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Abstract This paper is a fundamental explora-
tion of the dynamic area of nanocatalysis, offering a
detailed analysis of recent advancements and practi-
cal applications. Tailored for researchers and profes-
sionals, this article begins with a historical overview,
emphasizing nanocatalysis’ pivotal role in contempo-
rary science and industry. It delves into foundational
principles, covering nanoparticle synthesis, charac-
terization, surface chemistry, and reactivity mecha-
nisms at the nanoscale. Advanced sections explore
the design of nanomaterials for catalysis, hybrid
catalyst synthesis, and the integration of computa-
tional approaches. Mechanistic insights are presented
through a detailed examination of reaction pathways
and cutting-edge spectroscopic techniques. Practical
applications span energy conversion, sustainable syn-
thesis, and environmental remediation, with illustra-
tive case studies. The article concludes by addressing
current challenges, outlining future perspectives, and
highlighting emerging trends, making it an essential
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guide for those navigating the multifaceted landscape
of nanocatalysis.
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Introduction

Nanocatalysis stands at the forefront of scientific and
industrial innovation, representing a dynamic and
transformative field that operates at the intersection
of nanoscience and catalysis. At its core, nanoca-
talysis involves catalytic processes that unfold on the
nanoscale, where materials exhibit unique and often
remarkable properties [1, 2]. Nanocatalysis, in its
essence, encompasses the catalytic phenomena occur-
ring within the nanometer scale range [3]. It is the
study of catalytic reactions facilitated by nanoparti-
cles, where the distinctive characteristics of materials
at this scale dictate the reactivity and efficiency of the
catalytic process [4]. Nanocatalysts, often composed
of metals, metal oxides, or organic materials, present
an extensive surface area and quantum size effects
that set them apart from their bulk counterparts [5, 6].

The scope of nanocatalysis extends across a mul-
titude of disciplines, including chemistry, physics,
materials science, and engineering. Its applica-
tions span a wide spectrum, from the development
of energy-efficient technologies to environmentally
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sustainable synthesis processes [7, 8]. As we delve
into the intricacies of nanocatalysis, it becomes evi-
dent that this field is not merely a subdomain but a
pivotal player influencing the landscape of modern
science and industry [9].

Nanocatalysis, the study and application of nan-
oparticles as catalysts, has a rich history spanning
several millennia (shown in Fig. 1) [10-15]. In the
fourteenth century BC, ancient Egyptians and Mes-
opotamians used gold nanoparticles to produce red-
colored glass, demonstrating an early use of nano-
technology in decorative arts. By the fourth century
AD, Roman craftsmen had advanced this concept
further, creating the Lycurgus Cup, a remarkable
artifact that changes color depending on light direc-
tion, using gold and silver nanoparticles. The first
documented use of nanoparticles in catalysis, how-
ever, came much later, in 1941, with palladium
nanoparticles. The field saw significant develop-
ment in 1987, when researchers noted that the cata-
lytic properties of gold nanoparticles were strongly
influenced by their size. This discovery prompted a
deeper exploration into the role of nanoparticle size
and structure in catalysis. By 2020, the first high-
entropy alloy nanoparticle containing six platinum
group metals was developed, providing a potent
catalyst for complex or multi-step reactions. More
recently, in 2022, scientists created a high-entropy
alloy nanoparticle containing all eight noble metal
group elements, demonstrating remarkable activity
in hydrogen evolution reactions. These milestones
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in Egypt and
Mesopotamia

Fig. 1 The history of nanoparticles to nanocatalyst
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reflect the evolving understanding of nanocatalysis
and its growing importance in modern science and
industry.

To comprehend the present and envision the
future of nanocatalysis, we must first traverse its his-
torical landscape. Nanocatalytic processes, though
not explicitly recognized as such, have left traces in
the annals of scientific discovery for centuries [16].
From the earliest observations of catalytic reactions
to the groundbreaking advancements in the twentieth
century, the evolution of nanocatalysis mirrors the
broader development of nanoscience [17]. The twen-
tieth century witnessed seminal contributions, with
the advent of nanomaterial synthesis techniques and
the exploration of quantum effects at the nanoscale.
Notable milestones include the development of col-
loidal chemistry and the discovery of catalytic prop-
erties inherent in finely divided materials. These
foundational steps covered the way for the emergence
of nanocatalysis as a distinct and influential field in
contemporary science [18, 19].

As we navigate the intricate landscape of nanoca-
talysis, it becomes evident that its importance extends
far beyond the confines of laboratory research [20,
21]. Nanocatalysis plays a pivotal role in shaping
the trajectory of modern science and industry. In the
realm of catalysis, the nanoscale regime introduces
a paradigm shift, enabling unprecedented control
over reaction pathways and catalytic selectivity [22].
Industrially, nanocatalysis has become indispensable
for processes ranging from fine chemical synthesis to
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environmental remediation. The utilization of nano-
catalysts has revolutionized energy conversion and
storage technologies, offering solutions to global
challenges such as climate change and resource sus-
tainability [23, 24]. The integration of nanocatalysis
into various industrial sectors underscores its role as
a driving force behind technological advancements
with profound implications for a sustainable and
innovative future [9, 25].

In the subsequent sections, we embark on a com-
prehensive exploration of the fundamentals of nano-
catalysis, unraveling the intricacies of nanoparticle
synthesis, characterization, surface chemistry, and
reactivity mechanisms. As we traverse this intellec-
tual terrain, the transformative potential of nanoca-
talysis unfolds, offering a nuanced understanding of
a field that is both historically grounded and dynami-
cally evolving.

Fundamentals of nanocatalysis
Nanoparticles: synthesis and characterization

At the heart of nanocatalysis lies the intricate world
of nanoparticles, the building blocks that define the

&

Chemical reduction

Chemical
. methods

Sol-gel processes o+—

Green synthesis

..... [_]/-i— .
i w—]— 2
[ @

Fig. 2 Method of nanoparticle synthesis

catalytic landscape on the nanoscale. In this section,
we embark on a journey to understand the fundamen-
tals of nanocatalysis by exploring the synthesis and
characterization of nanoparticles. These minute enti-
ties, often measuring in the nanometer range, exhibit
unique properties that make them indispensable in
catalytic processes. The synthesis of nanoparticles is
a cornerstone in nanocatalysis, as it determines the
physical and chemical properties that govern cata-
lytic behavior (shown in Fig. 2). Various methods,
including chemical reduction, sol—gel processes, and
green synthesis approaches, are employed to tailor
the size, shape, and composition of nanoparticles
[26]. Chemical methods, known for their simplic-
ity and mild conditions, include chemical reduction
and coreduction of mixed ions. Chemical reduction
involves reducing metal ions in solution by provid-
ing extra energy, commonly through photo energy,
electricity, or thermal energy. Coreduction, used for
bimetallic nanoparticles, entails reducing metal ions
of two or more metals using suitable reductants.
Physical methods, requiring the evaporation of solid
material into supersaturated vapor, include vapor
synthesis, sputtering, laser reactors, flame reactors,
plasma reactors, wire electrical explosion, expan-
sion-cooling, carbothermal shock, and electrospray
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systems. Specifically, in the carbothermal shock
(CTS) method, we can obtain nanoparticles with
desired composition, size, and phase by carefully
controlling CTS parameters such as substrate, tem-
perature, shock duration, and heating/cooling rate.
These methods provide various approaches for con-
trolling particle size, composition, and phase, allow-
ing for customization to meet specific manufacturing
requirements and applications. Understanding these
synthesis techniques provides a crucial foundation
for manipulating catalytic performance [27-29].

Equally important is the characterization of nan-
oparticles, a multidimensional task that involves
unraveling their structural, morphological, and com-
positional attributes. Techniques such as transmis-
sion electron microscopy (TEM), scanning electron
microscopy (SEM), X-ray diffraction (XRD), and
spectroscopic methods play pivotal roles in decipher-
ing the intricate details of nanoparticles. A nuanced
understanding of nanoparticle characteristics is essen-
tial for correlating structure with catalytic activity
(Table 1) [30-32].

Surface chemistry and reactivity

In the nanocatalytic realm, the surface is not merely
a boundary but a dynamic interface where catalytic
reactions unfold. This subsection delves into the
world of surface chemistry, exploring how the proper-
ties of the nanocatalyst’s surface dictate its reactivity
and catalytic performance.

Understanding the intricacies of surface chemis-
try involves unraveling phenomena such as adsorp-
tion, desorption, and surface reactions that dictate the

interaction between reactants and the catalyst surface.
The high surface area-to-volume ratio of nanoparti-
cles amplifies the significance of surface chemistry,
influencing catalytic selectivity and overall efficiency
[33, 34].

Nanocatalysis introduces a level of complex-
ity where traditional catalytic mechanisms may be
modified or entirely redefined. The quantum size
effects and unique electronic properties of nano-
particles contribute to unconventional reactivity
mechanisms. Exploring these mechanisms provides
insights into how nanocatalysts influence reaction
pathways and enhance catalytic performance [30,
35, 36].

Catalytic mechanisms at the nanoscale

Building upon the foundation laid in the previous
subsection, this section takes a closer look at the cata-
Iytic mechanisms that govern nanocatalytic reactions.
Operating at the nanoscale introduces intricacies that
differ from bulk catalysis, and understanding these
mechanisms is essential for harnessing the full poten-
tial of nanocatalysts.

The unique characteristics of nanocatalysts,
such as size-dependent electronic properties and
enhanced surface reactivity, influence catalytic pro-
cesses. This subsection explores how these factors
contribute to catalytic efficiency, selectivity, and
the ability to catalyze specific reactions that may
be challenging in bulk materials [7, 37, 38]. Nano-
catalytic reactions often exhibit dynamic behaviors
influenced by factors such as nanoparticle size,
shape, and surface modifications. Investigating the
dynamic nature of these reactions sheds light on the

Table 1 Summary of some selected characterization techniques of nanocatalysis

Characterization method

Information obtained

Dynamic light scattering (DLS)
UV-Vis spectrum

X-ray diffraction (XRD)

Nuclear magnetic resonance (NMR)
X-ray photoelectron spectroscopy (XPS)

Transmission electron microscopy (TEM)
Scanning electron microscopy (SEM)

Energy dispersive X-ray (EDX)
Scanning tunneling microscope

Size and size distribution of NPs in solution

Formation of colloidal NPs (Plasmon band)

Crystal structure and size, chemical composition
Molecular physics, crystals, and non-crystalline materials
Surface composition of supported NPs

Size and morphology of NPS

Element and distribution of NPs
Size and structure of NPs
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intricacies of nanocatalysis, guiding the design of
catalysts for optimal performance [39—42].

In the subsequent sections, we delve deeper into
the advances in nanocatalyst design, exploring the
tailoring of nanomaterials for catalysis, the synthe-
sis of hybrid and composite nanocatalysts, and the
integration of computational approaches in catalyst
design. As we unravel these intricacies, the multifac-
eted nature of nanocatalysis comes to the forefront,
showcasing its transformative potential in contempo-
rary scientific and industrial landscapes.

Advances in nanocatalyst design
Tailoring nanomaterials for catalysis

In this section, we explore the forefront of nanocata-
lyst design, delving into strategies aimed at optimiz-
ing properties for enhanced performance. The evo-
lution of nanocatalysis has been propelled by the
intentional design and tailoring of nanomaterials for
specific catalytic applications [43].

Tailoring nanomaterials for catalysis involves a
nuanced understanding of design principles. This
includes the careful selection of materials, control
over particle size and shape, and the incorporation of
functionalities that promote catalytic activity. These
design parameters are pivotal in crafting nanocata-
lysts with tailored properties to address specific reac-
tion pathways [44].

Surface engineering plays a crucial role in
nanocatalyst design, allowing for the manipula-
tion of surface properties to influence catalytic
performance. Strategies such as doping, function-
alization, and the introduction of defects enable
researchers to fine-tune the surface chemistry of
nanocatalysts, thereby enhancing their reactivity
and selectivity [45].

Advancements in nanocatalyst design also lever-
age synergistic effects arising from the combina-
tion of different materials. Hybrid nanocatalysts,
formed by integrating two or more distinct mate-
rials, exhibit properties that surpass those of indi-
vidual components. Understanding and harness-
ing these synergies open new avenues for tailoring
nanocatalysts with unprecedented catalytic capa-
bilities [46, 47].

Hybrid and composite nanocatalysts

The synthesis of hybrid and composite nanocatalysts
represents a paradigm shift in catalytic design, capi-
talizing on the strengths of diverse materials. This
subsection explores the principles behind the creation
of these multifunctional catalysts and their applica-
tions in catalytic processes.

Hybrid nanocatalysts combine different types of
nanomaterials, such as metals, metal oxides, and
organic components. The synergistic effects between
these components result in enhanced catalytic per-
formance. This subsection investigates the strategies
for designing hybrid nanocatalysts and the underlying
principles governing their catalytic activity [48—50].

Composite nanocatalysts involve the integration
of nanoparticles into a supporting matrix, creating a
unique catalytic entity. This matrix can be organic or
inorganic, providing stability and facilitating recycla-
bility. Understanding the interplay between the nano-
particle and matrix is crucial for optimizing the cata-
lytic properties of composite nanocatalysts [51-53].

Computational approaches in catalyst design

In the era of computational advancements, the inte-
gration of computational approaches has revolu-
tionized the design of nanocatalysts. This section
explores how theoretical modeling and simulations
contribute to the rational design and optimization of
nanocatalysts.

Quantum mechanical studies offer insights into
the electronic structure, energy levels, and bonding
interactions within nanocatalysts. By employing com-
putational methods such as density functional theory
(DFT), researchers can predict catalytic activity, iden-
tify active sites, and optimize catalysts for specific
reactions [54, 55]. Molecular dynamics simulations
provide a dynamic perspective, allowing researchers
to observe the behavior of nanocatalysts over time.
These simulations help unravel the intricate details
of catalytic mechanisms and guide the design of
catalysts with improved stability and efficiency [56,
57]. The intersection of nanocatalysis and machine
learning has ushered in a new era, where algorithms
analyze vast datasets to identify patterns and correla-
tions. Machine learning models aid in predicting cata-
lytic properties, accelerating the screening of poten-
tial catalysts, and guiding experimental efforts [58].
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In the subsequent sections, we delve into mecha-
nistic insights, exploring the probing of reaction
pathways, spectroscopic techniques, and quantum
mechanical studies. As we navigate through these
advances, the intricate tapestry of nanocatalysis con-
tinues to unfold, offering a glimpse into the cutting-
edge innovations shaping the landscape of catalytic
science.

Mechanistic insights
Probing reaction pathways

Understanding the intricate dance of atoms and mol-
ecules during a catalytic process requires a detailed
exploration of reaction pathways [59]. In this section,
we delve into the methodologies employed to probe
the paths that reactions follow on the nanoscale.

Probing reaction pathways involves a diverse
array of experimental techniques. In situ spectros-
copy, chromatography, and mass spectrometry offer
real-time insights into the evolution of reactants and
intermediates. Isotope labeling provides a powerful
tool for tracing the movement of atoms, unraveling
the sequence of procedures in nanocatalytic reactions
[60, 61].

Surface science techniques, such as scanning tun-
neling microscopy (STM) and X-ray photoelectron
spectroscopy (XPS), play a pivotal role in elucidat-
ing surface reactions [62, 63]. These techniques pro-
vide high-resolution images and chemical informa-
tion, enabling researchers to interpret the interactions
between catalysts and reactants at the atomic level
[64-66].

Time-resolved methods, including femtosecond
laser spectroscopy and pump-probe experiments,
allow researchers to capture the dynamics of nano-
catalytic reactions with unprecedented temporal res-
olution. These methods unveil the rapid transitions
between reaction intermediates, shedding light on
transient species critical for mechanistic understand-
ing [67, 68].

Spectroscopic techniques in nanocatalysis
Spectroscopic techniques serve as powerful tools for

unraveling the structural and electronic characteris-
tics of nanocatalysts [69—71]. In this subsection, we

@ Springer

explore the diverse spectroscopic methods employed
to gain insights into the nature of catalysts and the
mechanisms governing their catalytic activity.

XAS provides information about the local struc-
ture and oxidation states of catalysts. By probing
the absorption of X-rays, researchers can discern the
coordination environment of catalytic sites, help-
ing unravel the structural aspects crucial for cata-
Iytic activity [72-75]. NMR spectroscopy offers a
unique perspective on nanocatalysis by providing
information about molecular interactions in solution.
It aids in understanding dynamic processes, such as
substrate binding and product formation, offering a
bridge between solution-phase and solid-state studies
[76-79].

Infrared (IR) spectroscopy plays a crucial role in
analyzing molecular vibrations and surface functional
groups. Within nanocatalysis, this technique serves
to pinpoint active catalytic sites, monitor alterations
in surface chemistry, and unveil the characteristics
of adsorbed species during chemical reactions [78].
Raman spectroscopy is offering insights into their
structure, composition, and activity. It helps charac-
terize nanoparticle structure, identify surface species,
monitor surface chemistry dynamics, quantify cata-
lytic activity, and conduct in situ/operando studies.
This analytical tool aids in optimizing catalyst design
for diverse applications [79].

Quantum mechanical studies

Quantum mechanics serves as a theoretical backbone
for understanding the electronic structure and behav-
ior of nanocatalysts. In this section, we explore how
quantum mechanical studies contribute to mechanistic
insights in nanocatalysis. DFT calculations provide a
quantum-level understanding of the energetics and
electronic structure of nanocatalysts. By simulating
electronic interactions and predicting reaction path-
ways, DFT aids in identifying catalytically active sites
and guiding experimental efforts. Ab initio methods
go beyond DFT, offering high-accuracy calculations
of molecular properties. These methods, such as cou-
pled cluster theory, provide detailed electronic struc-
ture information, allowing for precise predictions of
reaction energetics and mechanistic details. The com-
bination of quantum mechanics and computational
power enables researchers to model complex catalytic
reactions. Computational catalysis explores reaction
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mechanisms, transition states, and kinetics, provid-
ing invaluable insights that guide experimentalists in
designing novel nanocatalysts.

As we transition to the next section, we carry with
us a profound understanding of the mechanisms gov-
erning nanocatalysis. The synthesis of experimental
and theoretical approaches paints a comprehensive
picture, allowing us to unravel the complexities of
nanoscale catalytic processes and cover the way for
their optimization and application (Table 2).

Catalytic characteristics of nanocatalyst

Catalytic properties of nanocatalysts represent a
fascinating and rapidly evolving field in the domin-
ion of nanotechnology and materials science. Nano-
catalysts, as the name suggests, are catalysts with

dimensions at the nanoscale, typically ranging from
1 to 100 nm (shown in Fig. 3). This reduced size
imparts unique and enhanced catalytic properties
compared to their bulk counterparts, making them
highly sought after in various industrial applica-
tions. One of the defining features of nanocatalysts
is their high surface area-to-volume ratio. This char-
acteristic arises from the fact that as the size of the
catalyst particles decreases, the surface area avail-
able for catalytic reactions increases exponentially.
This increased surface area allows for more active
sites where chemical reactions can occur, leading
to higher catalytic efficiency and reaction rates [17,
82-84].

The size-dependent properties of nanocatalysts
also result in quantum effects, which can significantly
influence their catalytic behavior. Quantum confine-
ment effects, where the movement of electrons is

Table 2 Summary of some selected characterization techniques in the mechanistic part of nanocatalysis

Characterization method

Information obtained

Scanning tunneling microscopy (STM)
X-ray photoelectron spectroscopy (XPS)
Femtosecond laser spectroscopy
Pump-probe experiments

X-ray absorption spectroscopy (XAS)
NMR spectroscopy

Infrared (IR) spectroscopy

Raman spectroscopy

Density functional theory (DFT)

Active site identification and surface reactivity of NPs

Surface composition, chemical state analysis, and surface sensitivity of NPs
Ultrafast dynamics, electronic structure, and transient species of NPs
Reaction kinetics and charge carrier dynamics of NPs

Local structure and oxidation states of NPs

Molecular interactions of NPs in solution

Active catalytic sites and adsorbed species during chemical reactions of NPs
Structure, composition, and activity of NPs

Energetics and electronic structure of NPs
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restricted to nanoscale dimensions, can alter the elec-
tronic structure of the catalyst and affect its interac-
tion with reactant molecules [85]. This quantum
behavior can lead to tunable catalytic properties,
allowing for precise control over reaction pathways
and selectivity [86, 87].

Furthermore, nanocatalysts often exhibit size-
dependent chemical reactivity. Small nanoparti-
cles may display different catalytic activities com-
pared to larger particles of the same material. This
size-dependent reactivity can be attributed to the
increased prevalence of under-coordinated surface
atoms and unique crystal facets on the nanocatalyst,
providing distinctive sites for adsorption and reac-
tion. The morphology and composition of nano-
catalysts play a crucial role in determining their
catalytic properties. Tailoring these factors enables
the design of catalysts with specific functionalities,
making them suitable for a wide range of applica-
tions [88]. For instance, the incorporation of various
metals, metal oxides, or organic components in nano-
catalysts allows for the creation of hybrid materials
with enhanced catalytic performance and selectivity
[89-92].

Nanocatalysts have demonstrated remarkable
efficiency in various catalytic processes, includ-
ing hydrogenation, oxidation, and dehydrogenation
reactions. Their applications extend to environmen-
tal remediation, energy conversion, and the syn-
thesis of fine chemicals. The use of nanocatalysts
in environmental applications, such as wastewater
treatment and air purification, has gained signifi-
cant attention due to their ability to enhance reac-
tion rates and reduce the amount of required cata-
lyst material. Moreover, nanocatalysts have shown
promise in the field of renewable energy. For exam-
ple, they play a crucial role in catalyzing reactions
in fuel cells and photocatalytic systems, contribut-
ing to advancements in clean energy technologies
[93, 94]. The unique properties of nanocatalysts
make them indispensable in the development of
more efficient and sustainable energy conversion
processes [95-97].

Despite their immense potential, challenges exist
in the synthesis, stability, and scalability of nanocata-
lysts. Researchers continue to explore novel fabrica-
tion methods and support materials to address these
challenges and unlock the full potential of nanocata-
lysts for practical applications.

@ Springer

In conclusion, the catalytic properties of nano-
catalysts represent a dynamic and evolving area
of research with profound implications for various
industries. The combination of size-dependent effects,
high surface area, and tunable reactivity makes nano-
catalysts versatile tools for advancing catalysis and
driving innovations in fields ranging from environ-
mental science to energy production. As our under-
standing of nanomaterials and catalysis deepens, the
applications of nanocatalysts are likely to expand,
ushering in a new era of highly efficient and sustain-
able chemical processes.

Applications of nanocatalysis

Nanocatalysis, with its unique properties and versatile
capabilities, has found applications across a spectrum
of scientific and industrial domains. In this section,
we explore the multifaceted contributions of nano-
catalysis in diverse fields, showcasing its transforma-
tive impact on energy conversion and storage, green
chemistry, sustainable synthesis, and environmental
remediation [86, 98, 99].

Energy conversion and storage

Nanocatalysis has emerged as a cornerstone in
advancing energy conversion and storage technolo-
gies, addressing critical challenges in the quest for
sustainable energy solutions. This subsection unravels
the pivotal role nanocatalysis plays in this dynamic
arena [26, 100-103].

Nanocatalysts contribute significantly to the effi-
ciency and performance of fuel cells. Catalysts tai-
lored at the nanoscale enhance the kinetics of elec-
trochemical reactions, promoting faster fuel cell
operation and improved energy conversion efficiency.
Platinum-based nanocatalysts, for instance, exhibit
superior catalytic activity, making them vital compo-
nents in proton-exchange membrane fuel cells [104,
105].

Menezes et al. synthesized structurally ordered
non-noble intermetallic cobalt stannide (CoSn,)
nanocrystals and explored their application in elec-
trocatalytic overall water-splitting in alkaline media
(Fig. 4). The CoSn, nanocrystals exhibited low over-
potentials for both the oxygen evolution reaction
(OER) and hydrogen evolution reaction (HER) when
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Fig. 4 Nanocatalyst CoSn, used for electrochemical OER and
HER

supported on fluorine-doped tin oxide (FTO) and
Ni foam (NF). Under strongly alkaline conditions,
CoSn, transformed into highly active amorphous
CoOx(H) for OER, while CoO in CoSn, served as
active sites for HER. This cost-effective bifunctional
electrocatalyst demonstrated promising performance
in a two-electrode electrolyzer, achieving a low cell
voltage of 1.55 V at 10 mAcm™2 with long-term sta-
bility [106].
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Fig. 5 Bimetallic Pt/Pd nanoparticles-based polymer electro-
lyte fuel cells (PEMFCs)

Macaskie et al. investigated the potential of bio-
synthesized bimetallic Pt/Pd nanoparticles by E. coli
as a catalyst for polymer electrolyte fuel cells (PEM-
FCs) (Fig. 5). Unlike conventional chemical syn-
thesis methods, biosynthesis offers an eco-friendly
alternative. The E. coli-Pt/Pd catalyst exhibited
superior performance compared to single metal ver-
sions (E. coli-Pt and E. coli-Pd) when tested ex situ
as an electrocatalyst. However, direct use in PEM-
FCs faced challenges due to bacterial resistance
and nanoparticle localization. By synthesizing Pd
nanoparticles on E. coli cells first, followed by Pt,
a cell surface-localized metallic shell was achieved,
enhancing conductivity. While the catalyst under-
performed compared to commercial ones, this study
lays the groundwork for further optimization and
engineered biosynthesis of nanoparticles for PEMFC
catalysts [107].

Nanocatalysts contribute to the development of
advanced energy storage devices, including lith-
ium-ion batteries and supercapacitors. The tailored
design of nanomaterials enhances electrode perfor-
mance, accelerates charge—discharge kinetics, and
increases the overall energy storage capacity. Nano-
catalytic approaches are crucial for addressing chal-
lenges associated with energy storage, paving the
way for more sustainable and efficient energy sys-
tems [108].

Wu et al. address the challenges associated with
silicon-based electrodes in lithium-ion batteries, par-
ticularly the issues related to volume expansion dur-
ing lithiation. They review various approaches to mit-
igate these challenges, including the use of binders,
modifying silicon structures, and employing silicon/
carbon nanocomposites. While binders effectively
maintain electrical conductivity, improving reversible
capacity remains a challenge. Changing silicon struc-
tures, such as using silicon nanotubes and nanowires,
shows promise in addressing pulverization issues.
However, manufacturing these structures at scale
poses challenges. The combination of silicon with
novelty carbon structures, especially graphene and
reduced graphene oxides, proves effective in stabiliz-
ing the SEI layer and mitigating volume expansion,
as shown in Fig. 6. This approach also offers cost-
effective synthesis methods. Future research aims
to improve initial coulombic efficiency and capacity
retention, ultimately advancing silicon-based anodes
in lithium-ion batteries [109].
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Green chemistry and sustainable synthesis

This subsection explores how nanocatalysts facili-
tate sustainable synthesis practices and contribute to
the broader goals of green chemistry. The principles
of green chemistry, emphasizing environmentally
benign processes, align seamlessly with the capabili-
ties of nanocatalysis [17, 110, 111].

Catalytic selectivity
Nanocatalysis enables precise control over reaction

pathways and enhances catalytic selectivity. This
selectivity is pivotal in reducing waste generation

and optimizing resource utilization, aligning with the
principles of green chemistry. Nanocatalysts can be
tailored to favor specific reaction pathways, minimiz-
ing the formation of undesired by-products [112].
Sudarsanam et al. have devised a highly efficient
MoO3/MnOx nanocatalyst, finely tuned for shaping,
enabling the selective production of 2-phenylquinoxa-
line drug motifs at ambient temperature, devoid of
any external oxidant. Following calcination at 500 °C,
termed MoO;/MnO, s, the nanocatalyst exhibits abun-
dant potent acid sites and an optimal Mn**/Mn>* ratio,
crucial for catalyzing the C-N cross-coupling reac-
tion between 2-phenylethylamine and o-phenylenedi-
amine, yielding 2-phenylquinoxaline in excess of 96%
under mild conditions. The versatility of this cata-
lytic approach at room temperature, sans an external
oxidant, is underscored by achieving over 90% yields
of functional 2-phenylquinoxalines via C-N cross-
coupling across a range of o-phenylenediamines and
2-phenylethylamines. Moreover, the MoO;/MnO,
nanocatalyst exhibits remarkable reusability for up to
five cycles without necessitating regeneration, coupled
with effective scalability, endorsing the practicality
of the MoO+/MnO, s based catalytic protocol for car-
bon-heteroatom coupling reactions at ambient tem-
perature without an external oxidant. Computational
studies shed light on the possible mechanisms behind
the selective synthesis of 2-phenylquinoxaline over the
MoO5/MnO, 5 nanocatalyst [113] (Scheme 1).
Shoukat et al. synthesized MnMoO, nanomateri-
als via a solvothermal approach for the oxidation of
toluene, an organic pollutant, into valuable chemi-
cal products, as shown in Scheme 2. The catalytic

Scheme 1. Synthesis of

2-phenylquinoxaline over NH, p MoO; /MnOX
the MoO,/MnOy_s nano- R .

catalyst NH, H,N NanoCatalyst

Derivatives

benzene-1,2-diamine  2-phenylethan-1-amine
Derivatives

2—pheny1quin0xaline
Derivatives

Scheme 2. The catalytic
efficiency of MnMoO,
nanomaterials was evalu-

ated for toluene oxidation

Toluene

MnMoO, Nano-Catalyst *

Benzaldehyde Benzyl Alcohol
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efficiency of these nanomaterials was evaluated for
toluene oxidation through C-H activation using
H,0, as an oxidant at 80 °C. Optimization of reac-
tion parameters yielded a maximum toluene conver-
sion rate of 40.62% after 18 h with 0.06 g of catalyst.
A maximum benzaldehyde selectivity of 78% was
achieved under the same conditions. Additionally,
62.33% benzyl alcohol selectivity was obtained using
0.1 g of catalyst after 1 h. The catalyst showed good
reusability with consistent toluene conversion rates
for up to six cycles. FTIR spectra analysis indicated
no significant change in the catalyst structure after
recovery. These findings demonstrate the robustness
and potential of MnMoO, nanomaterials for toluene
oxidation in a milder, greener, and chlorine-free envi-
ronment [114].

Atom economy

The high surface area-to-volume ratio of nanocata-
lysts promotes efficient atom utilization in catalytic
processes. This enhances atom economy, a funda-
mental aspect of green chemistry that strives to maxi-
mize the incorporation of reactant atoms into the final
product. Nanocatalysis, with its ability to orchestrate
reactions at the atomic level, contributes significantly
to improving atom efficiency [110].

Maleki et al. presented a study on a cellulose-
based nanocomposite enriched with Fe;O, nanopar-
ticles. This eco-friendly and cost-effective Fe;O,@
cellulose nanocatalyst was employed in synthesiz-
ing benzodiazepine derivatives through a green and
straightforward method. The protocol offered sev-
eral advantages, including short reaction times, high
yields, simplicity, easy work-up, and environmen-
tally friendly conditions. Additionally, the nanocata-
lyst could be recycled multiple times with minimal
loss of catalytic activity, although a slight reduction
in activity was observed after initial reuse [115]
(Scheme 3).

Shinde et al. employed coprecipitation to syn-
thesize magnetically separable Fe;0,@MgO
core—shell nanoparticles, serving as a heterogene-
ous catalyst for the one-pot synthesis of polyhydro-
quinoline derivatives, as shown in Scheme 4. Under
solvent-free conditions and ultrasonication, various
aldehydes were efficiently converted into their cor-
responding polyhydroquinoline derivatives with a
maximum yield of 94%. This approach offers sev-
eral advantages, including the use of a new catalyst,
environmentally friendly methodology, straightfor-
ward technique, rapid reaction time, high product
yield, and catalyst recyclability without degradation
[116].

Scheme 3. Fe;O,@cel-
lulose nanocatalyst used

in synthesizing benzodiaz-
epine derivatives

Scheme 4. Fe;0,@MgO
nanoparticles used for the
synthesis of polyhydroqui-
noline derivatives

(0]
H
R, NH, R; Fe;04@Cellulose g, N R,
:@: + Nanocomposite_ D{
R; NH, Ry EtOH R;
Ry
(0]
o-phenylenediamines ketones benzodiazepines
R
ethyl acetoacetate
0 0
MO/\
R Fe;0,@MgO
+ > OEt
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0 0
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NH4OAC Polyhydroquinoline derivatives
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Sustainable catalyst design

Nanocatalysts themselves can be designed using
sustainable and Earth-abundant materials. The use
of non-toxic and eco-friendly catalyst components
aligns with the principles of green chemistry, ensur-
ing that catalytic processes have minimal environ-
mental impact. Sustainable catalyst design extends
the benefits of green chemistry to nanocatalytic appli-
cations [117].

Mosaddegh et al. synthesized nano-CaO through
the calcination of ball-milled chicken eggshell waste.
This novel, bioactive, heterogeneous catalyst exhib-
ited high catalytic activity and reusability. It was
employed in the green synthesis of pyrano[4,3-b]
pyrans via the condensation of various aromatic alde-
hydes, malononitrile, and 4-hydroxy-6-methyl-2H-
pyran-2-one at 120 °C under solvent-free conditions,
as shown in Scheme 5. The reaction was completed
within 5-45 min, yielding 93-98%. The nano-CaO
catalyst was fully characterized using scanning elec-
tron microscopy, X-ray powder diffraction, infrared
spectroscopy, X-ray fluorescence spectroscopy, and
thermal gravimetric, surface area, and elemental anal-
yses [118].

Environmental remediation

The remediation of environmental pollutants presents
a pressing global challenge, and nanocatalysis has
emerged as a powerful tool for addressing contamina-
tion in air, water, and soil. This subsection explores
the applications of nanocatalysis in environmental
remediation 2, 19, 21].

Water purification

Nanocatalysts play a crucial role in water purification
processes, effectively removing pollutants and con-
taminants. Catalytic nanoparticles can facilitate the
degradation of organic pollutants through advanced
oxidation processes, providing a sustainable approach
to ensuring clean and safe water resources [119].
Krishnan et al. explored the potential of two-
dimensional (2D) materials for their large surface
area and ability to support efficient photocatalytic
processes (shown in Fig. 7). They synthesized binary
Bi,WO¢-TiO, and ternary Bi,WO4-TiO,-Ti;C, 2D
nanocomposites via electrostatic self-assembly. Struc-
tural and morphological characterization confirmed
successful synthesis and 2D morphology. Optimized

Degraded
Product
Scn - Methyl Green
SC-1 e e e
e- e- e- CB
CB
Methyl Green VB
VB h* h* h*
h™ h™ h™ TiO,
Bi,WOg¢
Degraded Product

Fig. 7 2D nanocomposites (Bi,WO4TiO,-Ti;C,) for degra-
dation of methyl green

Scheme 5. Nano-CaO used
in the green synthesis of o
pyrano[4,3-b] pyrans |

/

R
OH
+
0
Benzaldehyde

(0}
Eggshell
Nano CaO
<CN 120°C
CN
malononitrile Pyrano[4,3-b]pyrans
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nanocomposites exhibited significantly enhanced
degradation of methyl green compared to pristine
materials, attributed to increased surface area, pol-
lutant adsorption, and improved charge separation
and transfer facilitated by a S-scheme mechanism and
face-to-face interfacial contact. This study highlights
the efficacy of 2D nanocomposites and the role of
Ti;C, as an electron acceptor in S-scheme photoca-
talysis [120, 121].

Air pollution control

Nanocatalytic materials contribute to air pollution
control by facilitating the conversion of harmful gases
into less harmful compounds. Catalytic converters
employing nanocatalysts can effectively reduce emis-
sions from industrial processes and vehicular exhaust,
mitigating the impact of air pollutants on human
health and the environment [122-124].

You et al. utilized a photocatalytic oxidation pro-
cess (PCO) under visible light to degrade nitric oxide
(NO) using a synthesized MgO@g-C;N, Nano het-
erojunction photocatalyst, as shown in Fig. 8. The
heterojunctions were prepared via one-step pyroly-
sis of MgO and commercial urea at 550 °C for 2 h.
The photocatalytic efficiency of the MgO@g-C;N,
composites reached 75.4%, exhibiting 1.2-fold higher
efficiency than pure g-C;N, and 4.5-fold higher effi-
ciency than commercial MgO. Characterization
techniques such as XRD, FTIR, XPS, SEM, TEM,
and DRS were employed to analyze the materials’
structural and optical properties. The bandgap of the

e"'/- . .
(N0 NOg | cB ) ¢ 0,
o) cB y
@ VB (57 Oz
h+
L \ VB
= +
g-C3N4 MgO

materials decreased with increasing MgO content.
Additionally, various tests including NO conversion,
De NOx index, apparent quantum efficiency (AQE),
trapping test, and electron spin resonance (ESR) were
conducted to elucidate the photocatalytic mechanism.
The MgO@g-C;N, composites showed high reusabil-
ity over five recycling tests [125].

Waste treatment

Nanocatalysis offers innovative solutions for waste
treatment, converting hazardous waste into less harm-
ful or even valuable products. From catalytic degra-
dation of organic pollutants to the detoxification of
industrial effluents, nanocatalytic processes contrib-
ute to sustainable waste management practices [126].

Gnana Prakash et al. investigated the photocata-
lytic properties of g-C;N, and its nanocomposite
with ZnO for crystal violet degradation under solar
light, As shown in Fig. 9. g-C;N, was synthesized
from melamine pyrolysis, and the nanocomposite was
prepared hydrothermally. Characterization revealed
structural features, including inter-layer packing
and interplanar stacking peaks. The nanocomposite
showed enhanced efficiency (97%) due to improved
charge separation at the ZnO/g-C;N, heterojunction
[127].

CO, conversion

CO, conversion via nanocatalysts uses nanoscale
materials to efficiently transform CO, into valuable
chemicals like methane, methanol, and formic acid.
These catalysts enhance reaction rates and selectivity

0, — = OH
CB
0,

H,0 + CO;+ NOy

2

h'
“ N
g-C3Ny

. VB

Crystal Violet

Fig. 8 MgO@g-C;N, nano heterostructure for removal of NO

Fig. 9 ZnO/g-C;N, nano-structure for organic dye degradation
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due to their high surface area and unique properties,
playing a key role in sustainable carbon capture and
utilization efforts [128].

Polshettiwar et al. demonstrated that magnesium
can convert CO, (from air or pure) into methane,
methanol, and formic acid at room temperature and
atmospheric pressure, using water as the hydrogen
source without any external energy, as illustrated in
Fig. 10. The reaction was very fast, with maximum
yield in 15 min. Hydrogen production was predomi-
nant due to the favored reaction between water and
magnesium. Despite converting to basic magnesium
carbonate, magnesium can be regenerated using a
solar-energy pumped laser process. The study high-
lighted magnesium’s ability to chemisorb and activate
CO,, facilitating its reduction through a cooperative
action involving magnesium, basic magnesium car-
bonate, CO,, and water [129].

Zhang et al. synthesized ZnO/ZnSe composites via
a solvothermal method and analyzed their composi-
tion, morphology, microstructure, and CO, reduction
activity. Bare ZnO and ZnSe produced methanol at
rates of 763.9 and 503.88 pmol/gcat/h, respectively,
while the 3% wt ZnO/ZnSe composite achieved a
significantly higher rate of 1581.82 pmol/gcat/h.
The enhanced performance was due to the ZnSe
nanosheets improving light absorption and the ZnO/
ZnSe heterojunction facilitating electron transfer for
CO, reduction, as shown in Fig. 11 [130].

Fig. 10 Magnesium nano-
particles for CO, conver-
sion to fuels

@ Springer

In the subsequent sections, we will explore the
challenges and future perspectives of nanocatalysis,
addressing current limitations, highlighting emerg-
ing trends, and outlining potential breakthroughs. As
we reflect on the diverse applications discussed in
this section, the transformative potential of nanoca-
talysis in shaping a sustainable and innovative future
becomes increasingly evident.

Cco,

CB G

C;H(O /? /?

VB
o
= VB
C3H80 ZnSe h+
ZnO

Fig. 11 Photocatalytic CO, converted in to methanol with the
help of ZnO/ZnSe composite
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Challenges and future perspectives

Nanocatalysis, despite its transformative potential, is
not without challenges. This section critically exam-
ines the current limitations and obstacles faced by
researchers in the field, while also glimpsing into
the future to identify emerging trends and potential
breakthroughs.

Nanocatalysis, while a promising field, grapples
with several challenges that impede its seamless inte-
gration into various applications. Understanding these
limitations is paramount for devising strategies to
overcome them and unlock the full potential of nano-
catalysts. One notable challenge lies in ensuring the
durability and stability of nanocatalysts during pro-
longed catalytic processes. The harsh reaction condi-
tions, coupled with potential agglomeration or leach-
ing of nanoparticles, can compromise their structural
integrity over time. Developing strategies to enhance
the robustness of nanocatalysts is imperative for sus-
tained and reliable catalytic performance. The scal-
able production of nanocatalysts for industrial appli-
cations presents a significant hurdle. Many synthesis
methods that yield high-quality nanoparticles on a
laboratory scale may prove challenging to translate
into large-scale production while maintaining consist-
ent properties. Bridging the gap between bench-scale
synthesis and industrial scalability is a crucial aspect
for the widespread adoption of nanocatalysis. Certain
nanocatalysts rely on precious or scarce materials,
contributing to elevated production costs. Addressing
the cost-effectiveness and ensuring the availability of
resources for nanocatalyst synthesis are essential, par-
ticularly when considering their applications in energy
technologies and large-scale industrial processes.
Ensuring the reproducibility of nanocatalytic results
across different laboratories remains a challenge.
Standardizing synthesis protocols and characteriza-
tions methods is crucial for establishing benchmarks
and facilitating the comparison of results. Overcoming
variability in nanocatalyst preparation and assessment
is vital for building a reliable knowledge base.

In navigating the challenges, nanocatalysis con-
tinues to evolve, with emerging trends shaping its
trajectory. These trends provide a glimpse into the
future, showcasing the innovative directions that
researchers are exploring to enhance the efficacy and
applicability of nanocatalysts. A burgeoning trend in
nanocatalysis involves the exploration of single-atom

catalysis, where isolated metal atoms serve as cata-
lytically active sites. This approach maximizes atom
efficiency, reduces the reliance on precious metals,
and offers enhanced control over catalytic reactions.
Single-atom catalysis represents a paradigm shift
in catalyst design with vast implications for sustain-
ability and efficiency. Advances in computational
methods are making it possible to design nanocata-
lysts with good precision. “Designer” nanocatalysts,
tailored through computational approaches, allow
researchers to predict and optimize catalytic proper-
ties with a level of control that was once elusive. This
trend holds promise for accelerating the development
of highly efficient and selective catalysts. Inspired by
nature, researchers are exploring the design of nano-
catalysts that mimic biological systems. Biomimetic
nanocatalysts, taking cues from enzymes and biologi-
cal processes, aim to achieve high catalytic activity
with selectivity, offering environmentally friendly
and sustainable alternatives for various applications.

Looking ahead, nanocatalysis holds the potential
for groundbreaking developments that could reshape
the landscape of catalytic science and technology.
Exploring these future directions provides insight
into the transformative possibilities that may unfold.
The integration of nanocatalysis into unconven-
tional realms, such as catalysis in extreme conditions
or outer space, represents an intriguing avenue for
exploration. Adapting nanocatalysts to operate under
extreme temperatures, pressures, or radiation environ-
ments opens new frontiers for applications previously
deemed inaccessible. The development of “smart”
nanocatalysts with responsive and adaptive properties
is a captivating prospect. Nanocatalysts that can mod-
ulate their activity based on external stimuli, such
as pH, temperature, or the presence of specific mol-
ecules, hold promise for dynamic and controlled cata-
lytic processes. Future breakthroughs in nanocatalysis
are likely to stem from interdisciplinary collabora-
tions that bridge the expertise of chemists, physicists,
materials scientists, and engineers. Integrating
diverse perspectives and knowledge domains will fos-
ter holistic approaches to address complex challenges
and drive innovation in nanocatalytic research.

The development of nanocatalysts involves sig-
nificant challenges, particularly in balancing cata-
lytic activity with stability. High catalytic activity is
crucial for efficient chemical reactions, driven by the
large surface area and unique electronic properties
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of nanoparticles. These characteristics provide
abundant active sites and enhance reactivity, making
nanocatalysts more effective than their bulk coun-
terparts. However, high activity often compromises
stability, a vital factor for practical applications.
Small nanoparticles, though highly reactive, tend to
agglomerate and sinter at high temperatures, reduc-
ing their active surface area and catalytic efficiency.
Conversely, larger nanoparticles or those supported
on substrates are more stable but offer fewer active
sites, resulting in lower catalytic activity. Surface
modifications, like functionalization with ligands,
can prevent aggregation and enhance stability but
may block active sites, reducing activity. Similarly,
core—shell structures that protect the active core
can hinder reactant access, diminishing catalytic
performance.

Material composition also influences this bal-
ance. Alloying can enhance stability through stronger
metal-metal bonding but may alter the electronic
structure, reducing catalytic activity compared to
pure metals. Using metal oxides as supports can sta-
bilize metal nanoparticles but modify the active sites,
potentially lowering activity. To address these chal-
lenges, researchers are exploring several strategies.
These include optimizing particle size to balance sur-
face area and stability, designing core—shell structures
that protect the core while allowing reactant access,
and developing advanced supports that enhance sta-
bility without significantly blocking active sites.
Other approaches involve creating catalysts capable
of dynamic restructuring under reaction conditions
and employing advanced surface engineering tech-
niques to tailor surface properties.

In summary, the interplay between catalytic activ-
ity and stability in nanocatalysts is a complex chal-
lenge requiring innovative solutions. Future research
aims to maximize both properties, ensuring practi-
cal and durable catalytic applications and advancing
the capabilities of nanotechnology. Nanocatalysis
navigates its current challenges and embraces emerg-
ing trends; the field stands on the precipice of trans-
formative advancements. The journey ahead involves
addressing limitations, fostering innovation, and capi-
talizing on interdisciplinary synergies to propel nano-
catalysis into a future where it plays an even more
integral role in shaping sustainable and efficient tech-
nological landscapes.

@ Springer

Conclusion

This comprehensive review article delves into nano-
catalysis, situated at the intersection of scientific inno-
vation, catalytic chemistry, and technological pro-
gress. Exploring fundamental principles, advances,
applications, challenges, and future prospects pro-
vides a nuanced understanding of this dynamic field.
Nanocatalysis applications extend across sectors like
energy, green chemistry, and environmental reme-
diation, addressing global challenges and catalyz-
ing positive change. From nanoparticle synthesis
to advanced catalyst design, nanocatalysis blends
theory and experimentation, fostering innovation.
Addressing durability, scalability, cost-effectiveness,
and reproducibility challenges is crucial for unlock-
ing its full potential. Emerging trends, such as single-
atom catalysis and biologically inspired approaches,
hint at future developments. As computational meth-
ods advance, interdisciplinary collaborations flour-
ish, positioning nanocatalysis for groundbreaking
developments and applications beyond traditional
boundaries. This field aligns with green chemistry,
sustainability, and efficient resource utilization, con-
tributing to a more sustainable and innovative future.
In conclusion, this review article serves as a guide for
researchers, navigating the multifaceted landscape
of nanocatalysis from historical roots to emerging
trends, shaping contemporary science and industry.
The transformative potential of nanocatalysis remains
a beacon for a future where catalysis at the nanoscale
plays an increasingly integral and impactful role [80,
81].
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