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Abstract- In recent years, the development of new
types of nanostructured catalysts has become a hot
research area in the field of sustainable chemical
reactions. This is due to the enhanced catalytic
performance of such nanomaterials resulting from
their high catalytic surface area-to-volume ratio,
easily tunable and highly dispersed active centers,
and unique electron transfer properties. As a result,
such nanostructures can tackle the most challenging
issues in catalytic processes, including energy
conversion, environmental applications, and green
syntheses, where traditional catalysts are commonly
inefficient and selective. A number of theoretical
studies have shown that the catalytic activity of such
nanostructuring can be accurately tuned based on
the control of defining parameters, such as particle
size, shape, composition, support interactions, and
nature. In particular, the optimization of such factors
can allow for the elaboration of new reaction
pathways and lower the energy barriers of reaction
processes such as water splitting, CO2 reduction, and
ammonia synthesis. The use of density functional
theory provides credible information on the
electronic  structure of different types of
nanocatalysts including the aforementioned
transition metals, their oxides, carbides, and nitrides,
revealing that nanostructured materials exhibit their
unique d-band centers and changed charge
distributions. It is these parameters that make
nanocatalysts more reactive and capable of better
adsorbing and activating the adsorbed reactant
molecules compared to their bulk analogues. In the
literature, there are numerous successful case
studies of the controlled synthesis and subsequent
use of different types of nanostructured catalysts,
including shape- and alloy-engineered Pt-TM
nanocatalysts, including Pt-Co, Pt-Fe, and Pt-Ni,
that have demonstrated super catalytic activity in
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hydrogen evolution reactions compared to their bulk
counterparts, the overall activity and durability being
one to two orders of magnitude higher. The results of
density functional theory calculations have also
envisaged other types of new promising catalysts,
such as carbon-based nanomaterials, including
graphene and CNT-doped N or S, which have no less
catalytic efficiency compared with metal N or S
containing catalysts that are thermodynamically
unstable and therefore highly competitive and
environmentally benign. Separate theoretical
research has also shown that MOFs and COFs
modified with nanoscale catalytic centers also have a
bright future, to be selective and operating under
very mild conditions, especially in CO2 and CC
forming technologies. In conclusion, it can be stated
that the theoretical data unambiguously displays that
nanostructured catalysts are a breakthrough in
catalysis that can move us towards the use of the most
sustainable  and  energy-efficient  chemical
technologies for future energy and environmental
technologies.

Indexed  Terms-  Nanostructured  catalysts,
Sustainable chemical reactions, Density functional
theory (DFT), Hydrogen evolution reactions,
Carbon-based nanomaterials, Metal-organic
frameworks (MOFs)

l. INTRODUCTION

The development of nanostructured catalysts is one of
the most prominent achievements of modern
nanotechnology. Such catalysts are designed to ensure
the high efficiency of chemical reactions in various
processes, and they are currently among the most
successful sustainable processes due to their unique
properties allowing for higher efficiency than the
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traditional bulk catalysts. The current research on the
topic could be defined as both experimental and
theoretical, as simulations applied the density
functional theory to explore the properties of the
nanoparticles of different composition, sizes, and
shapes and the relationship between these properties
and the efficiency and stability of the relevant
catalysts. High theoretical and practical efficiency is
typical of the platinum-based catalysts, such as the
nanoparticles comprising of platinum and nickel or
platinum and cobalt, which are used to ensure efficient
hydrogen evolution reactions and have been
confirmed to remain the best catalytic options (Zhou
et al., 2016; Zhang, Wang, & Liu, 2019; Duan et al.,
2020). Theoretical works on the characteristics of
these catalysts suggest that their efficiency is caused
by the shift in the d-band centers and the redistribution
of the charge as the size of the nanoparticles change.
These particular catalysts can be replaced with more
cost-efficient  nickel-based and iron-  and
molybdenum-based  non-precious  nanostructured
elements, which could be used in the oxygen evolution
systems and have been described in recent works (Yu,
Zhao, & Wang, 2017). Among other nanostructures,
molybdenum disulfide nanoparticles are highly
efficient in the hydrogen evolution reactions, with the
sulfur vacancies playing a crucial role in ensuring the
high efficiency of the relevant catalysts (Liu, Huang,
& Cao, 2015). As the theoretical works indicate that
their efficiency is increased by the placement of these
vacancies in the central part of the catalysts, similar
non-platinum nanostructures could be applied in the
hydrogen evolution reactions as a cheaper and more
efficient alternative. Also, the latter seem to be the best
option in the current non-platinum materials market as
suggested by the recent works, to predict similar
theoretical and experimental efficiency (Zhang, Liu, &
Dai, 2020) (zZhou et al., 2016; Zhang, Wang, & Liu,
2019).

1. STATEMENT OF THE RESEARCH
PROBLEM

This research project is aimed at solving a critical
research problem that deals with the necessity to
fabricate and develop nanostructured catalysts that
may improve the catalysis performance meaningfully
in the context of sustainable chemical reactions.
Specifically, it is vital to note that amid the latter,

IRE 1703603

hydrogen evolution reactions, carbon dioxide
reduction, and oxygen reduction reactions have been
recognized as essential for helping the concept of
green technologies and overcoming problems
associated with environmental pollution. On the one
hand, the existing bulk catalysts have been widely
used; however, they are characterized by low activity
and poor selectivity (Li, Chen, & Wang, 2020).
Moreover, the corresponding energy consumption is
rather high due to the lack of active sites. In addition,
it should be stressed that the conventional catalysts
suffer from slow electron transfer rate, and they do not
demonstrate the required stability under conditions of
reactions (Zhong et al., 2019). Therefore, the
theoretical and computational studies show that the
utilization of nanostructured materials, which have a
high surface-to-volume ratio and the tunable
electronic structure, together with the ability to affect
the reaction intermediates on an atomic scale can be
used for converting CO to fuels and chemicals at lower
overpotentials (Shi et al., 2019). In addition, some
nanoobject, such as nitrogen-doped carbon nanotube,
demonstrate an enhanced ORR application
characteristics determined by the alternated electronic
properties, and this conclusion is suggested by both
theoretical and electrochemical methods. However, it
is still necessary to note that numerous problems have
not been solved yet because of the poor stability and
the lack of information concerning the problems of
practical application; in this connection, it is critical to
investigate hybrid nanostructures and emerging
materials, such as single-atom catalysts and transition-
metal dichalcogenides in more detail, and the latter
have been theoretically investigated in the framework
of their mechanistic study which needs to be
developed and discussed (Wang, Luo, & Li, 2020).

I1l.  SIGNIFICANCE OF THE RESEARCH
STUDY

Nanoscience refers to the scientific exploration of
properties observed at the atomic or molecular level,
which can lead to the design and synthesis of materials
that possess useful properties distinguished by their
dimensions.  Nanostructures are purposely or
accidentally engineered crystalline and semi-
crystalline materials that are limited in one or more
three-dimensional reference scales (Jaramillo et al.,
2018). This research study is significant due to its
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potential to enhance the design, development, and
theoretical understanding of nanostructured catalysts
for sustainable chemical reactions. This is vital to
overcome the major global challenges posed by energy
conversion, environmental remediation, and green
chemistry. In fact, traditional catalytic systems have
not been entirely successful because of their
challenges in terms of efficiency, selectivity, and
durability. By contrast, nanostructured catalysts can be
decisive catalysts for key reactions such as water
splitting for hydrogen, CO2 reduction to valuable
chemicals, and reduction of oxygen to fuel cells due to
their large surface area, unique electronic, and
structural properties leading to much more efficient
reaction mechanisms. This has been shown through
various theoretical models and computational
techniques such as the density functional theory
(Zhang et al., 2016). The control of nanostructure size,
shape, and composition has been found in these
theoretical studies to optimize reaction pathways and
lower energy barriers, which enhances catalytic
activity and stability. In this connection, DFT has
predicted that  platinum-nickel  nanocatalysts
demonstrate increased activity for hydrogen evolution
reactions due to its modified electronic structure and
improved adsorption of hydrogen intermediates
(Jaramillo et al., 2018). DFT studies have also shown
that molybdenum disulfide nanosheets are potentially
viable alternatives to precious metal-based HER
catalysts because of its edge sites that are activated for
proton adsorption and electron transfer. Similarly,
both theoretical studies and experiments have shown
that metal-organic frameworks and single-atom
catalysts have the potential for both high selectivity
and activity in CO2 reduction and other sustainable
reactions at low temperatures. Therefore, the benefits
of the theoretical studies and the broader implications
of this research study include the following: cleaner
and more efficient chemical processes can be designed
to be used in various industries such as energy,
pharmaceuticals, and materials science. The use of
nonrenewable sources can be reduced significantly,
leading to a decrease in greenhouse gas emissions and
the development of a circular economy where non-
toxic materials that are abundant on the earth can be
utilized.
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IV. REVIEW OF LITERATURE RELATED TO
THE STUDY

The research on nanostructured catalysts for
sustainable chemical reactions, which improve the
performance for a variety of reactions and are
important for catalyzing superb chemical reactions, is
of great importance to tackle critical global issues
involving  energy  conversion,  environmental
protection, and efficient chemical processes.
Nanostructured materials possess unique
physicochemical properties, such as high surface area-
to-volume ratios, tunable active sites, and the capacity
to influence reaction kinetics and thermodynamics at
the atomic level, giving them a significant advantage
in catalysis. Nanostructured catalysts, which can be
developed based on both theoretical models and
experimental data, provide a transformative way to
overcome many of these shortcomings. Computational
methods such as density functional theory have
provided key information on how planned
nanocatalysts will boost catalytic activity, whether via
changes in electronic structure, adsorption energies, or
reaction routes. In hydrogen evolution reactions,
oxygen reduction reactions, and carbon dioxide
reduction reactions, nanocatalysts have made
significant strides in a variety of world-changing
reactions that are crucial to today’s clean energy
sources. For example, theoretical research using DFT
has shown that platinum-based nanostructures,
particularly those doped with other metals such as
nickel, cobalt, or iron, have superior catalytic activity
for HER. In their analysis of platinum-nickel
nanocatalysts (Faber and Jin, 2014) observed turnover
frequencies that were much higher than for pure
platinum. The studies discovered that non-noble metal
nanocatalysts can be suitable platinum substitutes,
with molybdenum disulfide emerging as a promising
substitute when engineered on the nanoscale, which
exposes more active edge sites to the reactants.
(Laursen et al.2012) showed that MoS2 nanosheets had
an increased HER due to their active edges in a
research study, paving the way for economical and
scalable hydrogen-developing technologies. In the
same manner, in CO:RR, size and shape of Cu NPs
have been the subject of extensive research with DFT
proposing varying catalytic activity (Back et al. 2018).
Conversely, for the production of efficient fuel cells,
nanostructured catalysts that facilitate the generation
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of active C-C bonds. Examples include nitrogen-
doped carbon nanotubes. All of these examples
exemplify how nanocatalysts have been reasonably
well understood in a variety of reactions crucial for
sustainable energy sources. Overall, the above
findings indicate the significance of nanostructured
catalysts in promoting sustainable chemical reactions
(Zhang et al. 2010). Nanomaterials have properties
that allow for greater regulation of the reaction
process, more efficient catalysis, and the possibility of
using abundant and inexpensive metals instead of
scarce and expensive precious metals (Lin et al.,
2017). This has the potential to improve energy
consumption and sustainability in the energy,
chemical, and materials industries. In conclusion,
further research on nanomaterials design, the
development of advanced characterization techniques,
and computational modeling of the atomic level
mechanisms of catalysis are critical for optimizing and
achieving the potential of nanocatalysts in real-world
applications (Zhang et al., 2018).

V. RESEARCH GAP RELATED TO THE
STUDY

The research gap of nanostructured catalysts in
sustainable chemical reactions such as hydrogen
evolution reactions, oxygen reduction reactions, and
carbon dioxide reduction reactions are due to the
significant gap in mechanistic understanding, design
principles, and synthetic methods. Existing research
has provided significant insights on the catalytic
efficiency of nanocatalysts like metal nanoparticles,
transition metal dichalcogenides (TMDs), and metal-
organic frameworks (MOFs), particularly as it relates
to catalytic efficiency, stability, and selectivity (Su et
al., 2013; Li et al., 2016). However, these studies are
still fundamentally limiting by the fact that the
majority are confined to controlled experimental
systems or theoretical models such as density-function
theory. This fails to account for several challenges
present in real-world catalytic systems, such as
catalyst deactivation, synthesis at an industrial scale,
and maintaining cost and energy-efficient systems
made of earth-abundant metals over precious
analogues like platin and palladium (Vrubel and
Hu.,2012). There also exists significant gap in the
research of non-precious metal nanocatalysts, as while
earth abundant materials like molybdenum disulphide
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or iron-based systems make chemically similar
analogues to platinum, their relatively poor long-term
stability, ease of synthesis, and performance in real-
world operating conditions has meant most of these
have not achieved proximate commercial systems, as
evidenced by previous studies (Zhang et al., 2011).
This also ties into a second non-precious material gap,
single-atom-catalysts, as while they offer the potential
for highest atom efficiency and catalytic activity,
studies have shown challenges with synthesizing these
systems at scale, controlling the dispersion of these
single atoms in operating environments, and doing so
in a relatively cost-effective manner, with the
dependence on methods like atomic-layer deposition
limiting its value in an industrial setting. Finally, the
current state of carbon-based nanocatalysts, such as
nitrogen-doped graphene or carbon nanotubes, are
limited in their practical applications by issues with
long-term leaching of dopants or nanoparticle
agglomeration, despite comparable initial
performance to conventionally used platinum catalysts
(Qiao et al. (2018).  Whether existing hybrid
nanocatalyst systems of carbon-based supports
integrated with metal nanoparticles can offer potential
to bolster their long-time stability and electron transfer
rates is another outstanding research question with a
significant gap at present (Chen et al., 2020). In any
case, while nanostructured catalysts hold significant
promise in sustainable industrial chemical reactions,
the research gap exists due to the need for more
comprehensive studies than can bridge the gap
between current theoretical predictions and real-world
operating conditions, synthesizing more cost-effective
catalysts that can be produced on scale and provide
long-time operating stability (Zhang et al., 2020; Yang
etal., 2015).

VI. METHODOLOGY ADOPTED FOR THE
STUDY

The methodology for this paper is a results summary
review. In the case of this study, which seeks to
determine how nanostructured catalysts contribute to
the advanced catalytic performance of catalysts in
sustainable chemical reactions, the methodology is
used as part of a review of the secondary data from
peer-reviewed journals, and related research,
theoretical studies and computational simulation of
various conceptual and theoretical frameworks such as
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density functional theory. This is because the
methodology involves synthesizing the results of
studies to determine how nanostructured materials,
including metal nanoparticles, transition metal
dichalcogenides (TMDs), carbon-based nanocatalysts,
metal-organic frameworks (MOFs), and monatomic
catalysts, improve key catalytic properties such as
adsorption energy, reaction intermediates and electron
transfer rates in hydrogen evolution (HER), oxygen
reduction (ORR) and carbon dioxide reduction with
theoretical examples and experimental data of various
catalytic systems, such as sulfur vacancies in the case
of molybdenum disulfide (MoS:). The following
methods were considered: hydrogen adsorption and
electron transfer potential detected. The methodology
also includes evaluation of theoretical study results
from research on non-precious metal catalysts and no
other study using molecular simulations and other
computational techniques to provide a comprehensive
review of catalyst activity. This review of the literature
and its evaluation is based on the results of the study
and is included in the summary results review as a
detailed description of the approach used in the study.

VIl.  MAJOR OBJECTIVES RELATED TO THE
STUDY

1. To explore the catalytic performance
enhancements of nanostructured catalysts in
various sustainable chemical reactions, focusing
on the unique properties of these catalysts, such as
high surface area, tunable active sites, and
improved electron transfer rates, which make them
superior to traditional bulk catalysts.

2. To investigate the role of nanostructure design
parameters, such as particle size, morphology,
composition, and doping, in modulating catalytic
activity and selectivity in key reactions like
hydrogen evolution (HER), oxygen reduction
(ORR), and carbon dioxide reduction (CO2RR),
using  both  theoretical predictions and
computational modeling like density functional
theory (DFT).

3. To analyze the sustainability and efficiency
potential of non-precious metal nanocatalysts,
such as molybdenum disulfide (MoS:) and
nitrogen-doped carbon materials, as cost-effective
alternatives to precious metal catalysts in key
energy conversion processes.
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4. To evaluate the performance and stability of hybrid
nanocatalysts that combine metal nanoparticles
with carbon-based supports or other novel
materials, assessing their long-term catalytic
performance under industrial-scale conditions
through theoretical and secondary data.

5. To identify gaps in current research and propose
future directions for the development of robust,
scalable, and economically viable nanostructured
catalysts for industrial applications in energy,
environmental remediation, and green chemistry.

Catalytic performance enhancements of

nanostructured catalysts in various sustainable

chemical reactions, focusing on the unique properties
of these catalysts, such as high surface area, tunable
active sites, and improved electron transfer rates,
which make them superior to traditional bulk catalysts
The catalytic performance improvements for
nanostructured catalysts in various sustainable
chemical reactions are primarily due to their distinct
physicochemical properties, such as a much greater
surface area-to-volume ratio, tunable active sites, and
high electron transfer rates. This in conjunction
significantly enhances the catalytic efficiency,
selectivity, and stability of nanostructured catalysts in
comparison to traditional bulk catalysts. The large
surface area of nanostructured catalysts exposes a
greater number of active sites that can be used to
catalyze reaction over these materials, thus increasing
reaction rates and reducing the required activation
energy. Meanwhile, the ability to tune the size, shape,
composition, and morphology of these catalysts allows
for a high level of control over the reaction pathway
and the ability to finely adjust adsorption energies,
intermediate stabilization, and product formation in
reactions such as hydrogen evolution, oxygen
reduction, and carbon dioxide reduction. These
relationships are explored in depth using density
functional theory simulations and provide valuable
insights into how nanostructure design impacts
catalytic performance. For example, Chen et al. report
that well-defined platinum-based nanostructures with
optimized particle sizes can improve the catalytic
activity of HER through the reduction of hydrogen
adsorption and desorption energy barriers as predicted
by theoretical models. Meanwhile, Jiao et al. found
that alloying platinum with transition metals such as
nickel or cobalt further improves catalytic activity by
synergistically modifying the catalyst’s electronic
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properties, thus enhancing both HER and ORR
activity. Likewise, Kibsgaard et al. demonstrated that
the layered structure of molybdenum disulfide
nanosheets with catalytically active sulfur vacancies
can provide a highly successful non-precious metal
catalyst for HER by facilitating proton adsorption and
electron transport, thus improving catalytic
performance in DFT studies. Similarly, carbon-based
nanostructures such as nitrogen-doped graphene or
carbon nanotubes have proven to be effective, metal-
free catalysts for ORR, with both theoretical and
experimental data showing nitrogen doping to lead to
the development of localized charge density variations
that enhance oxygen adsorption and reduction
kinetics, with hybrid systems also in development (Li
& Sun, 2020). These adopt a modification by
incorporating metal active sites with carbon supports,
thus enabling the carbon matrix to increase electron
conductivity and stabilize the metal active sites, as
seen in the case of copper-graphene systems for
CO:RR where DFT simulations predict greater
selectivity towards ethylene and ethanol formation
with a specific copper (Zhang et al., 2013). These
studies highlight the superiority of nanostructured
catalysts in sustainable chemical processes due to their
tunable and highly active surface chemistry, which
facilitates more efficient and selective reaction
pathways and cleaner energy conversion or more
environmentally friendly catalysis (Li & Sun, 2020).

Role of nanostructure design parameters, such as
particle size, morphology, composition, and doping, in
modulating catalytic activity and selectivity in key
reactions like hydrogen evolution (HER), oxygen
reduction (ORR), and carbon dioxide reduction
(COzRR), using both theoretical predictions and
computational modeling like density functional theory
(DFT)

The role of the nanostructure design parameters,
including particle size, morphology, composition, and
doping, in terms of modulating catalytic activity and
selectivity in the vital reactions, such as hydrogen
evolution, oxygen reduction, and carbon dioxide
reduction, is vital. Not only do these factors modify
the surface properties and chemical composition of
nanomaterials, but they also fundamentally change
their electronic structure and catalytic behavior.
Density functional theory and computational modeling
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play a key role in forecasting the effects that these
factors have on reaction pathways, energy barriers,
and intermediate stabilization. For example, it was
predicted that decreasing the particle size results in an
increased surface-to-volume ratio, which leads to
more active sites being exposed for catalysis, thereby
enhancing the rates of the reactions. Similarly, altering
the available morphologies by preparing nanocatalysts
in specific types, such as nanowires, nanospheres, or
nanocubes, allows the exposure of particular crystal
facets for optimized performance (Chen et al., 2019).
In the case of DFT studies, the calculated order of
stability of copper facets reduced the energy barriers
for specific intermediates, thereby upscaling the
selectivity towards ethylene and ethanol. Combined
with the electrochemical tests, these examples
showcase that doping catalysts or doping carbon
materials with nitrogen leads to a change in the
electronic arrangements, making the artificial
formation of the oxygen reduction reaction sites
possible (Yu et al., 2020). Similarly, as per the
predictions, alloying platinum and nickel reduces the
energy barrier for HER by shifting the d-band center
down and changing the position of their Fermi level.
Thus, it becomes evident that the nanostructure design
parameters are crucial for enhancing the catalytic
activity and selectivity in the desirable reactions,
yielding an unprecedented control over the reaction
pathways and energy efficiencies (Xie et al., 2013).

Sustainability and efficiency potential of non-precious
metal nanocatalysts, such as molybdenum disulfide
(MoS2) and nitrogen-doped carbon materials, as cost-
effective alternatives to precious metal catalysts in key
energy CONVersion processes

The significance of the sustainability and efficiency
potential of non-precious metal nanocatalysts, such as
molybdenum disulfide and nitrogen-doped carbon
materials, as a cost-effective substitution for precious
metal catalysts in the key energy-converting processes
cannot be overstated. These materials have proven to
be capable of mimicking the catalytic properties of
platinum and, in certain instances, outdoing even that
highly valuable metal in reactions such as hydrogen
evolution reaction, oxygen reduction reaction, and
carbon dioxide reduction reaction. While MoS,, has
been identified as a potential candidate for HER due to
its unique layered structure, enormous surface area,
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and presence of catalytically active sulfur vacancies,
which have been demonstrated to improve proton
adsorption and promote electron transfer, in addition
to increasing the catalytic HER potential by over 20%,
costing the fraction s to obtain, another type of
catalyst, nitrogen-doped carbon materials, including
nitrogen-doped graphene and carbon nanotubes, has
been identified as an efficient ORR performer. The
explanation for this is that nitrogen promotes localized
charge redistribution at the doped surface, which
promotes oxygen adsorption and expedites electron
transfer during the reduction process. Such an effect
has been supported by the wealth of the experimental
and theoretical research, which found that doped
materials could approach a catalytic activity similar to
that of platinum catalysts while having increased
resistance to poisoning and durability. In addition to
that, there is research indicating that the combination
of these non-precious nanoalloys and other abundant
metals, such as iron or cobalt, may further increase
their performance by adding that these elements have
a synergistic effect that enhances the selectivity
catalyzing applications and durability of the former in
connection. As the result, these nitrogen-doped carbon
materials, combined with transition metals, are
capable of selectively converting CO: into viable
chemicals under mild conditions, despite DFT
calculations predicting otherwise. In most of the cases
and applications, combining Mollybdenum and
nitrogen with other types of elements is able to
increase their sustainability and efficiency in some
way.

The performance and stability of hybrid nanocatalysts
that combine metal nanoparticles with carbon-based
supports or other novel materials, assessing their long-
term catalytic performance under industrial-scale
conditions through theoretical and secondary data

The increased performance and stability of hybrid
nanocatalysts, such as those that combine metal
nanoparticles with carbon-based supports or other
novel materials, have been shown to help in enhancing
catalytic activity and durability in various types of
sustainable chemical reactions, especially on the
industrial scale. In the particular case of carbon-based
supports, such as graphene, carbon nanotubes or
nitrogen-doped carbons, the electrically conductive
matrix provided by the carbon makes it easier for
electrons to be transferred, but also helps in stabilizing
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the metal nanoparticles, so they do not aggregate and
sinter at high temperatures and with extended reaction
cycles (Li et al., 2015). Theorized by different
scientists and explored through the use of density
functional theory simulations, hybrid systems could
significantly improve the exposure of catalytically
active sites, the reaction kinetics, and the lowering of
energy barriers for key catalytic reactions such as the
HER, the ORR, or the CO:RR (Zhao et al., 2017). For
instance, Pt or Pd nanoparticles supported on graphene
have been shown to provide excellent catalytic activity
in the HER, as the DFT calculations confirmed that the
hydrogen adsorption and electron transfer is much
more favorable when metal is in contact with the
neural graphene. In CO:RR, Cu nanoparticles
supported on N-doped carbon offered much better
selectivity, especially for the production of ethylene
on the industrial scales that are signalized by high CO:
pressures and high currents. Irrational progress has
been achieved, especially in the case of the ORR,
where the long-term stability of Fe or Co nanoparticles
supported on carbon, tested in the extreme acid or
alkali conditions typical of industrial fuel cells, means
no leaching or degradation of the metals with extended
use attributed to the carbon support. With further
analyses available for MOFs or COFs synthesizing the
supports leading to higher catalytic activity and
stability, hybrid nanocatalysts can be designed for
both high performance and long-term stability in all
the industrial applications of the future (Liu et al.,
2019).

Gaps in current research and propose future directions
for the development of robust, scalable, and
economically viable nanostructured catalysts for
industrial applications in energy, environmental
remediation, and green chemistry

While fortunately, current research on nanostructured
catalysts for sustainable chemical reactions has made
significant strides in many areas, from catalytic
performance to surface area, to tunable active sites and
even improved electron transfer rates, there are certain
crucial gaps that remain. One of the major ones is the
long-term stability, scalability, and industrial
applicability, as many studies are limited to
laboratory-scale experiments or computational
modeling, leaving many challenges unanswered.
These challenges mainly include the lack of sufficient
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understanding to solve the problem of catalyst
degradation over extended periods of industrial use,
difficulty in achieving a large-scale cost-efficient
synthesis of nanostructured catalysts, ability of the
catalysts to behave as they do in a laboratory setting,
where conditions are kept clean and simple and differ
sharply from a true industrial operational environment,
where they would have to stand up against real-world
conditions, such as high temperatures, high pressures,
impurities in the form of heavy metals,
electrochemical breakdowns, and so on. Other issues
include the lack of understanding concerning the
economic feasibility of scaling up advanced
techniques of the synthesis of nanocatalysts, such as
atomic layer deposition or wet-chemical methods,
which, while effective, are inherently expensive and
hard to control on a larger scale. Yet another important
gap is the lack of non-precious metal analogs to
platinum-group metals for certain critical reactions,
like the hydrogen evolution reaction, oxygen reduction
reaction, and carbon dioxide reduction reaction, in
which, while materials like molybdenum disulfide,
transition metal carbides, and nitrogen-doped carbon
materials show promise in a laboratory setting, their
real-world application remains in question in terms of
catalytic efficiency and longevity. To solve these gaps,
future research should focus on developing hybrid
nanostructures of metals with carbon-based or other
new supports to achieve both stability and
performance, implementing synthesis techniques that
are scalable and cost-efficient enough to be viable for
industrial production, and doing broader real-world
tests of operational conditions that replicate the
complexity of industrial use cases. In particular, these
tests should focus on emerging materials like metal-
organic frameworks, covalent organic frameworks,
and single-atom catalysts, which may represent the
best means of creating highly efficient, selective, and
stable catalysts for energy, environmental
remediation, and green chemistry uses (Cao et al.,
2020).

VIIl. DISCUSSION RELATED TO THE STUDY

The discussion of this study on nanostructured
catalysts for sustainable chemical reactions, which
enhance catalytic performance in various reactions,
centers on the significant role that nanomaterials play
in overcoming the limitations of traditional bulk
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catalysts through the exploitation of their high surface
area, tunable active sites, and unique electronic
properties, allowing for improved catalytic activity,
selectivity, and stability in key reactions such as
hydrogen evolution (HER), oxygen reduction (ORR),
and carbon dioxide reduction (CO:RR), with the
literature and computational models, including density
functional theory (DFT), supporting the notion that
nanostructured catalysts like molybdenum disulfide
(MoS2), transition metal dichalcogenides, and
nitrogen-doped carbon materials exhibit superior
catalytic efficiency due to the ability to expose more
active edge sites, control adsorption energies, and
stabilize reaction intermediates, all of which are
critical for driving green energy conversion processes
(Jiao et al., 2016), and further, the study highlights
how alloying nanomaterials, such as platinum-based
nanoparticles with transition metals like nickel or
cobalt, can significantly reduce the overpotential in
HER and ORR by altering the electronic structure and
optimizing the d-band center, as demonstrated in both
theoretical predictions and experimental data (Chen et
al., 2017), while the combination of metal
nanoparticles with carbon-based supports, such as
nitrogen-doped graphene or carbon nanotubes
(CNTs), has proven effective in enhancing the
catalytic stability and preventing aggregation, thus
addressing one of the key challenges in the long-term
industrial application of nanocatalysts (Xie et al.,
2013), and despite these advancements, the discussion
also underscores the challenges that remain,
particularly in terms of scaling up the synthesis of
these nanocatalysts for industrial use, as well as
improving their resistance to deactivation and
poisoning during extended wuse in real-world
applications, where issues such as metal leaching and
the loss of active sites continue to hinder performance
(Liuetal., 2018), and moving forward, future research
must focus on optimizing the design of hybrid
nanostructures, exploring  non-precious  metal
catalysts, and advancing scalable synthesis methods to
ensure that these promising nanocatalysts can be
effectively deployed in large-scale energy,
environmental remediation, and green chemistry
applications (Zhao et al., 2020).
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IX. CHEMICAL REACTIVE IMPLICATIONS
RELATED TO THE STUDY

The chemical reactive implications of nanostructured
catalysts in sustainable chemical reactions are striking
because they enhance reaction Kinetics, lower
activation energies, and improve product selectivity.
This is because they are one of the few materials that
can manipulate surface chemistry at the atomic and
molecular  level.  Further  compounds  with
nanostructures, such as metal nanoparticles, TMDs,
and N-doped carbons, have several distinguishing
features which are beneficial for catalysis. These
include a higher active surface area, augmented
electronic tunability, and high density of exposed
active sites. For example, in the case of HER,
downshifts in the position of the chair peak of H st the
nanostructured molybdenum disulfide indicate that
atomic-scale interactions at the catalytic interface,
especially at sulfur vacancy sites, lead to the
adsorption of protons and facilitate transfer of
electrons. A theoretical study agreed with this
conclusion, in addition experiment shows that HER on
molybdenum disulfide takes place at rates similar to
those on platinum, a noble metal known for its
excellent catalytic efficiency. Moreover, in the case of
ORR, nitrogen doping in CNMs led to localized
electronic  perturbations which facilitated the
availability of oxygen at the active sites and improves
electron mobility (Kibsgaard et al., 2012). The study
demonstrates that the addition of nitrogen in graphene
leads to higher ORR activity than that in the case of
graphene without nitrogen or even platinum. In the
case of CO2RR, the reactivity of copper nanoparticle
to certain facets was found to modulate the binding
strength of intermediate and catalyzes the formation of
CO which subsequently forms valuable hydrocarbons
like ethylene and ethanol (Dai et al., 2015). The study
also demonstrated the validity of the mod in actual
experiments. This study solidly shows the chemical
reactivity implications of nanostructured catalysts.
Such materials can not only accelerate and control
reactions, but they can also tailor product distribution.
This is especially the case with the nanostructured
materials as these allow for the precise control of
active site exposure, electronic structures, and surface
morphology. The importance of such control is
massive in industry, as many green chemistry, energy,
and environmental applications necessitate efficient

IRE 1703603

catalysis, which in turn requires precise tailoring of
active sites, in order to ensure efficient reactions with
minimal energy inputs and environmental impacts
(Zhang et al., 2019).

CONCLUSION

In summary, nanostructured catalysts developed and
applied for sustainable chemical reactions represent an
unprecedented  catalytic  performance-enhancing
ability thanks to  unique  physicochemical
characteristics. Particularly, the increased surface area
of nanomaterials, their adjustable active sites, and
electron transfer rates ensure more efficient, selective,
and durable catalysis in the majority of critical
reactions, including HER, ORR, CO2RR. In this way,
while nanomaterials, such as metal NPs, TMDs like
MoS 2, and NC-based materials, enable reducing the
energy and increasing reaction rates, they also allow
for precise control over the reaction mechanisms and
enhanced selectivity of the products. In this way, these
nanostructures offer ample opportunities to engineer
the active sites and modulate the surface chemistry to
create optimal interfacial interactions between
catalysts and reactants. As a result, breakthroughs in
energy conversion technologies, such as fuel cells,
water splitting systems, and CO 2 utilization
approaches, can become a part of the global initiatives
to decarbonize and promote environmental
sustainability. However, despite these remarkable
advances, a humber of challenges exist, such as the
long-term stability of nanocatalysts under industrial
conditions. Indeed, the instability of nanocatalysts is a
significant problem in timescale reaction due to
catalyst degradation, poisoning, and sintering.
Another of them is the production scalability of
nanocatalysts, which remains problematic due to the
cost and complicated synthezability. In the future, it is
critical to focus on the formation of hybrid catalysts,
benefiting from both metal and carbon-based
materials, or new materials, such as MOFs or SACs
for even better catalytic performance and stability.
Additionally, the types of reactions facilitated by
nanocatalysis should expand, particularly in the
context of green chemistry and environmental
remediation.

Scope for further research and limitations of the study
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The possibilities for further research in the field of
nanostructured catalysts for sustainable chemical
reactions are enormous. Thanks to the development of
nanotechnology and materials science in recent years,
there are new opportunities to design and optimize
catalysts for improved catalytic efficiency, selectivity,
and durability in such key reactions as HER, ORR, and
CO:RR. These opportunities include the development
of new nanomaterials, such as MOFs, COFs, and
SACs, which can be used to design more effective
catalytic sites, as well as the development of hybrid
nanocatalyst systems, which are combinations of
metal nanoparticles and carbon-based or other
conductive supports that could help with electron
transfer, stability, and exposure of the active site. At
the same time, the issue of the scalability of these
materials is an important aspect that requires
consideration, as only cost-effective and large-scale
synthesis methods would be able to translate the
breakthroughs achieved at the laboratory level into
industrial applications in the energy, environmental,
and chemical manufacturing industries. In addition,
the long-term stability and durability of nanocatalysts
in real operational conditions remain not well
understood, as many current studies make use of
idealized experimental setups that do not reflect the
complex and sometimes harsh conditions present in
industrial reactors. This often results in a significant
difference between the results obtained in the
laboratory and the real performance of the catalyst, as
well as being unable to address the important issue of
the poisoning, degradation, and sintering of catalysts,
which remain significant problems that limit the
performance  and  operational lifetime  of
nanostructured catalysts in large systems and scales.
Finally, further theoretical research is also needed to
expand the knowledge of the mechanisms behind
catalytic reactions at the nanoscale and use it to design
new materials that would be able to provide the
necessary catalytic properties. However, the
weaknesses of this study include its focus on the
theoretical nature of the information presented and the
use of some secondary data to motivate the analysis
that was presented here. While these still provide
important insights and points for further research,
future studies will need to follow up on these
suggestions to develop an experimental base that
would help bring nanostructured catalysts to a level of
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performance where they could be reliably used in real
applications of sustainable chemical reactions.
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