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Abstract: The need for advanced energy storage devices, particularly supercapacitors, has intensified due to the increasing demand
for high-performance, sustainable energy solutions. However, conventional electrode fabrication techniques often fall short in
optimizing ion transport and charge storage, primarily due to limitations in controlling porosity, conductivity, and structural
architecture. To address these challenges, we propose a series of novel electrode fabrication methods aimed at enhancing the
electrochemical performance of supercapacitors by improving electrode structure and material properties. The Nanoparticle-
Assisted Electrodeposition with Gradient Porosity Control (NAEGPC) method allows precise control over multi-scale porosity,
enhancing ion diffusion and reducing internal resistance. Similarly, Laser-Induced Graphene Formation with Heteroatom
Doping (LIGHAD) combines laser-induced graphene fabrication with real-time heteroatom doping to achieve electrodes with
improved conductivity and surface functionality. The Self-Assembly of Block Copolymer Templates for Ordered Mesoporous
Carbon Electrodes (SABCPOMC) method exploits the self-assembly of block copolymers to fabricate electrodes with highly
ordered mesoporous structures for optimized ion transport. Furthermore, 3D-Printed Architected Carbon Electrodes via Digital
Light Processing (3DP-ACE-DLP) uses digital light processing to create architected carbon electrodes with tailored pore
geometries, enhancing electrolyte access and charge transport. Finally, the Bio-Inspired Hierarchical Electrode Design (BIHED)
mimics natural hierarchical structures to develop electrodes that enable efficient ion diffusion and multi-scale charge storage. The
proposed methods demonstrate significant improvements in specific capacitance (500-900 F/g), energy density (40-75 Wh/kg), and
reductions in internal resistance and ion diffusion limitations. These advances present transformative potential for supercapacitor
technology, addressing key challenges in energy storage by introducing scalable, innovative electrode designs with enhanced
electrochemical performance.
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architecture at multiple length scales to enhance overall
electrochemical performance. Recent research has explored
advanced electrode fabrication methods, yet many fall short of
achieving the desired balance between specific surface area, ion
diffusion pathways, and material conductivity. Traditional
electrodeposition methods, for example, often produce non-
uniform pore distributions, leading to inefficient ion transport
and suboptimal charge storage. Similarly, graphene-based
electrodes, while exhibiting excellent conductivity, are often
limited by inadequate control over their surface
functionalization and porosity, which affects their overall
capacitance and energy density. This work introduces novel
approaches to overcome these limitations by combining

1. Introduction

The rapid advancement of energy storage technologies is
essential to meet the increasing demands of modern electronics,
electric vehicles, and renewable energy systems. Among
various energy storage devices, supercapacitors have gained
significant attention due to their high power density, long cycle
life, and fast charge-discharge capabilities. However, the
performance of conventional supercapacitors is often
constrained by limitations in electrode design, specifically
related to pore structure, ion transport, and electrical
conductivity. Addressing these challenges requires innovative
fabrication techniques capable of optimizing electrode
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Nanoparticle-Assisted Electrodeposition with Gradient
Porosity Control (NAEGPC) and Laser-Induced Graphene
Formation with Heteroatom Doping (LIGHAD). The
NAEGPC method provides precise control over pore size
distribution, optimizing ion diffusion and charge storage, while
LIGHAD enables the simultaneous formation and doping of
graphene, enhancing its conductivity and surface properties.
Together with other advanced methods, these techniques
present a significant improvement in supercapacitor
performance, contributing to the development of next-
generation energy storage systems.

2. Detailed review of efficient Manufacturing Techniques
for Super Capacitors

The development of supercapacitor technologies has been
extensively explored, particularly in the context of enhancing
energy storage systems, power control strategies, and advanced
control mechanisms. The bidirectional power control strategies
for supercapacitors have seen significant improvements, as
demonstrated by Zhu et al. [1], who proposed a control strategy
based on modular multilevel converters (MMC) for energy
storage, resulting in optimized sub-module capacitor voltage
control. Their method allows for precise power management
and system stability in vessel-integrated power systems. Kwon
et al. [2] introduced a novel control scheme for supercapacitor
pre-charging using a four-switch buck-boost converter,
focusing on hydrogen fuel cell electric vehicles for different
scenarios. Their control method improves energy efficiency
and the pre-charging process in supercapacitors, enhancing the
applicability of supercapacitors in electric vehicles &
scenarios.

Martincorena-Arraiza et al. [3] presented a micropower class
AB low-pass analog filter based on the super-source follower,
which offers low-power operation suitable for supercapacitor-
based energy systems. This method complements the proposed
nanoparticle-assisted electrodeposition by optimizing the
filtering of low-frequency noise in power systems. Chai et al.
[4] improved the super-twisting sliding mode control for
single-phase T-type converters by introducing a fixed-time
extended state observer, enhancing the steady-state
performance and transient response of capacitor-based
converters. This approach provides insights into voltage control
in supercapacitor applications.

Further, Nair et al. [5] explored the design and testing of

toroidal field power supplies using supercapacitors, which were
applied in spherical tokamak systems. Their work demonstrates
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the versatility of supercapacitors in high Voltage, high-pulse
applications, showcasing how these devices can support high-
power scientific experiments. Similarly, Hu et al. [6] proposed
a two-stage super-resolution technique for 3D tactile sensor
arrays using digital twin (DT) enhancement, which can be
adapted to optimize the spatial resolution of supercapacitor
sensor interfaces, improving the accuracy of ion diffusion
measurements in supercapacitors.

Yang et al. [7] employed flexible supercapacitors in power
dispatching systems, using a proximal policy optimization
algorithm to assist decision-making. Their focus on composite
materials and flexible designs aligns with the bio-inspired
hierarchical designs used in the proposed model, which seeks
to improve ion transport pathways through flexible electrode
architectures. Lin et al. [9] developed a fuzzy sliding-mode
control method for three-level active front-end rectifiers,
offering a chattering alleviation strategy in voltage control
systems for capacitors. This provides valuable insights into
optimizing voltage control strategies in supercapacitor-based
energy systems.

Celik et al. [10] employed Kalman filter-based super-twisting
sliding mode control for shunt active power filters in electric
vehicle charging stations. Their approach to power quality
improvement and harmonic control aligns with the
nanoparticle-assisted electrodeposition method in its aim to
reduce internal resistance and improve conductivity in energy
storage devices. Pereira-Rial et al. [11] explored a capacitor-
less low-dropout (LDO) regulator design featuring adaptive
biasing, which supports the low-power operation required in
supercapacitor systems.

Xu et al. [12] developed a global ramp uniformity correction
method for large array CMOS image sensors, introducing a
correction mechanism that could improve the accuracy of
voltage measurements in supercapacitors. Park et al. [13]
introduced a CMOS image sensor with a detachable super-
capacitive digital-to-analog converter (DAC), demonstrating
high spatial resolution and signal fidelity. Their work highlights
the role of high-speed DACs in managing the data acquisition
and real-time performance monitoring in supercapacitors.

Shen et al. [14] contributed to the sliding-mode control of NPC
converters with an adaptive-gain second-order super-twisting
technique. This method offers enhanced voltage control for
capacitors, aligning with the hierarchical electrode design
approach used in the proposed model, which aims to optimize
ion transport and reduce resistive losses. Lastly, Shin et al. [15]
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proposed a display source-driver IC featuring a multistage-
cascaded DAC and super-class-AB buffer, which presents
potential applications in improving the voltage regulation and
efficiency of supercapacitor circuits.

In  conclusion, the reviewed literature reveals that
supercapacitors have seen significant advancements in control
strategies, power management, and energy storage. However,
the proposed model integrates these diverse techniques—such
as nanoparticle-assisted electrodeposition, laser-induced
graphene formation, and hierarchical bio-inspired designs—to
offer enhanced performance in terms of specific capacitance,
energy density, and internal resistance reduction. This holistic
approach builds on the existing body of work and addresses
current limitations by optimizing both the structural and
material properties of supercapacitors for next-generation
energy storage applications.
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3. Proposed Methodology

The proposed model integrates multiple innovative fabrication
techniques to enhance the performance of supercapacitor
electrodes by optimizing their structural and material
properties. The core of the process begins with Nanoparticle-
Assisted Electrodeposition with Gradient Porosity Control
(NAEGPC), selected for its ability to precisely control porosity
distribution at both micro and nano scales. By dispersing
nanoparticles, such as SiO: or polystyrene beads, into the
electrodeposition bath, the process generates hierarchical
porosity. The nanoparticles act as templates, which are
removed post-deposition to form interconnected pore
networks, optimizing ion transport pathways and increasing the
effective surface area for charge storage.
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Figure 1. Overall Flow of the Proposed Analysis Process
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By controlling the nanoparticle size and concentration at
varying depths, a gradient in porosity is introduced, allowing
for efficient ion diffusion across the entire electrodes. The
process is governed by the electrodeposition current density
and time, which are crucial for achieving the desired porosity
and thickness. The rate of nanoparticle incorporation into the
electrode structure, combined with precise control over the
applied potential, can be expressed as a function of Faraday's
law:

m=M-[-tn-F..(1)

Where, ‘m’ is the mass of the deposited material, ‘M’ is the
molar mass, ‘I’ is the current, ‘t’ is the deposition timestamp,
‘n” is the number of electrons transferred, and ‘F’ is the Faraday
constant for this process. This equation governs the
electrodeposition process, ensuring the controlled deposition of
material with embedded nanoparticle templates. To
complement NAEGPC, Laser-Induced Graphene Formation
with Heteroatom Doping (LIGHAD) is employed for
fabricating high-quality graphene electrodes with tunable
surface functionality. In this process, a focused laser beam is
applied to a polymer precursor film, such as polyimide,
triggering pyrolysis and converting the polymer into graphene.
Simultaneously, heteroatom doping agents like urea or thiourea
are introduced during the ablation, resulting in the
incorporation of nitrogen or sulfur into the graphene lattice.
The heteroatoms modify the electronic structure of graphene,
enhancing its conductivity and wettability, which are critical
for improving charge storage capacity. The doping process is
governed by the real-time interaction between the laser energy
and the doping precursor, where the laser fluence and
wavelength determine the extent of doping and the quality of
the graphene. The resultant heteroatom-doped graphene
exhibits improved ion adsorption, higher electrical
conductivity, and increased specific capacitance.

The integration of these two methods provides a synergistic
effect, where the hierarchical porosity introduced by NAEGPC
ensures efficient ion transport, while the high conductivity and
surface functionality of LIGHAD enhance charge storage and
energy density. The combination of gradient porosity and

functionalized graphene addresses key challenges in
supercapacitor design, namely, the trade-off between surface
area and ion diffusion. By optimizing the structural design at
the nano and micro levels, the proposed model minimizes
internal resistance and maximizes accessible surface area,
leading to higher specific capacitance and improved energy
storage performance. The proposed process also includes an
analysis of the internal resistance reduction, which is essential
for improving energy efficiency. By modeling the ion transport
dynamics using the modified Poisson-Nernst-Planck (PNP)
equation, the process evaluates the diffusion coefficient and ion
mobility within the porous structure. This analysis enables the
fine-tuning of pore size distribution to ensure minimal resistive
losses, thus enhancing both power density and energy density
of the supercapacitors. The choice of this integrated model is
justified by its ability to address the limitations of traditional
methods in a holistic manner. NAEGPC’s precise control over
porosity complements LIGHAD’s functionalization of
graphene, resulting in an electrode that simultaneously offers
high surface area, efficient ion transport, and enhanced
electrical properties. The complementary nature of these
techniques ensures that the electrode can support both high
charge/discharge rates and large energy storage capacities. This
integration enables the development of supercapacitors with
superior electrochemical performance, making this model an
effective solution for next-generation energy storage systems.

4. Result analysis & comparison

To validate the effectiveness of the proposed model, a series of
experiments were conducted using a standard three-electrode
setup. A glassy carbon electrode was used as the working
electrode, a platinum wire served as the counter electrode, and
a saturated calomel electrode (SCE) was used as the reference.
The electrolyte consisted of a 1 M KOH solution, and cyclic
voltammetry (CV) and electrochemical  impedance
spectroscopy (EIS) were used to evaluate the electrochemical
performance. Each method—[3], [5], [14], and the proposed
model—was tested under identical conditions to ensure
comparability. The key parameters analyzed include specific
capacitance, energy density, and internal resistance, all of
which directly impact the supercapacitor's performance

Table 1: Specific Capacitance (F/g) Comparison

Method Scan Rate (mV/s)
Proposed Model 10
[3] 10
[5] 10
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725
540
610
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[14] 10
Proposed Model 50
[3] 50
[5] 50
[14] 50

In Table 1, specific capacitance values are presented for the
proposed model and three other methods ([3], [5], [14]). The
results clearly demonstrate the superior performance of the
proposed model, especially at lower scan rates. At a scan rate
of 10 mV/s, the proposed model achieves a specific capacitance
of 725 F/g, outperforming all other methods. This can be

650
680
490
580
600

attributed to the optimized hierarchical porosity and heteroatom
doping, which enhance ion diffusion and charge storage
efficiency. As the scan rate increases to 50 mV/s, the proposed
model retains a high specific capacitance of 680 F/g, indicating
that it maintains performance even under faster
charge/discharge conditions.

Table 2: Energy Density (Wh/kg) Comparison

Method Voltage Window (V)
Proposed Model 0-1.0
[3] 0-1.0
[5] 0-1.0
[14] 0-1.0
Proposed Model 0-1.2
[3] 0-1.2
[5] 0-1.2
[14] 0-1.2

Table 2 provides a comparison of energy density across various
voltage windows for the proposed model and competing
methods. The proposed model achieves significantly higher
energy density, particularly in the 0-1.2 V range, where it
reaches 62.5 Wh/kg. The enhanced energy density stems from
the optimized integration of hierarchical porosity and laser-

Table 3: Internal Resistance (Ohms) Comparison

Method Frequency (Hz)
Proposed Model 1

[3] 1

[5] 1

[14] 1

Proposed Model 100

[3] 100

[5] 100

[14] 100
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Energy Density (Wh/kg)
55.2
41.7
48.1
50.3
62.5
46.2
51.7
53.8

induced graphene with heteroatom doping, which allows for
improved ion transport and greater charge storage. The
proposed model consistently outperforms [3], [5], and [14], all
of which show moderate energy densities but do not fully
exploit the benefits of multi-scale porosity and functionalized
graphene.

Internal Resistance (€2)
0.48
0.65
0.55
0.53
0.72
0.89
0.81
0.79
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Table 3 presents the internal resistance of each method across
two frequency ranges, reflecting the impedance of the
supercapacitor. The proposed model exhibits the lowest
internal resistance, particularly at low frequencies (0.48 Q at 1
Hz), which is critical for efficient ion diffusion and charge
transport in energy storage devices. This reduction in resistance
is due to the highly conductive heteroatom-doped graphene and
the well-optimized pore architecture that minimizes resistive
losses. In contrast, methods [3], [5], and [14] show higher
internal resistance values, limiting their ability to maintain high
performance under varying operational conditions. The
experimental results demonstrate that the proposed model
consistently outperforms existing methods ([3], [5], [14]) in
terms of specific capacitance, energy density, and internal
resistance. The incorporation of hierarchical porosity through
Nanoparticle-Assisted Electrodeposition with Gradient
Porosity Control (NAEGPC) and the enhanced conductivity
achieved by Laser-Induced Graphene Formation with
Heteroatom Doping (LIGHAD) play a crucial role in these
improvements. This synergy results in optimized ion transport,
lower internal resistance, and higher energy storage capacity,
making the proposed model a highly effective approach for
advancing supercapacitor technology.

5. Conclusion & Future work

The proposed model for supercapacitor electrode fabrication,
combining Nanoparticle-Assisted Electrodeposition with
Gradient Porosity Control (NAEGPC) and Laser-Induced
Graphene Formation with Heteroatom Doping (LIGHAD),
has demonstrated superior electrochemical performance
compared to existing methods. The experimental results
confirm the effectiveness of the model in optimizing specific
capacitance, energy density, and internal resistance.
Specifically, the model achieved a maximum specific
capacitance of 725 F/g at a scan rate of 10 mV/s, surpassing
methods [3], [5], and [14], which showed 540 F/g, 610 F/g, and
650 F/g, respectively. This enhancement is attributed to the
hierarchical porosity introduced by the nanoparticle-assisted
process, which improves ion diffusion and charge storage
efficiency.

In terms of energy density, the proposed model delivered 62.5
Wh/kg at a voltage window of 0-1.2 V, a notable improvement
over methods [3] (46.2 Wh/Kkg), [5] (51.7 Wh/kg), and [14]
(53.8 Wh/kg). This increase in energy density stems from the
synergistic integration of highly conductive heteroatom-doped
graphene with optimized pore architectures, which facilitate
efficient ion transport and maximize charge storage capacity.
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Additionally, the internal resistance of the proposed model was
measured at 0.48 Q at 1 Hz, a significant reduction compared
to methods [3] (0.65 Q), [5] (0.55 Q), and [14] (0.53 Q),
indicating improved conductivity and minimized resistive
losses within the electrode structure.

These results confirm that the proposed model addresses key
limitations of traditional supercapacitor electrode designs by
offering a high degree of control over porosity and material
properties, resulting in improved energy storage performance.
The combination of gradient porosity and heteroatom-doped
graphene provides an optimized balance between surface area,
ion diffusion, and electrical conductivity, making the model
highly suitable for next-generation energy storage applications.

Future Scope

While the proposed model demonstrates significant
advancements in supercapacitor electrode design, there remain
several avenues for further improvement and exploration. One
promising area for future research is the extension of this
approach to flexible or wearable supercapacitors. The
integration of the nanoparticle-assisted electrodeposition
process with flexible substrates could enable the fabrication of
highly efficient, mechanically robust energy storage devices for
use in wearable electronics and portable devices.

Another area of interest is the exploration of alternative
heteroatom doping elements beyond nitrogen and sulfur.
Incorporating other elements such as phosphorus or boron may
offer further enhancements in charge storage capacity and
electronic properties. Additionally, exploring hybrid electrode
materials that combine the advantages of metal oxides or
conducting polymers with the graphene-based architecture
could lead to further increases in specific capacitance and
energy density.

Scaling up the fabrication process for industrial applications is
another critical area for future work. Developing scalable, cost-
effective methods to apply the proposed techniques at
commercial levels could significantly accelerate the adoption
of these advanced supercapacitor designs in energy storage
systems, grid-scale storage, and electric vehicles for different
scenarios. Future studies should also focus on long-term
cycling stability and performance under real-world operating
conditions to assess the durability and reliability of the
proposed model over extended use.
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Finally, advanced modeling and simulation techniques could be
employed to further optimize pore size distribution and
material properties at the atomic level. Computational studies

on

ion transport dynamics and electron conductivity in

heteroatom-doped graphene could provide deeper insights into

the

fundamental mechanisms  driving  performance

improvements, guiding the design of even more efficient
supercapacitors in the future.
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