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Abstract: This review provides an overview of the importance of nanoparticles in various 

fields of science, their classification, synthesis, reinforcements, and applications in numerous 

areas of interest. Normally nanoparticles are particles having a size of 100 nm or less that 

would be included in the larger category of nanoparticles. Generally, these materials are 

either 0-D, 1-D, 2-D, or 3-D. They are classified into groups based on their composition like 

being organic and inorganic, shapes, and sizes. These nanomaterials are synthesized with the 

help of top-down bottom and bottom-up methods. In case of plant-based synthesis i.e., the 

synthesis using plant extracts is non-toxic, making plants the best choice for producing 

nanoparticles. Several physicochemical characterization techniques are available such as 

ultraviolet spectrophotometry, Fourier transform infrared spectroscopy, the atomic force 

microscopy, the scanning electron microscopy, the vibrating specimen magnetometer, the 

superconducting complex optical device, the energy dispersive X-ray spectrometry, and X-

ray photoelectron spectroscopy to investigate the nanomaterials. In the meanwhile, there are 

some challenges associated with the use of nanoparticles, which need to be addressed for the 

sustainable environment. 

Keywords: nanomaterials; nanoparticles; characterization; top-down synthesis; bottom-up 

synthesis 

1. Introduction 

Over the last few decades, nanotechnology has expanded at an incredible rate. 

Nanotechnology specializes in creating materials and devices at the nanoscale, 

allowing for precise manipulation of size, shape, and functionality. Nano has become 

a ubiquitous buzzword in advertising efforts. The Greek term “nano” means “dwarf,” 

while the Latin “nanos” means “nanus.”. Nanotechnology has broad potential uses 

across all of the technological and scientific domains. Nanoscience facilitates the 

investigation at atoms and molecules level that affect their fundamental properties, 

whereas, nanotechnology seems to be the act of manipulating substances on the 

atomic scale to develop unique nanomaterials with exceptional features. Richard P. 

Feynman first used word “nanotechnology” in his 1959 lecture, “In 1959 Capacity 

that at Bottom”, since then, the field has made great progress. Several new types of 

nanoscale materials have been created, thanks to the advancements in 

nanotechnology. As it was found that a substance’s size can affect its 
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physiochemical properties, including its optical qualities, therefore, the importance 

of these materials became clear. Nanoparticles (NPs) of gold (Au), platinum (Pt), 

silver (Ag), and palladium (Pd) with varying size were synthesized. For instance, 

gold NPs of varying sizes and shapes, each with its own distinct hue and set of 

properties that could be put to use in biomedical, were introduced. Changes in the 

solution’s defining properties are reflected in the color of the solution (viewing 

angle, nano shell width, and gold concentration). Changes from any of these 

variables affect the NPs’ ability to absorb light and, by extension, their color [1]. 

 

Figure 1. Significance of nanoscience and nanotechnology in fields of engineering and science. 

The public is unaware of the myriad ways nanotechnology is being employed in 

areas such as medical, building, nature conservation, electronics, national security, 

and even personal safety [2–6], despite the fact that it is getting increasing attention 

from scientists and engineers as depicted in Figure 1. Even if a lot of work already 

has been done with this technology, there is still opportunity for generating the new 

unique nanomaterials in a variety of fields for the development of humanity. 

Scientists spend their time, effort, and resources to advancing human understanding 

because they are passionate about the subject. Miniaturizing equipment while 

keeping prices down is thus a priority in different sectors. At some point in the 

future, nanotechnology will be able to dictate every facet of human existence. 

People’s curiosity in nanotechnology is piqued, and they begin discussing the field’s 

underlying principles and innovative uses. Nanotechnology cannot exist without 

nanomaterials. Nanomaterials are those with lengths approximately 100 nm or less. 

Nanoparticles have physicochemical properties that are unique from that of bulk 

material because of their size and shape. Nanomaterials take on a surprise new 

persona with unique characteristics and abilities when their quantum structure and 

size are altered. Several types of nanomaterials, like nanostructures, nanoclusters, 

and nanosheets, can be distinguished entrenched on their extent of range. As 

particles interact with one another, their physical properties will evolve. 



Characterization and Application of Nanomaterials 2025, 8(1), 8899.  

3 

2. Classification of nanomaterials on the basis of size 

• One kind of nanomaterials is called zero-dimensional (or 0-D) because its 

dimensions are under a nanometer. 

• With a 2-D nanomaterial, both dimensions are larger than a nanometer, 

whereas, in a 1-D nanomaterial, only one dimension is. This category includes 

structures like nanorods, nanotubes, and nanowires. 

• 2-D nanomaterials have just two dimensions that are tiny, whereas the 

remaining dimension is macroscopic. Nanofilms, nanolayers, and nanocoating’s 

are all examples of such materials. 

• Three-dimensional or large nanomaterials (3-D) have a size of >100 nm in three 

arbitrary dimensions. Nanowire and nanotube bundles, as well as core-shell 

structures, multi-nanolayers, and nanocomposites are all examples of 3-D 

nanomaterials [7]. Table 1 provides classification of nanomaterials on the basis 

of dimensions. 

Table 1. Dimension, types in different forms of occurrence, properties, and potential applications of nanomaterials [8]. 

Dimensionality  Type of nanomaterial Properties Potential Applications 

Zero dimensional 
Nanoparticles, carbon 

dots  

High surface rea, isotropy, and confined 

electronic movement 

Applications include bio imaging, electronics, 

drug delivery, and catalysis. 

One dimensional   
Nanowires, nanorods, 

nanotubes  

High aspect ratio, anisotropy, outstanding 

electrical conductivity. 

Application areas comprise energy storage 

devices, nanoelectronics, and composite 

materials. 

Two dimensional  Graphene, MXenes 

Excellent surface area, better in-plane 

electrical and thermal conductivity, layered 

structure. 

Such materials have applications in catalysis, 

electronics, and energy storage. 

Three dimensional or 

higher order 

a bunch of nanowires, 

core shells,  

nanocubes, nanocages 

Porous structure, multifunctionality, enhanced 

mechanical strength. 

Application areas include tissue engineering, 

filtration, supercapacitors, and catalysis. 

Many kinds of NPs exist, each with its own unique size, shape, characteristics, 

and synthesis. Nanomaterials may range from those based on carbon to those based 

on metal, semiconductors, polymers, or lipids. Different nanomaterials along with 

their synthesis procedure and specific examples are provided in Table 2. 

Table 2. Nanomaterials, synthesis procedures [9], and corresponding examples [10]. 

Nanomaterials  Methods of synthesis Examples 

Metal nanoparticles 

(NPs) 

Biochemical synthesis, photochemical, 

thermochemical process, electrochemical 

ZnS, Pt, Pd, Ir, Ag, Au, Cu, Rh, Co, Fe, Ni, Cu 

Au, Ni, CoNi, CdTe, CdSe.  

Carbon nano-materials 
Arc-discharge technique, chemical vapor 

deposition, laser ablation method 

Cylindrical carbon nanotube like single walled nanotubes (SWNT) and 

multi walled nanotubes (MWNT) 

Fullerenes 

Polymer nanomaterials 
Polymerization and electrochemical 

techniques  

Nanowire of polypyrene, polyaniline, poly 

(3,4-ethylenedioxythiophane) dendrimers (PAMAM) 

Nanocomposite  Innovative processes 

Nanocomposite of polyethylene oxide and polyethyleneimine; carbon 

nanotubes (CNTs) epoxy composites include hydrocarbon polymer 

composites, polyethylene glycol, polyester polyamides, conjugated 

polymer composites, CNTs with polycarbonates, fluoropolymers, and so 

forth 

Bio nanoparticles  Biological operations Protein NPs, plasmids and viruses [11], 
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3. Nanoparticles and related terminologies 

Nanoparticles are defined as “particles having a nanometric size of 100 nm or 

less would be included in the larger category of NPs”. The British Standards 

Institution [12] officially presented the following definitions for the terminologies 

being used: 

• Nanometer-scale refers to distances between 1 and 1,000,000 of them. 

• Nanoscience, refers an extremely small range, aims to explain how different 

materials behave depending on their atomic or molecular composition or bulk 

size. 

• Nanotechnology is the application of scientific knowledge to the controlling and 

manipulating of matter at the nanoscale. 

• Nanomaterials are defined as those that include or exhibit structures on the 

nanometer scale. 

• Nano-objects are those made of materials with at least one peripheral element 

on the nanometer scale. 

• An item with three exterior dimensions on the nanometer scale is called a 

nanoparticle. When the lengths of the nanotube are varied, the term nanoparticle 

is replaced with nanorod or nanoplate. 

• A nanomaterial is said to be a nanofiber if it has three dimensions, two of which 

are on the nanoscale and one of which is much bigger. 

• When at least one of a multiphase structure’s phases are on the nanoscale, we 

call it a nanocomposite. 

• To put it simply, a nanostructure is a collection of tiny components that are 

linked together. 

A brief history and recent developments of NPs is presented in Figure 2. 

 

Figure 2. History and recent developments of NPs. 

4. Classification of NPs 

4.1. Organic NPs 

Nanoparticles with composition of carbon or the one which are synthesized by 
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organic molecules are called organic nanoparticles. Common examples of polymers 

or organic NPs include micelles, dendrimers, ferritin, liposomes, etc. Some of these 

NPs (liposomes, micelles, etc.) contain a hollow core (also called a nano capsule) 

and are sensitive to thermal and electromagnetic radiation (heat and light) [7]. 

Because of their productivity and ability to reach peculiar areas of the physical body, 

organic NPs are widely used in the biomedical field, for example in drug delivery 

systems. 

4.2. Inorganic NPs 

Nanoparticles without composition of carbon are called inorganic NPs. Most of 

inorganic NPs are made up of metals or metal oxides. 

4.2.1. Metal NPs 

Metal based NPs are mainly synthesized using constructive and destructive 

processes. These types of NPs are made from all kinds of commonly used metals. 

Ascribable to their effective surface to volume correlation and quantum effect, they 

have excellent thermal, antibacterial, catalytic, and ultraviolent sensitive properties. 

As there are many atoms on their surface and being small in size, they exhibit 

marvelous conductivity. 

4.2.2. Metal Oxide NPs 

Nanoparticles of metal oxides exist for nearly all metals. Some commonly used 

metals are aluminum (Al), copper (Cu), cobalt (Co), lead (Pb), manganese (Mn), 

silver (Ag), and zinc (Zn). However, NPs can be made using chemical techniques 

like electrochemical or photochemical ones. Metal oxide nanoparticles can be 

created by reducing metal-ion antecedents in solution with reducing agents. They 

may absorb small molecules due to their high surface energy. There are several 

potential applications for these NPs, including biomolecule detection and 

surveillance, and analytical and environmental testing. Samples are occasionally 

coated with gold NPs before being seen using a scanning electron microscope 

(SEM). This typically increases the quality of its electrical current, which in turn 

produces higher-resolution SEM images. Because of their remarkable optical 

properties, metal oxide NPs have several potential applications. 

4.2.3. Ceramic NPs 

Ceramic NPs are inorganic solids formed by heating and cooling a mixture of 

materials such as carbonates, oxides, carbides, carbonates, and phosphates. Forms 

ranging from polycrystalline to amorphous, dense to porous to hollow, are all 

accessible. Researchers are paying a lot of attention to these NPs due to their 

potential in various fields, in addition to catalysis, photocatalysis, and the 

photodegradation of dyes. These NPs may be employed into a drug delivery system 

by adjusting certain physical characteristics; this is particularly useful for treating 

cancers, eye diseases and some bacterial and viral infections.  

4.2.4. Semiconductor NPs 

Nanoparticles made of semiconductors show characteristics similar of both 

metals and nonmetals. These may be located in groups II–VI, III–VI, or IV–VI of the 

periodic table. These particles have large bandgaps, the tuning of which reveals new 
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characteristics. Their applications range from water splitting and photocatalysis to 

electronics and photo-optics [13]. NPs of semiconductors include the elements such 

as silicon and germanium from group IV and gallium nitride (GaN), gallium 

phosphide (GaP), indium phosphide (InP), and indium arsenide (InAs). 

4.2.5. Polymeric NPs 

In the scientific literature, these particles are commonly referred to as polymer 

nanoparticles (PNPs) since they are often made of organic materials. They can be in 

the form of nanospheres or nano-capsules, depending on the method of 

manufacturing. The former are adsorbate molecules along the surface’s periphery. 

These are easy to operate. PNPs provide a wide range of benefits, including 

controlled release, drug molecule protection, combined treatment for imaging, 

targeted delivery, and many more. They may be used in the medical diagnostics and 

medication delivery industries. PNPs used for medication delivery have excellent 

biodegradability and biocompatibility. 

4.2.6. Lipid-based NPs 

Nanoparticles made of lipids are typically round and have a diameter between 

10 and 100 nm. Almost predominance of lipid-based NPs are spherical platforms, 

comprise minimum one lipid bilayer and encompass one internal organic and 

aqueous compartment. There is a lipid solid in its center and a matrix of soluble 

lipophilic molecules around it. Surface agents and emulsifiers stabilize the NPs’ 

outer core. Lipid-based NPs consist of a wide range of component configurations. 

Lipid-based NPs have many benefits including easy formulation, conscious 

arrangement, renewability, high bioaccumulation, capacity for carrying massive 

cargo loads, and a variety of properties to modulate their characteristics. These are 

mainly used in the treatment of cancer including both medication delivery and RNA 

release. 

4.3 Carbon-based NPs 

Carbon nanotubes and Buckminster fullerenes are the two most common forms 

of these NPs. Graphene is simply rolled up into CNTs. They are widely used for 

reinforcing existing structures. The two most common types of CNTs are single-

walled carbon nanotubes and multi-walled nanotubes. Carbon nanotubes are unique 

in a way that they conduct heat only in one direction, making them ideal for uses that 

necessitate fine-tuned regulation of temperature. Fullerenes are a type of carbon 

allotrope distinguished by their hollow cage structure made up of sixty or more 

carbon atoms. These frameworks have a polyhedral and hexagonal agreement in 

place of carbon units [14]. Due to their high strength, electronic configuration, and 

ionic properties, these have useful applications in industry. Sub (SWNTs), two-fold 

(DWNTs), and multi-walled carbon nanotubes are defined by the number of walls 

given in the rolled sheets. Deposition of starting material, notably the atomic 

carboxylic acids, evaporated from tungsten by laser or by electrical discharge, is a 

common method of polymerization for these substances. Chemical vapor deposition 

(CVD) is a new method for synthesizing them. Nano-composites made from some of 

these materials are employed as supplements, effective gas biosorbents, in pollution 

control, and as assist medium for multiple organic as well as inorganic catalysts [15]. 
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Nonetheless, they are also utilized in their basic state for a wide range of commercial 

applications. 

4.3.1. Fullerenes 

Fullerenes, which are carbon-based NPs with a spherical shape, are bound 

through sp2 hybridization. Depending on the number of layers, fullerenes may range 

in size from 4–36 nm in diameter for poly-layered fullerenes and to 8.3 nm in size 

for mono-layered fullerenes [16]. 

4.3.2. Graphene 

Graphene is the name given to isomorphous type of carbon that have a 

hexagonal structure and two-dimensional flat surface. A single layer of graphene is 

just 1 nm thick [17]. 

4.3.3. Carbon nanotubes 

Carbon monolayer nanotubes have a diameter of less than 0.7 nm. However, 

there is some variation in length of multilayer carbon nanotubes i.e., it may vary in 

micrometers to several centimeters, and their ends can be closed or hollow [18]. 

Carbon nanotubes are manufactured by winding the carbon atoms of micro graphene 

into hollow pipes. 

4.3.4. Nanofibers of carbon 

Most of nano-foils are coiled in cylindrical shapes of cup or cone shapes, rather 

than straight tubes, to create carbon nanofibers [19]. 

4.3.5. Carbon black 

Black nanocarbon have a diameter of 20–70 nm and are amorphous in structure. 

When agglomerates of around 500 nm are produced, the interactions between the 

particles become very strong and the particles mix to create larger aggregates [19]. 

Figure 3 demonstrates the classification of nanoparticles. 

 

Figure 3. Overview of the classification of nanoparticles. 
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5. Synthesis of NPs 

Nanoparticles are fabricated by different approaches i.e., bottom-up along with 

top-down one and biological synthesis, that have been developed on behalf of 

synthesizing NPs. These approaches are briefly explained in the following section. 

5.1. Bottom-up methods 

One example of a bottom-up or constructive approach is the construction of 

materials from their atomic level to the cluster or bunch of their nanoparticle level. 

The most commonly used prevalent bottom-up techniques for producing 

nanoparticles include sol-gel, spinning, chemical CVD, and pyrolysis. 

5.1.1. Sol-gel 

A used prevalent colloidal solution is a suspension of solids particles in a liquid. 

The sol-gel approach appears to be the best bottom-up method because most 

nanostructures can be made using it. Common precursors used in the sol-gel method 

include metal oxides and chlorides [20]. The precursor in host liquid can be broken 

up into a liquid and a solid phase by shaking or sonicating the mixture. Phase 

separation methods like sedimentation, filtration, and centrifugation is used to 

remove the nanoparticles, and then they are dried to remove any remaining moisture. 

Figure 4 presents the mechanism for the synthesis of BaTiO3 NPs. 

 

Figure 4. Suggested route for the synthesis of of BaTiO3 NPs along with byproducts 

(Reused with permission from WILEY‐VCH Verlag GmbH & Co. KGaA, 

Weinheim [21]). 
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5.1.2. Electrodeposition  

Electrodeposition is a method which involves the reduction of metal ions from a 

solid metal being coated on a substance or in a solution when electric current is 

applied. Its basic principle is use of an electrolytic cell containing a metal salt 

solution [22]. When current is supplied, it results in reduction of metal cations from 

cathode in solution and then gives a metal coated surface of the nanoparticle.   

5.1.3. Hydrothermal method 

Hydrothermal synthesis of NPs is chemical based which involves extraction of 

nanomaterials from hydrolysis reaction at high or wide range of temperatures [23]. 

This process is performed using a specific solvent below critical point at both 

pressure and temperature over wide range under supercritical conditions. However, 

this is convertible method for synthesis of nonorganic NPs at both extreme hot 

temperatures and pressures. 

5.1.4. Spin-synthesized  

Nanoparticles are spin-synthesized in a furnace using a spinning like disc 

(SDR). It uses a disc and spins inside a closed chamber/reactor to control physical 

parameters. Reactors are routinely purged of oxygen, to nitrogen or any other inert 

gases to prevent chemical reactions. The precursor or water are placed inside the disc 

and spun at different speeds to create the liquid. Atomic or molecular fusion can be 

precipitated, gathered, and dried with the use of spinning [24]. Variables in the 

SDR’s operation, such as fluid, disc engine speed, liquid/precursor ratio, feeder 

position, etc., all influence the characteristics of the produced nanoparticles. 

5.1.5. Deposition of Chemicals from gases 

Chemical vapor deposition is a method of coating a substrate with some thin 

layer of gaseous reactants. Reaction causes the deposition i.e.; the joining of gas 

molecules takes place in a reactor at room temperature. A reaction happens when the 

mixed gas contacts a heated substrate [25]. The reaction product is a thin coating that 

is deposited on the substrate and can be removed and recycled for further use. 

Substrate temperature plays an important impact in chemical vapor deposition. 

Nanoparticles made using CVD are superior because they are pure, consistent, rigid, 

and robust. There are certain downsides to CVD, such as the fact that it requires 

specialized equipment and results in very toxic gaseous by-products. Figure 5 

represents step by step procedure for the synthesis of carbon nanofibers. 

 

Figure 5. Step-by-step representation of synthesis route for carbon nanofibers. (a) 

Creation of SiC through reduction of SiO2 with the help of carbothermal reaction; (b) 
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coalescence of SiC NPs; (c) the degradation of SiC and formation of carbon caps on 

its surface (Reused with permission from American Chemical Society [26]). 

5.1.6. Pyrolysis 

As far as industrial production is concerned, pyrolysis is the standard method 

for making NPs. In a flame, a precursor is burned up. Precursors are introduced into 

the furnace through a small hole and burned under extreme heat and pressures [27]. 

Most of the other furnaces use lasers in place of flames to generate the extremely 

feverish temperatures required for spontaneous evaporation of material. Advantages 

of pyrolysis include its simple operation, high throughput, minimal material and 

labor costs, and scalability. 

5.2. Top-down methods 

The top-down also known as destructive method is breaking down a substance 

into smaller pieces until it reaches nanometer size. Some of the most common ways 

to create NPs are by mechanical milling, nanolithography, laser ablation, sputtering, 

and thermal breakdown. 

5.2.1. Mechanical milling  

The most common top-down method for creating NPs is milling. Mechanical 

milling is used for milling, following annealing of nanostructures during synthesis, 

with each component milled inside an inert environment [28]. Particle shape is 

affected by ductile materials during mechanical milling, while particle size is 

affected by fracture and cold-welding. 

5.2.2. Nanolithography 

Nanolithography is the study of making things that are often on a scale from 1 

to 100 nm. It encompasses a wide range of techniques, including but not limited to 

nanoimprint lithographic technique, scanning probe photoresistor, and electron-beam 

lithography. In lithography, a light-sensitive substance is combined with a printing 

procedure that selectively removes material to create the desired shape and structure. 

The main benefit of nanolithography is that it can scale up the production of 

nanoparticles of a specific shape and size. There is a prohibitive cost associated with 

the complicated machinery. 

5.2.3. Etching 

Etching is a chemical process of layers separation from some substance like 

wafer. It is mainly used for micro or nanofabrication. However, to protect other parts 

of the wafers from etching, special masks are used which provides resistance from 

this process. These masks are made of photoresist material which is contrived from 

photolithography [29]. 

5.2.4. Laser ablation 

Laser ablation is a popular method for fabricating nanoparticles in a wide range 

of materials. Nanoparticles can be created by concentrating a plume from plasma 

created by irradiating a metal coated in a fluid medium with a laser. It is reliable top-

down method that can be used instead of the conventional method of chemically 

degrading metals to produce metal-based NPs. In water emulsion solvents, LASIS 
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(laser ablation in liquids) might be called a “green” approach for manufacturing 

nanoparticles because no chemical or bonding agent is required. 

5.2.5. Sputtering  

This process includes the deposition of some nanostructures on surface as a 

consequence of wrenching with ions. A covering of NPs is first deposited through 

sputtering and then it is annealed to harden. Layer thickness, processing temperature 

and surface texture, etc. are important parameters to be considered while using this 

method. 

5.2.6. Thermal decomposition  

When anything is broken down by heat, it undergoes an endothermic chemical 

reaction. When an element reaches its breakdown temperature, it completely 

disintegrates chemically [30]. The NPs are the product of a chemical reaction 

triggered by the metal’s breakdown at specific temperatures. 

5.3. Biological synthesis of nanoparticles 

The following procedures are used in the biological production of NPs: 

5.3.1. Plant-based synthesis 

The synthesis using plant extract is non-toxic, making plants the best choice for 

producing NPs. Plant extracts such as geranium, sun-dried cinnamon menthol, Azadi 

Acta indica, etc., may be used to create gold and silver NPs [25]. In the meanwhile, 

plant-based synthesis poses some challenges as well, such as inconsistency in yield, 

size, and shape of the NPs due to the variation in the nature of plant extracts which is 

further related to the change in geographical locations, seasons, and species. 

5.3.2. Synthesis by bacteria  

The vast potential for synthesis of zinc oxide nanoparticles in the past has led to 

a dramatic expansion of the field. The capacity of Bacillus species to produce 

extracellularly has made them popular in the synthesis of metal nanoparticles. The 

dimensions are between 10 and 20 nm. Furthermore, gold NPs may be synthesized 

[27]. 

5.3.3. Synthesis by fungi 

Aspergillus nagger, aspergillus orizae, and fusarium solan are just a few 

examples of the types of fungus that may be used to create the NPs. The 

effectiveness of silver NPs against scherichia coli, staphylococcus aureus, and 

pseudomonas aeruginosa has been evaluated [31]. 

5.3.4. Synthesis by yeast 

Here, cadmium NPs are synthesized using the yeasts Candida glabrata and 

Schizosaccharomyce pombe. Extremophilic yeast strain obtained from acid mine 

drainage is also used to study silver and gold NPs. Stable lead sulfur NPs have been 

synthesized using the marine fungi rode sporidium diazoate [32]. 

5.3.5. Synthesis by biological compounds 

Nanoparticles may be synthesized using biological compounds such as proteins, 

peptides, viruses, and enzymes [23]. The mineralization of sulfides is aided by the 

tobacco mosaic virus. Viruses cause cowpea chlorotic mottle which is also present 
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on the M13 like bacteriophage’s outer membrane. Figure 6 provides different routes 

for the synthesis of NPs. 

 

Figure 6. Synthesis routes for nanoparticles. 

The advantages, disadvantages, and practical applications of top-down and 

bottom-up synthesis of NPs are provided in the Table 3. 

Table 3. Pros and cons of different synthesis approaches for NPs. 

Methods Advantages Disadvantages  Practical Applications 

Top-down 

Synthesis 

These methods offer large scale 

production e.g., milling. 

The synthesis procedures are simpler 

one realized through mechanical and 

chemical processes. 

There is precise control over the shape 

and size of the NPs. 

Usually, no complex chemicals are 

employed 

The surface defects may lead to 

roughness thus affecting the 

characteristics of the NPs. 

There is requirement of higher 

amounts of energy. 

There may be a lot of waste 

associated with these processes. 

Different electronic components such as 

microchips, thin films, and nanoscale circuits can 

be produced using these methods. 

Catalysts can be synthesized using these methods. 

Optical devices can be manufactured using these 

methods. 

Bottom-up 

Synthesis 

There is a better control over the 

structure. 

There is less likelihood towards the 

defects.  

Uniform size distribution can be 

achieved. 

These methods are versatile and 

energy efficient.  

Comparatively, these methods are 

time consuming and complex. 

They require costly chemicals. 

The scalability is limited. 

There is tendency towards the 

incorporation of impurities. 

These methods are employed to produce NPs for 

fuel cells, drug delivery, catalysis, batteries, and 

supercapacitors. 

Environmental remediation is also key area of 

application for these methods. 

6. Characterization of NPs 

Several physicochemical characteristics are shown by the NPs. Changing even a 

single nanometer in size causes a noticeable shift in behavior. Nanoparticles need to 

be characterized using a variety of tools so that their characteristics may be studied. 

A few examples are the ultraviolet (UV), spectrophotometer, the Fourier transform 

infrared spectroscopy (FTIR), dispersive energy X-ray spectrometry (EDS), SEM, 

atomic force microscopy (AFM), vibrating sample magnetometry (VSM), and 

superconducting quantum interference device (SQUID).  
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6.1. Structural arrangement, morphology, surface area, size, and shape 

of NPs 

The size and shape of NPs are key determinants of their unique physical and 

chemical properties. You may examine the surface morphology using an AFM, field 

emission scanning electron microscopy (FESEM) or transmission electron 

microscope (TEM). The results obtained from these methods will help to determine 

whether the NPs are spherical, rod-shaped, or porous. Nanoparticle diameter may 

also be calculated. When put next to SEM and TEM, ability to reveal NPs’ 

composition, morphology, and crystallinity stands out. Signals are generated when 

an electron beam strikes atoms in a sample. These signals will reveal the structure 

and content of the sample’s surface. Thus, the samples’ exterior needs to have some 

degree of electrical conductivity. Surface coating with ultrathin electrically charged 

material may be used for nonconductive samples. AFM examines materials that are 

dry ones. High resolution transmission electron microscopy (HRTEM) and FESEM 

are commonly utilized for subsequent processes of nanoscale. TEM’s image 

resolution is superior to that of light microscopes. This will allow a comprehensive 

understanding of NPs. TEM is a simple method for determining the nanoparticle’s 

size [33]. Scherrer’s equation may be used to determine the particle size using X-ray 

diffraction (XRD) spectroscopy. Nanoparticle size may be easily determined using 

the distinct XRD peaks. Nevertheless, the XRD peaks are wide and it is more 

difficult to identify the size of non-crystalline NPs as compared with TEM. The size 

of NPs is too tiny to be determined by XRD. Dynamic light scattering (DLS), 

Mossbauer spectroscopy (MS), and photon correlation spectroscopy (PCS) may be 

used to determine particle sizes and distributions. The surface area on NPs may be 

calculated using the Brunauer Emmett Teller (BET) technique. In addition to 

determining crystal orientation and aggregation section, electronic morphology, 

lattice structural spacing and particle phase shift all may be attained. 

6.2. Determination of elemental and mineral conformation 

Elemental composition and surface interrelation may be determined using EDS 

in conjunction with SEM and TEM devices. Elemental percentages may be 

determined with the use of the methods like atomic spectrometry and inductively 

coupled plasma mass spectroscopy (ICP-MS). Nevertheless, hard NPs will not 

directly used for these spectroscopic applications. They need proper dissolution with 

acids or strong bases compounds. Mineral detection is achieved using X-rays 

diffraction which results in making up the nanoparticle’s aggregated crystalline form 

[34]. Elemental composition data may also be obtained using XPS. 

6.3. Investigation of structural arrangement and nodes in nanoparticles 

There are a number of techniques to produce the coveted structure with bonding 

qualities. Standard procedures such as FTIR, X-ray photoelectron spectroscopy 

(XPS), thermogravimetric analysis (TGA), and Raman spectroscopy (RS) might be 

helpful. The XPS and FT-IR can verify the presence of oxygen bonding in the metal. 

Nanoparticle’s surface arrangement may also be studied using XPS. It has the 

potential to keep track of statistics like the oxidation number in addition to their 
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elemental composition. Spinel symmetry and structure may be determined by Raman 

spectroscopy. X-ray absorption spectroscopy (XAS) will provide a wealth of data, 

including calcination states, adjacent molecules, collaboration numbers, length of 

bond, and the electronic formation of the necessitate element [35]. 

6.4. Analyzing the intrinsic attributes of nanoparticles 

It is possible to learn more about the magnetic characteristics of nanoparticles 

by using VSM, Electron paramagnetic resonance (EPR) and SQUID. The EPR 

method can identify paramagnetic facilities along with unbound alkyl. The SQUID 

instrument will be accustomed to evaluating distinct varieties of samples like 

translucent, emaciated films, particles, moisture, and vaporish. It is an overly 

sensitive piece of equipment. The Hs, magnetic partial pressure, and residual 

magnetic polarity can be measured with SQUID and VSM, at a persistent extrinsic 

load magnetic flux density [36]. Mossbauer technique of spectroscopy provides 

access against wealth of features. Electronegativity, oxidation states, spin, and 

covalent character can be determined, as well as bonding, structural, and magnetic 

characters. Table 4 exhibiting the advantages, limitations, and specific uses of 

different characterization techniques is presented below. 

Table 4. Pros, cons and specific applications of different characterization techniques for NPs. 

Technique Advantages Limitations Specific Uses 

TEM 

Surface topography images of ultra-high 

resolution, crystallographic information, atomic 

scale imaging. 

Difficult sample preparation 

methods, expensive setup. 

Determination of atomic structure, 

imaging of NPs, investigation of 

microstructure. 

SEM 

Images of surface characteristics, provision of 

analysis of wide range of materials, ease of sample 

preparation. 

Internal structure cannot be 

examined, low resolution, require 

conductive samples. 

Analysis of surface morphology, 

inspection of surface defects including 

cracks and fractures. 

FTIR 

Identification of functional groups and chemical 

bonds, agile analysis, provision of quantitative and 

qualitative analysis. 

Low sensitivity, not appropriate for 

metals, provides surface attributes 

only. 

Identification of functional groups and 

compositions. 

XRD 
No destructive approach, analysis of material 

phases. 

Usually limited to crystalline 

materials. 

Determination of phases and crystal 

attributes. 

SQUID 
Detection of magnetic behavior at low 

temperatures. 

Expensive due to the use of 

cryogenic conditions, only for 

magnetic materials 

Specific uses include paramagnets, 

ferromagnets, and superconductors. 

7. Applications of NPs 

Nanomaterials are practically amazing due to their magneto strictive, electronic, 

luminescence, and electrochemical properties. Their usage is present in almost every 

field from medical to advanced manufacturing. They are being used in the fields of 

medicine [37], water purification, catalysis, mechanical engineering, and computer 

science as well as in fields like electrochemistry, luminescence, piezoelectric, and 

magneto strictive ones [38]. They can be used as electrodes in batteries and 

supercapacitors, two common types of energy storage devices [39–45]. They can 

also be used in recording media, like voice/video tapes. Additionally, they also find 

some applications in isolators, sprockets, and circulators. They have applications 

inside the dyeing industry and the treatment of wastewater [46]. 
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7.1. Mechanical engineering 

Nanoparticles play a vital role in mechanical engineering due to their inimitable 

properties and their corresponding effects. Nanotechnology shows remarkable results 

in materials by enhancing their strength, flexibility, mobility, elasticity, resistivity to 

environmental concerns and toughness. Reinforcement of composites materials, for 

example, graphene or nanotubes in metals or polymers ultimately results in 

improving the mechanical strength and stiffness of newly formed or advanced 

materials which gives extraordinary durability in terms of structural and wear 

resistance to environment. With the advancement of technology and evolution of 

NPs, the conventional measures of manufacturing have been evolved and nano-

manufacturing has been adopted to increase output by escalating technical 

performance, and, excessively shows reduction in production cost. Automobiles 

being fabricated with help of nanotechnology have observed lower rate of failure and 

self-degrading properties. Thus, on basis of CO2 free nanotechnology, environment 

friendly and sustainable transport, which might call as nano cars, where safe, clean 

and quiet driving is possible with less or no emission of harmful substances in 

atmosphere, is possible. In a lucid way, these additives improve efficiency and 

lifespan of machinery. Moreover, oxides of aluminum and boron nitride are being 

used to incorporate heat dissipation in mechanical systems. Now a days, additive 

manufacturing is one of the most advanced methods for manufacturing of 3-D 

mechanical parts with advanced nanomaterials along with complex geometries in an 

efficient way [37]. 

7.2. Photocatalysis 

Photocatalysis is a method which involve use of photon (light) to actuate the 

chemical reaction by means of some particles or substance. This process actually 

leads to initiating a redox reaction along with the electron hole pairs. It is an 

encouraging approach for sustainable green environment [47]. It is a non-hazardous, 

safe and reliable technique for deteriorating a large number of pollutants from the 

environment. NPs act as catalyst to absorb substantial number of pollutants due to 

their large surface area. It is observed that NPs of gold and aluminum have higher 

reaction rates of eliminating the organic dyes from environment. Moreover, NPs of 

platinum are used in most of the catalytic converters of automobiles, which 

significantly reduces the cost and speed up the reaction by improving its overall 

mechanical performance [38]. 

7.3. Waste treatment 

Environmental pollutants are one of the major concerns along with gradual 

increase of urbanization and industrialization. However, some preventive measures 

have been taken along with the passage of time to solve this problem like 

sedimentation, activated sludge process, chlorination, aerobic digestion, and 

chemical treatment etc. Meanwhile, with some advancement of technology, NPs and 

their composites are used due to their extraordinary physiochemical properties to 

counter aforesaid issues [48]. They are well known in waste treatment processes as 

they have adsorption properties like activated carbon NPs act as adsorbents to 
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eliminate maximum pollutants. For removal of heavy metals, this adsorption 

mechanism is adaptable due to their surface energy and affinity of surrounding atoms 

present in the outer most shells [45]. Photocatalysis technology, adsorption, 

nanomembrane technology, and disinfection are some of the methods which help in 

treatment of wastewater and NPs play a pivotal role in that. 

7.4. Water purification 

Water purification is one of the common challenges for most of the developed 

and developing countries. Some of the traditional methods for purification of water 

are ultrafiltration, microfiltration, biological treatments, distillation, UV treatment, 

and reverse osmosis (RO). But these methods have some limitations as they will 

purify the water up to some extent. There comes the need of NPs for water 

purification. This technology mainly contains oxides of metals and nonmetals and 

efficacious membranes for hindering and filtering of microbes and harmful 

pollutants in water. Meanwhile zeolite-based nanomaterials are also used for water 

purification. Almost 40 morphological kinds of this materials are found naturally and 

can also be made in laboratory as per requirement. It has a 3-dimensional structure in 

which Si4+ can be replaced with Al3+. These ceramics have special membrane like 

structure which made it special to filter up to ultra range of soluble particles. 

Meanwhile carbon nanotubes, graphene and nano absorbent with metals, Ag, ZnO 

and TiO2 nanoparticles are most frequently used for water purification [46]. 

Particularly, titania-based materials have been reported for extraction of antibiotics, 

dye contaminants along with oxidative sterilization [49]. 

7.5. Medicine and health care 

The use of nanotechnology in healthcare dates back to 1965. Their versatile 

properties make them useful in medical imaging. Targeted pharmaceuticals, tissue 

engineering, molecular engineering, biosensors, and diagnosis are the primary areas 

of application [50–54]. Nanoparticles are used in the field of targeted 

pharmaceuticals, where they are administered directly to the disease sites like cancer 

tumors. The smallest possible size of the NPs is required for this method of 

delivering the drug to the desired location via the bloodstream. When stimulated, the 

nanoparticles might release their cargo of drug at the site of action. Physical-

chemical, biological, temperature and electrical-based materials are all examples of 

the many types of stimuli that exist. The drug’s release will be triggered by these 

stimuli. Gold, titanium, magnetic NPs, and quantum dots are commonly used for 

drug delivery and targeting. Good and enhanced output is what you can expect when 

you mix these NPs with polymers. Metal NPs are by far the most effective ones for 

targeting drugs. Gold NPs’ special spectroscopic properties have a significant impact 

on photothermal therapy in diagnosis of cancer. Nanoparticles of gold, silver, or 

magnetite ones, all work well as nanocarriers [55]. Nanocarriers are built to transport 

cancer drugs to the affected area. Nanoparticles are small enough to penetrate deeply 

but not so small that they disrupt the body’s healthy tissues. That way, healthy cells 

will not be harmed. Drug delivery is facilitated in part by silver NPs. Some of these 

NPs are enriched with rare earth elements, including Fe, Ni, Co, and their oxides. 
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Magnetic dipole-dipole interactions can also lead to their clustering. Both organic 

and inorganic coatings, as well as magnetic core-shell NPs find widespread 

applications. Nanoparticles of the quantum dots (QD) have been found to be 

effective tumor targeting agents. Magnetic resonance imaging (MRI) makes use of 

the electrical properties of QDs. Diagnosis and treatment are two areas where 

mesoporous silica NPs shine [56]. This technology can also be used to precisely 

administer medication for cardiovascular conditions. 

7.6. Nanoparticles as catalysts 

Reducing the acceleration, binding to reagents to antagonize bonds, getting 

effective collisions by attempting to bring the superoxide radicals close together, and 

increasing the percentage yield are some of predominate mechanisms in which 

catalysis come. Stimulus helps in reducing the reaction heat because they cut down 

unwanted byproducts. Surface area per unit mass is increased because they seem to 

be so small in size. Because of this, catalytic chemical reactions can take advantage 

of a larger surface area. When compared to conventional catalytic reactions, which 

use bulk materials, nano catalytic reactions are more reactive [57–63]. There are 

many different types of nano catalysts, including those based on metals, carbon, and 

ceramics [64]. Cobalt ferrites, coin ferrites, copper terbium, zinc ferrites, alloys, and 

core-shell ferrites are all examples of metal-based catalysts. For example, copper-

based nano-catalysts can be used to improve the selectivity, catalytic performance, 

and stability while treating the wastewater. They are preferable due to reusability and 

ease of the recovery in wastewater treatment [65]. In the recent years, CO2 reduction 

reactions (CO2-RR) are in the limelight due to the environmental concerns. In this 

backdrop, NPs of noble and other transition metals are being employed for CO2-RR. 

For instance, NPs of gold and copper have been reported as electrocatalysts for CO2-

RR. It was observed that reduction efficiency and stability tremendously increased 

which was ascribed to the heterometallic interactions between the two metals and 

MWCNTs [66]. 

7.7. Fuel cell application 

A fuel cell is an electrochemical device that uses two redox reactions to 

transform the chemical energy of fuel and oxidizing agent into electricity. An 

oxygen/hydrogen fuel cell produces electricity with zero emissions of carbon 

monoxide. Every type of vehicle and instrument, from airplanes to cars, ships, 

submarines, and weapons now features fuel cells. Fuel cells come in many forms, 

including the fuel cell using proton exchange membranes (PEMFC), direct methanol 

fuel cells (DMFCs), alkaline fuel cell (AFC), phosphoric acid (PA) fuel cell (PAFC), 

the molten carbonate fuel cell (MCFC), and a solid- oxide fuel cell (SOFC) [67]. 

One major problem with using fuel cells is platinum (Pt) dependent catalysts that are 

prohibitively expensive. Researchers have not yet succeeded in fully substituting 

another metal for platinum. Pt-Co, Pt-Mn, Pt-Ru, Pt-Ir, Pt-Cu, and Pt-Fe, are 

platinum-dependent catalysts that have been introduced. Catalysts based on carbon, 

iron, and transition metal oxides are also used. For instance, the use of doped 

titanium oxide as Pt catalyst support has been reported. Traditionally, carbon-based 
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supports are employed which are prone to corrosion, degrading overall performance 

of the PEMFCs, however, titania NPs-based support exhibited superior durability as 

compared to the commercially available catalyst Pt/C [68]. Carbon-based catalysts 

make extensive use of graphene, carbon nanotubes [69], and carbon nanofibers. 

7.8. Electronics 

Researchers have been interested in discovering new uses of NPs for their 

amazing magneto strictive, electronic, luminescence, and electrochemical 

capabilities. Memory devices, like biosensors, CPU systems, transmitter cores, high 

storage capacity system, optical data storage, transformer cores etc. are all familiar 

places to find them. They will only be successful if they exhibit a set of 

characteristics [70,71]. High-Hs ferrite NPs, for instance, have practical use in 

magnetic recording [72]. That highly magnetized Hs can be shielded from 

demagnetization and has been investigated. Low Hs is preferred in transformers. 

High Ms and Hs with minimal residual magnetization are necessary for use in 

recording medium like audio and video cassettes. Nanoparticles with magnetic 

properties have several applications in fluids, data analysis circuits in digital 

computers, and digital recorders. Their magnetic ferrites reveal high electrical 

conductivities, thus, can be pertinent to the biomedical fields. The magnetic and 

electrical characteristics of cobalt ferrites are very impressive [73]. The electrifying 

and magnetic properties of the polymers were escalated by the incorporation of 

pearlites. Figure 7 demonstrates the application of nanoparticles in different fields. 

 

Figure 7. Applications of NPs. 

8. Issues and challenges 

Apart from its advantages, that have been achieved by use of nanotechnology in 

various fields of life, there are a number of issues in different areas which need to be 
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resolved [74]. Some of the challenges are given below as: 

• Synthesis of NPs is a vital challenge. Normally high-quality NPs are 

manufactured using diverse instruments under extreme conditions which results 

in controlled production at large scale. The scalability is challenging as 

processes like vapor chemical deposition, laser ablation, and hydrothermal 

synthesis is difficult to scale up. In the meanwhile, scalability requires more 

energy, costly materials, more sensitive equipment, thus adding up to the 

overall cost of processing. 

• The change in starting material and process parameters can lead to the 

inconsistencies, ultimately affecting the reproducibility. 

• Although NPs are remarkably effective and useful in cancer and drug delivery, 

however, presence of impurities, defects and discontinuity in their length 

suppress their strength. 

• Nanoparticles have been found to be harmful for the humans as they can 

penetrate the human body and cause severe health issues. There is likelihood of 

entering in the respiratory system and other important organs of the human 

body. For instance, metallic nanoparticles like Au are toxic and reactive in 

nature, which might cause skin and lungs’ cancer. Under certain conditions, it 

shows phototoxic effect which leads to health problems.  Additionally, most of 

cosmetic and beauty products contain titanium dioxide NPs, long term use may 

cause cell damage and respiratory issues. Prolong interaction of carbon 

nanotubes causes inflammation and fibrosis as it has potential of toxicity. There 

are regulatory challenges as well as they are evolving at the moment. Stable 

revelation of zinc oxide NPs may raise challenges of skin and eye irritation 

[75]. 

• Another challenge which needs to be addressed is environmental impact of NPs 

during their synthesis, utilization, and disposal. Their accumulation in the 

environment may have drastic effect on aquatic life. In addition to that, 

sustainability is another factor which needs to be kept in mind. Use of toxic and 

expensive chemicals and energy-intensive methods, proliferation of NPs in the 

fresh water, and utilization of larger amounts of water raises sustainability 

concerns. There is little understanding of their end-of -life disposal as well.  

9. Conclusion and future prospects 

In this review, a brief overview of NPs, their types based upon their dimensions, 

synthesis routes, and emerging applications in various fields of science and 

technology have been discussed. Several physicochemical characteristics of the NPs 

are characterized using a variety of tools like ultraviolet, spectrophotometer, the FT-

IR, AFM, SEM, TEM, which reveal that these particles exhibit distinct properties. 

The synthesis using plant extracts is non-toxic, making plants the best choice for 

producing nanoparticles. Due to small size and large surface area or volume, ability 

to absorb and scatter rays of light in visible and infrared region is possible. These 

properties make it ideal for early diagnosis and treatment of neuro-degenerative 

diseases. Besides its advantages, substantial number of health, environmental and 

safety issues rise due to the refractory use of these particles. It has the potential to 
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cause detrimental effect like asthma, urticaria, hypertension, Parkinson, dermatitis, 

Alzheimer, and many other cancers in human body. Thus, there should be a 

controlled use and discharge of the particles in the environment. 

There is dire need to divert the future research direction towards the 

improvement of homogeneity during the synthesis and control over shape and size, 

while keeping in view the consistency and scalability especially for the green 

approaches such as plant-based ones. The priority should be given to addressing the 

toxicity concerns by introducing biodegradable and non-toxic nanoparticles. The 

innovation will be driven by the advancement in functionalization techniques and 

introduction of hybrid nanoparticles with applications in energy storage devices and 

drug delivery. There should be emphasis on introducing proper guidelines regarding 

the use of NPs, providing testing frameworks, and labelling the information about 

the NPs. Last, but not the least, the concepts of circular economy and sustainability 

should be further explored to improve the yield and reusability, thus minimizing the 

environmental impacts. 

Conflict of interest: The authors declare no conflict of interest. 

References 

1. Khan I, Saeed K, Khan I. Nanoparticles: Properties, applications and toxicities. Arabian Journal of Chemistry. 2019; 12(7): 

908-931. doi: 10.1016/j.arabjc.2017.05.011 

2. Hosseinkhani H. Biomedical Engineering: Materials, Technology, and Applications. John Wiley & Sons; 2022. 

3. Hosseinkhani H. Nanomaterials in advanced medicine. Vch Verlagsgesellschaft Mbh; 2019. 

4. He W, Hosseinkhani H, Mohammadinejad R, et al. Polymeric nanoparticles for therapy and imaging. Polymers for 

Advanced Technologies. 2014; 25(11): 1216-1225. doi: 10.1002/pat.3381 

5. Farooq I, Islam M, Danish M, et al. Synergistic effects of Li-based ferrite and graphene oxide in microwave absorption 

applications. Synthetic Metals. 2024; 307: 117674. doi: 10.1016/j.synthmet.2024.117674 

6. Perveen R, Islam MU, Danish M, et al. Innovative Nanostructuring of Li–Zn ferrite/graphene composites with tunable 

properties. Ceramics International. 2024; 50(20): 39564-39573. doi: 10.1016/j.ceramint.2024.07.335 

7. Vollath DJEE, Journal M. Nanomaterials an introduction to synthesis, properties and application. Wiley-VCH; 2008. 

8. Harish V, Ansari MM, Tewari D, et al. Nanoparticle and Nanostructure Synthesis and Controlled Growth Methods. 

Nanomaterials. 2022; 12(18): 3226. doi: 10.3390/nano12183226 

9. Harish V, Tewari D, Gaur M, et al. Review on Nanoparticles and Nanostructured Materials: Bioimaging, Biosensing, Drug 

Delivery, Tissue Engineering, Antimicrobial, and Agro-Food Applications. Nanomaterials. 2022; 12(3): 457. doi: 

10.3390/nano12030457 

10. Rizwan M, Singh M, Mitra CK, et al. Ecofriendly Application of Nanomaterials: Nanobioremediation. Journal of 

Nanoparticles. 2014; 2014: 1-7. doi: 10.1155/2014/431787 

11. Barhoum A, García-Betancourt ML, Jeevanandam J, et al. Review on Natural, Incidental, Bioinspired, and Engineered 

Nanomaterials: History, Definitions, Classifications, Synthesis, Properties, Market, Toxicities, Risks, and Regulations. 

Nanomaterials. 2022; 12(2): 177. doi: 10.3390/nano12020177 

12. Jeevanandam J, Barhoum A, Chan YS, et al. Review on nanoparticles and nanostructured materials: history, sources, toxicity 

and regulations. Beilstein Journal of Nanotechnology. 2018; 9: 1050-1074. doi: 10.3762/bjnano.9.98 

13. Laad M, Jatti VKS. Titanium oxide nanoparticles as additives in engine oil. Journal of King Saud University - Engineering 

Sciences. 2018; 30(2): 116-122. doi: 10.1016/j.jksues.2016.01.008 

14. Salavati-Niasari M, Davar F, Mir N. Synthesis and characterization of metallic copper nanoparticles via thermal 

decomposition. Polyhedron. 2008; 27(17): 3514-3518. doi: 10.1016/j.poly.2008.08.020 

15. Bhaviripudi S, Mile E, Steiner SA, CVD Synthesis of Single-Walled Carbon Nanotubes from Gold Nanoparticle Catalysts. 

Journal of the American Chemical Society. 2007; 129(6): 1516-1517. doi: 10.1021/ja0673332 



Characterization and Application of Nanomaterials 2025, 8(1), 8899.  

21 

16. Deng J, Ding QM, Jia MX, et al. Biosafety risk assessment of nanoparticles: Evidence from food case studies. 

Environmental Pollution. 2021; 275: 116662. doi: 10.1016/j.envpol.2021.116662 

17. Das D, Roy A. Synthesis of diameter controlled multiwall carbon nanotubes by microwave plasma-CVD on low-temperature 

and chemically processed Fe nanoparticle catalysts. Applied Surface Science. 2020; 515: 146043. doi: 

10.1016/j.apsusc.2020.146043 

18. Yaqoob AA, Umar K, Ibrahim MNM. Silver nanoparticles: various methods of synthesis, size affecting factors and their 

potential applications–a review. Applied Nanoscience. 2020; 10(5): 1369-1378. doi: 10.1007/s13204-020-01318-w 

19. Obradović V, Simić D, Zrilić M, et al. Novel Hybrid Nanostructures of Carbon Nanotube/Fullerene-like Tungsten Disulfide 

as Reinforcement for Aramid Fabric Composites. Fibers and Polymers. 2021; 22(2): 528-539. doi: 10.1007/s12221-021-

0278-5 

20. Mann S, Burkett SL, Davis SA, et al. Sol−Gel Synthesis of Organized Matter. Chemistry of Materials. 1997; 9(11): 2300-

2310. doi: 10.1021/cm970274u 

21. Niederberger M, Garnweitner G. Organic Reaction Pathways in the Nonaqueous Synthesis of Metal Oxide Nanoparticles. 

Chemistry – A European Journal. 2006; 12(28): 7282-7302. doi: 10.1002/chem.200600313 

22. Kim J, Kim BK, Park K. Electrodeposition of Silver Nanoparticles on Indium-Doped Tin Oxide Using Hydrogel Electrolyte 

for Hydrogen Peroxide Sensing. Nanomaterials. 2022; 13(1): 48. doi: 10.3390/nano13010048 

23. Hachem K, Ansari MJ, Saleh RO, et al. Methods of Chemical Synthesis in the Synthesis of Nanomaterial and Nanoparticles 

by the Chemical Deposition Method: A Review. BioNanoScience. 2022; 12(3): 1032-1057. doi: 10.1007/s12668-022-00996-

w 

24. Mohammadi S, Harvey A, Boodhoo KVK. Synthesis of TiO2 nanoparticles in a spinning disc reactor. Chemical Engineering 

Journal. 2014; 258: 171-184. doi: 10.1016/j.cej.2014.07.042 

25. Crucho CIC, Barros MT. Polymeric nanoparticles: A study on the preparation variables and characterization methods. 

Materials Science and Engineering: C. 2017; 80: 771-784. doi: 10.1016/j.msec.2017.06.004 

26. Bachmatiuk A, Börrnert F, Grobosch M, et al. Investigating the Graphitization Mechanism of SiO2 Nanoparticles in 

Chemical Vapor Deposition. ACS Nano. 2009; 3(12): 4098-4104. doi: 10.1021/nn9009278 

27. Kammler HK, Mädler L, Pratsinis SEJCE, Engineering‐Biotechnology TICPEP. Flame synthesis of nanoparticles. 2001; 

24(6): 583-96. 

28. D’Amato R, Falconieri M, Gagliardi S, et al. Synthesis of ceramic nanoparticles by laser pyrolysis: From research to 

applications. Journal of Analytical and Applied Pyrolysis. 2013; 104: 461-469. doi: 10.1016/j.jaap.2013.05.026 

29. Tseomashko NE, Rai M, Vasil’kov AY. New hybrid materials for wound cover dressings. Biopolymer-Based Nano Films. 

Published online 2021: 203-245. doi: 10.1016/b978-0-12-823381-8.00007-7 

30. Alghuthaymi MA, Almoammar H, Rai M, et al. Myconanoparticles: synthesis and their role in phytopathogens management. 

Biotechnology & Biotechnological Equipment. 2015; 29(2): 221-236. doi: 10.1080/13102818.2015.1008194 

31. Sengupta D, Chen SH, Michael A, et al. Single and bundled carbon nanofibers as ultralightweight and flexible piezoresistive 

sensors. npj Flexible Electronics. 2020; 4(1). doi: 10.1038/s41528-020-0072-2 

32. Fawole OG, Cai XM, Nikolova I, et al. Self-consistent estimates of emission factors of carboncontaining pollutants from a 

typical gas flare. Ife Journal of Science. 2020; 22(2): 135-149. doi: 10.4314/ijs.v22i2.13 

33. Anwar SHJRRJMS. A brief review on nanoparticles: types of platforms, biological synthesis and applications. Research and 

Review. 2018; 6: 109-16. 

34. Shah P, Gavrin A. Synthesis of nanoparticles using high-pressure sputtering for magnetic domain imaging. Journal of 

Magnetism and Magnetic Materials. 2006; 301(1): 118-123. doi: 10.1016/j.jmmm.2005.06.023 

35. Kolahalam LA, Kasi Viswanath IV, Diwakar BS, et al. Review on nanomaterials: Synthesis and applications. Materials 

Today: Proceedings. 2019; 18: 2182-2190. doi: 10.1016/j.matpr.2019.07.371 

36. Chandrakasan G, Toledano Ayala M, García Trejo JF, et al. Mapping and distribution of speciation changes of metals from 

nanoparticles in environmental matrices using synchrotron radiation techniques. Environmental Nanotechnology, Monitoring 

& Management. 2021; 16: 100491. doi: 10.1016/j.enmm.2021.100491 

37. Malik S, Muhammad K, Waheed Y. Nanotechnology: A Revolution in Modern Industry. Molecules. 2023; 28(2): 661. doi: 

10.3390/molecules28020661 

38. Khan Y, Sadia H, Ali Shah SZ, et al. Classification, Synthetic, and Characterization Approaches to Nanoparticles, and Their 

Applications in Various Fields of Nanotechnology: A Review. Catalysts. 2022; 12(11): 1386. doi: 10.3390/catal12111386 



Characterization and Application of Nanomaterials 2025, 8(1), 8899.  

22 

39. Ahmad F, Zahid M, Jamil H, et al. Advances in graphene-based electrode materials for high-performance supercapacitors: A 

review. Journal of Energy Storage. 2023; 72: 108731. doi: 10.1016/j.est.2023.108731 

40. Qayyum A, Rehman MO ur, Ahmad F, et al. Performance optimization of Nd-doped LaNiO3 as an electrode material in 

supercapacitors. Solid State Ionics. 2023; 395: 116227. doi: 10.1016/j.ssi.2023.116227 

41. Ahmad F, Khan MA, Waqas U, et al. Elucidating an efficient super-capacitive response of a Sr2Ni2O5/rGO composite as an 

electrode material in supercapacitors. RSC Advances. 2023; 13(36): 25316-25326. doi: 10.1039/d3ra03140c 

42. Ahmad F, Shahzad A, Danish M, et al. Recent developments in transition metal oxide-based electrode composites for 

supercapacitor applications. Journal of Energy Storage. 2024; 81: 110430. doi: 10.1016/j.est.2024.110430 

43. Lakhani P, Kane S, Srivastava H, et al. Sustainable approach for the synthesis of chiral β-aminoketones using an 

encapsulated chiral Zn(ii)–salen complex. RSC Sustainability. 2023; 1(7): 1773-1782. doi: 10.1039/d3su00210a 

44. Lakhani P, Modi CK. Montmorillonite-Silica-Graphene oxide composite incorporating with chiral thiourea for the Strecker 

reaction. Molecular Catalysis. 2024; 559: 114080. doi: 10.1016/j.mcat.2024.114080 

45. Mpongwana N, Rathilal S. A Review of the Techno-Economic Feasibility of Nanoparticle Application for Wastewater 

Treatment. Water. 2022; 14(10): 1550. doi: 10.3390/w14101550 

46. Jedla MR, Koneru B, Franco A, et al. Recent Developments in Nanomaterials Based Adsorbents for Water Purification 

Techniques. Biointerface Research in Applied Chemistry. 2021; 12(5): 5821-5835. doi: 10.33263/briac125.58215835 

47. Bhanderi D, Lakhani P, Sharma A, et al. Efficient Visible Light Active Photocatalyst: Magnesium Oxide-Doped Graphitic 

Carbon Nitride for the Knoevenagel Condensation Reaction. ACS Applied Engineering Materials. 2023; 1(10): 2752-2764. 

doi: 10.1021/acsaenm.3c00463 

48. Moharana S, Rout L, Sagadevan S, et al. Carbon Nanotube-Polymer Nanocomposites. Springer Nature Singapore; 2024. doi: 

10.1007/978-981-97-6329-0 

49. Yang X, Zhao R, Zhan H, et al. Modified Titanium dioxide-based photocatalysts for water treatment: Mini review. 

Environmental Functional Materials. 2024; 3(1): 1-12. doi: 10.1016/j.efmat.2024.07.002 

50. Hosseinkhani H, Domb AJ. Biodegradable polymers in gene‐silencing technology. Polymers for Advanced Technologies. 

2019; 30(10): 2647-2655. doi: 10.1002/pat.4713 

51. Abedini F, Ebrahimi M, Roozbehani AH, et al. Overview on natural hydrophilic polysaccharide polymers in drug delivery. 

Polymers for Advanced Technologies. 2018; 29(10): 2564-73. 

52. Ghadiri M, Vasheghani‐Farahani E, et al. Transferrin‐conjugated magnetic dextran‐spermine nanoparticles for targeted drug 

transport across blood‐brain barrier. Journal of Biomedical Materials Research Part A. 2017; 105(10): 2851-64. 

53. Farokhi M, Mottaghitalab F, Shokrgozar MA, et al. Importance of dual delivery systems for bone tissue engineering. Journal 

of Controlled Release. 2016; 225: 152-69. 

54. Zhao Z, Li Y, Xie M-B. Silk fibroin-based nanoparticles for drug delivery. International journal of molecular sciences. 2015; 

16(3): 4880-903. 

55. Li Z, Sheikholeslami M, Shafee A, et al. Solidification process through a solar energy storage enclosure using various sizes 

of Al2O3 nanoparticles. Journal of Molecular Liquids. 2019; 275: 941-954. doi: 10.1016/j.molliq.2018.11.129 

56. Huang X, Zhang J, Peng K, et al. Functional magnetic nanoparticles for enhancing ultrafiltration of waste cutting emulsions 

by significantly increasing flux and reducing membrane fouling. Journal of Membrane Science. 2019; 573: 73-84. doi: 

10.1016/j.memsci.2018.11.074 

57. Lakhani P, Bhanderi D, Modi CK. Nanocatalysis: recent progress, mechanistic insights, and diverse applications. Journal of 

Nanoparticle Research. 2024; 26(7): 148. 

58. Lakhani P, Bhanderi D, Modi CK. Silica-supported ionic liquids as versatile catalysts: A case study. Journal of Molecular 

Liquids. 2024; 408: 125306. doi: 10.1016/j.molliq.2024.125306 

59. Parmar R, Lakhani P, Bhanderi D, et al. Harnessing bimetallic oxide nanoparticles on ionic liquid functionalized silica for 

enhanced catalytic performance. Journal of Organometallic Chemistry. 2024; 1008: 123073. doi: 

10.1016/j.jorganchem.2024.123073 

60. Lakhani P, Modi CK. Shaping enantiochemistry: recent advances in enantioselective reactions via heterogeneous chiral 

catalysis. Molecular Catalysis. 2023; 548: 113429. 

61. Lakhani P, Chodvadiya D, Jha PK, et al. DFT stimulation and experimental insights of chiral Cu (ii)–salen scaffold within 

the pocket of MWW-zeolite and its catalytic study. Physical Chemistry Chemical Physics. 2023; 25(20): 14374-86. 

62. Lakhani P, Modi CK. Asymmetric hydrogenation using a covalently immobilized Ru-BINOL-AP@ MSNs catalyst. New 



Characterization and Application of Nanomaterials 2025, 8(1), 8899.  

23 

Journal of Chemistry. 2023; 47(18): 8767-75. 

63. Lakhani P, Modi CK. Spick-and-span protocol for designing of silica-supported enantioselective organocatalyst for the 

asymmetric aldol reaction. Molecular Catalysis. 2022; 525: 112359. 

64. Dutta S, Parida S, Maiti C, et al. Polymer grafted magnetic nanoparticles for delivery of anticancer drug at lower pH and 

elevated temperature. Journal of Colloid and Interface Science. 2016; 467: 70-80. 

65. Li X, You J, Li J, et al. Progress of Copper‐based Nanocatalysts in Advanced Oxidation Degraded Organic Pollutants. 

ChemCatChem. 2024;16(6): e202301108. 

66. Rasheed T, Shafi S, Anwar MT, et al. Revisiting photo and electro-catalytic modalities for sustainable conversion of CO2. 

Applied Catalysis A: General. 2021; 623: 118248. 

67. Xie X, Nie H, Zhou Y, et al. Eliminating blood oncogenic exosomes into the small intestine with aptamer-functionalized 

nanoparticles. Nature Communications. 2019; 10(1). doi: 10.1038/s41467-019-13316-w 

68. Anwar MT, Yan X, Shen S, et al. Enhanced durability of Pt electrocatalyst with tantalum doped titania as catalyst support. 

International Journal of Hydrogen Energy. 2017; 42(52): 30750-9. 

69. Kantipudi S, Sunkara JR, Rallabhandi M, et al. Enhanced wound healing activity of Ag–ZnO composite NPs in Wistar 

Albino rats. IET Nanobiotechnology. 2018; 12(4): 473-478. doi: 10.1049/iet-nbt.2017.0087 

70. Waqas U, Salman MU, Khan MA, et al. Rapid switching capability and efficient magnetoelectric coupling mediated by 

effective interfacial interactions in Bi0·9La0·1FeO3/SrCoO3 bi-phase composites for ultra-sensitive pulsating devices. Journal 

of Materials Research and Technology. 2024; 29: 2971-9. 

71. Danish M, Islam M ul, Ahmad F, et al. Synthesis of M-type hexaferrite reinforced graphene oxide composites for 

electromagnetic interference shielding. Journal of Physics and Chemistry of Solids. 2024; 185: 111783. doi: 

10.1016/j.jpcs.2023.111783 

72. Kefeni KK, Msagati TAM, Mamba BB. Ferrite nanoparticles: Synthesis, characterisation and applications in electronic 

device. Materials Science and Engineering: B. 2017; 215: 37-55. doi: 10.1016/j.mseb.2016.11.002 

73. Kadam RH, Desai K, Shinde VS, et al. Influence of Gd3+ ion substitution on the MnCrFeO4 for their nanoparticle shape 

formation and magnetic properties. Journal of Alloys and Compounds. 2016; 657: 487-494. doi: 

10.1016/j.jallcom.2015.10.164 

74. Baig N, Kammakakam I, Falath W. Nanomaterials: a review of synthesis methods, properties, recent progress, and 

challenges. Materials Advances. 2021; 2(6): 1821-1871. doi: 10.1039/d0ma00807a 

75. Domb AJ, Sharifzadeh G, Nahum V, et al. Safety Evaluation of Nanotechnology Products. Pharmaceutics. 2021; 13(10): 

1615. doi: 10.3390/pharmaceutics13101615 


