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1. INTRODUCTION

In the search for sustainable energy sources, water splitting has come to light as an
important procedure with important ramifications for energy conversion. Water splitting is at
the forefront of efforts to store energy efficiently, particularly from renewable sources like
solar and wind. This technique is capable of efficiently storing energy and enabling on-
demand retrieval by electrochemically dissociating water into hydrogen and oxygen (Swesi et
al., 2017). A clean it is a clean and adaptable fuel, hydrogen can power a wide range of
activities, from transportation to industrial processes, greatly aiding in the shift to a more
ecologically friendly energy landscape.

Understanding the nuances of water splitting (See Figure 1), in particular the impact of
different substrates, is crucial to the advancement of energy conversion and storage (Mayer
et al., 2013). To determine which substrates are best suited for this crucial process and
ultimately improve overall efficiency and advancements in the area, this review will examine
the diverse range of substrates used in water-splitting reactions and assess their effects on
performance.

Figure 1. Overall water splitting performance unveiled with nano-catalyst (Wang et al.,
2021a).

It is impossible to overestimate the importance of water splitting in the context of energy
conversion for sustainable energy solutions. With the increasing emphasis on lowering carbon
footprints and moving away from conventional fossil fuels, it is critical to store and use
renewable energy. Water splitting is a key component in this change and provides a flexible
method of energy storage. This method works especially well for storing excess energy
produced from sporadic sources like solar and wind power since it is efficient and clean. It
functions by electrolyzing water to produce hydrogen and oxygen gases. Fueling a variety of
industries and sectors, including transportation, the resulting hydrogen's high energy density
makes it an essential step toward a sustainable and carbon-neutral energy future (Hisatomi
& Domen, 2019; Roger et al., 2017).

The capacity to transform excess energy produced during periods of peak production into
a form that can be stored for use later during periods of high demand or when renewable
resources are less active is what makes water splitting special. Because of this potential, water
splitting is essential to building a robust and sustainable energy infrastructure. Its importance
goes beyond simple energy storage; the hydrogen that is generated is a flexible energy source
that offers a healthy substitute for a range of uses (Chen et al., 2017b; Tachibana et al., 2012;
Yu et al., 2018). As a result, understanding the nuances of water splitting and maximizing its
effectiveness is essential to achieving more general goals in energy conversion, storage, and
usage and advancing the quest for a more sustainable and ecologically friendly energy
paradigm.
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2. METHOD

This paper is a literature survey, in which the data was obtained from internet sources,
specifically articles published in international journals. Data was taken, obtained, analyzed,
and compiled to make a conclusion in making a literature review. In short (see Figure 2), given
the complex interactions among water splitting, energy conversion, and substrate variability,
this review aims to achieve several important goals. Its main goal is to provide a thorough
summary of the state of the art when it comes to the substrates used in water-splitting
reactions. The review aims to provide a comprehensive understanding of the wide range of
substrates, their intrinsic characteristics, and their functions in catalyzing water splitting by
synthesizing the body of existing literature. This preliminary investigation is essential for
setting the stage for further talks about the influence of substrate variability.

The second objective of this review is to examine the unique characteristics of various
substrates and how they relate to improved water-splitting efficiency. By using a comparative
analysis, the review aims to clarify the advantages and disadvantages of different substrates
to promote a more sophisticated understanding of their functions in the energy conversion
process. The goals are to uncover gaps, trends, and patterns in the existing research landscape
through this comparative lens, which will open up new avenues for future research.

This review also seeks to investigate the significance of substrate selection in the larger
framework of sustainable energy systems. Through an exploration of the relationship
between substrate diversity and effective water splitting, the review aims to provide
insightful information that might be useful to academics, policymakers, and industry
participants. The main aims are to improve our understanding of the complexities involved in
substrate-dependent water-splitting processes and to optimize the effectiveness and
versatility of this technique for sustainable energy conversion and storage.
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Figure 2. Overview of the article.
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3. RESULTS AND DISCUSSION
3.1. Problem Statement: What Makes Substrate Variability Significant?

Even though water splitting has a lot of potential to convert energy, one of the most
important things in this quickly developing industry is to carefully consider the variety of
substrates. The selection of substrates in the field of water-splitting reactions adds a level of
complexity that significantly affects the process's overall effectiveness and performance. The
realization that different catalysts and materials have different properties motivates the
investigation of the effects of various substrates. The term "substrate variability" refers to a
wide range of properties, including conductivity, stability, and reactivity, each of which plays
a unique role in the complexities of water splitting. This intrinsic variability is a difficult task,
requiring a thorough examination of substrate functionality to identify their specific
contributions and limitations. In addition to considering these factors, it's crucial to
comprehend the significance of the substrate in this process and our rationale behind
selecting a specific substrate. We opt for substrates that demonstrate optimal activity, as
illustrated in the accompanying picture, which elucidates the fundamental concept.

The primary question of this investigation is why substrate variability is so important for
the advancement of water splitting in energy conversion (see Figure 3). A thorough
understanding of the variability introduced by the heterogeneous nature of substrates in
water-splitting reactions is essential to customizing and optimizing catalysts for applications.
This diversity creates a multitude of opportunities for electrochemical processes, improving
the overall effectiveness of water splitting and broadening its application in a variety of
technical and environmental contexts. Therefore, a thorough investigation of substrate
variability is essential to realizing the full potential of water splitting as a workable and
scalable option for sustainable energy conversion and storage.

Water splitting Different Substrate possiblities

Figure 3. Assumption to reality for selection of substrate.
3.2. Fundamentals of Water Splitting

A thorough understanding of the fundamentals of water splitting is essential to revealing
the complex mechanisms underlying this revolutionary energy conversion process. Water
splitting entails the electrochemical breakdown of water molecules into hydrogen and oxygen
gases. This section explores the fundamental ideas behind water-splitting reactions,
explaining the key components and mechanisms that drive this process. A thorough
investigation of these basic elements is essential to setting the stage for later talks on
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substrate variability, from the first ionization of water molecules to the later evolution of
hydrogen and oxygen at the electrode interfaces. The following graphical image in Figure 4
illustrates the basic idea of using energy that is extracted from hydrogen and oxygen. By
providing a thorough grasp of these foundational concepts, this section aims to furnish
readers with the background knowledge necessary to comprehend how various substrates
influence the dynamics and efficiency of water splitting for energy conversion and storage.
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Renewable Energy:
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water
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Figure 4. Basic Principle of Energy conversion and its utilization.
3.2.1. Explanation of the basic principles of water splitting

The principles of electrolysis, which entail using electrical energy to drive a non-
spontaneous reaction, are the basis of the basic electrochemical process of water splitting. In
this process, water's H20 molecules are broken down into hydrogen ions (protons) and
hydroxide (OH~). This section aims to clarify the complex mechanisms involved in this
electrochemical dissociation. To start a series of redox reactions, an external voltage is
applied across electrodes that are submerged in water in the core process. Water molecules
oxidize at the anode, releasing electrons and producing oxygen gas. At the cathode, electrons
are simultaneously gained by hydrogen ions to form molecular hydrogen by reduction. The
water eventually separates into its component constituents, hydrogen and oxygen. Gaining a
thorough grasp of these foundational ideas is essential to exploring the ensuing intricacies of
water splitting, especially concerning the substrate-dependent catalysis that these
procedures entail (see Figure 5).
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Figure 5. The basic principle of water splitting (Yan et al., 2020b).
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Additionally, the discussion covers the critical role that the electrolyte—typically a
conductive solution—plays in promoting ion movement between the cathode and anode. This
electrolyte completes the electrical circuit and maintains charge balance in the system, which
is essential for maintaining water-splitting reactions. As we go through the complexities of
electrolysis, this section aims to give readers a clear and basic understanding of the
fundamental principles regulating water splitting. This understanding will lay the framework
for a greater comprehension of the parts that follow, which will explore the impact of
different substrates on these fundamental processes.

3.2.2. Overview of the key components involved in the process

The constituents that constitute the dynamic framework of this electrochemical
phenomenon are crucial in the coordination of the process of water splitting. The electrolytic
cell, which consists of an anode and a cathode submerged in electrolyte, is the central
component of this process. In-depth explanations of each of these components' roles and
combined contributions to advancing the water-splitting process are given in this section. The
anode, which is usually made of metal oxides or conductive substrates, is where water
oxidation occurs, resulting in the release of electrons and the creation of oxygen gas. On the
other hand, the cathode—which is frequently made of catalyst materials—serves as the
location for water reduction, which makes it easier to produce molecular hydrogen. When we
work through the complexities of these constituents, considering their material composition
and the electrochemical reactions they catalyze, a more nuanced understanding of the
interactions controlling the efficiency of water splitting becomes apparent.

Moreover, the electrolyte—a fundamental but sometimes disregarded component—is
essential to maintaining electrochemical equilibrium. The electrolyte ensures charge
neutrality and promotes the continuation of water-splitting reactions by facilitating the
migration of the ions that are created when water dissociates into the anode and cathode.
The choice of electrolyte, whether neutral, acidic, or alkaline, adds another level of complexity
that affects how the system functions. This section aims to provide readers with a thorough
knowledge of the complex mechanism that drives water splitting by providing a thorough
summary of these essential components. This first work will pave the way for a more in-depth
investigation of the substrate-dependent details of this energy conversion mechanism.

3.2.3. Connection to energy conversion and storage

Even though it is a complex process, water splitting is essential to the conversion and
storage of energy and is a major factor in the search for sustainable energy sources. Hydrogen
gas is produced because of water splitting, and this clean, adaptable energy source may
power a variety of applications. The importance of water splitting in the context of energy
conversion is further highlighted when one considers hydrogen's function as an intermediary
energy vector. This section explores how hydrogen can be transformed, looking at how it can
be used in fuel cells, combustion engines, and other devices that turn stored energy into
usable work. By storing energy in the form of hydrogen, the intermittent problems with solar
and wind power can be resolved, and the effective use of excess renewable energy during
peak production is made possible.

Furthermore, the hydrogen generated has the potential to be a sustainable fuel for several
industries, such as transportation, power generation, and industrial processes. When burned
or used in fuel cells, it produces solely water as a byproduct, making it a carbon-neutral
substitute for conventional fossil fuels. Given the close connection between hydrogen
generation, the water-splitting process, and the ensuing energy conversion, water splitting
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becomes an important factor in the shift towards a more sustainable and ecologically friendly
energy landscape. By carefully examining this intricate relationship, this section seeks to
highlight the critical role that water splitting plays in producing clean energy and offering a
workable solution for its storage and distribution on the scale required to satisfy the changing
needs of a rapidly evolving and sustainable global energy infrastructure.

3.3. Role of Substrates in Water Splitting

This section delves into the complex world of water splitting and reveals the critical role
that substrates play in controlling and coordinating the electrochemical reactions at the heart
of this novel occurrence. The main factor affecting the effectiveness, velocity, and selectivity
of water-splitting operations is substrates, which include a wide range of materials and
catalysts. This section undertakes a two-part investigation: first, it clarifies the basic role that
substrates play in catalyzing water-splitting processes; second, it explores how particular
qualities of the substrates have a complex influence on the process's overall efficiency.
Substrates have a complex and significant function in determining the effectiveness and
performance of water splitting, shaping the field of developments in the conversion and
storage of renewable energy. Our goal is to get a deeper comprehension of the various
materials that facilitate this important process and provide insights that connect basic science
to real-world applications, therefore revealing the intricacies of substrate-dependent water
splitting. The picture below shows different substrates that can be used for water splitting.
Because every substrate has different properties, different results can be obtained based on
these characteristics. This graphic clearly illustrates how important substrates are when
choosing which ones to use for water splitting, highlighting how important they are to getting
the best results (see Figure 6).

Flexible

electrodes

Pre-selection of Substrate

g —
L /’
/
.
& [ -
| S— .
11

10

14

‘\mu 4 0 06 207 208 2m3 20
B " Year

Figure 6. (a) Different types of substrates showing in one frame. (b) Different methods
applied on this substrate cause changes. (c) Changes cause to accelerate the results.

3.3.1. Discussion on the crucial role that substrates play in water-splitting reactions

Enhancing this energy conversion mechanism's effectiveness and broadening its
application requires a thorough understanding of the complex function that substrates play
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in water-splitting processes. Several investigations have clarified the complex roles played by
different substrates, providing insight into their catalytic capabilities and effects on reaction
dynamics. Yiming Xu and colleagues investigated in 2021 how metal oxide substrates affected
the electrocatalytic performance of water splitting, and they found that substrate
morphology had a major impact on reaction efficiency (Xu et al., 2021). Furthermore, the
application of graphene-based substrates and discovered their distinct properties that
improve conductivity and catalytic activity in water-splitting reactions (Nemiwal et al., 2021b).

The synergistic effects of composite substrates, which combine metal nanoparticles and
conductive polymers to improve catalytic stability, were further elucidated in Jiang et al.
(2020) work (Jiang et al.,, 2020). Allangawi et al. (2024) examined transition metal
dichalcogenides and showed that they could catalyze the development of hydrogen and the
dissociation of water (Allangawi et al., 2024). Masood ul Hasan et al. (2021), on the other
hand, emphasized the significance of non-metal substrates, especially those based on carbon,
in facilitating extremely selective water-splitting processes (Masood ul Hasan et al., 2021).

Yang et al. (2017) have demonstrated the synergy of metal-organic frameworks and metal
nanoparticles as bifunctional substrates, highlighting the complex interplay between
substrates and co-catalysts (Yang et al., 2017). The significance of surface defects in substrate
materials was emphasized by Han et al. (2018), who emphasized their impact on reaction
locations and catalytic activity (Han et al., 2018). The usage of nanostructured substrates was
discussed by Fang et al. (2017), who demonstrated how effective they are in increasing water-
splitting efficiency by increasing surface area and active sites (Fang et al., 2017). In conclusion,
Zhang et al.'s study from 2021 investigated the synthesis of catalytically active substrates,
with an emphasis on rationally altering substrate properties to improve electrocatalytic
performance (Zhang et al., 2021). When taken as a whole, these research cases highlight the
complex interactions that occur between substrates and water-splitting reactions, offering
insightful information about the wide variety of materials that affect the catalytic efficiency
and selectivity of this important process.

3.3.2. Explanation of how different substrates influence overall efficiency

This subsection explores substrate variability in more detail, explaining how a variety of
substrate characteristics affect the overall efficiency of water-splitting reactions. It performs
a thorough analysis of how different substrates affect efficiency, concluding a variety of
investigations. The efficiency-boosting effects of transition metal substrates are explored in
detail in Jiao et al. (2022) study, which also shows how these materials can change reaction
kinetics and improve electrocatalytic performance in the water-splitting process (liao et al.,
2022). Tao et al. (2020) investigate the function of carbon-based substrates in related work,
demonstrating their impact on charge transfer kinetics and overall efficiency (Tao et al.,,
2020). Continuing in this vein, a 2018 study by Wang, Xu et al. investigates the utilization of
composite substrates, highlighting how they improve stability and catalytic activity to
increase efficiency in a synergistic way (Wang et al., 2018). The 2020 work by Xu, Shang, et al.
emphasizes the importance of surface engineering in substrate materials, emphasizing how
important it is to tailor active spots and maximize efficiency in water-splitting reactions (Xu et
al., 2020). The fine balance between substrate composition and shape as they delve into the
design of nanostructured substrates to offer larger surface area and enhanced charge
transfer, thus improving overall efficiency. On the other hand, Zhang, Fang, and colleagues'
study from 2022 emphasizes the significance of non-metal substrates, especially metal-
organic frameworks, and how their unique characteristics may influence total efficiency by
acting as efficient catalytic sites (Zhang et al., 2022).
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The study by Wang et al. (2021c) investigates how substrate imperfections affect efficiency
and shows how controlled defect engineering can lead to better electrocatalytic performance
(Wang et al., 2021c). Furthermore, the 2017 work by Tang, Mabayoje, et al. explores the
importance of substrate porosity for efficiency, highlighting its role in mass transfer and
reaction kinetics (Tang et al., 2017a). When combined, these study examples highlight the
variety of substrates and offer an in-depth understanding of how variations in their makeup,
morphology, and properties affect the overall effectiveness of water-splitting processes. By
providing a complete investigation of these diverse materials, this subsection seeks to
advance knowledge of the intricate relationship between substrate characteristics and the
efficiency of water splitting as a transformational process in clean energy conversion.

3.4. Types of Substrates

It is necessary to interpret the wide range of substrates present in this complicated
environment to comprehend the complex material interactions that drive the transformative
process of water splitting. This section provides a thorough analysis of the many types of
substrates used in water-splitting reactions using a classification process. This classification
includes metal-based substrates, metal oxides, and other unique materials, each of which
contributes differently to the selectivity and efficiency of water splitting. More than just a
simple classification, this section explores the intrinsic characteristics that distinguish
different substrate types and provides information about their unique characteristics and
catalytic potential. To prepare readers for a thorough examination of each substrate's unique
roles and contributions in the next subsections, this section attempts to provide a thorough
grasp of the wide range of substrates that serve as the foundation for water-splitting reactions
(see Figure 7).
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Figure 7. Material libraries for electrocatalytic water splitting (Sun et al., 2021a).
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3.4.1. Categorization of substrates used in water splitting

A wide variety of substrates, each with special characteristics and catalytic properties, are
necessary for effective water splitting. It becomes necessary to classify these substrates to
understand their involvement in the complex process of water dissociation. Studies like Zou
& Zhang (2015) carefully categorize and examine the catalytic effectiveness of various metal
surfaces in the context of metal-based substrates, providing insight into the particular
features affecting their ability to promote water-splitting events (Feng et al., 2015). Moving
past metals, Y. The classification of metal oxide substrates and their various roles and
electrocatalytic contributions in water splitting are explored in Xu et al. (2021) study (Xu et
al., 2021). Safdari and Al-Haik's (2018) study on hybrid substrates, which reveals the complex
interplay of materials in boosting catalytic activity, serves as an example of this methodical
technique. It does this by classifying and assessing the combined impacts of metal
nanoparticles and conductive polymers (Safdari & Al-Haik, 2018).

The classification effort also encompasses alternative substrate materials, as
demonstrated by Reza et al. (2023) investigation of carbon-based substrates, which explains
how they facilitate charge transfer and optimize efficiency in water-splitting reactions (Reza
et al., 2023). Similar to this, a study conducted in 2022 by Sahoo, Das, et al. explores
nanostructured substrates, classifying them according to their morphology and showcasing
their ability to boost reactivity and surface area (Sahoo et al., 2022). Nemiwal et al. (2021a)
study on the classification of porous substrates in the context of metal-organic frameworks
serves as an example of how non-metal materials are also used in substrate categorization
(Nemiwal et al., 2021a). This sheds light on their catalytic functions and structural diversity.
Interestingly, Hegazy et al. (2023) classify and investigate how integrating metal nanoparticles
with 2D materials might improve efficiency (Hegazy et al., 2023), proving that substrate
categorization also applies to composite materials.

The importance of substrate classification in determining their contributions to water
splitting is highlighted by these various research case studies. Scientists can better grasp the
underlying principles governing the electrocatalytic activities of these materials by
methodically classifying them. Thus, a deeper understanding of how different substrate
classes affect the efficiency and selectivity of water-splitting reactions is cultivated. These
diverse research case studies underscore the significance of substrate classification in
unraveling their contributions to water splitting. Through a methodical categorization of
these materials, scientists gain a better understanding of the overarching principles guiding
their electrocatalytic behaviors. This, in turn, fosters a more sophisticated comprehension of
how distinct substrate classes influence the effectiveness and selectivity of water-splitting
reactions.

3.4.2. Overview of metal-based, metal oxide, and other substrate types

A detailed review of the various types of substrates that are essential for catalyzing water-
splitting reactions may be found in this subsection (Figure 8). Regarding metal-based
substrates, Jiang et al. (2020) provide a perceptive examination of several metal surfaces with
an emphasis on how their electronic structures affect the catalytic efficiency of water-splitting
(Jiang et al., 2020). Further exploring this research, Lei et al. (2019) study clarify the
significance of metal nanoparticles in electrocatalytic water dissociation by examining their
electrocatalytic capacities (Lei et al., 2019). You Y. In their investigation of metal oxide
substrates' electrocatalytic performance, Xu et al. (2021) highlight the special qualities of
these materials as well as how they affect overall water-splitting efficiency (Xu et al., 2021).
In parallel, a detailed examination of metal oxide substrates is given by Concina et al. (2017),
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who focus on the surface morphologies and crystal structures of these materials to
understand how they affect reaction kinetics (Concina et al., 2017). All the components of
carbon-based, metal-oxide-based, and metal-based substrates, along with their materials, are
arranged into one framework.
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Figure 8. (a) Transition metal elements (b) Metal oxide based (Sun et al., 2020) (c) carbon-
based (Kundu et al., 2020).

Exhibiting the possible advantages of combining conductive polymers and metal
nanoparticles, Jliang et al. (2020) present the development of hybrid materials that
outperform traditional metal and metal oxide substrates (Jiang et al., 2020). Their work
demonstrates how complex interactions between several materials can improve overall
water-splitting efficiency and catalytic activity.

Carbon-based substrates are important, as Wang et al. (2019) thorough overview of the
catalytic properties of carbon materials emphasizes (Wang et al., 2019). Building on this
research, Tamayo et al. (2019) publication classifies and analyzes composite substrates that
combine metal nanoparticles with conductive polymers, demonstrating how additive effects
can boost stability and efficiency (Tamayo et al., 2019).

To shed light on the unique characteristics of these porous substrates and their possible
use in selective water splitting, Meyer et al. (2015) conducted a study that explores the
catalytic capabilities of non-metal substrates, namely metal-organic frameworks (Meyer et
al., 2015). These studies show the wide range of substrates that can be used in water-splitting
operations, including metal-based, metal oxide, and other materials. This chapter summarizes
the unique characteristics and catalytic roles of diverse substrate types, advancing our
understanding of how they affect the efficiency and selectivity of water splitting and opening
the door for future advancements in sustainable energy conversion.

3.4.3. Discussion on their unique properties

The distinct qualities that set apart different substrate types and influence how they
function as catalysts in water-splitting processes are covered in this topic. Within the
examination of metal-based substrates, other studies clarify the unique electronic structure
of metal surfaces, providing insight into how these characteristics affect their electrocatalytic
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effectiveness in the dissociation of water (You et al., 2017). Analogously, the catalytic
properties of metal nanoparticles, highlighting the special attributes enabling efficient water-
splitting (Zou & Zhang, 2015).

Zhang et al. (2020) study, which shifts to metal oxide substrates, looks at the crystal
structures and surface morphologies of these materials to reveal the unique properties
controlling their electrocatalytic activity in water-splitting reactions (Zhang et al., 2020). Xu et
al. (2021) focus on the defects present on the metal oxide substrates' surface and show how
these characteristics can be adjusted to improve catalytic performance (Xu et al., 2021). By
mixing conductive polymers with metal nanoparticles, Jayaseelan et al. (2020) illuminated the
synergistic effects and highlighted the unique characteristics of hybrid substrates (Jayaseelan
etal., 2020). The research highlights how these hybrid materials improve catalytic activity and
water-splitting stability.

Zhou et al. (2021) investigated the unique properties of carbon-based substrates, including
their wide surface area and changeable conductivity, which affect their electrocatalytic
behavior in water-splitting reactions (Zhou et al., 2021). Adding to this, Choi et al. (2022)
investigate how metal nanoparticles and 2D materials interact synergistically on composite
substrates, demonstrating how the special properties of these composite materials lead to
higher efficiency (Choi et al.,, 2022). Non-metal substrates, especially metal-organic
frameworks, exhibit intriguing properties influencing their catalytic activities in water
splitting. Conclusions of Xu et al. (2019). Because of their special porous structure and
adaptable properties, these frameworks perform well as substrates for promoting selective
water dissociation (Xu et al., 2019).

The unique characteristics of nanostructured substrates, highlighting their elevated
reactivity and substantial surface area, which are crucial for optimizing catalytic efficacy in
water splitting (Yang et al., 2020). All of these study case studies highlight how important it is
to understand the unique qualities of different kinds of substrates. This subsection expands
on a general understanding of how substrate properties affect their roles in enabling efficient
water splitting for clean energy conversion by examining the distinctive characteristics of
carbon-based, metal oxide, hybrid, metal-based, and non-metal substrates.

3.5. Enhancements in Energy Conversion

A thorough analysis is conducted in Section 5 to develop energy conversion process
advancements, with an emphasis on the improvements made possible by substrates and
catalyst features (Figure 9). The complex interactions between substrates, catalysts, and the
overall efficiency of energy conversion processes that have been revealed by state-of-the-art
research are explained in this section. Scientists have investigated the catalytic functions of
specific substrates because they see the possibility for improved energy conversion.

For example, Tachikawa et al. (2014) study examines how tailored metal oxide substrates
might improve energy conversion efficiency (Tachikawa & Majima, 2014). Furthermore,
research into the intricate relationships between material characteristics and catalytic
functionalities to enhance energy conversion processes is demonstrated by Shen et al. (2014)
study (Shen et al., 2014), which shows that the investigation also encompasses catalyst
functions and material properties.

This chapter explores the frontiers of science by analyzing the complex mechanisms driving
advancements in energy conversion, with particular attention to the catalytic and material
components that define this novel domain. The whole conversation centers on the illustration
of how substrates are molded into distinct shapes using diverse techniques. As seen here, the
goal of each revised structure is to maximize energy conversion for water splitting.
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Figure 9. How substrate mould and used for the contribution in Energy Conversion through
water splitting.

3.5.1. Examination of how specific substrates contribute to improved energy conversion

For sustainable technology to advance, it is essential to comprehend the complex
mechanisms via which substrates improve energy conversion. A thorough examination of
metal-based substrates and their unique contributions to increased energy conversion
efficiency is given in Boamah et al.'s 2019 research (Boamah et al., 2019). Through their
investigation of metal oxide substrates' electrocatalytic performance, Uwaya and Fayemi
(2021) provided insight into how these materials' special qualities promote enhanced energy
conversion processes (Uwaya & Fayemi, 2021). In their exploration of the possible synergistic
benefits of integrating metal nanoparticles with conductive polymers in hybrid substrates,
Toshima (2013) provide examples of how the unique characteristics of these hybrid materials
result in higher energy conversion efficiency (Toshima, 2013). X turns the focus to substrates
made of carbon. The catalytic properties of carbon materials are studied by Xu et al. (2011),
who highlight the significance of these properties in maximizing energy conversion reactions
using effective charge transfer (Xu et al., 2011).

The 2020 study by Alwin and Sahaya Shajan. emphasizes the increased energy conversion
made possible by nanostructured substrates by emphasizing their greater surface area and
reactive sites (Alwin & Sahaya Shajan, 2020). Toshima (2013) expand on this understanding
by examining the distinct catalytic functions of metal nanoparticles and showcasing their
ability to improve energy conversion efficiency (Toshima, 2013). Dou et al.'s 2020 study on
the higher energy conversion capabilities of metal-organic frameworks (Dou et al., 2020)
shows that the inquiry also includes non-metal substrates. Through the integration of metal
nanoparticles with materials in two dimensions, Y.H. Composite substrates have been shown
to increase efficiency, offering a more comprehensive understanding of these materials' role
in improved energy conversion. Further delving into the unique properties of metal oxide
substrates, Kim et al. (2022) highlight their contribution to efficient charge transfer and higher
overall efficiency of energy conversion (Kim et al., 2022). Lastly, Zhong et al. (2016) add to the
conversation by analyzing the improved energy conversion that transition metal substrates
enable and emphasizing their better electrocatalytic capacities (Zhong et al., 2016). These
case studies show the different ways that different substrates can lead to better energy
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conversion when taken as a whole. Important new insights into the mechanisms underpinning
improved energy conversion process efficiency can be gained by analyzing the unique
properties and functions of metal-based, metal oxide, hybrid, carbon-based, and non-metal
substrates.

3.5.2. Exploration of catalyst functionalities and material characteristics

In the complex field of energy conversion, investigating material characteristics and
catalyst activities is critical as it offers valuable insights into the mechanisms supporting
increased efficiency. The work conducted by Tachikawa and Majima (2014) explores the field
of tailored metal oxide catalysts and explains how certain material features enable improved
energy conversion processes (Tachikawa & Majima, 2014). Shen et al. (2014) investigation of
the complex relationships between material properties and catalytic activities provides more
insight into how these interactions maximize energy conversion (Shen et al., 2014). Cherevan
et al. (2020) investigation into the interactions of metal nanoparticles and organic
components is a model for studying hybrid catalysts (Cherevan et al., 2020). It highlights how
this combination performs differently and how it affects energy conversion efficiency. To
elaborate, a detailed examination of the catalytic characteristics of metal nanoparticles is
provided in Hussain et al. (2016) work, elucidating their unique functions in promoting
efficient energy conversion processes (Hussain et al., 2016).

The study conducted by Zhang et al. (2015) suggests that catalysts based on carbon have
unique characteristics that impact energy conversion processes using efficient charge transfer
and reaction kinetics (Zhang et al., 2015). Alwin and Sahaya Shajan (2020) investigation of
nanostructured catalysts expands on this investigation by revealing how characteristics like
active sites and surface area affect energy conversion efficiency (Alwin & Sahaya Shajan,
2020). The study conducted by Loera-Serna and Ortiz (2016) sheds light on the catalytic
capabilities of non-metal materials by examining the distinctive properties of metal-organic
frameworks and their potential for enhanced energy conversion (Loera-Serna & Ortiz, 2016).
Raza et al. (2022) highlight the complementary effects of combining metal nanoparticles with
two-dimensional materials, offering information on the enhanced energy conversion made
possible by composite catalysts (Raza et al., 2022).

The investigation of the catalytic properties of various metal surfaces by Li et al. (2020)
provides an important new understanding of how these surfaces aid in efficient energy
conversion (Li et al., 2020). In their analysis of the electrocatalytic performance of transition
metal catalysts, Li and Xue (2016) add to this conversation by highlighting the special
characteristics of these catalysts and their impact on improved energy conversion processes
(Li & Xue, 2016). When considered collectively, these case studies offer an extensive
exploration of material characteristics and catalytic potential, demonstrating the various
ways in which materials might enhance energy conversion efficiency. This study expands on
our knowledge of the intricate catalytic pathways that lead to higher process efficiency in
energy conversion by thoroughly examining metal-based, hybrid, carbon-based, and non-
metal catalysts.

3.6. Specific Qualities of Substrates

This part explores the subtleties of substrates by carefully examining their special qualities
that have a big impact on the processes involved in water splitting. This section provides a
detailed analysis of a wide range of substrate properties, including conductivity, stability,
reactivity, and other relevant aspects, using real research paper examples. Metal-based
substrates to pinpoint the precise features that dictate how effective they are as catalysts for
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splitting water (Naghavi et al., 2017). Moreover, studies like Stoica et al., (2020) provide
insight into the conductivity and stability of hybrid substrates, highlighting the critical roles
these characteristics play in affecting water dissociation (Stoica et al., 2020). To improve our
comprehension of how substrate characteristics, affect the dynamics and effectiveness of
water splitting for sustainable energy conversion, the section delves into the complex and
varied terrain of substrate features. Pre-treatment of the substrate can enhance the specific
properties of the substrates, as shown in Figure 10. This displays extraordinary performance
by showing how different finger-like structures grow on the substrate and how important
they are to the water-splitting process.

—re— Substrate
Mixing in water Variability
conditions

Specific Behaviour

Productivity

Figure 10. Substrate variability with their effectiveness.

3.6.1. Detailed examination of the particular properties of substrates affecting water
splitting

Deciphering the complexities of water splitting necessitates a careful examination of
substrate characteristics that have a big influence on this transformation process. In their
2017 work, Naghavi et al. examine metal-based substrates in great detail, revealing their
special qualities and revealing how compositional and structural variations affect the catalytic
efficacy of water-splitting processes (Naghavi et al., 2017). In line with this, analysis of metal
oxide substrates builds on earlier research by offering insights into the surface characteristics
and crystallographic factors governing their capacity to promote water dissociation. A
thorough analysis of the unique properties resulting from the combination of metal
nanoparticles and conductive polymers on hybrid substrates. A thorough analysis of the
unique characteristics and complementary impacts of these hybrid materials sheds light on
their improved catalytic performance in water splitting. This analysis is further supported by
Liu et al. (2017) investigation of the special properties of metal nanoparticles, which reveals
their electrocatalytic properties and effects on water-splitting efficiency (Liu et al., 2017).

The distinctive properties of carbon-based substrates, such as surface area and
conductivity, elucidating how these attributes impact charge transfer and total water-splitting
efficiency. The distinct features of nanostructured substrates, including their increased
surface area and active sites, which augment catalytic activity in water splitting. This analysis
can be extended to these substrates. Moreover, the study conducted the unique
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characteristics of metal-organic frameworks, revealing their porous structures and adjustable
attributes that influence their catalytic effectiveness in water dissociation. This research is
furthered, who look at the unique properties of composite substrates, combine metal
nanoparticles with two-dimensional materials, and show how tailored features improve their
ability to split water. When taken as a whole, these case studies highlight the extent of
research necessary to identify the properties of substrates that affect water splitting. By
analyzing the subtleties of metal-based, metal oxide, hybrid, carbon-based, and non-metal
substrates, this work advances our understanding of how these specific properties affect the
efficiency and selectivity of water splitting for sustainable energy conversion.

3.6.2. Focus on conductivity, stability, reactivity, and other relevant attributes

To deconstruct the complicated relationships between substrate parameters and water
splitting, this chapter focuses on critical characteristics including conductivity, stability,
reactivity, and other relevant traits (Figure 11). The 2017 study by M.H. Tang et al. examines
the conductivity of metal-based substrates and clarifies how differences in conductivity affect
these substrates' electrocatalytic performance in water-splitting reactions (Tang et al,,
2017b). Examine the durability of metal oxide substrates in a similar investigation,
emphasizing its vital significance in maintaining catalytic activity for successful water
dissociation (5= et al, 1999). Here are some examples of how interface engineering
techniques have advanced recently to provide extremely effective electrocatalytic water
splitting.

”~

-
e
ve ’b.
*5:3". ':s\'
.

Figure 11. Recent advances in interface engineering strategy for highly efficient
electrocatalytic water splitting (Du et al. 2023).

3.7. Comparative Analysis

As the hunt for efficient water splitting moves forward, this section does a comparative
analysis by looking at the different substrates and evaluating their impact on the dynamics of
water splitting (Figure 12). This section walks the reader through a detailed examination of
real research paper samples, emphasizing the substrate comparison study and delving into
the evaluation of performance metrics and efficiency.
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Figure 12. Transition-based substrate in water splitting (Sun et al., 2020).
3.7.1. Comparative study of different substrates based on their impact on water splitting

In the field of metal-based substrates, Al-Salihy et al.'s research (2022) is noteworthy since
it provides a comparative analysis that breaks down the electrocatalytic effects of different
metal surfaces on water-splitting efficiency (Hu et al., 2022). By carefully analyzing distinct
qualities and catalytic elements, their research offers a thorough grasp of how different
metals affect the kinetics of water dissociation. Furthermore, the comparative study is
enriched by Genuzio et al. (2020), who investigate the catalytic effectiveness of several metal
oxide substrates and identify the unique surface features and crystallographic features that
dictate their efficiency in water-splitting processes (Genuzio et al., 2020).

The 2022 study by Venditti examines hybrid substrates and provides a comprehensive
comparison study (Venditti, 2022). The focus of this work is on the interactions between
metal nanoparticles and conductive polymers, providing insights into how the interplay of
various materials affects the overall efficiency of water splitting. Additionally, Luneau et al.
(2020) conducted a comparative study of metal nanoparticles, offering a sophisticated
understanding of how variations in size and composition affect catalytic efficacy in the
dissociation of water (Luneau et al., 2020). The comparative study also includes substrates
made of carbon, as described by Toma et al. (2011), who describe how different carbon
materials have different conductivities and reactivities, which affect how well they maximize
charge transfer and water-splitting efficiency (Toma et al., 2011). A comparative study of
nanostructured substrates is carried out by Xu et al. (2018), who point out the unique features
of different nanostructures and how they affect catalytic activity in water-splitting (Xu et al.,
2018). In the context of non-metal substrates, Zhang et al. (2016b) provide a comparative
study of metal-organic frameworks, looking at their stability and reactivity in different
compositions (Zhang et al., 2016b). This work offers important new understandings of the
ways that structural variations in metal-organic frameworks influence the efficiency of these
materials as substrates in water-splitting processes. Moreover, Fareza et al.'s study from 2022
contrasts the efficiency of two-dimensional materials with metal nanoparticle-incorporated
composite substrates, highlighting the synergistic effects and maximum efficiency that may
be attained with a range of composite compositions (Fareza et al., 2022).
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3.7.2. Evaluation of performance metrics and efficiency

This subsection goes beyond simple substrate comparisons to assess water-splitting
efficiency and performance metrics. The analysis is enhanced by Lee (2012), who evaluate
performance factors associated with the conductivity of various metal-based substrates (Lee,
2012). Their work offers a comprehensive analysis of how conductivity affects kinetics and
the overall efficiency of water-splitting reactions on different types of metal surfaces.
Mowbray et al. (2011) provide insights into the effects of varying stability levels on overall
efficiency and sustained catalytic activity in water dissociation through their investigation of
stability assessment in metal oxide substrates (Mowbray et al., 2011). In their investigation
of hybrid substrate performance metrics, Vanka et al. (2022) highlight the importance of
conductivity and stability in maximizing catalytic efficiency for long-term water-splitting
(Vanka et al., 2022).

Anson-Casaos et al. (2020) examine the reactivity and conductivity of several carbon
materials to help evaluate performance metrics for substrates made of carbon (Ansén-Casaos
et al., 2020). Their research sheds light on how variations in these characteristics affect the
kinetics of charge transfer and the overall effectiveness of water splitting. This study is
extended to nanostructured substrates by Chen et al. (2017a), who emphasize the
significance of increased surface area and reactivity in improving catalytic performance. A
thorough evaluation of the stability and reactivity of metal-organic frameworks about non-
metal substrates is presented by Rocio-Bautista et al. (2019), providing insightful information
about the frameworks' appropriateness as substrates for efficient water splitting (Rocio-
Bautista et al., 2019). To add to the assessment of performance metrics, Jakhar et al. (2022)
investigate composite substrates that combine two-dimensional materials and metal
nanoparticles (Jakhar et al., 2022). Their study shows how evaluating different composite
compositions might result in maximum efficiency and synergistic effects.

This Section's thorough comparative research gives a sophisticated assessment of
efficiency and performance measures as well as insights into the unique effects of different
substrates on water splitting. By using insights from real research publications, this part
deepens our understanding of the complex mechanisms underlying water-splitting dynamics
and lays the groundwork for future advancements in sustainable energy conversion.

3.8. Challenges and Limitations

To use water splitting for sustainable energy conversion, this section critically explores the
challenges and limitations associated with the use of various substrates. Real-world research
paper examples illustrate the difficulties in selecting a substrate and the constraints that must
be overcome before widespread adoption can take place.

3.8.1. Identification of challenges associated with the use of various substrates

Challenges in the use of several substrates for hybrid substrates have been reported:

(i) Venditti (2022) talk about the difficulties in keeping hybrid substrates stable, especially in
light of the possibility that metal nanoparticles will separate from the conductive polymer
matrix (Venditti, 2022).

(ii) Li et al. (2021) highlight the difficulties in precisely controlling the hybridization process
while outlining opportunities for optimizing synergistic effects in hybrid substrates.

It consists of a heterogeneous junction-connected pair of catalysts, usually transition metal
catalysts. To meet the requirements for being a bifunctional catalyst, this combination usually
makes use of the advantages of each catalyst. Table 1 is a list of a handfuls of these catalysts.
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Table 1. Hybrid substrate combinations.

E of HER (mV) @j E of OER (mV) @j

Catalysts Substrate (mA/cm2 ) (mA/cm2 ) References
MoOy/NisS; Ni Foam 106 MV@10mA/cm? 136 mV@10mA/cm? (Wu et al., 2016)
TiO,@CosSs - 139 mV@10mA/cm? 240 mV@10mA/cm? (Deng et al., 2018)
FeP/Ni,P Ni Foam 14 mV@10mA/cm? 154 mV@10mA/cm? (Yu et al., 2018)
MoS,/NizS; Ni Foam 110 mV@10mA/cm? 218 mV@10mA/cm? (Zhanget al.,

2016a)
MoS;-NisS; Ni Foam 98 mMV@10mA/cm? 249 mV@10mA/cm? (Liao et al., 2023)
CosSs@MoS; GCE 136 mMV@10mA/cm? 280 mV@10mA/cm? (Guo et al., 2018)
CoMoONiS-NF-xy Ni Foam 113 mV@10mA/cm? 166 mV@10mA/cm? (Yang et al., 2019)
Co-NC@Mo,C GCE 99 mMV@10mA/cm? 347 mMV@10mA/cm? (Liang et al., 2019)
MoS,/NiS; CFP 62 MV@10mA/cm? 278 mV@10mA/cm? (Lin et al., 2019)
V-CoP@a-CeO; Carboncloth 68 mV@10mA/cm? 225 mV@10mA/cm? (Yang et al., 2020)
N-NiMoO4/NiS; Carbon fiber 99 mMV@10mA/cm? 283 mV@10mA/cm? (An et al., 2019)
cloth

(Ni,Fe)S;@MoS; Ni Foam 130 mV@10mA/cm? 270 mV@10mA/cm? (Liu et al., 2019)
Mo-Ni3S,/NixP,/NF  Nifoam 109 mV@10mA/cm? 238 mV@10mA/cm? (Luo et al., 2020)

Challenges in the use of several substrates for metal-based substrates have been reported:

(i) The study of Ronge et al. (2019) highlights issues that affect the durability of catalytic
activity by causing corrosion and surface deterioration of metal during extended water-
splitting processes (Ronge et al., 2019).

(ii) Sun et al. (2023) draw attention to the selectivity issues that metal-based substrates
present, as side reactions have the potential to reduce the purity of hydrogen produced
(Sun et al., 2023).

Challenges in the use of several substrates for metal oxide substrates have been reported:

(i) Z. Liu et al.'s research from 2022 highlights issues with the slow kinetics of metal oxide
substrates, which reduces their effectiveness in accelerating quick water dissociation (Liu
etal., 2022).

(ii) Zhang et al. (2020) tackle issues related to the restricted active sites on metal oxide
surfaces, which affect overall catalytic performance, in a thorough investigation (Qiu et
al., 2020).

Challenges in the use of several substrates for carbon-based substrates have been
reported:

(i) Cazorla-Amords (2014) discuss the problems with carbon-based substrates' scalability and
highlight how hard it is to get reliable performance in a range of shapes and sizes (Cazorla-
Amords, 2014).

(ii) Tabakaev et al. (2015) draw attention to the difficulties that carbonaceous materials
provide due to their toxicity, which has an impact on the materials' long-term catalytic
stability (Tabakaev et al., 2015).

Challenges in the use of several substrates for nanostructured substrates have been
reported:

(i) Jeon et al. (2016) highlight the complex procedures necessary to achieve consistent
nanoarchitecture and address issues related to the production and repeatability of
nanostructured substrates (Jeon et al., 2016).

(ii) Grol2 et al. (2020) point out difficulties with nanostructured materials' scalability,
especially when moving from laboratory-scale to industrial applications (Grol et al.,
2020).
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3.8.2. Discussion on limitations affecting their widespread adoption

Limitations affecting their widespread adoption in the use of several substrates for metal-
based substrates have been reported:

(i) Metal-Based Substrates: Sahoo et al. (2021) address barriers to large-scale water-splitting
applications related to the expense of metal-based substrates, especially those containing
precious metals (Grol3 et al., 2020; Sahoo et al., 2021).

(ii) Grandell and Hook (2015) draw attention to restrictions about the limited supply of
specific metals, posing questions regarding the long-term viability of metal-based
substrates (Grandell & Hook, 2015).

Limitations affecting their widespread adoption in the use of several substrates for metal
oxide substrates have been reported:

(i) Danish et al. (2020) discuss the drawbacks of the energy-intensive manufacturing
procedures of metal oxide substrates and raise concerns about the environmental impact
of their widespread use (Danish et al., 2020).

(ii) Shkodenko et al. (2020) talk about the drawbacks of metal oxide substrates' toxicity,
which affects their stability and necessitates extra safety precautions (Shkodenko et al.,
2020).

Limitations affecting their widespread adoption in the use of several substrates for hybrid
substrates have been reported:

(i) Zhangetal.(2021) highlight the need for comprehensive risk evaluations before the broad
deployment of hybrid substrates and explain limits relating to the possible toxicity of
particular components in these materials.

(ii) Liu et al. (2014a) point out restrictions brought on by the intricacy of synthesizing hybrid
substrates, which makes it difficult to obtain reliable and repeatable outcomes (Liu et al.,
2014a).

Limitations affecting their widespread adoption in the use of several substrates for carbon-
based substrates have been reported:

(i) Nasir et al. (2019) point out restrictions related to the possible contamination of carbon-
based substrates, especially those sourced from renewable resources, which may have an
impact on the substrates' purity and functionality (Nasir et al., 2019).

(ii) Nasrollahzadeh et al. (2021) address restrictions on the stability and catalytic activity of
carbon-based substrates that may arise from their possible reactivity with contaminants
in water sources (Nasrollahzadeh et al., 2021).

Limitations affecting their widespread adoption in the use of several substrates for
nanostructured substrates have been reported:

(i) Lietal (2016) address the drawbacks of the possible agglomeration of nanostructured
substrates, which could impact their surface area and dispersion, which are essential for
effective water-splitting (Li et al., 2016).

(ii) Boyesetal. (2017) draw attention to restrictions related to the possible toxicity of specific
nanomaterials and stress the significance of thorough toxicity evaluations for safe
deployment (Boyes et al., 2017).

Outlined in tabular form below in Table 2 are transition metal oxides and transition metal
carbides possessing inherent activity for the HER and OER reactions. Collectively, Section 8
confronts the challenges and limitations surrounding the use of various substrates in water
splitting, offering a realistic assessment of the roadblocks that must be surmounted for the
widespread adoption of this transformative technology.
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Table 2. Metal-based Substrate combinations.

E of HER (mV) @j

E of OER (mV) @j

Catalysts Substrates (mA/cm?) (mA/cm?) References
CoOx@CN GCE/Ni foam 232mV@10 260 mV@10 (Jin et al., 2015)
mA/cm?2 mA/cm?2
Co304 nanorod Co foils 260 MV@10 275 mV@10 (Chenget al.,
mA/cm?2 mA/cm?2 2017)
MoO, Ni foam 27 mV@10 260 mV@10 (Jinetal., 2016)
mA/cm?2 mA/cm?2
Ni-Fe-O GCE/Ni foam - 244 mV@10 (Dong et al.,
mA/cm?2 2018)
R-TMO Ni foam 236 mV@10 240 mV@10 (Peng et al., 2018)
mA/cm?2 mA/cm?2
VxCo3xC Carbon nanofiber 87 mvV@10 210 mV@10 (zhanget al.,
mA/cm?2 mA/cm?2 2019)
CosWsC@NC Carbon matrix 59 mV@10 286 mV@10 (Chen et al. 2020)
mA/cm?2 mA/cm?2
N-WC CFP 89 mV@10 470 mV@10 (Han et al., 2018)
mA/cm?2 mA/cm?2
CoMnO@CN Ni foam 71 mV@10 263 mV@10 (Li et al., 2015)
mA/cm?2 mA/cm?2
Mo,CTxNMs Ni foam 140 mV@10 180 mV@10 (Kou et al., 2019)
mA/cm?2 mA/cm?2
Mo,C@CS Carbon sheets 60 mV@10 320mvV@10 (Wangetal.,
mA/cm?2 mA/cm?2 2017)
Ni/Mo,C-CNNFs GCE 143 mV@10 288 mV@10 (Li et al., 2019)
mA/cm?2 mA/cm?2
Co/CoP GCE 253 340 (Xue et al., 2017)
mV@10mA/cm? mV@10mA/cm?
Nio.1Coo.9P GCE 34 1.8 (Wu et al., 2018)
mV@10mA/cm? mV@10mA/cm?
NiCo,Px/CNTs GCE/Ni Foam 47 284 (Peng et al., 2021)
mV@10mA/cm? mV@10mA/cm?
(Ni0,33F60,67)2P Ni Foam 214 230 (Li et G/., 2017)
mV@10mA/cm? mV@10mA/cm?
Cr-FeNi-P GCE 190 240 (Wu et al., 2019)
mV@10mA/cm? mV@10mA/cm?
CogSs@NOSC GCE - 340 (Huang et al.,
mV@10mA/cm? 2017)
Co-MoS; Carbon fiber 48 260 (Feng et al., 2015;
paper mV@10mA/cm? mV@10mA/cm? Huang et al.,
2019)
NisS2/NF Ni foam 223 260 (Feng et al., 2015)
mV@10mA/cm? mV@10mA/cm?
N-NisS; Ni foam 110 350 (Chenetal.,
mV@10mA/cm? mV@10mA/cm? 2017a)
Cu-CoP Carbon paper 81 411 (Yan et al., 2020a)
mV@10mA/cm? mV@10mA/cm?
Fe-CoP Ni foam 78 227 (Cao et al., 2018)
mV@10mA/cm? mV@10mA/cm?
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Future Directions and Innovations

In this section, we look ahead to future developments in the field of water splitting,
including possible improvements in substrate selection and a discussion of present research
that could lead to game-changing discoveries. Exploration of potential advancements in
substrate selection have been reported:

(i)
(i)

(i)

(iv)

(v)

(vi)
(vii)

(vii)

(ix)

(x)

(xi)

(xii)
(xiii)

(xiv)

Pellegrino et al. (2022) suggest utilizing cutting-edge nanofabrication methods to
customize metal surfaces, hence improving catalytic effectiveness.

Yuan et al. (2021) propose that electrical structure of metal-based substrates can be
predicted and optimized by computational modeling for better water splitting
performance.

Building on developments, Huang et al. (2022) suggest using unique alloy combinations
for metal-based substrates, investigating increased durability and catalytic activity
(Huang et al., 2022;Aljibori et al., 2023)

Doping metal oxide substrates with particular elements may be able to modify their
electrical characteristics and improve their catalytic activity, according to Al-Naggar et
al. (2023).

To increase active sites and enhance water dissociation kinetics, Shah et al. (2022)
explore the use of sophisticated deposition techniques to produce hierarchical metal
oxide structures.

Chen et al. (2022) explore how designing metal oxide substrates with lots of defects
may increase catalytic activity and open the door to getting beyond kinetic constraints.
Fanady et al. (2020) investigate how to modify the structure of metal oxide substrates
for increased water dissociation efficiency by using cutting-edge synthesis techniques
including sol-gel procedures.

Kleinschmidt et al. (2020) suggest including smart materials in hybrid substrates to
enable dynamic adjustments for the best catalytic performance in response to changing
reaction conditions (Kleinschmidt et al., 2020).

To attain better conductivity and stability, Igbal et al. (2020) call for the creation of
sophisticated nanocomposite materials that combine graphene with metal
nanoparticles.

Reza et al. (2023) explore the possibility of adding functional groups to carbon-based
substrates to augment their specificity and raise their total efficiency in the process of
water splitting.

Wang et al. (2021a) investigate cutting-edge methods to alter the surface
characteristics of carbon-based substrates to increase their reactivity, including plasma
treatment.

Sun et al. (2021b) investigation looks into adding functional groups to carbon surfaces
to modify reactivity and enhance water dissociation performance.

Ahn et al. (2020) suggest using sophisticated templating techniques to accurately
manipulate substrate nanostructure to maximize reactivity and surface area.

Xue et al. (2020) propose the application of novel templating techniques to precisely
create nanostructured substrates to optimize surface area and control morphology.

Discussion on ongoing research and innovations in the field have been reported:

(i)

(ii)

Tang et al. (2021) describe current research on the creation of scalable methods for the
manufacture of metal-based substrates, with an emphasis on environmentally friendly
and economically viable production.

Harish et al. (2023) propose the application of novel templating techniques to precisely
create nanostructured substrates to optimize surface area and control morphology.
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(i)

(iv)

(v)

(vi)

(vii)

(viii)

(ix)

()

(xi)

(xii)

(xiii)

(xiv)

(xv)

(xvi)

To improve stability and overall efficiency, Melkiyur et al. (2023) investigate unique
approaches to the integration of metal oxide substrates with innovative support
materials.

Li et al. (2022) examine the possibility of enhanced charge transfer kinetics by delving
into recent research concerning the introduction of heteroatoms into metal oxide
substrates.

The authors Yang et al. (2021) showcase advancements in spectroscopy methods,
providing a more profound comprehension of the dynamic surface chemistry of metal
oxide substrates throughout the water-splitting process.

Aldhaher et al. (2023) report on current investigations into the creation of innovative
synthesis approaches for hybrid substrates, investigating repeatable and scalable
techniques for industrial manufacturing.

Wang et al. (2019) show off advancements in the use of 2D materials as conductive
elements on hybrid substrates, demonstrating how they can enhance the kinetics of
charge transfer.

Zhang et al. (2022) are investigating the incorporation of 2D materials into hybrid
substrates to improve stability and conductivity while encouraging effective water
dissociation.

Xu et al. (2022) talk about advancements in cutting-edge characterization techniques,
like cryo-electron microscopy, which offer a thorough understanding of the shape and
structure of hybrid substrates at the nanoscale.

Vivekanandhan et al. (2017) talk about the current state of research on the investigation
of substitute carbon sources for the production of substrates, with a focus on renewable
and sustainable feedstocks.

Wang et al. (2021b) draw attention to continuing studies that examine the possibility of
doped carbon materials as catalytic materials, looking at the addition of heteroatoms
to modify their electrical characteristics for improved water splitting.

Wang et al. (2017) talk about advances in theoretical modeling techniques that help
with the creation of carbon-based substrates that have the best stability and reactivity.
Chen et al. (2022) examine the current research being conducted on the creation of
nanostructured substrates using controlled defect engineering, to improve catalytic
performance and stability.

Harish et al. (2023) emphasize advances in the synthesis of nanostructured substrates
by the application of innovative templating agents, providing fine control over
composition and morphology.

Dharmarajan et al. (2024) ongoing study investigates the integration of sophisticated
templating methods, like directed self-assembly, to accurately regulate substrate
nanostructure for effective water-splitting.

Tabor et al. (2018) examine advancements in high-throughput screening techniques
that expedite the identification of ideal nanostructured substrates via swift testing and
examination.

A forward-looking viewpoint is presented in this section, where possible developments and
current innovations in substrate selection are examined. This section seeks to inspire and
direct future improvements in the dynamic field of water splitting for sustainable energy
conversion by using lessons learned from real-world experiences found in research
publications.
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4. CONCLUSION

To sum up, investigating various substrates for improved water splitting presents a viable
path for the advancement of energy conversion and storage technologies. Researchers want
to maximize the efficiency of water-splitting operations and help with industrial renewable
energy production by customizing electrocatalysts to match individual needs. This review
emphasizes the distinctive properties and uses of different catalysts while highlighting current
advancements in substrate selection. This thorough review emphasizes the significance of
substrate variability in affecting energy output, covering everything from basic concepts to
cutting-edge techniques. Progress in this crucial area will be accelerated going ahead by
tackling possible obstacles and exploring new research avenues, which will ultimately
influence the development of sustainable energy production.
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