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Abstract. The enormous demand for new and working devices means that people are trying to 
create better and more suitable materials for their purposes, especially newer technologies that 
change materials’ properties, such as color or hardness, called nanomaterials. In this paper, we 
provide a brief description of standard synthesis methods: chemical reduction, sol-gel, hydrothermal, 
and vapor deposition. Various experiments were carried out, and essential characteristics such as 
the size and shape of nanoparticles were successfully regulated. And the focus is on the controlled 
synthesis and growth process of nanoparticles. For instance, specific parameters can precisely 
control the diameter within a narrow range. At the same time, the growth mechanism is 
comprehensively analyzed with advanced ideas and techniques. It can help people prepare and 
perform nanoparticles more accurately in nanomaterials science. It helps nanomaterials be used 
more widely in various fields. 
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1. Introduction 

In the world of modern science and technology, the possibility of nanomaterials is one of those 
areas that cannot be looked at with the kind of ease we might think. In our daily lives, various types 
of fields with different nanomaterials have made significant contributions to the people of this world. 
Like with the biomedical imaging area, nanomaterials can now allow us to “see” things about 
your body that we couldn’t before, to make it easier to find illnesses and give better diagnoses [1]. 
Photovoltaic cells play a significant role in the energy sector in increasing energy conversion 
efficiency through sustainable development. Moreover, nanomaterials have made new 
miniaturization possibilities and improved operational abilities possible for electronic components. 
More robust and smaller items can be made possible. 

However, among the many challenges in fully harnessing the enormous potential of nanomaterials, 
controlling the synthesis process of nanoparticles has become one of the most important and complex 
problems. Because of diverse types and application needs, it is essential to have precise control over 
the synthesis to achieve nanoparticles with specific features. This is mainly related to the so-called 
“size effect” [2], where the nanoscale's size significantly and critically impacts a material's physical 
and chemical properties. For example, in the electronics industry, particles must be very accurately 
controlled in size and shape to produce better electronic components. Even the smallest differences 
in these parameters can lead to major, far-reaching changes in these tiny parts' electrical, optical, and 
mechanical properties. As a result, they greatly influence the overall performance of the device. This 
paper will discuss how nanoparticles are created, manufactured, and grown. 

2. Controllable Synthesis Methods of Nanoparticles 

2.1 Chemical reduction methods 

The chemical reduction method is commonly used in the nanomaterial synthesis process. Specific 
reducing agents are required to reduce the metal ions to their corresponding metal nanoparticles. For 
example, take noble metal ions like gold ions (Au3+) and silver ions (Ag+). Here, we have a usual 
choice of reducing agent, sodium borohydride (NaBH4). Take gold nanoparticles (AuNPs) as an 
example, a specific chemical reaction is demonstrated by a chemical equation, which shows how the 
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metal ions change due to the presence of a reducing agent. This reaction is an essential part of making 
these nanoparticles [3]. 

HAuCl4  ൅  3NA3C6H5O7  →  Au0 ↓  ൅ 3Na2C6H5O7  ൅  HCl ൅ H2O 
Temperature is a huge component of the synthesis process. Higher temperatures can quicken the 

reduction. But at the same time, it also creates some problems. One of the main ones is that particles 
like to clump together when it’s hot. To support our statement, during the process of making AuNPs, 
the size distribution varied according to the reaction's different temperature settings. When the 
synthesis happens at 60°C, the formed AuNPs end up being smaller on average with their sizes 
tending towards being more limited than broader, usually around 10-15 nm As opposed to this, once 
the temperature has been raised to level 80 degree, the size distribution has become wider; particles 
are lying between 20 and 30nm, which is indicated by studies that have been done. 

The concentration of the reducing agent plays a vital role in the size and properties of the 
synthesized nanoparticles. The Concentration ratio of the reducing agent to the metal ions is also an 
element. For example, a high ratio of NaBH4 to Au3+ favors fast nucleation [4]. This rapid creation 
of nuclei makes for smaller nanoparticles.  

2.2 Sol-Gel Method 

The highly adjustable sol-gel method starts with the hydrolysis of metallic alcoholate. Hydrolysis 
produces a sol, which is a dispersed colloidal system akin to the aforementioned tetraethyl 
orthosilicate, TEOS, a metal alkoxide used here [5]. Then, it becomes a gel through the condensation 
reaction. 

TEOS ൅  2HଶO →  SiOଶ ൅ 4CଶHହOH 

The reaction environment’s pH value substantially impacts the morphology of the produced 
nanoparticles. In an acidic environment, with the pH in the 2 to 3 range, synthesis prefers spherical 
SiO₂ nanoparticles. It’s those round ones, around 20 - 100 nm in diameter. On the contrary, in the 
basic conditions with pH falling in the 9-10 range, anisotropic growth mode is favoured. Thus, it 
forms the rod. It shows that an easy change of PH can bring about many various changes to the shape 
and structure of the nanoparticles [6]. 

Adding surfactants is the second way to alter the properties of the NPs. PEG is an illustrative 
example. This sort of stabilization action prevents the nanoparticles from wanting to clump together. 
When PEG is placed in the reaction mixture, it will attach to the surface of the particles, stabilizing 
them. As a result, it is possible to synthesize monodisperse silica nanoparticles smaller than 10nm. 
So this is how the surfactant becomes a big deal in getting just the right nanoparticle stuff that can be 
spread out well and stay at certain sizes. 

2.3 Hydrothermal Method 

Hydrothermal in a closed autoclave set to certain temp and pressure. The temperature range is 
generally between 100 and 250°C; and the pressure range varies within 1 to 10MPa. It’s mainly 
used for preparing crystalline oxides, such as TiO₂ [7]. Take, for example, the synthesis of titanium 
dioxide nanotubes, which demonstrates its advantages. 

TiCl4  ൅  4NaOH ⟶  TiO2 ൉ nH2O ↓  ൅ 4NaCl 

When the reaction occurs at 180℃ for 12h, we can get TiO2 nanoparticles with a size range of 
20-30 nm. But if we extend the reaction time to 24 h, the hollow nanotubes would form under the 
same temperature conditions: Those nanotubes should be 500-1000 nm. This shows how an 
incremental increase in the Reaction time is enough to change the synthesized structure into a 
different one. 
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For example, when Hydrofluoric acid (HF) is used as a mineralizer during TiO₂  nanotubes 
synthesis. And will etch on the TiO2 so as for it to guide anysotropic growth of material. This etching 
effect is beneficial when attempting to shape the material into nanotubular structures, showing how 
mineralizers control the growth and structure of the end material [8]. 

2.4 Vapor Deposition Method 

The vapor deposition method is further divided into two broad categories: physical vapor 
deposition (PVD) and chemical vapor deposition (CVD). 

PVD always includes the thermal evaporation of metal targets under vacuum. For instance, when 
we thermally vapor-deposit gold targets with a vacuum of 10³ Pa, we deposit these metals onto 
silicon substrates to form gold nanoparticles. And it’s interesting that the particle size depends on 
the amount of flow you’re putting through a gas. When the gas flow rate (such as argon gas) is 
significant. The effect of enhanced collision cooling is prominent. This results in a smaller deposit 
size. 

CVD will make various chemical reactions with different structures to form the nanoparticles. For 
example, graphene-wrapped Fe3O4NPs can be made from decomposing ferrocene and methane at 
700°C—moreover, the thickness of the carbon layer that wraps around the Fe₃O₄ [9]. 

Nanoparticles can be controlled. The carbon layer thickness can be controlled in the range of 2-
5NM by adjusting the methane flow rate within the reaction. This shows the CVD method's versatility 
in determining the properties of synthesized nanoparticles [10]. 

FeሺC5H5ሻ2 ൅ CH4  ⟶ Fe3O4@C ൅ H2  

3. Classical Nucleation-Growth Mechanism 

The classic nucleation-growth process is the basic and well-known process for creating nanobodies. 
It can be divided into 2 different, though linked phases, which is important for discovering the 
nanoparticles' end qualities [11]. 

3.1 Nucleation 

3.1.1 Nucleation mechanism 

The creation process of the nanoparticles starts in the nucleation phase; this is an early and 
important part because this is where the essential basic pieces are created. This stage is a quick 
reduction reaction, for example, gold (Au) reacts with reducing agents that act on gold ions such as 
Au³⁺, leading to the formation of atomic cluster, these atomic clusters should be formed with a critical 
size, a few nanometers about 2 for gold, to become a nucleus and grow, the reason why there is this 
critical size is that the small clusters are unstable and may dissolve back to the solvent since they have 
much more energy because of their high energy. Additionally, these nuclei formation is affected by 
several other things such as the concentration of metal ions in solution, which can boost the cluster-
forming frequency if its high enough, the strength and amount of the reducing agent used to help with 
reduction more quickly so that the necessary nuclei could be formed sooner, along with the 
temperature of their surroundings affecting how fast everything progresses through chemical reaction 
dynamics, higher temps typically mean swifter nucleations occurring too before potentially running 
into trouble from some side reactions or clumping up later if not careful. 

3.1.2 Growth 

The next phase is growth. At this point, the solution's atoms start moving towards the existing 
nuclei. This is due to the difference in chemical potential between the solution and the nuclear surface. 
Atoms keep falling off the nuclei, so the size of the nanos gets bigger. But it has a non-uniform 
growing process, and it’s made even more difficult by the Ostwald ripening process. In Ostwald 
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ripening, small particles would be at an energy level slightly higher than that of the big ones. So, the 
finer ones will dissolve in the liquid, which will then redeposit in the larger ones. Thus, matter is 
redistributed among the individual NPs, leading to a pronounced influence on the sizes of the end 
NPs.  

3.1.3 Case study 

In synthesizing gold nanoparticles (AuNPs), it is beneficial to have a tool like UV-Vis 
Spectroscopy, which could give us information about AuNPs. It has been noticed that when the 
synthesis is ongoing and the AuNPs get bigger, the SPR peak starts to move. First, when NPs are 
roughly 10nm, the SPR peak happens at roughly 510nm. The SPR peak is a distinct element of the 
UV-Vis spectra for AuNPs, which is very sensitive to the particle size. However, while they are still 
growing up and reaching around 50nm, the SPR peak moves to about 550nm. This change in the SPR 
peak shows the bigger size due to continued growth of the particle, showing us how to use our 
experiments to watch over and learn about the simple forming-growing step in a making setting [12]. 

.  

3.2 Non-Classical Growth Mechanisms 

3.2.1 Oriented Attachment (OA) 

The oriented attachment mechanism is another fascinating way that nanoparticles grow and 
combine to form larger, more complex structures. In this process, crystalline nanoparticles with 
specific orientations are brought together, and their surfaces are aligned to fit each other. This 
alignment is not random; it is driven by the minimization of surface energy. When nanoparticles 
attach in an oriented manner, they fuse along particular crystallographic axes into larger, single-
crystalline objects. For example, in the case of zinc oxide (ZnO) nanorods, [13] high-precision 
transmission electron microscopy (TEM) studies have revealed detailed insights into this process. It 
has been observed that twinned ZnO nanoparticles can fuse along the [0001] axis. The main driving 
force for this oriented attachment is the reduction of the overall surface energy of the system. By 
doing so, these nanocrystals can merge and fuse into a much larger and more stable single-crystal 
structure, which exhibits unique physical and chemical properties different from the original particles. 
This mechanism is crucial for fabricating nanostructures with specific crystal orientations and shapes, 
enabling us to develop materials that perform better in applications like light and electricity, chemical 
manufacturing, and detecting special substances. 

3.2.2 Layer-by-Layer Growth 

Layer-by-layer growth is another non-classical method often seen in forming 2D materials. 
Molybdenum disulfide (MoS₂) is a prime example: its synthesis begins by sulfurizing MoO₃ 
nanosheets. This sulfurization involves the insertion of S²⁻ ions in sequence. The S²⁻ ions gradually 
integrate into the structure of the MoO₃ nanosheet and react with the molecules, forming new bonds. 
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This process produces a few-layer MoS₂ nanosheet. Step-by-step, the layer-by-layer growth 
mechanism allows precise control over the thickness of the 2D material. Careful adjustment of 
reaction conditions, such as the amount of sulfur source, time, and temperature, makes it possible to 
create MoS₂ nanosheets with a fixed number of layers. This is important because the properties of 2D 
materials like MoS₂—such as electrical conductivity, optical absorption, and catalytic activity—
depend heavily on their layer thickness. These properties can vary significantly depending on the 
number of layers, making layer-by-layer growth valuable for tailoring the properties of 2D 
nanomaterials used in electronics, energy storage, and pollutant breakdown using light. 

 

4. Prospects and Limitations 

Nanoparticle preparation technologies have made great advances in recent decades, and many 
fields have great potential for application. But we still have some urgent issues to resolve, namely, 
that it is difficult to achieve high cost and high production yield simultaneously. 

4.1 Prospect 

With the continuous development of science and technology, various nanoparticle preparation 
techniques are expected to remain highly significant, leading to new breakthroughs in many fields. 
In the medical sector, they can be engineered into drug carriers—either by encapsulating drugs within 
nanoscale particles or attaching them to the surface—to deliver medications more precisely where 
needed. This enhances drug effectiveness and reduces harm to healthy cells, potentially bringing 
revolutionary changes to the treatment of major illnesses like cancer. In the electronic information 
industry, nanoparticles enable the manufacturing of smaller, more powerful electronic components. 
For example, transistors made from nanomaterials can surpass the size limitations of traditional 
silicon-based transistors, resulting in faster, more efficient chips and smaller, more powerful 
electronic devices. Additionally, nanoparticles have numerous applications in the energy sector. For 
instance, nanocatalysts can significantly improve the efficiency of energy conversion devices such as 
fuel cells and solar cells, helping to address global energy shortages and environmental concerns. 

4.2 Case Studies 

The new MoO₃ nanomaterial with oxygen vacancy Mt-VR -MoO₃ developed by a team from 
Shanghai Jiao Tong University can use near-infrared light to trigger a mitochondria-specific 
photocatalytic reaction to cause cancer cell pyroptosis. In a mouse breast cancer model, it was found 
to have a tumor growth inhibition rate of 86.9%. After treatment, it can be expelled from the body 
through metabolism, and the biosafety is much better than that of traditional chemotherapy [18]. 
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4.3 Existing Limitations 

One significant problem with current nanoparticle creation technologies is the difficulty of 
achieving both low cost and high production yield simultaneously. Firstly, many preparation 
procedures involve expensive materials and complex equipment, such as specific reaction conditions, 
which increase production costs [16]. For example, producing high-quality nanomaterials using 
chemical vapor deposition (CVD) requires high temperatures, high vacuum, and a suitable precursor 
gas environment. These conditions not only demand extremely sophisticated equipment but also 
entail high operational and maintenance costs, significantly raising the overall cost of a single product. 

Secondly, if you aim for high-production yield, which means precisely controlling the size, 
structure, and makeup of nanoparticles, the yield usually decreases. The two are not always 
compatible. For example, synthesizing nanoparticles with specific size and morphology often requires 
strict control of reaction conditions. To meet high standards for quality, many factors like temperature, 
time, and reactant concentration must be maintained within very tight tolerances. This also limits the 
scale and rate of production, making it difficult to increase overall output. Additionally, in actual 
manufacturing, balancing cost and high-precision product quality is very challenging [17]. Because 
the usual methods to boost yield can affect product stability, and focusing too much on quality control 
can significantly raise costs. This presents a major obstacle for large-scale industrial production using 
nanoparticle synthesis technologies. Overcoming this challenge is essential for researchers and 
industries to move nanoparticle production from the lab to large-scale applications, unlocking its full 
potential across various fields and benefiting society. 

5. Conclusion 

  This review highlights the importance of controllable synthesis and growth techniques in 
nanoparticle research. Properly managing costs and efficiently expanding revenue are essential for 
advancing the nanomaterials industry from laboratory research to mass production, promoting 
sustainable industry development. Techniques such as chemical reduction, sol-gel, hydrothermal, and 
vapor deposition can be precisely controlled through parameters like temperature, pH, and surfactants 
to influence size and shape. Classical nucleation-growth and non-classical mechanisms (such as 
oriented attachment and layer-by-layer growth) provide different methods for creating nanorods, as 
shown by changing AuNP size and fusing ZnO nanorods with UV-Vis. However, challenges remain 
in balancing production volume with precision, limiting large-scale manufacturing. AI-driven 
optimization and green chemistry are expected to address some of these issues, enabling wider use of 
nanoparticles in biomedicine, electronics, and energy. 
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