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1 Introduction

Reducing global energy consumption is a critical challenge in pursuing of
sustainable development, as the current levels of energy use are closely linked to
environmental degradation and climate change. Industrial processes, which account

for a significant portion of global energy demand, play a pivotal role in this context.

Crystallization is a key process in various industries, such as in producing
chemicals, pharmaceuticals, electronic components, and food products, areas in
which a high level of purity is essential. The specific requirements in temperature
control and thus energy consumption of crystallization can vary depending on the
type of crystallization procedure (e.g., heating, evaporation, reactive crystallization,
seeding) and the scale of production. Among these, SiO: crystallization, possibly
required in a very wide range of different forms and combinations, as bulk or
nanostructures, as stand-alone, in alloys or composite systems, is a significant
energy-demanding process, particularly in the semiconductor, glass and ceramic,
and solar energy industries, where high-purity and carefully controlled crystal
structures are required. SiOz, one of the most abundant materials on Earth, is well
known for its extensive polymorphism, exhibiting distinct physical and chemical
properties for each of the distinguished crystalline structures. Controlling the
crystallization process is therefore crucial to ensuring the material's applicability in
a specific technological field. The sectors mentioned above in which silica is
involved are central to the development of modern technology, and advancements
in reducing the energy footprint of SiO: crystallization processes are extremely

important for enhancing sustainability in these industries.

Another global energy-intensive industrial activity is the production and

manufacturing of metals. This sector includes the mining of ores, smelting, refining,
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and the fabrication of metal products. For example, aluminium and steel production
are particularly energy-consuming due to the high temperatures required for
smelting and processing. For instance, steel production alone is responsible for
about 7-9% of global CO2 emissions, reflecting its high energy demand. Among the
most employed materials, iron is not only crucial due to its abundance (6.3% only
on the earth’s crust) but also because of its versatile mechanical properties, such as
high strength, ductility, and hardness, which make it indispensable for a wide range
of bulk applications, including construction, infrastructure, and manufacturing.
However, achieving the desired mechanical properties in iron often necessitates
multiple industrial treatments, such as heating, cooling, alloying, and surface
treatments. Consequently, this enhancement of iron's properties to meet specific
industrial requirements, such as increased wear resistance or improved tensile
strength, contributes to supplementary costs and energetic consumptions to obtain
the final efficient product. While iron's mechanical properties and broad
applications are fundamental to modern industry, they come with a high energy cost,
highlighting the importance of optimizing production processes to reduce the
overall energy footprint of this metal. Notably, an intrinsic improvement of the
mechanical properties (but not only) of metals is observed when their dimensions
are reduced to the nanoscale, mainly thanks to their unique high values of area-to-
volume ratio, dimension scale materials in which some properties results enhanced
with respect to the one of the equivalent bulk materials. Consequently, conveying
nanomaterials advanced features in a massive structure could enable higher
throughput, lower energy consumption (e.g., in transportation), and greater
precision in these processes, thereby pushing the boundaries of current

technological capabilities.

Crystallization and metal manufacturing are thus only a few sectors in which
innovations in process design, materials, and technologies that can minimize energy
usage while maximizing efficiency are therefore of paramount importance. These
advancements can significantly reduce the environmental impact of industrial

activities, thereby supporting global efforts towards a more sustainable future.
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Within this framework, the present PhD thesis explores fundamental
synthetic studies as a first step in reducing the impact of specific crystallization and

metal manufacturing problems.

Specifically, the thesis investigates the phase transformation of SiO: from
amorphous to crystalline structures, focusing on Metal-Induced Crystallization as a
method to modify and potentially lower the crystallization temperature required for
polymorph transformations compared to traditional methods. Various experiments
were conducted using different metals as a source of crystallization, and hypotheses
have been proposed regarding the fundamental mechanisms driving this process,

which is at the current state of the art in literature not clear.

In parallel, as a side project, different home-made experimental setups,
similar conceptually to the Chemical Vapor Deposition, have been designed and
developed in order to synthesize massive quantities of nanostructured iron, with the
aim to put a first step investigation to transfer the peculiar properties of

nanostructures to the large-scale bulk applications.
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2 Investigation of crystallization
catalysis mechanisms on

amorphous SiO;

2.1 Metal-induced crystallization: state of the art and open

questions

2.1.1 The importance of crystals

Crystalline materials are essential to the technological advancements of
modern society. Their applications, whether in bulk or thin-film forms, are vast and
crucial across numerous high-tech fields. Among them, crystals have played a
pivotal role in the development of modern electronics!, optical-fiber
communications®, solid-state lasers®, optical industry?, and high-efficiency
photovoltaic sector’. Beyond these advanced technologies, crystallization
techniques are also fundamental in the production of everyday consumer items,
such as sugar and salt®’, pharmaceutical compounds and new drugs®. The
increasing demand for crystals with specific sizes and high quality drives ongoing
improvements in production methods, aiming to reduce costs and enhance the

performance of these materials.

The evolution of crystal growth techniques is remarkable. From the initial
experiments with supersaturated solutions in the 18th century to the sophisticated
growth technologies of the 20th century, there has been significant progress. These
include advancements in temperature gradient control, mechanistic movements
within growth equipment, and a deeper understanding of the fundamental processes
involved in crystal growth. Historically, crystal growth was primarily a curiosity or

15



a means to produce materials for academic research and gemstones. However, the
discovery of germanium and silicon transistors in the mid-20th century marked a
turning point®!®. These breakthroughs laid the foundation for modern
microelectronics and catalyzed the growth of the enormous silicon industry that

underpins today's technological landscape!""'.

The growth of inorganic materials often leads to the formation of amorphous
rather than crystalline structures, a phenomenon that can be attributed to several
factors related to thermodynamic and kinetic processes. In growth techniques such
as chemical vapor deposition (CVD), physical vapor deposition (PVD)'3, and
growth from solution'“, the deposition rate, process temperature, and environmental
conditions may not favour the atomic ordering necessary for crystallization, thus

leading to the formation of amorphous phases.

Crystal to Amorphous Transformation
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Figure 2.1.1 Crystal to amorphous transformation, gradually reducing structural order’.

Amorphous structures are characterized by long-range disorder in the

atomic arrangement, in contrast to crystalline materials that show a defined periodic
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order. This disorder can emerge during rapid cooling or under non-equilibrium
growth conditions, where the atoms do not have sufficient mobility to organize into

a stable crystalline structure.

Crystallization of inorganic materials is a process that requires a high
activation energy, which is needed to overcome energy barriers that prevent atomic
ordering into a well-defined crystalline structure. This activation energy is often
provided through high-temperature calcination processes, a common method in the
synthesis of crystalline materials.

i E
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bond length

Figure 2.1.2 Amorphous (top) and crystalline (bottom) materials. Dense, ordered packed

structures tend to have lower energies'®.

Calcination, which involves heating a solid material to high temperatures,
induces thermal decomposition, removal of volatiles, and promotion of chemical
reactions necessary for the formation of crystalline phases. At these temperatures,
atoms gain sufficient kinetic energy to migrate and rearrange into a stable crystal
lattice, thereby reducing the free energy of the system. This process is essential in
the production of oxides!”, silicates'®, and other ceramic materials'®, where the
formation of well-defined crystalline structures is essential to achieving the desired

physical and chemical properties.
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The activation energy required for crystallization varies depending on the
material and process conditions. Materials with strong chemical bonds, such as
metal oxides, typically require very high calcination temperatures, even above
1000°C, to reach the crystalline state?*!. During calcination, phase transformations
can also be accompanied by changes in the mechanical, thermal and optical
properties of the material, making precise control of temperature and time

conditions fundamental.

The high temperatures required for crystallization can also present practical
technological challenges. Materials used in reactors and furnaces must be able to
withstand these extreme conditions without degrading, which often requires the use
of expensive materials?? or advanced cooling technologies. In addition, such high
temperatures can induce thermal stress in materials, leading to deformations,
defects or even promoting the formation of undesirable or metastable phases,

further complicating the control over the quality and purity of the final product.

A high activation energy, especially in the industrial sector, means high
energy consumption and a large carbon footprint, which are not aligned with
greenhouse gas reduction goals and the associated fight against climate change.
Therefore, reducing the activation energy of such transformations is a key challenge

for the development of more sustainable and cost-effective synthetic processes.

2.1.2 Crystallization catalysts

Catalysis constitutes a good solution to facilitate chemical reactions by
lowering the activation energy, the minimum energy required for reactants to
convert into products. By providing an alternative reaction pathway with a lower
energy barrier, catalysts increase the reaction rate without being consumed in the
process. This not only enhances the efficiency of the reaction but also allows it to
proceed under milder conditions, such as lower temperatures or pressures, which is
advantageous from both an industrial and environmental point of view. The role of
catalysis is particularly significant in fields like synthetic chemistry, petrochemistry,

biochemistry, and material science, allowing precise control over reaction kinetics.
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In biological systems, for instance, enzymes act as natural catalysts, enabling
complex biochemical reactions to occur rapidly and selectively under physiological
conditions®. Similarly, in industrial applications, catalysts are indispensable for
optimizing processes such as the synthesis of chemicals, energy production, and

environmental protection through emission control®*,

This concept applies not only to traditional chemistry but also to processes
such as the crystallization of solid materials. There are, in fact, crystallization
catalysts that allow the formation of crystals at lower temperatures or in shorter

times.

A method to decrease crystallization temperature is a solid-state process
called Metal-Induced Crystallization (MIC) in which a material crystallizes at a
lower temperature if in contact with a metal. This process has been used extensively
in the semiconductor industry, especially for thin-film deposition, as a solution to
achieve crystallization, reducing energy consumption and minimizing thermal

stress on substrates26.

In recent decades, a similar effect has been observed in the case of
amorphous oxides. Indeed, there is evidence in the literature of metals being used
as crystallization catalysts for oxides, in the form of metals in the elemental state®’,
as molecular compounds®®, and as metallic cations?*. However, among these
observations the only complete mechanistic study is relative to the work of Yang et
al.”’. They investigated the crystallization of amorphous TiO:2 thin films by
introducing metal contact layers, such as Ni, between the TiO2 film and substrate.
The crystallization temperature of TiO2 was found to be lower than possible without
contact with the metal. Since part of the Ni atoms was located on the surface of the
crystallized TiO: film, they concluded that metal diffuses through the lattice of the
amorphous material and proposed a reaction-assisted crystallization model, in
which an intermediate complex containing Ti-O and Ni-O bonds decomposes to

crystallize TiOz at a lower temperature.

The above explanation was later considered valid also in apparently
analogous cases, in which a lowering effect on the crystallization temperatures of

oxides of amorphous materials was observed when in contact with metals.
19



Oxides for which the effects of MIC have been studied are various: TiO2,
Si02, Al203, some semiconductor oxides such as ZTO, 1GZO, IGO and even
cathode materials like LiCoOs..

In particular, for titania MIC enables the formation of anatase and rutile
phases at temperatures as low as 150°C (compared to 400°C required for
conventional calcination). Studies have shown that various metal cations, like gold,
cobalt, and nickel, can act as devitrification agents, influencing not only the
crystallization temperature but also the crystalline phase®®. MIC has also been
applied using laser, ultrasound, convective heating, and microwave irradiation’! to
achieve phase transitions, significantly reducing crystallization times and

temperatures.

In the case of silica, the results consist of the formation of a-quartz tridymite
or cristobalite, depending on the cation used and the crystallization conditions. It
has been demonstrated that the morphology of amorphous silica can influence the
homogeneity of cation distribution and the resulting crystallization behavior®.
Lowering the temperature has allowed the production of quartz nanomaterials,
preserving complex macro and meso-structures, which are otherwise degraded

during high-temperature calcination®.

It appears clear that MIC is a promising and versatile technique for
crystallizing semiconductors and metal oxides at lower temperatures, with
application in a wide range of fields, offering both energy savings and preservation
of material architectures. Future developments may focus on hybrid materials, low-
temperature synthesis on thermally sensitive substrates, and optimization of
crystallization processes. To achieve this is fundamental to continue research into

the mechanisms underlying it.
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Investigation of crystallization catalysis mechanisms
on amorphous S102

Metal Induced Crystallization

Figure 2.1.3 Schematic mechanism of MIC, with the transition from amorphous to the crystalline

phase, after the addition of metals and thermal treatment.

As mentioned, the MIC process typically occurs when a metal catalyst is
deposited onto an amorphous material like silicon, germanium, or metal oxides like
the ones listed above. The interaction with metal facilitates the growth of crystalline
phases at temperatures significantly lower than those required for crystallization
without the metal presence. It is generally assumed that the metal lowers the
activation energy for crystallization, probably by providing a pathway for the
diffusion of atoms or by altering the local electronic structure of the material. This
process is highly dependent on the selected metal, the type of amorphous material,
and the specific conditions under which the MIC is carried out, such as temperature

and annealing time.

Studies on the mechanism of MIC believe that the metal diffuses through
the oxide structure, temporarily breaking the metal-oxygen bonds and allowing the
polyhedra to reorganize and reform bonds with more favourable energy levels, and

therefore to crystallize**3*

, without becoming part of the crystal lattice that will
form?. It is thought that the M—O bond should weaken when a metal cation partially
transfers valence electrons to the antibonding orbitals, so that the heat supplied

during thermal treatments is then sufficient to break the weakened M—O bonds.
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The above explanation, although it may be considered reasonable in the
presence of metals in the elemental state or even in the form of cations, may not
have a general character. In fact, there are studies that report the catalytic effect
obtained by contact of metal halide molecules, which however are too large to

diffuse through the solid lattice®®.

It is likely that the precise mechanism by which MIC occurs is not yet fully
understood and further investigation is needed. It is essential to continue research
into the mechanisms and role of different metals to further expand their applications

in science and industry.

The present work aims to take a step in this direction, to study a phenomenon
that often sees hypotheses contradicting each other*>*7%, Amorphous silica has
been selected as a model system on which to test alternative hypotheses on the
mechanisms that can lead to this crystallization. Initially, existing literature
observations were reproduced, focusing on the use of metal cations. The silica
samples were impregnated with solutions of metal compounds and calcinated; then
the correlations between the obtained polymorphs and the metal cations used will

be analyzed.

2.2 On SiO;

Silicon dioxide (Si0:), also known as silica, is a chemical compound which
has a fundamental importance in various scientific and industrial domains, such as

40

material science®, electronics*, semiconductors*!, and glass manufacturing*?, due

to its abundance in nature, and unique physical and chemical properties.

Silicon dioxide makes up about 59% of the Earth's crust by mass, making it
the most abundant compound. Its best-known polymorph, quartz, is the second most
abundant mineral in the crust after feldspar, making up about 12% of the Earth's

crust and playing a major role in geological processes.
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The chemical structure of silicon dioxide is characterized by a network of
SiO4 tetrahedra, in which each silicon atom forms covalent bonds with four
oxygens, creating a three-dimensional network of high chemical stability. In
addition, silica has a highly polymorphic structural behaviour, which leads to
different physical characteristics and potential applications in different

environmental conditions.
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Figure 2.2.1 Pressure/temperature phase diagram of SiO;*.

SiO2 occurs in a wide variety of crystalline forms having well-defined lattice
structures, visible in the well-known Pressure-Temperature phase diagram reported
in Figure 2.2.1. Quartz is the most stable form at ambient conditions, while
tridymite and cristobalite are stable at higher temperatures, above 870 and 1470 °C
respectively. Coesite and stishovite, other forms of silica, are common at extreme

pressures*, over 2 and 7 GPa respectively, typical of deep crustal and mantle
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environments. The transitions between different polymorphs can involve distortive
changes of the crystal cell or the complete breaking of bonds followed by their
rearrangement. For example, increasing the temperature, quartz first changes from
an a phase (low temperature) to a § phase (high temperature), which is a distortive-
type transition, and then to other phases through a reconstructive-type transition. It
is intuitive that breaking the bonds between Si-Os tetrahedra is possible only by
providing large amounts of energy, through temperature or pressure. The
transformation between these polymorphs is driven by thermodynamic conditions,
and the resulting structural changes have direct implications on their physical and
chemical characteristics. For instance, quartz exhibits piezoelectric properties,
which means the ability of its crystal structure to generate an electric charge when
subjected to mechanical stress and it is essential in the production of various
technological devices, including semiconductors, telecommunications systems, and
precision timing instruments like quartz oscillators, which produce highly stable

frequency signals®.
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Figure 2.2.2 Unit cells, cell parameters and space groups of a-quartz, p-tridymite, and a-

cristobalite, the three main forms of SiO:.

The development of quartz-based technologies accelerated in the late 19th
and early 20th centuries, particularly during World War II when quartz crystals
became crucial for military communication devices. The demand for high-quality

quartz crystals for precision instruments led to extensive research into synthetic
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quartz production. One of the earliest breakthroughs in this area occurred in 1909,
when Italian engineer and mineralogist Giorgio Spezia pioneered the hydrothermal
synthesis of quartz*®. Spezia’s method involved recrystallizing quartz fragments in
an autoclave filled with a sodium silicate (Na2SiO4) solution. The autoclave was
heated on one side and cooled on the other, creating a thermal gradient that
facilitated the slow growth of quartz crystals over time. This method laid the
groundwork for modern quartz synthesis techniques, which have since evolved to
produce synthetic quartz crystals on an industrial scale. Subsequent research by
scientists like Walker, Nacken, and Woosters expanded upon Spezia’s work,
optimizing the hydrothermal process for higher efficiency and better control over

crystal growth?’.

The hydrothermal synthesis method remains the most widely used technique
for producing synthetic quartz, although other methods have also been explored.
For example, quartz nanoparticles, such as Stober particles, are synthesized using
sol-gel processes which involve the hydrolysis of silicon alkoxides in the presence
of alcohol and ammonia. These particles have applications in catalysis, drug

delivery, and advanced materials*®.

The synthesis and phase behaviour of SiO: polymorphs are governed by
both thermodynamic and kinetic factors. One challenge in SiO: synthesis is the
formation of metastable phases at ambient conditions, even when more stable
polymorphs are thermodynamically favoured. This phenomenon is consistent with
Ostwald's Rule of Stages®, which states that during phase transitions, a system
often passes through intermediate, less stable states before reaching its most stable
configuration. For example, cristobalite, a high-temperature phase, may form as a
metastable product under ambient conditions if kinetic factors dominate the

crystallization process.

Controlling the formation of specific SiO: polymorphs is critical for
applications where purity and structural integrity are paramount, such as in the
semiconductor industry. The SiO: phase diagram, which maps the stability of
different polymorphs under varying temperature and pressure conditions, serves as

a fundamental guide for optimizing synthesis processes. Achieving phase-pure
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materials often requires precise control over reaction conditions to avoid the
formation of unwanted polymorphs that could compromise material performance.
In the present work, it will be shown the study of amorphous SiO2 crystallization
induced by metals exploring the possible tunability of temperature phase transitions
(i.e. activation energies) at ambient pressure, thus focusing on quartz, cristobalite

and tridymite polymorphs.

2.3 Materials and methods

In the experimental framework, many SiO: crystallization attempts have
been made in order to investigate in detail MIC driving mechanisms and observe

its dependence on key parameters and treatment conditions.

After the evaluation of possible different behaviour of MIC starting from
commercial amorphous SiO2 with respect to synthesized amorphous SiO2 via sol-
gel methods, silica has been impregnated with salt solutions of several alkali and
alkaline-earth chlorides or nitrates. In this way, different valence states (fixed to +1
for alkali and +2 for alkaline-earth elements) and ionic radii (from 0.76 A of Li to
1.74 A of Cs) of elements have been considered as possibly affecting parameters of
MIC, as well as electronegativity character and so on. The salts’ solubility has been
considered in the choice of tested salts, allowing to compare the results by keeping
constant the salt (thus the metal cation source) concentration during the analysis.
Further analyses have been performed on halogen salts of potassium (from KF to
KI), showing the effect of the anionic counterpart in MIC by keeping the same
cation. The impregnated amorphous SiO2 with salt solutions have been dried at air

ambient conditions.

After this preparation, various calcination treatments were conducted on
amorphous Si02 impregnated with salt in a furnace. The powders were inserted into
an alumina crucible, closed with the relative cap, and the treatments have been
carried out by varying the target temperature, the duration of treatment, and the
cooling ramp.
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Investigation of crystallization catalysis mechanisms
on amorphous S102

Figure 2.3.1 a) An alumina crucible used for thermal treatment and b) the starting SiO, viewed

with scanning electron microscope.

Unless otherwise specified, the experimental results presented below refer
to cooling ramps based on the thermal inertia of the furnace, characterized by an
initial rapid cooling rate followed by a gradual slowdown as the temperature
approaches room temperature (around 8 hours overall). The heating ramp has been

fixed for all the treatment to 3°C/min.

2.3.1 The starting amorphous SiO;

To explore a wide range of possible parameters which are involved during
the MIC process, the contribution of the starting amorphous silica has been
evaluated by performing MIC experiments both on a commercial amorphous SiO2
(MP EcoChrom™ 63-200, particle size 100-200 pm) and a synthesized one via sol-
gel method.

The sol-gel process consists of a sequence of chemical and physical
transformations through which, starting from a solution of liquid precursors, a solid
network is generated. The sol-gel process allows obtaining a wide variety of
products (including films, powders, fibres, porous gels, and membranes) with

variable shapes, sizes, and porosities using a simple technique that can be applied
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at room temperature, with reduced costs and short processing times>*>2. The
transformation from liquid to solid proceeds through the sol and gel states. The sol
is a colloidal solution which aggregates to form the gel, a three-dimensional polar
amorphous network containing the liquid phase. When the liquid phase evaporates,
the structure collapses and a solid known as xerogel is obtained, whereas if the
solvent is removed under supercritical conditions, the network retains its
morphology, and the resulting polymer is an aerogel, characterized by lower

density.

The precursors used in the sol-gel process consist of metals surrounded by
reactive groups, generally alkoxides, which donate electron density to the metal,
increasing its nucleophilic character. Among the metallic alkoxides M(OR)n, the
most used are silicon-based ones such as Si(OR)s, and in particular
tetracthoxysilane (tetraethyl orthosilicate TEOS) and tetramethoxysilane
(tetramethyl orthosilicate TMOS, as shown in Figure 2.3.2).
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Figure 2.3.2 Molecules of tetraethoxysilane (left) and tetramethoxysilane (right), better known as
TEOS (from tetraethyl orthosilicate) and TMOS (from tetramethyl orthosilicate).

Some alkoxides are not water-soluble, and to achieve a single phase, it is

necessary to add solvents, usually alcohols, which homogenize the precursors.

The sol-gel process can be divided into the following steps:

e Hydrolysis and condensation sequence. The liquid precursor is hydrolyzed
by water. One or more alkoxide groups -OR are transformed into hydroxyl

groups -OH.
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Figure 2.3.3 Hydrolysis reaction on the silicon atom, the RO- groups are transformed into HO-

groups.

The hydrolyzed precursors condense with each other, forming a network of
siloxane bonds Si-O-Si, which contains water and alcohol in its pores,

eliminated during the reaction.
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Figure 2.3.4 Condensation with the formation of a network of Si-O-Si.

The reaction kinetics are very slow and can be accelerated by using a

catalyst, which can be acidic, basic, or fluoride-based.

e Gelation. A porous three-dimensional network is created through the
aggregation of colloidal particles and condensed silica species. The
characteristics of the resulting gel depend on the particle size and the degree
of branching before gelation. Viscosity increases over time, slowly at first,
until it reaches an asymptotic trend. At this point, called gelation, the fluid

solution becomes an elastic solid.

o Aging.

e Drying. The liquid is removed from the network, which can cause structural
inhomogeneities leading to gel fracturing. At the end of the drying process,

a xerogel is obtained.
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The structure of the gel and its properties are mainly determined during the
hydrolysis and condensation phases. The factors influencing them are numerous,
such as type of precursors, pH, temperature, reaction time, reagent concentration,
nature and concentration of catalysts, type of solvent, the ratio between reagents

and water, aging time, and temperature.

In this work, the reagents employed for the sol-gel synthesis of silica are
reported in Table 2.3.1. A considerable batch of material was prepared to

standardize the starting product.

Sol Gel Formula (60 mL Vtot)

TEOS
Precursor . 13 mL
(Tetraethyl-orthosilicate)

Solvent EtOH (Ethanol) 38 mL
Catalyst NH4F 1% sol 1 mL
H20 8 mL

Table 2.3.1 Sol Gel Formula for the preparation of starting amorphous silica.

Figure 2.3.5 Batch of sol-gel silica. A considerable reduction in volume can be observed after

drying.

By performing calcination treatments at these conditions on samples

impregnated with different salt solutions as a source of metallic cation for MIC,
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commercial and sol-gel synthesized SiO: exhibited analogous crystallization
results. Particularly the same added salt led to equal SiO2 polymorph and, in case
of coexistence of more than one phase, the volume ratio of the two polymorphs,
calculated by Rietveld refinement analyses, was consistent between the commercial
and sol-gel SiOz. For this reason, the experimental results, which provide a detailed
analysis of the parameters involved and their influence on MIC and are presented
later in this thesis rather than discussed here, refer exclusively to commercial SiO-
to ensure better reproducibility of the preparations. The compatibility of the
crystallization products obtained via MIC from the two starting SiO. materials is
likely related to their similar porosity and/or particle size, fundamental parameters
to allow diffusion processes and atomic rearrangement in a new crystalline phase.
To support this hypothesis, a more in-depth study of the two SiO. samples using
Brunauer-Emmett-Teller (BET) analysis is planned, with comparable results
expected. Both commercial and sol-gel synthesized SiO: did not display any
transformation from amorphous to crystalline phase by keeping the same
calcination conditions with no addition of salts to induce MIC. As a demonstration,
in Figure 2.3.6 the PXRD pattern from calcinated commercial SiO2 at 1000°C for
4 hours is reported, highlighting the characteristic broad peak proper of non-
crystalline materials. On the contrary, in Paragraph 2.4, many examples of
crystalline SiO2 samples obtained by MIC, resulting in very different diffraction

patterns from the one reported in Figure 2.3.6, will be shown.
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Figure 2.3.6 PXRD pattern from calcinated commercial SiO; at 1000°C for 4 hours without salt

impregnation.

2.3.2 Salts as metallic cation source

Several nitrate and chloride salts from alkali and alkaline-earth elements
have been selected as metallic cation sources for MIC. Specifically, LiNO3, NaNOs3,
KNOs3, RbNO3, and CsNOs have been employed as sources of +1 oxidation state
metals, while Mg(NO3)2, and Ca(NOs3): as donors of +2 valence metals.
Correspondingly, LiCl, NaCl, KCIl, RbCl, CsCl, MgClz and CaClz have been used
to investigate possible different MIC driving mechanisms related to the anionic
counterpart of salts. The salts mentioned above are readily available in most
laboratories, relatively inexpensive, and exhibit good solubility. These
characteristics make them promising candidates as metal sources for MIC,

particularly in terms of practical applicability for large-scale processes.

Tables 2.3.2 and 2.3.3 show the melting point and boiling point of the
selected salts for MIC of SiO2. For the calcination attempts, an intermediate
temperature between T melting and T boiling of chlorides has been selected in order

to favour the contact area with SiO2 powder, by performing treatments at 1000°C.
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This target temperature has been kept constant also in the case of nitrates, thermal

regime in which they decompose.

T melting (°C) T boiling (°C)
LiCl 610 1382
NaCl 800 1465
KcCli 770 1420
RbCI 718 1390
CsCl 646 1297
MgCl; 714 1412
CaCl; 775 1935

Table 2.3.2 Melting and boiling points of the selected chlorides (anhydrous form) for MIC of

Si0”3
T melting (°C) T decomposition (°C)
LiNO; 255 600
NaNO; 308 380
KNO; 334 400
RbNO; 310 310
CsNOs 414 414
Mg(NO3): 129 330
Ca(NO3); 560 560

Table 2.3.3 Melting point and decomposition temperature of the selected nitrates (anhydrous form)

Jor MIC of SiOx7. For some nitrates, the decomposition process starts at the melting temperature.
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According to the solubility allowed by each salt, the first explored salt
solution concentration has been fixed to 1 mol/L in distilled water. In this way, the
molar ratio between the salt and SiO2 is calculated to be around 1:17. Considering
the molar mass of the considered salts, the mass percentage of salts concerning the
total mass of salts and silica ranges between 4% (of the lighter LiCl) and 14% (of
the heavier CsCl).

2.3.3 X-rays Powder Diffraction (PXRD)

The samples obtained have been characterized in their structural properties
by X-rays Powder Diffraction (PXRD). Powder Diffraction (PD) is one of the most
important methods to investigate the structural, and even morphological, properties
of crystalline solid materials, especially when single crystals cannot be employed.
Namely, PD is nowadays a standard technique for compositional and
microstructural analyses, such as for the detection of crystalline phases in mixed
composition samples, with the possibility to perform quantitative analysis to
evaluate the volume fractions of each component. The structural information
enclosed within the diffraction pattern is the result of the scattering process between
a specific probe, characterized by a wavelength comparable with the interatomic

distances, and the crystal lattice of the large number.

Powder X-rays diffraction experiments reported later on have been
performed on a Rigaku Smartlab XE diffractometer, available at the Department of
Chemistry, Life-Science, and Environmental Sustainability of the University of
Parma. The instrument works in the Bragg-Brentano geometry, making use of Cu
Ka wavelength (A=1.5406 A). For standard acquisitions, a Ni filter is used to
suppress the Kp contribution, while Soller slits (commonly 5.0°) are used both on
the incident and diffracted beam, whose signal is collected using a HyPix3000

detector, acquiring in continuous 1D mode.

In situ PXRD measurements as a function of temperature have been
conducted on Empyrean diffractometer (Malvern Panalytical), available at the

Department of Applied Science and Technology (DISAT) of Politecnico di Torino.
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The system is equipped with a High-Temperature Oven Chamber HTK 1200N
(Anton Paar), which allows studies in different atmospheres from room temperature

up to 1200 °C.

In general, a monochromatic X-ray beam undergoes a diffraction process

with the crystal lattice of the crystallites, describable by Bragg’s law:
A= Zdhkl sin Hhkl (1)

Where a series of crystallographic d-spacing, associated with a particular set of
Miller indices (hkl), can be measured by moving the detector at different angular

positions. The recorded diffraction pattern contains information regarding:

- the unit cell symmetry and size from the peak positions;

- the atomic distribution in the unit cell from the peak intensities;

- the particle size and defects from the peak shapes;

- the diffuse scattering of matrix or amorphous phases, as well as the

sample holder, from the background.

In the case of amorphous materials, characterized by a lack of long-range
atomic ordering and an intrinsic disorder, it is difficult to extract structural
information from PXRD data. Instead, complementary local techniques, such as

Nuclear Magnetic Resonance or absorption spectroscopies, could be more effective.

PXRD data reported in the Experimental part have been analysed with
GSAS-II>* software mainly to perform quantitative determination of phase fractions

and cell parameters.

2.3.4 Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) has been employed to investigate the
morphology and composition of the samples in the powder form. The SEM

microscope employed, available at the Chemistry Department of the University of
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Parma, is the ESEM Quanta 250 FEG by FEI part of Thermo Fischer Scientific,
with relative EDS system by Bruker XFlash 6/30 and Esprit 1.9 software.

SEM uses a beam of electrons, generated from an electron gun (usually a
thermionic emitter like a tungsten filament) and accelerated toward the sample by
a series of electromagnetic lenses that focus the beam into a fine spot in a vacuum
chamber. The focused electron beam scans across the surface of the sample in a
raster pattern. As the electrons interact with the sample, various signals are emitted,
including secondary electrons, backscattered electrons, and characteristic X-rays.
These signals are detected and used to create an image or to determine the elemental
composition of the sample in the Energy-Dispersive X-ray spectroscopy (EDS)

mode.

2.3.5 Infrared spectroscopy

Infrared (IR) spectroscopy is an analytical technique in molecular
characterization, that provides insights into the vibrational modes of chemical
bonds within a sample. The technique operates by exposing a sample to infrared
radiation (wavelengths ranging from about 700 nm to 1 mm), wherein specific
wavelengths are absorbed based on the vibrational frequencies of the molecule’s
bonds, leading to a distinctive absorption spectrum. These vibrations, which
primarily involve stretching (change in bond length) and bending (change in bond
angle) motions of covalent bonds, are sensitive to the masses of the atoms involved
and the bond strength, making IR spectroscopy a powerful method for identifying
functional groups. The resulting spectrum typically represented as a plot of
transmittance or absorbance versus wavenumber (cm™), reveals characteristic

peaks that correspond to specific bond vibrations.

For the measurements reported in this work, the instrument used was the
Perkin-Elmer FT-IR Spectrum Two spectrophotometer, available in the laboratories
of the University of Parma, which allows irradiating the sample at wavelengths
corresponding to the infrared range (400-4000 cm™), using it in attenuated total

reflection mode (ATR).
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2.3.6 Thermogravimetric analysis

Thermogravimetric analysis (TGA) is an analytical technique used to study
the thermal stability and decomposition behaviour of materials by monitoring the
mass change of the sample as it is heated in a controlled environment. By analysing
weight loss at specific temperature intervals, TGA can identify processes such as
dehydration, decomposition, oxidation, and reduction. The key advantages of TGA
include its high sensitivity, ability to provide quantitative data on compositional
changes, and its applicability in determining kinetic parameters, such as activation

energy for thermally induced processes.

The instrument used for the analyses is the TGA 8000 by Perkin-Elmer from
the Department of Chemistry at the University of Parma, capable of operating from

sub-ambient temperatures up to 900°C.

2.3.7 Inductively coupled mass spectroscopy

Inductively Coupled Plasma (ICP) Spectroscopy is an advanced analytical
technique used to detect and quantify elements within chemical samples. The
process involves ionizing the sample with a high-temperature plasma, typically
generated using argon gas. Argon is ionized by an electromagnetic coil and a Tesla
unit, producing a plasma “fireball” with free electrons and argon ions. The sample,
usually in aerosol form, is introduced into the plasma's cooler central channel,
where it vaporizes, dissociates, and ionizes. These ions are then analyzed

spectroscopically to determine elemental composition.

The plasma's temperature is optimized to ionize atoms efficiently, maximizing the
detection of elements with high first ionization energies while minimizing

excessive ionization for elements with low second ionization energies.

ICP can detect a wide range of chemical elements, including most metals and
certain non-metals. For aerosolization, the sample must be in solution, and solid
samples require prior solubilization. Silica, the subject of this study, is inert to most
solvents. While hydrofluoric acid (HF) can dissolve silica, it is corrosive to
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instrumental components. Therefore, a washing procedure using nitric acid (HNO3)
and hydrogen peroxide (H202) was applied, which does not dissolve silica but
effectively solubilizes other compounds in the sample, allowing them to be detected

through the analysis.

The instrument used, available at the Department of Chemistry, is an atomic
emission spectroscopy (AES), a type of ICP spectroscopy that is based on excited
ions releasing electromagnetic radiation at wavelengths specific to a particular

element.

2.4 Experimental results and discussion

2.4.1 Structural analysis of calcinated amorphous SiO; with alkali salts

PXRD measurements on amorphous SiO2 treated with alkali chlorides are
reported in Figure 2.4.1. As clearly visible from the reference patterns reported for
a-quartz (COD code 9012600), tridymite (COD code 5910147), and cristobalite
(ICSD code 75300), all the calcinated samples crystallize in one or a mixture of two
of these SiO2 polymorphs. Despite the non-negligible mass percentage of salts
added in the samples, which should be clearly detected by PXRD, the
diffractograms does not display any reflection peak compatible with the starting salt
in crystalline phase for all the measured samples. Only in the Si02-CsCl system a
weight fraction of 1.8% has been calculated from Rietveld refinement, which is
however very far from the expected value of added salt about 14% wt. The lack of
crystalline salts contribution to PXRD patterns could be related to a phase
transformation during the calcination treatment to an amorphous state, non-visible
with PXRD due to the absence of a long-range atomic arrangement. The possibility
to have a disordered phase is consistent considering the target temperature for
calcination treatments, thermal condition in which the salts are in their liquid phase.
However, an amorphous phase quantitatively present in 4-14% weight percentage
(i.e. totally related to the salt amount) should probably contribute more to the

patterns background of Figure 2.4.1, despite its presence is visible as a broad
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asymmetric peak around 21°, especially for the heavier elements. From PXRD
patterns, no silicates seem to be formed during the treatments, excluding a chemical
reaction between salt and silica. However, few reflections have not been indexed
and may belong to silicon dioxide compounds characterized by off-stoichiometry
values or different crystallographic systems. Particularly, the main non-indexed
peaks, visible at 2-theta angles about 21°, 27°, and 38°, could be attributed to an
orthorhombic Si02 (COD 9006301), but, for its uncertainty, this phase has not been

considered in the following quantitative analysis.
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Figure 2.4.1 PXRD patterns of calcinated SiO; with different chlorides at 1000°C-4h.

Top: reference patterns for a-quartz, tridymite, and cristobalite.
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Despite the partial indexing of the diffraction peaks, Rietveld refinement of
the experimental data has been carried out to estimate the lattice parameters and the
quantitative amount of SiO2 polymorphs. The amorphous contribution has been
modelled as a background peak during the refinement process. The fit quality is
significantly affected by this approximation and results in quite high values for Rwp,
around 20 for the whole dataset. Nevertheless, the information obtained by Rietveld
refinements represent a qualitative analysis of the crystallized SiO2 samples by
MIC. Particularly, in Figure 2.4.2 the contribution of the detected polymorphs as
weight fraction percentage values is shown for each of the salts employed. Quartz
is present in a significant amount only in SiO: treated with LiCl, while for the other
alkali chlorides a mixture of tridymite and cristobalite occurs. CsCl seems to favour
silica crystallization in its cristobalite polymorph, reaching 87% weight fraction.

No particular trend of the relative cristobalite/tridymite amount is observed from
LiCl to CsCl.
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Figure 2.4.2 Weight fraction percentage values for a-quartz (blue), cristobalite (yellow),
and tridymite (red) polymorphs detected in SiO; calcinated with different alkali chlorides.
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In Figure 2.4.3 a and c lattice parameters calculated from Rietveld
refinement of both tridymite (a-b) and cristobalite (a-c) phases are reported for all
the considered alkali chlorides. Although these results are affected by a certain error
degree equal for all the refinements due to the amorphous contribution, not perfectly
modelled by a background peak, they suggest that the calcinated SiO2-salt system
crystallizes mainly in a mixture of tridymite and cristobalite polymorphs whose cell

parameters seems to be influenced by the kind of alkali metal employed.
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Figure 2.4.3 Lattice constants trend of both tridymite (a (a) and c (b) parameters, red
dots) and cristobalite (a (a) and c (c) parameters yellow dots) phases refined for each alkali

chloride used for SiO; crystallization.

Specifically, along the a direction tridymite crystal structure displays a slight
contraction from LiCl to CsCl, of about 0.03 A, while no variations have been
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calculated for cristobalite @ constant. A more significant deviation is reported for ¢
lattice parameters, which exhibit an increase of its value from LiCl to CsCl for both
tridymite and cristobalite polymorphs, around 0.1 A and 0.06 A respectively. By
considering the different chemical properties of the alkali series Li-Cs, these results
suggest that the increase of the ionic radius and/or the decrease of electronegativity
and the electronic affinity of the chlorides’ metal cation are linked to volume

changes observed in the crystallized SiO2 polymorphs.
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Figure 2.4.4 PXRD patterns of calcinated SiO; with different nitrates at 1000°C-4h. Top:

reference patterns for a-quartz, tridymite, and cristobalite.
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PXRD measurements on SiO2 treated with alkali nitrates are reported in
Figure 2.4.4. In analogy with the previously presented results on chlorides, all the
calcinated samples crystallize in one or a mixture of two/three of SiO2 polymorphs
among a-quartz, tridymite, and cristobalite. As for chlorides, Rietveld refinement
of the experimental data has been carried out to estimate the cell parameters and a
quantitative analysis of SiO2 polymorphs, with resulting Rwp values around 15 for

the whole dataset.

The diffractograms does not display any reflection peak compatible with the
starting salt in crystalline phase for all the measured samples. It is known that nitrate
radical NOs can decompose thermally (see Table 2.3.3), depending on the
environment, producing nitrogen dioxide NOz. Following this consideration, alkali
oxides as a decomposition product could also be present during the calcination
process. However, these compounds are not visible in a crystalline form in PXRD

patterns.

A small quantity of silicates has been detected for lithium (Li20sSi2, COD
2003027), sodium (Na203Si, COD 2310858), and potassium (KeO7Si2, COD
8103706), respectively around 7.4% wt, 1% wt, and 3% wt. On the contrary, for
heavier cations no silicates characteristic reflections have been indexed, while the
amorphous content, again modelled with a background peak in the refinement
process, seems to be present in a larger amount than in the case light element salts.
This disordered contribution is clearly visible as a broad peak in the patterns below
tridymite and cristobalite main peaks, especially for silica treated with RbNO3 and

CsNO:s.
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Figure 2.4.5 Weight fraction percentage values for a-quartz (blue), cristobalite (vellow), and

tridymite (red) polymorphs detected in SiO; calcinated with different alkali nitrates.

In Figure 2.4.5 the weight fraction percentage values of the detected silica
polymorphs are shown for each of the nitrate employed. Quartz crystallization
seems not to be favoured during the calcination treatment, reaching its maximum
quantity of around 7% wt in LiNOs3, while for the other alkali nitrates a mixture of
tridymite and cristobalite occurs as in the case of chloride salts. Despite the small
presence of silicates, KNO3 promotes the formation of tridymite, achieving a 90%
of weight fraction. Again, no particular trend of the relative cristobalite/tridymite

amount is observed from LiNO3 to CsNO3 along the series.
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Figure 2.4.6 Lattice constants trend of both tridymite (a (a) and c (b) parameters, red dots) and

cristobalite (a (a) and c (c) parameters yellow dots) phases refined for each alkali nitrates used for

SiO?2 crystallization.

In Figure 2.4.6 a and c lattice parameters calculated from Rietveld

refinement of both tridymite (a-b) and cristobalite (a-c) phases are reported for all

the considered alkali nitrates. Herein, quartz results have been excluded since they

refer to a very low phase amount (i.e. only one or two peaks ascribable to this

polymorph are clearly visible in the patterns) and are thus characterized by a low

reliability. The trend of these lattice constants by varying the alkali nitrate is very

similar to the previously reported one from the respective chloride. Particularly, a

lattice parameter of tridymite crystal structure slightly decrease from LiNOs to
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CsNOs, of about 0.04 A, while no differences are evidenced for cristobalite a

constant, near 5 A for the whole dataset.

A more significant deviation is reported for ¢ lattice parameters, which
exhibit an increase of its value from LiNOs to CsNOs for both tridymite and
cristobalite polymorphs, around 0.08 A and 0.07 A respectively. These values are
comparable with the one previously calculated for SiO2-alkali chlorides calcination,
suggesting again an increased cell elongation along the c¢ axis for tridymite and

cristobalite structures by increasing the ionic radii of the alkali series.
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Figure 2.4.7 PXRD patterns of calcinated SiO, with different potassium salts at 1000°C-

4h. Top: reference patterns for a-quartz, tridymite, and cristobalite.
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The analogous results obtained on alkali chlorides and alkali nitrates
underline the predominant contribution of metal cations instead of the anionic
counterparts on SiO2 crystallization, as reported in literature examples on MIC
processes. To emphasize more this prominent effect, further calcination treatments
have been carried out with impregnation of KF, KCIl, KBr, and KI, thus fixing
potassium as metal source while varying the associated anion. The PXRD patterns
of calcinated silica with the above-mentioned salts are shown in Figure 2.4.7. The
diffractograms are very similar to each other. In fact, in all the samples tridymite,
cristobalite and quartz polymorphs coexist in fractions close to (65-25-10) % wt
respectively from Rietveld refinement analysis, without significant modifications
of the relative ratio by varying the anionic counterpart. No potassium silicates have
been identified, while an amorphous component, whose amount is consistent for

the entire dataset, is present as a broad peak around 21 degrees.

As suggested by this analysis, the anionic contribution to silica
crystallization is not influent as much as the type of alkali ion. The latter strongly
affects the polymorph type formation, while the first one seems to modify mildly
only their relative ratio, confirming the crucial role of metal cation for the induced

crystallization process.

Instead, an elongation along the c-axis was observed in the tridymite and
cristobalite structures, correlated with the increase in ionic radius of the metallic
cation used, in both chloride and nitrate forms. This seems to suggest possible

incorporation of the element into the silica crystal lattice.

2.4.2 Salts concentration effects on silica crystallizations

The effect of salt concentrations on silica crystallization via calcination
treatment has been evaluated in the case of KNOs. Different samples have been
prepared by impregnation of amorphous SiO2 with salt solutions at 1M, 0.6M,
0.2M, and 0.08M. The same calcination treatment at 1000°C-4h has been carried
out and the PXRD measurements on the final products are reported in Figure 2.4.8.

All the patterns display a complete crystallization in a mixture of silica polymorphs.
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Particularly, the samples are mainly composed by cristobalite and tridymite phases,
which vary as a function of salt concentration. High KNO3 concentrations promotes
the tridymite polymorph over cristobalite, with a maximum of 89.9% of tridymite
in the 1M sample (see Figure 2.4.4), while reducing salt concentration the relative
amount of the two polymorphs gradually switches in favour of cristobalite, reaching
a calculated 83% weight fraction in calcinated silica with salt solution at 0.08M of
KNOs. Small quantities of quartz are present in case of low concentrations, whose
weight fraction has been estimated from refinement to be around 5% at the most.
Potassium silicate (KcO7Si2, COD 8103706), which was previously considered for
the indexing the diffractogram of the sample at 1M (see Figure 2.4.4), is present as
impurity also in the sample prepared at 0.6M, while for lower concentrations its

contribution is no more discernible.
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Figure 2.4.8 PXRD patterns of calcinated SiO, with potassium nitrate at different concentrations

at 1000°C-4h. Top: reference patterns for a-quartz, tridymite, and cristobalite.
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Considering this study in principle extendable for the whole salt series
explored, these results pointed out that, by keeping constant the thermal condition
of the calcination process, high salt concentrations facilitate tridymite
crystallization, thus the SiO2 polymorph metastable till 1400°C. On the other hand,
low salt concentrations tend to stabilize cristobalite, which, from the phase diagram
(see Figure 2.2.1) can be found above 1400°C. These considerations are coherent
with what observed in the literature, where various works report on tridymite to be
obtainable only with the presence of impurities or flux of carbonates, otherwise
cristobalite crystallizes in the same thermal conditions®>. In this way, by using
high concentration of salt properly chosen and finely tuning the target temperature
of calcination, it should be possible to selectively crystallize silica in its tridymite

phase, study not yet investigated in literature as far as known.

2.4.3 Thermal evolution of SiO;-alkali salt systems

Given the various observations made regarding the results of silica
crystallized products, a deeper investigation of the crystallization induced
mechanism has been carried out by performing in situ X-ray diffraction experiments
as a function of temperature. In this way, the calcination process has been
reproduced on the starting amorphous silica treated with some of the previously
studied salts by heating the system from room temperature up to the target
temperature, evaluating the evolution of the starting material till the product. Based
on some evidence from the previously presented results, SiO2 samples impregnated
with RbCl and NaNOs have been selected as representative cases. Respect with the
calcination treatment conducted with no in situ studies, the heating and cooling
ramp and the calcination duration have been slightly modified due to instrumental
requirements, but the thermal evolution of the two protocols can be considered quite

well consistent.

The measurement protocol started with an initial data collection at room
temperature (RT). Subsequently, a temperature ramp of 5°C per minute has been
applied, and several diffraction patterns have been acquired maintaining a constant

temperature, specifically every 100°C up to 300°C, then from 300°C to 1000°C,
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selected as the target temperature, at 50°C intervals. At 1000°C the temperature was
kept constant for a variable time for the selected salts due to practical compromises,
whose value will be indicated later by presenting the results. After the treatment at
high temperature, a cooling curve of 60°C/min has been set, and a PXRD pattern

has been acquired at RT on the final product.

For all samples a series of figures reporting the PXRD patterns have been
created to highlight different features of the temperature evolution. Specifically, a
vertical plot from RT to 1000°C, useful for evaluating the peak shifts at different
temperatures, a 3D plot, which better clarify the evolution of intensities and the
alternation of different phases, and a plot of the most significant patterns collected,
where the characteristic phases are more clearly observed, are reported in the

following paragraphs.

Starting with RbCl-Si0z in situ experiments (Figure 2.4.9), the RT pattern
displays only the presence of amorphous material, as a combination of silica and
salt components. On the contrary, in the subsequent patterns from 100°C RbCl
characteristic reflections appear (COD 9008707), displaying the distinctive shift of
peaks positions to lower angles while arising the temperature up to 600°C. Beyond
this temperature, the salt gradually loses its crystalline form, replaced with an
amorphous broad peak observed up to 800°C. At 850°C, reflection peaks ascribable
to crystalline silica phases appear, which can be indexed by cristobalite polymorph
(main peak at around 22°) with a minor content of tridymite (main peak at around
21°). The reflections of this latter phase become more intense as the temperature
and reaction time increase, meaning that its fraction becomes larger in the whole

sample.
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Figure 2.4.9 Vertical plot of in situ X-ray powder diffraction data at various temperatures during

the heating ramp for SiO, impregnated with RbClI.
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Figure 2.4.10 3D plot of in situ X-ray powder diffraction data at various temperatures during the
heating ramp (red arrow) for SiO; impregnated with RbCIl. The maximum temperature achieved
has been kept constant for 0.5 hours (black arrow). The room temperature data after the heating

ramp is marked with the yellow dot.

It is clear from the 3D plot reported in Figure 2.4.10 that the high
temperature favours the crystallization of silica phases, while a reduction of
diffraction peaks intensity, and thus of crystallinity, occurs when the powder is

restored to room temperature conditions.
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Figure 2.4.11 In situ X-ray powder diffraction data at crucial temperatures during the heating

ramp for SiO; impregnated with RbCI, with indexed identified phases.

In Figure 2.4.11 the most significant PXRD patterns are summarizing, with
the indexing of different identified phases. As previously described, RbCl
crystallizes at 100°C and its characteristic peaks (blue line, pink triangles) index the
whole pattern. The disappearance of salts’ peaks at 650°C could be associated with
a disorder of this phase, which could enter in an amorphous or liquid state, since
this thermal regime is not far from the expected melting temperature (Table 2.3.2).

At 1000°C (light blue pattern) the crystallization of silica, which already started at
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850°C, reaches its completion in a mixture of cristobalite (yellow triangles) and
minorly tridymite (red triangles). Releasing the heating and cooling down the
system to RT after the thermal treatment (green pattern), traces of a minor phase of
crystalline silica have been detected, ascribable to the orthorhombic phase
previously indexed for the calcinated samples in Figure 2.4.11 (COD 9006301, blue

triangle), and the presence of less intense cristobalite peaks becomes clearer.

The final product of this in situ thermal treatment is consistent with the
calcination process previously presented for SiO2-RbCl (Figure 2.4.1), in which a
mixture of cristobalite and tridymite was detected. From the Rietveld refinement of
the in situ data at RT after the thermal treatment, the calculated amount of
cristobalite, tridymite and the orthorhombic SiO: has been estimated to 56%, 34%,
and 9%, respectively. The differences between ex-situ and in situ experiments on
the relative ratio of the two polymorphs and the presence of a small quantity of
quartz in the latter case could be attributed to different reaction time (i.e. 4 hours
for standard calcination vs 1 hour for in situ XRD while heating) or a different
cooling rate ramp. Particularly, a longer calcination treatment favours the
stabilization of the thermodynamically more stable polymorph, which is tridymite
in this thermal condition (over 8§70°C). Analogously, slower cooling ramp gives to
the system sufficient time to experience a partial reconstructive transformation from
cristobalite to a-quartz, the stable phase at ambient conditions. This experimental
evidence has been confirmed by performing further calcination treatments by

varying the cooling ramp after, keeping constant all the other parameters involved.
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In Figure 2.4.12 a PXRD pattern related to amorphous silica calcinated with
RbCI impregnation and a slow linear cooling ramp of about 80 hours is shown.
Comparing this result with the one presented previously (Figure 2.4.1) from a faster
cooling ramp (oven inertia, around 8 hours), the salt favours the reconstructive
transformation to quartz for longer cooling ramps, as pointed out by the increased

intensity of its main reflection peak.
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Figure 2.4.12 Comparison between PXRD data from SiO»-RbCl system calcinated at 1000°C-4h
with a cooling ramp of around 8 hours (blue) or about 80 hours (orange). In the upper part, the

references for the crystalline silica phases are reported.
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Figure 2.4.13 Vertical plot of in situ X-ray powder diffraction data at various temperatures during

the heating ramp for SiO; impregnated with NaNO3.

Moving to the case of nitrates, Figures 2.4.13 and 2.4.14 show the
temperature trend of PXRD patterns for SiO: treated with NaNOs. The presence of
NaNOs in a crystalline form (COD 2310364) is visible from RT up to 200°C. Its
crystalline phase is no longer detectable from 400°C upwards, where the entire
material remains amorphous, or at least does not display long-range structural order,
up to 700°C. At 750°C, the appearance of reflection peaks due to the crystallization
of silica into cristobalite is observed, which initially increase in intensity as the
temperature rises, then decrease as the tridymite phase becomes more abundant

(above 800°C). In the whole dataset, diffraction peaks related to the Al2O3 (COD
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1011280) are visible, contribution ascribable to the sample holder used in the high

temperature chamber.
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Figure 2.4.14 3D plot of in situ X-ray powder diffraction data at various temperatures during the
heating ramp (red arrow) for SiO, impregnated with NaNOj3. The maximum temperature achieved
has been kept constant for 1 hour (black arrow). The room temperature data after the heating

ramp is marked with the yellow dot.

In Figure 2.4.15, the XRD patterns that best highlight the presence of certain
phases are summarized and normalized. In addition to the patterns in which the
maximum crystallinity for NaNOs3 (blue line, green triangles) and cristobalite (light
blue line, yellow triangles) is achieved, the final data before releasing the heating
and back to RT are reported. At 1000°C (green pattern) the presence of a tridymite
component becomes clearer (red triangles), whose reflection peaks arise in intensity
at RT, indicating that the system partially transform from cristobalite to tridymite
after the cooling ramp. Few extra and weak diffraction peaks, not ascribable to

silicates, nitrates, or sodium compounds, are detected back to RT after ramp, which
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are compatible with an orthorhombic phase of silica (COD 75664). Al.03
reflections, characterized by a very narrow profile peak shape, are due to the sample

holder contribution and marked in the patterns (purple triangles).
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Figure 2.4.15 In situ X-ray powder diffraction data at crucial temperatures during the heating
ramp for SiO, impregnated with NaNOj3, with indexed identified phases.

Unlike ex situ XRD patterns, where the peaks were entirely attributable to
silica phases, the in situ measurements highlight the existence of temperature ranges
in which the presence of crystalline salts is observed. Specifically, the patterns at

RT show a total (in the case of SiO2-RbCl system) or almost total (for Si02-NaNO3)
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amorphous phase, as the salt is still partially dissolved due to the presence of water.
As the temperature increases, the water begins to evaporate, causing supersaturation
of the solute, which precipitates and crystallizes, as clearly seen from the 200°C
measurement onward. In the case of rubidium chloride, the presence of the
associated peaks remains clear up to 600°C, beyond which the reflections are no
longer visible. Contrarily, in the sample with sodium nitrate, the salt peaks
disappear as early as the 300°C pattern. Considering the tabulated melting
temperatures, reported to be 718°C and 308°C for RbCI and NaNOs (see Tables
2.3.2 and 2.3.3) respectively, their values are slightly higher than the temperatures
at which the crystallinity of the two salts is lost. However, some aspects should be
taken into account regarding the environment in which these reactions take place.
As previously specified in the Paragraph 2.3, the silica used is a mesoporous
material with pores ranging from 6 to 20 nm in diameter. When impregnated with
an aqueous solution, the liquid is adsorbed and penetrates the pores due to
capillarity. As the water evaporates, the salts precipitate forming small highly
dispersed crystals, confined within the mesoporous matrix and partially on their
external surface. The size of the salt crystallites, therefore, depends directly on the
pores size in which they are segregated. The Debye-Scherrer equation relates the
crystallite diameter D to the full-width at half maximum of a specific diffraction

peak S as follows:
D = kA/BcosO (2)

where k is the shape factor (it varies with the actual shape of the crystallite,
but has a typical value of about 0.9, as in this case), 1 the radiation wavelength, and
0 the Bragg angle at which the peak falls. Applying this equation on the PXRD
patterns acquired in situ it has been possible to estimate the crystallite sizes for RbCl
and NaNOs to be 25 nm and 35 nm, respectively. It is evident that these are very
different length-scale conditions from the bulk state, referred to in the literature
when reporting material properties, which can influence the thermal properties®’.
At the nanoscale materials have a high surface-to-volume ratio and, consequently,
high surface energy. This phenomenon is the basis for the disappearance of the salts'
crystalline peaks observed at lower temperatures, most likely corresponding to their
melting.
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The thermogravimetric analysis, reported below, represents the weight loss
as a function of temperature for silica impregnated with RbCl (Figure 2.4.16) and
NaNOs (Figure 2.4.17) samples.
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Figure 2.4.16 Thermogravimetric analysis of SiO>-RbCI system from room temperature up to

1000°C.

On the Si02-RbCl sample, an initial weight loss, around 4%, is observed
from RT to 150°C (yellow region), corresponding to the evaporation of surface
physisorbed water. As the temperature increases, a relatively constant mass
reduction to about 7% is present up to approximately 650°C (orange area), which
is likely related to the progressive loss of chemisorbed water. Above this
temperature, the weight loss becomes more pronounced as the salt exceeds its
melting point in RbCI-SiO2 system, as previously described, and begins to partially
evaporate (green area), thus the system reduces its weight to around 87% of the
starting amount. Beyond 850°C (blue region), the mass loss stabilizes, matching the
formation temperature of the first crystalline phases of silica. This result suggests

that the salt becomes unavailable for further evaporation, possibly due to its
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incorporation into the silica crystal lattice, coherently with the lattice elongations
calculated from PXRD analysis which differs with particular trends by varying the
metal cation (see Figure 2.4.3). This incorporation may not be the consequence of

Si02 crystallization, but, on the contrary, its real cause.
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Figure 2.4.17 Thermogravimetric analysis of SiO>-NaNOj3 system from room temperature up to

1000°C.

As for the S102-NaNOs sample, an initial weight loss of about 3.5% can be
observed from RT to 150°C (yellow region), due to the evaporation of surface water.
From 350 to 650°C there is a weight loss regime, which could occur for multiple
reasons. Particularly, one component is associated with the dehydration of silica,
while concomitantly the melting of NaNOs takes place, with a possible partial
evaporation and decomposition into NaNOz, with loss of Oz. Above this
temperature (blue region), the mass loss decreases drastically until it stops around

11%, thermal regime of the beginning of silica crystallization.

61



Dario Florio

2.4.4 IR spectroscopy on SiO;-alkali system

Silicon dioxide (Si02) has characteristic vibrational infrared-active modes,
thus visible with infrared (IR) spectroscopy. The primary contribution arises from
vibrations in the Si-O bonds within the silica network. The exact positions and
intensities of these peaks can vary slightly depending on whether the SiO: is

amorphous or crystalline and, if so, between the different polymorphs.

In the Figures 2.4.18 and 2.4.19, the IR spectra of SiO2 samples impregnated

with 1M solutions of alkali metal chlorides and nitrates and calcined at 1000°C for

4h are reported.
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Figure 2.4.18 Infrared spectra of calcinated SiO with different alkali chlorides at 1000°C-4h.
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Figure 2.4.19 Infrared spectra of calcinated SiO, with different alkali nitrates at 1000°C-4h.

Some specific bands are commonly present in all the acquired IR.
Particularly, the most prominent peak is around 1000-1100 cm™ and arises from the
asymmetric stretching of Si-O-Si bonds. At lower wavenumber, around 780-800
cm™!, the peak corresponding to the symmetric stretching of the Si-O-Si bonds is
visible. The bending vibrations in the O-Si-O bonds can be associated with the IR
peak around 450 cm™'. However, this region is very close to the minimum limit of
instrumental detection, therefore the peak shape is affected by the noise due to the

low energy of the signal.

The low intensity band at 950 cm™, visible only in LiNO3, can be assigned
to the dangling Si-O stretching mode. Another distinct peak is observed at 620 cm™,
characteristic of cristobalite. It appears in all spectra but is particularly weak in
samples containing NaNO3 and KNO3, which indeed exhibit low levels of this silica

phase, as pointed out from PXRD analysis.
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The peak at 1100 cm™ progressively broadens, moving from the lithium- to
the cesium-salts series. Taking into account the information provided by PXRD
pattern in Figures 2.4.1 and 2.4.4, no correlation between this peak shape trend and

the silica polymorphs present in the sample can be pointed out.

On the other hand, the peak around 800 cm™, which represent the symmetric
stretching of the Si-O-Si, shows no apparent shape differences within chlorides and
nitrates series, except for the sample containing LiCl. In that case the peak is split,
and this feature is characteristic of quartz (additionally to a second vibration band
at 695 cm™), effectively detected in LiCI-SiOz2 system from PXRD. What is noted
instead is a progressive shift of the band position towards lower wavenumbers
moving from Li to Cs series. This evidence is present in both chlorides and nitrates
samples and can be visualized in Figure 2.4.20 as a function of the ionic radius of

the considered cations.
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Figure 2.4.20 Si-O-Si stretching mode wavenumber form IR spectra of alkali chlorides (blue) and

nitrates (ved) as a function of ionic radius of the metal cation.
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Once again, as for the peak at 1100 cm™, there is no connection with the
silica polymorphs present in the samples, observed by XRD, and the noted shift.
Instead, the analysis reveals a pseudo-linear correlation between the wavenumber
shift and the ionic radius of the alkali metal cation. For both chlorides and nitrates,
the wavenumber associated with the symmetric stretching of Si-O-Si decreases
progressively from lithium to cesium sample. Chlorides show a maximum shift of
approximately 14 cm™, while nitrates exhibit a smaller variation of approximately
7 em™'. Despite this gap, both salt types display a consistent trend, suggesting that

the key role belongs to the metal cation.

As pointed out from the IR spectra investigation, the presence of the metal
cation during the calcination treatment influences the vibrational motions of the
resulting crystallized silica. Particularly, a shift of the peaks towards lower
frequencies (and energies) for the band associated with the symmetric stretching of
the Si-O-Si bonds and a broadening of the band corresponding to the asymmetric
stretching of the Si-O-Si bonds seems to be the major observable modifications, in
a manner dependent on the radius of the employed cation. These variations may be
attributed to an increase in bond lengths or the presence of local structural disorder

within the material®®

. This suggests that the cation might be partially incorporated
into the crystal lattice, causing slight distortions in the lattice structure. Such
incorporation could lead to changes in bond distances, as previously indicated by
the structural analysis of the cell parameters (see Figures 2.4.3 and 2.4.6), and

potentially disrupt the regular arrangement of atoms.

SEM measurements were performed on some samples, evaluating material
morphology and elemental compositional EDX analysis. Few images and EDX
maps will be reported below as explicative examples. It should be noted that silica
is a low-conductivity material, which by its nature limits the potential for high
magnification and the full capabilities of this electron microscopy technique.
Nonetheless, attempts were made to obtain useful information for understanding

the objects of this study.

The Figure 2.4.21 show the morphology of the silica sample impregnated

with KCI and subjected to heat treatment.
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Figure 2.4.21 SEM images of SiO»-KCl sample at a) low and b) high magnification.

At low magnification, no significant differences are observed compared to
the starting silica, shown in the Figure 2.3.1b. Upon magnification, the surface
appears similarly compact and uniform, but small pores, on the order of hundreds

of microns, are noticeable as darker spots.

For samples treated with NaNOs; and RbCl, a different approach of
investigating the morphology has been proposed. The final powders were
embedded in an epoxy resin and polished to flatten the surface, as a way to observed
in section silica grains. EDX maps were collected and are shown in the Figures

2.4.22 and 2.4.23.
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Figure 2.4.22 EDX maps of SiO>-NaNO;3 sample embedded in epoxy resin a) in red and b) in dark

grey.
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Figure 2.4.23 EDX maps of SiO»-RbCl sample embedded in epoxy resin (represented by the dark

parts on the sides).

The surface irregularities and the significant thickness of the insulating
material complicate the acquisition of accurate quantitative values, so the
considerations will be limited to a qualitative analysis of the images provided. As
can be seen, the presence of the additive element is clearly visible, though it is not
locally distinguishable from the silica matrix. Conversely, both sodium and
rubidium appear uniformly distributed across the sample (the checkered pattern in
Figure 2.4.22 of Si02-NaNOs is an artifact), suggesting these cations diffuse into

and remain incorporated within the silica matrix.

2.4.5 Structural analysis of calcinated amorphous SiO:; with alkaline earth

salts

In analogy with the study presented in the previous paragraphs on the series
of alkali chlorides and nitrates, amorphous silica crystallization induced by alkali-
earth metal in form of chlorides or nitrates (i.e. MgClz, CaCl2, Mg(NO3)2, and
Ca(NO3)2) will be discussed here below. The same experimental conditions for the
calcination treatment have been employed, thus keeping constant the

heating/cooling ramps, the target temperature to 1000°C and the duration to 4 hours.
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Figure 2.4.24 PXRD patterns of calcinated SiO; with Mg- and Ca- based chlorides and nitrates at
1000°C-4h. Spurious phases of silicates are indicated with triangles. Top: reference patterns for a-

quartz, tridymite, and cristobalite.

From PXRD patterns reported in Figure 2.4.24, it is evident that all the
tested salts favour the crystallization of silica into a-quartz polymorph, contrarily
to alkali chlorides and nitrates which promote cristobalite and tridymite formation.
However, a small amount of cristobalite has been detected for Mg(NO3)2 and
Ca(NOs)2, in whose patterns only the main peak is visible. Rietveld refinement of
the datasets calculated a weight fraction percentage of quartz greater than 90% for

all the samples, with a maximum of 96.8% in SiO2-MgCl system, while the higher

68



cristobalite amount was reported for Mg(NOs3)2 as equal to 6.7% wt. Moreover, a
very small quantity of cristobalite has been calculated in CaClz to be 0.6%, although
this value is too low to reliable. Nevertheless, some small reflections not indexable
by any silica polymorph phase are present in PXRD patterns of calcinated samples
with MgClz, CaClz, and Ca(NO3)2. Indeed, these peaks were attributed to
magnesium or calcium silicates, as protoenstatite MgSiO3 (COD 1548549) and
wollastonite or pseudowollastonite CaSiO3 (COD 9005778 and 9002179
respectively). The whole amount of silicate has been estimated from refinement to
be 3% wt for MgClz, 9% wt for CaClz, and 1.5% wt for Ca(NO3)2. This quantitative
analysis pointed out that the formation of silicates, thus a chemical reaction between
amorphous Si0O2 and alkali-earth salts during the calcination treatment, is more
favoured in case of chlorides. However, a selective crystallization of quartz is here
promoted, contrarily to the case of nitrates in which a minor phase of cristobalite is

present.

In Figure 2.4.25 the calculated values obtained from Rietveld refinement for
a and c lattice constants of quartz, the predominant polymorph detected, are
reported for all the tested alkali-earth chlorides and nitrates. The two lattice
parameters display the same trend for the different salts, thus also the cell volume
of quartz follows this evolution. However, considering the maxima and minima
values for a and ¢ parameters, thus those of Mg(NOs3)2 and Ca(NO3)2 respectively,
the maximum change of cell constants estimated by varying the salt is Aa = 0.007
A and Ac =0.004 A. These values are consistent with the error that can be assumed
for the refinement calculation of cell parameters and, consequently, all the values
can be considered compatible. This behaviour is different from the case of alkali
salts, in which the cell parameters displayed particular evolutions and more
significant deviations for different alkali metals, with calculated values for Aa and

Ac around 10 times higher for the whole dataset respect with the alkali-earth metals.
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Figure 2.4.25 Lattice constants a (a) and c (b) trend of quartz calculated from Rietveld refinement

of different alkali-earth chlorides and nitrates used for SiO: crystallization.

2.4.6 Thermal evolution of SiO;-alkaline earth salts systems

To better understand the evolution of amorphous silica to its crystalline form
during the calcination process also in the case of alkali-earth salts as MIC source,
in situ experiments on SiO2-CaClz system as a function of temperature have been
conducted. As for alkali metals, the starting impregnated sample has been heated
from room temperature up to 1000°C with a heating ramp of 5°C/min. The
simulated calcination has been carried out for 2 hours, and then the system has been

cooled down with a cooling ramp of 60°C/min. PXRD patters have been acquired
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during the whole treatment and report here as a vertical plot (Figure 2.4.26) and a
3D plot (Figure 2.4.27). Additionally, in Figure 2.4.28 the most significant patterns

for the comprehension of the evolution are highlighted.
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Figure 2.4.26 Vertical plot of in situ X-ray powder diffraction data at various temperatures during

the heating ramp for SiO; impregnated with CaCl;.
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Figure 2.4.27 3D plot of in situ X-ray powder diffraction data at various temperatures during the
heating ramp (ved arrow) for SiO; impregnated with CaCly. The maximum temperature achieved
has been kept constant for 2 hours (black arrow). The room temperature data after the heating

ramp is marked with the yellow dot.
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Figure 2.4.28 In situ X-ray powder diffraction data at crucial temperatures during the heating
ramp for SiO; impregnated with CaCl,, with indexed identified phases.

Following the patterns reported in Figure 2.4.28 at room temperature (dark
blue line) the diffraction pattern shown the characteristic broad peak, centred
around 21°, ascribable to an amorphous phase. The aluminium oxide sample holder
contributes with low intense and very narrow peaks (purple triangles), whose will
be present in all the acquired patterns. From 100°C few broad peaks compatible
with CaClz reflections (COD 1011280) appear, displaying their major intensity at
200°C (blue line), till 450°C, where they cannot be distinguished from a global
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amorphous diffractogram. From 850°C (light blue line) CaSiOs reflections are
visible, preceding quartz crystallization which starts after 100°C. The main peak of
cristobalite can be seen in all the subsequent patters, attributing at this component
only a very small fraction of the sample, predominantly crystallized in quartz

structure.

The thermogravimetric analysis reported in Figure 2.4.29 represents the

weight loss as a function of temperature increase for silica treated with CaClo.
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Figure 2.4.29 Thermogravimetric analysis of SiO>-CaCl; system from room temperature up to

900°C.

In Si02-CaCl> sample, a considerable weight loss of over 10% is
immediately observed from room temperature to about 150°C (yellow region),
corresponding to the loss of surface water from the silica, but also to the dehydration
of the CaClz, which progressively loses at least 4 of the initial 6 H2O molecules of

hydration. As the temperature increases, a relatively constant mass reduction is
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present up to approximately 400°C (orange area), which is likely related to the
progressive loss of -OH from the silica and the totally dehydration of CaCl>’.
Above this temperature (highlighted in green), the weight loss rate becomes more
intense. This could coincide with the start of the decomposition of CaClz or even
their partial evaporation®. In fact, as can be observed from the PXRD patterns
(Figure 2.4.28), CaClz is characterized by very broad peaks, which should mean
very small crystallite sizes. As mentioned above for the case of alkali salts, lowering
the dimensions to the nanoscale can significantly reduce the melting temperatures
and increase the reactivity of a compound. Beyond 800°C (blue region) further mass
losses are no longer visible, nearly in correspondence of the initial formation

temperature of the calcium silicate, as previously shown in PXRD (Figure 2.4.28).

2.4.7 1R spectroscopy on SiO:-alkaline earth system
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Figure 2.4.30 Infrared spectra of calcinated SiO, with different alkaline earth salts at 1000°C-4h.
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Infrared spectra of calcinated SiO2 with different alkaline earth salts are
reported in Figure 2.4.30. The absorption peaks of all the samples look very similar.
This feature reflects the very close crystalline nature of SiO:-alkaline earth salts
systems, which predominantly crystallize in quartz polymorph and consequently
are characterized by the same vibrational modes between Si and O atoms.
Contrarily to alkali salts, no correlations can be observed considering the vibration
mode wavenumbers and the metal cation, or the anionic counterpart. The absence
of absorption bands shifts by varying the alkaline earth salt is coherent with the
considerations on the calculated lattice parameters of quartz for calcinated sample,
in which again no changes have been detected with SiO2 impregnated with Mg- or
Ca- chlorides or nitrates. These results suggest that alkaline earth does not affect
the lattice of quartz at the local level, without causing cell distortions and/or
stretching modes, coherently with what observed from PXRD analysis (Figure
2.4.25) in which no particular correlation of lattice parameters have been observed

by varying the metal cation source of MIC.

2.4.8 Searching for additives

ICP spectroscopy has been performed on silica with alkali chlorides and
Ca(NO3):2 after calcination. The required acid wash, described in Materials and
methods paragraph, does not alter SiOz crystallized phase, with no dissolution of
lattice. On the contrary, the treatment allows only what the acid can solubilize to be
brought into solution, in this case, salts or their derivatives containing alkaline earth
elements. As explained earlier, the analysis is effectively able to detect only the
cations. To intuitively evaluate the amount of metal found, each mole of the element
is considered to correspond to one mole of the salt (e.g., 1 mol Mg =1 mol MgCl»).
Therefore, knowing how many moles of salt were initially used, it was possible to

make a comparison with the moles found.
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In Table 2.4.1 the percentage values of the moles found with ICP
spectroscopy of respect with the moles of salts added during silica impregnation are

reported for the measured SiOz-salts calcinated systems.

Salts Moles found/moles added
MgCl, 73%
CaCl, 81%
Ca(NOs): 63%

Table 2.4.1 IPC spectroscopy results for MgCl,, CaCl,, and Ca(NO3).

The high percentage values of alkali metals detected from ICP spectroscopy
means that these amounts of material are solubilized by the acid solution and can
be removed from the samples, suggesting a possible aggregation of these compound
on silica grain boundaries or at least non-insertion of the metal/salt inside SiO2
crystal structure. This contrasts with what suppose for alkali salts, in which MIC
could be induced by insertion of the alkali metal inside the structural cavities of
Si02 polymorphs, underlining a possible different driving mechanism for MIC on

silica treated with alkali-earth salts.

After the ICP treatment, the acid-insoluble solid residue dried and further
PXRD measurements have been carried out. In Figures 2.4.31, 2.4.32 and 2.4.33
the diffraction patterns of SiO2-salts systems before and after the ICP treatment are

reported, with the reference reflections of indexed phases on the top panel.
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Figure 2.4.31 X-ray powder diffraction patterns of calcinated SiO; with MgCl, before (red line)
and after acid wash (orange line). Inset: zoom in 2theta range 26°-37°. Top: reference patterns for

o-quartz (blue line) and MgSiOs (pink line).

Although the PXRD patterns seem to be identical, some differences can be
observed in the inset of each figure, where the crucial 2theta range related to
silicates impurities has been zoomed in. Indeed, the diffraction peaks previously
ascribed to MgSi03 or CaSiOs pseudowollastonite and wollastonite polymorphs,
whose major peaks fall between 26° and 35°, on unwashed samples display a
significant intensity lowering, with a complete disappearance in the sample
calcinated with CaClz (Figure 2.4.32). To quantitatively evaluate the differences in
relative phase fraction, a Rietveld refinement of the datasets has been conducted
and the results on the weight percentages of each identified component are reported

in Table 2.4.2.
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Figure 2.4.32 X-ray powder diffraction patterns of calcinated SiO; with CaCl, before (red line)
and after acid wash (orange line). Inset: zoom in 2theta range 25°-34°. Top: reference patterns for

o-quartz (blue line) and CaSiO;s pseudowollastonite and wollastonite polymorphs (green lines).
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Figure 2.4.33 X-ray powder diffraction patterns of calcinated SiO; with Ca(NOj3); before (red
line) and after acid wash (orange line). Inset: zoom in 2theta range 25°-34°. Top: reference
patterns for a-quartz (blue line), cristobalite (vellow line) and CaSiO; pseudowollastonite (green
line).
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a-quartz | cristobalite Silicates
Si02-MgCl> unwashed 96.8% - 3.2% MgSi0O3
Si02-MgCl> washed 97.9% - 2.1% MgSi0O3
Si0:-CaClz unwashed 90.4% 0.6% 5.9% pseudow., 3.1% woll.
Si02-CaClz washed 99.7% 0.3% -
Si02-Ca(NO3)2 unwashed | 96.5% 2.1% 1.4% pseudowollastonite
Si02-Ca(NOs3)2 washed 97.5% 2.3% 0.2% pseudowollastonite

Table 2.4.2 Quantitative results of phase weight fraction from Rietveld refinement of PXRD pattern

of different silica calcinated with salts before and after acid wash.

From the calculated phase weight fractions, it is evident that the acid wash

treatment of ICP spectroscopy allows to remove a considerable amount of silicates

from the samples, particularly in case of Ca- salts, in which are almost absent. The

very small phase fraction of cristobalite estimated in Si02-CaClz system, combined

with the deletion of CaSiOs silicates with washing, leads to obtain an almost

absolute crystallization of silica in quartz, reaching a calculated weight percentage

of 99.7%. In this way, it is thus possible to crystallize amorphous SiO:2 selectively

in quartz polymorph by MIC with CaClz following a quite simple calcination

treatment.

81




As explained in Paragraph 2.2, industrial quartz synthesis is typically carried
out via hydrothermal methods, which require high pressures and extended times
(approximately 100 hours), as well as expensive equipment. However, these costs
are offset by the production of large quantities of material. In a standard chemical
laboratory, replicating this process is challenging and potentially hazardous due to
the high pressures involved. Although the required temperatures are modest (around
400°C), the long processing times result in significant energy consumption,
particularly when using a conventional muffle furnace. A more practical alternative
involves melting silica (T > 1700°C) followed by slow cooling to enable the
formation of quartz, the most stable phase at low temperatures. Nonetheless, this

method is also time-consuming and costly.

As described in this work, the addition of salts—specifically CaCl>—
facilitates the production of high-purity quartz through heat treatments conducted
at lower temperatures and within shorter times, thereby significantly reducing
energy consumption. While a direct comparison with industrial methods is difficult
due to differences in scale, optimizing this setup could render this approach highly

promising.
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SEM measurements were conducted on various alkaline-earth salts-silica
samples, investigating the morphology and elemental composition as in the case of
alkali salts. The Figure 2.4.34 shows a typical morphology observed for these
samples, particularly the one related to Ca(NOs3)2 - SiO2 after thermal treatment.

= & '\‘ < > ~ "
WD det még 0| HFW —100 ym ————
7.00 kV |11.0 mm|ETD| 1 000 x | 298 um

Figure 2.4.34 Ca(NO3):-SiO; sample morphologically analyzed by SEM. In a) cracks and holes

are highlighted with orange arrows.
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Even at low magnification, cracks on the surface are visible, some with a
semicircular shape as highlighted in the Figure 2.4.34a. In the image acquired on
CaCl2-SiO2 sample (Figure 2.4.35), these formations are much more prominent,
with the presence of actual small craters surrounded by concentric rings, more or

less marked, across the surface.

Figure 2.4.35 CaCl>-SiO; sample morphologically analyzed by SEM.

84



Investigation of crystallization catalysis mechanisms
on amorphous S102

1 =1

Si-Ca
Ch0 MAG: 4032X HV:15kV WD: 9,5 mm

Figure 2.4.36 EDX mapping of SiO>-CaCl; sample. The marks on the surface of the sample
coincide with areas of high calcium concentration (easily observable in the yellow box,

highlighting the same area in a) and b)).

EDX analysis indicates that these morphological features are attributable to
the presence of the salt, which is not evenly distributed throughout the sample,

contrarily to alkali salts, but instead forms localized high-concentration clusters.
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Figure 2.4.37 EDX quantitative analysis on SiO,-CaCl, sample.

A quantitative analysis was also performed (Figure 2.4.37), revealing the
presence of 1.2% calcium in mass percentage. However, it should be noted that the
material is not perfectly flat and is poorly conductive, which may lead to errors in
the quantification of elements, such as the volume of primary excitation which is

not confined to the surface but extends through the bulk for 1-5 um depending on

the type of material.
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si-Ca-L
Ch0 MAG: 2409x HV:15kV WD: 9,6 mm Px: 50 nm

Ele |At. No. | Line s. Mass Mass Norm. Atom abs. error [3] abs. error [%] abs. error [%] rel. error [%] rel. error [%] rel. error [3]

[5] [5] [%] (1sigma) | (2sigma) (3sigma) (1sigma) (2sigma) (3 sigma)

‘Carbon 6K-Serie 51161 11,82 10,76 16,78 1,42 2,33 4,25 11,38 23,36 35,34

Nitrogen 7|K-Serie €035 1,13 1,03 1,38 0,20 0,38 0,58 17,36 34,71 52,07

Oxyzen 8/K-Serie 781388 50,16 45,70 53,45 5,27 10,54 15,30 10,50 21,00 31,51

Silicon 14 K-Serie 2810730 46,66 42,51 23,34 1,36 3,32 5,28 4,20 2,40 12,60
Sum|108,76 100,00 100,00

Figure 2.4.38 Results of EDX quantitative analysis on SiO2-CaCl, sample after acid wash.

After an acid wash (post-ICP analysis), this sample was reanalyzed with
SEM. While morphology remained unchanged with observable holes and cracks
(Figure 2.4.38), quantitative measurement no longer detected any calcium. This
absence suggests that the calcium additive was likely situated in a superficial and
weakly bound position within the sample, making it susceptible to removal by the

acid wash process.
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A quantitative analysis via EDX was also performed on the MgCl2-SiO2
sample, both before and after the acid wash (Figures 2.4.39 and 2.4.40).
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Figure 2.4.39 EDX quantitative analysis on SiO,-MgCl, sample.
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Figure 2.4.40 EDX quantitative analysis on SiO>-CaCl, sample after acid wash.

As explained, the reported values cannot be considered entirely reliable,

while that with MgClz exhibits a significant reduction.

89

In this case, the presence of the metal is still detectable after processing, but its

quantity decreases considerably, from approximately 3.8% to 1.3%.

nevertheless a notable consistency is observed with the trends previously identified
through quantitative measurements using the Rietveld method on PXRD patterns
of the acid-washed samples (see Table 2.4.2). In both instances, the sample

containing CaClz shows the complete disappearance of calcium-containing phases,



As seen, the samples containing salts of alkaline earth elements, especially
in the case of calcium, show the presence of the cation only on the surface, and not
diffused in the silica matrix, as in the case of alkali metals. SEM and EDX analyses
confirm that the superficial calcium clusters are easily removable by acid washing,

leaving the silica structure intact.

2.5 Conclusions on SiO; project

The optimization of industrial processes for material production, with a
focus on reducing energy consumption and environmental impact, is fundamental
for a sustainable future. In this context, crystallization, a key process in various
industrial sectors, often requires high temperatures and significant energy input.
This Ph.D. project investigates metal-induced crystallization (MIC) mechanisms as
a promising, though not yet completely understood, method for obtaining
crystalline materials at lower temperatures, leading to energy savings. In this study,
silicon dioxide (SiO2) was chosen as a model system to explore the mechanisms
behind MIC. Silica, an abundant and versatile material, exists in various crystalline
forms, each with unique properties and specific applications. Understanding the
mechanisms driving the formation of different SiO2 polymorphs is then of great

fundamental and practical interest.

The experimental investigation involved impregnating amorphous SiO:
with solutions of alkali (Li, Na, K, Rb, Cs) and alkaline-earth (Mg, Ca) metal salts
in chloride or nitrate forms. The impregnated samples underwent thermal treatment
at 1000°C for 4 hours, simulating an industrial calcination process. Structural
analysis of the products using X-ray powder diffraction (PXRD) revealed
substantial differences in the behavior of the two groups of metallic cations, with
additional characterization techniques highlighting distinct aspects of these

behavioral variations.

For samples containing alkali metals, crystallization products analyzed

through PXRD showed the formation of mainly cristobalite and tridymite, two
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high-temperature-stable SiO2 polymorphs. Their presence at lower temperatures
than typically required for formation from the amorphous precursor suggests a
catalytic role of alkali cations in the process. Interestingly, diffraction patterns
showed no peaks attributable to the starting salts in crystalline phase. This could be
due to the transformation of the salts into an amorphous state during calcination, or
to their incorporation into the SiO:z structure. Rietveld analysis of PXRD patterns
revealed an increase in the c lattice parameter of cristobalite and tridymite with
increasing ionic radius of the alkali cation. This observation suggests that alkali
cations, with their larger ionic radii, induce a distortion in the crystalline structure
of SiO2, leading to a stretching along the c-axis. Infrared spectroscopy provided
further insights into the interaction between alkali cations and the silica lattice.
Specifically, a shift to lower frequencies in the symmetric stretching band of Si-O-
Si bonds was observed with increasing ionic radius of the alkali cation. This shift
indicates a weakening of the Si-O-Si bond, likely due to the interaction between
alkali cations and oxygen atoms in the silica lattice. Morphological and
compositional analysis showed a uniform distribution of alkali cations within the
silica matrix. This suggests that the alkali cations integrate into the SiO2 structure
during crystallization, supporting the hypothesis of a direct incorporation

mechanism.

Moving to samples with alkaline earth metals, PXRD analysis revealed a
substantial difference compared to alkali cations: alkaline earth cations
predominantly promoted the formation of quartz, the thermodynamically stable
Si0O2 phase at room temperature. This result suggests a crystallization mechanism
distinct from that observed with alkali cations, where alkaline earth cations may act
as catalysts without direct incorporation into the quartz structure. Rietveld analysis
of PXRD patterns showed that the quartz weight fraction exceeded 90% in all
samples, reaching a maximum of 96.8% in the SiO2-MgClz system. Small amounts
of cristobalite were detected in certain samples, particularly with Mg(NOs)2 and
Ca(NOs3)2. Another significant difference from alkali cations was the formation of
silicates as an intermediate phase during calcination. Diffraction peaks
corresponding to MgSiOs (protoenstatite) and CaSiOs (wollastonite and
pseudowollastonite) were observed in PXRD patterns. Quantitative analysis

estimated that the total silicate formation was slightly higher in chloride-treated
91



samples than in those treated with nitrates. Inductively coupled plasma analysis,
conducted after an acid wash to remove salts not incorporated into the SiO:
structure, demonstrated that a significant portion of alkaline earth cations could be
removed from the samples. This result supports the hypothesis that alkaline earth
cations are not structurally incorporated into the final quartz but rather act as
catalysts through intermediate silicate formation. Morphological analysis revealed
cracks and holes on the surfaces of the samples. This feature has been associated,
thought compositional analysis, with higher calcium concentrations, suggesting

non-uniform salt distribution, forming localized aggregates.

Summarizing the experimental results, it has been pointed out that alkali
cations play an active role in the crystallization of amorphous SiO2, promoting
cristobalite and tridymite formation at lower temperatures than those typically
required to overcome high activation energies. The dependence of the c-lattice
parameter increment on cation size, the shift to lower frequencies of the symmetric
Si-O-Si stretching band, and the homogeneous distribution of these elements within
the silica matrix provide evidence for the incorporation of alkali metal cations
within the silica structure. This phenomenon likely underlies the crystallization of
amorphous SiO2 at temperatures otherwise impossible without the addition of these
metal elements. On the contrary, the experiments conducted on alkaline earth
cations suggest a possible two-phase crystallization mechanism: the metals react
with SiO2 to form intermediate silicates during calcination and subsequently these
silicates promote quartz nucleation and growth. Unlike the phenomenon observed
in alkali metals, alkaline earth cations are not incorporated into the final quartz
structure and can be removed by acid washing. In this latter case a detailed
understanding of the crystallization mechanism induced by alkaline earth cations
opens new pathways for the controlled synthesis of high-purity quartz. In particular,
the use of CaCl: followed by acid washing proved effective in obtaining quartz with
a weight fraction of 99.7%, thus with a very high selectivity of the production of
this polymorph. Analogously, it should be possible to find the proper conditions
(i.e. type of cation and concentration, thermal treatment conditions, etc.) to obtain
selectively also cristobalite and tridymite phases by metal induced crystallization,
proposing alternative and low energy consuming processes also for the applicative

point of view.
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It can thus be stated that this study has successfully advanced
comprehension of the crystallization mechanism of amorphous silica induced by
metal use. However, further and possibly decisive steps are required to fully
elucidate this process, specifically in understanding the chemical processes
enabling metals to catalyze crystallization. Additional analyses and data are

necessary to establish a complete and accurate model.

In this framework, a study has been proposed on SiOz crystallized powders
via MIC at 1000°C-4h with KCI, RbCl, and CaCl: salts (1M saline solution) using
X-ray Absorption Fine-structure Spectroscopy (XAFS) at the XAFS beamline of
Elettra Synchrotron (Trieste, Italy) (proposal n. 20245278, accepted and scheduled
in February 2025). XAS is a powerful technique providing critical insights into
local structural distortions, making it highly complementary to XRD, which
primarily reveals long-range structural order. While XRD alone can provide
valuable information on the average structure, it lacks the sensitivity to detect subtle
local changes in atomic environments. XAS, by contrast, is especially suitable for
probing these local distortions, making it essential to fully understand the
mechanisms underlying metal-induced crystallization in SiOz. Particularly, this
technique will be able to observe the coordination of cation with silica oxygens,
expected to be distinct compared to their original coordination in salts in the case
of a cation occupancy of SiO: cavities. Furthermore, in situ XAFS measurements
are proposed as a function of temperature to replicate the calcination process of
Si02 with RbCI. This approach aims to monitor the thermal evolution of Rb
coordination, transitioning from its initial salt form to its final arrangement within
the SiO2 polymorph. The use of this local technique will be crucial to unravel the

complex mechanism behind metal-induced crystallization.
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3 Studies on direct synthesis of
nanostructured metals at the

Hall-Petch limit

3.1 Nanostructured materials. Why should we care?

Nowadays nanostructured materials represent one of the most advanced
topics in materials science. The notable academic and innovative technological
interest surrounding them is driven by their unique electronic®, thermoelectric®!,

163

magnetic®?, optical®®, chemical®, thermodynamic®, and mechanical properties®®,

which significantly distinguish them from their macroscopic counterparts.

A nanomaterial is defined as a material with any external dimension in the
nanoscale or having internal structure or surface structure in the nanoscale, thus
with a length range approximately from 1 nm to 100 nm. Many examples of
nanomaterials can be found in nature, both in inorganic compounds, such as the
naturally photonic opal crystals, and in biological and organic systems, like the
"spatulae" on the bottom of gecko feet, colloids such as blood, corals, etc. Learning
from natural systems, scientists have demonstrated for several decades the

possibility to synthesize, engineer, and manufacture many kinds of nanomaterials.
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at the Hall-Petch limit

NMs classification based on dimensionality
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Figure 3.1.1 Nanomaterials classification based on dimensionality®’.

Considering how many of their dimensions fall into the nanoscale, it is
possible to classify different types of nanostructures. Specifically, if a nano-object
has one, two, or all three external dimensions in the nanoscale, it is defined as a
nanosheet, a nanofiber, or a nanoparticle, respectively. These elements can be
arranged in nanostructured materials such as nanocomposites, nanofoam,
nanoporous materials, or nanocrystalline materials, the latter characterized by a

significant fraction of crystal grains in the nanoscale®®,

The peculiar physical and chemical properties of nanostructures constitute
the result of their particular atomic arrangement. Contrarily to macroscopic matter,
nanoscale materials are characterized by a high surface-to-volume ratio, which
means that a significant number of atoms are located on the surface rather than in
the bulk and display consequently an increased surface energy. These features alter,

for instance, their thermodynamical properties, responsible of the melting-point
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decreasing often observed in nanoparticles’®’!. Moreover, the exposure of a large
amount of atoms on the surface can enhance the catalytic activity of such materials

by increasing the probability of interacting with reactants’,

Additionally, in nanomaterials atomic interactions can display significant
changes which can result in deviation from the periodic atomic arrangement of their
bulk counterparts due to the dominance of surface dangling bonds, defects, and
dislocations”. This leads to improvements in mechanical properties, such as the
hardness in nanocomposites’*, or the decreasing of electrical conductivity”. This
latter mechanism is also associated with quantum confinement effects’®. At the
nanoscale, the dimensions of materials can approach near the de Broglie
wavelength of electrons’’, leading to the formation of discrete energy levels, which
alter electronic, optical, and magnetic properties. For instance, quantum dots exhibit
size-dependent optical properties because the bandgap energy increases by
decreasing the particle size’®.

Such exotic properties emerge in materials characterized by a length-scale
below a critical dimension, which is generally on the order of tens or a few hundred
nanometers, with the exact value being specific to the property in question and the
material studied. Nanometric-scale phenomena such as plasmonic resonances,
photoluminescence of quantum dots, stabilization of exotic phases under ambient
conditions, increased surface reactivity, and interactions with biological systems

have led to the widespread use of nanomaterials across various research fields and

79,80 81,82

applications, including optics”*°, photonics®!#2, sensing®***, drug delivery®>*, and

catalysis®’#8,

Regarding nanocrystalline metals, among the most relevant and directly
applicable properties are increased hardness, tensile strength, fatigue resistance, and

self-healing.
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3.1.1 Increased strength of nanocrystalline metals

Mechanical properties constitute a crucial fingerprint of nanomaterials,
among the most critical attributes in technological applications, although they are
frequently underemphasized or dismissed as "non-functional". Instead, enhanced
mechanical properties affect directly their performance and applicability, but also
the effective efficiency of the overall manufacturing process. Specifically, they
could enable the reduction of device weight, facilitating novel applications such as
flexible electronics for neural implants and wearable fabrics. Improved mechanical
performance contributes also to greater energy efficiency during production—
requiring less material for equivalent functionality—and reduces energy
consumption in transportation. Furthermore, superior mechanical properties lead to
decreased wear, lower failure rates, and reduced friction®, the latter of which

accounts for approximately 30% of global energy.

The previous discussion is valid for nanomaterials in general, but it is even
more applicable to metals, which dominate structural applications precisely because
of their mechanical properties. The exceptional machinability of metals, which
enables reproducible processes and uniform properties, their mechanical strength,
their plasticity over a wide temperature range, and their durability are just a few of
the attributes that have made metals indispensable in numerous sectors and
ubiquitous in the modern world. Nanostructured metals have shown improvements
in mechanical properties from 30% to 200% beyond existing conventional
products®. These considerations highlight the importance of optimising promising
high-performance mechanical nanomaterials, paving the way for novel applications

and advanced technologies.

The superior mechanical properties of nanostructured metals can largely be
explained by the Hall-Petch model, which attributes hardening to the high number
of grain boundaries and the absence of defects’”?. In coarse-grained metals,
ductility is due to the presence of dislocations—one-dimensional defects that can
slip within the grains under sufficient force, thereby facilitating plastic deformation
in the metal. According to the Hall-Petch model, grain boundaries act as barriers to

dislocation motion. Specifically, a grain boundary is a type of homo-phase interface
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that separates crystals of the same composition but different orientations. As the
size of crystallites in a polycrystalline metal decreases, the volumetric fraction of
grain boundaries increases, which limits dislocation movement, thereby reducing
ductility and increasing hardness. Therefore, there is an inverse proportionality
between the yield stress (i.e., the load or stress required to induce plastic
deformation in the metal) and the square root of the grain size, as described by the

Hall-Petch equation:

o, = 0y + kD™1/? (3)

y

where oy is the yield stress, oo is a material constant for the starting stress
for dislocation movement (or the resistance of the lattice to dislocation motion), k

is the strengthening coefficient proper of the material, and D is the average grain

diameter.
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Figure 3.1.2 Graphical representation of Hall-Petch equation for iron. Experimental data from

A 1.,

Dangwal et al.”> and calculation from Takeda et a
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Figure 3.1.2 shows the experimental and calculated trend of iron
nanoparticle yield stress as a function of its nanometric grain size. This example
illustrates how Equation (3) diverges as grain size decreases, leading to two notable
consequences. Firstly, the benefits of Hall-Petch hardening increase progressively
with further grain refinement. For example, reducing the grain size of iron from 50
nm to 25 nm results in approximately a 40% increase in hardness, whereas
decreasing the grain size from 15 nm to 14 nm improves the properties by 3.5%.
These represent significant improvements for such minor structural variations. A
second observation regards the divergency to zero, particularly it is evident that this
regime cannot be sustained indefinitely. In fact, the Hall-Petch relationship has been
extensively verified experimentally on micro- or nanocrystalline metals to grains of
about 10 nm in size. However, significant deviations from the Hall-Petch equation
seem to occur as grain size below 10 nm; some studies indicate a possible saturation
value for the yield stress reaching a plateau trend”, while other works suggest a
reversal Hall-Petch tendency”®. This spatial limit has prompted the scientific
community to address this fundamental issue of what happens to the mechanical

properties below 10 nm, still considered an open question.

Certainly, at such small dimensions the contribution of grain boundaries
effects cannot be neglected. Besides, manufacturing nanostructured metals with
uniform grain size and shape below 10 nm is extremely challenging due to the very
high grain boundary energy in metals. Grain uniformity is essential for
understanding mechanical properties because these properties are collective
attributes of the material's microstructure: in other words, the distribution of grain
sizes is more significant than their average value. In this framework, Hall-Petch
deviations could possibly be due to a plastic deformation on grain boundaries or
linked to a lack of non-thermodynamic detects in nanocrystalline materials, thanks

to their slow-growing rate with respect to their dimensions”’.

Another characteristic of nanocrystalline materials which must be
considered to understand properly their potential applications, besides the dominant
presence of grain boundaries, is their thermal stability. In this regard, it has been
shown that the unique mechanical properties of nanomaterials significantly

decrease where thermal-induced mechanical instability occurred”’®. The reason for
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this tendency is the excess of nanomaterials’ Gibbs free energy, which makes them
susceptible to thermal activation or other effects that can drive them back towards
equilibrium. Therefore, thermodynamics promotes grain growth and, accordingly,
the gradual elimination of the very microstructural features responsible for the
superior mechanical properties of nanostructured metals®’. An increase in
temperature, by promoting homogenization and the removal of non-equilibrium
features, leads to the loss of the nanostructure and the associated properties,
rendering nanomaterials unsuitable for high-temperature applications and
potentially less stable over time. Despite some possible solutions that have been
explored to stabilize thermally nanostructures by thermodynamic or kinetic

100.101 or by microstructural architectures'®?, nanostructured metals are

approaches
in principle more suitable for low-temperature applications. This condition leads to
different processing methods for these materials, as, for instance, they cannot be
welded, but rather be formed into their final shape through low-temperature
processes. However, some studies suggest that their workability and formability are
greater than those of conventional metals, thereby reducing production costs and

the risk of failures during manufacturing®®!%,

3.1.2 Synthesis methods of nanocrystalline metals

The production of nanocrystalline metals with increasingly smaller grain
sizes is therefore not only a scientifically significant goal for studying fundamental
issues such as the inverse Hall-Petch effect, but also a desirable technology due to

the potential to strengthen metals solely through control over their microstructure.

The synthesis of nanostructured metals has therefore been pursued by
materials scientists so far, leading to the development of various methods, which,
according to the conventions and terminology of nanoscience, are categorized as

top-down and bottom-up approaches'*+!1%,

Top-down methods start with a microcrystalline metal and involve refining

the grain size to the nanometric scale through severe plastic deformations. These
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methods include ball milling (mechanical alloying)!'®, extrusion (equal channel

angular extrusion)'?’, and the application of high-pressure torsion'%.

Bottom-up methods use simple starting materials such as atoms, ions, or
small molecules, and involve assembling them into extended materials through
deposition techniques. These methods include: physical vapor deposition (PVD)!%,
which involves the physical deposition of atoms or molecules from a vaporized
source onto a substrate in a vacuum; chemical vapor deposition (CVD)!!?, that uses
chemical reactions in the gas phase to deposit thin films onto a substrate;
electrodeposition'!!, which requires an electric current to deposit metal ions from a
solution onto a conductive substrate, forming a thin film; molecular beam epitaxy
(MBE)!'2, an advanced technique for growing thin films with high precision and

control over the crystal structure; pulsed electron deposition (PED)!!?

, a physical
vapor deposition technique that uses a pulsed laser to ablate a target material,
creating a plasma of atoms or ions that are deposited onto a substrate. Each of these
techniques provides different control over the film's thickness, composition, and
microstructure, making them suitable for various applications in electronics,

coatings, and advanced materials.

Once nanometals have been synthesised, both with top-down or bottom-up
approaches, powder metallurgic methods like sintering!!'*, liquid phase sintering''?,
and hot isostatic pressing!'®, which can be employed to promote grain growth in

specific applications.

The synthesis methods for nanocrystalline metals that are most extensively
studied are top-down methods, as they offer the advantage of producing relatively
large quantities of material, sufficient for direct mechanical testing such as tensile
and indentation tests. Despite this significant advantage, plastic deformation-based
methods have the limitation of not being able to refine grain sizes significantly
below the upper limit of nanocrystallinity (~100 nm), thereby limiting the potential
of Hall-Petch strengthening. Additionally, these methods require substantial energy
expenditure and impart high strain to the metal, which reduces its fatigue resistance.
Among top-down methods, ball milling allows for the greatest grain refinement

(<50 nm). However, the main limitation, apart from the inherent danger of creating
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pyrophoric nanocrystalline powders, is the need to compact and densify the
powders. Powder densification is a limiting factor because mechanical properties
degrade rapidly with increasing residual porosity, and techniques used to increase
density, such as compression or sintering, promote grain growth, thus negating the
advantage of starting with very fine powders'!”. One approach used to limit grain
growth during sintering is the use of immiscible metal alloys, which prevents the

production of pure metals.

In contrast, bottom-up methods have the advantage of potentially producing
nanocrystalline materials with very small grain sizes (<20 nm) and controlling their
size by varying synthesis conditions. These methods create materials free of strain
that do not require densification, but their application is limited by scalability, as
they typically produce small quantities of material, insufficient for large-scale

applications.

3.2 Iron-based nanomaterials

One of the most widely used metals in mechanical applications is constituted
by iron. In fact, iron is one of the most abundant elements on Earth, making up
about 5% of the Earth's crust by weight. This abundance, combined with its
widespread availability in the form of iron ores like hematite and magnetite, makes
iron a crucial resource for various industrial applications. Its plentiful supply
ensures that iron is both cost-effective and readily accessible, which has contributed
to its extensive use in the construction, automotive, and manufacturing industries,
particularly for mechanical applications. In its bulk form, iron is the foundation of
numerous structural components, such as beams, machinery, and automotive parts,
where its high tensile strength and durability are essential. In its nanostructural
form, iron exhibits unique properties, including enhanced magnetic behaviour for
applicability in data storage and actuators, increased surface reactivity, and
improved mechanical strength. These properties make iron nanoparticles valuable

in advanced applications, such as in the development of high-performance magnetic

118 119 120

materials''°, catalysts' ", and sensors’'". Moreover, they have been demonstrated to
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be highly valuable in protective coatings as iron nanofilms, where durability and
resistance to corrosion and abrasion are critical'?!. In addition to their mechanical
robustness, iron-based nanofilms are also used in microelectromechanical systems
(MEMS)!?2 and nanoelectromechanical systems (NEMS)!?}, where their precise
thickness control and high strength-to-weight ratio are essential for the

miniaturization and performance of devices.

Iron nanofilms are synthesized using mainly bottom-up approaches, such as

PVD!? CVD!%:126 and electrodeposition'?’.

3.2.1 Chemical Vapor Deposition for iron thin films

_— Argon valve

__— Hydrogen vaive

Main valve ,.' Solid waste ’ Subskrate
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/ /
R i

Vacuum Bubbler

Figure 3.2.1 Chemical Vapor Deposition schematic chamber process'*,

In CVD processes, schematically reproduced in Figure 3.2.1, iron-
containing gaseous precursors are introduced into a reaction chamber where they
decompose and deposit onto a substrate to form iron nanofilms from iron

pentacarbonyl'®

. This method allows for precise control over film composition and
structure and is suitable for producing high-quality films over large areas.

Specifically, it enables the production of nanocrystals with very small dimensions

103



(~15 nm), whose growth can be precisely controlled through the precursor mass
flux and the reaction chamber temperature. Additionally, this method directly
produces materials that do not require further densification, as the nanostructured
surfaces exhibit high reactivity, ensuring rapid and uniform growth across the entire

exposed area.

3.3 Experimental idea on “bulk” Fe-nanofilms

From the previous discussion, it is evident that the use of nanomaterials,
specifically metal ones, instead of the same type but in bulk structures holds
significant potential for enhancing both the efficiency and performance of equal
applications, such as the mechanical sector. As described, nanomaterials can enable
higher throughput, lower energy consumption, and greater precision in these

processes, thereby pushing the boundaries of current technological capabilities.

Merging the large-scale applications of bulk structures with the high
performance of nanomaterials, particularly nanometals, could represent a
significant advancement in the mechanical sector. This integration could combine
the structural robustness and cost-effectiveness of bulk materials with the superior
mechanical, electrical, and thermal properties of nanomaterials. Such a synergy
would enable the development of next-generation technologies that are both highly
efficient and durable, leading to substantial improvements in performance,

durability, and overall technological capability within the mechanical industry.

In this framework, this PhD Thesis presents a new synthetic set-up,
analogous to the previously described CVD method, developed with the aim to
obtain a massive quantity of nanocrystalline iron, with the smaller dimension

possible of the grains, merging in this way the bulk and nanoscale benefits.

Iron pentacarbonyl Fe(CO)s has been selected as iron precursor for this
synthesis process, due to its ability to provide zero-valent iron and its clean,

quantitative decomposition, which is ideal for producing high-purity elemental iron
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and low-carbon steels. Its high volatility and low decomposition temperature also
reduce the energy consumption associated with its vaporization, gas-phase
transport, and decomposition, allowing to produce iron materials at lower
temperatures (the iron and steel industry is the highest energy-consuming
manufacturing sector worldwide)'°.

Although the technology for producing nanocrystalline powders'3! and
nanostructured iron thin films'?® has been well-developed and explored, there are
currently no attempts in the literature to apply these fabrication technologies beyond

nanoparticles and 2D materials to produce “bulk’ nanocrystalline iron.

3.4 Materials and methods

This thesis work focuses on the synthesis and characterization of
nanostructured iron, aiming to obtain bulk samples with grain sizes approximately

10 nm in order to study their mechanical properties.

All reagents and solvents were obtained from commercial sources (Sigma-
Aldrich) and were used without further purification. The reagents employed are
specified here below. Particularly, 1-odecene (technical grade, 70% purity) and
oleylamine (technical grade, 70% purity) were initially used as solvent and ligand,
respectively. It was hypothesized that oleylamine would coordinate to the surface
of the iron, limiting grain growth and facilitating the formation of a dense and
uniform structure. Iron pentacarbonyl (Fe(CO)s - reagent grade, > 99% purity) was
used as the precursor for iron deposition. This choice was made due to its ability to

decompose cleanly and quantitatively, producing high-purity elemental iron.
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3.4.1 Home-made experimental synthesis set-up

The synthesis of the samples was conducted using chemical vapor
deposition (CVD) of an organometallic precursor, employing a decomposition

reaction at ambient pressure within a self-fabricated reactor.

Fe(CO)s (9) — Fe + 5CO0 (g)

where iron pentacarbonyl Fe(CO)s is the organometallic precursor and

carbon monoxide CO is the reaction byproduct.

The experimental setup was modified and optimized throughout the course
of the research. Initially, a radiatively heated deposition chamber was used,
connected to a flask containing the reagent mixture. Subsequently, a system was
developed with a separate evaporation chamber and a heated tubular reactor for the

decomposition of the precursor.

The purpose of these modifications was to optimize the reaction conditions,

particularly by adjusting three parameters, such as:

e The temperature of the deposition chamber to facilitate the decomposition
of iron pentacarbonyl and limit side reactions that lead to the formation of

carbides;

e The deposition rate, regulated to allow complete desolvation of iron

pentacarbonyl and prevent solvent inclusion in the deposition;

e The flow of inert gas, utilized to promote the evaporation of iron
pentacarbonyl at room temperature and transport it to the decomposition

chamber.

Details regarding the specific modifications are outlined below:

e Setup 1: The reaction setup consists of a three-neck flask connected via
standard tubes and adapters to a Schlenk line for nitrogen inlet and to a
bubbler at the outlet, which acts as a trap for effluent gases particularly

for any outgoing carbonyl compounds. The central neck of the flask is
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N, inlet

at the Hall-Petch limit
equipped with a custom-built deposition chamber, which is heated
radiatively by a 24-volt halogen lamp with a reflector. The deposition
chamber is composed of a glass tube sealed at one end and fitted with a
ground glass joint at the other, allowing it to be inserted into the main
neck of the reaction flask. The upper portion of the deposition chamber
is shielded with aluminum foil to reduce radiative heat transfer, thereby
lowering the maximum temperature of the system. Inside the deposition
chamber, a 1 cm x 1 cm microscope slide, cut to size, is mounted on a

metal support and serves as the substrate for deposition.

Deposition chamber

24V halogen lamp
with reflector

« il

OQutlet in a trap

N, Outlet

Setup 2: A similar set-up has been developed, consisting of a deposition
chamber equipped with two glass adapter tubes at the top, allowing them
to be connected via two additional rubber hoses, respect with setup 1,
to the Schlenk line, creating a nitrogen flow within the chamber. The
chamber is mounted into the main neck of the flask using a standard
ground glass joint. The heating process is performed by radiative heat as

in setup 1.
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Setup 3: The reaction chamber has been reduced in size, with the
substrate closer to the reagents. The set-up apertures are two as in setup

1, with the same heater.

Setup 4: In this case, a thermal lance has been used as a heating element
in place of the bulb, in order to evaluate the impact of the heater. The
test tube is thus directly heated. No reagent flasks are present, as the

reagent is placed in a syringe which pumps it into the test tube.

Setup S: The setup consists of a reagent reservoir made up of a 10 mL
vial sealed with a septum, and a tubular reactor heated by a thermal lance
(as in setup 4). The tubular reactor is composed of a glass tube, sealed
at one end with a rubber septum, and connected via standard fittings to
the bubbler. The connection between the reagent reservoir and the
tubular reactor is established by puncturing both septa with a Teflon

cannula fitted with needles.
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The differences between all the designed experimental setups have been
considered in order to evaluate the contribution of all the elements involved in the
synthesis, such as the heating element, the shape of the reaction chamber, and

possible contaminations.

3.4.2 Characterization techniques

The materials were characterized using X-ray Diffraction (XRD), employed
to identify the materials obtained from the syntheses and to estimate the crystalline
grain size by applying the Scherrer equation to the main iron peak, and Scanning
Electron Microscopy (SEM), to observe the morphology of the deposited material
and with Energy-Dispersive X-ray Spectroscopy (EDX) mode for elemental
analysis and semi-quantitative composition estimation of the material (for further

details on the technique, see Paragraph 2.3).

3.4.3 Consideration on employed methods

In this study, the size of the crystalline grains D was estimated from the
diffraction pattern by applying the Scherrer equation to the main peak of iron. The

Scherrer equation is expressed as follows:

kA
b= B cos(6) (4)

where /4 is the X-ray wavelength, f§ is the full width at half maximum
(FWHM) as the peak width, @ is the diffraction angle, and & is a dimensionless
constant known as the Scherrer constant. The value of the Scherrer constant
depends on several factors, including the definition of peak width, the A4/ indices
of the reflection considered, the shape of the crystallites, and the distribution of their
sizes'?’, but the standard value k = 0.9 constitutes a good approximation'¥.
Although vapor-phase deposition may promote grain growth along a preferential
direction and nanocrystals may exhibit a morphology distinct from their

macroscopic counterparts, this was considered an acceptable approximation in the
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absence of additional information regarding the shape and size distribution of the

crystallites.

A semi-quantitative analysis of the phases was performed by applying the
Reference Intensity Ratio (RIR) method to the XRD pattern. The RIR method
involves reducing all factors that contribute to the intensity of the XRD peaks of a
phase (scaling factor, density, linear attenuation coefficient) to a constant, except
for concentration, by comparison with a reference phase, corundum. The ratio of
the intensity of the phase considered (/) to the intensity of corundum (I.) is given

by:

e = her )

where u is the linear attenuation coefficient, y is the absolute scaling factor,

p 1is the density of the phase, and the subscript C refers to corundum. The values of
I /I can be determined experimentally or calculated from cell parameters obtained
from single crystal measurements. The calculated values of /I for numerous

phases are included in the PDF-4 database and were utilized in this thesis work.

The Intensity of the i-th reflection of a phase a (I;,) is expressed as:

_ KiaX

I
ta HPa

(6)

where X is the mass fraction of phase a to be determined, and Kj, is a
constant that incorporates the scaling factor, the structure factor, the Lorentz

polarization factor, and the temperature factor for the i-th reflection of phase a.

Substituting (6) into (5) and developing the calculations yields:

KaXg
I/l = —2=ake (7)
KcXcpa

By collecting all constant terms in (7) into a single constant K, the result is:

Io/l; = K22 )
Xc
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For a mixture of phases a and b, the following expression is derived:

Ia _ (la/Ic\ Xa
Ip - (Ib/IC) Xp (9)

The values of I, and I, are obtained from the experimental XRD pattern,
and the values of I, /I and I}, /I are contained in the PDF-4 database, thus allowing
the mass fractions of phases a and b to be derived from equation (9) in a semi-

quantitative manner'??,

3.5 Experimental results and discussion

3.5.1 Preliminary experiments

The initial observation regarding the possibility of obtaining nanocrystalline
iron through the decomposition of iron pentacarbonyl occurred in our laboratory
during the synthesis of iron nanoparticles in solution. The synthesis protocol
involved heating a mixture of 1-octadecene, oleylamine, and iron pentacarbonyl at
165°C under an argon atmosphere. Applying a 225°C flexible heating mantle to the
upper part of the flask formed a metallic film on the hot reactor surfaces. The

recovered material was characterized as elemental iron with a grain size of 13 nm.

Given iron’s exceptionally high surface energy (2.25 J/m? !*%), such limited
grain growth was unusual without surface stabilization. The initial hypothesis for
the formation of this material is that intense heating causes oleylamine to evaporate
from the reaction mixture. The oleylamine vapors then coordinate the iron surface,
halting grain growth by encapsulating the grains in a ligand sphere. This ligand
sphere also allows grains to slide over one another until they reach an equilibrium

position, creating a relatively dense and uniform structure.
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Fe(CO)s(g) =——=—= Fe(CO)s(ads) (1)

Fe(CO)s (ads) —— Fe T 5CO (ads) ()

CO (ads)

CO(g) 3)

CO (ads) + RNH, &

CO (g)* RNH, (ads) R=CjgHss (4

Scheme 3.5.1 Proposed deposition process reactions.

The proposed reactions are reported in Scheme 3.5.1. In the first reaction
step, vaporized iron pentacarbonyl adsorbs onto a hot surface (initially glass, later
on the formed iron surface). Following adsorption, iron pentacarbonyl decomposes
with the release of five CO molecules (2). Reaction (2) is the sum of five
consecutive steps, each involving a single CO molecule dissociating from the
precursor, but for our purposes, only the overall reaction is relevant. At the
temperatures used in this process the precursor decomposition is much faster than
the reverse recombination with CO, intermediates are short-lived, making their
concentration effectively zero and the deposition reaction is under kinetic
control'®>,

The adsorbed CO must desorb for further iron deposition to proceed (3).
This is the critical process step, as CO adsorbed on iron can undergo various
parasitic reactions, including (5) and (6), reported in Scheme 3.5.2. Reaction (5)
involves CO decomposition into its elements, leading to the formation of iron
oxides and carbides in the deposited material, while reaction (6) produces elemental

carbon, which remains in the deposit as amorphous or graphitic residue.

Oleylamine plays a critical role by competing with CO for surface sites (4),
coordinating the iron nanocrystals with a ligand sphere. Amines exhibit high
affinity for iron, and the adsorption energy of an amine on an iron surface is
comparable to CO’s adsorption energy (ranging from 42-71 kJ/mol for ammonia'**
and 35-48 kJ/mol for CO'*® according to DFT calculations). Thus, oleylamine’s

surface coordination would inhibit parasitic reactions, passivating the iron surface.

112



Secondary and parasitic reactions considered include the one reported in

Scheme 3.5.2.

CO(ads) ——= C(ads) T O (ads) (5)
2 CO (ads) COy(ads) ™ C (ads) (6)
3Fe +C ——= Fe,C (M
3Fe + CH, Fe,C +2H, ®)

Scheme 3.5.2 Parasitic reactions in the deposition process.

)137 )138

Reactions involving CO (5)"°’ and hydrocarbon (8)'°° adsorption on iron
surfaces has been studied extensively in the Fischer-Tropsch process for producing
hydrocarbons from CO and H. mixtures, and these findings are directly applicable
here. Reaction (6), known as the Boudouard equilibrium, is catalyzed by metals like
iron and nickel, as well as their oxides and carbides. This reaction is highly
significant in industry, causing Fischer-Tropsch catalyst deactivation via
carbonaceous deposits, corrosion in COz-cooled graphite-core nuclear reactors, and
disintegration of iron refractories in furnaces due to carbon accumulation in pores,

but it is also exploited for carbon black production'’.

The Boudouard equilibrium shifts to the right up to 700 °C; however, even
in the presence of a catalyst, an appreciable reaction rate only occurs above 400 °C,
with iron showing peak catalytic activity at 550°C!4°. At this temperature, carbon
from the reaction can diffuse over the iron surface or within its crystalline structure,
forming cementite (FesC) via reaction (7), or Fe.C at lower temperatures
(400°C)'*!. This process would result in not only the erosion of deposited iron but
also carbide inclusion in its structure, which degrades mechanical properties by
reducing metal plasticity and creating micro-segregations as carbides crystallize as

a separate phase from iron'*2.

Further carbide-forming reactions include hydrocarbon decomposition

catalyzed by the iron surface (8)'** and pyrolysis of hydrocarbons in an inert
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atmosphere. These reactions become increasingly favored at higher temperatures
(the activation energy for carbon deposition between 285 and 338°C is only 27
kcal/mol'#*). Consequently, iron deposition from a mixture of iron pentacarbonyl,
octadecene, and oleylamine must occur below a threshold temperature to prevent

parasitic reactions.

Given the negative impact of carbides on mechanical properties, minimizing
carbon content is essential for obtaining functional nanostructured iron, aiming to

keep carbon levels below those typical of cast iron (around 3 wt.%).

3.5.2 Controlling the synthesis conditions

The aim of the initial syntheses was to replicate the initial observation in a
controlled environment. To this end, it is necessary to have a deposition chamber
separated from the reaction environment, achieving greater control over the process

temperatures and even simplifying product recovery.

A radiatively heated deposition chamber was designed to fit onto a flask.
With this setup, the temperatures of both the reagent mixture in the flask and the
deposition chamber can be controlled independently. Within the deposition
chamber, a 1 cm x 1 cm glass slide can be placed as the target for deposition. The

setup used is described in detail in the experimental section.

The reaction was carried out by maintaining the flask at the initial reaction
temperature (165°C) while increasing the deposition chamber temperature to
325°C. Under these conditions, a reflective deposition of nanocrystalline iron with
a grain size of 13 nm was obtained. Images of the material and related

characterizations are shown in Figure 3.5.1.
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Figure 3.5.1 a) XRD of the produced material; b), c) the produced material at different
magnifications; d) SEM images and EDX analysis.

The XRD pattern of the obtained material indicates the presence of iron
carbide (FesC) as a secondary phase, along with a smaller amount of oxides
(primarily magnetite, FesOa). Under these operating conditions, the oxides are
unavoidable due to inert atmosphere contamination during synthesis and exposure
of the samples to air. Thus, the presence of a small amount of oxide was not

considered an intrinsic limitation of the process.

The carbon content, estimated independently using the RIR method on the
XRD pattern and by EDX analysis, is approximately 5% by mass. This is
considered a rough estimate; for precise results, variable-angle XPS measurements
would be needed to accurately quantify the carbon and study its distribution within

the deposited material, which was not available in this thesis work.

Considering the negative impact of carbide on mechanical properties, the
next goal was to reduce the carbon content in the deposition. To this end, the

deposition chamber temperature was initially evaluated.

The deposition chamber temperature (325°C) was set high enough to ensure
rapid and quantitative decomposition of iron pentacarbonyl but not so high as to
activate CO disproportionation. This reaction leads to the formation of elemental

carbon, potentially the source of iron carbide.
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To verify whether this reaction occurred under our conditions, the pH of
gases from the reaction environment was tested by bubbling them through an
aqueous solution containing an indicator. Passage of gases through the solution did
not cause acidification, indicating the absence of CO.. Thus, it is concluded that
either the rate of CO disproportionation is negligible at the given temperature or
that the gas residence times in the reaction system are too short to initiate the
reaction. Therefore, the formation of elemental carbon due to the Boudouard

equilibrium is excluded.

The carbon source for iron carbide formation was traced to the octadecene
used as the solvent: within the deposition chamber, an aerosol of octadecene and
iron pentacarbonyl is observed. It is hypothesized that incomplete desolvation of
the mixture droplets leads to the inclusion of octadecene in the deposition, with

pyrolyzed carbon as the main carbon source.

To test this hypothesis, it was considered necessary to reduce the deposition
rate by introducing iron pentacarbonyl slowly into the reaction environment using
a syringe pump. Slowing the evaporation rate allows greater desolvation of iron

pentacarbonyl, avoiding hydrocarbon solvent inclusion in the deposition.

Slowly introducing iron pentacarbonyl during the reaction also ensures a
constant precursor evaporation rate and a homogeneous vapor composition
throughout the reaction. Initial procedures involved instantaneous injection of iron
pentacarbonyl, but this led to a decrease in vapor production over time: iron
pentacarbonyl, the lowest-boiling component of the mixture, evaporates quickly

after injection.

Using the syringe pump allows for the safe handling of larger amounts of
iron pentacarbonyl, enabling the production of bulk material. Given these

advantages, the syringe pump was used in all subsequent syntheses.

This modification reduced the carbon content to 3.5% by mass (RIR
method) but did not eliminate iron carbide as a secondary phase segregated from

the iron.
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Studies on direct synthesis of nanostructured metals
at the Hall-Petch limit

The second reaction parameter optimized was the temperatures of both the
iron reservoir in the flask and the deposition chamber, to increase the amount of
material produced and obtain the desired morphology. Under initial conditions,
most iron pentacarbonyl decomposed in solution, limiting precursor evaporation
and material deposition. The reaction conditions also resulted in two different
morphologies: reflective, smooth macroscopic flakes, and black iron powder

forming sponge-like aggregates. The two morphologies obtained are shown in
Figure 3.5.2.

Figure 3.5.2 Tiwo morphologies of the material at different magnifications: (a), (b) metal flakes,
and (c), (d) iron sponge.

Metal flakes form by heterogeneous-phase decomposition of iron
pentacarbonyl on the hot walls of the deposition chamber. The flakes expand during
the reaction, coating the entire hot surface with a metal film approximately 10 um
thick, adhering strongly to the glass. Upon cooling, the flakes develop cracks and
detach, likely due to the differing thermal conductivities and expansion coefficients

of the two materials in contact.
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The presence of iron powder suggests homogeneous-phase decomposition
of gaseous iron pentacarbonyl rather than heterogeneous decomposition on a hot
surface. SEM images of the synthesized material (Figure 3.5.3) show micrometer-
sized particles on the iron deposit, indicating their formation in the gas phase and

aggregation on the iron surface to form dendritic structures.

Figure 3.5.3 SEM images of the deposition at different magnifications.

The iron powder also exhibits nanometric grain sizes (12—15 nm), indicating
that it consists of nanoparticle aggregates. However, it is a less desirable product
than the deposited iron flakes because it lacks compactness. Reaction temperatures
were optimized to preferentially induce deposition over powder formation. Thus,
the chamber temperature is capped to avoid secondary reactions and ensure the

precursor decomposes upon reaching the deposition target.

Below 250°C, no reflective deposition occurs, and the carbon content is
higher, possibly due to incomplete or slow decomposition of iron pentacarbonyl,
while above 350°C, black powder becomes the dominant morphology. To maximize
iron deposition, the chamber must be maintained within this temperature range. A
temperature near the upper limit is preferred for rapid and complete iron

pentacarbonyl decomposition.

XRD analyses of the black powder confirm it consists solely of iron, with

no carbides, indicating high-temperature decomposition of iron pentacarbonyl
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without carbon residue. Carbides detected in the deposited material are attributed

to pyrolyzed solvent, not to incomplete precursor decomposition.

To reduce iron pentacarbonyl decomposition in solution, the reaction
mixture temperature in the flask was lowered. Conditions for iron pentacarbonyl
decomposition were further investigated due to conflicting literature on its exact
decomposition temperature. Deposition trials were conducted with iron

pentacarbonyl alone, without solvents or binders.

These trials identified the boiling point of iron pentacarbonyl at 105°C and
decomposition onset at 110°C. An interesting finding was the formation of triiron
dodecacarbonyl (Fes(CO)12), a dark green compound, when heating iron

pentacarbonyl to its boiling point in an inert atmosphere.

Subsequent iron syntheses were conducted below 100°C in the flask and/or
with doubled concentration to promote iron pentacarbonyl evaporation while
minimizing solvent evaporation. Although these syntheses reduced carbon content
to 2% by mass, they yielded very thin or no deposits, indicating that at these
temperatures, the evaporation rate is too low to produce a bulk material despite

prolonged reaction times of up to 6 hours.

3.5.3 CVD-like synthesis of nanostructured iron

Since it was not possible to significantly increase the evaporation rate by
raising the temperature without causing the decomposition of iron pentacarbonyl,
the decision was made to promote evaporation by pumping an inert gas through a
reservoir of the reagent at room temperature. The iron pentacarbonyl is then
transported by the gas into a separate heated chamber for decomposition. To this
end, a new reaction setup was designed with an evaporation chamber and a heated

tubular reactor for precursor decomposition, detailed in the experimental section.
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The first synthesis was conducted solely with iron pentacarbonyl, heating
the deposition chamber to 350°C, and unexpectedly resulted in the deposition of
nanocrystalline iron with 13 nm grains without any ligand present. This observation
allowed for a significant simplification of the reaction system and conclusively
disproved the initial hypothesis regarding the role of ligands. Such limited grain
growth is surprising when considering conventional nucleation and growth, which

is typically governed by a decrease in free energy.

The hypothesis regarding the formation of such small grains without any
surface stabilization is that the thermal shock associated with the contact between
the precursor and the surface generates a supersaturation burst, leading to the
formation of a vast number of nanoscale nuclei, and the deposition occurs so rapidly

that growth is inhibited.

By eliminating solvents and ligands, and having verified that iron
pentacarbonyl decomposes cleanly without leaving carbon residues, the iron
deposited using this technique was carbide-free in XRD (Figure 3.5.4). EDX
analyses indicate a carbon content of 5% by mass, consistent with organic
substances adsorbed on surfaces exposed to the atmosphere. The most significant

finding is the absence of a secondary iron carbide phase.
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Figure 3.5.4 a) XRD pattern of the produced material; b), c) the produced material at different
magnifications, d), e) SEM images of the material's surface; f) SEM image of the material cross-

section.
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SEM images reveal two different growth regimes: initially, a uniform layer
about 10 um thick forms, followed by irregular deposition. The initial uniform layer
suggests growth limited by reaction kinetics, while the irregular deposition implies

growth limited by diffusion, amplifying surface irregularities.

A transition between growth regimes is hypothesized, attributed to the
formation of a carbon monoxide-saturated boundary layer above the iron deposit.
The boundary layer uniformly covers the deposition, so any irregularity that rises
above the film profile acts as a point of higher reactivity and is amplified by the
reaction. Additional material deposits in the higher regions of the iron film,
enhancing irregularities. To achieve uniform growth throughout the reaction, it is
necessary to eliminate the boundary layer, so pulsed deposition is preferred over

continuous deposition.

Since it is not possible to create vacuum cycles in this system, small aliquots
of iron pentacarbonyl are introduced, waiting for the boundary layer to dissipate

through diffusion between each aliquot.

To reduce grain size below 10 nm, a synthesis was conducted at 600°C. This
synthesis produced a very thin deposit and a large quantity of powder. The grain
size of the deposit was found to be 22 nm, suggesting that the high temperature

caused grain growth.

This phenomenon demonstrates that grain size can be controlled by varying
the deposition chamber temperature, reagent mass flow, and residence time in the
reaction chamber, allowing for samples with variable grain sizes that can undergo

mechanical testing to study a Hall-Petch limit behavior.

The graph in Figure 3.5.5 represents the melting point variation of different
iron compounds observed during this thesis work as a function of the curvature
radius of a spherical nanoparticle. The melting point of a 13 nm iron nanoparticle
is 1158°C, compared to 1538°C for coarse-grained iron. This indicates that at the
working temperatures considered (between 200 and 400°C), it is possible to
stabilize even smaller grains, below 10 nm, suggesting that the studied process has

not reached its thermodynamic limit for grain size.
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Figure 3.5.5 Variation in the melting point of different iron compounds as a function of curvature.

3.6 Conclusions on nanostructured iron project

The aim of this project was to synthesize a bulk sample of nanocrystalline
iron with grain sizes close to 10 nm and to study its mechanical properties. The
synthesis was carried out through a home-made setup for chemical vapor deposition
(CVD) of iron pentacarbonyl, chosen for its clean and quantitative decomposition

into high-purity elemental iron.

It has been possible to successfully synthesized nanostructured iron with
grain sizes down to around 13 nm. This was achieved by optimizing reaction
parameters, including deposition chamber temperature, precursor deposition rate,
and inert gas flow. Notably, nanostructured iron films with a thickness up to 10 pm
were produced, an unprecedented result in the literature for CVD-produced
nanostructured iron films. The purity of deposition was enhanced to obtain a single
a-iron phase by eliminating solvents and binders from the deposition process and
controlling parasitic reactions that could lead to carbide formation. Reaction

conditions were optimized to achieve the desired morphology, the compact metallic
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flakes, and reduce the production of iron powder. This was accomplished by finely

adjusting reaction temperatures and precursor introduction rates.

The study demonstrated that the deposition process has not yet reached its
thermodynamic limits, suggesting the potential for materials with even smaller
grain structures, opening pathways for further mechanical property enhancements.
Additional studies are required to overcome the boundary layer issue, a carbon
monoxide-saturated layer formed above the iron deposition, hindering uniform
material growth. A possible solution may involve implementing a pulsed deposition
method, allowing the boundary layer to dissipate between precursor aliquots. The
ultimate goal is to obtain a macroscopically thick and dense material which can
undergo standard mechanical characterizations to determine its hardness.
Mechanical characterization of the produced material is essential to evaluate the
impact of grain size on the properties of nanostructured iron. Specifically, studying
the behavior of mechanical properties near the Hall-Petch limit could provide

valuable insights into the behavior of nanostructured metals.
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4 Conclusions

The present section summarizes my research activities conducted during my
Ph.D. in Materials Science and Technology at the University of Parma, where |
focused on the study of fundamental mechanisms and innovative low-energy
strategies for crystallization processes and metal production. My work primarily
examined metal-induced crystallization (MIC) of silicon dioxide (Si0:), aiming to
lower energy requirements for phase transformation from amorphous to crystalline
states. I explored how metal cations affect SiO: crystallization, employing alkali
and alkaline-earth metal salts to drive crystallization at temperatures below those
of conventional methods via calcination treatments as potential industrially scalable
processes. I deeply investigated the products obtained via Powder X-ray diffraction
as the primary structural characterization method, combined with additional
analytical techniques, which allowed me to formulate hypotheses on the

fundamental mechanisms driving MIC.

The experimental results indicate that alkali cations play an active role in
the crystallization of amorphous SiO2, promoting the formation of cristobalite and
tridymite at lower temperatures than those typically required to overcome high
activation energies. The dependence of the c-lattice parameter increment on cation
size, the shift to lower frequencies of the symmetric Si-O-Si stretching band, and
the homogeneous distribution of these elements within the silica matrix provide
evidence for the incorporation of alkali metal cations within the silica structure.
This phenomenon likely underlies the crystallization of amorphous SiO:2 at
temperatures otherwise impossible without the addition of these metal elements. In
contrast, the experiments conducted on alkaline earth cations suggest a possible
two-phase crystallization mechanism, in which firstly the metals react with SiO2 to

form intermediate silicates during calcination and subsequently these silicates
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promote quartz nucleation and growth. Unlike the phenomenon observed in alkali
metals, alkaline earth cations are not incorporated into the final quartz structure and
can be removed by acid washing. In this latter case a detailed understanding of the
crystallization mechanism induced by alkaline earth cations opens new pathways
for the controlled synthesis of high-purity quartz, selectively obtained in the
proposed calcination treatments to reduce the energy footprint of SiO2 production
across various industries. Similarly, it should be possible to determine optimal
conditions for selectively obtaining also cristobalite and tridymite phases by metal
induced crystallization, proposing alternative and low energy consuming processes
also for the applicative point of view. It can thus be stated that this study has
successfully advanced comprehension of the crystallization mechanism of
amorphous silica induced by metal use. However, further investigations are
required to fully elucidate this process, specifically in understanding the chemical

processes enabling metals to catalyze crystallization, using local techniques.

In a secondary project, I focused on the bulk synthesis of nanocrystalline
iron via chemical vapor deposition (CVD) carried out in a home-made setup,
achieving nanometer-scale grain sizes and controlled morphologies in iron films.
This study underscored the potential for producing dense, nanostructured materials
with enhanced mechanical properties. These findings open further opportunities to
optimize synthesis conditions for achieving the desired combination of small-scale
features and bulk material applications, particularly in industrial sectors requiring

high durability with reduced energy input.

In conclusion, this Ph.D. thesis provides a step forward in our understanding
of metal-induced crystallization of SiO: and synthesis of nanostructured metals,
highlighting methods to reduce energy consumption and improve material
performance that are critical for sustainable industrial development. The findings
not only aim to contribute to the fundamental science behind these processes, but
also pave the way for applied research to optimize production techniques,

supporting a sustainable future for energy-intensive industries.
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