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1. Introduction

Nano-materials are crucial across many fields, from research to
practical applications in electronics, sensors, catalysts, and energy.
They serve as sustainable alternatives to traditional materials,
functioning as durable, high-surface-area catalysts and supports.
The tiny particles increase exposed surface area, boosting catalyst
contact with reactants and mimicking homogeneous catalysts [1,
2]. Additionally to their high surface area, they have other unique
properties such as nanomagnetism and photocatalytic activity,
make them versatile for both homogeneous and heterogeneous
applications, offering faster reactions and potential cost savings [3,
4].

Nanoscience's potential extents nearly all fields e.g., medicine,
electronics, manufacturing, fashion, especially through
nanocrystal catalysts. Their high surface-to-volume ratio makes
nanocrystals highly reactive and tunable, enabling faster reactions
by lowering activation energy or improving reactant interaction.
Their small size (10-80 nm) and unique properties make
nanocatalysts more effective than traditional ones, leading to more
efficient, environmentally friendly chemical processes [5].

Nanoparticle catalysis has long been explored with elements
like aluminum, iron, and titanium dioxide [3]. Although their high
surface area boosts reaction rates, the specific shape, structure, and
composition of nanocatalysts also influence their activity.
Tailoring these features enhances selectivity and resilience,
enabling more resource-efficient, energy-saving, and eco-friendly
industrial chemistry. Nanoparticles' heterogeneity causes variable
catalytic activity, but understanding their physical properties and
fabrication methods allows the design of highly effective
nanocatalysts for diverse applications [5, 6].

This review covers foundational concepts in nano catalysis,
synthesis methods, types, and applications, including
environmental, energy, pharma, and biofuels, and highlighting
recent innovations and future prospects in this critical field.

2. Fundamentals of nano catalysis

The development of advanced catalysts aims to produce high-
value products cost-effectively, increase energy efficiency, meet
strict environmental standards, and reduce reliance on precious
metals [5].

2.1. Definition and characteristics

In chemistry, a catalyst is a substance that speeds up or
facilitates a chemical reaction without undergoing any permanent
change itself. This process is called catalysis. Catalysts can
enhance the reaction rate and improve its selectivity, meaning they
help the reaction proceed more efficiently and with desired
outcomes. Essentially, the catalyst interacts with the reactants,
inducing certain changes in the reaction pathway, but remains
unchanged after the process. Despite their lower mass compared to
raw materials, catalysts play a crucial role in the reaction.
Choosing the right catalyst is vital for successful outcomes [2].
Recently, nanoparticles have become effective catalysts, thanks to
their active sites composed of metal atoms, metal ions, and the
presence of pores around these sites. It is believed that the next
wave of catalysts will be nanocatalysts, which are already involved
in many chemical processes and are expected to shape future
advancements [2, 7].

Catalysts accelerate reactions by providing active sites;
reducing particle size enhances this effect. Modern catalysts often
involve nanometer-scale particles on specialized supports, with

ongoing research focusing on how particle size impacts catalytic
performance beyond surface area alone [2].

Nano catalysis is characterized by high activity and selectivity,
excellent stability, ease of separation, energy efficiency, and atom
economy [8]. The transition from bulk to nanocatalysts can alter
product selectivity, although the underlying reasons remain
unclear. Recent experiments by Costentin and Savéant suggest that
this may result from the interaction between chemical reactions
such as reactant conversion, intermediate formation, and product
release and the transport of species to the catalyst surface. By
modeling the reduction of hydrogenocarbonate ions on metals like
Pd or Pt, they identified key parameters that influence selectivity.
Their findings also show that the product distribution depends on
the diffusion layer thickness, which varies with scale, leading to
significant, and sometimes reversible, changes in selectivity under
different conditions. While chemical reactivity was often
considered the main factor, they emphasize that short-distance
transport effects play a crucial role in determining product
outcomes [6].

2.2. Mechanisms of catalysis at the nanoscale

Insights into nanocatalysis come from understanding how
intrinsic nanomaterial properties affect their catalytic behavior.
These include: (i) Bond-related factors like lattice constants and
surface relaxation, (ii) Cohesive energy-related aspects such as
stability, phase transition temperatures, and atomic mobility, (iii)
Properties tied to electronic band structures, like band gaps and
energy levels, (iv) Mechanical and magnetic attributes, including
surface energy, strength, and magnetic behavior. Understanding
these intrinsic factors helps in designing nanomaterials with
optimal catalytic performance [8]. Fig. 1 illustrates fundamental
properties of nanocatalysts influencing their catalytic performance.

Intrinsic Properties of Nanocatalyst
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Fig. 1. Fundamental properties of nanocatalysts influencing their catalytic
performance [3].

For example, it is suggested that the interaction between Regge
resonances and Ramsauer—Townsend minima in the electron
elastic cross sections of Au and Pd atoms, combined with their high
electron affinities, underpins the remarkable catalytic performance
of Au nanoparticles. This mechanism explains why Au—Pd hybrids
outperform individual Au or Pd in catalyzing H,O,, aligned with
recent findings. The study employs a recent complex angular
momentum approach to electron-atom scattering to support this
explanation [9].

3. Synthesis techniques for nano catalysts

Nanocatalysts are produced mainly via two methods: top-
down, which breaks down bulk materials into nanoscale particles
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(using techniques like etching and sputtering), and bottom-up,
where molecules or atoms assemble into nanostructures (through
processes such as sol—gel, chemical reduction, or green synthesis).
Both rely on controlled kinetics to regulate nanoparticle size and
shape [10]. Fig. 2 shows diverse synthesis techniques and the
resulting shapes of nanoparticles [10].

Methods of Nanoparticle Synthesis
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Fig. 2. Diverse synthesis techniques and resulting shapes of nanoparticles
[10].

3.1. Sol-gel method

The sol-gel method involves dissolving precursors (like metal
alkoxides) to form a gel, which is dried, ground, and calcined to
produce nanomaterials, especially metal oxides. It's cost-effective,
enables precise composition control, and finds uses in ceramics,
electronics, energy devices, and biosensors [11, 12]. For example,
Sajjadi et al. [13] created Ni-Co/Al,05-MgO-ZrO, catalysts, with
ZrO, improving activity and stability in methane reforming. Wu
and Chen [14] developed V-doped TiO, with enhanced
photocatalysis, while Li et al. [15] designed metal/N-doped carbon
catalysts for nitrophenol reduction. Imoisili et al. [16] used
microwave-assisted sol-gel for TiO,-based photocatalysts, and
Hassani Rad et al. [17] produced Ni/ALO; catalysts with
promoters for methane reforming, showing high stability.

3.2. Hydrothermal synthesis

Hydrothermal synthesis allows formation of various
nanostructures under controlled temperature and pressure in
aqueous solutions, offering precise size and shape control, suitable
for unstable or high vapor pressure materials [18].

3.3. Chemical vapor deposition (CVD)

Chemical Vapor Deposition deposits thin films or coatings via
reactions of gases on heated substrates. It produces uniform, high-
quality coatings, ideal for electronics, catalysis, and protective
layers [19-24]. Advanced reactor designs (fluidized beds, spouted
beds) improve material treatment and scale-up [25, 26]. Notably,
researchers improved CNT growth by optimizing catalyst
pretreatment temperatures [19], and ZIF-67 MOFs were
successfully used as cost-effective catalysts for SWCNT
production, replacing toxic and expensive precursors with
environmentally friendly alternatives [20]. Additionally, plasma
enhanced chemical vapor deposition (PECVD) offers a non-
invasive way to deposit metal films on delicate nanostructures,
enhancing antibacterial properties and photocatalytic activity at
various speeds [27].

3.4. Biogenic synthesis

Nature, through plants, algae, fungi, and microorganisms,
provides biomolecules that facilitate eco-friendly nanoparticle
synthesis. Using waste materials reduces costs, minimizes
hazardous chemicals, and promotes green methods. Computational
studies help understand how biomolecules bind to nanoparticles,
with applications in biomedicine, catalysis, and sensors [28].

Nanobiotechnology has become vital, with biological systems
such as bacteria, fungi, and plants used to produce metal and metal
oxide nanoparticles. Plant-based biosynthesis, especially
extracellular, offers a quick, clean, and eco-friendly route, yet
remains underexplored. Recent trends focus on synthesizing noble
metal nanoparticles like silver, gold, platinum, and palladium via
plants [29].

Nanoparticles, notably gold, are crucial in medicine (drug
delivery for cancer, cardiovascular diseases, diabetes),
environmental cleanup, and biosensors. Green synthesis methods,
using plants or microbes, reduce toxic chemicals and enhance
bioavailability. Eco-friendly nanotechnology is advancing, with
research into iron, iron sulfides, and oxides for diverse uses [30].

Microorganisms, such as bacteria and fungi, aid in nanoparticle
synthesis, offering advantages like specific shape control, but face
challenges in scalability and precision. They can produce
nanoparticles intra- or extracellularly through different pathways,
such as enzyme-mediated reduction (e.g., bacteria reducing gold
ions or fungi trapping silver ions). Developing eco-friendly, cost-
effective synthesis methods is critical for environmental and
biomedical applications [31, 32].

While physical and chemical methods exist, biological
synthesis offers safer, controllable, and lower-toxicity alternatives.
Parameters like pH, temperature, and biological source influence
nanoparticle formation, and genetic manipulation of microbes can
optimize production. Ensuring safety and understanding
mechanisms are essential for translating biogenic nanomaterials
into commercial and medical use, with regulations needed to
manage potential toxicity [10].

3.5. Other emerging methods

Innovative synthesis techniques are rapidly advancing
nanocatalyst development. For example, Flame Aerosol Synthesis
(FAS) has been widely used in industry for mass-producing
nanoparticles and has recently become a promising method for
fabricating novel catalytic nanomaterials. Flame spray pyrolysis
(FSP), a subset of FAS, enables the scalable and versatile creation
of metal oxide and noble metal nanoparticles, which are now
applied in areas like CO, utilization, gas sensing, and water
splitting, beyond traditional catalysis [33].

Furthermore, composite nanocatalysts, assembled via methods
such as sol-gel, impregnation, co-precipitation, hydrothermal
synthesis, or auto-combustion, offer advantages like controlled
morphology, high purity, and reproducibility. These composites
outperform their single-component counterparts in sectors like
energy, environmental remediation, pharmaceuticals, and
petrochemicals. Optimizing synthesis techniques to enhance
stability, efficiency, and application scope remains key, promising
continued growth and innovation in the field of nanocatalysis [34].
Nanotechnology in catalysis spans both research and industry,
where nanocatalysts are vital for environmental, social, and
industrial applications. With many patents and commercial
products emerging, advanced nanocatalysts now exhibit superior
activity, selectivity, durability, and recoverability—making them
essential tools for solving global challenges [35].
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4. Types of nano catalysts

4.1. Heterogeneous nano catalysts

In homogeneous nanocatalysis, nanoparticles are suspended in
a solution. To prevent aggregation, which reduces surface area and
catalytic efficiency, they're often stabilized with polymers.
However, this stabilization can lower catalytic activity and makes
recovering nanoparticles challenging, raising environmental
concerns since removed nanoparticles are hard to destroy and may
accumulate in ecosystems [2, 8].

4.2. Homogeneous nano catalysts

Heterogeneous catalysis, where catalysts are in a different
phase (often solids), is more environmentally friendly due to easier
recovery. Recent research focuses on nanoparticles supported on
materials like silica, carbon fibers, or clays, and on creating
nanostructured surfaces with controlled features. Key scientific
challenges include understanding how nanoparticle composition
and structure influence activity and developing precise synthesis
methods. Advances in nanotechnology are promising for future
catalyst development [2, 8].

5. Applications of nano catalysis

Catalytic technologies are essential for advancing energy
production, chemical manufacturing, and environmental
protection, aiding in fuel generation, petrochemical synthesis, and
emission reduction. They also play a crucial role in optimizing fuel
cell electrodes. Nanocatalysis has a wide range of applications
across multiple sectors, including environmental remediation,
energy conversion and storage, pharmaceuticals, and sustainable
fuel production such as biodiesel [5].

5.1. Environmental remediation

Growing population and industrial waste disturb ecological
balance, making pollution remediation urgent. Some pollutants are
tough to degrade, requiring advanced nanotechnology strategies.
Nanomaterials’ large surface area, active sites, and functional
groups enable transformation of pollutants into harmless
substances or their removal from water and environment.
Nanomaterials e.g., organic, inorganic, and polymeric are
effectively used to remove heavy metals, dyes, chlorinated
organics, pesticides, volatile compounds, and herbicides. Methods
like adsorption and photocatalytic reduction are prominent for
reducing pollutant concentrations [36, 37]. Future work should
focus on enhancing nanocatalyst efficiency to achieve safer,
cleaner environments. Fig. 3 shows the schematic illustration of
the process for removing metal ions using nanocatalysts.

Nanocatalysts, mainly metal nanoparticles and
semiconductors, show high activity against bacteria, viruses,
radioactive elements, and organic pollutants, offering promising
solutions to water pollution. Common types include
photocatalysts, Fenton-based, and antimicrobial catalysts. For
example, Fe,0O; nanoparticles act as Fenton catalysts with H,O, to
degrade organic pollutants at room temperature without UV light.
Combining Fe,0; with materials like graphene or g-C;N, enhances
photocatalytic degradation under visible light [36].

Nanoparticles like TiO,, Ag, ZnO, and magnetic nanoparticles
are used in water and air purification, leveraging properties like
hydroxyl radical production and antimicrobial activity. Surface

modifications of materials like graphene oxide improve
contaminant adsorption, making them highly effective in removing
heavy metals, fluoride, and other toxins [36].

Addition of Nanoabsorbents Absorption of dirty particles

N
/

<\I 7J 0 Again filter using nanomembranes

Fig. 3. Schematic illustration of the process for removing metal ions using
nanocatalysts [36].

Nanomaterials in various forms (particles, fibers, tubes) excel
as adsorbents and catalysts to eliminate gases, heavy metals,
organic chemicals, and biological contaminants. Their high surface
area gives them superior reactivity compared to conventional
methods [38, 39]. Recent advances include using plant extracts to
biosynthesize nanoparticles like ZnO for photocatalytic pollutant
removal [40]. In addition, specialized nanocatalysts such as Pd on
modified zeolite enable highly efficient pollutant reduction at
ambient temperatures, with recyclability. Strong metal-support
interactions (SMSIs) and oxide-support interactions (SOSIs), like
embedded Pt or Ag nanoparticles on TiO,, improve catalyst
stability and activity under visible light, aiding pollutant oxidation
at room temperature [41]. Nanocatalysts also play a key role in
removing pesticides from soil and water, with particle size directly
affecting adsorption capacity. They are effective in detecting and
degrading environmental toxicants, offering a versatile and
efficient approach for pollution control [42].

5.2. Energy conversion and storage

In recent decades, there has been growing focus on integrated
energy systems that simultaneously convert and store various
forms of energy, such as solar, mechanical, and thermal. These
systems combine technologies like solar cells, thermoelectric
generators, batteries, and supercapacitors. Advances in these areas
promise practical, high-performance solutions for energy needs
[43]. Nanostructured materials, with their large surface areas and
unique physical properties, play a pivotal role in enhancing energy
devices like solar cells, batteries, supercapacitors, and hydrogen
storage. They improve performance by increasing reaction
surfaces, boosting light absorption, and facilitating efficient ion
and electron transport. Continued innovation in nanomaterials is
expected to further advance energy technologies [44]. Fig. 4
displays major application areas of nanocatalysts across various
industries [45]. Developments in nanomaterials such as
nanoelectrolytes and nanoelectrodes are crucial for next-
generation batteries, fuel cells, and supercapacitors, helping
address global warming and resource limitations [46]. The surface
properties of nanocrystals, like high-energy step and kink atoms,
contribute to their catalytic efficiency, though synthesizing such
structures remains challenging [47]. Key reactions like oxygen
reduction, oxygen evolution, and hydrogen evolution are central to
clean energy devices but face challenges due to slow reaction
kinetics and reliance on costly noble metals. Developing efficient,
stable, and cost-effective nanocatalysts for these reactions is a
major goal for renewable energy commercialization [48].
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Surface plasmons, collective electron oscillations, are
increasingly used to enhance catalytic processes. Plasmonic
nanocatalysis can improve reaction rates, selectivity, and stability,
offering promising pathways for applications such as H,
production, CO, reduction, and pollutant degradation, supporting
sustainable catalysis progress [49].
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Fig. 4. Major application areas of nanocatalysts across various industries
[45].

5.3. Pharmaceutical

Catalysis and medicine, traditionally seen as separate fields, are
now converging thanks to advances in nanochemistry. A growing
number of nanocatalysts such as nanozymes, photocatalysts, and
electrocatalysts are used in vivo to trigger catalytic reactions and
influence biological environments for therapeutic purposes. This
emerging field, known as “nanocatalytic medicine,” aims to
combine the high efficiency and selectivity of traditional catalysis
with  targeted, minimal-side-effect therapies, advancing
nanomedicine. Recent progress includes understanding how
catalytic nanomaterials enable theranostic functions, promising to
play a significant role in future medical treatments [50]. In recent
years, magnetic nanocatalysts have been developed to aid complex
organic  syntheses, including pharmaceutical ingredient
production. These biodegradable and biocompatible materials
streamline processes, reduce purification steps, and utilize
inexpensive raw materials, making them attractive for green
chemistry applications. They are wuseful in synthesizing
compounds like biphenyl and pyrrole derivatives [51]. Insights
from industrial catalysis can inform nanocatalytic medicine, but
the field is still limited. Comparing catalytic reactions in industry
and medicine helps in designing appropriate catalysts for medical
uses [52]. Finally, nanobiocatalysts i.e., combinations of enzymes
and nanomaterials offer stable, reusable, and efficient biocatalytic
platforms, overcoming challenges related to enzyme stability and
recovery, and supporting sustainable bioprocessing methods [53].

5.4. Biodiesel production

Due to food shortages and rising fuel costs, researchers are
exploring non-edible feedstocks for sustainable biodiesel
production. Using waste oils and residues like animal fats helps
avoid food competition and reduces costs. Various nanocatalysts,
such as CaO, Li/ZnO-Fe;0,, and nano-sulfated zirconia, have
shown high biodiesel yields (over 98%) and can replace traditional
catalysts by eliminating washing steps and lowering production
costs [54]. Nanocatalysts, especially magnetic ones, facilitate
biodiesel synthesis through mild processes like transesterification
and esterification, offering advantages like easy separation and
recyclability [55]. They blend the benefits of homogeneous and
heterogeneous catalysis, providing high activity with recyclability

and environmental friendliness [56, 57]. Recent innovations in
nanotechnology have significantly advanced biodiesel as a
renewable, eco-friendly fuel, helping reduce dependence on fossil
fuels [58]. The development of nanocatalysts with enhanced
surface area, stability, and selectivity is crucial for large-scale
biodiesel production. Optimizing these catalysts and process
parameters can further boost efficiency, making biodiesel a
promising alternative fuel to combat environmental issues and
resource limitations [59].

6. Conclusion

As global challenges related to climate change, energy security,
and environmental sustainability intensify, innovations in catalysis
are becoming increasingly vital across energy, chemical synthesis,
and environmental sectors. In recent years, advancements in
nanotechnology have significantly influenced research on catalytic
activities and the development of new, more efficient catalysts.
The use of nanomaterials, especially inorganic nanoparticles, has
attracted widespread scientific interest worldwide in designing
innovative and environmentally friendly methods. These
nanoparticles can act as catalysts or mediators, facilitating
reactions in novel environments such as water. Due to their tiny
size and large surface area, nano-catalysts have emerged as
promising candidates to bridge the gap between homogeneous and
heterogeneous catalysis, often resulting in faster reaction rates.
Additionally, nanoparticles possess unique properties that provide
extra functionalities to the reactants. Consequently, the pursuit of
eco-friendly and cost and energy-effective catalysts has propelled
nano-catalysis into a prominent field of study, with broad
applications in both academic research and industrial processes.
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