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Nanomaterials & Specific Materials

Credits: 4
Coefficient: 2

Objectives of the Course:

The objective is to understand nanomaterials through the diversity of their preparation methods,
the study of the confinement effect on physicochemical properties, and their current and future
applications. It includes an introduction to the main techniques of preparation and

characterization.

Prerequisite Knowledge:
A basic understanding of materials science and chemistry is recommended.

Course Content:

. Introduction to soft chemistry methods for material preparation

. Preparation of oxide materials: sol-gel process

. Precursors of materials in aqueous and organic media

. Colloidal systems

. Suspension of mineral oxides: micellar media

. Sol-gel transition

. Concepts of organic-inorganic materials: ORMOSILS/ORMOCERS

. Preparation of non-oxide materials
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- Preceramic polymers

- MOCVD (Metal Organic Chemical Vapor Deposition)
- Precursors and properties
- Implementation
- Applications and examples

9. Nanomaterials

- Definitions, concepts, and characteristics

- Structures and stabilities

- Properties and behavioral evolution

- Applications, perspectives of nanotechnologies

10. Preparation of nanostructures
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- Physical approaches: from mechanosynthesis to ultra-vacuum sputtering

- Chemical synthesis methods: controlling nucleation and growth

- Colloidal approaches and soft chemistry: metallic, oxide, and semiconductor
nanoparticles

11. Characterization methods: SEM, TEM, etc.

Continuous assessment + Final exam
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22.5-Hour Course Schedule for Nanomaterials and Specific Materials Matter

This schedule outlines the 22.5-hour course for the Nanomaterials and Specific Materials matter.

Time distribution has been adjusted based on the difficulty and importance of each topic,

ensuring balanced coverage of essential concepts.

Topic

Allocated Time (Hours)

Description / Key Points

Introduction to soft
chemistry methods for
material preparation

Overview of soft chemistry
principles and applications.

Preparation of oxide
materials: sol-gel process

Detailed study of the sol-
gel process, including its
mechanisms and
applications.

Precursors of materials in
aqueous and organic media

Discussion of precursor
types and their role in
material formation.

Colloidal systems and
suspension of mineral
oxides: micellar media

Focus on colloidal systems,
stability, and micellar
media.

Sol-gel transition

Understanding the sol-gel
transition process and its
significance.

Concepts of organic-
inorganic materials:
ORMOSILS/ORMOCERS

Introduction to hybrid
materials and their
applications.

Preparation of non-oxide
materials: Preceramic
polymers and MOCVD

Study of preceramic
polymers and Metal
Organic Chemical VVapor
Deposition (MOCVD).

Nanomaterials:
Definitions, characteristics,
and applications

Exploration of
nanomaterials, their
properties, and applications
in technology.

Characterization methods:
SEM, TEM, and other
techniques

Introduction to material
characterization using
SEM, TEM, and related
methods.
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Preface

Nanotechnology is a rapidly growing field that holds the potential to revolutionize industries
and shape the future of scientific advancement. From medicine and electronics to environmental
sustainability and energy, nanotechnology is pushing the boundaries of what is possible. It
allows us to manipulate materials at the molecular and atomic levels, resulting in extraordinary
improvements in performance, efficiency, and capabilities that were previously unattainable.
The study of nanomaterials is particularly exciting because of their unique properties, which
are not present in bulk materials. By harnessing the power of nanotechnology, we open the door
to innovations that can address some of the world's most pressing challenges.

The course titled **Nanomaterials and Specific Materials™ is designed to align with the latest
professional Master's program in Analytical Chemistry, as validated and approved by the
Ministry of Higher Education and Scientific Research. The primary goal of this course is to
provide an in-depth understanding of the preparation, characterization, and application of
nanomaterials, focusing on both oxide and non-oxide materials, as well as specific hybrid
materials. The course emphasizes the effect of size confinement on the physicochemical

properties of nanomaterials and explores various advanced characterization techniques.

The curriculum includes essential topics such as soft chemistry methods, the sol-gel process,
and colloidal systems, as well as modern synthesis techniques like MOCVD and
mechanosynthesis. Special attention is given to organic-inorganic hybrid materials
(ORMOSILS/ORMOCERS) and the emerging field of nanotechnology. Characterization
methods such as Scanning Electron Microscopy (SEM), Transmission Electron
Microscopy (TEM), and Energy Dispersive X-ray Spectroscopy (EDX) are also thoroughly

covered, providing students with practical skills in material analysis.

This course is tailored to meet the educational requirements of the second-year Master’s
program in Analytical Chemistry. The content is synthesized to align with the students'
foundational knowledge in materials science and chemistry, ensuring that they are fully
equipped to understand and apply the information. Each section of this course has been
meticulously prepared to support students in mastering the theoretical concepts while
developing practical expertise in nanomaterials, making it suitable for both academic and

industrial applications.
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Prior Knowledge Test for Nanomaterials & Adyanced Materials

To ensure that students are well-prepared for this module on "Nanomaterials and Specific
Materials," a prior test has been prepared. The purpose of this test is to assess the students'
foundational knowledge of key concepts in nanomaterials and specific materials before delving
into the course content. By identifying the strengths and areas where additional focus may be
needed, the test serves as a valuable tool for both the students and the instructor to gauge the
starting level of understanding and to tailor the learning experience accordingly.

The test is designed to stimulate critical thinking and to ensure that students engage with the
core concepts early in the course. The solutions to the test are provided at the end of the course
for self-evaluation and further clarification of any challenging areas.

1. What is the primary focus of soft chemistry methods?

A. High-energy reactions
B. Formation of metallic structures
C. Low-temperature material synthesis

. What is a key characteristic of the sol-gel process?
A. Requires high pressure
B. No transition state
C. Conversion of a solution into a gel

. Which medium is commonly used for sol-gel reactions?
A. Solid media
B. Gaseous media
C. Aqueous and organic media

. What is a colloidal system composed of?
A. Pure solid
B. Uniform gas
C. Particles dispersed in a liquid

. Which property is crucial for micellar media?
A. Strong chemical bonds
B. Low surface tension

C. Amphiphilic molecules




. What is the sol-gel transition process?

A. Change of a gas to solid

B. Direct conversion of a solid to liquid

C. Transition from liquid sol to solid gel

. What are ORMOSILS and ORMOCERS examples of?
A. Purely organic materials

B. Non-reactive polymers

C. Organic-inorganic hybrid materials

. Which material is a preceramic polymer commonly used for?
A. Metal foams

B. Rubber production

C. Non-oxide ceramics

. What is MOCVD primarily used for?

A. Thermal insulation

B. Mechanical polishing

C. Thin film deposition

. Which property is important in MOCVD processes?
A. Hydrophobicity

B. No chemical reactions

C. Precursors' vapor pressure

. Which of the following is a key feature of nanomaterials?

A. Low surface area

B. Bulk phase properties

C. Quantum size effects

. What happens to the properties of materials at the nanoscale?

A. They remain constant

B. They become negligible

C. They change significantly

. Which method is used for the physical preparation of nanostructures?
A. Chemical precipitation

B. High-temperature combustion

C. Ultra-vacuum sputtering




. How is nucleation controlled in the chemical synthesis of nanomaterials?
A. Increasing temperature indefinitely
B. No control needed
C. Regulation of concentration and reaction time
. What are the main characteristics of metallic nanoparticles?
A. Low conductivity
B. Brittle nature
C. High electrical and thermal conductivity
. In a sol-gel process, what are the starting materials called?
A. Solvents
B. Colloids
C. Precursors
. Which type of microscopy is essential for analyzing nanomaterials?
A. Optical microscopy
B. Stereo microscopy
C. Scanning Electron Microscopy (SEM)
. What is TEM (Transmission Electron Microscopy) used for?
A. Studying chemical reactions
B. Measuring heat conductivity
C. Observing internal structures of nanoparticles
. Which property of nanomaterials is critical for their applications in cata
A. Large particle size
B. Low surface area

C. High surface-to-volume ratio

. What is a common application of nanotechnology?

A. Traditional steel manufacturing
B. Textile dyeing
C. Drug delivery systems

lysis?

Good Luck




CHAPTER |

Introduction to Soft Chemistry Methods for Material Preparation



Chapter 1

1. Introduction

1.1. Definition and Scope of Soft Chemistry

Soft chemistry (or "chimie douce™) refers to a collection of synthesis techniques that
enable the formation of materials at relatively low temperatures and pressures. These
methods often mimic natural processes, allowing for the assembly of complex structures
in a controlled and environmentally friendly manner.

Scope: The techniques include sol-gel processes, hydrothermal synthesis, and colloidal
methods, which are fundamental in the preparation of ceramics, glasses, nanomaterials,

and composite materials.

1.2. Importance in Material Science

Soft chemistry provides a way to produce materials with tailored properties that are
difficult to achieve through traditional high-temperature or high-pressure methods. This
is crucial for advanced applications in electronics, catalysis, medicine, and more.

Relevance: As technology advances, the demand for materials with specific
properties—such as nanoscale features, specific porosity, or high purity—has increased.

Soft chemistry allows for the precise control needed to meet these demands.

2. Overview of Soft Chemistry Methods
2.1. Sol-Gel Process

2.1.1. Description

The sol-gel process involves the transition of a system from a liquid "sol" (a colloidal
suspension) into a solid "gel" phase. This method is primarily used to create ceramic
and glass materials with high purity and uniform particle size.
Process Steps:
o Hydrolysis: The precursor (usually a metal alkoxide) is hydrolyzed, resulting in
the formation of a sol.
Condensation: The sol undergoes polycondensation, forming a gel-like
network.
Aging: The gel is allowed to age, strengthening the network as it expels solvent
molecules.
Drying and Calcination: The gel is dried to remove any remaining liquid, and

then calcined to form the final material, which may be crystalline or amorphous.

1
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Hydrolysis

Condensation

Calcination

Figure 1. General Chart of Sol-Gel Process
2.1.2. Applications

e Optics: Producing coatings and lenses with specific refractive indices.
o Catalysis: Creating porous catalytic supports with large surface areas.
e Example:
o Synthesis of TiO2 Nanoparticles: Titanium alkoxide is hydrolyzed with water,
leading to the formation of a sol that transition into a gel. After drying and
calcination, the gel yields TiO2 nanoparticles, widely used in photocatalysis and

as a pigment.

2.2. Hydrothermal Synthesis
2.2.1. Description

Hydrothermal synthesis is a method of crystallizing substances from high-temperature
aqueous solutions at high vapor pressures. It is particularly useful for producing crystals
that are difficult to grow through other methods.
Process Steps:

o Preparation: The precursors are dissolved in water, and the solution is placed

in a sealed autoclave.
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Heating: The autoclave is heated to temperatures above the boiling point of
water (usually 100-300°C), creating a high-pressure environment.
Crystallization: The high temperature and pressure conditions promote

nucleation and crystal growth. Upon cooling, the crystals can be harvested.

2.2.2. Applications

Electronic Materials: Synthesis of piezoelectric materials such as barium titanate
(BaTiO3).
Nanomaterials: Production of zinc oxide (ZnO) nanorods for use in sensors.
Example:
o Synthesis of ZnO Nanorods: A solution containing zinc nitrate and
hexamethylenetetramine is heated in an autoclave. The high temperature and
pressure conditions result in the formation of ZnO nanorods, which have

applications in gas sensing and solar cells.

2.3. Colloidal Synthesis
2.3.1. Description

Colloidal synthesis involves the formation of nanoparticles by controlled precipitation
of materials from a solution, with the particles being stabilized in a colloidal suspension.
This technique is crucial for creating materials with controlled size and surface
properties.
Process Steps:
o Nucleation: The initial formation of small particles (nuclei) occurs when the
concentration of the precursor exceeds the solubility limit.
Growth: The nuclei grow by the addition of more precursor molecules.
Stabilization: The particles are stabilized by adding surfactants or polymers,

preventing them from agglomerating.
2.3.2. Applications

Medical Imaging: Gold nanoparticles synthesized via colloidal methods are used for
targeted imaging and drug delivery.
Optoelectronics: Quantum dots for use in displays and lighting.

Example:

| Dr. Larbi Haddad Nanomaterials & Specific Materials |
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o Synthesis of Gold Nanoparticles: Gold chloride (HAuCI4) is reduced using
citrate, leading to the formation of gold nanoparticles. The citrate acts as both a
reducing agent and a stabilizer, preventing the nanoparticles from aggregating.
These nanoparticles can be used in biological labeling and as catalysts.

3. Advantages and Applications of Soft Chemistry
3.1. Control over Material Properties

Soft chemistry methods provide precise control over the morphology, composition, and
size of the resulting materials. This control is crucial for applications requiring specific
properties, such as high surface area for catalysis or specific optical properties for

photonic devices.

Table 1. Applications of Soft Chemistry

Field Material Example

Catalysis Mesoporous Silica
Sensors ZnO Nanorods
Medical Gold Nanoparticles

Electronics Quantum Dots

3.2. Environmentally Friendly Processes

e Many soft chemistry processes operate under mild conditions, consuming less energy
and generating fewer harmful by-products compared to traditional methods. This makes

them more sustainable and environmentally friendly.
3.3. Versatile Applications

Catalysis: Materials prepared using soft chemistry (e.g., mesoporous silica) are widely
used as catalysts and catalyst supports.
Sensors: Nanostructured materials like ZnO nanorods are used in gas sensors due to

their high sensitivity and rapid response times.
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Medical Applications: Nanoparticles prepared by colloidal synthesis are used in
targeted drug delivery and imaging.
Electronics: Quantum dots produced by colloidal methods are used in next-generation

displays and lighting technologies.

Conclusion

Summary: Soft chemistry offers a versatile, efficient, and environmentally friendly
approach to material synthesis. By allowing precise control over material properties,
these methods are indispensable in the development of advanced materials for a wide
range of applications.

Future Outlook: As the demand for materials with specific and often extreme
properties continues to grow, soft chemistry will play an increasingly important role in

both industrial and research contexts.

Table 2. Comparison table of the key differences between soft chemistry methods and

traditional methods for material synthesis:

Aspect Soft Chemistry Traditional Methods

Low to moderate (e.g., room _
Temperature High (often above 1000°C)
temperature to 300°C)

Pressure Low to moderate High (often several atmospheres)

Ener
W Generally low High

Consumption

Environmental || Environmentally friendly (mild || Less environmentally friendly (high

Impact conditions, less waste) energy, more waste)

Control over High control over size, Less precise control, often requires

Properties morphology, and composition post-processing

Nanomaterials, ceramics, Ceramics, metals, alloys, some

Types of Materials ) )
glasses, composites nanomaterials

Process ) ) ]
Often simpler, fewer steps More complex with multiple steps

Complexity

) ) Can be shorter (e.g., hours to
Time Required days) Often longer (e.g., days to weeks)
ays
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Aspect Soft Chemistry Traditional Methods

Safet Generally safer due to milder || Higher risk due to high temperatures
afe
Y conditions and pressures

N Scalable to industrial levels with Often scalable but may require
Scalability ) o )
adaptations specialized equipment

o Electronics, catalysis, medical, ||Structural materials, high-temperature
Applications

optoelectronics applications, basic ceramics

| Dr. Larbi Haddad Nanomaterials & Specific Materials |




CHAPTER II

Preparation of Oxide Materials: Sol-Gel Process



Chapter 11

1. Introduction to Oxide Materials
1.1. Definition and Importance of Oxide Materials

Oxide materials are compounds that contain at least one oxygen atom bonded to another
element, typically metals. These materials are crucial in many applications because of their
stability, availability, and wide range of properties, such as optical transparency, high thermal

resistance, and catalytic activity. Common oxide materials include:

o Silica (SiO2) used in glass and ceramics.
o Titanium dioxide (TiO) used in photocatalysis, solar cells, and pigments.

e Zirconia (ZrOg) used in thermal barrier coatings and dental ceramics.
1.2. Applications of Oxide Materials
Oxides play a vital role in several fields:

Electronics: As insulators, capacitors, and in integrated circuits (e.g., SiO, in
semiconductor devices).

Catalysis: Oxides like TiO, act as catalysts in environmental cleanup by breaking down
pollutants.

Energy Storage: Oxides like lithium cobalt oxide (LiCoO,) are used in batteries.

2. Overview of the Sol-Gel Process

2.1. Basic Principles of the Sol-Gel Process

The sol-gel process is a chemical method for producing oxide materials by transitioning a liquid
"sol" (a colloidal suspension) into a solid "gel" phase. This method allows the synthesis of
complex oxides at relatively low temperatures, making it useful for producing high-purity

materials with controlled composition.

e Sol: A colloidal system where solid particles are dispersed in a liquid.
e Gel: A network structure formed as the sol undergoes condensation, turning it into a

solid matrix.
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2.2.Why Is It Called Sol-Gel?

The process is named after the two key stages:

1. Sol formation: A stable colloidal solution or sol is formed from metal alkoxides or
inorganic salts. The metal alkoxide precursor undergoes hydrolysis to form metal
hydroxides.

Gelation: The sol undergoes condensation, where the hydroxyl groups react to form a

continuous network of metal-oxygen-metal bonds, resulting in the formation of a gel.

2.3. Historical Background and Development

e The sol-gel method was first used in the 19th century to produce glass materials. By the
1930s, researchers began exploring its potential in ceramics. In the 1970s, the method
gained popularity for the fabrication of thin films and optical materials, particularly for
producing highly pure, homogeneous oxide coatings.

3. Chemistry of the Sol-Gel Process
3.1. Sol Formation (Hydrolysis)

The sol-gel process starts with the hydrolysis of metal alkoxides (M(OR),), where water

molecules break the M-O-R bonds, forming metal hydroxide groups (M-OH).

e Reaction:

M(OR)s+ H20 — M(OH)s + ROH

This step is crucial because it sets the stage for condensation.

3.2. Gelation (Condensation)

The next step is condensation, where the hydroxide groups (M-OH) condense to form M-O-M

bonds, creating a network structure. This is where the sol becomes a gel.
e Reaction:

M(OH)s — M—O-M + H20

| Dr. Larbi Haddad Nanomaterials & Specific Materials |




Chapter 11

The gelation process forms a porous 3D network, which can then be dried to remove
the liquid phase.

Example:

The figure represents the chemical reactions involved in the sol-gel process, specifically for
silica-based materials, and outlines three major stages: hydrolysis, water condensation, and
alcohol condensation. Below is a detailed explanation:

d
| hydrolysis l

—Si—OR + HOH ————* —Si—OH + ROH
| re-esterification |

siloxane bridges

h water
| | condensation

—S8i—OH + —Si—OH —
| | hydrolysis

C alcohol
| | condensation  ——y

—S8i—OH + —Si—OR &———* —<Si—O0—Si>— + ROH

| | alcoholysis I i l

Figure 01. Reactions involved in hydrolysis and condensation steps of the sol-gel process.
(https://link.springer.com/article/10.1007/s00604-016-1863-y)
(a) Hydrolysis Reaction

e The figure shows the hydrolysis of a silicon alkoxide precursor (Si—OR). In this
reaction, a water molecule (HOH) reacts with the silicon alkoxide to produce a silanol
group (Si—OH) and an alcohol (ROH).

o Equation: Si—OR + HOH — Si—OH + ROH
o Key points:
= Si—OR is the alkoxide where OR represents the alkoxy group,
commonly -OCH3z (methoxy) or -OC,Hs (ethoxy).
Hydrolysis adds an OH group to the silicon atom, forming a silanol
(Si—OH).
The reaction is reversible and can lead to re-esterification (reverse

reaction) if conditions allow.

9
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(b) Water Condensation

o The figure shows the condensation reaction between two silanol groups (Si—OH). In
this reaction, two silanol groups condense to form a siloxane bond (Si—O—Si),
releasing a molecule of water (H,O).

o Equation: S—OH + Si—OH — Si—0—Si + H,0
o Key points:
= This process involves the formation of siloxane bridges (Si—O—Si)
which are crucial in building the 3D network structure of the gel.
Condensation is driven by the removal of water and leads to the
solidification (gelation) of the material.
The reaction is reversible through hydrolysis, where water can break the

siloxane bonds back into silanol groups.
(c) Alcohol Condensation (Alcoholysis)

e The figure represents alcohol condensation (also called alcoholysis), which is another
condensation reaction but between a silanol group (Si—OH) and a silicon alkoxide
(Si—OR). This reaction forms a siloxane bond (Si—O—Si) and releases an alcohol
(ROH).

o Equation: Si—OH + Si—OR — Si—0O—Si + ROH
o Key points:
= This reaction proceeds similarly to water condensation but instead of
releasing water, it releases an alcohol molecule (ROH).
Alcohol condensation contributes to the cross-linking of the silica
network during the sol-gel process.
Like the other steps, this reaction can be reversed under suitable

conditions (alcoholysis).
3.3. Drying and Calcination

After gel formation, the solvent is removed through drying, leaving behind a porous structure.
The material is then calcined at high temperatures to densify the structure, remove organic

residues, and crystallize the oxide.
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4. Factors Affecting the Sol-Gel Process
4.1. Precursor Materials

e The most common precursors are metal alkoxides such as tetraethyl orthosilicate
(TEQS) for silica and titanium isopropoxide for TiO,. The choice of precursor affects

the sol-gel kinetics and final material properties.

4.2. Influence of pH

e Acidic or basic conditions can affect the rate of hydrolysis and condensation. Acidic
conditions promote slow hydrolysis, leading to more homogenous gels, while basic
conditions speed up the process.

4.3. Solvent and Catalyst

The type of solvent and the presence of catalysts (acids or bases) influence the rate of
the sol-gel reactions. Solvents help control viscosity, while catalysts control the Kinetics

of the hydrolysis and condensation steps.

5. Mechanisms of Sol-Gel Reactions

5.1. Hydrolysis Mechanism

e In the sol-gel process, hydrolysis breaks the M-O-R bond, converting alkoxides into

hydroxides:

M(OR)s + H20 — M(OH)s + ROHM(OR), + H,0

The hydrolysis rate is influenced by the solvent, temperature, and pH.

5.2. Condensation Mechanism

e The condensation step forms M-O-M bonds, which build the network structure. This
step can occur via:

o Oxolation (water elimination):

M—-OH + HO-M — M—0O—-M + H20

o Alkoxolation (alcohol elimination):

11
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M-OR + HO—-M — M-0O—M + ROH

6. Advantages and Limitations of the Sol-Gel Process
6.1. Advantages

Low processing temperature: Allows the formation of oxide materials without the
need for extreme temperatures.

Versatility: Can be used to create various forms, including thin films, powders, fibers,
and monoliths.

Homogeneity: Achieves molecular-level mixing of precursors, ensuring uniform

material properties.
6.2. Limitations

Shrinkage and Cracking: The gel often shrinks during drying, leading to cracks.
Time-consuming: The process, especially during aging and drying, can take

considerable time.

7. Applications of Sol-Gel-Derived Oxide Materials
7.1. Coatings and Thin Films

e Sol-gel processes are widely used to create transparent coatings on glass, such as anti-

reflective coatings or scratch-resistant layers.
7.2. Catalysts and Catalytic Supports

o« Example: TiO, synthesized via the sol-gel process is used as a photocatalyst for

environmental cleanup, breaking down organic pollutants in water and air.
7.3. Sensors

o Oxide materials produced by sol-gel processes, such as ZnO, are used in gas sensors

due to their high sensitivity and rapid response.
7.4. Biomedical Applications

o Porous silica materials created via sol-gel processes are used for drug delivery systems,

where drugs are encapsulated and released in a controlled manner.

12
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1. Introduction

1.1. Definition of Precursors:

Precursors are the starting materials used to synthesize a wide variety of compounds, from
simple oxides to complex nanomaterials. They can be metals, metal salts, alkoxides,
organometallics, or even polymers, and their choice is crucial in determining the structure,

properties, and final applications of the synthesized material.
1.2. Importance of Precursors:
The choice of precursor affects:

Purity of the final material

Morphology (e.g., size, shape of nanoparticles)
Functionality (e.g., catalytic activity, porosity)
Stability (thermal, chemical stability)

Different reactions occur depending on the medium in which the precursors are dissolved:

aqueous media (water-based) and organic media (solvent-based). Each medium plays a

significant role in material preparation, influencing the reaction pathways, the rates of reactions,

and the properties of the resulting materials.
2. Types of Precursors

To better understand how materials are prepared, we can classify precursors into two main

categories:
2.1. Inorganic Precursors

These are compounds that typically do not contain carbon atoms and are often used to make

metal oxides or other ceramic materials. Common inorganic precursors include:

Metal salts: Examples include nitrates (e.g., Cu(NO3),), chlorides (e.g., AICl3), and
acetates (e.g., Co(C,H30,),). These dissolve in water or solvents to release metal ions.
Metal alkoxides: These are organometallic compounds where metals are bonded to

alkoxy groups (-OR), such as titanium isopropoxide (Ti[OCH(CHs3)2]4) or silicon
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alkoxide (Si[OC,Hs]s4). Alkoxides are reactive in both water and organic solvents and

are key in sol-gel chemistry.
2.2. Organic Precursors

Organic precursors are used when an organic component is necessary or when a more controlled

material structure is desired. Examples include:

Polymers: These can act as templates to direct material growth in organic solvents (e.qg.,
block copolymers for mesoporous materials).

Organometallics: These compounds, like ferrocene (Fe(CsHs)z), consist of metal
atoms bonded to organic groups. They are crucial in preparing materials with complex

structures (e.g., nanowires, catalysis materials).
Synthesis in Agueous Media

Water is the most abundant solvent on Earth and offers several advantages for material

synthesis, particularly in environmental and industrial contexts.

3.1. Why Use Water?

Non-toxic: Water is environmentally friendly and poses fewer risks compared to many
organic solvents.

Cost-effective: It’s cheap and readily available.

Good solvent for salts: Most metal salts dissolve easily in water, enabling

straightforward reactions.
3.2. Common Methods of Material Preparation in Aqueous Media

e Hydrothermal Synthesis:

o Process: Reactions are carried out in water at high temperature and pressure,
typically in sealed containers called autoclaves. This allows the dissolution of
otherwise insoluble compounds, followed by crystallization to form materials
like oxides or nanocrystals.

Example: Titanium dioxide (TiO,), a material widely used for photocatalysis

and solar cells, can be synthesized via hydrothermal methods. In this process,
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titanium precursors are dissolved in water, and TiO, nanocrystals form at high
temperatures.
e Precipitation:
o Process: A solution containing metal ions is mixed with a reagent (e.g., a base)
to form an insoluble solid that precipitates out of the solution.
Example: Calcium carbonate (CaCOs3) can be prepared by adding a solution
of calcium chloride to sodium carbonate. The resulting CaCO3 particles can be
used in coatings or as a filler in various industries.
e Sol-Gel Process (in aqueous systems):
o Process: Metal alkoxides undergo hydrolysis and polycondensation reactions in
water, leading to the formation of a gel network.
o Example: Silica gels are prepared by hydrolyzing tetraethyl orthosilicate
(TEOS) in water, followed by condensation into a gel. This process is common

in making optical coatings, sensors, or even drug delivery systems.
3.3. Advantages and Disadvantages of Aqueous Media

e Advantages:
o Safe, non-toxic, and inexpensive.
o Allows for large-scale synthesis.
o Disadvantages:
o Some materials are not stable in water.

o Limited solubility of certain precursors.
4. Synthesis in Organic Media

Organic solvents provide more controlled environments, especially for the synthesis of

materials that are sensitive to water or require precise particle size and structure.
4.1. Why Use Organic Media?

e Water-sensitive materials: Some precursors or materials decompose in water, making
organic solvents a better choice.
Fine-tuning of material properties: Organic solvents can control the morphology
(size, shape) of nanomaterials, which is critical in applications like electronics or

catalysis.
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4.2. Common Methods of Material Preparation in Organic Media

o Solvothermal Synthesis:

o Process: Similar to hydrothermal methods, but using organic solvents like
ethanol, acetone, or ethylene glycol. The reaction is carried out in a sealed vessel
at high temperatures.

Example: Metal-Organic Frameworks (MOFs), which are porous crystalline
materials used in gas storage or catalysis, are often synthesized via solvothermal
methods in organic solvents.

e Non-hydrolytic Sol-Gel Process:

o Process: Unlike the aqueous sol-gel process, this method involves the
condensation of precursors in organic solvents without water. The reactions
typically involve alkoxides reacting with other organic groups (e.g., ethers).
Example: Zirconium oxide (ZrO;), used in fuel cells and catalysis, can be
synthesized by reacting zirconium alkoxides in organic solvents.

e Polyol Process:

o Process: Polyols, like ethylene glycol, act as both the solvent and the reducing
agent, leading to the formation of metal nanoparticles.

Example: Silver nanoparticles can be synthesized via the polyol process, and

they have applications in antibacterial coatings and electronics.
4.3. Advantages and Disadvantages of Organic Media

e Advantages:

o Enables the synthesis of water-sensitive materials.

o Provides greater control over the particle size and shape of nanomaterials.
o Disadvantages:

o Organic solvents can be toxic and expensive.

o Limited scalability compared to water-based processes.
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Table 01. Comparison of the advantages and disadvantages of aqueous vs. organic media for
material preparation.

https://www.sciencedirect.com/science/article/abs/pii/S0360128515000246?via%3Dihub)

| Media | Advantages | Disadvantages

- Lower critical point, mild reaction
conditions

Organic |- Higher yields of water-insoluble
Solvents ||bio-oil

- Bio-oil with lower oxygen content |- May result in some environmental
and higher caloric value problems

- Natural resource, easy to obtain, - Higher critical point, severe reaction
lower cost conditions

- Lower yields of water-insoluble bio-
oil

- Facilitates recovery of inorganics |- Bio-oil with higher oxygen content
contained in biomass and lower caloric value

- Synthetic matters, higher cost

- Requires biomass drying step

- Avoids biomass drying step

5. Mechanisms of Precursor Reactions in Different Media

5.1. Hydrolysis and Condensation in Aqueous Media

Hydrolysis: Water breaks the bonds of metal alkoxides, forming hydroxy! groups (e.g.,
Si—OH).
Condensation: Hydroxyl groups combine to form metal-oxygen-metal (M—O—M)

bridges, releasing water or alcohol.
5.2. Alcoholysis and Solvent Condensation in Organic Media

In organic media, alcohols or other solvents react with alkoxides to form materials

through alcoholysis or condensation reactions, leading to the formation of metal-

oxygen bonds.
Examples of Materials Prepared in Different Media

Aqueous Media:
o Zinc Oxide (ZnO), used in sunscreen and UV sensors, can be synthesized
through aqueous methods.
o Calcium Phosphate, a biomaterial used in bone implants, can be precipitated

from aqueous solutions of calcium and phosphate salts.

17
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Organic Media:
o Gold Nanoparticles, used in drug delivery and cancer treatment, can be
synthesized in organic solvents via reduction methods.
Polyaniline: Conducting polymers used in sensors and batteries, synthesized in

organic media to control the morphology.
Applications of Material Precursors in Industry

Aqueous-Based Applications:
o The sol-gel process in water is used for coatings, catalysts, and biocompatible
materials.
Organic-Based Applications:
o Organic media is critical for synthesizing nanomaterials with precise structures,

such as quantum dots for electronics.
Conclusion

Understanding the role of precursors in different media is essential for material design and
applications. The medium chosen significantly affects the final properties, functionality, and

scalability of the material synthesis.
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1. Introduction to Colloidal Systems

1.1 Definition of Colloids

Chapter IV

Colloids are systems in which one substance (dispersed phase) is finely distributed throughout

another (continuous phase) in particle sizes between 1 nm and 1 um. Colloidal systems can

exist in different forms, such as sols, gels, emulsions, and foams.

Examples: Paints (liquid colloids), fog (aerosol colloid), and milk (emulsion).

1.2. Properties of Colloidal Systems

Colloidal particles exhibit distinct properties due to their size, such as:

o Tyndall Effect: The scattering of light by colloidal particles, allowing them to be seen

under a microscope.

/

L

H

Flashlight

e ——

Solution

\_——-’

Colloid

Figure 01. A diagram illustrating the Tyndall Effect

(https://www.learninsta.com/colloid-dispersion-phase-and-dispersion-medium/)

e Brownian Motion: Random movement of particles due to collisions with molecules in

the surrounding fluid.
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Figure 02. (Left) Random motion of a Brownian particle and (right) random discrepancy
between the molecular pressures on different surfaces of the particle that cause motion

(https://www.britannica.com/science/Brownian-motion)

e Osmotic Pressure: Colloidal systems exhibit osmotic pressure based on the

concentration of dispersed particles.
2. Stability of Colloidal Systems

Colloidal systems are inherently unstable due to the small size of the dispersed particles, which
tend to aggregate and settle. However, various mechanisms and theories exist to explain and
enhance their stability. Two key factors determining the stability of colloidal systems are

electrostatic interactions and VVan der Waals forces.
2.1. DLVO Theory

The DLVO Theory (Derjaguin, Landau, Verwey, and Overbeek) is the most widely accepted

theory that explains the stability of colloids. It accounts for the total interaction energy between

two colloidal particles, which is the result of two opposing forces:

1. Van der Waals Attraction

2. Electrostatic Repulsion

These forces create a balance that determines whether the particles will remain stable

(dispersed) or aggregate.
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2.1.1. Van der Waals Attraction

Van der Waals forces are weak attractive forces that occur between molecules or particles due
to temporary dipoles formed by fluctuations in electron distribution. When two colloidal

particles approach each other, they experience an attractive pull that can cause aggregation.

Impact on Colloids: Van der Waals forces are always attractive and tend to promote
particle aggregation by pulling particles together.
Range: These forces act over short distances (a few nanometers) and become significant

when particles come very close to each other.
2.1.2. Electrostatic Repulsion

Colloidal particles often carry surface charges, leading to repulsion between particles with like
charges. This is known as electrostatic repulsion, which can prevent the particles from coming

into close contact.

e Origin of Charge: The charge on the surface of colloidal particles comes from:
o lonization of surface groups (e.g., —OH groups on metal oxides or silica).
o Adsorption of ions from the surrounding medium.
o Dissociation of charged surfactants.
o Electrical Double Layer: Colloidal particles in suspension develop an electrical double
layer:
o Inner Layer (Stern Layer): Composed of tightly bound ions surrounding the
particle.
Outer Layer (Diffuse Layer): Loosely bound ions farther from the surface that
provide a screening effect.
Overall Effect: The outer layer gives rise to a potential (zeta potential) that
causes repulsion between particles.
e Interaction: When two charged colloidal particles approach each other, the overlapping
electrical double layers lead to a repulsive force that counteracts the attractive Van der

Waals force.

2.1.3. Total Interaction Energy

The stability of a colloid depends on the net interaction energy between the particles:
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Potential Energy Curve: DLVO theory generates a curve showing the total potential
energy as a function of the distance between particles.

Primary Minimum: At very short distances, the attractive Van der Waals forces
dominate, leading to particle aggregation (coagulation).

Primary Maximum (Energy Barrier): At an intermediate distance, electrostatic
repulsion peaks, creating an energy barrier that stabilizes the colloidal system by
preventing aggregation.

Secondary Minimum: A shallow attractive well may occur at a larger distance, where
particles may form loose aggregates (flocculation) that can be reversible.

Potential barrier
'I
/  DLVO
Double layer
Reversible
aggregation

®@—@

Distance

Interaction potential

Van der Waal

Secondary x
attraction

minimum well

Irreversible
— aggregation

Potential well

Figure 03. DLVO Theory Diagram.
(https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/dlvo-theory)

2.2. Zeta Potential

Zeta potential is a key parameter that indicates the degree of electrostatic repulsion between
colloidal particles. It’s the potential difference between the surface of a colloidal particle and
the surrounding liquid at the edge of the diffuse layer (outer boundary of the electrical double

layer).
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Importance of Zeta Potential in Stability

High Zeta Potential: When particles have a high absolute value of zeta potential (either
highly positive or highly negative), they repel each other strongly, which stabilizes the
colloidal system.

Low Zeta Potential: If the zeta potential is close to zero, the repulsive forces are weak,
and Van der Waals forces dominate, causing the particles to aggregate.

Zeta Potential Ranges:

Stable Colloid: Zeta potential > +30 mV ensures strong repulsion, keeping the colloid
stable.

Unstable Colloid: Zeta potential close to 0 mV results in weak repulsion, leading to
aggregation or coagulation.

Factors Affecting Zeta Potential

pH:
o Surface charge of colloidal particles is strongly influenced by the pH of the
medium.
Point of Zero Charge (PZC): The pH at which the particle’s surface has no net
charge and zeta potential is zero. At this pH, particles tend to aggregate because
no electrostatic repulsion occurs.
o Adjusting pH can either increase or decrease the surface charge and thus the zeta

potential.
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Figure 04. General Zeta Potential vs. pH Curve

(https://academic.oup.com/ijlct/article/doi/10.1093/ijlct/ctac093/6696344?login=false)
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2. lonic Strength:

o The presence of electrolytes in the solution affects the thickness of the electrical
double layer.
High ionic strength compresses the double layer, reducing the zeta potential
and destabilizing the colloid.
Low ionic strength allows for a thicker double layer, increasing the repulsion
and stabilizing the colloid.

Surfactants:

o Surfactants adsorbed onto the surface of colloidal particles can modify the zeta
potential by either increasing the surface charge or neutralizing it, depending on
the nature of the surfactant.

Measurement of Zeta Potential

Electrophoretic Light Scattering (ELS): One of the most common techniques used to
measure the zeta potential of colloidal particles.
o Colloidal particles are subjected to an electric field, and their wvelocity
(electrophoretic mobility) is measured.

o From this mobility, the zeta potential is calculated.

3. Suspension of Mineral Oxides in Colloidal Systems

3.1. Characteristics of Mineral Oxides
Commonly used mineral oxides in colloidal systems include:

o Silica (SiOy)
e Titania (TiOy)
e Alumina (Al,03)

These oxides form suspensions that can be used in various applications, from catalysts to

adsorbents. Their stability and interaction in water depend on the surface hydroxyl groups (-

OH) present on their surfaces.
3.2. Surface Chemistry and pH Dependence

Surface charges on mineral oxides are pH-dependent due to protonation and deprotonation

reactions:
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In acidic solutions, oxides tend to be positively charged due to the formation of —OH,*

groups.
In basic conditions, they become negatively charged as —OH groups lose protons,

forming —O".

Point of Zero Charge (PZC): The pH at which the surface of the oxide carries no net charge.

o Silica PZC: ~2-3 (negatively charged in neutral/basic media)
e Alumina PZC: ~8-9 (positively charged in acidic media)

4. Micellar Media

4.1. Introduction to Micelles

Micelles are self-assembled structures formed by surfactants in solution. Surfactants are
amphiphilic molecules, consisting of a hydrophilic (water-loving) head and a hydrophobic

(water-hating) tail.

Critical Micelle Concentration (CMC): The concentration of surfactant above which micelles

start forming. Below this concentration, the surfactant molecules exist as individual entities.

4.2. Structure of Micelles

In an aqueous solution, micelles form spherical structures:

e Hydrophobic tails point inward, away from the water.

« Hydrophilic heads face outward, interacting with the surrounding water molecules.

In non-polar solvents, reverse micelles are formed, where the hydrophilic heads point inward,

and the hydrophobic tails face outward.
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Figure 05. Diagram of a micelle and a reverse micelle structure in water and non-polar

solvents, respectively.
(https://www.researchgate.net/figure/Normal-and-reverse-Micelle_figl 331413620)

5. Micellar Media in Colloidal Systems
5.1. Role of Micelles in Stabilizing Colloids

Micelles play a vital role in stabilizing colloidal systems by:

Steric Stabilization: The surfactant molecules form a physical barrier that prevents the
colloidal particles from coming too close to each other and aggregating.
Electrostatic Stabilization: Charged surfactant heads provide an electrostatic shield

around the colloidal particles, promoting repulsion between particles.
5.2. Nucleation and Growth of Colloidal Particles in Micellar Media

Micelles act as "nano-reactors™ in which the nucleation and growth of colloidal particles occur.

In this controlled environment, particle size and distribution can be precisely managed.

LaMer’s Mechanism: Explains the nucleation and growth of colloidal particles. Initially,
supersaturation leads to the formation of small nuclei. As the system reaches equilibrium, these

nuclei grow into stable colloidal particles.
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6. Applications of Mineral Oxide Suspensions in Micellar Media

6.1. Nanoparticle Synthesis

Colloidal systems, especially those involving micellar media, are used to synthesize
nanoparticles with controlled morphology. Micelles can encapsulate precursors, allowing for

controlled nucleation and growth of nanoparticles.

Example: Silica nanoparticles synthesized using surfactants in micellar media. The size of the
silica particles is determined by the size of the micelles.

6.2. Photocatalysis with TiO,

Titania (TiO;) colloids suspended in micellar media are widely used in photocatalysis. Under

UV light, TiO, generates electron-hole pairs that can degrade organic pollutants in water.
Mechanism:

1. UV light excites TiO,, generating electron-hole pairs.
2. These pairs react with water or oxygen, producing hydroxyl radicals.

3. Hydroxyl radicals oxidize and decompose organic pollutants.

7. Colloidal Stability in Micellar Systems
7.1. Factors Affecting Stability

The stability of colloidal systems in micellar media depends on several factors, including:

Surfactant concentration: The concentration of surfactants must be above the CMC to
maintain micelle formation and ensure particle stability.
pH and lonic Strength: These parameters affect the surface charge of both the colloidal

particles and the micelles, influencing electrostatic repulsion and attraction forces.
7.2. DLVO Theory and Micellar Stabilization

In micellar media, the DLVO theory applies, but steric stabilization due to surfactants adds an

additional layer of protection against particle aggregation.
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8. Conclusion

Colloidal systems and mineral oxide suspensions play a pivotal role in various industrial and
scientific applications. Micellar media offer an excellent way to stabilize colloidal particles,
ensuring controlled size and uniform dispersion. From nanoparticle synthesis to photocatalysis,
the interplay between colloidal particles, surfactants, and stabilizing forces like DLVO theory

and zeta potential are critical for efficient material performance.
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1. Introduction to Sol-Gel Transition

The sol-gel transition refers to the transformation of a colloidal solution (sol) into a semi-solid
or solid network (gel). This method is fundamental in materials science for synthesizing
ceramics, glasses, and nanomaterials. It allows for precise control over the material's structure
and properties, making it a critical technique in various industries. The sol-gel process involves
chemical reactions such as hydrolysis and condensation that lead to the formation of a network

structure within the liquid medium, transforming the sol into a gel.

2. Overview of the Sol-Gel Process
2.1. Sol Phase

The sol phase is a colloidal suspension where the particles are dispersed in a liquid medium.
Typically, metal alkoxides (such as tetraethyl orthosilicate, TEOS, for silica) are used as
precursors in this phase. The precursors dissolve in the solvent (water or alcohol) and undergo

hydrolysis, which results in the formation of hydroxyl groups on the metal atoms.
Hydrolysis Reaction:

M(OR)4 + H20 — M(OH)4 + ROH

Here, M represents a metal (such as silicon or titanium), and R is an alkyl group.
2.2. Gel Phase

In the gel phase, the hydroxyl groups (M-OH) produced during hydrolysis condense to form

metal-oxygen-metal (M-O-M) bonds. This results in a 3D network structure that entraps the

remaining liquid. The gel phase is characterized by an increase in viscosity and the formation

of a semi-solid structure as the sol becomes a gel.
Condensation Reaction:

2M(OH) — M—O-M + H20

3. Key Stages in the Sol-Gel Transition
3.1. Hydrolysis Stage

During hydrolysis, metal alkoxides react with water to produce metal hydroxides (M-OH). This
reaction initiates the sol-gel transition, preparing the system for condensation. Hydrolysis is

influenced by factors such as pH, solvent type, and the nature of the metal alkoxide precursor.
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3.2. Gelation Stage

In this stage, condensation reactions between hydroxyl groups (M-OH) lead to the formation of
M-O-M bonds, causing the system to gel. As the gelation proceeds, the solution becomes more

viscous, eventually forming a solid-like structure.

4. Factors Affecting the Sol-Gel Transition
4.1. Precursor Concentration

Higher concentrations of metal alkoxide precursors lead to faster gelation as there are more
reactive groups available for hydrolysis and condensation. However, excessively high

concentrations can result in dense, less porous gels.
4.2. pH of the Solution
The pH of the solution affects the rate of hydrolysis and condensation:
« Inacidic conditions, hydrolysis is slow, but condensation is fast, leading to denser gels.

e In basic conditions, hydrolysis is fast, but condensation is slower, leading to more

porous gel structures.
4.3. Solvent Type

The type of solvent used influences the reaction kinetics. Polar solvents like alcohols speed up

hydrolysis, while non-polar solvents tend to slow down the process.
5. Structural Development in the Gel Phase
Network Formation

During the sol-gel transition, a 3D network of metal-oxygen-metal (M-O-M) bonds is formed.
This network traps the liquid phase within its structure. The development of this network is

crucial for determining the mechanical and physical properties of the final gel.

6. Cross-Linking in the Gel Phase

Cross-linking refers to the formation of bonds between individual molecules to create a
network structure. In the sol-gel process, cross-linking occurs during the condensation stage

when hydroxyl groups (M-OH) react with each other to form M-O-M bridges.
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As these bonds form, they link individual molecules together, turning the liquid sol into a semi-
solid or solid gel. The more cross-linking that occurs, the stronger and more rigid the resulting
gel becomes.

7. Comparison with Other Cross-Linking Methods

In contrast to other cross-linking methods used in polymer chemistry or materials science (such
as covalent cross-linking in polymer networks or ionic cross-linking in some biopolymer gels),
the sol-gel process relies on inorganic condensation reactions to form the network. This leads
to different material properties:

e Covalent Cross-Linking in Polymers: In typical polymer cross-linking, covalent
bonds are formed between polymer chains using chemical cross-linkers. This method

results in flexible, organic materials.

lonic Cross-Linking in Gels: Some gels (e.g., alginate) form cross-linked networks via
ionic interactions between cations and anionic groups. These are soft and responsive to

environmental changes (such as pH).

Sol-Gel Cross-Linking: The sol-gel process forms inorganic cross-links through
condensation reactions, resulting in rigid, brittle materials like ceramics and glasses.
The extent of cross-linking determines the porosity, density, and mechanical strength of

the material.

Table 01. Comparison of Cross-Linking Methods

Cross-Linking Material
Type of Bonds ) Example
Method Properties

Inorganic M-O-|Rigid, brittle,|| o o
Sol-Gel Process Silica gel, Titanium dioxide
M porous

Covalent _ ) Polyacrylamide gels,
o Covalent bonds ||Flexible, elastic
Linking Elastomers

. . . ) Alginate gels, Calcium
lonic Cross-Linking |[lonic bonds Soft, responsive _
alginate
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Cross-Links

Polymer Chain A

Polymer Chain B

Polymer Chain C

Figure 01. Hlustration of Cross-Linking in Sol-Gel Process
(https://www.linkedin.com/pulse/what-cross-linked-shrink-film-quick-pak/)

8. Drying and Sintering
8.1. Drying

After gel formation, the liquid trapped within the gel network must be removed carefully during
drying. Rapid drying can lead to cracking due to capillary forces, so controlled drying

conditions are critical.
8.2. Sintering (Calcination)

The dried gel is heated at high temperatures during sintering. This step densifies the material
and removes any remaining organic or volatile components, transforming the gel into a final

solid material, such as ceramic or glass.

9. Applications of Sol-Gel Transition
9.1. Coatings and Thin Films

The sol-gel process is widely used in producing coatings and thin films. These materials can be

applied to substrates for various purposes, including protection, improving optical properties,

or adding catalytic functions.
9.2. Photocatalysis

Titanium dioxide (TiO,) produced via the sol-gel method is frequently used in photocatalysis.
When exposed to UV light, TiO, generates reactive species that can degrade pollutants, making

it useful in environmental cleanup applications.
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9.3. Biomedical Applications

Sol-gel-derived materials, particularly silica-based gels, are used in biomedical fields for drug
delivery systems and biosensors. The porous nature of the gels allows for the encapsulation and

controlled release of drugs.
10. Conclusion

The sol-gel transition is a versatile process used to produce advanced materials with specific
properties. By adjusting factors such as precursor concentration, pH, and solvent type, the
characteristics of the resulting gel can be finely controlled. Cross-linking plays a central role in
forming the gel structure, contributing to the material's mechanical properties and functionality.
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1. Introduction to Hybrid Materials
Organic-inorganic hybrid materials have garnered significant attention in materials science due
to their ability to combine properties of both organic and inorganic components. They exhibit
unique features such as improved mechanical properties, chemical resistance, and thermal
stability. These materials are used in a variety of applications, from coatings to optics and

electronics.

2. Understanding ORMOSILS and ORMOCERS

e ORMOSILS (Organically Modified Silicates): These are a subset of hybrid materials
where organic functional groups are chemically bonded to inorganic silica frameworks.
The term is derived from the inorganic matrix (silica) being modified with organic
components.
ORMOCERS (Organically Modified Ceramics): Another class of organic-inorganic
hybrid materials that integrate organic polymers with ceramics. ORMOCERS often
exhibit enhanced durability and functionality compared to traditional ceramics, while

maintaining some flexibility due to the organic phase.

3. Synthesis of ORMOSILS/ORMOCERS
ORMOSILS and ORMOCERS are typically synthesized using the sol-gel process, a method

that allows precise control over the hybrid material's structure at the molecular level. The

process involves hydrolysis and condensation of metal alkoxides (such as tetraethoxysilane,

TEQS) in the presence of organic monomers.

o Key Steps:
1. Hydrolysis: Metal alkoxides react with water, leading to the formation of
hydroxyl groups.
Condensation: These hydroxyl groups condense, forming the network of the

inorganic framework while incorporating organic groups.
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Figure 01. Example of silicates modification

(https://www.mdpi.com/2073-4344/11/10/1175)

4. Tailoring Properties Through Organic-Inorganic Interaction
The organic and inorganic components in ORMOSILS and ORMOCERS interact

synergistically, resulting in materials with tunable properties. Depending on the ratio of organic

to inorganic components, one can adjust parameters like hardness, flexibility, optical

transparency, and conductivity.

For example, adding more organic content typically increases flexibility and reduces
the material's brittleness, making it more suitable for coatings or films. On the other
hand, a higher inorganic content boosts rigidity and thermal stability, ideal for structural

applications.

5. Applications of ORMOSILS/ORMOCERS

These materials are used in a broad spectrum of applications due to their versatility:

Optical Devices: Transparent coatings with anti-reflective properties, waveguides, and
lenses.

Biomedical Applications: Drug delivery systems, dental restoratives, and tissue
scaffolds.

Protective Coatings: Due to their durability and chemical resistance,

ORMOSILS/ORMOCERS are used in corrosion-resistant coatings and barrier layers.
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Properties of ORMOSILS/ORMOCERS

Mechanical Properties: ORMOCERS are known for their enhanced toughness
compared to traditional ceramics, while ORMOSILS provide tunable mechanical
strength based on the degree of organic modification.

Thermal Stability: The inorganic component provides excellent thermal resistance,
while the organic component can limit thermal degradation.

Chemical Resistance: ORMOCERS especially exhibit excellent chemical stability,

making them suitable for harsh environments.

7. Challenges and Future Perspectives
Despite the significant advantages offered by ORMOSILS/ORMOCERS, challenges remain in
controlling the structure-property relationships, particularly when scaling the material synthesis

for industrial applications.

e Challenges:
1. Balancing organic and inorganic phases for optimal properties.
2. Developing environmentally friendly synthesis methods.

3. Addressing long-term stability in demanding environments.

Future research is focusing on better understanding the interactions at the molecular level and

exploring bio-inspired hybrid materials, leading to new innovations in the field.

8. Conclusion
ORMOSILS and ORMOCERS represent a cutting-edge class of hybrid materials with tunable

properties, offering a vast range of applications from biomedical to industrial. As research

continues to evolve, their role in advanced materials science is expected to grow.
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1. Introduction to Non-Oxide Materials

Non-oxide materials, including carbides, nitrides, borides, and silicides, have unique properties
such as high hardness, thermal stability, and chemical resistance. These characteristics make
them suitable for applications in extreme environments like high-temperature furnaces,
aerospace, and cutting tools. The preparation of these materials often relies on advanced
methods, including the use of preceramic polymers and metal-organic chemical vapor
deposition (MOCVD).

Preceramic Polymers: An Overview

Definition: Preceramic polymers are polymers that can be transformed into ceramic
materials (carbides, nitrides, or silicides) upon pyrolysis (heating in an inert
atmosphere).

Transformation Process: The polymer-to-ceramic conversion occurs through heat
treatment where the organic components of the polymer are thermally decomposed, and

the ceramic phase is formed.
Synthesis of Preceramic Polymers

Preceramic polymers are synthesized from organosilicon, organoboron, or organonitrogen

compounds. Common examples include polysilazanes and polycarbosilanes. These polymers

are tailored to contain elements like silicon (Si), boron (B), or nitrogen (N), which form the

desired ceramic phase upon heating.

e Steps of the Preceramic Polymer Process:
1. Polymer Synthesis: The organic precursor is synthesized, incorporating the
desired elements.
Shaping and Forming: The polymer can be molded, extruded, or spun into
fibers before pyrolysis.
Pyrolysis: The polymer undergoes controlled heating, resulting in the formation

of the ceramic material.
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Figure 01. Typical preceramic polymer families and their chemical units
(https://ceramics.onlinelibrary.wiley.com/doi/10.1111/ijac.14262)

4. Advantages and Applications of Preceramic Polymers

e Advantages:

o Versatility in Shaping: Polymers can be processed into complex shapes before
pyrolysis, which is difficult for traditional ceramic processes.
Low-Temperature Processing: Compared to traditional ceramic production
methods that require extremely high temperatures, preceramic polymers can be
transformed into ceramics at relatively lower temperatures.

e Applications:
o Aerospace: High-temperature resistant components.
o Energy: Turbine blades and seals.

o Textiles: Ceramic fibers for insulation and protective clothing.
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5. Introduction to Metal-Organic Chemical Vapor Deposition (MOCVD)

Definition: MOCVD is a deposition technique where metal-organic precursors are
vaporized and transported to a heated substrate. The metal-organic compounds
decompose, leaving behind a thin film of the desired material.

Non-Oxide Material Formation: MOCVD is used to prepare thin films and coatings

of non-oxide materials such as nitrides, carbides, and borides.
6. Process of MOCVD

Steps in MOCVD:

1. Precursor Delivery: Metal-organic precursors, often in liquid or gas form, are
transported into the reaction chamber by a carrier gas (such as hydrogen or
nitrogen).

Decomposition on Substrate: The substrate is heated, causing the metal-
organic compounds to decompose, leaving behind a film of the desired material
(e.g., silicon carbide, titanium nitride).

Film Growth: The film grows as the deposition process continues, forming a

uniform, high-quality non-oxide material.
7. Advantages and Applications of MOCVD

Advantages:

o Precise Control: MOCVD allows precise control over film thickness,
composition, and uniformity, making it ideal for producing thin films for
electronic and optical applications.

Versatility: It can be used to deposit a wide range of materials, including
nitrides and carbides, which are difficult to synthesize by other methods.
Applications:

o Semiconductors: MOCVD is commonly used to deposit films like gallium
nitride (GaN) and silicon carbide (SiC) for high-performance electronic devices.
Protective Coatings: The process is used to create hard, wear-resistant coatings
on cutting tools and engine parts.

Optical Devices: Thin films for optoelectronic devices, such as LEDs and laser

diodes.
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8. Comparison of Preceramic Polymers and MOCVD

e Preceramic Polymers:
o ldeal for producing bulk ceramics and fibers.
o Flexible in terms of shaping and forming before pyrolysis.
o Suitable for applications requiring complex geometries.
« MOCVD:
o Primarily used for thin films and coatings.
o Offers superior control over material composition and film thickness.

o Preferred for high-performance electronic and optical applications.
9. Challenges and Future Directions

e Preceramic Polymers:
o One challenge is ensuring the complete conversion of the polymer to ceramic
without residual carbon or other by-products.
o Future research aims to develop new polymers with enhanced ceramic yields
and tailored properties.
e MOCVD:
o The main challenge is controlling the deposition rate and uniformity for large-
area substrates.
o Future work is focused on developing more efficient precursors and optimizing

process conditions to improve film quality and reduce costs.
10. Conclusion

The preparation of non-oxide materials through preceramic polymers and MOCVD offers a
range of advantages, making them critical techniques in modern materials science. Their
applications span industries from aerospace to electronics, and ongoing research continues to

expand their potential.
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Chapter VIII

Definitions, Concepts, and Characteristics of Nanomaterials

Nanomaterials are materials with at least one external dimension in the range of 1-100

nanometers (nm). They possess unique properties not observed in bulk materials, mainly due

to their size, surface area, and quantum effects.

1.1. Definition of Nanomaterials

Nanomaterials are classified based on their size, dimensions, and composition. They can be

synthesized purposefully for advanced technologies, or they can occur naturally. The small size

of these materials allows them to interact with light, electrons, and other substances differently

from bulk materials. Their mechanical, optical, and chemical properties are often enhanced or

altered at the nanoscale.

ISO Definition: According to the International Organization for Standardization (1SO),
nanomaterials have one or more external dimensions or exhibit internal structures in the
range of 1-100 nm.

Natural and Engineered Nanomaterials: Naturally occurring nanomaterials include
volcanic ash, proteins, and viruses, whereas engineered nanomaterials (such as carbon
nanotubes and quantum dots) are synthesized to exploit their specific size-dependent

properties.

1.2. Historical Background of Nanomaterials

Although the term "nanotechnology" is relatively new (introduced by Norio Taniguchi in 1974),

the use of nanomaterials dates back centuries. For example:

Ancient Uses: Nanoparticles were unknowingly used by artisans in ancient civilizations
to create vivid colors in glass and ceramics, such as in the famous Lycurgus Cup.

Modern Era: The 20th century witnessed the development of modern tools like the
electron microscope, which enabled scientists to observe and manipulate matter at the

nanoscale, leading to breakthroughs in various industries.

1.3. Key Characteristics of Nanomaterials

Nanomaterials have unique physical, chemical, and biological properties that differ

significantly from their bulk counterparts due to several factors:

41
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Size-Dependent Properties: At the nanoscale, quantum confinement leads to changes

in electrical conductivity, magnetism, and optical properties. These effects are more

pronounced as particle size decreases.

High Surface Area-to-Volume Ratio: Nanomaterials have a significantly higher

surface area compared to their volume, which enhances their chemical reactivity and

makes them highly effective catalysts, sensors, and adsorbents.

Quantum Effects: As particle size approaches the nanoscale, quantum effects dominate

the behavior of electrons, leading to phenomena like tunneling and quantization of

energy levels, which are exploited in quantum dots and other advanced applications.

Surface Effects: The high number of surface atoms in nanomaterials leads to unusual

chemical reactivity, making them useful in applications like catalysis, drug delivery,

and environmental remediation.

Materials

|

!

Nanomaterials
!

I
Bulk materials
{

- . . . Y
Nanomaterials (NMs) are chemical substances or materials

that are of size, at least in one dimension, in nanoscale 1-
100 nm

Cannot be seen by simple microscope, or naked eye.
Advanced microscopic techniques are used.

Large surface to volume ratio leads to better performance
such as in catalysis, solar veils, gas sensors

High percentage of atoms or molecules on the surface
which leads to unique properties

Surface forces are very important

Metal nanoparticles have unique scattering properties
Semiconductor nanoparticles may exhibit confined energy
states in the electronic band structure

Their chemical and physical properties are unique and
change by size and shape

NMs properties can be ‘tuned’ by varying the size of the
particle (e.g. changing the fluorescence colour so a particle
can be identified)

NMs complexity offers a variety of functions to products
Adsorption and absorption of molecules (gas or liquid
phases) are high and fast

Examples are nanosilica, nanotitania, nanoalumina, etc.

Bulk materials are particles that have their
size above 100 nm in all dimensions

Can be seen by simple microscope. or naked
eye.

Low surface to volume ratio leads to better
performance such as in catalysis, solar veils,
gas sensors

Low percentage of atoms or molecules on
the surface which leads to their properties
Bulk forces are not as important as surface
forces

Metal bulk have normal scattering
properties

Semiconductor bulk may not exhibit
confined energy states in the electronic band
structure

Their chemical and physical properties
cannot be tuned

Adsorption and absorption of molecules
(gas or liquid phases) are low and slow
Examples includes sand, cement, alumina,
ore, salts, etc.

Figure 01. General properties of NMs and bulk materials.

(https://www.sciencedirect.com/science/article/abs/pii/S2352186420313675)
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2. Structures and Stabilities of Nanomaterials

The structure and stability of nanomaterials play a crucial role in determining their applications.
Nanomaterials can be categorized based on their structural dimensions, composition, and

stability under various conditions.
2.1. Classification of Nanomaterials by Dimensionality

Nanomaterials are classified based on their dimensions, which affect their physical properties

and applications:

Zero-Dimensional (0D): In 0D materials, all dimensions are confined to the nanoscale.
These include nanoparticles, quantum dots, and fullerenes. Due to their small size, they
are often used in biomedical imaging, drug delivery, and solar cells.

One-Dimensional (1D): 1D nanomaterials, such as nanowires, nanorods, and
nanotubes, have one dimension that is larger than the nanoscale, while the other two
dimensions remain confined. These materials are used in electronics, sensors, and
energy storage.

Two-Dimensional (2D): These materials have two dimensions in the nanoscale, such
as graphene, nanosheets, and thin films. Their applications include flexible electronics,
coatings, and optoelectronic devices.

Three-Dimensional (3D): 3D nanomaterials have nanostructures extending in all three
dimensions, such as mesoporous materials and nanocomposites. They are often used in

catalysis, drug delivery, and structural reinforcement.

| Dr. Larbi Haddad Nanomaterials & Specific Materials |




Chapter VIII

NMs classification based on dimensionality
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Figure 02. Nanomaterials based on dimensionality

(https://irispublishers.com/ojdoh/fulltext/new-face-and-vision-of-dentistry-through-revolutionized-technique-an-
era.|D.000607.php)

2.2. Stability of Nanomaterials

Stability is a critical factor that determines the practical use of nanomaterials in real-world

applications. Nanomaterials can be prone to aggregation, oxidation, or degradation, depending
on their composition and environmental exposure.

e Chemical Stability: Many nanomaterials, such as noble metal nanoparticles (gold,
platinum), exhibit high chemical stability, resisting oxidation and degradation.

However, materials like silver nanoparticles can oxidize and lose functionality over
time.
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e Thermal Stability: Nanomaterials that maintain their structure at high temperatures,

such as nanoceramics (silica, alumina), are essential for high-temperature applications

like catalysts, furnace linings, and aerospace components.

Agglomeration: Nanoparticles tend to aggregate due to their high surface energy.

Stabilizers (e.g., surfactants or ligands) are often used to prevent aggregation and

preserve the nanoscale properties of the material.

Table 01. Stable and unstable nanomaterials, along with their specific applications and

associated stability challenges

Nanomaterial

Stability

Applications

Stability Challenges

Gold

Nanoparticles

Stable

- Drug delivery
- Cancer therapy

- Biosensing

- High stability in various
environments due to chemical
inertness. Minimal challenges, but cost

is a limiting factor.

Platinum

Nanoparticles

Stable

- Catalysts in
fuel cells
- Sensors
- Anti-cancer

therapy

- Platinum is chemically stable but
prone to agglomeration, requiring
surface modification to prevent

clustering.

Silica

Nanoparticles

Stable

- Drug delivery
- Biosensors

- Photocatalysis

- Good thermal and chemical stability;
agglomeration may occur in aqueous

solutions without stabilizers.

Zinc Oxide (ZnO)

Nanoparticles

Moderately
Stable

- Sunscreens

- Antimicrobial
coatings

- UV-blocking

materials

- Susceptible to dissolution and surface
degradation under UV exposure and

acidic conditions.

Silver

Nanoparticles

Unstable

- Antimicrobial
agents
- Water

treatment

- Prone to oxidation and aggregation,
leading to a reduction in antimicrobial
effectiveness over time. Requires

surface stabilization.
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Nanomaterial

Stability

Applications

Stability Challenges

- Medical
devices

Iron Oxide
Nanoparticles
(Fe304)

Moderately
Stable

- MRI contrast
agents

- Drug delivery
- Environmental

remediation

- Oxidation in air can lead to loss of
magnetic properties. Coating with
polymers or surfactants is needed to

maintain functionality.

Titanium Dioxide
(TiOy)

Nanoparticles

Stable

- Photocatalysis
- Sunscreens
- Environmental

cleanup

- Highly stable in harsh conditions;
however, photocatalytic activity can

degrade organic coatings on TiO,.

Carbon
Nanotubes (CNTSs)

- Electronics
- Reinforced
composites

- Sensors

- Chemically stable, but tend to
agglomerate due to van der Waals
forces. Dispersants are often required

for uniform distribution.

Graphene Oxide
(GO)

Unstable

- Water filtration
- Energy storage

- Sensors

- Prone to oxidation, leading to
reduced electrical conductivity.
Requires careful functionalization to

stabilize in aqueous environments.

Copper

Nanoparticles

Unstable

- Conductive
inks

- Catalysis

- Antimicrobial

coatings

- Easily oxidizes in air, leading to loss
of conductivity and reactivity. Needs
protective coatings or controlled

environments.

3. Properties and Behavioral Evolution of Nanomaterials

Nanomaterials exhibit unique physical, chemical, optical, and mechanical properties compared

to their bulk counterparts. These properties often evolve as the size of the material decreases to

the nanoscale.
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3.1. Electrical Properties

Quantum Confinement: In semiconductors, the electronic properties are strongly
affected by size. For example, quantum dots exhibit size-dependent electronic and
optical properties because their energy levels are quantized. Smaller quantum dots emit
blue light, while larger dots emit red light, making them useful in displays and biological
imaging.

Enhanced Conductivity: Carbon-based nanomaterials, such as carbon nanotubes
(CNTs) and graphene, exhibit excellent electrical conductivity, making them suitable

for use in nanotransistors, sensors, and flexible electronics.
3.2. Optical Properties

Plasmonic Behavior: Metal nanoparticles, such as gold and silver, exhibit surface
plasmon resonance (SPR), where conduction electrons oscillate in response to light.
This property makes them ideal for applications in biosensing, medical diagnostics, and
imaging.

Fluorescence: Nanoparticles like quantum dots can fluoresce under specific light

conditions, making them highly valuable in medical imaging and optoelectronics.
3.3. Mechanical Properties

Superior Strength and Flexibility: Nanomaterials like carbon nanotubes and graphene
exhibit high tensile strength and flexibility, which can be used to reinforce polymers,
improving their mechanical properties without adding significant weight.

Hardness and Wear Resistance: Nanostructured materials like nanoceramics are
significantly harder and more wear-resistant than their bulk counterparts, making them
ideal for use in cutting tools, protective coatings, and high-performance structural

components.
3.4. Thermal Properties

e High Thermal Conductivity: Nanomaterials such as graphene and carbon nanotubes
exhibit exceptional thermal conductivity, making them ideal for heat dissipation in

microelectronics and other high-power devices.
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Thermal Stability: Nanoceramics and other heat-resistant nanomaterials maintain their
properties at high temperatures, making them useful in extreme environments like

furnaces and aerospace applications.

Applications and Perspectives of Nanotechnologies

Nanotechnology has already revolutionized multiple industries, offering significant

advancements in fields ranging from medicine and energy to electronics and environmental

remediation.

4.1. Medical Applications

Drug Delivery Systems: Nanoparticles are designed to deliver drugs directly to
targeted tissues or cells. Nanocarriers like liposomes, dendrimers, and polymer-based
nanoparticles can improve the efficacy of treatments while minimizing side effects.
Cancer Treatment: Nanoparticles are used in cancer therapies to deliver chemotherapy
drugs more effectively or to enhance photothermal therapy, where nanoparticles absorb
light and convert it to heat, killing cancer cells.

Diagnostic Imaging: Magnetic nanoparticles and quantum dots are employed in
diagnostic imaging, improving the resolution and sensitivity of MRI, PET scans, and

fluorescence-based methods.
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Nanomaterials
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Figure 03. Overview of nanomaterials in drug delivery and medical diagnostics

(https://www.mdpi.com/1420-3049/25/9/2193?type=check_update&version=1)

4.2. Environmental Applications

e Water Purification: Nanomaterials like titanium dioxide (TiO,) are used in
photocatalytic processes to degrade organic pollutants in water. Carbon nanotubes and
nanofibers are employed in filtration systems to remove heavy metals and contaminants.

e Air Pollution Control: Nanocatalysts are used in catalytic converters to reduce harmful
emissions from vehicles. These catalysts can convert carbon monoxide, nitrogen oxides,

and hydrocarbons into less harmful substances.
4.3. Energy and Electronics

e Solar Cells: Quantum dots and perovskite nanomaterials are used to increase the
efficiency of solar cells. Nanostructured materials allow for more effective light

absorption and electron transport, improving energy conversion.
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o Batteries and Supercapacitors: Nanostructured electrodes in lithium-ion batteries
improve charge capacity and cycling stability. Nanomaterials also enhance

supercapacitors, leading to faster charge/discharge rates and higher energy density.
4.4. Industrial Applications

e Coatings and Surface Modifications: Nanocoatings provide enhanced protection
against wear, corrosion, and heat. Self-cleaning surfaces and anti-fouling coatings are
widely used in various industries, from automotive to healthcare.

Catalysis: Nanocatalysts are highly effective due to their large surface area,
accelerating chemical reactions in industrial processes such as petroleum refining,

chemical synthesis, and environmental cleanup.
4.5. Future Directions

Sustainable Nanotechnology: With growing environmental concerns, researchers are
exploring greener methods of synthesizing nanomaterials, such as using plant extracts
or microorganisms for nanoparticle production.

Integration with Al and Biotechnology: The future of nanotechnology will likely
involve its integration with artificial intelligence (Al), biotechnology, and quantum
computing, leading to innovations in fields like personalized medicine, smart materials,

and quantum devices.
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Nanostructure synthesis is an evolving field involving both physical and chemical methods.

These methods allow precise control over the size, shape, and properties of nanomaterials,

making them useful in a wide range of applications, from electronics to medicine.

1. Physical Approaches for Nanostructure Preparation

Physical approaches primarily utilize mechanical forces, thermal energy, or vacuum techniques

to break down bulk materials or deposit atoms layer by layer to form nanostructures.

1.1. Mechanosynthesis (Ball Milling)

Principle: Mechanosynthesis (ball milling) is a top-down approach where high-energy
collisions between balls and the material break it down into nanoscale particles.
Materials are placed in a rotating drum with hard balls (e.g., steel, ceramics). The
friction and collisions reduce the material to the nanoscale.

Applications: Used extensively for metal nanoparticles, ceramics, and oxides. It is
widely used due to its cost-effectiveness and scalability for producing bulk
nanomaterials.

Challenges: It is difficult to achieve narrow particle size distributions, and there is a

risk of contamination from the milling media.

1.2. Ultra-Vacuum Sputtering

Principle: Ultra-vacuum sputtering is a physical vapor deposition (PVD) technique
where a target material (often a metal) is bombarded with high-energy ions, causing
atoms to eject from the target and deposit onto a substrate, forming a thin film.
Applications: Widely used in the semiconductor industry to create thin films for
microelectronics, optoelectronics, and solar cells.

Advantages: Offers excellent control over film thickness, composition, and uniformity,

making it ideal for producing nanostructured coatings.

| Dr. Larbi Haddad Nanomaterials & Specific Materials |




Chapter IX

—  Substrate and film growth

Sputtering |
(Fas

— Sputtering Target

Figure 01. Schematic of the sputtering process for thin-film deposition in ultra-vacuum
(https://drum.lib.umd.edu/items/73881a6b-4cf8-4451-9f01-0b4e5¢c77h946)

1.3. Laser Ablation

Overview: Laser ablation involves using a high-energy laser to vaporize material from
a solid surface, which then condenses to form nanostructures. It is commonly used for
metals and ceramics.

Advantages: Offers high purity and control but is limited by high equipment costs.
Chemical Synthesis Methods for Nanostructure Preparation

Chemical methods are bottom-up approaches where nanomaterials are assembled atom by atom

or molecule by molecule through controlled chemical reactions.
2.1.Nucleation and Growth Control

e Principle: Chemical methods rely on controlling nucleation (the initial formation of
nanoclusters) and growth (where these clusters grow into nanoparticles). By carefully
adjusting parameters like temperature, concentration, and surfactants, researchers can
tailor the size, shape, and distribution of nanoparticles.

Applications: Used for producing highly uniform quantum dots, nanowires, and

nanorods for optoelectronics and catalysis.
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o Key Techniques:
o Hydrothermal/Solvothermal Methods: These involve reactions under high

pressure and temperature, allowing the formation of various nanostructures such

as nanowires and nanorods. For example, the hydrothermal method is widely

used to synthesize TiO, nanostructures.

Table 01. Control of nucleation and growth in chemical synthesis methods like precipitation,

solvothermal, and hydrothermal

Synthesis
Method

Key Control
Factors

Nucleation Control

Growth Control

Applications

Precipitation

Concentration
of precursors
- pH

- Temperature

- Supersaturation
level controls
nucleation rate

- High
supersaturation
favors rapid
nucleation and
smaller particle size

- pH and
temperature
control the growth
of particles

- Additives like
surfactants can
inhibit growth

- Metal oxides
(e.g., TiO3, ZnO)
- Nanoparticles
for catalysis and
photocatalysis

Solvothermal

- Solvent type
- Reaction
temperature

- Pressure

- Temperature and
solvent influence the
solubility of
precursors, affecting
nucleation

- Solvent polarity
and viscosity
control the
diffusion rates,
influencing
particle growth

- Semiconductor
nanowires (e.g.,
CdSe, ZnS)

- Advanced
optoelectronic
materials

Hydrothermal

- Water as a
solvent

- Pressure

- Temperature

- High temperature
and pressure
conditions facilitate
controlled nucleation
of crystalline
structures

- Growth is
controlled by
temperature and
precursor
concentration

- Growth
inhibitors (e.g.,
surfactants) can
limit crystal size

- Nanocrystals
(e.g., TiOy,
Fes0.)

- Piezoelectric
and ferroelectric
materials

- Metal
alkoxide
concentration
- Solvent type
- pH

- Nucleation is
controlled by the
degree of
supersaturation and
hydrolysis rate

- Growth is slowed
by controlling the
condensation
reaction using
solvents or
additives

- Metal oxides
(e.g., SiOz,
Al;O3)

- Coatings and
thin films for
optics and
electronics
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2.2. Precipitation and Sol-Gel Techniques

e Precipitation: Involves dissolving a metal salt in solution and precipitating it as a

nanoparticle through the addition of a chemical agent. This method is widely used for
oxides like ZnO and TiO,.
Sol-Gel Method: A widely used technique to produce oxide nanostructures (e.g., silica,
alumina). In this method, a metal alkoxide precursor undergoes hydrolysis and
condensation reactions to form a gel, which is then dried and calcined to produce
nanomaterials.

o Advantages: These methods are scalable and cost-effective, offering fine control over

particle morphology but may require post-synthesis treatments like calcination.

Thermal Drying , iy

R

X |
i Final Product

Precursors Sol Connected F’l'c-zc Dry,
l[)g

+ Solvents Formation Gel Structure

-/

(a) Hydrolysis (b) Condensation (c)Aging & Drying (d) Calcination

Figure 02. Sol-gel process for the synthesis of oxide nanomaterials
(https://www.mdpi.com/2504-477X/8/10/386)
3. Colloidal Approaches and Soft Chemistry

Colloidal and soft chemistry methods use mild reaction conditions in liquid phases, offering
significant control over nanomaterial properties while maintaining low costs and environmental

impact.
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3.1. Colloidal Synthesis of Metallic Nanoparticles

e Principle: Metal ions are reduced in a liquid medium using reducing agents (e.g.,
sodium borohydride) to form nanoparticles. Surfactants or capping agents are used to
prevent agglomeration and control shape.

Applications: Colloidal methods are extensively used to synthesize gold, silver, and
platinum nanoparticles for applications in catalysis, sensing, and medical diagnostics.
Challenges: Toxic solvents and surfactants are sometimes required, though green

chemistry approaches are increasingly being adopted.
Table 02. Common reducing agents and capping agents used in colloidal synthesis

(https://www.researchgate.net/publication/271330366_Green_Chemistry _for_Nanoparticle_Synthesis)

Hazard codes Toxicities Capping agents” Reducing agents” Solvents®

Xn Harmful PPI, PEI, CTAB EG, vitamin C Ethanol, toluene, ODE
Xi Irritant PEG, PAA, linoleic acid, Citric acid
TOPO, TOP, OA, ODA
C Corrosive PAA, TOP, OAm, DDA Citric acid, NaBH,, OAm OAmM
T

Toxic PAA, PAMAM, OA Formaldehyde, CO, N;H,, NaBH, Ethanol, DMF, toluene
Highly flammable Ethanol, N;H, Ethanol, toluene

+ Extremely flammable co

N Dangerous for the environment CTAE, OAm, DDA N;H,, NaBH,, OAm OAmM

F
F

“The full names of listed abbreviations are given as: PPL: poly(propyleneimine). PEL: polyetherimide. CTAB: hexadecyltrimethylammonium
bromide. PEG: polyethylene glycol. PAA: polyacrylic acid. TOPO: trioctyl-phosphine oxide. TOP: tri-n-octylphosphine. OA: oleic acid. ODA:
octadecylamine. OAm: oleyl amine. DDA: dodecylamine. PAMAM: poly(amidoamine). * EG: ethylene glycol. © ODE: 1-octadecene.

3.2. Soft Chemistry for Oxide and Semiconductor Nanomaterials

Principle: Soft chemistry, also called “chimie douce,” is a low-temperature, ambient-
pressure technique useful for synthesizing metal oxides and semiconductors (e.g., ZnO,
CdSe).

Applications: Widely used for producing materials for photocatalysts, solar cells, and
sensors. For instance, ZnO nanowires are commonly synthesized using soft chemistry
for solar energy devices.

Advantages: Low energy consumption, environmentally friendly, and versatile, though

it requires careful control to avoid unwanted by-products.
3.3. Core-Shell Nanostructures

Principle: Colloidal approaches can be used to create core-shell structures, where a core
material is coated with another material, enhancing properties like stability, optical
behavior, or catalytic efficiency.

Applications: Used in drug delivery systems, catalysis, and photonics.
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Conclusion

Nanostructures can be synthesized using a variety of physical and chemical approaches, each
offering distinct advantages. Physical methods like mechanosynthesis and sputtering are
valuable for producing bulk and thin-film materials, while chemical methods like nucleation
control and soft chemistry allow for precise control over nanoparticle morphology. Colloidal
methods further extend the versatility of nanomaterials, making them suitable for a wide range

of industrial, medical, and environmental applications.
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In nanomaterial science, accurate characterization of the materials' properties, such as structure,
size, morphology, composition, and surface characteristics, is crucial. The following are the
key characterization methods used, along with the associated principles, apparatus, sample

applications, and visual schematics.

1. X-Ray Diffraction (XRD)
1.1. Principle of XRD

XRD is based on the scattering of X-rays by the electron cloud in a crystal lattice. The scattering

creates constructive interference at certain angles, as described by Bragg's Law:

nAd = 2dsinf

n is the order of diffraction (usually 1),
A is the wavelength of the incident X-ray,
d is the interplanar spacing of the crystal lattice,

0 is the angle of incidence.

Bragg's Law shows that by measuring the angle 6\thetad and knowing the X-ray wavelength

Mlambdai, the lattice spacing ddd can be determined. This allows the identification of

crystalline structures and phase compositions.
1.2. Schematic of XRD Apparatus
A typical XRD machine consists of:

e X-ray source: Provides the X-rays.
e Sample holder: Where the sample is mounted.

o Detector: Measures the diffracted X-rays at different angles.
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X-ray detector

source

& a2
. -~ -

~

iSample s}

Figure 01. Schematic Figure of XRD Apparatus

(https://link.springer.com/article/10.1007/s10832-021-00263-6)

1.3. Practical Example

Consider the analysis of TiO, nanoparticles using XRD. The diffractogram would show peaks
corresponding to the different crystallographic planes, such as (101), (004), and (200). By
comparing the measured peak positions with a standard reference (e.g., JCPDS), the phase

(anatase or rutile) and crystallite size can be determined using the Scherrer equation:

D KA
~ PBcosH

D is the crystallite size,

K is the shape factor (~0.9),

B is the full width at half maximum (FWHM) of the peak,
0 is the Bragg angle.

1.4. Interpretation

In this example, peaks at specific 20 values indicate the presence of the anatase phase. By
measuring the FWHM of these peaks, the crystallite size can be calculated using the Scherrer

equation, providing insights into the nanomaterial’s properties.
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Figure 02. XRD Diffractogram of TiO, with Peak Labels
(https://link.springer.com/article/10.1007/s00339-017-0963-9)

2. Fourier-Transform Infrared Spectroscopy (FTIR)
2.1. Principle of FTIR

FTIR operates by passing infrared light through a sample and measuring the absorption at
different frequencies, corresponding to the vibrational modes of molecular bonds. The basic

equation that governs IR absorption is Beer-Lambert's Law:

A = €eCl

A is the absorbance,
€ is the molar absorptivity,
C is the concentration of absorbing species,

| is the path length.

Each molecule has a unique vibrational signature, allowing FTIR to identify chemical bonds

and functional groups.
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2.2. Schematic of FTIR Apparatus
A typical FTIR system contains:

Infrared source: Emits a broad spectrum of IR radiation.

Interferometer: Splits and recombines light, creating an interference pattern.
Sample holder: Where the material is placed.

Detector: Measures the transmitted or reflected IR light.

| Fixed mirror | Michaelson interferometer

Reference
laser

Beam splitter 1

I Moving mirror ]

Laser
detector

-« Window >

Detector _
Working

electrode

Figure 03. Schematic Figure of FTIR Apparatus
(https://digital.csic.es/bitstream/10261/42378/1/2011PhD_Escudero-Escribano.pdf)
2.3. Practical Example

For surface-modified nanoparticles, FTIR can identify the chemical bonds present on the
surface. For instance, analyzing silica nanoparticles may reveal peaks at ~1100 cm™ (Si-O-Si
stretching), ~3400 cm™ (O-H stretching), and ~1650 cm™ (H-O-H bending), indicating surface
hydroxyl groups.
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2.4. Interpretation

By examining the peaks, you can deduce the surface chemistry. For instance, the presence of
broad peaks at ~3400 cm™ suggests that the nanoparticles are hydrated or contain hydroxyl

groups. Changes in these peaks after modification can reveal successful functionalization.

N
“~

1630.5188 |

3327.5696

1105.9758

T T T T T T
3500 3000 2500 2000 1500 1000

Wavenumber [cm-1]

Figure 04. FTIR spectrum of silica nanoparticles

(https://www.researchgate.net/publication/279861689_ Waterborne_inorganic-

organic_hybrid_coatings_on_magnesium_by sol-gel_route)

3. Scanning Electron Microscopy with Energy Dispersive X-ray Spectroscopy
(SEM/EDX)
3.1. Principle of SEM

SEM uses a focused electron beam to scan the surface of a sample, producing secondary
electrons that give high-resolution images of surface morphology. SEM provides 3D images of

the surface topography of nanomaterials.
3.2. Principle of EDX

In EDX, the electron beam from SEM interacts with the atoms in the sample, causing X-ray
emission. The energy of these X-rays is characteristic of the elements present, allowing for

elemental composition analysis.
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3.3. Schematic of SEM/EDX Apparatus
An SEM consists of:

Electron gun: Emits a beam of electrons.

Condenser lens: Focuses the electron beam.

Sample chamber: Holds the sample under vacuum.

Detector: Captures the emitted electrons for imaging.

EDX Detector: Collects emitted X-rays for elemental analysis.

In-Lens
-\detector

\
SEM pole,
shoe |

) setup for

thin specimen —< - /" transmission mode

BF/DF apenu;é

—y

Gold plate
Figure 05. Scheme of a SEM/EDS system operating (transmission mode)
(https://pubs.rsc.org/en/content/articlelanding/2014/ra/c4ra05092d)
3.4. Practical Example

SEM/EDX analysis of silver nanoparticles would provide high-resolution images showing the
nanoparticle distribution on a substrate. EDX can confirm the presence of silver by detecting

the characteristic Ag La and Ag Ko peaks in the X-ray spectrum.
3.5. Interpretation

The SEM image allows you to see the size, shape, and aggregation state of the silver

nanoparticles. The EDX spectrum confirms the elemental composition by identifying the
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characteristic peaks of silver, ensuring the nanoparticles are pure and not contaminated with
other elements.

Figure 06. (A) SEM micrographs and (B) EDX spectra of Iso-AgNPs
(https://www.nature.com/articles/s41598-020-58697-x)

4. Brunauer-Emmett-Teller (BET) Surface Area Analysis
4.1. Principle of BET

BET analysis measures the surface area of a material by nitrogen gas adsorption. The BET

equation is used to calculate the specific surface area from the adsorption data:

1 _C—1P+ 1
&_1]_ V,C P, V,C
P

4

V is the volume of gas adsorbed,
Po is the saturation pressure,

P is the equilibrium pressure,

C is the BET constant,

Vm is the monolayer adsorbed gas volume.
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The plot of V[P(f " VS. Pi gives a straight line, from which the specific surface area is derived.
?— 0

4.2. Schematic of BET Apparatus

BET apparatus includes:

o Gas adsorption unit: Introduces nitrogen gas.
o Sample holder: Holds the material under analysis.
e Pressure sensors: Measure the amount of gas adsorbed at different pressures.

Vacuum
Manometer |

Mercury
manometer

Low temperature

Solid sample
Dewar flask

Water jacket

Figure 07. BET apparatus for specific surface area determination

(https://www.sciencedirect.com/book/9780081005439/handbook-of-non-ferrous-metal-
powders)

4.3. Practical Example

For activated carbon or nanoporous materials, BET provides the surface area, pore volume,

and pore size distribution. For instance, an activated carbon sample may exhibit a high surface

area of 1000 m?/g, indicating high adsorption capacity.

64
| Dr L. Haddad | Nanomaterials & Specific Materials ]




Chapter X

4.4. Interpretation

The BET surface area measurement is crucial for materials used in catalysis, adsorption, or
sensors. A higher surface area often correlates with improved performance. By interpreting the

BET plot, the material's porosity and adsorption properties can be analyzed.

—--Adsorption -e-Desorption

= N N
(%) o wu
o o o
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rel. Pressure p/p,

0

Figure 08. Isotherm with highlighted range for calculation of specific surface area (BET)

(https://www.3p-instruments.com/measurement-methods/bet-surface-area/)

Conclusion

Each characterization technique (XRD, FTIR, SEM/EDX, and BET) provides essential

information about nanomaterials, from structural and chemical analysis to surface area and

morphology. The use of schematic diagrams, real-life spectra, and examples will make it easier

for students to grasp the working principles, interpret the results, and understand the relevance

of each technique in the characterization of nanomaterials.
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