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Abstract

Electrocatalysis plays a vital role in the transition to green energy by enabling efficient conversion and
storage processes essential for a sustainable future. This study explores the application of
electrocatalysis in two key areas: hydrogen production through water electrolysis and the
electrochemical reduction of carbon dioxide (CO) into useful fuels and chemicals. Hydrogen, as a
clean energy carrier, and CO: reduction, as a carbon mitigation strategy, both depend on advanced
electrocatalysts to improve reaction rates, selectivity, and energy efficiency. The research highlights
recent advancements in catalyst design, particularly nanomaterials, single-atom catalysts, and defect-
engineered surfaces. It also addresses challenges such as catalyst stability, high overpotentials, and
industrial scalability. Emphasis is placed on integrating renewable energy sources with electrocatalytic
systems to enhance sustainability. The study underscores electrocatalysis as a transformative
technology that can bridge the gap between renewable energy generation and its practical utilization,
advancing global decarbonization goals.

Keywords: Electrocatalysis, hydrogen production, CO: reduction, catalyst design, renewable energy
integration

Introductions

In the wake of intensifying climate change and the urgent need to transition towards
sustainable energy systems, electrocatalysis has emerged as a cornerstone technology in
green energy conversion and storage. Electrocatalysis involves the acceleration of
electrochemical reactions through specialized catalysts and plays a pivotal role in critical
processes such as hydrogen production via water electrolysis and carbon dioxide (CO-2)
reduction into value-added fuels. As the global demand for clean alternatives to fossil fuels
escalates, hydrogen has been recognized as a promising energy carrier due to its high energy
density and zero-emission combustion, while CO: reduction offers a dual advantage—
mitigating greenhouse gases and generating renewable carbon-based fuels. In water splitting,
electrocatalysts significantly enhance the kinetics of the hydrogen evolution reaction (HER)
and oxygen evolution reaction (OER), with current research focusing on developing cost-
effective alternatives to noble metals like platinum and iridium. Simultaneously, the
electrochemical CO: reduction reaction (CO:RR) presents complex multi-electron transfer
challenges, requiring high selectivity and efficiency, which can be addressed through
advanced catalysts such as nanostructured metals, metal oxides, and molecular complexes.
Recent innovations in material science—especially nanomaterials, defect engineering, and
single-atom catalysis—have further optimized surface activity and stability (1.

Additionally, coupling electrocatalytic systems with renewable energy sources like solar and
wind enables real-time conversion and storage of intermittent energy, thus promoting a
circular carbon economy. The integration of computational modeling and machine learning
with experimental studies has accelerated the rational design of electrocatalysts, while in-situ
characterization techniques have deepened the understanding of reaction pathways and
catalyst dynamics. Despite significant progress, key challenges remain, including catalyst
degradation, low energy efficiency, and scalability for industrial application. Nevertheless,
the future of electrocatalysis is promising, with potential breakthroughs in bio-inspired
catalysts, hybrid systems, and device integration. This research aims to critically explore the
materials, mechanisms, and technological implications of electrocatalysis in hydrogen
production and CO: reduction, setting the stage for cleaner, more resilient energy
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infrastructures. Through this lens, the study highlights the
transformative role electrocatalysis can play in achieving
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global energy sustainability and carbon neutrality goals 21,

Characterization

Synthesis

Background of the Study

The growing global energy demand and the adverse
environmental impact of fossil fuels have intensified the
search for sustainable and clean energy solutions. Among
emerging technologies, electrocatalysis has gained
significant attention due to its ability to drive key reactions
in green energy systems, particularly hydrogen production
via water splitting and carbon dioxide (CO.) reduction into
value-added fuels. Hydrogen is considered a clean and
efficient energy carrier, while electrochemical CO-
reduction addresses the dual challenge of energy generation
and greenhouse gas mitigation. However, these processes
require efficient electrocatalysts to enhance reaction rates
and reduce energy losses. Recent advancements in material
science, including nanostructured catalysts and surface
engineering, have improved electrocatalytic performance.
Understanding and optimizing these processes are crucial
for integrating renewable energy sources into practical
energy systems. This study focuses on the background,
significance, and current developments in electrocatalysis as

a key enabler of sustainable energy transformation [,

Definition and Significance of Green Energy in the
Context of Climate Change

Green energy refers to energy sources that are renewable,
environmentally friendly, and sustainable over the long
term. These sources include solar, wind, hydro, geothermal,
and biomass energy, all of which generate power without
emitting harmful greenhouse gases (GHGSs) or significantly
depleting natural resources. Unlike fossil fuels such as coal,
oil, and natural gas, green energy harnesses natural
processes that are continuously replenished, thereby offering
a cleaner alternative to conventional energy systems. In the
context of climate change, green energy plays a pivotal role
in reducing the carbon footprint and mitigating the adverse
impacts of global warming. The combustion of fossil fuels
is the primary contributor to the accumulation of CO. and
other GHGs in the atmosphere, leading to rising global
temperatures, sea-level rise, extreme weather events, and
ecological disruptions ™I,
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By transitioning to green energy, nations can significantly
lower their emissions, meet international climate targets
such as those outlined in the Paris Agreement, and promote
long-term environmental sustainability. Furthermore, green
energy contributes to energy security, job creation, and
technological innovation, making it a multifaceted solution
to the climate crisis. The adoption of green energy also

aligns with the principles of a circular economy by
minimizing waste and encouraging resource efficiency.
Therefore, the shift towards green energy is not just a
technical necessity but a moral and strategic imperative in
the fight against climate change. It forms the foundation for
building resilient energy systems capable of supporting both
ecological balance and socioeconomic development I,
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Role of Electrocatalysis in Advancing Sustainable
Energy Technologies

Electrocatalysis plays a central role in advancing sustainable
energy technologies by enabling efficient and selective
conversion of energy from renewable sources into storable
and usable chemical forms. At the heart of many clean
energy processes—such as hydrogen production via water
splitting, carbon dioxide (CO:) reduction, and fuel cell
operations—are electrocatalytic reactions that require
catalysts to lower activation energy, increase reaction rates,
and improve energy efficiency. In water electrolysis,
electrocatalysts enhance the kinetics of the hydrogen
evolution reaction (HER) and the oxygen evolution reaction
(OER), both of which are essential for the large-scale
production of green hydrogen, a clean fuel with zero carbon
emissions. Similarly, electrocatalysis is critical in the
electrochemical reduction of CO. (CO:RR), converting the
greenhouse gas into valuable fuels and chemicals like
methane, carbon monoxide, formic acid, or ethanol, thereby
addressing both energy demands and climate concerns. The
development of highly active, stable, and cost-effective
electrocatalysts—especially those based on earth-abundant
elements—has been instrumental in making these
technologies viable for real-world applications. Advances in
nanotechnology, surface engineering, and computational
modeling have allowed researchers to  design
electrocatalysts with high surface areas, tunable active sites,
and enhanced durability. Electrocatalytic processes can be
directly powered by intermittent renewable sources such as
solar and wind energy, providing a pathway to store excess
electricity in chemical form and ensuring a stable energy
supply. ¢ This integration is crucial for building smart grids
and energy storage systems that are essential for a carbon-
neutral future. Additionally, electrocatalysis is contributing
to the development of next-generation batteries,
electrochemical sensors, and bio electrochemical systems,
further expanding its application in sustainable technology
domains. As the global community accelerates the transition
to green energy, electrocatalysis stands out as a
transformative platform that bridges renewable energy

generation with practical utilization. Its role in
decarbonizing energy systems, promoting circular
economies, and fostering innovation makes it an

indispensable component of sustainable development and
climate change mitigation strategies ["1.

Overview of Electrocatalysis

Electrocatalysis refers to the process in which an
electrocatalyst accelerates the rate of an electrochemical
reaction occurring at the interface between an electrode and
an electrolyte. It is a crucial phenomenon in electrochemical
systems, where the conversion of electrical energy to
chemical energy (or vice versa) takes place. The basic
principle of electrocatalysis lies in its ability to lower the
activation energy barrier of electrochemical reactions,
thereby enhancing the rate of electron transfer and
improving the overall efficiency of the process.
Electrocatalysis plays a fundamental role in various green
energy technologies such as water splitting, fuel cells,
batteries, and the electrochemical reduction of carbon
dioxide. Depending on how the catalyst interacts with the
reaction environment, electrocatalysis is broadly categorized
into two types: homogeneous and heterogeneous. In
homogeneous electrocatalysis, the catalyst exists in the
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same phase (usually liquid) as the reactants, leading to
uniform interactions and often allowing for better control
over selectivity and mechanistic pathways. However, these
systems can suffer from issues such as catalyst recovery and
long-term  stability. In  contrast,  heterogeneous
electrocatalysis involves catalysts that are in a different
phase—typically solid catalysts interacting with liquid or
gaseous reactants. These systems are widely used in
practical applications due to their ease of separation,
mechanical robustness, and potential for integration into
electrode surfaces. Regardless of the type, the presence of a
suitable electrocatalyst is essential for overcoming kinetic
limitations of sluggish electrochemical reactions such as the
hydrogen evolution reaction (HER), oxygen evolution
reaction (OER), and carbon dioxide reduction reaction
(COzRR) B,

Power
supply

Cathode

talyst

Electrolyte

By providing specific active sites for reactant adsorption
and facilitating intermediate transformations,
electrocatalysts significantly improve the reaction kinetics,
selectivity, and energy efficiency of electrochemical
systems. The effectiveness of electrocatalysis depends on
several factors including the electronic structure of the
catalyst, its surface area, conductivity, and stability under
operating conditions. Modern research focuses on the
development of advanced electrocatalysts—such as
nanostructured materials, doped carbon frameworks, and
single-atom catalysts—that exhibit superior performance
and durability while being cost-effective. Electrocatalysis
not only enhances the performance of individual energy
devices but also enables the integration of intermittent
renewable energy sources by offering efficient pathways for
energy storage and conversion. Thus, it stands at the
forefront of innovations aimed at achieving sustainable,
low-carbon energy systems for the future [,

Literature Review

Chatterjee, P., et al (2022). The integration of photovoltaic
(PV) and photo-electrocatalytic (PEC) systems offers a
highly promising route for sustainable green hydrogen
production by directly converting solar energy into chemical
fuel. PV-PEC hybrid systems combine the high efficiency of
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solar cells with the selective catalytic capabilities of
electrocatalysts to split water into hydrogen and oxygen
without carbon emissions. In such systems, the PV
component generates electricity from sunlight, which is then
used to power water electrolysis, while PEC systems utilize
semiconductor photoelectrodes to directly drive the
hydrogen evolution reaction (HER) under solar illumination.
This dual approach enhances solar-to-hydrogen (STH)
efficiency, minimizes energy loss, and enables off-grid
hydrogen generation [,

Rezk, H., et al (2023). Maximizing green hydrogen
production through water electrocatalysis requires a
strategic combination of advanced modeling and
optimization techniques to enhance system efficiency,
reduce energy consumption, and ensure economic viability.
Water electrolysis, driven by renewable electricity, is a
clean method for hydrogen generation, but its performance
is highly dependent on the effectiveness of the
electrocatalysts and system design. Modeling plays a critical
role in understanding the kinetics of the hydrogen evolution
reaction (HER) and oxygen evolution reaction (OER),
simulating electrode behavior, and predicting performance
under various operating conditions 2,

Li, X,, et al (2020). Water splitting is a key technology in
the transition to green energy, enabling the production of
clean hydrogen fuel by decomposing water into hydrogen
and oxygen through electrochemical reactions. This process
involves two half-reactions: the hydrogen evolution reaction
(HER) at the cathode and the oxygen evolution reaction
(OER) at the anode, both of which require efficient
electrocatalysts to overcome Kkinetic barriers and reduce
energy input. Advancements in electrode materials—such as
transition metal oxides, phosphides, sulfides, and
nanostructured catalysts—have significantly improved the
activity and durability of water-splitting systems. The
design of high-surface-area electrodes and stable
electrolytes is essential for maximizing reaction rates and
minimizing overpotentials I,

Tao, M., et al (2022). Green hydrogen production,
particularly through water electrolysis powered by
renewable energy, presents several engineering challenges
that must be addressed for large-scale deployment. One
major challenge is the design and development of efficient,
durable, and cost-effective electrocatalysts capable of
sustaining the hydrogen evolution reaction (HER) and
oxygen evolution reaction (OER) over long operating
periods without degradation. Another significant issue lies
in the scaling-up of electrolyzer systems, which involves
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maintaining uniform current distribution, efficient heat and
mass transfer, and system integration with fluctuating
renewable energy sources like solar and wind. Additionally,
water purity requirements and the need for corrosion-
resistant materials in harsh operating environments increase
system complexity and cost 4,

Rakowski et al (2009). The development of molecular
electrocatalysts for CO: reduction and hydrogen (H2)
production/oxidation represents a significant advancement
in the field of sustainable energy conversion. Molecular
catalysts, typically based on transition metal complexes
such as cobalt, nickel, iron, or ruthenium coordinated with
organic ligands, offer high tunability, selectivity, and
mechanistic clarity due to their well-defined structures. For
CO: reduction, these catalysts can facilitate multi-electron
and proton transfer processes to convert CO: into CO,

formate, or more complex hydrocarbons with high precision
5]

Methodology

This study employs a comprehensive review-based
methodology to analyze recent advancements in
electrocatalysis for green hydrogen production and carbon
dioxide reduction. The research involves an in-depth
examination of peer-reviewed journal articles, scientific
reports, and experimental data published in the last decade,
focusing on catalyst development, reaction mechanisms, and
system performance. Comparative analysis is used to
evaluate different electrocatalysts based on key parameters
such as overpotential, Faradaic efficiency, stability,
selectivity, and cost. Emphasis is placed on both hydrogen
evolution reaction (HER) and carbon dioxide reduction
reaction (CO:2RR), assessing the role of nanostructured
materials, transition metal complexes, and single-atom
catalysts. Additionally, this methodology incorporates
insights from computational modeling and density
functional theory (DFT) studies to understand electronic
structures and reaction pathways. Data are synthesized into
structured tables and thematic discussions to highlight
trends, challenges, and technological gaps. The study also
considers system-level integration, including photovoltaic-
assisted electrocatalysis, to evaluate the scalability and
sustainability —of these green technologies. This
methodological approach ensures a holistic understanding of
how electrocatalysis contributes to the global transition
toward clean and renewable energy systems.

Results and Discussion

Table 1: Performance of Electrocatalysts for Hydrogen Production (HER)

Electrocatalyst Overpotential @10 mA/cm? Tafel Slope (mV/dec) Stability (hrs) Cost/Abundance
Pt/C (Benchmark) ~30 mV 30 >100 High/Low
MoS: Nanosheets 150-200 mV 55-70 ~50-100 Moderate/High

NiFe LDH ~200 mV 40-60 >100 Low/High
CoP Nanoparticles 120-180 mV ~65 >50 Low/High
Fe-N-C Single Atom ~90 mV ~45 >70 Low/High

Table 1 presents a comparative analysis of various
electrocatalysts used for the hydrogen evolution reaction
(HER), focusing on key performance indicators such as
overpotential, Tafel slope, stability, and cost. Platinum on
carbon (Pt/C) remains the benchmark catalyst due to its
extremely low overpotential (~30 mV) and excellent
kinetics (Tafel slope ~30 mV/dec), but its high cost and

scarcity limit large-scale application. MoS. nanosheets,
though more abundant and moderately priced, require
higher overpotentials (150-200 mV) and show slower
kinetics and limited stability. NiFe layered double
hydroxides (LDH) are cost-effective and abundant, offering
decent performance and long-term durability. Cobalt
phosphide (CoP) nanoparticles present a good balance
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between cost and activity, with overpotentials ranging from
120-180 mV. Fe-N-C single-atom catalysts demonstrate
promising performance with low overpotential (~90 mV)
and reasonable stability, offering a potential alternative to
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noble metals. Overall, the table highlights the trade-off
between efficiency, stability, and material cost in HER
catalyst development.

Table 2: Electrocatalysts for Electrochemical CO2 Reduction (CO2RR)

Electrocatalyst Major Product Faradaic Efficiency (%) Overpotential (mV) Stability (hrs)
Ag Nanoparticles CcO 85-95 500-600 ~50
Cu Nanocubes C:H4, C:HsOH 40-60 600-800 20-30
SnO: Nanostructures HCOOH 70-90 400-600 ~100
MOF-derived Zn-N-C CO 80-90 500-650 30-50
Bi-based Nanosheets HCOOH 80-95 300-500 ~60

Table 2 highlights the performance of key electrocatalysts
used in electrochemical CO: reduction (CO:RR), focusing
on their primary products, Faradaic efficiency, required
overpotential, and operational stability. Silver (Ag)
nanoparticles are highly selective for CO production,
achieving Faradaic efficiencies of 85-95% at moderate
overpotentials (500-600 mV) with decent stability (~50
hours). Copper (Cu) nanocubes are unique in producing
multi-carbon products like ethylene and ethanol, but with
lower selectivity (40-60%) and higher overpotentials (600-
800 mV), reflecting the complexity of multi-electron

transfer reactions. Tin oxide (SnO:) nanostructures and
bismuth (Bi)-based nanosheets are effective for formic acid
(HCOOH) production, offering good selectivity (70-95%)
and reasonable operational stability. Metal-organic
framework (MOF)-derived Zn-N-C catalysts are efficient
CO producers, with Faradaic efficiencies up to 90%. This
table emphasizes the importance of tuning catalyst
composition and structure to optimize selectivity, energy
efficiency, and longevity for scalable CO: conversion
technologies.

Table 3: Comparative Summary of HER and CO:RR Challenges

Parameter HER CO:RR
Main Reaction 2H*+2¢ — Hz CO: + nH* + ne” — Fuels/Chemicals
Catalyst Benchmark Platinum Silver/Copper

Key Challenge Cost, corrosion in acid

Selectivity, multi-pathway issues

Desired Output H: (clean fuel)

CO, CH4, HCOOH, C-HsOH

Competing Reaction None

Hydrogen Evolution Reaction (HER)

Application Electrolyzers, Fuel Cells

Carbon recycling, energy storage

This comparative table outlines the key differences and
challenges between the hydrogen evolution reaction (HER)
and carbon dioxide reduction reaction (CO:RR), both
central to electrocatalysis in green energy systems. HER
involves the straightforward two-electron reduction of
protons to generate hydrogen gas (H:), with platinum as the
benchmark catalyst due to its exceptional activity and
stability. However, its high cost and sensitivity to acidic
environments present significant limitations. In contrast,
CO:RR is a far more complex process involving multiple
electrons and protons, resulting in a variety of products such
as CO, CHa, formic acid, and ethanol. Copper and silver are
commonly used catalysts, but the major challenge is
achieving high selectivity amid multiple competing reaction
pathways. Additionally, CO-RR must contend with the HER
as a competing side reaction, often reducing overall
efficiency. While HER is primarily applied in fuel cells and
electrolyzers, CO2RR is geared toward carbon recycling and
energy storage, reflecting its broader environmental
significance

Electrocatalysis for CO: Reduction (CO:RR): The
alarming rise in global carbon dioxide (CO:) emissions,
primarily driven by fossil fuel combustion, industrial
activities, and deforestation, has led to severe environmental
challenges, including global warming, ocean acidification,
and extreme weather events. The increasing concentration
of atmospheric CO.—currently exceeding 420 ppm—has
underscored the urgent need for effective carbon mitigation

strategies to limit global temperature rise and meet
international climate targets. One of the most promising
solutions is electrochemical CO: reduction (CO-RR), which
converts CO: into valuable fuels and chemicals using
renewable electricity. This approach not only helps in
reducing greenhouse gas levels but also offers a pathway to
store intermittent renewable energy in the form of chemical
bonds. %, The CO-RR mechanism involves the adsorption
of CO: molecules onto the surface of an electrocatalyst,
followed by multiple proton-coupled electron transfer steps
that lead to the formation of different products. Depending
on the number of electrons transferred and the nature of the
catalyst, a variety of products can be generated, including
carbon monoxide (CO), methane (CH4), formic acid
(HCOOH), methanol (CHsOH), ethylene (C:Hi), and
ethanol (C:HsOH). The reaction pathways are highly
complex and often compete with the hydrogen evolution
reaction (HER), making selectivity and efficiency key
challenges in CO2RR research. The choice of electrocatalyst
plays a crucial role in determining the activity, selectivity,
and stability of the process. Copper (Cu) is one of the few
metals capable of producing hydrocarbons and alcohols due
to its unique ability to bind CO intermediates moderately.
Silver (Ag) and gold (Au), on the other hand, are known for
their high selectivity towards CO production, while tin (Sn)
and bismuth (Bi) are effective for formate generation. 'Y, In
recent years, novel materials such as metal-organic
frameworks (MOFs), doped carbon-based catalysts, and
single-atom catalysts have shown great potential due to their
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tunable active sites and large surface areas. Furthermore,
surface modifications, Nano structuring, and heteroatom
doping have been employed to enhance catalyst
performance. Despite these advancements, CO-RR faces
ongoing challenges related to high overpotentials, low
product yields, and catalyst degradation. Nonetheless, the
integration of CO:RR systems with renewable energy
sources and the development of scalable, cost-effective
catalytic materials present a viable route toward a circular
carbon economy. Through continued innovation in
electrocatalyst design and reactor engineering, CO:RR
stands as a transformative technology in the global effort to
combat climate change 2,

Challenges in Electrocatalysis for Green Energy

One of the foremost issues is catalyst durability, as many
high-performance electrocatalysts suffer from degradation
under long-term operational conditions, particularly in harsh
electrochemical environments involving high voltages or
extreme pH. This limits their lifespan and raises concerns
regarding the reliability of devices such as electrolyzers,
fuel cells, and CO: reduction systems. In addition to
durability, selectivity is a major hurdle—especially in
complex reactions like CO.RR—where multiple reaction
pathways exist, often leading to a broad spectrum of
products. Achieving high selectivity toward a single,
valuable product such as methane or ethanol is difficult,
requiring precise control over the catalyst’s surface
properties and reaction conditions. Scalability further
compounds the issue, as many lab-scale catalysts show
promising results under controlled conditions but fail to
maintain efficiency or cost-effectiveness when transitioned
to industrial-scale systems. *31 Another major challenge lies
in the high overpotentials often required to drive
electrocatalytic reactions. These overpotentials not only
reduce overall energy efficiency but also result in excessive
energy consumption, which undermines the sustainability of
the process—especially when powered by non-renewable
electricity. Reducing overpotentials while maintaining
catalytic activity and selectivity remains an ongoing
research priority. Material scarcity and cost are also
significant concerns, particularly for catalysts based on
precious metals like platinum, iridium, or ruthenium. These
materials offer excellent performance but are limited by
their low natural abundance and high cost, making them
unsuitable for large-scale deployment. Developing
alternative catalysts using earth-abundant elements such as
iron, nickel, cobalt, or copper is therefore crucial, though
these often face trade-offs in terms of efficiency, selectivity,
and stability. The synthesis of advanced catalysts, such as
nanostructured or single-atom materials, can be complex
and  expensive, posing  additional  barriers to
commercialization. Addressing these challenges requires an
interdisciplinary approach that combines material science,
electrochemical engineering, and computational modeling to
design more robust, efficient, and economically viable
catalysts. Furthermore, innovations in reactor design,
electrolyte formulation, and system integration are essential
to improve overall process performance. In conclusion,
while electrocatalysis holds transformative potential for
green energy applications, overcoming the intertwined
challenges of durability, selectivity, scalability, efficiency,
and cost is essential for transitioning from laboratory
breakthroughs to real-world impact [24-6],
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Conclusion

Electrocatalysis stands at the forefront of green energy
innovation, offering transformative potential in the fields of
hydrogen production and carbon dioxide reduction. This
review has highlighted how advanced electrocatalytic
processes enable clean energy conversion by promoting key
reactions such as the hydrogen evolution reaction (HER)
and the carbon dioxide reduction reaction (CO:RR).
Efficient and selective electrocatalysts—ranging from noble
metals to nanostructured and earth-abundant materials—are
critical in overcoming kinetic barriers, reducing
overpotentials, and improving product vyields. The
application of catalysts like Pt/C for HER and Ag or Cu for
CO:RR demonstrates the evolving landscape of material
science in energy technologies. Despite significant progress,
challenges such as catalyst degradation, high material costs,
low selectivity in CO2RR, and issues with scalability persist.
Integration of electrocatalytic systems with renewable
energy sources like solar and wind offers a path to
sustainable, decentralized hydrogen and fuel production.
Innovations in single-atom catalysis, metal-organic
frameworks, and hybrid systems are paving the way for
more durable and cost-effective solutions. Modeling, in-situ
characterization, and machine learning are further enhancing
catalyst design and reaction efficiency. The development of
robust, low-cost, and highly efficient electrocatalysts, along
with optimized system integration, will be crucial to
realizing the full potential of green hydrogen and carbon
recycling technologies. Electrocatalysis thus represents a
powerful tool in addressing global energy and climate
challenges, promoting a circular carbon economy, and
advancing the transition toward a carbon-neutral future.
Continued interdisciplinary  research and strategic
investment in this field are essential for scaling up and
commercializing these technologies to meet growing energy
demands sustainably and responsibly.
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