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Introduction

Recent breakthroughs in energy storage technologies have been significantly pro-
pelled by advancements in supercapacitor materials, particularly those leveraging
the unique properties of two-dimensional (2D) nanomaterials. These materials,
including graphene, transition metal dichalcogenides (TMDs), and MXenes, pos-
sess exceptional electrochemical characteristics such as extensive surface areas
and superior electrical conductivity, which are crucial for enhanced energy density,
power density, and prolonged cycling stability in next-generation energy storage
devices [1]. The pursuit of sustainable and high-performance energy solutions
has also driven the exploration of biomass-derived carbon materials. Hierarchical
porous carbon structures synthesized from renewable biomass precursors offer a
promising route to achieving remarkable specific capacitance and excellent rate
capabilities due to their intricate pore networks that facilitate efficient ion trans-
port and adsorption [2]. Furthermore, the strategic modification of carbon nano-
materials through doping has emerged as a powerful strategy to enhance their
electrochemical performance. Nitrogen-doped carbon nanosheets, prepared via
straightforward hydrothermal synthesis, present increased active sites and im-
proved electrode wettability, leading to substantial gains in specific capacitance
and cycling stability [3]. The development of advanced electrode architectures,
such as vertically aligned carbon nanotubes (VACNTS), has also been pivotal in
supercapacitor research. The distinct three-dimensional arrangement of VACNTs
ensures rapid ion diffusion and charge transport pathways, resulting in superca-
pacitors with high power density and exceptional cycling endurance [4]. In paral-
lel, hybrid nanomaterials combining the unique attributes of different components
are showing significant promise. Graphene quantum dots (GQDs) decorated with
metal oxides, for instance, leverage the synergistic effects between the quantum
dots and metal oxides to achieve high surface areas, abundant active sites, and
boosted electrical conductivity, thereby improving both energy density and cycling
stability [5]. MXenes, a fascinating class of 2D transition metal carbides, nitrides,
and carbonitrides, are garnering considerable attention for their excellent elec-
trical conductivity and tunable surface chemistry, rendering them highly suitable
for high-performance supercapacitor electrodes. Their synthesis, surface mod-
ification, and integration into device architectures are active areas of research
aimed at overcoming current limitations and unlocking future potential [6]. The
strategic combination of different nanomaterials also extends to the integration of
TMDs with graphene derivatives. For example, MoS2/reduced graphene oxide
(rGO) nanocomposites form a hierarchical structure that enhances conductivity
and provides a larger active surface area, leading to superior capacitance and
rate performance in supercapacitors [7]. Beyond advanced nanomaterials, the
utilization of abundant and sustainable biomass sources for supercapacitor ap-
plications is gaining traction. Porous activated carbon derived from readily avail-

able resources like coconut shells offers a large surface area and favorable pore
structure, facilitating efficient ion adsorption and transport for high specific capac-
itance and good cycling stability [8]. The design of functionalized carbon mate-
rials, such as nitrogen-doped graphene decorated with metal oxides, represents
another avenue for enhanced supercapacitor performance. The synergy between
pseudocapacitive metal oxide nanoparticles and the conductive, high-surface-area
nitrogen-doped graphene platform leads to significantly improved specific capac-
itance, energy density, and cycling stability [9]. Finally, the growing demand for
portable and integrated electronics has spurred research into flexible and wear-
able supercapacitors, with 2D nanomaterials playing a central role. Innovations in
electrode design, electrolytes, and device architectures are enabling the creation
of lightweight, durable, and high-performance flexible energy storage solutions for
a wide range of emerging applications [10].

Description

The exploration of two-dimensional (2D) nanomaterials, including graphene, tran-
sition metal dichalcogenides (TMDs), and MXenes, has revolutionized superca-
pacitor technology by offering superior electrochemical properties [1]. These ma-
terials, characterized by their high surface area and excellent conductivity, are
instrumental in achieving enhanced energy density, power density, and long-term
cycling stability, paving the way for advanced energy storage solutions [1]. Con-
currently, the sustainable utilization of biomass as a precursor for energy storage
materials is gaining momentum. Hierarchical porous carbon derived from biomass
exhibits a unique pore structure conducive to enhanced ion transport and ion ad-
sorption, leading to remarkable specific capacitance and rate capabilities in su-
percapacitors [2]. The deliberate incorporation of heteroatoms into carbon nano-
materials, such as nitrogen doping, has proven to be a highly effective strategy for
boosting supercapacitor performance. Nitrogen-doped carbon nanosheets, syn-
thesized via a facile hydrothermal method, exhibit increased active sites and im-
proved wettability, resulting in enhanced capacitive performance and good cycling
stability [3]. In the realm of electrode design, vertically aligned carbon nanotubes
(VACNTSs) provide a distinct three-dimensional architecture that is highly beneficial
for supercapacitors. This unique nanostructure facilitates rapid ion diffusion and
charge transport, enabling supercapacitors to achieve high power density and ex-
cellent cycling stability [4]. Hybrid materials that synergistically combine different
nanomaterials are also at the forefront of supercapacitor research. The decoration
of graphene quantum dots (GQDs) with metal oxides creates a composite with
a high surface area, numerous active sites, and improved electrical conductivity,
leading to superior energy density and cycling stability [5]. MXenes, a class of
2D transition metal carbides, nitrides, and carbonitrides, are recognized for their
exceptional electrical conductivity and adaptable surface chemistry, making them
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highly promising for supercapacitor electrodes. Research efforts are focused on
their synthesis, surface functionalization, and incorporation into supercapacitor ar-
chitectures to address current challenges and explore future applications [6]. The
integration of transition metal dichalcogenides (TMDs) with graphene derivatives,
such as MoS2/reduced graphene oxide (rGO) nanocomposites, offers a synergistic
combination of properties. This hierarchical structure enhances electrical conduc-
tivity and provides a larger active surface area, leading to improved capacitance
and rate performance in supercapacitors [7]. The use of abundant and sustain-
able biomass resources, like coconut shells, for producing porous activated carbon
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is another significant development. The resulting activated carbon possesses a
porous structure and large surface area ideal for efficient ion adsorption and trans-
port, contributing to high specific capacitance and stable cycling performance in
supercapacitors [8]. Functionalized carbon materials, such as Co304 nanoparti-
cles anchored on nitrogen-doped graphene (Co304/N-G), represent an advanced
electrode material strategy. The Co304 nanoparticles offer pseudocapacitive con-
tributions, while the nitrogen-doped graphene enhances conductivity and surface
area, leading to significantly improved specific capacitance, energy density, and
cycling stability [9]. The growing need for portable and wearable electronics has
driven the development of flexible and wearable supercapacitors, where 2D nano-
materials play a crucial role. Advances in electrode design, electrolytes, and de-
vice configurations are enabling the creation of lightweight, durable, and high-
performance flexible energy storage solutions [10].

Conclusion

This collection of research highlights significant advancements in supercapacitor
technology, focusing on the use of various nanomaterials and carbon-based struc-
tures. Two-dimensional materials like graphene, TMDs, and MXenes are empha-
sized for their superior conductivity and surface area, leading to improved energy
and power densities. Biomass-derived porous carbons and activated carbons from
sources like coconut shells are explored for their sustainability and performance.
Strategies such as nitrogen doping in carbon nanosheets and the formation of hy-
brid materials like GQD-metal oxides and MoS2/rGO nanocomposites are shown
to enhance electrochemical properties. Vertically aligned carbon nanotubes offer
unique structural advantages for ion transport. The development of flexible and
wearable supercapacitors utilizing these advanced materials is also a key area of
progress, indicating a trend towards high-performance, durable, and sustainable
energy storage solutions.
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