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Abstract
The rising global energy demand calls for the development of highly efficient energy storage devices, particularly superca-
pacitors with remarkable power density. Because of its high surface area, activated carbon (AC) is crucial as a supercapacitor 
electrode material. X-ray irradiation of AC leads to modifications in its surface chemistry by altering the sp2 hybridization 
of the surface carbons. In the current work, we present x-ray irradiation studies on the supercapacitive properties of AC 
prepared by adopting an oil wick lamp method using soot derived from waste soybean oil. The activated soot is irradiated 
at a dose rate of 16 mGy/s under a 60 kV x-ray source and investigated as an electrode active mass for an electric double-
layer capacitor (EDLC). The device studies reveal that x-ray irradiation is crucial in determining the sample’s physisorption 
and energy storage properties. The irradiated sample demonstrates high specific power density (135.9 W kg−1) and specific 
energy density (3.2 Wh kg−1). The energy density of the irradiated AC soot electrode sample is nearly double that of AC, 
i.e., 3.2 Wh kg−1 versus 1.6 Wh kg−1, respectively, making it a potential candidate for efficient electrodes in EDLC devices. 
The internal resistance of the supercapacitor shows a reduction from 25.5 Ω to 24.1 Ω after irradiation, thereby increasing the 
electrode conductivity. The investigations in the current work reveal a significant enhancement of the energy storage capacity 
of x-ray-irradiated AC for high-performance supercapacitor devices. Moreover, the environmentally friendly methodology 
adopted to synthesize AC soot can help reduce environmental pollution and contribute to the development of sustainable 
energy storage devices.
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Introduction

As the demand for efficient and sustainable energy stor-
age solutions continues to rise, the quest for enhancing 
the performance of supercapacitors has led to innovative 
approaches in materials science.1,2 In recent years, the 
intersection of advanced materials and radiation science 
has opened up a promising avenue for improving the super-
capacitive properties of bio-derived activated carbon (AC) 

through x-ray irradiation. Bio-derived AC, renowned for its 
eco-friendly and renewable nature, possesses a porous struc-
ture and high surface area ideal for energy storage applica-
tions.3–5 Carbon is an optimal material in supercapacitors 
due to its affordability, lightweight nature, mechanical and 
chemical stability, abundance, and environmentally friendly 
characteristics. The energy storage capacity of carbon-based 
materials stems primarily from electric double-layer capaci-
tance, which arises from the adsorption of ions and charged 
particles between the electrode and electrolyte. To enhance 
the specific capacitance of supercapacitors, carbon mate-
rials must undergo activation to increase specific surface 
area (SSA), porosity, and conductivity, which are crucial for 
electrode performance. Activated carbon finds widespread 
application in numerous commercial large-scale uses of 
supercapacitors. These applications span various sectors, 
such as smart grids and distributed energy storage, hybrid 
and electric vehicles, energy-efficient industrial machinery, 
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marine vessels, wind power facilities, uninterruptible power 
supplies, power backup systems, and consumer electron-
ics. The activation process involves physical and chemical 
methods to manufacture electrode materials. However, while 
ACs typically feature pores within the range of 0.4–4 nm, 
their wide distribution of pore sizes may limit their effec-
tiveness in specific electric double-layer capacitor (EDLC) 
applications.6

Utilizing biomass-derived AC from biowaste as super-
capacitor electrode materials offers sustainable waste man-
agement, reducing the environmental impact and promoting 
a circular economy. By repurposing waste such as edible 
oil into valuable products, this approach contributes to both 
environmental preservation and economic viability. Moreo-
ver, it fosters innovation and sustainability in energy storage 
technology, providing a cost-effective alternative to tradi-
tional electrode materials and making supercapacitors more 
accessible.7,8

The controlled application of x-ray irradiation intro-
duces a novel dimension to this field, offering the potential 
to tailor the structural and chemical characteristics of AC 
for optimized supercapacitor performance. This exploration 
of x-ray irradiation-induced enhancements builds upon the 
well-established principles of AC in energy storage devices. 
Activated carbon, derived from sustainable sources such 
as wood, coconut shells, or other biomass, has become a 
material of choice for supercapacitors due to its exceptional 
surface area, pore structure, and electrochemical stabil-
ity.8–10 The deliberate exposure of AC to x-ray irradiation 
introduces a controlled perturbation to its molecular and 
structural composition, opening avenues for fine-tuning its 
electrochemical properties. This approach seeks to harness 
the synergy between advanced materials engineering and 
radiation science to push the boundaries of supercapacitor 
technology.

There has been much interest in different types of irra-
diation on supercapacitor electrode materials, resulting in 
the reordering of the carbon nanostructure, which leads to 
improvement in EDLC charge storage.11–13 In many early 
irradiation studies, the treatment and modification of carbo-
naceous materials was revealed to be a fascinating trend.11,14–16 
Experiments showed that carbon materials could be modified 
by microwave, point-beam radiation sources, electron beam, 
and high-energy gamma (γ) irradiation to tune their various 
properties. These included increased reaction kinetics, uniform 
particle distribution, mechanical strength, increased active sur-
face area, and fine-tuning of microcrystalline size, and affected 
the pore structure of the electrodes.13,17,18 Carbon treatment 
via these irradiation techniques effectively enhances specific 

capacitance in the range of 196 F g−1 to 483.2 F g−1 and energy 
density in the range of 5.6 Wh kg−1 to 17.6 Wh kg−1by using 
optimized radiation doses and frequency range and different 
point-beam radiation sources.18–20 Thus, x-ray radiation can 
be a promising method for modifying and manipulating AC 
materials to the fabrication of high-performance supercapaci-
tive devices. X-ray irradiation can be an effective technique to 
increase the specific capacitance (Csp) due to increased specific 
surface area (SSA), improved conductivity, and optimum pore 
diameter (PD) for rapid ion charge transfer.

In this work, we delve into the current state of research 
at the confluence of x-ray irradiation and bio-derived AC for 
supercapacitive applications. We explore the key parameters, 
such as x-ray energy and dose rates that influence the structural 
modifications of AC. Additionally, we investigate the potential 
effects of x-ray irradiation on surface functional groups, con-
ductivity, and charge storage capacities, aiming to elucidate 
the mechanisms contributing to the observed enhancements 
in supercapacitor behavior. Furthermore, safety considerations 
and the optimization of irradiation protocols are addressed to 
ensure the controlled evolution of AC without compromising 
its integrity.

This interdisciplinary approach holds promise not only for 
advancing energy storage technologies but also for providing 
a sustainable and eco-friendly pathway toward optimizing 
the performance of supercapacitors.21 The improper disposal 
of waste edible oil poses significant environmental concerns 
globally, leading to issues such as sewer line blockages, water 
contamination, and ecological deterioration. This study aims 
to address this issue by repurposing used soybean oil into valu-
able soot material. Given the necessity for sustainable alterna-
tives and the limited research on waste oil, we focus on extract-
ing AC from waste soybean oil (WSO) using the oil wick 
method. This method proves to be both straightforward and 
efficient, yielding soot with high purity and abundance. Soy-
bean oil was chosen for its widespread use in household and 
commercial cooking applications, highlighting its accessibility 
and potential for waste conversion into valuable resources.22,23 
Considering this, we report x-ray irradiation-induced modifi-
cation of AC characteristics and utilize the irradiated AC for 
supercapacitor device applications. The device performance 
was found to be dependent on the dose rate used for carbon 
irradiation. A dose rate of 16 mGy/s demonstrated outstanding 
specific capacitance (93.56 F g−1) as compared to the untreated 
AC (51.35 F g−1), with high energy density (3.28 Wh kg−1) 
and power density (135.90 W kg−1). By unraveling the intrica-
cies of x-ray irradiation-induced modifications in bio-derived 
AC, researchers can develop next-generation supercapacitors 
with superior energy density, enhanced charge/discharge rates, 
and sustained cycle life.
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Experimental Details

Materials Used

Activated carbon (used cooking soybean oil, Fortune Foods) 
was obtained using the oil wick method. PVDF-HFP (poly-
vinylidene fluoride-co-hexafluoropropylene, 99.9% purity, 
Sigma-Aldrich), 1-methyl-2-pyrrolidone (NMP, 99.5% 
purity, CDH), and carbon black (Super P, conductive, 99.9% 
purity, Alfa Aesar) were used in this study. Graphite sheets 
(Nanoshel) of 0.5 mm thickness were used for the deposition 
of slurry, and sodium hexafluorophosphate (NaPF6, 99.9% 
purity, Sigma-Aldrich) was used as the electrolyte. Hydro-
chloric acid (HCl) assay (30%) and deionized (DI) water 
were used for washing, and Whatman filter paper (0.5 M 
NaPF6) was used as a separator between the two symmetrical 
electrode devices.

Synthesis and X‑Ray Irradiation of Activated Carbon

Soot was collected on a stainless steel (SS) plate using 
incomplete combustion of waste cooking soybean oil from 
the flames of an oil wick lamp in an air environment (Fig. 1). 
In the next step, a mixture of soot and KOH in a ratio of 1:2 
was mixed in a mortar and pestle for 30 min. The mixture 
was transferred into an alumina crucible boat and placed 
into a tube furnace for activation (10°C/min and 850°C). 
The reaction lasted 1 h while maintaining an inert (N2) 
atmosphere, with further cooling to ambient temperature. 
The resulting prepared powder was washed multiple times 
with 1 M HCl aqueous solution, followed by DI water, to 
obtain a pH of 7 in order to enhance the pores in the carbon 
framework. Finally, the solid residue was filtered and oven-
dried at 60°C for 10 h to obtain the AC powder.

In the second step, AC was exposed at a dose rate of 
16 mGy/s under 60 kV using a dental x-ray machine as the 
source. Radiation doses are measured in the unit “gray” 
(Gy), where 1 Gy equals the joule absorbed per kilogram of 

sample. The dose rate of the x-ray source was determined 
by Eq.24:

Here, D is the x-ray dose rate, g is a constant with a value 
of 0.043, kV is tube voltage, mA is tube current, s is x-ray 
exposure time in seconds, and d is the distance of the source 
from the detector (cm).

Fabrication of AC Electrode

A weight ratio of 8:1:1 for AC, PVDF-HFP, and carbon 
black (super P) was used to create the slurry for the elec-
trodes. Firstly, the binder (PVDF-HFP) was stirred in NMP 
for 30 min, and AC and carbon black were added to form 
a uniform slurry. For the fabrication of electrodes, the pre-
pared slurry was uniformly drop-cast onto a graphite sheet 
(10 × 10 × 0.5 mm). The prepared electrodes were then 
vacuum-dried at 80°C overnight in an oven. The deposited 
active mass on each single graphite electrode was ~ 0.0012 g 
and 0.0011 g for AC and x-ray-irradiated AC, respectively. 
The EDLC symmetrical device was constructed by making 
a sandwich formation of two AC electrodes and then using 
a dipped Whatman filter paper as a separator (0.5 M NaPF6) 
electrolyte.

Material Characterization

Characterization of the samples (AC, x-ray-irradiated AC) 
was performed at room temperature. X-ray powder dif-
fraction (XRD) data were obtained on a fifth-generation 
MiniFlex 600 (Rigaku, Japan). To investigate the func-
tional groups, KBr and both prepared samples were uni-
formly mixed in a ratio of 1:1000 using an agate mortar 
and pestle, and pellets were formed by applying pressure 
(50 MPa) for 1 min using Fourier transform infrared spec-
troscopy (FTIR; Shimadzu, Japan). The morphology of the 
prepared sample was acquired using field-emission scan-
ning electron microscopy (FESEM; Nova NanoSEM-450). 
The pore size and surface analyses were conducted using 
Brunauer–Emmett–Teller (BET) theory in a Novatouch 4LX 
gas (N2) sorption analyzer  (Anton Paar/Quantachrome, Aus-
tria). X-ray irradiation of AC was conducted using a com-
mercially available low-energy source, intraoral dental x-ray 
setup (60 kV tube voltage, 30 keV photon energy, 8 mA tube 
current, 3 s pulse width). The electrochemical studies were 
performed using a potentiostat (Autolab, USA) for the two-
electrode sandwich-configured symmetrical device setup 
and included cyclic voltammetry (CV), Nyquist plots, and 
galvanostatic charge/discharge (GCD) cycle tests.

D =
g ∗ (kV)2(mA) ∗ s

d2

Fig. 1   Schematic of bio-derived activated carbon and x-ray-irradiated 
AC.
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Activation Mechanism

The activation mechanism starts with a solid (carbon)–solid 
(KOH) reaction, followed by a solid–liquid reaction in which 
the K+ ion is reduced to form metallic K, and carbon is oxi-
dized to carbon oxide and carbonate. The main byproducts 
H2O, CO2, CO, H2, K2O, and K2CO3 are formed during activa-
tion below 700 °C.25

The formation of H2O in Eq. 1 is combined with carbon in 
the activation process to form CO and H2

CO formed in Eq. 2 is combined with CO to form CO2 
and H2

Equations 2 and 3 indicate porosity formation via carbon 
gasification.

The formation of K2CO3 occurs above 400°C, and KOH 
is wholly consumed at above 600°C. Potassium carbonate 
(K2CO3) is formed and then breaks into CO2 and K2O at above 
700°C, completely disappearing at 800°C, as shown in Eqs. 4 
and 5.

(1)2KOH → K2O + H2O

(2)C + H2O → CO + H2

(3)CO + H2O → CO2 + H2

(4)CO2 + K2O → K2CO3

(5)K2CO3 → K2O + CO2

(6)C + CO2 → 2CO

(7)2C + K2CO3 → 2K + 3CO

The resulting CO2 is reduced into CO and K and can also 
be reduced by carbon to make metallic K at above 700°C, 
as shown in Eqs. 6, 7, and 8.

In conclusion, there are mainly two processes during the 
etching of the carbon framework for generating a porous net-
work: firstly, chemical activation by redox reaction between 
the chemical activating agents (KOH) and carbon, and sec-
ondly,  gasification through the formation of H2O and CO2 
by  physical activation.26

Results and Discussion

Functional Groups and Structural Analysis: FTIR 
and XRD

X-ray powder diffraction (XRD) analysis, shown in Fig. 2a, 
identified broad peaks that indicate the formation of amor-
phous carbon. Two broad XRD peaks were identified in the 
2θ range of 20° to 45°, with peak maxima at 25° and 43.6° 
corresponding to (002) and (100) peaks of AC samples.22

The different functional groups/vibration peak positions 
are shown in the FTIR spectra of AC and x-ray-irradiated 
AC (Fig. 2b). The wide peak at 3326 cm−1 is assigned to 
the O–H stretching vibration peak primarily because of the 
adsorbed moisture in the prepared sample.27,28 The 2930 
cm−1 and 2856 cm−1 peaks occurred due to C–H stretch-
ing (CH3, CH2, and CH) observed in both prepared sam-
ples.29 The peak intensity at 1741 cm−1 is enhanced in the 
AC sample after x-ray irradiation, indicating that nitrogen 
predominantly exists in the N–C=O functional group. It has 
been reported that the functional group of nitrogen in the 
prepared sample may be a reason for the improved electrode 

(8)C + K2O → 2K + CO

Fig. 2   XRD patterns. (a) Activated carbon (AC); (b) FTIR transmittance spectra of AC and x-ray-irradiated AC.
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capacitance.30 The aromatic rings occurred due to vibra-
tional C=C group stretching, giving rise to a 1547 cm−1 
peak, and are more pronounced in AC. The peaks at 1144 
and 847 cm−1 occur because of C–O stretching and are more 
prominent in this wavenumber range due to the x-ray-irra-
diated AC. The peak intensity at 1741 cm−1 is enhanced in 
the AC sample after x-ray irradiation, indicating the N–C=O 
functional group, and the peaks at 1144 cm−1 and 847 cm−1 
occur because of C–O stretching and are more prominent in 
this wavenumber range due to x-ray-irradiated AC as shown 
in Fig. 2b. An enhancement of oxygen-containing functional 
groups was observed after the irradiation of the AC sample. 
This phenomenon may occur due to the addition of oxygen 
ions to the double bonds in the graphitic carbon layers, and 
reactions of the species with the surface functional groups 
are observed at a radiation dose of 16 mGy/s in the intensi-
ties of planes (002) and (100), respectively.3

Morphological Studies

Morphological studies of the AC and x-ray-irradiated AC 
samples were carried out using FESEM. When the activa-
tion temperature was above 800°C, a porous carbon net-
work occurred due to the activation process (Fig. 3a–d). 
FESEM micrographs (Fig. 3a, b, c, d) corresponding to AC 
and x-ray-irradiated AC, respectively, depict a well-defined 
morphology with uniform spherical mesopores (2–50 nm) 

and macropores (50–80 nm), and the narrow pore size was 
confirmed by the pore size distribution as  shown in the 
inset micrograph. Figure 3a shows consistent grainy mor-
phology with a well-defined spherical structure. Enhanced 
porous structures with well-defined alleys were formed after 
x-ray irradiation (Fig. 3b, d). These alleys and enhanced 
mesoporous structures offer a high surface area, provid-
ing superior accessibility to the electrolyte ions for EDLC 
formation, enabling better electrochemical performance.31  
The AC sample maintained connectivity between the grainy 
morphology of all particles after irradiation, which helped 
enhance the electrical conductivity.

Surface Area and Pore Size Distribution Analysis

BET is a gas physisorption technique on a solid surface. The 
BET findings of both samples are presented in Fig. 4, and 
the observed values are listed in Table I. The monolayer gas 
volume adsorbed by the solid AC powder samples gives the 
total surface area, and the pre volume and pore size distri-
bution were estimated with the help of BET. The nitrogen 
physisorption isotherms (IV type) carried out at 77 K are 
shown in Fig. 4a, b for both AC and x-ray-irradiated AC 
samples, which arises for samples having both pore size dis-
tribution ranges, i.e., mesopore and micropore radius. Gas 
molecules (N2) interact with the sorbent mesopore surface, 
indicating capillary condensation, which causes the path 

Fig. 3   FESEM micrographs. (a, c) Activated carbon (AC) and (b, d) x-ray-irradiated AC.



4990	 R. Kumari et al.

difference during adsorption and desorption for dissimilar 
types of hysteresis loops,32 as shown in Fig. 4b.

The hysteresis loop (H1 type) confirms the spherical 
shape of the pores.33 The surface area (SA) and pore diam-
eter (PD) of AC and x-ray-irradiated AC are 514.01 m2 g−1, 
578.86 m2 g−1, and 4.36, 5.68 nm, respectively, as listed in 
Table I. Micro- and mesoporous surfaces typically have a 
large surface area, which improves electrolyte diffusion and 
increases the supercapacitor's specific capacitance results 
best aligned with FESEM pore size distribution.34 How-
ever, the pore size distribution curve of x-ray-irradiated AC 
shows wide pore diameters ranging from 1.4 nm to 70 nm 
and peaking at 1.74 nm and 14.94 nm. Thus, x-ray-irradiated 
AC is classified as a mesoporous material, which is strongly 
preferred in electrochemical devices. This is a desirable con-
dition for electrolyte ions to penetrate the electrode's active 
mass for the formation of an EDLC device to give rise to 
enhanced electrochemical performance.

Electrochemical Characterization

The performance parameters of the two-electrode, symmet-
rical EDLC cells fabricated with AC and x-ray-irradiated 

AC as electrodes were studied using CV, GCD, and Nyquist 
plots (electrochemical impedance spectroscopy) on an elec-
trochemical workstation.

Specific capacitance (Csp; F g−1) was estimated from the 
discharge time (s) of the GCD curve using well-known elec-
trochemical equations22,35:

Csp =
2IΔt

mΔV
 where m is the active mass (g) on one sym-

metrical electrode, I is current density, ∆V is the cell volt-
age, and ∆t is discharge time.

The energy density and power density (Ed, Wh kg−1: Pd, 
W kg−1) by using the following equations:

Here, ∆Vmax is a symmetrical cell operational voltage 
window.

The CV curves of the fabricated symmetrical cell device 
within the potential window range (0–1 V) at different sweep 
rates from 10 mV s−1 to 100 mV s−1 are shown in Fig. 5a. An 
ideal rectangular shape of the EDLC charge storage mecha-
nism is evident at all sweep rates for AC and x-ray-irradiated 
AC samples. Exposure to x-rays induced both minor and 
major alterations in sample porosity and pore network, lead-
ing to changes in the AC sample. The evenly distributed 
microporous microstructure within the network of open 
pores throughout the samples presents favorable avenues 
for enhancing the charge storage capacity of carbon-based 
electrode materials.13 The reversibility of the symmetrical 
electrode active mass on a cell was confirmed by the similar 
rectangular shape of the CV curves with increasing scan 
rate.36 Maintaining a nearly rectangular shape at high sweep 
rates up to 100 mV s−1 validates the good rate capability of 
the electrodes. The area under the curve and voltammetric 
currents increase gradually with the sweep rate.37 The AC 
irradiated with 16 mGy/s at a scan rate of 100 mV s−1, as 

Ed =

[

Cs

(8 × 3.6)
(ΔVmax)

2

]

; Pd =
[Ed × 3600]

Δt

Fig. 4   BET. (a) Pore size distribution curves using the Barrett–Joyner–Halenda (BJH) method. (b) Nitrogen adsorption/desorption isotherm.

Table I   Physisorption and electrochemical performance parameters 
for both samples

Sample Surface 
area (SA) 
(m2 g−1)

Pore diam-
eter (PD) 
(nm)

Internal 
resistance 
(Ω) (Rin)

Specific 
capacitance 
(F g−1) at 0.4 
Ag−1

AC 514.01 4.36 24.11 51.35
X-ray-

irra-
diated 
AC

578.86 5.68 25.50 93.56
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shown in Fig. 5c, showed the best rectangular shape com-
pared to those without irradiated AC, signifying capacitive 
behavior. Hence, the irradiated AC sample gives the highest 
specific capacitance (Csp) compared to the AC samples. This 
indicates considerable capacitive performance enhancement, 
further confirmed by GCD curves shown in Fig. 6.

The specific capacitance (Csp) of AC and x-ray-irradiated 
electrode material were found to be 51.35 F g−1 and 93.56 
F g−1 at 0.4 A g−1 current density. Irradiated AC electrodes 
exhibited a longer discharge time (∆t) (Fig. 6a), indicat-
ing higher charge storage capacity than AC, supported by 
CV analysis. The enhancement in specific capacitance by 
x-ray irradiation compared to AC devices might be due to 
the improved conductance because of induced irradiation 
charges.38 Furthermore, the increased capacitance observed 
in the x-ray-irradiated sample can be linked to its increased 
surface area, enhanced porosity, and more dispersed pore 
size distribution morphology of the carbon electrodes. These 
factors facilitate rapid electrolyte transport and efficient ion 
diffusion, contributing to the increased capacitance val-
ues.16 The specific capacitance decreases gradually with 
the increase in current density, which can be attributed to 

the limited transport of the electrolyte ions into the pores 
of the electrode's active mass.39,40 The high capacitance 
value is due to the spherical porous morphology of the AC 
electrodes after x-ray irradiation, which allows the rapid 
transport of the diffused electrolyte ions. Physisorption and 
electrochemical performance parameters for both samples 
are listed in Table I.

Nyquist plots were recorded over a frequency range of 
0.001 to 105 Hz for the AC-based supercapacitor symmetri-
cal cells, which are given in Fig. 7a. Over the high- to low-
frequency range, the sum of intersections of the origin of the 
semicircle arc with real impedance and a small semicircle 
(electrolyte resistance) denotes the internal resistance (Rin) 
which includes the interfacial resistance between the active 
material and current collector, internal resistance of the elec-
trolyte, electrode material, and collector.41,42 A lower inter-
nal resistance (Rin) value is observed in the x-ray-irradiated 
AC than in the AC sample, i.e., 24.11  Ω versus 25.50 Ω, 
respectively, indicating enhanced conductivity, fast electron 
transfer kinetics, and high electrochemical activity in AC 
after x-ray irradiation. The reduction in internal resistance 
can be ascribed to the improved electrical conductivity of 

Fig. 5   Cyclic voltammogram. (a, b) CV measurements at different sweep rates and (c) comparative CV curves at 100 mV s−1 for both samples.
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the AC, as irradiation induces significant alterations in the 
arrangement of sp2 states due to the tunneling of charge car-
riers through adjacent conductive chains.8 However, at mid-
frequency, a Warburg diffusion line (straight line with a 
slope of approximately 45°) is observed, which signifies the 
combination of capacitive and resistive behaviors of the 
electrolyte ions penetrating the pores of the electrode's active 
mass, and at lower frequency, the capacitive line region (par-
allel to the imaginary axis) further confirms the capacitive 
nature of the electrodes, given by Z″= −1

jCw
 , where w is the 

angular frequency and C is the capacitance.43,44 Compared 
to AC, the steeper rise in the curve after the semicircle 
observed in the x-ray-irradiated sample indicates the forma-
tion of the electric double-layer system at the electrode/elec-
trolyte interface.13 The inset in Fig. 7a shows the semicircu-
lar graph at the high-frequency range of the Nyquist plot. 
The Nyquist plots of the x-ray-irradiated AC samples  show 
better charge transfer than AC.

The maximum energy and power density of the  x-ray-
irradiated electrode were 3.2 Wh kg−1 and 135.9 W kg−1 
at 0.4 A g−1 current density, with 87% retention compared 

with AC of 79% after 2200 GCD cycles at 1 A g−1 
(Fig. 7b), suggesting the good retention capacity of the 
symmetrically configured device. It takes nearly 32 h to 
test the stability of GCD charging and discharging cycles 
at a potential value of 1 A g−1. A bar graph comparing 
these results with previously reported work using different 
irradiation sources is shown in Fig. 7c. The CV plots with 
changing dose rates from 16 mGy/s to 80 mGy/s show 
better performance at 16 mGy/s, as seen in Fig. 8a. Irra-
diation at higher doses of 48 mGy/s and 80 mGy/s led to 
deterioration in performance with increased asymmetry in 
the curve, possibly due to structural distortion caused by 
the x-ray irradiation. This is also evident from the FESEM 
results, which show a wide mesoporous range. The CV 
results show the same trend as a two-electrode device, 
where better electrochemical energy density (3.2 Wh kg−1) 
and power density (136 W kg−1) were observed at the opti-
mum dose rate of 16 mGy/s, as seen in the plot in Fig. 8b. 
Bombardment at lower doses may lead to structural rea-
lignment and restructuring of defects in x-ray-irradiated 
AC to assist charge trapping and storage. Therefore, the 
bombardment of the optimum dose (here, 16 mGy/s) of 

Fig. 6   Galvanostatic charge/discharge. (a, b) GCD measurements at different current densities and (c) comparative GCD curves at 0.4 A g−1 for 
both samples.
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energetic ion beams (x-ray irradiation) has led to struc-
tural changes and thus to enhanced charge storage abil-
ity of the AC soot, benefiting the electrochemical perfor-
mance of supercapacitor devices. This study innovatively 

repurposed used soybean oil into valuable soot material 
and investigated the supercapacitive properties via x-ray 
irradiation. This unique method involves synthesizing AC 
using soot from recycled waste soybean oil through an oil 

Fig. 7   (a) Nyquist plot in the frequency range of 0.001 to 105 Hz for both samples. (b) Retention (%) with number of cycles for AC and x-ray-
irradiated AC samples. (c) Bar graph comparing the results with previously reported work.

Fig. 8   (a) CV plots at different dose rates. (b) Comparative graph of energy and power density values at optimum 16 mGy/s with higher dose 
rates.
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wick lamp process, offering a sustainable waste manage-
ment solution. With limited research on waste edible oil 
utilization, this approach taps into the widespread house-
hold and commercial use of  soybean oil, demonstrating 
its potential for transforming waste into valuable resources 
and advancing environmentally friendly practices and cir-
cular economy initiatives. Also, a comparison of electro-
chemical performance parameters using different irradia-
tion methods is shown in Table II.

Conclusion

X-ray irradiation and dose rate strongly affect the surface 
area, pore diameter, and mesoporous range of irradiated 
AC. Surface modification via x-ray irradiation dramatically 
improves the wetting behavior of the porous AC (soot) and 
creates capacitance through a combination of electric dou-
ble-layer formation. AC from waste soybean oil and x-ray-
irradiated AC were investigated for supercapacitor electrode 
applications. A dose rate of 16 mGy/s induced significant 
changes in the morphological structure of the irradiated 
ACs, which affected the porosity and network of pores pro-
duced in the AC during treatment. A low dose of x-ray irra-
diation was found to be optimum for the wide mesoporous 
range, which significantly affected electrolytic ion accessi-
bility and surface characteristics, enhancing the performance 
of supercapacitors. The morphological studies of the AC 
irradiated by x-rays shows well-defined morphology with 
uniform spherical mesopores (2–50 nm) and macropores 
(50–80 nm) that offer a high surface area of 578.68 m2 g−1, 
confirming superior accessibility to the electrolyte ions for 
EDLC formation needed for high electrochemical perfor-
mance. The specific capacitance of the irradiated AC soot 
electrode sample almost doubled that of AC, i.e., 93.56 F g−1 
versus 51.35 F g−1, respectively. Moreover, the stability of 
the x-ray-irradiated AC device was enhanced by 9%, with 

retention of 87% compared with AC (~79%) after 2200 GCD 
cycles at 1 A g−1. Thus, the x-ray dose rate is a crucial factor 
influencing the energy storage capacity of carbon material. 
This study favors the x-ray irradiation method, a simple and 
effective approach for modifying bio-derived AC in fabri-
cating a higher-quality, higher-performance electrode, pav-
ing the way for sustainable supercapacitor energy storage 
devices.
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