. Type I isotherms are consistent with
micropores in the sample,40 while type IV isotherms typically
occur in mesoporous materials41 with H4-type hysteresis at high
relative pressure. BET analysis was performed to compare the
surface areas, pore volumes, and porosities of the GAC mate-
rials (Table 1). The blocking of pores by methylene blue results
in a slight decline of SBET in GAC-Stir relative to GAC. The
signicant enhancement in the SBET of GAC-Hdt compared to
GAC is due to extensive micropores formed during hydro-
thermal operations.
RSC Sustainability, 2025, 3, 1507–1515 | 1509
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Table 1 Specific surface areas and pore volumes for GAC materials

Sample
SBET
(m2 g−1)

Vtotal
(cm3)

Vmicro

(cm3)
Average pore
size (nm)

GAC (no MB) 1218 1.17 0.49 3.83
GAC-Stir 1208 1.16 0.46 3.85
GAC-25 1003 1.11 0.30 4.45
GAC-50 1200 1.16 0.33 3.87
GAC-100 1147 1.18 0.30 4.15
GAC-Hdt 1847 1.37 1.01 2.98
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Regarding gamma irradiation, the GAC-25 and GAC-100
samples display a slight reduction in the surface area relative
to GAC-Stir, with GAC-50 achieving the highest surface area
among the irradiated samples. Micropores of gamma-irradiated
samples have been destroyed, resulting in a decrease in SBET.
Additionally, the trend can be attributed to the effect of irradi-
ation on the pore structure. Specically, a 25 kGy dose likely
provides insufficient energy to signicantly modify morphol-
ogies, while a 100 kGy dose may cause excessive morphological
changes and a reduced surface area. The 50 kGy dose, however,
appears to optimize the porosity enhancement, resulting in the
highest BET surface area and favorable ion transport path-
ways.42 In terms of porous structures, GAC-Stir, GAC-25, GAC-50,
and GAC-100 have mesopore volumes of 0.70, 0.81, 0.83, and
0.88 cm3 g−1, respectively, suggesting that as the dose of gamma
irradiation increases, the overall pore structure shis towards
larger mesopores with respect to GAC-Stir. This transition is
benecial for ion diffusion during electrochemical processes, as
mesopores facilitate the efficient transport of electrolyte ions.43

GAC-Hdt, on the other hand, has the highest micropore volume
of 1.01 cm3 with a total volume of 1.37 cm3. These ndings
suggest that hydrothermal treatment is more effective in
increasing micropore volume and enhancing the charge storage
ability,44 while gamma irradiation transforms micropores into
mesopores, improving the rate of ion transport.

The X-ray diffraction proles of GACs are presented in
Fig. 3(a). All samples are amorphous45,46 and exhibit broad
diffraction peaks at 2q around 24° and 42°, attributed to the
(002) and (100) reections in graphitic carbon, respectively.
There is no shi in either diffraction peak aer doping with
methylene blue, suggesting that the overall structural arrange-
ment is preserved.47

The Raman spectra of GAC samples are shown in Fig. 3(b),
and in all cases, the D band and G band are located at
1340 cm−1 and 1570 cm−1, respectively. The D band
Fig. 3 (a) XRD patterns and (b) Raman spectra of GAC materials.

1510 | RSC Sustainability, 2025, 3, 1507–1515
corresponds to the A1g vibration and is associated with defects
and heteroatoms within the carbon lattice. In contrast, the G
band represents the E2g mode symmetry and signies the
presence of a sp2 carbon framework resulting from the
stretching vibrations of C–C bonds in graphitic planes and
aromatic rings.46–48 The ID/IG ratio values reect the level of
disorder or defects within the structure. GAC-Stir decreases in
ID/IG to 1.07, conrming a more graphitic nature than GAC.49 In
the case of the hydrothermal technique, the ID/IG of GAC-Hdt is
signicantly higher (ID/IG, 1.39), similar to that of gamma-
irradiated GAC-25 (ID/IG, 1.23). However, at higher doses of
gamma irradiation (50 kGy and 100 kGy), the ID/IG values were
lower, 0.99 for GAC-50 and 0.86 for GAC-100, respectively. This
is consistent with research by Vatankhah et al., who reported
that gamma irradiation could reduce the degree of graphitiza-
tion and induce signicant disorder as shown by higher ID/IG
values, but elevated dosages might also lead to decreases in ID/
IG.50

Fourier-transform infrared (FT-IR) spectra were obtained for
all GAC samples to highlight the functional groups present (Fig.
4). The broad absorption band at 3400 cm−1 is attributed to O–
H/N–H stretching vibrations.51,52 The peak at 1600 cm−1 corre-
sponds to C]O stretching and C]C stretching, while the
prominent peak at 1070 cm−1 is attributed to the stretching
vibrations of C–O–R bonds.49 Additionally, GAC-Stir and GAC-25
exhibit 1320 cm−1 and 1380 cm−1 peaks consistent with C–O
stretching and N–CH3 stretching vibrations, respectively.45,53

However, these bands are not observed in the spectra of GAC-
Hdt, indicating that hydrothermal pretreatment may result in
the loss of some functionality groups, in contrast to gamma
irradiation. The loss of surface functional groups may be
disadvantageous, decreasing the wettability of activated carbon
with aqueous electrolytes.

XPS analysis was conducted to examine the surface chem-
istry of doped activated carbon with or without post-treatment,
with the results highlighted in Fig. 5. While the presence of four
main peaks in Fig. 5(a), C 1s (284.7 eV), N 1s (400 eV), O 1s (532
eV), and S 2p (163.7 eV), conrm the successful incorporation of
methylene blue within the carbon matrix via adsorption,
hydrothermal, and gamma irradiation, it is crucial to focus on
the element nitrogen, which signicantly contributes to pseu-
docapacitive effects, as sulfur is present only in relatively small
Fig. 4 FT-IR spectra of GACs over the range of 500–4000 cm−1.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) XPS survey scan spectra of GACs: the N 1s high-resolution
XPS scan of (b) GAC-Stir; (c) GAC-Hdt; (d) GAC-25; (e) GAC-50; and (f)
GAC-100, and the S 2p high-resolution XPS scan of (g) GAC-Stir; (h)
GAC-Hdt; (i) GAC-25; (j) GAC-50; and (k) GAC-100.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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amounts. The nitrogen and sulfur dopants came from methy-
lene blue. During doping, methylene blue could degrade and
release nitrogen and sulfur atoms as inorganic ions ready to
incorporate into the activated carbon. Therefore, the N 1s peaks
were deconvoluted (Fig. 5(b)–(f)) into N-6 (pyridinic-N), N-5
(pyrrolic-N), and N-Q (quaternary-N) at 399.1 eV, 400.8 eV, and
401.9 eV, respectively.54,55 GAC-Stir comprised 17.0% N-5, 35.6%
N-6, and 47.4% N-Q. Aer post-treatment, the content of N-Q
signicantly decreased to 2.4% in GAC-Hdt and 25.2% in
GAC-25. Meanwhile, N-5 and N-6 dramatically increased to
44.9% and 52.7% in GAC-Hdt, respectively. GAC-25 also had
a higher percentage of N-5 and N-6, 32.0% and 42.8%, respec-
tively. GAC-50 showed a balanced distribution of nitrogen
species, with 36.4% N-5, 47.5% N-6, and 16.0% N-Q. GAC-100
had the highest N-5 content of 56.0%, with 25.1% N-6 and
a relatively lower N-Q content of 18.9%. N-5 and N-6 are bene-
cial for improving capacitance due to their involvement in
faradaic reactions occurring at the electrode–electrolyte inter-
face, specically at the surface sites where redox reactions
occur, enhancing pseudocapacitance. In contrast, N-Q mainly
contributes to conductivity but provides less pseudocapaci-
tance.4,56 The reduction of N-Q and the increase of N-5 and N-6
aer post-treatment, especially in GAC-Hdt and GAC-100, indi-
cate that post-treatment enhances the electrode's pseudocapa-
citive behavior, which is expected to improve the overall
electrochemical performance of the supercapacitor. These
results indicate the changes in the active site of activated carbon
for methylene blue from N-Q to N-5 and N-6 that are attributed
to pseudocapacitive effects aer post-treatment, such as
hydrothermal and gamma irradiation.

The electrochemical performance of the samples was eval-
uated using a three-electrode test system with 3 M H2SO4 as the
electrolyte. As shown in Fig. 6(a), the CV curves of GACs
measured at a scan rate of 5 mV s−1 display a quasi-rectangular
shape, which is characteristic of the electrochemical behavior of
a typical electrical double-layer capacitor (EDLC) in super-
capacitors. Furthermore, redox peaks were observed around 0.2
V/0.27 V at the electrode/electrolyte interface.55 The reversible
redox reaction of methylene blue is responsible for the modi-
cation of activated carbon,57,58 which gives credence to its
incorporation in enhancing electrochemical performance. The
electrochemical properties of samples were assessed through
kinetic calculations using eqn (1s)† and were analyzed for
charge storage mechanisms, indicating diffusion or surface
capacitance control. The results in Fig. 8s(a)† conrm that GAC-
Stir, GAC-Hdt, GAC-25, GAC-50, and GAC-100 exhibit hybrid
charge storage devices, displaying pseudocapacitive features.
The capacitance contribution rate was calculated (eqn (2s)†) at
a scan rate of 5 mV s−1, as shown in Fig. 8s(b).† GAC-Stir, GAC-
Hdt, GAC-25, GAC-50, and GAC-100 mechanisms comprise
approximately equal capacitive and diffusion components.

Fig. 6(b) displays the GCD curves of GACs at a current density
of 0.5 A g−1. The GCD curve of GACs exhibits a quasi-triangular
shape. The specic capacitance was calculated from the slope of
the discharge. As a result, GAC, GAC-Stir, GAC-Hdt, GAC-25,
GAC-50, and GAC-100 exhibited specic capacitances of 69.2 F
g−1, 85.0 F g−1, 242.1 F g−1, 127.9 F g−1, 124.3 F g−1, and 104.2 F
RSC Sustainability, 2025, 3, 1507–1515 | 1511
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Fig. 6 Electrochemical performance performed in a three-electrode
system: (a) CV curves at a scan rate of 5 mV s−1; (b) GCD curves at
a current density of 0.5 A g−1; (c) specific capacitance at various
current densities; (d) capacitance retention for 3000 cycles of GACs.
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g−1 at 0.5 A g−1, respectively. The specic capacitance of GAC-
Stir (85.0 F g−1) indicates a 22.8% increase compared to that
of the untreated GAC (69.2 F g−1). Further treatments, such as
hydrothermal or gamma irradiation at the optimal dosage (25
kGy), signicantly enhanced the specic capacitance by 249.9%
and 84.8%, respectively. The massive increase in the specic
capacitance of GAC-Hdt can be attributed to its much greater
specic surface area (Table 1). Although GAC-25 has a smaller
surface area compared to GAC-Stir, it provides higher specic
capacitance, which suggests that the contribution of N-5 and N-
6 in GAC-25 may contribute additional specic capacitance
through pseudocapacitive effects, as observed by the more
dominant peak in the CV prole compared to GAC-Stir.

Although GAC-50 and GAC-100 exhibited relatively high
specic capacitances of 124.3 F g−1 and 104.2 F g−1, respec-
tively, they did not have higher specic capacitance than GAC-
25. While GAC-50 and GAC-100 have larger surface areas and
higher amounts of nitrogen functional groups (N-5 and N-6),
which typically enhance pseudocapacitive effects, the superior
performance of GAC-25 can be attributed to the appropriate
presence of N-Q groups. These quaternary nitrogen groups (N-
Q) are known to increase the material's conductivity,
improving charge transfer efficiency.4,56 The enhanced conduc-
tivity provided by N-Q in GAC-25 may compensate for the lower
surface area and N-5 and N-6 contents. This is also supported by
the more pronounced peaks in the CV proles of GAC-25
compared to GAC-50 and GAC-100, indicating better electro-
chemical performance.

As the current density increases from 0.5 A g−1 to 5.0 A g−1 in
Fig. 6(c), the retention of the capacities of GAC, GAC-Stir, GAC-
Hdt, GAC-25, and GAC-50 was 72.3%, 42%, 85.5%, 83.8%, and
80.5%, respectively. The cycling stability of GAC, GAC-Stir, GAC-
Hdt, GAC-25, and GAC-50 for 3000 cycles, performed at 2 A g−1,
is demonstrated in Fig. 6(d). The specic capacitance retention
1512 | RSC Sustainability, 2025, 3, 1507–1515
of GAC increased to 112%, likely due to the full wetting of the
electrode material. This complete wetting allows for continuous
electrolyte diffusion inside the open-porous channels of the
activated carbon, thereby enhancing the activation of the
materials.24 While the specic capacitance retention of GAC-Stir
dropped to 95%, GAC-Hdt and all gamma-irradiated activated
carbons exhibited excellent stability, with 100% capacitance
retention despite pseudocapacitive effects. These results
demonstrate the capability of retaining supercapacitors'
performance through reversible redox action from pseudoca-
pacitive effects. Further images of CV graphs with different scan
rates and current densities are provided in the Appendix
(Fig. S7).†
4 Conclusion

Glutinous rice husks were used to synthesize activated carbon
(GAC) as the basis of supercapacitor electrodes. Methylene
blue, which contains heteroatoms, was integrated into the
carbon framework, in addition to post-treatment using
gamma irradiation or hydrothermal processing to modify the
surface chemistry of the activated carbon. Among samples
subjected to gamma irradiation (25–100 kGy), the 25 kGy
sample (GAC-25) exhibited the highest specic capacitance of
127.9 F g−1 at 0.5 A g−1 in 3 M H2SO4 aqueous electrolyte, even
though it has a lower specic surface area than materials not
subjected to post-treatment (GAC and GAC-Stir). GAC-50 and
GAC-100 also did not outperform GAC-25. This is likely due to
enhanced appropriate reactive surface chemistry and
conductivity.

On the other hand, hydrothermally treated GAC-Hdt ach-
ieved a specic capacitance of 242.1 F g−1 due to its relatively
high specic surface area. The capacitance retention of all
samples aer post-treatment is 100% aer 3000 charges and
discharge cycles at a current density of 2.0 A g−1. Despite the
highest specic capacitance exhibited by GAC-Hdt, gamma-
irradiated samples still showed pseudocapacitive effects at
a high scan rate in the CV prole, which is absent in GAC-Hdt.
This suggests that gamma irradiation can serve as post-
treatment in carbon materials doped with methylene blue,
without the need for corrosive chemicals or heat.
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