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Abstract: Metal oxide nanoparticles (MONs) are particles with at least one dimension in the nanoscale
range (1–100 nm). Their unique properties, significantly different from their bulk counterparts, make
them promising materials for a wide range of applications in fields such as medicine, electronics,
catalysis, environmental remediation, and energy storage. The precise control of MONs’ properties,
including size, shape, composition, crystallinity, and surface chemistry, is significant for optimizing
their performance. This study aims to investigate the characteristics of synthesis methods of MONs.
Correlation between synthesis parameters and properties highlights that creating nanomaterials
with defined and controlled dimensions is a complex task that requires a deep understanding of
various factors. Also, this study presents a model with adaptive parameters for synthesis conditions
to acquire desired nanometric scale for particles size, which represents an essential task.

Keywords: metal oxide nanoparticles; methods of synthesis; functional applications; critical factors
of synthesis

1. Introduction

Nanotechnology has been acclaimed for its applications in various areas, including
food production, environmental protection, cosmetics, treatment of diseases, pharmaceutics,
electronics, automotive, etc. The classification of nanomaterials is performed by considering
their morphological structure, size, and other properties. In recent years, the focus on metal
oxide nanomaterials is evident due to their potential relevance. Metal oxide nanoparticles
(MONs) have gathered significant attention across various scientific and technological
domains due to their unique physicochemical properties.

These properties, including high surface-to-volume ratios, tunable electronic struc-
tures, and catalytic activity, make MONs promising materials for a wide range of applica-
tions. However, to fully exploit their potential, it is imperative to control their synthesis to
produce nanoparticles with desired properties [1–6]. This study aims to explore the impor-
tance of adapting MON synthesis methods to meet specific functional requirements. By
understanding the relationship between synthesis methods and nanoparticle characteristics,
researchers and engineers can optimize the production of these materials for specific needs.

Metal oxide nanoparticles exhibit distinct optical phenomena such as localized surface
plasmon resonance, which can be tuned by varying their size, shape, and composition. This
property finds applications in biosensing, imaging, and optical devices. The vast surface
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area of MONs provides more active sites for chemical reactions, accelerating catalytic
processes. Metal oxide nanoparticles can be tailored to exhibit high selectivity for specific
reactions, minimizing unwanted products. Also, they can exhibit enhanced electrical
conductivity compared to their bulk counterparts, making them valuable for electronic and
sensor applications. Certain metal oxide nanoparticles possess magnetic properties that
can be exploited in magnetic data storage, sensors, and biomedical applications.

Essentially, to identify research trends, a bibliometric study on MONs was carried
out. An overview of the impact and relevance of the study is presented below. Analysis of
the number of bibliographic references on the topic of metallic oxide nanoparticles in the
databases Web of Science and Scopus highlights a consistent upward trend in the number
of articles from 2014 to 2023, depicted in Figure 1.
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Only in 2019 is there a decrease in the number of publications in both databases,
Scopus and Web of Science, while in 2023, the number of articles published and indexed in
the Web of Science decreases. Furthermore, the amount of research is increasing from year
to year, leading to a better understanding of the factors influencing innovation in this field
and identifying potential future directions.

In increased dynamics, the use of new types of adaptive models on the synthesis of
metal oxide nanoparticles represents a new field, thanks to the integration of automatic anal-
ysis techniques in the synthesis processes. These innovative approaches allow precise and
adaptive optimization of reaction parameters in real time, which is not possible with con-
ventional methods. In addition, adaptive models offer superior control over nanoparticle
properties, such as size or morphology, opening new opportunities in scientific research.

At the same time, the adaptive models used in the synthesis of metallic oxide nanopar-
ticles allow the adjustment of reaction parameters such as temperature, pH, and precur-
sor concentration.

The paper is structured as follows: in Section 2, the SWOT analysis of MONs synthesis
methods is presented, followed, in Section 3, by the correlation between synthesis parame-
ters and MON properties and continued, in Section 4, by exploitation of MONs. Section 5
is dedicated to the use of adaptive modeling in the synthesis of MONs.

2. SWOT Analysis of Metal Oxide Nanoparticle Synthesis

There are a few methods to fabricate nanostructures, which are divided into two main
classes, bottom-up and top-down methods. The choice of synthesis method also plays a
decisive role in determining MONs’ properties [6,7]. Top-down approach methods involve
breaking down larger materials into metal oxide nanoparticles [7]. Some common top-down
approaches are presented in what follows.

Mechanical milling (MM) concerns grinding a metal oxide bulk material into nanomet-
ric particles using high-energy collisions, considering the material properties, particularly
when a dry product is desired. The reason for this is that drying usually causes a diminu-
tion in fine particles when the interface between particles is high. In recent times, additives
have been used to prevent particle agglomeration during mechanical milling. Alcohols,
amines, esters, carboxylic acids, ketones, electrolytes, surfactants, and neutral or changed
polymers are used during the grinding of metal oxide bulk materials [8].

Laser ablation (LA) involves vaporizing a metal oxide target using a high-power laser,
creating nanoparticles from the resulting plasma [9].

Sputtering (Sp) involves bombarding a target material with high-energy ions to dis-
charge atoms, which deposit on a substrate to form a thin film [10,11].

Nanolithography (NL) involves constructing nanoscale patterns on a substrate using
electron beam lithography or photolithography [12,13].

Arc discharge (AD) involves generating an electric arc between two electrodes, re-
sulting in the vaporization of the electrode material and the formation of metal oxide
nanoparticles [1,11,14,15].

A comparison of the presented methods is shown in Table 1.

Table 1. Comparison of top-down methods.

Method Advantages Disadvantages

Mechanical milling Simple, scalable, and can produce a wide range
of materials

Simple, scalable, and can produce a wide
range of materials

Laser ablation High purity nanoparticles, precise control over
particle size and shape High equipment cost, low production yield

Sputtering Versatile, can produce various materials, and
good control over particle size

High vacuum requirements, expensive
equipment, low deposition rates

Nanolithography Precise control over particle size and shape,
high resolution

Expensive, complex process, limited to
planar structures
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Top-down synthesis methods offer a promising approach for producing metal oxide
nanoparticles. However, careful consideration of the strengths, weaknesses, opportunities,
and threats associated with these methods is essential for selecting the most appropriate
approach for a given application, as presented in Figure 3.
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Bottom-up approaches involve building nanoparticles from atoms or molecules.
Chemical reduction (CR) involves the reduction of a metal precursor to its metallic

form, followed by oxidation to form the desired metal oxide. While it is primarily used for
metal nanoparticle synthesis, it can be adapted for metal oxides, especially when coupled
with other techniques or post-treatment processes [10,14].

Precipitation (Pre) and co-precipitation (Co-Pre) are widely used methods for synthe-
sizing metal oxide nanoparticles due to their simplicity, low cost, and scalability [2,16]. The
methods concern the simultaneous precipitation of metal ions from their aqueous solutions
by adding a precipitating agent.

The process consists of five stages:

1. Preparation of precursor solutions: Soluble metal salts (e.g., nitrates, chlorides) of the
desired metal ions are dissolved in water to form precursor solutions.

2. Precipitation: A precipitating agent (e.g., alkali hydroxide, ammonia) is added drop-
wise to the precursor solution, causing the formation of a metal hydroxide precipitate.

3. Aging: The precipitate is aged at a specific temperature for a certain time to allow
particle growth and crystallization.

4. Washing and drying: The precipitate is washed with water or ethanol to remove
impurities and then dried to obtain the metal oxide nanoparticles.

5. Calcination: In many cases, the dried precipitate is calcined at high temperatures to
convert the hydroxide into the desired metal oxide.

The conventional sol gel (SG) method is a chemical method in which metal alkoxide sol
undergoes hydrolysis followed by condensation to a rigid gelatinous mass. Heat treatment
of the obtained gels results in the formation of metal oxide nanoparticles. SG involves two
main stages [17]:

1. Sol formation: Metal alkoxides or inorganic salts are dissolved in a suitable solvent
(often alcohol) to form a sol, which is a stable colloidal suspension of nanoparticles.

2. Gelation: The sol undergoes a process called gelation, where the particles aggregate
to form a three-dimensional complex, resulting in a gel. This can be induced by
hydrolysis and condensation reactions.
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After gelation, the gel is dried to remove the liquid phase, leading to the formation of
a xerogel. In most cases, the xerogel is calcined at high temperatures to remove organic
components and convert the metal hydroxide or oxyhydroxide into the desired metal oxide.

Hydrothermal (Hy) and solvothermal (SolHy) methods are powerful techniques for
synthesizing metal oxide nanoparticles with precise control over size, shape, and crys-
tallinity [18]. These methods involve carrying out chemical reactions in a closed system
under high temperature and pressure conditions. Hydrothermal uses water as the solvent,
while solvothermal employs organic solvents instead of water [19]. The method can be
combined with microwave heating for faster reaction rates.

Micelle/microemulsion is a technique used to create nanoparticles or nanostructures
by forming a stable dispersion of two immiscible liquids (typically oil and water) using sur-
factants. Such dynamic colloidal templates are known to produce particles that are smaller
than those obtained by regular precipitation in aqueous systems. In fact, water-in-oil mi-
croemulsions have successfully been used to produce a variety of nanoparticle shapes and
sizes [20,21]. Micelles are aggregates of surfactant molecules formed in aqueous solutions
above a certain concentration (critical micelle concentration). They have a hydrophilic outer
layer and a hydrophobic core. Microemulsions are thermodynamically stable dispersions of
two immiscible liquids (e.g., oil and water) stabilized by surfactants. They are transparent
and isotropic. Metal precursors (salts or organometallics) are introduced into the aqueous
phase of the microemulsion. Metal ions are confined within the water droplets of the
microemulsion, where they undergo hydrolysis and condensation to form metal oxide
nanoparticles. The size of the nanoparticles is controlled by the size of the water droplets
in the microemulsion. The nanoparticles are separated from the microemulsion phase
and purified.

Template-based synthesis is an emergent technique for producing metal oxide nanopar-
ticles with precise control over shape, size, and orientation. It involves using a pre-existing
structure (template) to guide the formation of the desired material [22,23]. Nanoparticles
are grown directly on or within the template.

Hard templates are rigid structures with defined pores or channels, such as: nanoporous
alumina, zeolites, or colloidal crystals [23]. Also, solid structures such as microspheres,
nanowires, and thin films can be used as templates to shape nanoparticles.

Soft templates are flexible structures, often polymers or surfactants, that can be re-
moved after nanoparticle formation: micelles, block copolymers, or surfactant assemblies.

The synthesis process is based on four steps:

1. The chosen template is prepared with the desired structure and pore size.
2. Metal precursors are introduced into the template’s pores or channels.
3. The metal precursors react and nucleate within the confined space of the template,

forming nanoparticles.
4. The template is removed, leaving behind the metal oxide nanoparticles with the

desired shape.

Biological synthesis is a rapidly growing field due to its eco-friendly and sustainable
approach. This method utilizes biological entities such as bacteria, fungi, plants, and
algae to produce nanoparticles with specific properties [24–26]. Under specific condi-
tions, the reduced metal species can undergo oxidation to form metal oxide nanoparticles.
Biomolecules such as proteins, enzymes, or polysaccharides can act as capping agents,
stabilizing the nanoparticles and preventing agglomeration [24,27–29]. The photocatalytic
efficiency of ZnO nanoparticles from different sources (green synthesis vs. co-precipitation)
varies significantly; one method is more environmentally friendly but potentially less
efficient [30]. A brief comparison of these methods is presented in Table 2.

To summarize, bottom-up methods have the potential to enable the development
of new and exciting applications for metal oxide nanoparticles, particularly in fields like
electronics, medicine, and energy, but the economic viability strongly affect the scalability.
A SWOT analysis of these approaches is presented in Figure 4.
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Table 2. Comparison of bottom-up methods.

Method Advantages Disadvantages

Chemical reduction Simple, inexpensive, and versatile Difficult to control particle size and shape,
often involves toxic chemicals

Precipitation and co-precipitation Simple, inexpensive, and suitable for
large-scale production

Difficult to control particle size and shape,
often leads to agglomeration

Sol–gel
Versatile, good control over particle size

and shape, and suitable for
various materials

Time-consuming, requires careful processing,
and can be sensitive to impurities

Hydrothermal
High-purity products, good control over
particle size and shape, and suitable for

various materials
High-pressure and temperature conditions

Micelle/microemulsion Control over particle size and shape,
prevents agglomeration

Complex process, requires surfactants, and
often low yield, maintaining the stability of

the microemulsion, complete removal
of surfactant

Template-based Precise control over particle size and
shape, ordered structures Template removal, expensive

Biologic
Environmentally friendly, low cost,

biocompatible and potential for
large-scale production of particles

Potential contamination by
biological impurities

Crystals 2024, 14, x FOR PEER REVIEW 6 of 16 
 

 

the nanoparticles and preventing agglomeration [24,27–29]. The photocatalytic efficiency 
of ZnO nanoparticles from different sources (green synthesis vs. co-precipitation) varies 
significantly; one method is more environmentally friendly but potentially less efficient 
[30]. A brief comparison of these methods is presented in Table 2. 

Table 2. Comparison of bottom-up methods. 

Method Advantages Disadvantages 

Chemical reduction Simple, inexpensive, and versatile Difficult to control particle size and 
shape, often involves toxic chemicals 

Precipitation and co-precipitation 
Simple, inexpensive, and suitable for 

large-scale production 
Difficult to control particle size and 
shape, often leads to agglomeration 

Sol–gel 
Versatile, good control over particle 

size and shape, and suitable for various 
materials 

Time-consuming, requires careful pro-
cessing, and can be sensitive to impuri-

ties 

Hydrothermal 
High-purity products, good control 

over particle size and shape, and suita-
ble for various materials 

High-pressure and temperature condi-
tions 

Micelle/microemulsion Control over particle size and shape, 
prevents agglomeration 

Complex process, requires surfactants, 
and often low yield, maintaining the 

stability of the microemulsion, complete 
removal of surfactant 

Template-based Precise control over particle size and 
shape, ordered structures Template removal, expensive 

Biologic 
Environmentally friendly, low cost, bi-

ocompatible and potential for large-
scale production of particles 

Potential contamination by biological 
impurities 

To summarize, bottom-up methods have the potential to enable the development of 
new and exciting applications for metal oxide nanoparticles, particularly in fields like elec-
tronics, medicine, and energy, but the economic viability strongly affect the scalability. A 
SWOT analysis of these approaches is presented in Figure 4. 

 
Figure 4. SWOT analysis of bottom-up synthesis approaches of metal oxide nanoparticles [2,10–14,16–
19,21–24,27–30].

3. Correlation between Synthesis and Properties of Metal-Oxide Nanoparticles

The synthesis of metal oxide nanoparticles involves a complex relationship of various
factors that influence their properties, including size, shape, morphology, and crystallinity.
The type of metal oxide nanoparticle is crucial in determining its properties and applica-
tions. Different metal oxides exhibit unique characteristics that make them suitable for
specific purposes. MONs such as TiO2, Fe3O4, Fe2O3, Al2O3, CrO3, CuO, NiO, Ag2O,
Sb2O3, and ZnO have been investigated in a variety of applications, including adsorption,
photocatalytic activities, wastewater treatment, antifungal and antibacterial activities, cell
viability, DNA damage, and oxidative stress. The specific metal and oxygen ratio in the
nanoparticle determines its electronic structure, bandgap, and reactivity. For example, TiO2
is known for its photocatalytic properties, while ZnO is commonly used for its antimicrobial
and UV-blocking abilities [31,32]. Also, CuO nanoparticles elaborated by sol-gel, with a size
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of particles between 36 and 52 nm, exhibit photocatalytic properties associated with optical
ability [33]. Controlling particle size, morphology, and surface chemistry can optimize
catalytic performance.

The choice of metal precursor significantly impacts the final composition of the MONs.
The oxidation state of the metal ion determines the type of metal oxide formed. Doping
is achieved by the introduction of foreign ions to modify the electronic properties and
structure of the MONs. Liu et al. reported that the average crystal size of the Sb-doped
SnO2 nanoparticles decreased from 16 to 7 nm by increasing the Sb doping concentration
by chemical coprecipitation [34,35]. Also, Popov et al. demonstrated that the unit cell
expansion of Sn-doped hematite nanoparticles is due to the replacement of Fe3+ by Sn4+,
causing an increase in thickness of the particles. Impurities introduce energy levels within
the bandgap, affecting the optical absorption and emission properties of ZnO36. Impurities
act as donors or acceptors, modifying the electrical conductivity and carrier concentration
of ZnO. Common donor impurities include elements from group III of the periodic table,
such as Al, Ga, and In. When these elements replace Zn atoms in the lattice, they contribute
an extra electron to the conduction band, increasing the electron concentration and, hence,
the conductivity. Acceptor impurities are elements from group I, such as Cu and Ag, or
Group V, like N. When these elements substitute for Zn or O atoms, they accept electrons
from the valence band, leaving behind holes. This increases the hole concentration and can
lead to p-type conductivity [36]. Another modification of catalytic activity consists in the
degradation of tartrazine yellow azo dye by Cu-modified ZnO nanocomposite materials
obtained by the hydrothermal method [18].

The size and shape of nanoparticles significantly impact their surface area, reactivity,
and optical properties. Smaller particles often exhibit higher surface area, leading to
increased catalytic activity or adsorption capacity. The balance between nucleation and
growth kinetics determines particle size. Higher temperatures often lead to larger particles
due to increased atomic mobility. Higher concentrations can result in faster nucleation and
smaller particles. Different phases of a metal oxide can form at varying temperatures. A
gradient can facilitate the formation of multiple phases within a single sample. Temperature
gradients can influence particle shape, leading to anisotropic structures such as TiO2.
Previous studies have shown that increasing the thermal annealing temperature increases
the particle size and change the amorphous TiO2 to anatase and rutile at 450 ◦C and 900 ◦C,
respectively [32].

Some metal oxides, especially when doped with metallic nanoparticles (e.g., Ag or
Au), exhibit surface plasmon resonance (SPR), where free electrons in the metal resonate
with light at specific wavelengths. This interaction leads to vivid color changes, which are
dependent on the size, shape, and composition of the nanoparticles. For example, doping
ZnO with Co (0.01%, 0.02%, 0.03% and 0.04%) can make the material appear green due to
changes in its absorption spectrum [37]. Li et al. prepared nano-iron red oxide pigment via
an ammonia process, with urea as the precipitant, started from cyanided tailings [38].

Different crystal structures (e.g., anatase, rutile for TiO2) influence properties like
bandgap, reactivity, and stability. Surfactants and capping agents can control particle
growth and shape by adsorbing onto specific crystal facets, affecting the crystal’s reactivity
and stability. Higher temperatures promote crystal growth and improve crystallinity. Slow
cooling allows for better crystal formation.

The solution pH influences the surface charge of the MONs. Precise pH regulation can
influence the solubility of precursors, nucleation rates, and particle growth mechanisms [39].
At different pH levels, the solubility of metal ions changes, affecting nucleation and growth
processes. A lower pH typically promotes the formation of smaller particles due to faster
nucleation, while a higher pH can lead to larger, more stable particles through controlled
growth [40]. Additionally, pH impacts the surface charge and zeta potential of nanoparticles,
influencing their dispersion and aggregation in solution [16,41,42]. Also, elevated pressures
can enhance reaction kinetics, promote phase transformations, and influence particle
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morphology. Kumar S. demonstrated the capacity of ZnO to capture CO2 due to particle
size and pore volume [43].

Surfactant gel [44] or microwave [45] assisted synthesis can be attractive alternatives
to the conventional sol gel method for the preparation of metal oxide nanoparticles.

Metal oxide nanoparticles synthesized using the surfactant gel method can be use-
ful for a variety of applications [44]. For example, nanostructured ZnO [30], TiO2 [31],
CeO2 [46], MgO [47], CuO [33], and ZrO2 [48] can be utilized as photocatalysts, for opto-
electronic applications, or as adsorbents for the removal of waterborne pollutants.

Microwave radiation can induce non-thermal effects, such as the generation of reactive
species, which can influence nanoparticle properties. Microwaves offer rapid and uniform
heating, leading to accelerated reaction rates and improved product quality. Microwave
energy can be selectively absorbed by specific components in the reaction mixture, enabling
precise control over nanoparticle formation [45].

Ultrasonic waves generate cavitation bubbles, which collapse violently, creating local-
ized high temperatures and pressures [49,50]. Cavitation improves mass transfer, leading
to increased reaction rates and homogeneous nucleation. Ultrasonic waves can fragment
larger particles, resulting in smaller and more uniform nanoparticles [49].

4. Functionalization of Metal Oxide Nanoparticles for Emerging Applications

Metal oxide nanoparticles (MONs) are particularly attractive for functionalization
due to their unique properties such as high surface area, tunable electronic properties,
and diverse chemical reactivity. Functionalization mechanisms can be performed through
physical adsorption, chemical process, or layer-by-layer assembly.

In the physical adsorption process, the Van der Waals forces are responsible for
molecule adsorption on the nanoparticle surface, but at the same time, hydrogen bonding
can occur. Covalent, ionic, or coordination bonding are the bases of the formation of
chemical bonds between the surface of the nanoparticles and the functional groups in
chemical processes.

The surface chemistry of nanoparticles, including functional groups and charge, affects
their interactions with other materials and biological systems. Metal oxide nanoparticles
like TiO2 and ZnO have surface hydroxyl groups that can generate reactive oxygen species
(ROS), such as hydroxyl radicals (OH), under UV or visible light irradiation. These ROS
are highly reactive and can degrade organic pollutants in water [19,46]. The presence of
functional groups that stabilize ROS on the surface of nanoparticles enhances their catalytic
activity [49–51]. Furthermore, the surface charge of the nanoparticles affects their interac-
tion with pollutants; for example, negatively charged surfaces are more likely to attract and
degrade positively charged pollutants. In some cases, the adsorbed pollutant can undergo
degradation on the nanoparticle’s surface. This can be due to catalytic activity or other
chemical reactions facilitated by the nanoparticle. MONs, such as zinc oxide nanoparticles,
can effectively remove pollutants like heavy metals and organic contaminants from water
through adsorption and catalytic processes [52].

Metal oxide nanoparticles are excellent candidates for gas sensors due to their high
surface area, which enhances interaction with gas molecules. Their electronic properties are
also sensitive to changes in the surrounding environment, making them suitable for detect-
ing a variety of gases. ZnO-based gas sensors are used in various applications, including
alcohol breathalyzers, environmental monitoring, and industrial process control [53]. SnO2
nanostructured sensors are used in applications such as indoor air quality monitoring,
automotive exhaust gas sensing, and personal safety devices [54]. WO3-based sensors
are used in industrial process control, environmental monitoring, and personal safety
devices [54].

MONs, particularly those of transition metals like zinc oxide (ZnO) and titanium diox-
ide (TiO2), are being explored as electrode materials for rechargeable batteries, enhancing
energy density and charging efficiency [55]. Also, they can be used as efficient charge



Crystals 2024, 14, 899 9 of 15

carriers in solar cells, increasing light absorption and improving overall energy conversion
efficiency [56].

The surface charge of metal oxide nanoparticles determines their interaction with cell
membranes. For instance, cell membranes are typically negatively charged due to the pres-
ence of phospholipids. Nanoparticles with a positive surface charge (e.g., functionalized
with amino groups -NH2) can strongly interact with the cell membrane, promoting cellular
uptake. These interactions can lead to increased cytotoxicity due to membrane disruption,
production of ROS, or initiation of cellular stress responses [57]. ZnO NPs are known for
their antibacterial properties, but they can also induce cytotoxicity in mammalian cells [58].
Also, currently, the use of TiO2 for sunscreens and pigments is becoming a concern [59].
On the other hand, nanoparticles with a negative surface charge may experience repulsion
from the cell membrane, leading to lower cellular uptake and reduced cytotoxicity [57,60].

Metal oxide nanoparticles can be functionalized with specific ligands (e.g., antibodies,
peptides) to target cells or tissues. These ligands are typically attached via covalent bonds
to surface functional groups (e.g., carboxyl (−COOH) or amine (−NH2) groups). So, the
functional groups on the nanoparticle surface can determine the stability of the drug-
nanoparticle conjugate in biological environments and the efficiency of drug release at the
target site. For example, pH-sensitive linkages can be used for drug release in acidic tumor
microenvironments [61].

Metal oxide nanoparticles can interact with enzymes through their surface functional
groups, either promoting or inhibiting enzymatic activity [62]. For example, ZnO nanopar-
ticles may inhibit enzymes by binding them to active sites via their surface hydroxyl
groups or metal ions. This can lead to oxidative stress, DNA damage, or apoptosis in cells.
Nanoparticles with specific functional groups may also interact with DNA, potentially
causing genotoxic effects if they disrupt DNA replication or transcription processes.

MONs can be integrated into biosensors for early detection of diseases and monitor-
ing of biological parameters [63]. Fluorescent MONs can be used as contrast agents in
medical imaging techniques like MRI and fluorescence microscopy to visualize biological
processes [64].

5. Adaptive Modeling of Synthesis Conditions for Particle Size Control

Creating nanomaterials with precise and controlled dimensions is a complex task that
requires a deep understanding of various factors. Currently the Design of Experiment (DOE)
is used to model the effect of synthesis conditions on nanoparticle properties. DOE matrix
is a quantitative or qualitative combination of factor levels. This consists of designing an
experiment to vary synthesis conditions (e.g., temperature, concentration, pH) and measure
the resulting nanoparticle properties. Quantitative factors include time, temperature,
stirring speed, homogenization pressure, etc. Qualitative factors take on a discrete number
of values and include operation mode, supplier, type of surfactant, etc. The response can be
nanoparticle size, nanoparticle shape or nanoparticle distribution, as presented in Figure 5.

Crystals 2024, 14, x FOR PEER REVIEW 10 of 16 
 

 

temperature, stirring speed, homogenization pressure, etc. Qualitative factors take on a 
discrete number of values and include operation mode, supplier, type of surfactant, etc. 
The response can be nanoparticle size, nanoparticle shape or nanoparticle distribution, as 
presented in Figure 5. 

 

Figure 5. DOE chart. 

Using Regression Analysis is important to model the relationship between synthesis 
conditions and nanoparticle properties [65]. Also, Response Surface Methodology (RSM) 
is useful if multiple factors are involved. RSM can be used to optimize nanoparticle 
properties by finding the optimal combination of synthesis conditions. 

For example, in an investigation of how reactant concentration and microwave 
power can affect the size of MgO nanoparticles, a 22 factorial design can be used with four 
experiments, taking into account the experiments conducted by Modan et al. [16]. The 
various input sizes were concentration (CC), in mol/l, microwave power (MP), in W, and 
the output size is the average crystallite size determined by XRD, in nm. As a 
model/equation of dependence of output quantities as a function of input quantities, for 
each material researched, the linear model was adopted, a model widely used in process 
modeling. Considering that the input variables are independent, the particle size 
equations are of the form: 

D = Cx + ax⋅A + bx⋅B + cx⋅C + dx⋅A⋅B + ex⋅A⋅C + gx⋅B⋅C  (1)

where C, a, b, c, d, e, g are constants to be determined based on experimental data. 
The processing of the obtained data will be carried out using the ANOVA method 

also known as dispersion analysis or analysis of variance. 
The analysis was performed using the Minitab 16 program. The Taguchi method 

allows for the calculation of the S/N ratio, the choice of the performance characteristic 
between “smaller is better”, “large is better”, or “normal is better”. The signal-to-noise 
ratio (S/N ratio) is the ratio of the desired value to the undesirable value as output 
characteristics. 

 ௌே ൌ െ10 𝑙𝑜𝑔 ቀଵ ∑ 𝑦ଶୀଵ ቁ [db]. (2)

The values of the process parameters in their natural values corresponding to the two 
levels (+1, −1) are presented in Table 3. 

Table 3. Values of the parameters of the process of elaboration of MgO nanoparticles. 

Experiment Level Values 
CC MP 

1. 1 −1 
2. 1 1 
3. −1 −1 

Figure 5. DOE chart.



Crystals 2024, 14, 899 10 of 15

Using Regression Analysis is important to model the relationship between synthesis
conditions and nanoparticle properties [65]. Also, Response Surface Methodology (RSM) is
useful if multiple factors are involved. RSM can be used to optimize nanoparticle properties
by finding the optimal combination of synthesis conditions.

For example, in an investigation of how reactant concentration and microwave power
can affect the size of MgO nanoparticles, a 22 factorial design can be used with four
experiments, taking into account the experiments conducted by Modan et al. [16]. The
various input sizes were concentration (CC), in mol/l, microwave power (MP), in W, and the
output size is the average crystallite size determined by XRD, in nm. As a model/equation
of dependence of output quantities as a function of input quantities, for each material
researched, the linear model was adopted, a model widely used in process modeling.
Considering that the input variables are independent, the particle size equations are of
the form:

D = Cx + ax·A + bx·B + cx·C + dx·A·B + ex·A·C + gx·B·C (1)

where C, a, b, c, d, e, g are constants to be determined based on experimental data.
The processing of the obtained data will be carried out using the ANOVA method also

known as dispersion analysis or analysis of variance.
The analysis was performed using the Minitab 16 program. The Taguchi method

allows for the calculation of the S/N ratio, the choice of the performance characteristic
between “smaller is better”, “large is better”, or “normal is better”. The signal-to-noise ratio
(S/N ratio) is the ratio of the desired value to the undesirable value as output characteristics.

S
N

= −10log

(
1
n

n

∑
i=1

y2
i

)
[db]. (2)

The values of the process parameters in their natural values corresponding to the two
levels (+1, −1) are presented in Table 3.

Table 3. Values of the parameters of the process of elaboration of MgO nanoparticles.

Experiment Level Values
CC MP

1. 1 −1
2. 1 1
3. −1 −1
4. −1 1

An experimental research plan for determining the particle size in natural and normed
variables, respectively, is presented inTable 4.

Table 4. Experimental parameters of the process of elaboration of MgO nanoparticles.

Experiment Coded Values Experimental Values
CC (M) MP (W) DC (nm)

1. 1 850 7.33
2. 1 1000 6.35
3. 0.5 850 7.18
4. 0.5 1000 6.83

CC—concentration; MP—microwave power; DC—dimension of crystallite.

To determine the influence of solution concentration, experiments 1 and 3 or experi-
ments 2 and 4 can be compared. The decrease in concentration (from 1 M to 0.5 M) does not
significantly affect the crystallite size under the same microwave power. Comparing exper-
iments 1 and 2, an increase in microwave power from 850 W to 1000 W (for concentration
1M), leads to a decrease in crystallite size of 13.37%, from 7.33 to 6.35 nm.
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Comparing experiments 3 and 4, an increase in microwave power from 850 W to
1000 W (for concentration 0.5 M) leads to a decrease in crystallite size of 4.88%, from 7.18 to
6.83 nm.

To gain a comprehensive understanding of how concentration and microwave power
influence the crystallite dimension, the ANOVA method was used. The analysis was
performed in the Minitab 16 program, as presented in Table 5.

Table 5. Coded coefficients.

Experiment Coded Coefficients
Effect Coef

1. Constant 6.922
2. −0.165 −0.0825
3. −0.315 −0.1575
4. 0.5 1000

To find the statistical significance of the process variables and their interactions on the
particle size, the ANOVA analysis was performed. The crystallite size model based on the
linear regression of ANOVA analysis is:

DC = 6.922 − 0.08250 CC − 0.3325 MP − 0.1575 CC × MP (nm) (3)

Pareto can be used to graphic representation of the relative importance of parameters
in the synthesis process. The Pareto chart of the effects is generated in Figure 6.
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So, in conclusion, using statistical analysis, we can assume that the size of MgO
nanoparticles is influenced by both reactant concentration (CC) and microwave power
(MP). The interaction term in the model suggests that the relationship between particle size
and CC or MP is not strictly linear.

6. Conclusions

Metal oxide nanoparticles have emerged as a class of materials with immense potential
across various fields. The analysis of the number of publications presenting the results of
research in the field of metallic oxide nanoparticles shows an increase in the last 10 years.

The synthesis of MONs is a crucial step in determining their final properties and
performance. By carefully controlling the synthesis process, researchers can tailor the size,
shape, morphology, and composition of MONs to optimize their suitability for specific
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purposes. The development of efficient and versatile synthesis strategies is essential for
realizing their full potential.

This study has provided an overview of the most common synthesis techniques of
MONs and challenges in the field. The top-down and bottom-up syntheses present both
advantages and disadvantages, according to the SWOT analysis carried out. Also, the
study highlights the correlation between synthesis parameters and MON properties. It is
concluded that the functionalization of this class of nanoparticles proves to be a tool for
specific properties.

In this paper, it is demonstrated that, by using adaptive models, the control over
the size of the nanoparticles is improved, obtaining uniform products with improved
functional properties. By combining DOE and ANOVA, a comprehensive understanding
of how synthesis parameters influence the response variable and identify the optimal
conditions for achieving desired properties can be aquired. Using these methods, the
consumption of energy and raw materials can be significantly reduced, facilitating more
sustainable and efficient processes.

The influence of other factors, such as temperature, stirring rate, or microwave fre-
quency, might also be investigated. The integration of experimental and theoretical ap-
proaches will continue to drive advancements in this field, enabling the development of
novel materials with tailored functionalities for a wide range of applications.

Author Contributions: Conceptualization, A.-G.S. and M.O.; Methodology, D.M.I.; Software, D.M.I.;
Validation, M.O.; Formal analysis, M.O.; Investigation, A.-G.S.; Resources, A.-M.I.; Data curation,
A.-G.S.; Writing—original draft preparation, A.-G.S.; Writing—review and editing, L.M.C. and M.O.;
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the manuscript.
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