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1.1 Introduction

Human dreams often give rise to new science and technology. Nanotechnology, a
twenty-first-century technology, was born out of these dreams. Nanotechnology is
defined as the control and understanding of materials at scale between 1 and 100 nm,
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at least in one dimension, where unique phenomena enable novel applications [1].
Nanotechnology has emerged during the industrial revolution, although human
exposure to nanoparticles has occurred throughout human history. The study of
nanoparticles dates back to 1925, when the concept of nanometer was first proposed
by Richard Zsigmondy, the 1925 Nobel Prize Laureate in chemistry. He explicitly
used the term nanometer for the first time for characterizing particle size, and he
was the first to measure the size of particles such as gold colloids using a micro-
scope. Although he was the first in using the term, what we know now as “modern
nanotechnology” was the brainchild of Richard Feynman, the 1965 Nobel Prize
Laureate in physics. It was during the 1959 American Physical Society meeting at
Caltech that he presented his well-known lecture, entitled as “There’s Plenty of
Room at the Bottom”, in which he introduced the concept of matter manipulation at
atomic levels.

This is from that time in history that our understanding of the modern nanotech-
nology has been born and developed over the decades. Now, we know him as the
father of “modern nanotechnology”. Norio Taniguchi, a Japanese scientist, was the
first to use the term “nanotechnology” to describe semiconductor processes happen-
ing at nanoscale, almost 15 years after Feynman’s memorable lecture at Caltech.
The golden era of nanotechnology arrived in the 1980s when Smalley, Kroto and
Curl discovered fullerenes and Eric Drexler of Massachusetts Institute of Technology
(MIT) adopted ideas from Feynman’s “There is Plenty of Room at the Bottom”.
Taniguchi’s use of “nanotechnology” in his 1986 book entitled “Engines of Creation:
The Coming Era of Nanotechnology” was one of the first definition of nanotechnol-
ogy as “processing, separation, consolidation, and deformation of materials by one
atom or one molecule”. Afterward, Drexler suggested the idea of a “nano-assembler”
which can build a copy of itself and of other items of arbitrary complexity, which
later was known as “molecular nanotechnology”. By developing carbon nanotubes
by lijima, another Japanese scientist, the science of nanotechnology was further
advanced to a new level [2].

Nanoparticles have novel physical properties distinct from both molecular and
solid-state matter due to their significant fraction of surface atoms. Study of these
physical properties provides a unique way to learn how nanoparticles can be pre-
pared and characterized. Knowledge of application of nanoparticles in different
industrial settings dictates nanoparticles’ preparation techniques and characteriza-
tion. There are surface atoms in nanoparticles by which the nanoparticle “commu-
nicates” with its environment. Appropriate preparation techniques can lead to the
formation of different types of nanoparticles which can be used as adsorbents and
catalysts for different applications in energy and the environment. Different prepa-
ration techniques can result in different types of structures. These techniques, devel-
oped using appropriate experiments may give insights into complex issues in
adsorption and catalysis, such as selectivity of binding of substrates to vertex, edge,
or face sites on a nanoparticle. For example, nanosized metal, pharmaceutical, semi-
conductor, and simple or complex ceramic particles have numerous applications in
the development of sensors, thermal barrier coatings, catalysts, pigments, drugs,
etc. Considering diverse application, there are different techniques of nanoparticles’
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preparations each associated with challenges. The challenges can range from con-
trolling the particle size and size distribution to particle crystallinity, morphology,
shape, being able to use the nanoparticles for a given application, and to produce
them from a variety of precursors of choice. Different techniques of nanoparticles
preparation are chosen according to being suitable for a range of applications and
minimizing the challenges associated with such preparation methods. A general
nanoparticle synthesis combines the advantages of low toxicity and cost of precur-
sors and high yield of traditional aqueous-based colloidal chemistry with the size
dispersion control. It was with this goal in mind that Boutonnet, Kizling, and Stenius
first used aqueous pools of water in oil-continuous microemulsions to solubilize
simple ionic metal salts of Au, Pd, Pt, and Rh, which was followed by chemical
reduction using hydrazine or hydrogen gas to produce metal nanoparticles dispersed
in oils [3]. Such novel nanomaterials are shown to have good catalytic activity for
hydrogenation reactions.

Another industrially important nanoparticles can be categorized as polymeric
nanoparticles (PNPs). Polymeric nanoparticles (PNPs) have gained considerable
attention in numerous research activities and have been employed in encouraging
number of domains during the last few years. They have been speculated as nano-
sized solid colloidal particles generated from polymers. Nanoparticles, which are
originating from polymers, possess novel properties. PNPs’ preparation techniques
impose novel properties attached to them without the need for making new com-
pounds. It is in their sizing that refashioning of their physicochemical characteris-
tics happens, which is related to the magic which happens at nanoscale as is the
subject in nanoscience and nanotechnology. The factors causing PNPs to attain rela-
tively unique properties than bulk materials are connected to their reduced particle
size. As already known, at nanoscale, quantum effects predominate, and the exposed
surface area to volume ratio increases. Considering a crystal with many atoms, each
atom will have different properties relative to those of bulk material. As seen in
Fig. 1.1a, b, large surface area favors enhanced interaction with the surrounding
material, specifically with the intermixed materials like composites as well as the
performance of products like batteries, and reduces resource usage in catalytic pro-
cesses, decreasing the amount of waste. This figure also demonstrates the transition
effect from macro to nanoscale which causes the large surface area with reduced
particle size (Fig. 1.1c) [4, 5]. Interaction of polymer confined to nanoscale with
surrounding material makes them an ideal candidate for industrial application as
high surface area is considerably a critical factor in the fabrication of new materials
[6]. The PNPs’ size and size distributions are remarkably interesting as they make
for features such as surface area, packing density, viscosity, compact structure, and
defined shape [7]. In this regard, Wang et al. [8] have developed variety of novel
PNPs of different sizes and shapes using different preparation techniques.

PNPs’ preparation techniques can differ to achieve different property optimiza-
tion. PNPs can be prepared using two major categories named as chemical and
physical preparation techniques. Chemical methods are used when monomer has
been used as precursor, while physical techniques are implied when preformed
polymers are used initially. If monomer is used as precursor, the PNPs’ preparation
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Fig. 1.1 Interaction with the surrounding (a) bulk polymer and (b) PNPs. (¢). Large surface area
with reduced particle size. Adapted from reference [4] after permission
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Fig. 1.2 From PNP’s preparation to PNP’s application. (Adapted from [4]) after permission)

techniques can be categorized as microemulsion, interfacial, conventional emulsions,
mini emulsion, controlled radical, and surfactant-free emulsions. If a polymer is used
as precursor, the nanoparticles’ preparation techniques can be as diverse as freeze
drying, solvent evaporation, salting out, spreading evaporation, nano-precipitation,
dialysis, freeze extracting, fast evaporation, spray drying, etc. The diverse applica-
tion of PNPs has been depicted in Fig. 1.2.

Several preparation techniques have been reported for nanoparticles manufactur-
ing. This chapter is aimed at providing a summary of the two general techniques of
nanoparticles’ preparation, namely physical and chemical preparation techniques,
and their characterization methods. These methods can be categorized into
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Fig. 1.3 Schematic representation illustrating the bottom-up and top-down approaches for
nanoparticles preparation
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bottom-up (chemical) and top-down (physical) techniques as shown in Fig. 1.3 [9].
The topics covered in this chapter include (1) the main bottom-up synthesis and top-
down methods and its characterization; (2) importance of controlling nanoparticle
size and shape; and (3) health and risk issue facing nanoparticles scaling up and
applications at industrial level. The chapter also presents various factors and experi-
mental conditions affecting the synthesis of nanomaterials in general.

1.2 Chemical Preparation Techniques

This preparation technique, also known as bottom-up, involves molecular compo-
nents as starting materials linked with chemical reactions, nucleation, and growth
processes to promote the formation of nanoparticles [10—14]. Six main techniques
fall under the chemical preparation techniques category, namely: (1) chemical
coprecipitation, (2) electrochemical, (3) sonochemical, (4) sol-gel processing, (5)
chemical vapor deposition (CVD) and chemical vapor condensation (CVC), and (6)
microemulsions.
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Typically, in most of the aforementioned methods, a stabilizing agent is required
during the synthesis to prevent aggregation of the resultant nanoparticles. A brief
discussion on each technique with more focus on advantages and drawbacks, as
well as suitability for field application is addressed.

1.2.1 Nanoparticle Synthesis by Chemical Coprecipitation

Coprecipitation is a well-established liquid phase synthesis approach that stands out
for its ease of implementation at laboratory and industrial scale, rapid processing,
low cost, and energy efficiency [15—17]. The precipitation/coprecipitation method
requires the occurrence of supersaturation, nucleation, and growth steps, comple-
mented by secondary steps such as aging (coarsening or Ostwald ripening) and/or
agglomeration processes [17]. Figure 1.4 represents the overall steps of precipita-
tion. Fundamentally, the coprecipitation method follows the principles of fast crys-
tallization processes, although the former involves high initial supersaturation
conditions and irreversibility or sparingly solubility of the products. The most prev-
alent and practical route to induce precipitation for nanoparticle synthesis is through
chemical reactions, which are typically carried out by the rapid mixing of two con-
centrated solutions (>2000 rpm) [17, 18]. Addition/exchange, reduction, hydrolysis,
and oxidation are the most distinguished of these chemical routes [19, 20].
Additionally, changes in temperature and fractionation of the solvent (through evap-
oration or crystallization) could also be used as approaches to induce supersatura-
tion [17]. Such thermodynamic conditions promote fast nucleation and, thus, the
successive growth of these resulting nuclei to form large numbers of visible crystal-
lites. In parallel, these crystallites can either stabilize or coagulate/agglomerate in
the solution [17, 19, 21]. In this final step, the coagulated nanoclusters can continue
to grow until promoting sedimentation.

Although precipitation is a straightforward experimental technique feasible at
moderate temperatures (<100 °C [16]), its thermodynamic and kinetic understand-
ing is quite complex, especially in systems that involve tertiary and quaternary
products given that multiple species precipitate simultaneously (hence, the term
coprecipitation) [17, 19].

As shown in Fig. 1.4, nucleation is stated as the initial stage in coprecipitation.
In general, this thermodynamic step involves the formation of a solid phase, hence
requires overcoming an energy barrier for producing an interface between the bulk
solution and the newly developed nuclei [20]. This barrier is determined by the total
Gibbs free energy of the system (AG) and is driven by the supersaturation, tempera-
ture, and surface free energy conditions [20]. According to the fundamental theory,
the nucleation ways that arise simultaneously in synthesis processes are classified
into heterogeneous, homogeneous, and secondary nucleation. Heterogeneous nucle-
ation is an inherent process that implies the presence of previous stable nucleating
sites in the bulk solution [15]. According to Nielsen [21], the presence of solid
impurities is a natural phenomenon, even in high-quality solvents, an average of 100
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Fig. 1.4 Coprecipitation steps for nanoparticle synthesis. Idea adapted from reference [21] after
some modifications

particles per mm?® are present. These solid particles act as heteronuclei or catalysts
for the initiation of precipitated crystals by the adsorption of elemental units that
form a layer on the face of the crystal until it reaches sizes above the critical value,
and thus, it can grow in the solution. The secondary nucleation is at some point
analogous, since it refers to an intermediate state in the growth process from which
the smallest crystallites serve as the “catalysts” for (secondary) nucleation.
Meanwhile, in homogenous nucleation, there is a significant number of subcritical
associates of crystal-like structure (embryos) in equilibrium with the bulk solution
that spontaneously reach the critical size because of thermal fluctuations; these phe-
nomena increase the probability of association above redissolution [19]. Therefore,
this way of nucleation requires higher energetic barrier.

After the nuclei have been formed, they grow by the continued addition of new
layers of elemental/molecular units (molecules, atoms, or ions) onto the surface of
the nanocrystal. The transport phenomena involved are diffusion through the bulk
solution (sometimes diffusion and convection combined) and one or more processes
in the crystal solution interface (surface reactions) [19-21]. Therefore, the process
can be either diffusion-limited or reaction limited, which depends on the precursor
concentration; the limiting phenomenon is fundamental for the shape and size con-
trol of the nanoparticles. For instance, during the synthesis of monodisperse
nanoparticles, diffusion-limited growth is the desirable process, although the final
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shape of the nanoparticles will be closely linked to the surface reactions [19, 20].
Literature also recommends that for further increase monodispersity, capping
ligands (surfactants or polymers) should be added to the system to promote steric
repulsion between particles, as well as the induction of electrostatic repulsion by
chemisorbed charged species (usually by changing the pH) [19]. Complementary,
the secondary processes are also relevant in coprecipitation due to their fundamental
contribution to thermodynamic stability. They involve minimization of the total sur-
face free energy by reducing the interfacial area of the precipitates through pro-
cesses known as aging. According to Nielsen [7], they include recrystallization of
the primary particles to more compact shapes; the transformation of a crystal from
a metastable modification into a stable modification by dissolution and reprecipita-
tion; aggregation of primary particles followed by sintering (intergrowth); and
Ostwald ripening, i.e., growth of the larger particles at the expense of the smaller ones.

Based on the above, this technique, from the experimental point of view, poses
important theoretical challenges. Control of morphology, size, and dispersibility of
the nanoparticles are linked to the interplay of nucleation and aggregation processes.
Some authors have grouped the most relevant experimental parameters that play
fundamental roles in controlling the thermodynamic and kinetics of these steps [15,
19, 20, 22], besides the concentration of precursors and temperature; pH and ionic
strength, nature of the solvent, heteronuclei/seeds and templates, and capping
ligands are recommended to be included and/or modified during the synthesis. To
illustrate, the solubility product constant, Ksp, which is a very useful parameter for
calculating the solubility of sparingly soluble compounds, tends to be very low in
hydroxides, carbonates, phosphates, oxalates, and chalcogenides, which make them
suitable precipitants [18, 19, 23]. Furthermore, remarkable experimental works,
such as the presented by Jia et al. [24], showed the effect of pH on the growth rate
of a-Fe,O;. At pH > 6, 2D snowflake-like a-Fe,O; dendrites were formed; while at
pH <5, 3D houseleek-like a-Fe,O; NPs were generated. Several other reports have
focused on the capping ligands, such as polymers (which are the most popular
ligands) like polyvinylpyrrolidone (povidone, PVP) [25-27], polyacrylic acid
(PAA) [28], polyetherimide (PEI) [29], polyvinyl alcohol (PVA) [30, 31], and
poly(ethylene glycol) (PEG) [32], and surfactants such as cetyltrimethylammonium
bromide (CTAB) [26, 33, 34] and sodium dodecyl sulfate (SDS) [35], among others.

1.2.2 Nanoparticle Synthesis by Electrochemical Methods

Electrochemical deposition or electrodeposition methods have been categorized as
a potential alternative, environmentally friendly/low emission (since electrons are
used as a reagent, the use of hazardous reagents can be avoided [36]), easily con-
trolled (by switching on/off the power supply [36]), and economical competitive
technique for the synthesis of a wide variety of nanostructured materials, including
semiconductors, superconductors, electrically conductive polymers, and biomateri-
als, for different kind of industrial applications such as catalysis, sensing and
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Fig. 1.5 Electrical double-layer model [36]

biosensing, medicine, optics, environmental remediation, nanorobotics, and micro-
electronics, among others [37—40]. In general, electrodeposition consists of the for-
mation of solid or condensed matter deposits on conducting surfaces through
electrochemical reactions that are driven by an external source of current or voltage
[37, 38, 41]. A basic explanation of electrodeposition arises by the fundamental
understanding of the simple two-electrode electrolytic electrochemical cell, as
shown in Fig. 1.5. When the electrodes submerged in an electrolyte solution (usu-
ally aqueous-based formed from either simple salts or complexes) are polarized, it
implies the appearance of a charge imbalance across the electrode—electrolyte inter-
face that is neutralized by the migration of the nearest charged species (electrons or
ions [42]) in the solution to the electrode surface within a few hundredths of a sec-
ond. The interaction between the adsorbed species and the electrode surface pro-
motes the appearance and growth of an electrical double layer (Fig. 1.5). The
induced potential gradient is no longer represented by the gradient observed in the
bulk solution (which is in the order of 1 or more volts), it is gathered in the thickness
of the double layer, which implies an extremely steep gradient (~106 V/cm) and,
thus, a high-intensity electrical field [36] (see the potential curve in Fig. 1.5).
Therefore, the electromotive force supplied by an external source in this method
represents the driving force, as mentioned before. In this regard, increases in the
polarization intensify the electron transfer reaction at the electrodes and the conse-
quent phenomena of charge imbalance/neutralization (a continued Faradaic current
is observed) [36].
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On the other hand, as the potential drop across the working electrode—electrolyte
interface must be controlled, it is practical to consider the conventional three-
electrode system in which the functions of the counter electrode are divided between
areference electrode (with negligible polarization, being the most popular, the stan-
dard hydrogen electrode (SHE), saturated calomel electrode, or mercury chloride
(SCE), and silver/silver chloride (Ag/AgCl) [43]) and an auxiliary electrode (that
carries the current, such as carbon or graphite, platinum, gold, lead, and titanium
[36, 43].). Thus, the potential is controlled between the reference and working elec-
trodes, while the current passes between the auxiliary and working electrodes [36].
The auxiliary electrode usually has a bigger surface area in comparison with the
working electrode, to guarantee that the half-reaction occurring at its surface occurs
faster, avoiding limitations of the process at the working electrode.

Against this background, the electrodeposition can be controlled by either an
applied potential or current, being classified as potentiostatic and galvanostatic,
respectively [36-38]. The control of the potential/current input allows that the react-
ing species overcome an energy barrier (activation energy) to make thermodynami-
cally feasible the reduction/oxidation couple. In that sense, the spotlights are the
energy of the electrons of the working electrode and those of the electroactive spe-
cies. In the former, the Fermi-level (Er), which refers to the energy of the highest
occupied orbitals (HOMO) in metals, can be controlled by the external potential
(when a negative potential is applied, Ex moves to higher energy; when a positive
potential is applied, Ex moves to lower energy [36]) until it reaches a lower level
than the HOMO of the active molecules in solution, allowing the electron-transfer
processes to the electrode. The critical potential at which this electron-transfer pro-
cess occurs is known as the standard/equilibrium potential (E,) of the reduction/
oxidation couple. Therefore, the difference between the applied positive potential
(E)) and E, is known as overpotential (OPD) [36].

Once the current density is increased in the cell or the OPD condition is reached,
the adsorption of the active species on the surface of the substrate is promoted until
the final development of nanostructures. The overall process is analogous to that
explained in coprecipitation, i.e., it comprises the fundamental steps of nucleation
and growth, which are grouped in two major processes, deposition and electrocrys-
tallization [38]. Figure 1.6 is a schematic representation of the overall electrodepo-
sition process. In brief, the initial step is the mass transportation (immigration,
diffusion, and convection) of solvated ions (in aqueous electrolytes, hydrated ions)
from the bulk toward the cathode. At the border of the electrical double-layer OHP
occurs the charge-transfer reaction, i.e., the ions partially desolvate/dehydrate until
their attachment onto the substrate cathode surface. Finally, the ad-ions and the
consequent ad-atoms are formed. Surface diffusional phenomena appear until the
completed lattice incorporation of the ad-atoms that results in nucleation of stable
atomic clusters and, eventually, their growth [38]. In parallel, depending on the
magnitude of the difference between the applied and standard potentials (E; and E,),
the kinetics of the process can be activation (charge transfer) controlled, mixed
controlled, or diffusion controlled. Initially, electron transfer rates are dramatically
increased, and the potential-current density (voltammetric curve) grows
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Fig. 1.6 Electrodeposition steps for nanoparticle synthesis [38]

exponentially (Butler—Volmer model); then, the voltammetric curve reaches the
mixed region in which the diffusion and activation rates both limit the electrolysis
current. Finally, the currents are purely diffusion limited, and peak or plateau cur-
rents are observed in quiet and stirred solutions, respectively [36, 38].

Analogously, several experimental parameters can be modified/applied for con-
trolling the thermodynamic and kinetics of the process, besides the input potential/
current; the following factors should be considered: nature of the substrate (crystal
structure, specific free surface energy, and lattice orientation, among other); type of
electrolyte (aqueous or ionic); pH; the use of templates; agitation; stabilizing agents;
area of the electrodes; and time of exposition; among others. To illustrate, the syn-
thesis of shape-controlled nanostructures (mainly nanowires and nanorods) is sig-
nificantly improved when soft and hard templates are used. Among the most popular
soft templates are surfactants and polymers [44—48]; as well as microemulsions [37,
49, 50]. Likewise, the most common and available hard templates are anodized
alumina (AAM), as wells as inorganic and polymeric membranes [40, 51, 52].
Furthermore, potentiodynamic or pulsed electrodeposition is also used, mainly to
improve the control in the growth step, allowing the system to experience periods in
which electrodeposition occurs and others in which the nearest electroactive species
recover [37].
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1.2.3 Nanoparticle Synthesis by Sonochemical Methods

In the direction of reaching important technological developments at the nanoscale
that, at the same time, are in synchrony with ecofriendly chemical synthesis pro-
cesses, the use of alternative energy sources, such as electromagnetic and mechani-
cal waves, has been widely contemplated for the activation of chemical reactions in
recent years, avoiding excessive consumption of hazardous reagents and generation
of waste [53]. Among these techniques, sonochemistry is one of the most relevant
due to its superiority at certain fundamental aspects in comparison to all other
nanoparticle synthesis techniques. Gedanken [54] highlighted the advantages of
sonochemistry in the following areas: preparation of amorphous products, insertion
of nanomaterials into mesoporous matrices, deposition of nanoparticles on ceramic
and polymeric surfaces, and formation of proteinaceous micro- and nanospheres.
Other positive aspects of sonochemistry are the short time of reaction, high purity
of products, and narrow size distribution with large surface area of the nanoparticles
[53, 55].

The fundamentals of sonochemistry arise from the application of powerful ultra-
sound radiation (20 kHz—15 MHz [54, 56-58]) to stimulate chemical reactions in a
liquid solution. These chemical effects proceed from nonlinear acoustic phenom-
ena, primarily acoustic cavitation, i.e., formation, growth, and implosive collapse of
bubbles [57, 58]. As a result of the collapsing phenomena that occur in less than a
nanosecond, a huge amount of energy is released into the liquid; therefore, local
heating, high pressures, and high-speed jets (with speeds >100 m/s [55, 56]) are
produced. Such localized hot spots that reach very high temperature (5000-25,000 K
[58]), pressure (>100 MPa [54, 57, 58]), and high cooling rates (1011 K/s [54, 57])
are responsible for the appearance of turbulence in the flow of the liquid and an
improved mass transfer, causing the thermomechanical conditions capable of cleav-
ing the intermolecular bonds of the precursors [53]. Likewise, the mechanisms of
product generation depend on the quality of the reagents (mainly volatility) and the
conditions of the reaction, which classifies the sonochemistry as primary (gas phase
chemistry occurring inside collapsing bubbles) and secondary (solution phase
chemistry occurring outside the bubbles) [55, 57, 59]. In the former case, a volatile
precursor produces free metal atoms generated by bond dissociation (e.g., metal—
carbon bonds in organometallic compounds [60]) due to the intense thermodynamic
conditions reached during bubble collapse; these newly formed atoms nucleate to
form nanostructured materials [57]. Additionally, because of high cooling rates, the
organization and crystallization of the products are inhibited and, thus, amorphous
nanoparticles are developed [54, 59]. In the case of nonvolatile precursors, the sono-
chemical reactions occur in the solvent phase. After the bubble collapse, the sur-
rounding liquid also experiences transient heating within a ring region of 200 nm,
reaching temperatures above 1900 °C [54, 56, 59]. The resultant high-energy spe-
cies (e.g., radicals) diffuse into the liquid phase and react, leading to the formation
of nanoparticles [57]. In this case, the products are sometimes amorphous nanoma-
terials or, in other cases, nanocrystalline. The final structural organization will
depend on the temperature of the ring region [54].
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Fig. 1.7 Sonochemistry steps for nanoparticle synthesis. Part of figure is adapted from reference
[61] with permission

From a fundamental point of view, acoustic cavitation stimulates several com-
plex processes in the generated bubbles; thus, a theoretical understanding of these
phenomena can lead to enhanced control of the method. Figure 1.7 summarizes
schematically the distinct stages that the bubbles can go through. In general, the
initiation step corresponds to the bubble nucleation that arises because of pre-
existing impurities in the solvent phase (small gas bubbles protected by a skin of
organic impurities, bubbles trapped in motes or crevices in solid surfaces [57, 61]).
Sequentially, when the applied acoustic pressure is above a certain threshold, the
growth step begins. The pathways of this step are coalescence and, mainly, rectified
diffusion [61]; this latter process is fundamental for describing the interlink between
growing and mass diffusion across the air-liquid interface: as the acoustic cycle
alternates between the compression and rarefaction (see Fig. 1.4), gas is forced to
diffuse in and out of the bubbles [56]. The changing area and liquid shell are con-
sidered the two main contributors to rectified diffusion; when the bubbles shrink,
the surrounding gas will be concentrated near the interface (Henry’s Law), and the
liquid shell will become thicker, reducing the driving force for the diffusion of gas
out of the bubble. By contrast, the expansion of the bubbles will reduce the liquid
shell; thus, the driving force for the inlet diffusion will increase [56, 61]. Therefore,
the area and shell effects synergistically contribute to a net mass diffusion into the
bubble over time or growth (t < 100 ps, bubble ratio < 50 pm) that finishes with an
adiabatic implosive collapse, and the subsequent formation of nanostructures.
According to Gedanken [54], these nanostructured products are the consequence of
the fast kinetics that inhibit the nuclei growth. Because of the described physico-
chemical effects, several experimental parameters can be modified/controlled
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during the overall process to improve the quality of the nanoproducts, including
acoustic power, frequency, hydrostatic pressure, properties of the solvents and
reagents (mainly boiling temperature and ratio), the inclusion of templates and their
nature, process temperature, and sonication time, among others [53]. To illustrate,
in the synthesis of nanostructured noble metals, the use of nonvolatile precursors
dissolved in volatile solvents such as water is a common practice, considering that
sonolysis of the water vapor produces chemical intermediates (specifically H radi-
cals and e(aq)”) that act as strong reducers species in redox reactions. Thus,
chemical-reducing agents can be avoided, although alcohols (e.g., 2-propanol, etha-
nol [62]) and surfactants (e.g., SDBS, SDS, PVP, PEG, CTAB [62]) are also recom-
mended to generate secondary radicals, which can dramatically promote the
reduction rate [67, 71]. On the other hand, the use of volatile organometallic precur-
sors (e.g., Fe(CO)s, Ni(CO),4, Co(CO);NO, Mo(CO), W(CO)4 [57, 60]) dissolved in
nonvolatile solvents (e.g., silicone oil, polyethylene glycol, ethylene glycol [57, 62,
63]) has the particular advantage of achieving more secure conditions, due to the
capacity of the solvents of absorbing the energy (via rotational and vibrational
molecular modes, ionization, and competing bond dissociation [57]).

1.2.4 Nanoparticle Synthesis by Sol-Gel Processing

Sol-gel processing is a well-documented and cost-competitive wet chemical method
that stands out for its low-temperature reaction, good composition control (high
purity products and stoichiometry level), production of shaped and homogeneous
nanomaterials (e.g., bulk monoliths, fibers, powders, sheets, coatings, films), large-
scale industrial production, and broad applicability, mainly in material science and
ceramic engineering [64-67]. From a general perspective, the sol-gel method
involves the preparation and subsequent transformation of a sol (which refers to a
dispersion of colloidal particles in a liquid medium with diameters between 1 and
100 nm [68]) into a gel-like intermediate (an oxide or alcohol-bridged network)
because of the simultaneous hydrolysis and polycondensation of a precursor (either
inorganic metal salt or metal-organic) that promote dramatic increases in the vis-
cosity of the dispersion (syneresis) until the final transformation into a functional
solid nanomaterial; complementary processes such as thermal treatment are essen-
tial for the remotion of the solvent from the interconnected gel network (drying) and
the calcination of this gel (dehydration) [19, 68]. Due to the resultant drying stress,
monolithic gel bodies are often destroyed, and powders are obtained [69]. Figure 1.8
represents the overall steps of sol-gel processing.

In principle, the precursors, either alkoxide or solvated metals, are dispersed into
an aqueous solution to induce hydrolysis and simultaneous (competitive/comple-
mentary) condensation reactions. However, it is important to highlight that the reac-
tion routes differ substantially as a function of the precursors; therefore, a specific
description of the processing in virtue of their nature is fundamental and dis-
cussed below.



1 Nanoparticles: Preparation, Stabilization, and Control Over Particle Size 15

Formation of stable Solution of
solutions colloidal powders

-| Solvated metal cations

 Hydrolysis
| [M(OHz)y)** +hHy0 — [M(OH)(OH;)x-n) ™ +hH;0*

i _M**:metal cation; h: hydrolysisratio; N: coordination number. |

: + Condensation H

. Hydrolysis and | H

Gelation e o M —OH + M~ OH; = M — OH — M + H,0Olation '
polycondensation or '

- . - ' - - olati H

polyesterification of the ‘. M __E“_"_f_}f?_ . _“ _"fz_t?_ E”f__ . _‘?'_'___ I |

| precursors

L3
E %ins Metal alkoxides
bo syneresis  Hydrolysis
L | M(OR),+xH,0 — M(OH)(OR),_, + tROH
(o] Thermal evaporation + Condensation H
— {-M—OH +H—0—M——M—0—M—+H,0 Dehydration |
“ xerogel {—M—OH+R—0~- M~ M~ 0 — M~ +ROH Dealoholation}

Supercritical conditions
aerogel

Dehydration
Chemical
Stabilization

Fig. 1.8 Sol gel method’s steps for nanoparticle synthesis [19, 65, 70, 73]

Solvated Metal Cations In an aqueous medium, metal cations (M**) are solvated by
dipolar water molecules, giving rise to aquo ions ([M(OH,)y]**). This electron trans-
fer process occurs from the bonding orbitals of coordinated water molecules toward
empty orbitals of the metal cation, M** + NH,O — [M(OH,)y]**, where N is the
coordination number of the cation [70]. Likewise, the transfer process also results
in weakening the O—H interactions of bounded water that becomes more acidic. The
resultant hydrolysis (deprotonation) reaction is as follows:

[M(OH,)\)** + hH,O — [M(OH),(OH,)y _;]¢~"* + hH30*, where h is the hydro-
lysis ratio.

In dilute solutions, the reaction can produce monomeric species ranging from
aquo cations ([M(OH,)yJ**), hydroxy species ([M(OH).]°), and oxo anions
(IMO,,]*" = 97), when all the protons have been removed from the coordination
sphere of the metal cation [70]. These equilibria depend mainly on the pH, and, in a
lesser extent, temperature and concentration. The theoretically analysis of this reac-
tion is generally based on the electronegativity equalization principle or Partial
Charge Model (PCM) [19, 70]. Thus, the proton exchange between the precursor
(IM(OH),(OH,)y _ ;] ~"*) of mean electronegativity y;, and the aqueous solution of
mean electronegativity y,, proceeds until they reach equal values (y, = y,,) Parallelly,
J» depends on the metal cation (M) and the hydrolysis ratio (k) at a given pH. The
charge-pH diagram (refer to [19, 69, 70]) is a useful guide because it is possible to
predict the parameters that favor condensation reactions, as they are only possible
when the system is brought from the aquo (low-valent cations) or oxo (high-valent
cations) domains to the hydroxy domain, i.e., OH groups must be present in the
precursor [19, 70]. Based on the above, the condensation reactions are promoted
mainly by pH variations. According to Henry et al. [70], condensation is initiated by
adding a base to low-valent metal ions (e.g., Cu**, AI*, Zr*") or an acid to
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high-valent metal ions (e.g., W%, V). Redox reactions are also initiators [70].
Furthermore, the condensation of hydrolyzed metal ions follows two main mecha-
nisms: olation when N = z, i.e., nucleophilic attack (substitution) of a negatively
charged OH group ([6(OH™)]) to a positively charged metal cation ([6(OH,)]), that
produces “ol” bridges (M — OH — M, see the reactions in Fig. 1.8); and oxolation
when N — z > 0, i.e., nucleophilic addition of OH groups onto metal ions, followed
by the formation of an “oxo” bridge (M — O — M, see the reactions in Fig. 1.5) [70].

Metal Alkoxides In this case, hydrolysis is induced because of the introduction of
water or water alcohol mixture into the system. The reaction is initiated through
nucleophilic attack (substitution) of H,O molecule to a positively charged metal
atom, generating the insertion of hydroxide groups into the coordination sphere of
the metal atom ([M(OH),(OR), _]). Analogously, the rate of substitution depends
on the coordination instauration of the metal atom (N — z); higher values of (N — z)
require lower activation energy of the nucleophilic attack [71]. Equally important,

. . M(OR . .

the alkoxide/water ratio M: x | determines the number of substituted
H,0

alkoxy groups. Thus, variation and contrdl of x has profound consequences in the

morphology and structure of the resulting gel [19]. Simultaneously, after the inser-
tion of hydroxide groups, condensation occurs in the following ways [65]: dehydra-
tion or dealcoholation (see the reactions in Fig. 1.8).

The second step of the overall process is gelation, which appears because of the
hydrolysis and polycondensation reactions by the random collision of polymeric
species in solution, leading to crosslinking bridges (oxide or alcohol) that eventu-
ally become a three-dimensional network [65]. As already mentioned, the main
characteristic of this step is the sharp increase of the viscosity. Casting is also com-
mon to stimulate the formation of specific shapes, which can be easily recovered at
the end of the process, by just ejecting the product out of the mold. Complementary,
this developed network is further subjected to polycondensation for a period of time
(hours to days), leading to decreases in the porosity of the interconnected system in
a process known as aging (syneresis); thus, the aged gel must reach high strength to
avoid any cracking during drying. In this last process, the solvent is removed from
the crosslinked network by either thermal evaporation (xerogel) or supercritical sol-
vent extraction (aerogel) [68, 72]. In the former case, large capillary stresses appear
(in small pores <20 nm [68]) due to increases in the coordination numbers of the
particles that result in the formation of additional linkages and the consequential
collapse of the network; therefore, considerable shrinkage and reduction in the sur-
face area and pore volume are the main consequences observed in thermal evapora-
tion [19, 72]. A practical solution is the use of surfactants that decrease the surface
energy of the solvent or supercritical extraction (capillary stresses disappear due to
the lack of solvent—vapor interfaces [19]). The most common method is removing
the pore fluid above its critical point, although an alternative route is replacing the
solvent with CO2 and then removing it above its critical point [72]. As discussed,
aerogels are low-density materials with high surface area (200—1000 m?/g [73]) and
controlled pore size distribution. Finally, the gel is dehydrated to desorb the



1 Nanoparticles: Preparation, Stabilization, and Control Over Particle Size 17

hydroxyls, avoiding rehydration processes. To get this stabilized gel, the sample is
calcinated at a temperature in the range of 500-800 °C [19, 68].

Analogously to the other methods, there are critical experimental parameters that
can be controlled to increase the efficiency of the process. Particularly, in this
method, these aspects are well differentiated: pH of the solution (acid- or base-
catalyzed hydrolysis of metal alkoxides [74—77]), the molar ratio of water to alkox-
ide [78], and temperature [79].

1.2.5 Nanoparticle Synthesis by Chemical Vapor Deposition
(CVD) and Chemical Vapor Condensation (CVC)

Chemical vapor deposition (CVD) and chemical vapor condensation (CVC) are dis-
tinctive material processing techniques that are characterized for their capability of
producing highly dense and pure materials, as wells as nanoparticles with narrow
size and homogeneous films with good reproducibility and adhesion as they can
coat complex-shaped substrates uniformly [80]. Their fields of applicability include
electronics, optoelectronics, surface modification, and biomedicine [81]. In these
methods, vapor phase precursors are convectively transported into a high-
temperature reaction chamber to promote thermal dissociation and/or chemical
reactions on or near the vicinity of a substrate to form stable solid products [80—82].
In this regard, when the nucleation step is favored in the vapor phase and ultrafine
clusters or nanoparticles are formed, the approach is defined as vapor synthesis or
CVC (thus, it requires activation energy to proceed) [83, 84]. Analogously, when the
nucleation step is favored onto the surface of a heated substrate (which acts as the
activation energy source), deposition and adsorption of the active gas species and
reaction intermediates are stimulated, and the method is differentiated as CVD [80-
82]. Regardless of these variations, which are mostly associated to the hierarchy of
the experimental systems and equipment, the physicochemical principles of both
methods are equivalent. According to Choy [80], the chemical reactions that pro-
ceed can be classified as: thermal decomposition (pyrolysis), oxidation, reduction,
hydrolysis, nitridation, deprotonation, photolysis, and/or combined reactions.

On the one hand, the CVC setup mainly consists of a feed system and a reaction
chamber that is maintained under vacuum. The injected precursors flow through a
tubular reactor where gas-phase homogeneous reactions take place within a short
residence time (<0.1 s), driving to the fundamental steps of nucleation and growth.
At the outlet, the two-phase stream (gas and nanostructures) is subjected to a rapid
expansion that serves to mitigate undesired agglomeration processes. Finally, the
nanoparticles are deposited on a rotating nitrogen-cooled substrate. Figure 1.6 rep-
resents schematically the steps of CVC [83, 84]. A relevant aspect of this technique
is its linkage with some Physical Vapor Deposition (PVD) methods; according to
Chang et al. [83], this technique takes the advantages of the significant energy pro-
vided by laser beam, combustion flame, and plasma in the thermal decomposition of
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organometallic precursors, as well as the Inert Gas Condensation (IGC) synthesis
methods, that lead to the evaporation and condensation of volatile species in a
reduced pressure environment. Therefore, CVC is useful in processing almost all
kind of precursors. The main experimental aspects that must be rigorously con-
trolled were summarized by Tavakoli et al. [84] and involved low concentration of
precursor in the carrier gas to minimize the collision frequency of the formed nano-
clusters, expansion of the ejecting gas stream, and rapid quenching of the gas-phase
nucleated clusters.

On the other hand, as CVD is more thermodynamically feasible (e.g., it does not
require high vacuum working environments), scientific literature has extensively
focused on this method [85-87]. The overall processes involved are summarized in
Fig. 1.9. First, the reactant gases are transported into the chamber to induce, either
gas-phase homogenous reactions that generate byproducts and intermediates, or the
eventual diffusion of these gaseous precursors to the boundary layer of the sub-
strate. Both the precursors and intermediates adsorb onto the substrate surface; and
phenomena such as heterogeneous chemical reactions and surface diffusion are pro-
moted, which contribute to the induction of nucleation and the subsequent growth
steps. Alongside, some byproducts and unreacted species desorb from the surface
and are directed to the effluent gas treatment system [80-82]. According to Choy
[80], the most relevant experimental parameters to control in the process are deposi-
tion temperature, pressure, input gas ratio, and flow rate, the temperature being the
dominant parameter. This deposition rate—temperature correlation generally fitted
an Arrhenius model, i.e., high surface temperatures increase thermally activated
reactions, which induce higher deposition rates and thus enhanced surface diffusion
processes of the atomic species and growth rates. This region is defined as the

[a0] Ve

- !
m """"" R .t I m
b Heterogeneous | | ©
17 reaction b g o
AR R R RN -~
S| S ) 7]
a| g3 : : S
T| §8 : ; a
w ]
Tu' Nucleation i g
[T} _—] | t sustem Nucleation | —
I ] 1 °
{ =]
i Desorption [ o
— and mass Growth
Growth J = transport
—
]
i Deposition chamber/reactor Chamber pressure (1~20 mbar)
L]

Fig. 1.9 Chemical Vapor Deposition (CVD) and Chemical Vapor Condensation (CVC) steps for
nanoparticle synthesis [80, 81, 83]
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chemical kinetics limited zone [80, 82]. The main characteristic is the homogeneity
of the formed films that is reached by controlling the temperature over the substrate
surface. Nevertheless, if the temperature further increases, the growth rate becomes
almost independent, and the process is controlled by the mass transport of the pre-
cursors through the boundary layer, and this region is known as mass transport
limited [80, 82]. Besides the operation temperature, pressure is also considered a
relevant parameter in this method. Although CVD processes are viable at atmo-
spheric pressures, some subdivisions have been stipulated regarding the working
pressure ranges as atmospheric-pressure CVD (APCVD) or low-pressure CVD
(LPCVD, ~0.1 10 torr). The particularity of the LPCVD condition is that the pro-
cess is mass transport limited [80]. Furthermore, there have been developed some
advanced technological variants of CVD systems, mainly focused on the type of
energy sources, such as plasma enhanced CVD [88-90], photo-assisted CVD [91],
and laser-assisted CVD [92, 93].

1.2.6 Nanoparticle Synthesis by Microemulsions

Microemulsion-based (ME) synthesis is a low-temperature powerful method for the
preparation of high-quality colloidal nanoparticles, characterized by comprising
low-cost instrumentation and good control of stoichiometry, size, homogeneity, and
morphology of the products due to its ability to mix reactants efficiently at the
molecular level [94, 95]. It is widely used in sensing, catalysis, and biomedicine for
drug-delivery systems involving mainly polymeric nanoparticles [96]. Essentially,
this approach embraces surfactant-stabilized droplets phase that acts as the “nano-
reactors” (diameters varying between 2 and 50 nm [96, 97]), leading to flexibility,
accessibility, and adaptability of the precursors and reactions. Therefore, nanopar-
ticles can be synthesized in water-in-oil (w/0), oil-in-water (o/w), and/or bicontinu-
ous microemulsions, i.e., polar/hydrophilic- (w/o-ME) or nonpolar/
hydrophobic- (o/w-ME [97]) droplets/nanoreactors. The complete microemulsions
schemes in virtue of the dispersed phase (w/o-ME or o/w-ME) are schematically
represented in Fig. 1.10. In general, the synthesis of nanoparticles in o/w-MEs has
the advantages of low environmental impact (since the continuous phase is water)
and stable phase behavior (interactions between the organometallic precursors and
surfactants are weaker) [97]; while the w/o-MEs have been categorized as the most
important and widely implemented technique because of their easy formulation and
affinity with the abundant water-soluble metallic salt precursors [94].

According to Sanchez-Dominguez et al. [97], two strategies have been identified
for the synthesis of inorganic nanoparticles in o/w-MEs: oil-water interface con-
trolled microemulsions, in which the precursor is an ionic salt dissolved in the water
continuous phase; and single microemulsion, in which the precursor is an organo-
metallic salt dissolved in the oil droplets of the microemulsion (see the detailed
schemes in Fig. 1.10). In the former, the precipitant agent and the metallic precursor
(A and B) dissolved in the continuous phase are transferred and adsorbed on the
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oil-water interface. Initially, the diffusion of the metallic cations is driven by the
electrostatic attraction with the anionic part of the surfactant to increase the stability
of the system. After a while, the precipitant agent is added and the balance is
destroyed, which leads to the occurrence of the reaction at the interface and the
subsequent fundamental nucleation and growth steps that proceed until the final
formed nanostructures [97, 98]. The two pathways of these steps are intramicellar
and/or intermicellar nucleation and growth. For the first one, the reactions are
located close to a droplet interface, and electrically neutral nanoclusters are formed.
Eventually, the surfactant encapsulates them, as they are unstable at the interface,
and promotes phase-transfer processes. On the other hand, reactions can also occur
at the shared interfaces of two collapsing micelles, and the process is termed as
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intermicellar [97, 98]. The consequent steps are analogous to the explained above,
as they involve phase transfer of the hydrophobic nanoparticles. In both cases, the
hydrophobic nanoparticles can be precipitated, or the system can be subjected to
hydrothermal treatment for increasing crystallinity [97]. Furthermore, the single
microemulsion synthesis route is a straightforward approach, considering that the
organometallic precursors are dispersed in the oil droplets of the o/w-ME; thus, the
only action required is the incorporation of the precipitating agent (typically water
soluble) at a delayed time to promote intramicellar and/or intermicellar nucleation
and growth steps.

In a similar way, Husein and Nassar [94] identified two strategies for the synthe-
sis of nanoparticles in w/o-MEs: mixing of two microemulsions, in which each of
the mixed w/o microemulsions contains one of the reactants; and single microemul-
sion, in which the precursor is dissolved in the water droplets (see the detailed
schemes in Fig. 1.10). In the former, intermicellar nucleation and growth is the
synthesis route, because of fusion and subsequent fission processes of micelles that
are driven by Brownian motions. Initially, the collisions promote coalescence,
fusion, and efficient mixing of reactants. Sequentially, the chemical reactions pro-
ceed at their intrinsic rate of reaction; for instance, in fast reaction scenario, the rate
is controlled by the collisions between reverse micelles (which in turn is governed
by the rigidity of the surfactant layer); in contrast, for slow reactions, the rate
depends on the statistical distribution of the reaction species among the reverse
micelles (they are typically well described by Pseudo continuous models). The final
step is decoalesce/fission into daughter reverse micelles where the reactions occur,
and the following nucleation and growth steps. The possibilities of growing sce-
narios are represented in Fig. 1.10, e.g., a micelle carrying a nucleus collapse with
another one carrying product monomers. Furthermore, the single microemulsion
route follows the same principles explained above; after the incorporation of the
second reactant, the process is controlled by one or more of the following mecha-
nisms: reaction Kinetics, particle aggregation, and intramicellar and/or intermicellar
nucleation and growth. For instance, intramicellar routes will dominate when high
reactant occupancy numbers are coupled with rigid surfactant layer, which is the
desired condition to avoid particle aggregation. According to the literature [94, 99,
100], the use of surfactants with reactive counterions favors intermicellar nucleation
and growth.

Similarly, there are several operation variables widely analyzed in the literature
that can be controlled/modified to improve the reaction schemes of these approaches
[94-98, 101-104], including dispersed phase/surfactant ratio, nature and concentra-
tion of surfactants, cosurfactants and reactive species, volume fraction and type of
the dispersed and continuous phases, mixing, and temperature, among others.
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1.3 Physical Preparation Techniques

Other preparation methods of nanoparticles are the top-down methods where
nanoparticles are prepared directly from bulk materials via the generation of iso-
lated atoms by using various distribution techniques that involve physical methods,
such as milling or grinding, laser beam processing, repeated quenching, and photo-
lithography [105]. Different nanoparticles preparation and characterization tech-
niques and their effects on nanoparticles stability have been generously discussed
by other researchers [106-119].
To name a few of these technologies, we can categorize these techniques as:

(i) Mechanical attrition, like attrition ball mill, planetary ball mill, vibrating ball
mill, low energy tumbling mill, and high energy ball mill
(ii) Plasma
(iii) Microwave irradiation
(iv) Pulsed laser method
(v) Gamma radiation

A discussion on the first two techniques, as they are important ones, is
addressed below.

1.3.1 Mechanical Attrition

Mechanical attrition, or “milling”, is a process in which a device is used to apply
energy to a coarse-grained structure, resulting in the reduction in particle size. Under
certain conditions, mechanical attrition may result in nanoparticles which also exhibit
nanostructural behavior due to the nanocrystallinity of the resulting material [120].
In the attrition process, the media is usually placed between two colliding balls,
where the media is then subjected to an impact process reducing its size. During the
process of attrition, the material, which usually contains large spaces compared to
the particle size, undergoes three stages: The first stage is rearrangement of the par-
ticles, as particles slide past each one another with minimum fracture, followed by
second stage of elastic and plastic deformation, and finally particle fracture.

There are several devices that can be used for mechanical alloying, which can be
used for different applications (e.g., sample sizes, milled materials, etc.). These
devices include the followings.

1.3.1.1 Shaker Mills

The sample is deposited in a vial that contains a grinding media, which are hard
spheres. The shaking of the vial is accompanied by a lateral movement, both at
several thousand times per minute. Due to the high speed of the hard spheres, the
method is classified under the high-energy methods. These devices are usually used
in laboratories, and for small amount of powder samples [120].
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Fig. 1.11 (a) Planetary ball mill and (b) schematic showing motion of ball motion inside the
grinding jar. (Adapted from [121] with permission)

1.3.1.2 Planetary Ball Mills

In this setup, shown schematically in Fig. 1.11, grinding jars or vials, which contain
grinding hard spheres and the sample, are attached to a rotating disk (sun wheel).
The vials rotate around their own axis and are subjected to the rotation of the sun
wheel, which rotates in an opposite direction. This motion results in impact and
friction forces on the hard spheres, causing a high degree of sample size reduction.
These mills are also used in laboratories, but for larger sample sizes compared to
shaker mills [121].

1.3.1.3 Attritor Mills

The mill consists of a drum filled with hard spheres, the powder sample, and an
agitator. The milling is produced by the rotation of an agitator, which is a rotating
vertical shaft with arm (impellers) attached at right angles. This rotation results in
various impacts within the drum, including impacts among the hard spheres, the
spheres, and the impellers and the walls, which finally lead to grinding the powder
and reducing its size [120].

1.3.2 Plasma

One of the most common techniques for the preparation of supported metal/metal
oxide nanoparticles as catalysts is wet process (including impregnation and precipi-
tation), which is usually employed for economic and practical reasons. In contrast
to these techniques, dry processes (including chemical/physical vapor deposition,
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sputtering, and ion implantation) remain limited as catalytic nanoparticles prepara-
tion techniques. These methods specifically are applied in the emerging field of
semiconductor technology. Although the science behind dry processes is important
from a fundamental point of view, dry processes that enable the use of powdered
catalyst nanomaterials for practical applications are not well-known.

Plasma has been used for catalyst nanomaterials preparation [122—-125]. Various
types of thermal and cold plasmas, including not limited to plasma jets, DC coronas,
arcs, glow discharges, radio frequencies, and microwaves, have been employed for
preparation of ultrafine particles including nanoparticles, supported catalysts, and/
or catalyst surfaces modification. The potential advantages of using plasmas are (1)
preparation of highly dispersed active species, (2) enhanced catalyst activation,
selectivities, and lifetimes, (3) reduced energy requirements, and (4) shortened
preparation times [124]. One of the promising techniques in this category can be
named as pulsed cathodic arc plasma technique, which is a simple and innovative
approach toward preparation of nanoparticles. This method enables the deposition
of metal nanoparticles or nanofilms from bulk metals or other electronic conducting
materials [126—142]. One of the most important applications of pulsed cathodic arc
plasma technique is preparation of powdered-supported catalysts and photocata-
lysts. This method enables the one-step deposition of catalyst nanoparticles on vari-
ous support powders, in contrary to the multistep preparation needed for conventional
wet impregnation processes. A schematic and a photograph of the experimental
setup for nanoparticle catalyst preparation using pulsed arc plasma deposition have
been depicted in Fig. 1.12. This apparatus consists of arc discharge sources, a vac-
uum chamber with a turbomolecular pumping system, and a powder container with
a rotating stirring mechanism. In the arc discharge source unit, an insulator tube, a
columnar cathode, a trigger electrode, and a cylindrical anode are arranged coaxi-
ally. Cathode is a 10-mm-diameter and 17 -mm-long metal rod of the target material
connected to a DC supply, while cylindrical anode is connected to the ground [143].
Trigger electrode in this case is connected to a pulsed power supply.

For the sake of charge and discharge, an electrolytic capacitor is connected
between the cathode and the ground. An electronic breakdown between the trigger
and cathode electrodes is caused by the application of a 3 kV pulse to the trigger
electrode. This electronic breakdown ignites pulsed arc discharges with a period of
0.1 to 0.2 ms between the cathode and the anode.

Transmission electron microscopy (TEM) images and energy-dispersive X-ray
spectroscopy (EDX) spectra of unsupported Pd—Fe nanoparticles prepared by (left)
synchronous (syn) and (right) asynchronous (asyn) pulsing have been demonstrated
in Fig. 1.13. As seen in this picture, each EDX spectrum was taken from a circular
region containing one nanoparticle. In synchronous pulsing, the as-deposited single
nanoparticles contained both Pd and Fe (Fe: 67 wt%, Pd: 33 wt%), whereas the
single nanoparticles prepared via asynchronous pulsing contained only Fe (Fe:
100 wt%, Pd: 0 wt%) [143].
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Fig. 1.12 (a) Schematic of the pulsed arc plasma process for the deposition of metal nanoparticles
and (b) experimental setup with dual arc plasma sources. (Reproduced from [143] with permission

from The Royal Society of Chemistry)
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Fig. 1.13 TEM images and EDX spectra of unsupported Pd—Fe nanoparticles prepared by (left)
synchronous (syn) and (right) asynchronous (asyn) pulsing. Each EDX spectrum was taken from a
circular region containing one nanoparticle. (Reproduced from [143] with permission from The

Royal Society of Chemistry)
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1.4 Application: Importance of Controlling the Shape
and Size of Nanoparticles

Nanotechnology is concerned with understanding the correlation between the chemi-
cal, optical, electrical, and magnetic properties of nanomaterials with respect to their
size, shape, and surface chemistry [144]. The importance of the size is highlighted in
the very definition of nanotechnology which, according to the National Nanotechnology
Initiative (NNI), is the “science, engineering, and technology conducted at the
nanoscale, which is about 1 to 100 nm” [145]. Once we are in the nanoparticle size
range, the function of the nanoparticle size plays an equally important role as material
properties (e.g., chemical and magnetic) become size-dependent and, therefore, a
desired nanoparticle function is closely related to the nanoparticle size. To highlight
the size and shape effects, we briefly go over a selected few field applications, but we
emphasize that size and shape effects are present in all applications.

1.4.1 Metallurgy

Following observations regarding the effect of the size of small particle on melting
temperature, Buffat and Borel [146] studied the melting temperature of gold parti-
cles of various sizes and found, using scanning electron-diffraction, that melting
temperature increases with increasing particle size (see Fig. 1.14). Later, [147]
highlighted what is known as cluster size equations, which included energetic,
quantum, electronic, and electrodynamic size effects of the clusters.
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Fig. 1.14 Effect of gold nanoparticle size on the melting temperature. Adapted from [146, 147]
with permission
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1.4.2 Biological Systems

One way to explore the size and shape effects of nanoparticles is to look at these
effects in naturally occurring biological nanostructures. Viruses, which are nano-
sized entities, exist in different shapes such as filamentous, isometric (or icosahe-
dral), head and tail, and enveloped, and their ability to infect a certain cell type and
their residence time in the infected cell are impacted by their shape [144]. The
combined effect of shape and size can be noticed in the therapeutics used for degen-
erated (e.g., osteoarthritic) cartilage, where the molecule’s size is the most impor-
tant factor in the design of therapeutics, as the effective pore size in the matrix of the
cartilage is very small (~6 nm). Surprisingly, certain molecules of larger hydrody-
namic radius (e.g., 500 kDa dextran with ~16 nm) can penetrate and diffuse through
cartilage. It is hypothesized that the linear shape of the dextran molecule enables it
to penetrate and diffuse within pores of smaller size, while spherical molecules of
similar hydrodynamic radius cannot penetrate cartilage [148]. Currently, therapies
of degenerated cartilage are based on drugs of small hydrodynamic radius, which
have limited long-term efficacy, and thus, the ability to inject cartilage with drugs of
larger molecules that can penetrate the tissue could substantially improve the health
of the degenerated tissue, but would also require knowing the size and shape, among
other factors. Antigens and proteins are other examples of nanostructures whose
functions are impacted by size and shape [144]. These examples of naturally occur-
ring nanostructures demonstrate the importance of both size and shape, and that for
designing synthetic nanoparticles for biological applications, e.g., detecting and
repairing infected cells, tumor diagnosis, or drug delivery, physical properties play
a detrimental role in the application, as they impact the interaction between nanopar-
ticle and the cell surface (see Fig. 1.15). For instance, for tumor targeting nanopar-
ticles, Perrault et al. [149] have shown that the permeation of the nanoparticles
within a tumor, as well as their tumor accumulation capacity, is highly influenced by
the nanoparticle’s diameter, where smaller nanoparticles are able to diffuse through-
out the tumor matrix.

1.4.3 Oil Well Construction

In oil well construction, cements experience volume shrinkage, which impacts the
long-term stability of the wells and leads to gas leakage [150]. To reduce the effect
of the shrinkage, certain additives, including nanoparticles, can be used. For
instance, nanoscale magnesium oxide (MgO) is used as an additive in the cement
slurry, expanding as it is converted to magnesium hydroxide once it is exposed to
the water in the slurry and thus, reducing the shrinkage. The expansion properties
are influenced by the surface area of the MgO particles, i.e., MgO particle size
[151]. In the same topic, cements experience what is known as “waiting on cement”
(WOC), which is the amount of time it takes the slurry to solidify. This waiting time
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Fig. 1.15 Factors that impact nanoparticle and cell surface interaction. Adapted from reference
[144] after permission

can be costly and is generally minimized by additives, or cement accelerators.
Nanosilica has been shown to increase strength of the cement and decrease porosity,
making it a favorable additive over other accelerators [152, 153]. Different sizes and
shapes of nanosilica lead to different results [154]. For instance, the smallest nano-
silica (5 nm in diameter), and the rod-shaped nanosilica exhibited the fastest rates of
cement setting [151].

Tough well conditions and cement material issues can lead to debonding of the
cement from the casing or the rock formation in the wellbore and the fracturing of
the bulk cement, as has been proven with previous studies [151], as depicted in
Figs. 1.16 and 1.17. Nanoparticles which have shown substantial promise in improv-
ing the properties of oil and gas well cement can be named as nanosilicas, calcium-
silicate-hydrate (C-S-H) nanofoils, and nanomagnesia [151].

It should be noted that several other factors, besides size and shape, play signifi-
cant roles on the function and kinetics of nanoparticles, such as magnetic field,
mechanical properties, and pH effect, considering their applications.

1.4.4 Nanotechnology: Industrial Applications
and Risk Factors

Over the past few decades, nanotechnology has infiltrated almost all research fields
and introduced unconventional solutions to the current industrial problems.
However, most of these solutions have not fully transitioned from the experimental
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Fig. 1.16 Hydration kinetics of class H cement (a) heat flow and (b) cumulative heat, showing the
effect of shape and size. (Adapted from [151] with permission)
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Fig.1.17 Oil well construction materials and nanosolutions. (Adapted from [151] with permission)

laboratory stage to the industrial stage. With the rapid increase in the applications of
nanotechnology in the industry, there are risks, concerns, and challenges attached to
its use. In the following, we address some of the applications of nanotechnology
along with potential risks. While we focus on two sectors, food industry and oil and
gas, similar risks are also present in the other sectors.

1.4.4.1 Food Industry

Nanotechnology has recently attracted much attention in the food and beverage
packaging industry, where there are several benefits of using engineered nanoparti-
cles (ENP) in food-contact applications. However, such applications are also
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accompanied by health concerns. While traditional packaging is mainly concerned
with product preservation, nanotechnology is involved in active packaging, which
extends the roles of packaging from the inert containment of the product to the
active containment, which targets the improvement of nutrient and flavor delivery,
and extends its shelf life [155]. According to the European regulation (EC) No
450/2009, active packaging technologies are designed to deliberately incorporate
components that would release or absorb substances into or from the packaged food
or the environment surrounding the food. Active packaging technologies include
releasing systems (e.g., carbon dioxide) and absorbing systems such as oxygen
scavengers, which can be used for products like cooked meat, or bakery products,
and prevent them from discoloration and mold growth, as well as moisture scaven-
gers, which extend shelf life by preserving moisture in products like fresh meat and
certain fruits. For instance, Mu et al. [156] introduced an oxygen scavenging tech-
nology based on iron nanoparticles blended with active carbon, calcium chloride,
and sodium chloride, which showed superior performance to its counterpart tech-
nology that utilizes microsized iron powder, in terms of both scavenging rate and
capacity. Although there has been active packaging products (e.g., sachets and
absorbent pads), the primary challenge in the commercialization of these technolo-
gies is the health risk they pose as the active additives, e.g., nanoparticles, could
migrate from the packaging into the product by means of diffusion from higher
concentration (package) into lower concentration (food) [157]. A schematic of
absorbent pad architecture has been depicted in Fig. 1.18 [159].

Moreover, due to their size, nanoparticles can navigate the body (cells, tissues,
and organs) much more easily compared to microsized particles. As a result, there
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Fig. 1.18 Architecture of absorbent pad. (Adapted from [159] with permission)
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has been a tendency for studying the interaction between the food matrix and the
engineered nanoparticles. To address this issue, the conditions under which nanopar-
ticles migrate need to be studied. Zhang et al. [158] introduced a standardized food
model for the evaluation of the effect of food matrix on the toxicity and fate of
ingested nanoparticles, and the study looked into titanium dioxide nanoparticles, a
common food additive.

1.4.4.2 Oil and Gas

Recently, there has been extensive research on using nanotechnology in different
aspects of the oilfield industry, including drilling, reservoir completion, enhanced
oil upgrading and recovery, and produced water treatment, to name a few. The need
for new technologies is fueled by the fact that the current resources are diminishing
quickly, and therefore, such resources need to be well utilized. However, many of
the proposed technologies, which are in their experimental stage, face many chal-
lenges, which hinder their applicability to the industry. Two of the main challenges
are listed below.

1.4.5 Upscaling from Laboratory to Industry

When scaling up to meet the industrial demand, the level of control over the
nanoparticle size, which would be feasible at the nanoscale, becomes more difficult
to achieve, which is reflected on the properties of the synthesized matter [160]. This
also is accompanied by the high cost and time that come with using nanoparticles at
the industrial level, in addition to the inconsistent performance which may result
from using several batches. As a result, processes for synthesizing nanoparticles at
an industrial scale need to be developed, which is another challenge as this would
require having the industry invest in developing such processes. In oil and gas
industry, different additional challenges depend on the application. A summary of
some of the key challenges is provided in Table 1.1 [160].

1.4.6 Health and Safety Risks

The nature of the nanostructure plays an important role in risk assessment.
Nanoparticles that are incorporated into a substance (e.g., nanocomposite and nano-
components) are referred to as fixed nanoparticles and pose lower risk than free
nanoparticles, which are individual nanoparticles. For instance, in oil and gas appli-
cations, free nanoparticles could be injected into the wellbore with the enhanced-
oil-recovery fluids. Although the effect of nanoparticles on the body is still to be
studied, if they enter the body, e.g., by inhaling, absorption, or skin contact, they
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Table 1.1 Nanotechnology applications in oilfield and attached challenges adopted with

permission from [160]

Oilfield

Nanotechnology Nano tool application Key challenges

Nano electronics Nano sensors Reservoir and Long battery life under
flood front reservoir conditions
imaging

Nano optics Quantum dots Logging Transport through

reservoir
Nano magnetism Ferrofluids Reservoir/ Development of MNP,

fracture imaging

EM sources and
receivers, data
acquisition and signal
processing software

Magnetic nanoparticles

Produced water
(PW) treatment

Scale up from lab to
field

Nano composites

Single wall carbon tube,

New casing and

Constructing and

and fibers fullerenes, multiwall carbon | tubing materials, | testing prototype
tube drill bits,
proppants
Surface active Functionalized nanoparticles | EOR Transport through
nanoparticles reservoir
Nanoencapsulation | Chemical-laden Acid stimulation, | Scale up from lab to

nanoparticles, Biodegradable
polymeric nanoparticles,
phase inversion
nanoencapsulation

profile control,
gas mobility
control

field

Nano thin film

Nanocomposite coatings

Dirill bits, drilling
fluids,
completion
fluids, shale
inhibition

Construction and
testing prototype

Nanocatalyst

Nickel nanoparticles

Catalyst for in
situ thermal
upgrading of
heavy oil

Transport through
reservoir, scale up

trigger an immune response and cause an overload of phagocytes (cells that destroy
and devour pathogens). Moreover, they may interfere with the biological processes,
which is made worse due to their large surface-area-to-volume ratio posing higher
risk than their counterpart microsized particles [161]. In addition to the safety risks,
there are several environmental risks of using nanoparticles at an industrial scale. A
thorough review of challenges and uncertainties of using nanoparticles in oil and
gas applications and associated risk factors will be addressed in detail in Chap. 15

of this book.
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1.5 Conclusion

Nanoparticles, being a byproduct of industrial revolution, have great potential in
changing the way humans connect to the world in the modern era. Nanoparticles
have special physical properties distinct from both molecular and solid-state matter
due to their significant fraction of surface atoms. Study of these physical properties
provides us a unique way to learn how nanoparticles can be prepared and character-
ized. Knowledge of the application of nanoparticles in different industrial settings
dictates nanoparticle preparation techniques and characterization. Knowledge of
diverse application of these nanomaterials in the oil and gas industry from explora-
tion and production to refinery, dictates urgent need for advanced preparation tech-
niques and characterization.

Nanoparticle preparation techniques can be categorized into two main categories
of chemical and physical techniques. Chemical pathway, also known as bottom-up
technique, involves molecular components as starting materials linked with chemi-
cal reactions, nucleation, and growth processes to promote the formation of nanopar-
ticles. Chemical coprecipitation, electrochemical, sonochemical, sol-gel processing,
chemical vapor deposition, chemical vapor condensation, and (w/0) microemul-
sions are only a few of these methods. On the other hand, physical preparation
methods, known as top-down methods, imply the preparation of nanoparticles via
generation of isolated atoms by using various distribution techniques that involve
physical methods, such as milling or grinding, laser beam processing, repeated
quenching, photolithography, pulsed laser techniques, and plasma techniques,
whose recent advances have been reviewed briefly in this chapter. Later, importance
of controlling the shape and size of nanoparticles considering their application has
been generally reviewed. In the last part of this chapter, industrial applications and
risks/challenges associated with the advancements of nanotechnology have been
briefly discussed.

Over the past few decades, nanotechnology has found its way in almost all
research fields, and introduced unconventional solutions to the current industrial
problems; however, most of these solutions have not fully transitioned from the
experimental laboratory stage to the industrial stage. With the rapid enhanced appli-
cations of nanotechnology in the industry, there are risks, concerns, and challenges
attached to its use, which are still somehow not known or under investigation. In the
last section, we addressed some of the applications of nanotechnology along with its
potential risks/challenges. While we focus on two sectors, food industry and oil and
gas, similar risks are also present in the other sectors. Facing the fast-paced advance-
ment of nanotechnology in almost every industry, we need to be aware and adopt
ourselves in unconventional and out of the box thinking methods toward novel solu-
tions, as modern problems solutions dictate a novel way of thinking.
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