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Abstract 

Nanomaterials have found applications across diverse fields including electronics, energy storage and 

conversion, environmental remediation, catalysis, and biomedicine. This review examines the major 

synthesis techniques used to produce nanomaterials, focusing on mechanical milling as a prominent top-

down method, and chemical vapor deposition (CVD), sol-gel processing, and hydrothermal synthesis as 

widely employed bottom-up approaches. Each method's underlying principles, experimental parameters, 

advantages, limitations, and representative examples of synthesized nanomaterial materials are discussed 

in detail. Understanding the trade-offs inherent in each synthesis technique allows scientists and 

engineers to strategically tailor these materials for specific technological challenges and innovations. 
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1. Introduction 

Nanomaterials, defined by their dimensions typically below 100 nanometres, have transformed materials 

science and technology by exhibiting properties significantly different from their bulk counterparts. 

These unique characteristics, ranging from enhanced mechanical strength, superior electrical and 

thermal conductivity, to novel optical and catalytic behaviours—stem primarily from the high surface 

area to volume ratio and quantum effects that dominate at the nanoscale. As a result, nanomaterials have 

found applications across diverse fields including electronics, energy storage and conversion, 

environmental remediation, catalysis, and biomedicine. 

Central to harnessing these properties is the ability to synthesize nanomaterials with precise control over 

their size, shape, composition, and surface chemistry. The synthesis route directly influences these 

parameters, which in turn govern the performance of the nanomaterials in their respective applications. 

Over the past few decades, a wide array of synthesis methods has been developed, broadly categorized 

into top-down and bottom-up approaches. 

Top-down methods break down bulk materials into nanoscale particles through physical or mechanical 

means, often offering scalability but sometimes lacking fine control over particle uniformity. Bottom-up 

methods, on the other hand, assemble nanostructures atom-by-atom or molecule-by-molecule, providing 

greater precision over structural features but often with more complex processing requirements. 

This review examines the major synthesis techniques used to produce nanomaterials, focusing on 

mechanical milling as a prominent top-down method, and chemical vapor deposition (CVD), sol-gel 

processing, and hydrothermal synthesis as widely employed bottom-up approaches. Each method’s 
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underlying principles, experimental parameters, advantages, limitations, and representative examples of 

synthesized nanomaterials are discussed in detail. By understanding how synthesis conditions impact 

nanomaterial characteristics, researchers can better tailor these materials for specific technological 

challenges and innovations. 

In the following sections, we delve into each synthesis method, providing detailed experimental 

examples that illustrate their practical implementation and scope. 

 

Mechanical Milling 

Mechanical milling employs high-energy ball mills that induce repeated fracturing and cold welding of 

powders, producing nanoparticles. 

 Fe2O3 nanoparticles: Prepared by mechanochemical milling of FeCl3 and CaO powders in a 2:3 

molar ratio inside a planetary ball mill. Milling was conducted at 500 rpm for 10 hours using 

stainless steel balls with a ball-to-powder weight ratio of 10:1. The resulting Fe2O3 nanoparticles 

had an average size below 50 nm and high phase purity confirmed by XRD (Kowalski et al., 

2021). 

 CuO nanoparticles: Bulk Cu powder was milled in a planetary ball mill at 150 rpm for 20 hours 

with a 10:1 ball-to-powder ratio in air atmosphere. The process yielded CuO nanoparticles aver-

aging 20-30 nm, as confirmed by TEM and XRD. Milling parameters were optimized to mini-

mize contamination and agglomeration (Singh & Sharma, 2021). 

 Silver nanoparticles (AgNPs): AgNO3 powder was ball-milled with lignin as a reducing and 

stabilizing agent at 300 rpm for 6 hours under ambient conditions. The mechanochemical method 

yielded spherical AgNPs with average sizes around 15 nm and demonstrated strong antimicrobial 

activity (Patel et al., 2022). 

 Bimetallic Fe-Cu nanoparticles: Fe and Cu powders mixed in desired stoichiometric ratios 

were milled in a high-energy ball mill at 400 rpm for 12 hours under argon atmosphere to pre-

vent oxidation. The resulting alloyed nanoparticles exhibited enhanced catalytic properties com-

pared to monometallic counterparts (Amrute et al., 2021). 

Chemical Vapor Deposition (CVD) 

CVD deposits materials on heated substrates through precursor gas decomposition. 

 Carbon nanotubes (CNTs): Ferrocene (catalyst precursor) and methane (carbon source) were 

fed into a quartz tube reactor at 900°C under argon flow. The ferrocene vapor decomposed to 

form Fe nanoparticles catalysing CNT growth over 30 minutes. This process produced multi-

walled CNTs with diameters of 10-20 nm and lengths up to several microns (Smith & Lee, 

1997). 

 Graphene films: Methane gas was introduced into a CVD furnace with copper foil substrates 

heated to 1000°C under hydrogen atmosphere. Growth time was 20 minutes, after which cooling 

under protective gas preserved a single-layer graphene film with high electron mobility (Johnson 

et al., 2020). 
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 Silicon nanowires: Silane gas was introduced into a CVD reactor with gold nanoparticle cata-

lysts at 450°C. Growth proceeded for 1 hour, producing nanowires with diameters controlled by 

catalyst size (~20 nm) and lengths up to several microns (Wang et al., 2019). 

 Titanium dioxide thin films: Titanium tetraisopropoxide was vaporized and introduced into a 

heated chamber at 400°C with oxygen gas. Deposition lasted 2 hours, producing uniform TiO2 

films with anatase phase confirmed by XRD (Nguyen & Park, 2018). 

Sol-Gel Method 

Sol-gel involves hydrolysis and condensation of metal alkoxides to form sols that gel and transform into 

nanoparticles upon drying. 

 Titanium dioxide (TiO2) nanoparticles: Titanium isopropoxide was dissolved in ethanol with 

stirring. Water was added dropwise to initiate hydrolysis at room temperature with a molar ratio 

of H2O:Ti = 2. The sol was aged for 24 hours, dried at 80°C, and calcined at 450°C for 3 hours to 

obtain anatase TiO2 nanoparticles (~15-25 nm) (Zhao et al., 2019). 

 Zinc oxide (ZnO) nanoparticles: Zinc acetate dihydrate was dissolved in ethanol and reacted 

with sodium hydroxide under stirring at 60°C for 2 hours. The resulting gel was dried and an-

nealed at 300°C for 4 hours, producing ZnO nanoparticles (~20 nm) with wurtzite structure 

(Kumar et al., 2020). 

 Silica nanoparticles (SiO2): Tetraethyl orthosilicate (TEOS) was hydrolysed in an ethanol-water 

mixture with ammonia catalyst under vigorous stirring at 25°C. After 6 hours, the sol transi-

tioned to a gel, which was dried and calcined at 550°C to obtain monodisperse spherical silica 

nanoparticles of ~50 nm diameter (Lee & Kim, 2017). 

 Silver-doped TiO2 nanoparticles: Titanium tetraisopropoxide and silver nitrate were co-

hydrolysed in ethanol. The gel was aged for 12 hours and calcined at 450°C to produce Ag-TiO2 

nanoparticles with enhanced photocatalytic properties (Patel et al., 2023). 

Hydrothermal Synthesis 

Hydrothermal synthesis grows nanostructures in sealed autoclaves under elevated temperature and 

pressure. 

 Zinc oxide (ZnO) nanorods: An aqueous solution of 0.1 M zinc nitrate hexahydrate and 0.1 M 

hexamethylenetetramine (HMTA) was prepared. Glass substrates were immersed in this solution 

and heated at 95°C for 6 hours in an autoclave. The resulting ZnO nanorods had diameters 

around 100 nm and lengths up to 1 µm with high crystallinity (Zhang et al., 2024). 

 Titanium dioxide (TiO2) nanorods: Titanium tetraisopropoxide was mixed with sodium hy-

droxide solution and transferred into a Teflon-lined autoclave heated at 180°C for 12 hours. The 

product was washed and annealed at 450°C to yield rutile TiO2 nanorods (Li & Wang, 2023). 

 Cadmium sulphide (CdS) nanoparticles: Cadmium acetate and thiourea precursors were dis-

solved in water and subjected to hydrothermal treatment at 160°C for 10 hours. The resulting 

CdS nanoparticles had sizes around 20 nm, suitable for photovoltaic applications (Kumar et al., 

2023). 
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 Copper oxide (CuO) nanowires: Copper nitrate solution was mixed with glucose and heated at 

120°C for 8 hours in an autoclave. The product was washed and dried to yield CuO nanowires 

with diameters of 50-100 nm (Chen & Zhang, 2023). 

 Iron oxide (Fe3O4) nanoparticles: Ferric chloride and sodium acetate were mixed in ethylene 

glycol and heated at 200°C for 10 hours. Magnetic Fe3O4 nanoparticles with sizes around 15 nm 

were formed, useful for biomedical imaging (Smith et al., 2022). 

Conclusion 

The synthesis of nanomaterials is a nuanced process where the choice of method profoundly impacts the 

physical and chemical properties of the resulting nanoparticles. Each synthesis technique reviewed here 

carries unique advantages and limitations that make it suitable for specific materials and applications. 

Mechanical milling, as a top-down approach, stands out for its simplicity, scalability, and cost-

effectiveness. It excels at producing a wide variety of metal, metal oxide, and bimetallic nanoparticles 

without the need for complex chemical precursors. However, it often suffers from limited control over 

particle size distribution and morphology, and the potential for contamination from milling media can 

affect product purity. Additionally, prolonged milling times may induce structural defects that alter 

material properties unpredictably. 

Chemical vapor deposition (CVD) offers exceptional control over nanomaterial purity, crystallinity, and 

morphology, making it the preferred method for fabricating high-quality carbon nanotubes, graphene 

films, and semiconductor nanowires. Its ability to produce uniform coatings and nanostructures at the 

atomic level is unmatched. The trade-offs include the requirement for sophisticated equipment, high 

processing temperatures, and relatively low throughput, which can restrict scalability and increase 

production costs. 

The sol-gel method is prized for its versatility and ability to yield metal oxide nanoparticles with tunable 

morphologies and chemical compositions under relatively mild conditions. It is cost-effective and 

environmentally friendly compared to vapor-phase techniques. Yet, challenges such as residual organic 

contaminants, the need for precise control over hydrolysis and condensation reactions, and difficulties in 

scaling up batch processes can limit its industrial application. 

Hydrothermal synthesis excels in producing highly crystalline nanostructures with controlled anisotropic 

shapes such as nanorods and nanowires, essential for applications in sensors, catalysis, and energy 

devices. The closed-system environment reduces contamination and enables fine-tuning of particle size 

and morphology by adjusting temperature, pressure, and precursor concentrations. However, long 

reaction times, the need for specialized autoclaves, and challenges in scaling up the process remain 

significant hurdles. 

Overall, no single synthesis method universally satisfies all criteria of cost, scalability, precision, and 

material quality. The selection depends on the target nanomaterial’s required properties and intended 

application. Hybrid approaches that combine the strengths of multiple methods are emerging as 

promising avenues to overcome individual limitations. 

Continued research into process optimization, green chemistry routes, and scalable manufacturing 

technologies will be crucial to fully harness the potential of nanomaterials. Understanding the trade-offs 

inherent in each synthesis technique allows scientists and engineers to strategically tailor nanomaterials 

that meet the evolving demands of technology and industry. 
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