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Abstract
In the current thesis, the main subject of study is the laser-mediated
synthesis of iron nanoclusters. The process consists in reducing the
size of iron microparticles by means of a photo-thermal evaporation
effect prompted by nanosecond pulsed laser irradiation. The energy
required to reduce the precursor element’s size under 3 nm is determined by the theoretical model known as the particle heatingmelting-evaporation model. The tested precursor colloid systems
consist of iron microparticles with an average size of 2 µm dispersed
in different polar solvents (water, methanol, ethanol, ethylene glycol and polyethylene glycol 400) and in liquid nitrogen. In order to
deeply understand the technique, two different energy value regimes
are used: lower and higher energy values than the threshold (depending on the liquid medium).
When energy values beyond the calculated threshold are used, it
is possible to observe the successful synthesis of iron nanoclusters.
Moreover, when the dipole moment of the used solvents is larger
than the one found in water, the solvent seems to act as a capping agent enabling the stabilization of the produced nanomaterial
without the use of external stabilization agents.
Finally, various optical and electron-based techniques are used to
determine that the synthesized materials exhibit the expected optical and morphological properties. On top of, considering the material’s outstanding characteristics indicated in the relevant literature,
it is planned to test its catalytic activity and magnetic properties
in the future.
Keywords: nanocluster, iron nanoparticle, iron, laser synthesis,
pulsed laser, polar solvent, green chemistry
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Abstrakt
V této bakalářské práci je zkoumána syntéza nanoklastrů železa,
které jsou produkovány pomocí metody laserové syntézy. Syntetický přístup spočívá ve zmenšování velikosti železných mikročástic
účinkem fototermálního vypařování vyvolaného ozařováním pomocí
nanosekundového pulzního laseru. Energie potřebná k zmenšení
velikosti prekurzních částic na průměrnou velikost pod 3 nm
je určena teoretickým modelem známým jako model zahřívánítavení-vypařování částic. Měřené prekurzorní koloidy jsou tvořené
železnými mikročásticemi s průměrnou velikostí 2 µm, které jsou
rozpuštěné v různých polárních rozpouštědlech (vodě, methanolu,
ethanolu, ethylenglykolu a polyethylenglykolu 400) a v kapalném
dusíku. Pro hlubší pochopení této techniky je použito dvou různých
energií pro ozařování: podprahová a nadprahová hodnota energie
(měnící se v závislosti na kapalném médiu).
Při použití energie nad vypočtenou prahovou hodnotou je možné
pozorovat úspěšnou syntézu nanoklastrů železa. V případě, kdy
je dipólový moment použitých rozpouštědel větší než hodnota
dipólového momentu vody, tak molekuly rozpouštědla obklopí
částice, čímž umožní stabilizaci generovaného nanomateriálu bez
použití přidaného stabilizačního činidla.
K určení a potvrzení očekávaných optických a morfologických
vlastností syntetizovaných materiálů je použito optických a elektronových charakterizačních technik strukturní analýzy. Navíc
s ohledem na další výjimečné charakteristiky materiálu, které jsou
zmiňovány v související literatuře, je plánováno testování katalytických a magnetických vlastností materiálu.
Klíčová slova: nanoklastr, nanočástice železa, železo, laserová
syntéza, pulsní laser, polární rozpouštědlo, udržitelná chemie
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1

Introduction

Nanotechnology is daily presenting answer to the current and future problems of
human kind. Since it was first discovered that nanomaterials (matter structured
in the nanometric scale) exhibit non-conventional properties that are able to solve
the hardest obstacles found in the nature, the scientific community has dedicated
a great deal of effort to discovering all of the possibilities that nanoscience offers. [1,
2]
Among the most important instruments of the nanoscience, it is possible to identify the nanoparticles (NPs) as the building-blocks used to design ad hoc solutions.
They consist of a set of atoms of the same or various chemical elements. The set
is confined in a spatial region < 100 nm and the confinement provides an increment in the surface-to-volume ratio (SA:V), which means an enlargement of the
population of atoms in the surface of the material that results in numerous phenomena, being the most important surface, coordination and quantum size effects.
These phenomena lead to radical improvements of the materials towards various
applications in comparison with their bulk counterpart.
In this context, the interest in the synthesis of NPs is constantly increasing.
However, the main drawback of the NPs synthesis is the impossibility to get NPs of
a single size. The properties displayed by the NPs are in a close relationship with
their size. Thus, particles with various sizes might show a different behavior, making
difficult to exploit in the most efficient way an specific property found in them.
Even when different attempts have been carried out to achieve the size monodispersity, the available synthesis pathways are often accompanied by the production
of large quantities of waste and in the most of the cases no two NPs are the same.
Therefore, the precise control over smaller dimensions is still a major case of study,
which is how ultra-small NPs were developed (NPs with dimensions of < 3 nm). [3]

1.1

Nanoclusters

Among the different ultra-small NPs, those composed of metal are attracting a great
deal of attention due to their potential applications in the photonic or electronic
fields. Strictly, the metals with dimensions that are confined to the scale region
under 2 nm are known as metal nanoclusters. [3, 4, 5] It is generally accepted that
such materials may be perceived as constituent units that could lead to the further
formation of common plasmonic NPs with sizes between 1 and 100 nm [6] or they
may represent the intermediate step between single atoms and the NPs. [7]
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According to the definition, a single nanocluster can contain from tens to several hundreds of atoms [8, 9] which may keep together due to weak forces (e.g. Van
der Waals force) or by strong forces (e.g. ionic strength). [10] In addition, as the
size of the nanoclusters is comparable with the Fermi wavelength of the electrons,
their electronic band structure becomes discontinuous. Therefore, their behavior
is similar to the one of the molecules and in consequence, some of the most common characteristics related to bigger systems are modified. This is the case of the
Surface Plasmon Resonance (SPR) behavior displayed by noble-metal NPs which
totally disappears when the size of the particles is lower than 2 nm. However in the
counterpart, the combination of the discrete band structure and the ultra-small spatial confinement of nanoclusters causes the appearance of an important gap between
the valence and conduction electrons enabling fluorescence emission as in the case
of quantum dots (QD). [11, 12, 13, 14] Another important difference between the
metal NPs and the nanoclusters can be observed in their chemical reactivity, as the
SA:V found in the nanoclusters is larger in comparison with conventional NPs (the
smaller diameter of the particles, the larger SA:V), the number of atoms located at
their surface will also be larger maximizing in this way the reactive capabilities of
the nanomaterial. [15]
In addition, there are some ”disadvantages” associated with the ultra-small size
of such materials, one of them is the reduction of their magnetic response which
is a direct consequence of the lack of alignment of the spin in the atoms located
at their surface, a phenomenon known as spin canting effect often found in small
magnetic NPs. [16] Moreover, the electronic band structure modification that further
leads to the previously mentioned quantum effects is highly dependent on the number
of atoms in the structure and on its morphological shape. [3, 17]
Despite the different issues associated to their ultra-small size, the nanoclusters
have been successfully used in a large number of applications displaying outstanding
behaviours which in fact arise from their distinct properties in comparison with usual
metal-based NPs and metals in bulk. [3] The specific optical, electric, magnetic,
luminescent and reactive properties of the nanoclusters allow to use them in fields
like biomedicine (e.g., cell labeling, cancer therapy, drug delivery, etc.) and catalysis
(e.g., catalytic reduction or oxidation, electrocatalysis, photocatalysis, etc.). [18, 19,
20]
In this sense and considering the breakthrough impact that the use of nanoclusters is having in the nanoscience, which is reflected by an exponentially increasing
rate of scientific papers dealing with the topic, it is the aim of the current thesis to
explore and contribute to the issues related to the iron nanoclusters synthesis.

1.2

Fe nanoclusters

Among the different materials that nanoclusters can be composed of, iron (Fe)
represents and interesting challenge. It attracts significant attention as it belongs
to the group of materials that are considered environmentally and human friendly
(depending on the amount of iron [21, 22]). The pure iron or the iron-based NPs
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(e.g. iron oxides) are some of the most commonly synthesized NPs because there
is a great interest in its superparamagnetic properties which in comparison with
those coming from toxic materials as cobalt or nickel, can be efficiently exploited in
various applications. In particular, in the biomedical field the magnetic properties
of the Fe NPs enable their use as drug carries or as diagnostic material. [23]
These properties do not represent the only reason why the Fe NPs are interesting,
another remarkable properties include their catalytic outcomes, e.g., the reductive
effect of the Fe NPs (especially of the nanoscale zero-valent iron) which is used
for the remediation of the ground water from the pollutants, [24] and their use in
information storage in which it is possible to take advantage of the magnetic properties of the material to accumulate information through their exposure to variable
magnetisation patterns. [25]
As previously expressed, when the ultra-small size of nanoclusters is reached the
properties of the material change. Surprisingly, the size reduction of Fe constitutes
the next step in the improvement of the bulk material’s properties, in contrast with
the common Fe NPs, their larger SA:V promotes a higher catalytic effect. [26] In
addition, the quantum effects of Fe nanoclusters could potentially lead to fluorescence, although this phenomenon has not been observed yet. In addition, when Fe
oxide reaches the size of nanoclusters, it experiences a change in its magnetic properties allowing its use as a contrast agent in high resolution longitudinal relaxation
magnetic resonance imaging (high resolution T1 MRI).
To be more specific, the Fe oxide clusters, also known as extremely small-sized
iron oxide NPs (ESIONs), exhibit a high r1 (spin-lattice) relaxivity, which is related
to a high number of unpaired electrons usually found in Fe oxide nanomaterials,
and a low r2 /r1 ratio derived from their low r2 relaxivity. The r2 (spin-spin) relaxivity is directly connected with the magnetic moment of the materials and this
physical quantity is significantly decreased for the ultra-small magnetic NPs due
to the decrement of the volume magnetic anisotropy and the spin disorders on the
surface of the nanomaterial. On the contrary, the common-size iron oxide NPs exhibit a high r2 /r1 ratio which makes them not suitable to be used as T1 contrast
agents but enables its use for the transversal relaxation MRI (T2 MRI). However,
the T2 MRI represents a worse imaging method for taking high resolution images in
comparison with the T1 MRI due to the blooming effects or the possible confusions
of hyphointense areas.
For a long time, the gadolinium-based together with the manganese-based contrast agents were the most frequently used for the high resolution T1 MRI. Nevertheless, the clinical applications show that such materials are quickly excreted through
the urine and consequently decrease their circulating time in the human body which
is unwanted for typical T1 MRI long scan time. Moreover, they are very toxic and
therefore dangerous for an excessive use. These issues do not concern the ESIONs,
and therefore, their use is becoming more popular. [16]
The other sector in which Fe nanoclusters can have great implications is the
smart fluids development. The smart fluids are understood as the type of liquids
whose physical characteristics could be changed by the influence of an external
magnetic or electric field. Among the different smart fluids, the two most notable
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of them that greatly benefit from the inclusion of Fe are the magnetorheological
fluids (MR fluids) and the ferrofluids (FFs). On the one hand, the FFs are strongly
magnetizable and stable colloids that encompass the use of sub-domain magnetic
3-15 nm particles. On the other hand, the MR fluids are colloids whose phase can
be controlled by a magnetic field, they are composed by multi-domain ferro- or
ferrimagnetic particles with sizes of 1-20 µm dispersed in organic oils.
These two-phase fluids are of great interest because they allow an up to thousand
times increase in their viscosity in fractions of seconds, making them attractive for
various applications in the sectors of material science (e.g. dope liquid crystals with
magnetic particles), technology (e.g. inertial and viscous damping, heat dissipation
and dynamic sealing), biomedicine (e.g. hyperthermia, drug delivery and targeting,
separation of cells and before mentioned MRI contrast), etc. [27, 28]
Despite the potential of such smart fluids, it was recently found that the use of
particles with a monomodal size distribution may represent a problem, especially in
the case of MR fluids, where this characteristic leads to the lose of their magnetic
and rheological properties. [29, 30] One of the ways to alleviate this issue is by
the use of small particles which causes an increment of dipolar interaction, relating
significantly to the magnetic and repulsion force and thus allowing the decreasing
of aggregation and sedimentation of microparticles. [29]
The production of high quality FFs and MR fluids is of great importance because
it may enable the study of their properties and its further exploitation in an even
larger variety of applications.
Finally, it is worth to mention that even when great applications are envisaged
for the use of Fe nanoclusters, the potential of the material has not been extensively
explored. There are not many studies related to the synthesis of Fe nanoclusters,
and therefore, it is a priority to contribute to and to extend the knowledge in the
field.

1.3

Ways to synthesize Fe nanoclusters

The fabrication of precise nanostructures requires a high control over the size, shape,
chemical structure, functionalization and properties resulting therefrom. For this,
several synthesis pathways have been developed through the latest years, which can
be divided into two big groups: the top-down and the bottom-up techniques (see
Fig. 4.1). By definition, the top-down synthesis strategies are those in which a bulk
material is turned into small pieces reaching the size of nanometers. The bottom-up
techniques are those in which the nanomaterial is generated by the self assemble of
its constituent components. Despite these definitions, some methods are considered
as being simultaneously a top-down and a bottom-up technique. It depends on the
processes which are in progress during the fabrication. [31]
In this context, several of these techniques have been used to synthesize Fe NPs
with sizes over 10 nm, the most common of which being the severe plastic deformation, pulse electrodeposition, gas-phase reduction, liquid phase reduction and
liquid flame spray. [32] The techniques which push the limits of the miniaturization
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Figure 1.1: Schematic illustration of the two groups of NPs synthesis strategies.
of Fe NPs reaching sizes around 10 nm are: inert gas condensation, hydrothermal
synthesis, high-energy ball milling and ultrasound shot peening.
In the framework of this thesis, not many attempts have been done to reach the
ultra-small size of the nanoclusters (below 2 nm). However, the most explored techniques towards reaching such sizes are: thermal decomposition, controlled chemical
coprecipitation, microemulsion (or reverse micelle) synthesis method and chemical
vapor condensation. [33, 34, 35]
The thermal decomposition technique allows to synthesize Fe NPs with a highly
uniform size distribution while using non-toxic and relatively cheap precursors. Furthermore, the size of particles could be easily modified by changing the reaction
conditions, making possible to reach structures with few nanometers. [16, 34] The
controlled chemical coprecipitation is considered an economically-effective and biocompatible technique for the synthesis of fairly well uniform crystalline Fe NPs,
and even when the shape of the final product is difficult to control in comparison
with thermal decomposition, it is feasible to synthesize nanomaterials with a size
of 2-4 nm. The biggest advantage of this method is the fabrication rate which in
comparison with thermal decomposition, that takes hours, takes minutes. [35, 36]
The microemulsion technique is used for the synthesis of Fe-M based NPs, where
M means any metal that may be part of the final structure of the particle, such
as cobalt, manganese, etc. The fabrication process is complicated in comparison
with the previously mentioned thermal decomposition and controlled chemical coprecipitation techniques. Moreover, its fabrication rate is low and consequently also
economically low-effective. [35] The chemical vapor condensation (CVC) is based on
the pyrolysis of organometallic precursors to allow the fabrication of Fe NPs with
sizes that may reach 6 nm. The disadvantage of this technique is the relatively wide
size distribution of particles. [37]
In addition, the most substantial issues related to all of those techniques are the
necessity to use hazardous chemicals for the successful fabrication of the material and
the production of large amounts of chemical waste. In response to these problems,
the combination of nanoscience and optics has brought different interesting alternatives, among which, laser synthesis of colloids (LSC) is becoming extremely popular
due to its versatility, safeness and degree of reproducibility. This is demonstrated
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by the exponentially increasing number of citation when searching the keywords
“laser synthesis” and “nanoparticles” in the ISI Web of Science, a searching engine
that enables an access to a set of bibliographic resources and databases that cover
all the fields of the academic knowledge (Fig. 1.2).

Figure 1.2: Number of citations per year determined by the ISI Web of Science
search engine, while using the keywords “laser synthesis” and “nanoparticles”.
The LSC strategy has been many times successfully applied in the fabrication
of Au, Ag and other material nanoclusters, but not yet extensively exploited in the
production of Fe nanoclusters. Up to date the only study reported about it, is the
synthesis of nanoaggregates of Fe nanoclusters performed by Amendola et. al. [38]

1.4

Laser-mediated synthesis

In general, in the LSC technique a laser source is used to irradiate a bulk material
that is immersed in a liquid environment. The interaction between the light and the
matter leads to the miniaturization of the bulk material resulting in the fabrication
of a colloid composed by NPs that may even reach sizes under 10 nm. [39]
Since the first reports in the late 80’s and early 90’s, [40, 41] the technique demonstrated a great potential to overcome the current issues related to the conventional
synthesis approaches, allowing to get a wide variety of nanomaterials in a clean
and safe way, [42] and therefore consequentially, to replace the hazardous external
reducing agents by the laser radiation. In addition, as the technique is compatible
with the use of macromolecules or monovalent salts, it is possible to manufacture
stable and complex nanostructures. [43] Moreover, the nanomaterials produced by
LSC have a significantly higher purity and the method adhere to the principles of
the “green” chemistry. [42]
By definition, a methodology used to fabricate nanomaterials agrees with the
principles of the “green” chemistry when it avoids environmental detrimental effects
and reduces the use and the generation of hazardous substances, which is one of the
biggest challenges in the modern science. [44]
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Despite the benefits, there are some issues connected with the LSC e.g., the low
mass productivity and the impossibility to directly synthesize organic NPs due to
the possible incineration of the organic bulk material. In terms of cost, the lasermediated method is still behind the conventional chemical techniques. In a long-term
view, considering the great advances in the laser science, it could be expected that
the LSC technique gets cheaper and more popular due to its larger versatility in
comparison with the traditional methodologies. [42]
Regarding the laser sources exploited in LSC, it is possible to use two basic types:
continuum wave lasers (cw-lasers) and pulsed lasers. As their name indicates, the
cw-lasers are delivering a beam of coherent and high energetic electromagnetic waves
continuously and the pulsed lasers are delivering such beams in trains of pulses,
where each pulse confines a huge population of photons making possible to reach
peak powers in the scale of hundreds of GW.
Towards LSC, while using cw-lasers, where the incoming beam is composed by
a low population of photons that are delivered continuously, the photons are absorbed by the irradiated material and further distributed through the whole material
in the form of vibrations. After the accumulation of the energy, it is possible to surpass the threshold energy of the material to break its cohesion and finally achieve
its miniaturization. Even when cw-lasers can reach huge amounts of power and are
conventionally used in the laser- engraving and -drilling sectors, for LSC, it is preferred to use pulsed laser sources because in a liquid environment the cw-lasers may
transfer huge amounts of energy to the bulk material and this in turn will transfer the energy to the liquid leading to its fast evaporation and eventually to the
destruction of the colloid.
In contrast, a pulsed laser is almost ideal for the LSC. In a pulsed laser source,
the coherent and high energetic electromagnetic waves are not continuously delivered
but are rather compressed in packages of time and released at an specific repetition
rate allowing to deliver huge concentrations of photons in fractions of seconds. Then,
the energy absorbed by the bulk material can be enough to surpass the threshold
necessary for the miniaturization and no accumulation of energy is present. Thus,
the energy is not largely transferred to the liquid and the final form of the product
can be colloidal. [45]
The pulsed laser sources that are conventionally used in LSC are those with
a pulse width in the temporal region of the nanoseconds, picoseconds and femtoseconds (ns or 10−9 s, ps or 10−12 s and fs or 10−15 s). As it may be expected, the
shorter the pulse width, the higher the peak power and thus, the higher the chances
to surpass the threshold energy towards the material’s miniaturization.
In general, the last statement is true. However, when performing LSC there
are some conditions behind the use of each pulse width, i.e., while using ps or fs, it
is possible to deliver a large population of photons in shorter time than the electronphonon relaxation time (in the region of ps). [46] Therefore, the miniaturization of
the bulk material may be preferentially conducted through non-linear optical phenomena as multi-photon ionization, in which the incoming energy is insignificantly
transferred to the rest of the material and used to detach the irradiated area out
of the bulk. Nevertheless, as the energy confined in such short pulses is extremely
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large, the liquid can also undergo the non-linear optical phenomena avoiding the
laser beam effectively reaches the solid bulk target.
In contrast, the ns pulses are longer than the electronic relaxation time and the
miniaturization is rather promoted by thermal effects because the non-linear optical
phenomena are not as efficiently reached as in the case of ps and fs. However,
the ns pulses are not as long as the energy gets largely transmitted to the liquid
environment. Therefore, in LSC the majority of the energy is effectively used to
achieve the miniaturization of the solid bulk material.
Essentially, LSC can be divided into three different approaches and for each
one a different pulsed laser source is preferred: the pulsed laser ablation in liquids
(PLAL), laser melting in liquids (LML) and laser fragmentation in liquids (LFL),
which are different from each other due to the physical and chemical processes during
their course.
PLAL consists in irradiating a 3 dimensional bulk solid immersed in a liquid
environment with a focused pulsed laser beam, which is immersed in a liquid environment. The laser-matter interaction leads to the release of little pieces from the
bulk in the form of a plasma. Later the material detached out of the bulk might
be enclosed in a cavitation bubble created around the area of the irradiation due
to the transfer of energy from the irradiation point to the liquid. Subsequently, the
cavitation bubble collapses and releases particles into the surrounding liquid environment, resulting in the colloid (Fig. 1.3). The pulsed laser source that is preferred
for PLAL is a ps laser emitting radiation at wavelengths from 800 to 1064 nm.

Figure 1.3: Schematic representation of PLAL technique divided into three steps:
creation of a plasma due to the laser absorption, creation of a cavitation bubble
after the transmission of the energy to the liquid medium and the final release of
NPs to the liquid medium.
Differently, LML is a photothermal technique used to the growing or reshaping
of the NPs morphology. In detail, a non focused or barely focused laser beam
is used to irradiate NPs immersed in a liquid environment. The large population of
photons that is confined in the incoming laser pulses (often in a temporal window
of ns) is absorbed by the electrons of the atoms that belong to the NPs, later
the absorbed energy is distributed through the whole electronic lattice of the NPs
through vibrations, allowing the NP to melt-down. When the NPs reach a melting
temperature, they can fuse with each other, enabling in this way to generate NPs
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of a homogeneous size distribution or to change the shape of NPs into nanorods,
nanochains, nanospheres, etc. (Fig. 1.4).

Figure 1.4: Schematic representation of LML technique divided into three steps:
absorption of the laser radiation, melting and subsequent fuse of NPs and resultant
nanocolloid composed by either nanomaterials with a single size or by nanomaterials
with different morphology than the precursor one.
Finally, LFL uses a similar setup as the one of LML, but the biggest difference
between each other is the amount of energy used. While LML uses a non focused or
barely focused laser beam, in LFL it is mandatory to focus the laser beam in order
to confine the delivered energy in time and also in space to reach the explosion or
evaporation of micro or sub-micrometric particles enablingthe generation of ultrasmall NPs.

1.5

Laser fragmentation in liquids

The LFL technique is divided into two pathways, thermal and non-thermal. The
difference between them is associated with the laser pulse length. The thermal effects take place when the laser pulse duration is longer than several ps and the
non-thermal effects are exhibited when the pulse length is shorter than few ps. The
classification of pathways arises from the electron-phonon relaxation time. As previously mentioned, the relaxation time represents the interval which an electron needs
to go back from an exited to a basal energy state and conventionally subsist around
the level of 10−12 s. [46, 47]
On the one hand, when lasers with a long pulse width are used, a photothermal evaporation process may occur. In this situation, a laser pulse interacts with
the surfaces of targeted particles for a long-time interval, specially, the photons in
a laser pulse bombards the solid material long enough to allow the release of vibration energy from the single atomic systems and the released energy is absorbed
by the surrounding systems. [48] The phenomena of energy transmission thanks to
the vibrations allows good energy distribution in the whole surface of the particle
leading firstly to its melting and eventually, with enough energy, to its evaporation
(Fig. 1.5). [49]
The process of evaporation can differ depending on the energy of the laser pulse.
If the energy of laser pulse is too low and the temperature of the particles is below the
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Figure 1.5: Schematic representation of LFL technique while using long laser pulses
divided into four steps: laser irradiation, heating of the particles, creation of a cavitation bubble around the particle and final evaporation of the particle’s surface.
melting point, only the photothermal reshaping happens. In contrast, if the energy
of the laser pulses is too high, it may cause the explosive evaporation together
with before mentioned surface evaporation. The temperature of particles for this
phenomenon goes up to the boiling temperature. Last but not least, the evaporation
phenomena is significantly connected to the creation of a cavitation bubble around
the irradiated particle due to the release of energy from particle to the liquid. The
electron-phonon relaxation allows the liquid heating to the spinodal temperature,
i.e., higher temperature than the boiling temperature, thus the state of the medium
is changed to the gas. In that moment, the gas enclose the particles in the forming
cavitation bubble, which is believed to act as a reactor for the final formation of
small NPs. [50]
On the other hand, when shorter pulse lengths are used, the fragmentation of
bigger particles may occur due to Coulomb explosion and photo-dissociation, both
phenomena being a consequence of the detachment of electrons and ions out of the
material’s surface due to the multiphoton absorption. As previously expressed, the
multiphoton absorption happens because while electrons still do not go back from
their excited state to the basal state, they already interact with more photons concentrated in temporal regions that are shorter than the conventional electron-phonon
relaxation time. Finally, leading to the complete detachment of the electrons out of
their atomic system, leaving a system with a lack of electrons that by the interaction with the neighbor atomic systems might be forced to leave the bulk material.
Reaching in this way the miniaturization of the irradiated material (Fig. 1.6). [51,
52]
Regardless the length of the laser pulses, the laser fragmentation efficiency get
incremented with increasing laser energy per irradiated surface (laser fluence) but
the density of the energy must be below the threshold of the liquid breakdown and
other undesirable nonlinear optical effects decreasing the efficiency and making the
control of NPs synthesis difficult. [42]
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Figure 1.6: Schematic representation of LFL technique while using short laser pulses
divided into three steps: laser irradiation, ejection of electrons and final coulomb
explosion.
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2

Theoretical background

While using LFL, the laser fluence is one of the most important conditions which
has a direct influence on the size of the final generated particles. The synthesis of
smaller particles occurs when the energy threshold is overcome and thus the particles
succumb to fragmentation.
In this context, the calculation of the energy threshold for the different materials
is needed. This is conventionally done by using the heating-melting-evaporation
model originally formulated in 1999 by Koda et.al. [53] and further developed by
Pyatenko et.al. [54] The model has been successfully used to determine the final size
of the fabricated particles in numerous experiments. [55, 56] The model presupposes
that all the energy coming form the laser radiation that is absorbed by the bulk
material is used in the heating-melting-evaporation process. [48]
Up to date, the full structure of the heating-melting-evaporation model leads to
the disclose of the energetic thresholds needed to promote the heating, the melting, the evaporation of the surface of sub-micrometric particles or their complete
evaporation. [50]
In the thesis, the model is used to identify the energy thresholds at which the
bulk materials undergo a complete evaporation, not only of their surface but rather
of their entire three dimensional structure, reaching in this way the ultra-small size
of the nanoclusters. In addition, the mathematical expressions in the model are
adapted for the needs of the presented experiments.

2.1

Heating-melting-evaporation model

The heating-melting-evaporation model describes the following situation: a laser
beam (one laser pulse) interacts with micrometric or sub-micrometric particles immersed in a liquid environment, the particles absorb all of the incoming energy which
is used to heat them up. Subsequently, the particles are heated up to a specific temperature needed for the transformation of the material’s state.
In the theoretical model, the energy absorbed by the particles is equal to
E0
· σabs = Ψ · σabs
(2.1)
S0
where E0 represents the energy of a single pulse, S0 the laser beam cross section
(the area of light that is perpendicular to the beam direction), Ψ = E0 /S0 the laser
Eabs =
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fluence and σabs the particle absorption cross section which describes the energy
absorbed by the irradiated particle.
Although the σabs depends on the shape of each particle, the calculations consider
an ideal situation in which all the irradiated particles are spherical. The conventional way to get this value is through the use of the Mie theory which describes
the interaction between a sphere and a planar electromagnetic wave. Nowadays,
there are many Mie calculators available that allow to get this value in an easily
way. [57] These calculators need some input data about the irradiated material and
the surrounding medium, such as the refractive index and the extinction coefficient
of the bulk material, the refractive index of the medium, the sphere diameter and
the interval of wavelengths in which the sphere may be irradiated.
Therefore, the σabs value is significantly influenced by the particle size and the
wavelength of the laser used for the irradiation. In the current thesis, the used laser
wavelength is 527 nm which is suitable in terms of significant light interaction with
the studied material. [50]
After knowing the σabs , it is possible to determine the amount of energy absorbed
by a single particle of any size using the equation 2.1. According to the model, the
energy of the laser pulse is completely absorbed by the solvated particles in the
medium and transformed into heat. This changeover is simplified as a complete
100 % transformation. Thus, the equation can be written as the energy absorbed
by one particle being equal to the received heat which can be expressed in terms of
the weight of the material and its temperature dependent heat capacity cp
Ψ · σabs = mp ·

∫ T
T0

cp (T ) · dT

(2.2)

where mp = ρp πd3p /6 is the particle mass, ρp is the density of the particle, dp
is the diameter of the particle and T0 is the initial temperature of the particle and
T is the final temperature of the particle. Consequently, when the laser radiation
heats up the particle until the point of its melting temperature, the melting of the
solid structure might occur. However, if the radiation exceeds this temperature level
the excess of energy might be used for a further increment of temperature of the
particle in the “liquid state”, i.e., keeping as a quasi-spherical droplet that holds
together due to surface tension promoted by the liquid surrounding medium. If the
temperature reaches the boiling point of the irradiated material, the “particle” will
be in a state known as full melting. This is the point used for the LML synthesis
technique, in which the melting of the particles is used to fuse the precursor material
into bigger particles or particles with various morphologies. However, when the
laser irradiation surpass this temperature value, the particle in the liquid state
may undergo a vaporization process, being the surface of the material the one that
vaporize first but if the vaporization temperature point is largely exceeded, the
particle may reach a full-evaporation.
The final expression of the heating-melting-evaporation model can be described
in a similar form as the before mentioned equation of heating (eq. 2.2). The equation
parts that are associated to the transformation of the states of matter are represented
by enthalpies per mass (∆H) which can be found in different tables or calculated
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from the enthalpy per moll values for each material.
Ψ · σabs = mp ·

∫ Tm
T0

csp (T )

· dT + mp · ∆Hm + mp ·

∫ Tb
Tm

clp (T ) · dT + mp · ∆Hev (2.3)

Here, csp represents the heat capacity of the material in the solid state, clp the heat
capacity in the liquid state, Tm the melting temperature, Tb the boiling temperature
and as previously mentioned, ∆Hm the enthalpy of the melting and ∆Hev the enthalpy of the evaporation. Finally, if the final temperature of the irradiated particles
is a known value or when a significant temperature (melting or boiling temperature)
is reached, the integral section of the temperature dependent of the heat capacities
in the equation 2.3 can be replaced by the enthalpy per mass corresponding to the
given temperatures, as it is described in the following expression
Ψ · σabs = mp · [(HTm − HT0 ) + ∆Hm + (HTb − HTm ) + ∆Hev ]

(2.4)

where HTm − HT0 represents the relative enthalpy to reach the melting point and
HTb − HTm the relative enthalpy to reach the boiling point.
Therefore, the equation 2.4 can be used to calculate the threshold fluence required to reach the heating, the melting, the boiling and the evaporation of micro or
sub-micrometric particles. However, if the goal is to reach not only the surface evaporation of the particles, but instead their complete evaporation, it is important to
consider that after the boiling point the particles will receive more and more energy
increasing their temperature until they start to evaporate, and therefore, decreasing their size. Thus, the particle absorption cross section also will decrease during
the evaporation process and a larger energy may be necessary to keep evaporating
the material. Then, the fluence value required to fully evaporate the material will
be determined by the integral of the following differential equation describing the
evolution of the absorption cross section in terms of the particle’s size during the
evaporation
σabs (dp ) · d(Ψ) = ∆Hev · d(mp )

(2.5)

which after the substitution of mp and the editing takes the following form
d(Ψ) =

d2 · d(dp )
π
· ρp · ∆Hev · p
2
σabs (dp )

(2.6)

Then, the final equation that enables to calculate the required fluence to fully
evaporate micro or sub-micrometric particles will be
π · d3p · ρp
Ψ =
· [(HTm − HT0 ) + ∆Hm + (HTb − HTm )] +
6 · σabs
(∫
)
0
d2p
π · ρp
· ∆Hev ·
· d(dp )
2
dp σabs (dp )
(2.7)
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In addition, in the thesis the equation is enriched by considering that the laser
beam may loss energy thought its pathway by interacting with the colloid before
reaching the focal point where the desired irradiation of particles occurs. The way to
include the loss of energy is simply by multiplying the theoretical fluence Ψtheoretical
with the transmittance Tλ of the laser radiation after passing through a specific
colloid pathway, as expressed in the following equation
Ψreal = Ψtheoretical · Tλ

(2.8)

In this sense, we compensate in a rough way the possible energy losses that we
may get while the laser passes through the liquid by increasing the real fluence used
Ψreal . Thus, the final equation is
[

Ψreal

d3p
π · ρp
=
· [(HTm − HT0 ) + ∆Hm +
2 · Tλ 3 · σabs
)]
(∫
0
d2p
· d(dp )
(HTb − HTm )] + ∆Hev ·
dp σabs (dp )
(2.9)

Finally, note that in the current model it is assumed that there are not heat losses
while the process is taking place. This assumption is correct when a ns pulsed laser
beam is used to promote the full evaporation of the particles, as it is in the thesis,
but may not be correct if the pulse duration of the laser exceeds the time required
for the cooling and solidification of the particles (from 10−5 s to 10−6 s), which
is believed to be one of the principle processes that may promote the heating loose
through conductive/convective heat transfer between the particle and the liquid. [48]
Therefore, if the experiments reported herein are planned to be reproduced, it
is important to keep in mind that the described model may work only for pulsed
laser sources with a pulse length shorter than 10−6 s.
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3

Characterization techniques

The materials produced in the thesis are characterized by means of the following
techniques: ultraviolet-visible spectroscopy (UV-Vis spectroscopy), high-resolution
transmission electron microscopy (HR-TEM), dynamic light scattering (DLS), laser
doppler velocimetry (LDV) and inductively coupled plasma optical emission spectrometry (ICP-OES).
Each characterization technique allows to analyse specific information about the
synthesized material. In the case of UV-Vis spectroscopy, the technique is used to
determine the absorption spectra of the samples, which is important to define if the
samples display outstanding optical properties, such as fluorescence or SPR activity.
Moreover, in combination with the Mie calculators, the technique is used to roughly
estimate the size of the synthesized particles.
The DLS technique is used to ratify the size of the nanomaterial by the measurement of the hydrodynamic size of the NPs while dispersed in the liquid medium.
The LDV technique is used to measure the Zeta potential of the material, a value
that indicates how stable a colloidal suspension can be.
The HR-TEM technique is used to observe the size, shape and crystalographic
structure of the particles. This technique is extremely precise and if it is properly
used, it allows to analyse a fare statistical fragment of the material. However,
to determine the correct size of the produced material it is necessary to use it in
combination with a technique that allows to measure the material in a more general
way, such as DLS does.
Finally, the ICP-OES technique is used to determine the percentage of individual
chemical elements found in the fabricated samples, a value that enables to determine
the production efficiency of the technique, among other things.

3.1

UV-Vis spectroscopy

The UV-Vis spectroscopy measurements were carried out by the use of a spectrophotometer (Hach-Lange, DR6000, wavelength range from 190 to 1100 nm) that
has a wavelength resolution of 0.1 nm. The instrument is equipped with two light
sources, a deuterium lamp covering the UV spectrum (190 to 360 nm) and a halogen lamp covering the visible spectrum (390 to 1100 nm). The light coming from
the lamps is separated into its composing wavelengths by the use of a diffraction
grill. Furthermore, each wavelength is separately irradiating a colloidal sample in
a transmission disposition, as displayed in Fig. 3.1.
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Figure 3.1: Simple schematic representation of a spectrophotometer, which is used
to perform the UV-Vis spectroscopy measurements.
After the light propagates through the colloidal sample, the outgoing light is collected by a detector comparing the measured light intensity with the incoming one,
allowing to determine in this way the transmittance of the light and after the following relations the absorbance of the light
Tλ =
A = −log10 (Tλ ) = −log10 (

I
I0

I
ln(eα(λ)d )
α(λ)d
)=
=
I0
ln(10)
2.3

(3.1)
(3.2)

where I0 is the incoming light intensity, I is the measured light intensity, λ is the
wavelength, α is the absorption coefficient and d is the optical path in which the
light interacts with the colloidal sample.
Therefore, by measuring the light transmittance it is possible to determine different optical characteristics of the samples under study. Being the most important
for our purposes the amount of absorption of a specific wavelength.
In addition, the determination of the size is assessed by considering the classical Mie theory for the case of the interaction between a homogeneous metallic
nanosphere and a planar electromagnetic wave. In the presence of the wave’s electromagnetic field, the sphere may absorb and scatter light in the way of the following
set of relations
24π 2 R3 ϵd
ϵ′′m
λ
(ϵ′m + 2ϵd )2 + (ϵ′′m )2
3/2

Cext =

(3.3)
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ϵ′m = ϵ∞ −
ϵ′′m =

wp2
w2 + γ 2

wp2 γ
w(w2 + γ 2 )

(3.4)
(3.5)

νF
(3.6)
Lbulk
where Cext represents the extinction coefficient of the particle, often equal to the
addition of the absorption and scattering values. R representing the radius of the
particle, ϵd its dielectric function, ϵm the dielectric function of the medium in which
the particle can be immersed, ϵ∞ the dielectric function at high frequencies (it can
be considered 1 for the most of the materials), w the frequency of the incoming light,
wp the frequency at which the electrons in the NPs resonate with the incoming light,
νF the velocity of Fermi and Lbulk the pathway of the electrons in the bulk material.
These relation can be used to fit the absorbance spectra of the samples and
disclose the size of the particles in a colloidal sample. As expressed in third chapter,
in the thesis the Mie calculators applying these relations are used to compare their
results with the absorption spectra of our samples.
γ=

3.2

DLS

The DLS measurements were carried out by means of the instrument Zetasizer
Nano ZS90 (Malvern Instruments Ltd., laser wavelength centered at 532 nm) which
is able to perform size measurements in a range from 0.6 to 6000 nm. The DLS
measurements were acquired while setting the detector at an angle of 173o to the
laser beam axis to avoid its saturation.
In the DLS instrument, a monochromatic light beam (usually a low power cwlaser) is used to interact with a colloidal sample. When the electromagnetic waves
encounter spherical particles in their pathway they absorb and further scatter the
electromagnetic waves in all of the directions, consequently the scattered waves
interfere with each other. As the scattered light arise from particles suspended in
a liquid in a random way, the resulting interference pattern do not display a periodic
behavior but rather a random one known as speckle pattern. The pattern is later
captured by a light detector and transformed into a signal (Fig. 3.2). Since the
particles suspended in a liquid are continuously moving due to the Brownian motion,
the pattern changes through the time and so the measured intensity fluctuates.
As the smaller particles move faster, the fluctuation will be also stronger. The
intensity fluctuation is recorded at different time intervals and compared with each
other resulting in a correlation curve that has an exponentially decreasing behavior.
The rate of the exponential decay is proportional to the diffusive coefficient of the
particles which is related to the particle’s size through the Stokes-Einstein equation
(eq. 3.7). [58]
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kb T
(3.7)
6πηr
where kb represents the Boltzmann’s constant, T the temperature of the medium,
η the viscosity of the medium and r the size of the particles. Therefore, the bigger
diffusion coefficient is, the smaller size of the particles is detected.
D=

Figure 3.2: Scheme representing how the DLS instrument works.

3.3

LDV

The LDV technique is performed by means of the instrument used for the DLS
measurements. The device has a pair of electrodes that enables an electrical current
to pass through the colloidal sample which is used to measure the velocity of the
particles while performing an electrophoresis experiment.
During the LDV experiment, a voltage is applied to the electrodes in contact
with the sample. The light from the instrument interacts with the particles which
surface is positively or negatively charged. As the particles are surrounded by the
opposite charged ions (the particle and surrounding ions form an electrical double
layer protecting the particle against interaction with other particles and thus against
agglomeration), the applied voltage causes the movement of the charged carriers
(particles and ions in the liquid medium) towards the opposite charged electrode and
then the instrument records the velocity of the particles. Such velocity is known
as the electrophoretical mobility of the particles associated to the Zeta potential
through the Henry’s equation (eq. 3.8). [59]
ϵz
(3.8)
η
where, VE represents the electrophoretic mobility value, ϵ the dielectric constant
of the particle, η the viscosity of the medium and z the Zeta potential.
VE =
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Therefore, the Zeta potential value indicates the intensity of the static electric
field of the electrical double layer at the interface between the particle and the surrounding liquid medium. In other words, if the Zeta potential is large, the particles
will repeal each other, i.e., avoiding an agglomeration phenomenon (Fig. 3.3).

Figure 3.3: Graphical illustration of the Zeta potential.

3.4

HR-TEM

The HR-TEM micrographs from which the size, morphology and crystallographic
structure of selected samples was obtained, were taken using a JEOL JEM 2100
TEM instrument that uses a bright LaB6 source operated at an acceleration voltage
of 200kV.
In HR-TEM, an electronic beam is used to interact with the studied samples
under vacuum conditions. The beam is further accelerated and focused by a set
of strong magnets (condenser and objective lens, respectively) in the sample holder
typically composed by a copper grid and a carbon film that serves to support the
solid content of the samples (Fig. 3.4).
The collisions between the incoming accelerated electrons and the electrons of
the sample enable their scattering and transmission through the sample. The transmitted electrons are collected by a charge-coupled-device (CCD) camera and further
interpreted as an image of the specimen under study. Using the correct conditions,
the HR-TEM enables to reach a resolution under 0.1 nm, making possible to determine the crystallographic structure of the samples.
The way to prepare the samples for HR-TEM inspection is the following:
a droplet of the colloidal sample is poured on the sample holder and after the droplet
gets dried the sample holder is introduced in the HR-TEM instrument for the corresponding inspection.
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Figure 3.4: Minimal scheme of a HR-TEM instrument representing the parts described in the text.

3.5

ICP-OES

Besides the specification of the optical properties, size, shape, crystallographic structure and stability, the characterization of the sample’s chemical composition is required. The chemical composition of the synthesized material is determined by
means of an ICP-OES spectrometer (Perkin Elmer Optima 2100Dv) which reaches
a determination of trace elements > 0.2 ppb.
The ICP-OES is a type of emission spectroscopy using an inductively coupled
plasma to promote the excitation of the electrons of the higher energetic levels of
different atoms. After the excitation, the electrons go back to their basal state
emitting photons at a characteristic wavelength depending of the chemical element.
The intensity of the corresponding emission is proportional to the number of atoms
of the chemical element that is present in the studied sample.
To perform the measurements, the colloidal sample is injected to a nebulizer
system that creates an aerosol with the sample. Subsequently, the aerosol is directed
by an argon flowing line to an argon-based plasma which is created and stabilized
by high-frequency alternative magnets. In the plasma, the sample is atomized and
ionized generating the emission spectra at the characteristic wavelengths of the
elements involved. Finally, an optical spectrometer allows to determine the intensity
of the signal and with it the amount of material in the sample (Fig. 3.5).

33

Figure 3.5: Scheme of the basic elements of an ICP-OES spectrometer.
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4

Setup details

The synthesis of the Fe nanoclusters is carried out by the nanosecond laser irradiation of a colloidal solution.
The general experimental architecture is displayed in the Fig. 4.1. The main
components are 3 silver-coated mirrors, three lenses, a vial that contains the colloid,
a magnetic stirrer device and a Nd:YLF pulsed laser source (Litron Lasers; LDY300
PIV Series) which delivers laser radiation centered at a wavelength of 527 nm in
its second harmonic generation, pulses with a time duration of 150 ns full width
at half maximum (FWHM) it has two optical cavity system that enable to deliver
the laser radiation at a repetition rate of 2000 Hz (1000 Hz for each optical cavity),
a maximum output energy of 25 mJ and an output beam of 5 mm at width of 1/e2 .

Figure 4.1: Experimental setup used for the synthesis of Fe nanoclusters with an
energy fluence that exceeds the energy threshold required to evaporate the CI microparticles.
The laser beam is first expanded by a Galilean telescope consisting of one plano-
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concave lens (f = - 150 mm) and one plano-convex lens (f = 75 mm), giving a total
magnification of 2x. The expansion of the collimated beam enables reducing the
power density in the beam pathway leading to increasing the optical elements life
time and decreasing the laser-mediated damage. Subsequently, the expanded beam
goes through 3 mirrors which settle its direction to either the last plano-convex lens
(f = 35 mm) used to focus the laser beam at 4 mm in-depth of the colloid, or
directly to the colloid, depending on the laser fluence required for the experiment.
A teflon coated magnetic stirrer is placed inside of the colloid enabling its continuous movement due to the own rotation of the stirrer (100 rpm) caused by the
magnetic field of a stirrer plate placed under the sample. The flow of the colloid
allows the incoming laser beam to irradiate as many particles as possible due to
their circulation.
The colloids used for the irradiation process consist of an specific solvent mixed
with CI particles (HQ grade, BASF, Germany) with predominant size of 2 µm and
spherical shape. The used solvents are ethanol (99.9%), water (18.2 MΩ· cm), ethylene glycol (EG; anhydrous, 99.8%), polyethylene glycol with average mol. wt. 400
(PEG 400) and methanol (99.9%). All the mentioned polar solvents are commonly
used in the synthesis of Fe NPs according to the literature. [60, 61, 62, 63, 64] In
addition, as the laser-mediated reduction of the microparticles size is understood in
terms of the heating-melting-evaporation theory, liquid nitrogen is tested as a possible solvent in the current thesis. The hypothesis behind the use of liquid nitrogen
is that by reducing the temperature of the particles it may be possible to reach their
complete evaporation in a more efficient way.
The concentrations of all colloids are 0.4 mg/mL and the volumes of the colloids
are 10 mL. This concentration is chosen as the ideal possible concentration, which
reflects increasing fabrication efficiency associated with increasing concentration and
at the same time decreasing frequency of unwanted effects derived from a large
abundance of microparticles, such as aggregation, etc. [65]
Moreover, because the first experiments for the colloid that used methanol as the
solvent showed the creation of a carbon-based shell around the particles which was
conventionally explained by the solvent pyrolisis derived from the high temperatures
reached during the laser irradiation, [66] it became necessary the use of a capping
agent to avoid the shell creation around the particles. The chosen capping agent
is the sodium dithionite (Na2 S2 O4 ), conventionally used to stabilize and modify the
morphology of Fe NPs. The concentration used is 1.1 g/L, as reported in previous
study. [67]
Finally, the samples are prepared in duplicate to compare the results after the
laser irradiation using a laser fluence that exceeds the energy threshold required to
completely evaporate the microparticles with the results obtained after using a low
fluence (lower than the required energy threshold).
In this context, the first set of samples are irradiated at an average power of 10 W.
The last plano-convex lens (f = 35 mm), third lens from the laser to vial pathway
in the Fig. 4.1, enables to exceed the fluence threshold necessary to completely
evaporate the microparticles for all the used solvents, as it is mentioned in the
theoretical background chapter. The second set of samples are irradiated at an
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average power of 700 mW. The laser beam is not focused by the third plano-convex
lens in order to irradiate the samples with a lower fluence as displayed in Fig 4.2
(this setup not enable to reach the threshold energies for any solvent).

Figure 4.2: Experimental setup used for the synthesis of Fe nanoclusters with a lower
energy fluence that the one required to evaporate the CI microparticles.
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5
5.1

Results
Preparation and synthesis

In this thesis, different colloidal samples were subject to the previously described
laser-mediated synthesis strategy. Afterwards, they were analyzed by the above
explained characterization techniques. The details of the different samples under
study can be found in the table 5.1.
Name of sample
S1
S2
S3
S4

Precursor
CI microparticles
CI microparticles
CI microparticles
CI microparticles

S51
S6

CI microparticles
CI microparticles

Liquid medium
Ethanol (C2 H5 OH)
Water (H2 O)
Ethylene glycol (C2 H6 O2 )
Polyethylene glycol 400
(C2n H4n+2 On+1 , n = 8.2 to 9.1)
Liquid nitrogen (N2 )
Methanol + Sodium dithionite
(CH3 OH + N a2 S2 O4 )

Table 5.1: List of samples used to synthesize Fe nanoclusters
All the colloidal samples had the same before mentioned concentration (for S6,
the sample in addition had a concentration of 1.1 g/L concentration of sodium
dithionite) and were well mixed by a MIX ARGOlab Vortex Mixer.
Subsequently, they were irradiated by nanosecond pulsed laser radiation for a period of 30 min. The theoretical laser fluence threshold required to fully evaporate
the CI microparticles is listed in the following table 5.2.
However, as expressed in the previous chapter, in order to compare two extreme
situations, in the thesis we have irradiated the samples with two different fluence
regimes, a lower than the one required to fully evaporate the material 4.6·10−4 J/cm2
and one that exceeds it 4.3 · 104 J/cm2 . Both laser fluences were used for all the
samples due to comparison purposes.
After the irradiation, the samples were centrifuged for 15 minutes at 14500 rpm
(Centrifuge MiniSpin® plus, non-refrigerated, with Rotor F-45-12-11, 230 V/50 –
60 Hz) to separate them into a sedimented material and a transparent supernatant.
Considering the size of the nanoclusters, they tend to behave like molecules and
1
N2 was used in the sample S5 as a solvent before their irradiation, but after the irradiation,
the N2 evaporated and the sample was transferred to C2 H5 OH for its further characterization.
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Sample
S1
S2
S3
S4
S52
S6

Calculated Ψtheoretical
(J/cm2 )
23.2
23.2
23.2
23.2
23.2

Calculated Ψreal
(J/cm2 )
38.6
38.0
41.2
48.0
42.5

Table 5.2: List of fluence thresholds required to fully evaporate the CI microparticles.
Both values obtained by means of the heating-melting-evaporation model.
therefore, only the particles with bigger sizes are sedimented during the centrifuging
process. The supernatants were put in new clean vials and the sedimented materials
were re-dispersed in their corresponding pure solvents. Further, they were homogenized by ultrasonic bath by means of an ultrasonic cleaner (SONOREX DIGITEC
DT 510 H, 35 kHz, 9.7 L). Subsequently, each sample with the supernatant and the
sediment was subject to the different characterization methods.
The hydrodynamic size measurements were taken during the 48 hours after irradiation and the Zeta potential measurements one week after the irradiation. The
UV-Vis measurements were accomplished within 3 weeks. Further, the TEM and
ICP-OES analysis were performed 3-4 months after the irradiation.

5.2

UV-Vis and fluorescence

The UV-Vis spectroscopy measurements were performed in a wavelength range of
250 to 800 nm at a resolution of 1 nm. First, the pure solvent was used to determine
the null absorption level and subsequently the measured absorption of the sample
showed the own absorption value of the Fe particles.
As displayed in various Mie Calculators, [57] for Fe 2 µm particles, no any absorption peak or valley is expected, but for particles below 20 nm an increasing
absorption is expected when approaching shorter wavelengths. As displayed in the
table 5.3, the experimental data obtained for the UV-Vis spectroscopy shows the
expected results except for S4 which exhibits an unexpected valley (minimum of
absorption value) around 255 nm even for the sample without laser treatment.
The UV-Vis spectroscopy graphs belonging to the irradiated samples showed
specific curves and it is possible to observe some absorption differences in comparison
with the results for the non-irradiated samples.
In the case of S1, the spectra for the sediment of both irradiated samples (below
and beyond threshold) is similar as the one of the non-irradiated sample. However,
for the supernatant there is a decrease in the absorption intensity and for the case
of beyond threshold, an absorption peak appears in the UV region.
2

The Ψtheoretical and Ψreal values are not reported for liquid nitrogen due to the lack of information about its enthalpies and the issues related to their measurement.
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Sample

Non-irradiated
sample

Below energy
threshold

Beyond energy
threshold

S1

S2

S3

S4

S5
Table 5.3: List of UV-Vis spectra of the samples before the laser irradiation (Nonirradiated sample), after laser irradiation using a fluence value lower than the threshold value required to fully evaporate the microparticles (Below energy threshold) and
after laser irradiation using the high fluence value (Beyond energy threshold). In
addition, the graphs corresponding to the irradiated material include the spectra of
the supernatant and the sediment.
In the case of S2, the most notable difference between the non-irradiated and the
irradiated samples is a reduction in the absorbance intensity and aside of that, the
supernatant of the beyond energy threshold shows again a peak in the UV region,
to be more specific at 275 nm.
In the case of S3, the supernatant of the below energy threshold shows a peak
around 272 nm and both, the supernatant and the sediment of the beyond energy
threshold exhibit a peak at 310 nm and 300 nm, respectively.
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For S4, the sample without laser irradiation shows a valley at 255 nm. The same
valley is preserved for the irradiated samples. However, for the supernatant of both,
below and beyond energy threshold, an absorption peaks appears at 284 nm. In
addition, a further peak appears for the beyond energy threshold supernatant at
323 nm.
For S5, the below threshold supernatant exhibits a valley at 258 nm. Finally, the
UV-Vis analysis was not performed for S6 because the addition of N a2 S2 O4 makes
impossible to correctly compare the curves with any available theoretical model.
In addition, the significant valley followed by a couple of peaks found for the the
beyond energy threshold supernatant of S4 leads to the suspicion of a possible interesting optical property. For this reason, it was decided to measure the fluorescence
of the colloid by means of a Spark 10 M multimode microplate reader (TECAN),
the excitation wavelengths were selected to be in the range of 240 to 300 nm with
an excitation step size of 10 nm, the emission wavelength range was taken from 320
to 800 nm with a step size of 10 nm.
Essentially, the instrument is used to irradiate the colloidal sample with an
specific wavelength. After filtering the excitation wavelength, the potential emission
of light coming from the sample detect.
The fluorescence spectrum displayed in Fig. 5.1 shows a significant emission of
light at the wavelength of 440 nm while the colloid is excited at the wavelength of
260 nm.

Figure 5.1: Fluorescence spectra of S4.

5.3

DLS

The table 5.4 displays the hydrodynamic size distribution of the samples measured
by the DLS technique. Moreover, the table 5.5 presents the maximum value and
the width of the corresponding size distributions. From the graphs, it is possible to
observe that the hydrodynamic size of the non-irradiated samples is almost the same
for all the liquids. However, after the laser irradiation either using a fluence lower
than the energy threshold or a higher one, both the sediment and the supernatant
experience a change.
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Sample

Non-irradiated
sample

Below energy
threshold

Beyond energy
threshold

S1

S2

S3

S4

S5

S6
Table 5.4: List of DLS graphics.
For S1, only the sediment of both, the sample irradiated with a low laser fluence
and a high one, exhibits an important decrease in the hydrodynamic size. In the
case of S2, the most significant change is observed when the sample is irradiated
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with a higher laser fluence than the one required to fully evaporate the precursor
particles. In this situation, the hydrodynamic size indicates that we are already
obtaining the Fe nanoclusters.
Similar to the S2, for S3 the most important change is observed while using
the high laser fluence. Even when the hydrodynamic size do not correspond to
the range of sizes of the Fe nanoclusters, it is possible to observe a hydrodynamic
size distribution smaller than 10 nm. For S4, as in the previous 2 cases, while
irradiating the sample with the high laser fluence it is possible to get a considerable
size reduction. However, for this sample it is possible to get the size values associated
to those of Fe nanoclusters.
Analogous to S2, S3 and S4, for S5 the size distribution that corresponds to the
Fe nanoclusters is observed while using the high laser fluence. Finally, in the case
of S6, it is possible to observe the size of the Fe nanoclustres for both irradiation
regimes.
Hydrodynamic size (nm)
Non-irradiated

Below energy

sample

threshold

Sample

Bulk

Supernatant

Beyond energy
threshold

Sediment

Supernatant

Sediment

M

W

M

W

M

W

M

W

M

W

S1

1176.4

1107.1

1475.8

1369.7

216.7 and

248.4 and

1473.8

1217.3

43.7

42.0

126.4

108.6

S2

1255.2

1027.0

493.5

447.2

274.6

269.7

511.4 and

437.3 and

1.1

0.6

162.4

138.2

1328.0

1314.2

3.5

3.3

S3

1266.0

1200.1

941.7

765.6

740.2 and

607.6 and

176.2

109.8

S4

1047.7

1001.5

486.6

374.1

370.3

300.2

224.1

226.6

1.6

1.1

S5

1176.4

1107.1

1095.6

633.4

260.1 and

118.0 and

925.2

482.6

5.3 and

2.2 and

89.0

50.6

0.7

0.3

S6

1234.6

1033.2

319.3

377.0

1.1

0.7

964.0 and

840.4 and

1.2

1.0

137.5

111.6

Table 5.5: List of hydrodynamic sizes, where M means maximum value of the size
distribution and W refers to its width.

5.4

LDV

The table 5.6 shows the Zeta potential values of the samples before and after the
laser irradiation. The measurements were taken after one week of the synthesis to
ensure that the values which are related to the stability of the colloid were reliable
towards the use of the nanomaterial after a period of one week of storage.
Before the laser irradiation, the most of the samples seem to have a Zeta potential
value beyond |30mV | which indicates a long-term stability. Moreover, the sample
S6 exhibits excellent stability.
After the laser irradiation, the only samples that exhibit a Zeta potential value
beyond or close to |30mV | are S3, S4 and S6. Therefore, the rest of the samples
seem to have a poor stability through the time.
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Zeta potential (mV)
Sample

Non-irradiated

Below energy

Beyond energy

sample

threshold

threshold

Supernatant

Sediment

Supernatant

Sediment

S1

39.0

2.7

18.3

8.7

7.6

S2

34.9

0.0

11.4

0.0

6.4

S3

42.9

28.4

30.4

33.6

28.8

S4

133.0

116.0

75.5

110.0

56.1

S5

39.0

1.9

5.9

0.0

6.3

S6

15.1

17.3

38.6

14.4

42.9

Table 5.6: Zeta potential values

5.5

HR-TEM

The table 5.7 displays a list of 3 micrographs for the supernatant of each sample
irradiated with a fluence beyond threshold. One general micrograph with a scale bar
of 10 µm, one micrograph with a middle scale bar of 0.1 µm and one micrograph
at a high resolution with a scale bar of 10 nm. The micrographs were used for
the determination of the real size of the synthesized particles. In the program
ImageJ, 200 particles for each supernatant were measured and the corresponding
size histograms were created.
In general, it is possible to observe Fe nanoclusters in the majority of the samples,
except for the samples S1 and S5. In the case of S1, it is possible to observe that after
the 3-4 months, which as previously mentioned is the time in between the synthesis
of the samples and the HR-TEM measurements, the synthesized NPs could create
a layer of oxide that eventually became a dendrimer-like structure that connected
the Fe NPs. As it is appreciated in the micrograph with the scale bar of 10 nm,
apparently there are some NPs trapped in the oxide structure. In fact, the size
histogram was estimated considering only the size of those NPs.
For S5, the particles seem to form big assemblages and the histogram reflects
the size of the individual Fe NPs forming the assembles.
In addition, in the general micrograph (10 µm) of S4 it seems that there are some
concentric circles. To perform the HR-TEM measurements it is mandatory to dry
the solvent from the samples. However, in the case of S4 where the solvent is PEG
400 the sample was not completely dried up, due to the high boiling point of PEG
400 and thus, a thin film of PEG 400 still remained in the sample holder. Therefore,
when the electron beam was highly focused in the sample for long periods of time,
it burned up the PEG 400.
Finally, a HR-TEM micrograph is included (Fig. 5.2) to show the potential
crystallographic families of the synthesized particles. The micrograph shows a representative image of the supernatant of S3 after undergoing a high laser fluence
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Sample

TEM images and size histograms

S1

S2

S3

S4

S5

S6
Table 5.7: List of TEM images and size histograms of the supernatant of the corresponding samples irradiated at a high laser fluence.
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irradiation. The measured interplanar distances are 1.97 ± 0.13 Åand 3.37 ± 0.17
Å. According to the JCPDS databases, the crystallographic families could belong
to ϵ − F e2 O3 (PDF: 16-653) of a monoclinic crystal system with molecular formula
per unit cell (Z = 20) associated to the (-4 4 1) and (2 0 2) planes, respectively.
This is the only sample that exhibited consistent crystallographic families for
a large number of particles. This is the reason why it is the only sample used for
the crystallographic analysis.

Figure 5.2: HR-TEM micrograph of sample S3 where it is possible to observe its
crystalline nature.

5.6

ICP-OES

Another significant technique was ICP-OES and it was used to determine the iron
concentration in the colloids. The results are summarized in the table 5.8 and
together with the calculated median diameter of the particles obtained from the
histograms it was possible to calculate the number of particles in 1 mL of each
corresponding colloid and to calculate their effective surfaces.
In addition, it is important to mention that the sample S6 is not reported due to
its confusing values. However, future experiments are planned in order to understand
the issues related to its measurements by means of ICP-OES.
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Concentration of Fe (mg/L)
Below energy

Beyond energy

threshold

threshold

Sample

Supernatant

Sediment

Supernatant

Sediment

S1

< 0.02

46.70

6.35

71.70

S2

0.61

1.29

< 0.02

2.41

S3

0.02

35.50

2.47

212.00

S4

< 0.02

105.00

1.19

149.00

S5

< 0.02

210.00

< 0.02

213.00

S6

-

-

-

-

Table 5.8: Concentration of Fe measured by ICP-OES.
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6

Discussion

In general, the collected results provide an important insight into the optical, morphological, stability and structural properties of the synthesized nanomaterials, enabling to understand the conditions required to synthesize Fe nanoclusters.
For example, the UV-Vis spectroscopy measurements allowed to understand that
when the CI microparticles were dispersed in all the different liquid mediums, the
only remarkable behavior was that the absorption intensity gets equally incremented
for all the wavelengths in the spectrum from 250 - 800 nm, except for the case of
S4 which displayed a valley around 255 nm. When comparing with the Mie calculators, [57] the theoretical absorption spectra coincides with the results. Moreover,
in all of the cases, when the laser fluence used to irradiate the samples is way below
the fluence threshold required to fully evaporate the CI microparticles, there are
not significant changes. The sediment of such samples exhibits a similar absorption
intensity as in the case of the non-irradiated samples and the supernatant shows the
corresponding absorption intensity.
The only interesting behavior is observed for the samples S3, S4 and S5 where
a small peak seems to appear around 280 nm for S3 and S4 and a valley appears
around 250 nm for S5. When comparing with the Mie calculators, such peak only
appears when the size of the Fe NPs is lower than 20 nm while dispersed in a wide
variety of solvents. Therefore, it is possible to infer that after the centrifuge process
NPs with sizes below 20 nm could be dispersed in the supernatants of samples S3
and S4 when the sample was irradiated at a low laser fluence. In the case of S5 it was
not possible to determine any reason behind the existence of the valley, however,
after comparison with S4 it is believed that a crossed contamination could take
place. Nevertheless, after repeating several times the measurement, while cleaning
in a deep way all the experimental equipment, the behavior didn’t change, therefore,
it is considered that this anomaly require a further study which is out of the scope
of the thesis.
When the samples were subject to a high laser fluence, the sediment again did not
show any significant change in comparison with the non-irradiated samples, except
for the case of S3, which exhibited an absorption peak at around 300 nm and also
a high absorption intensity for the rest of the wavelengths. After the comparison
with the Mie calculators, this characteristic peak appears when Fe NPs with a size
of 50 nm are dispersed in a wide variety of solvents. Therefore, it is feasible that
a combination of agglomerated small particles and big particles in the sediment of
S3 resulted in the observed absorption spectrum. In the case of the supernatant, all
of the samples (except S5) showed a peak at short wavelengths which according to

48

the theory belongs to Fe NPs with sizes below 20 nm. Moreover, S3 and S4 exhibited
the peak around 310 nm which according to the theory belongs to NPs with a size
of 50 nm. Therefore, from this results is possible to say that the irradiation of the
samples with a high laser fluence led to the reduction of the CI microparticles.
In addition, a complementary fluorescence test was performed for the supernatant of the sample S4 after the high laser fluence irradiation as the sample exhibited the largest difference between its absorption valley and peak. Such difference
has been previously observed in materials that exhibit fluorescence emission when
they are in contact with PEG 400. [68] For our case, the sample exhibited a light
emission in 440 nm while using 260 nm as the wavelength or excitation. As described
in different reports, the combination of metal NPs and poly(ethylene glycol) species
with different molecular weights leads to the observation of fluorescence emission
due to such macromolecules have double-ended groups with a strong dipole momentum serving to attach to the meal NPs surface. Thus the surface of the capped NPs
may present electron-dense regions that lead to the fluorescence emission. [69]
Therefore, our observation may serve as a seminal study for the further exploration of fluorescence emission while using poly(ethylene glycol) species to stabilize
metal NPs.
Aside of the UV-Vis spectroscopy and fluorescence analyses, the DLS technique
allowed to observe that the mean hydrodynamic size values of the CI microparticles
were in all of the solvents larger than 1 µm, corresponding to the real size from the
material’s datasheet. Nevertheless, the irradiation caused its size reduction which
can be confirmed from the supernatant measurements, especially for those irradiated
with a high laser fluence. Whereas, the sediment material size was similar to the
non-irradiated material or was not significantly reduced. This result can be caused
by a lack of irradiation of all of the particles in the colloids or by the irradiation
of the particles away from the focal point of laser beam which could match the
energy threshold required for a full melting but not for a full evaporation, previously
as suggested by different research groups. [54, 70]
The irradiation with laser fluences beyond the energy threshold required to fully
evaporate CI microparticles allowed the generation of nanostructures which hydrodynamic size distributions were in the size regimen of the nanoclusters except for
the sample S1. Considering that in the current experiment it was used laser fluences
that were 3 orders of magnitude larger than the full evaporation threshold, it is believed that we should generate nanoclusters for all of the samples and therefore, the
not successful observation of such small particles can be due to insufficient sensitivity of the DLS instrument in detecting the scattered light intensity of ultra-small
nanoparticles or due to a low stability of the particles. This claim can be confirmed
by the Zeta potential measurements which were really low for S1 after the laser
irradiation. The correct interpretation of the Zeta potential values is performed
according to the table 6.1, which content can be found elsewhere. [71, 72, 73]
For S1, the Zeta potential measurements reveal that after the laser irradiation,
either at low or high laser fluences, the sample became unstable, the same happened
with S2 and S5. Notwithstanding, the Zeta potential values verify a relatively good
stability for S3 and an extraordinary stability for S4. The reason behind this can
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Zeta potential (mV)

Stability behavior of the colloid

From 0 to 5
Beyond 5 to 10

Rapid coagulation or flocculation
Not stable

Intermediate zone

Beyond 10 to 30

Incipient stability

Beyond 30 to 40

Moderate stability

Beyond 40 to 60
Beyond 60

Stable

Good stability
Excellent stability

Table 6.1: Colloidal behavior according to the Zeta potential values.
be connected with the structure and dipole moment of EG (S3) and PEG 400 (S4).
The capping effect as well as stability of the particles is proportional to the dipole
moment of the solvents, which are 1.69 D, 1.85 D, 2.75 D, 3.70 D and 1.69 D for
ethanol, water, EG, PEG 400 and methanol, respectively. [74, 75, 76, 77]
In the case of EG and PEG 400, their dipole moment is large in comparison
with the rest of the solvents and most probably this was the reason why they acted
as more efficient capping agents that enable the long-term stability of the colloids.
The capping effect consists in the attachment of macromolecules to the surface of
the NPs surface. The molecules that have a strong dipole moment are physically
adsorbed to the surface of the bare NPs and the molecules further prevent the
interaction between NPs and thus, their agglomeration. [78] Moreover, as it has been
previously suggested by different research groups, the PEG 400 can act as a network
to capture the recently created nanoclusters due to its long molecular structure. [65]
Finally, in the case of sample S6, the N a2 S2 O4 was used as stabilizing agent, however,
as exhibited in the table 5.6 the stability of the supernatant was not effective enough
to use the material in a real application.
In addition, towards complementing the size morphology analysis of the samples,
the HR-TEM micrographs were used to disclose the real size of the Fe nanoclusters.
In this context, as the supernatant of the samples irradiated at a high laser fluence
exhibited their presence, such samples were used for the analysis. The histograms
of sizes from the corresponding micrographs ratify the predominantly presence of
ultra-small nanoparticles.
Even though the histograms show the presence of Fe nanoclusters for S2 and
S6, the real interpretation is more complex. In the micrographs, it is possible to
see large amounts of mass including the ultra-small particles. This situation can
be connected to the oxidation of material in the case of the sample with water due
to autoprotolysis of water [79] and to the pyrolysis in the case of the sample with
methanol. [66] Moreover, unusual structures (“dendrimers outward”) were observed
for the samples S1 and S5. In the case of S1, it could be connected with the pyrolysis
effect or iron oxide formation. In case of S5, the specific structures indicate a different
behaviour, such as very fast cooling during the laser irradiation due to the cryogenic
temperature of the liquid nitrogen (below 77 K). For this reason, the generated
small particles cannot be released into the surrounding solvent and rather create
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aggregates of Fe nanoclusters.
To deeply understand both, the size and stability of the synthesized Fe nanoclusters, it is necessary to take a look on the physical phenomena that can take place
during the irradiation with a high laser fluence. As it was previously discussed in
the first chapter, while using a ns pulsed laser source, after the incoming radiation
is absorbed by the particles, they get evaporated and transfer sufficient energy to
their surrounding medium, promoting the creation of a cavitation bubble that surrounds them. The bubble is composed by the molecules of the medium that turned
from the liquid to the gas state. During the lifetime of the cavitation bubble, the
hot species from the bubble interact with the newly created Fe nanoclusters and it
is at this time where the first size quenching and stabilization process can take place,
as reported just few weeks ago by Letzel et. al. [43] For the case of S1, S2, S3 and
S6, it is possible to dissociate the ethanol, water, EG and methanol molecules while
irradiating at the laser fluence regime that we are doing, [80] therefore, it is probable
that OH− groups promote the size quenching and stabilization of the Fe nanoclusters. Moreover, as EG also has a strong dipole moment and can act as a capping
agent, a further stabilization step may take after the collapse of the cavitation bubble. In the case of S4, as PEG 400 is a macromolecule, the size quenching and
stabilization may rather take place after the collapse of the cavitation bubble, when
the Fe nanoclusters are released to the surrounding medium. [43]
In the case of S5, when the samples are transferred to ethanol after the complete
evaporation of the liquid nitrogen, the stability of the sample can only take place
due to the formation of an electrical double layer around the particles because no
any other external stabilization agent is added. Finally, for S6 the particles can be
stabilized through the physisorption of N a2 S2 O4 to the Fe nanoclusters.
Last but not least, the ICP-OES results reveal that there is still plenty of room
to optimize the technique towards getting better production rate of Fe nanoclusters.
However, some interesting facts can be extracted out of it.
Considering that after high laser fluence irradiation, the final size distribution of
the Fe nanoclusters was around 1.5 nm for the supernatant of the samples S3 and
S4, and in combination with the ICP-OES results, it is possible to estimate that
the number of synthesized nanoclusters is in the order of 1013 particles per mL and
with this, a total useful surface of around 10 cm2 per mL. In comparison with the
same concentration of particles but with sizes of around 20 nm (i.e. a frequent Fe
NPs size for catalysis applications [81]), the total useful surface per mL is one order
of magnitude larger.
The rest of the samples had a very low amount of Fe mass, except for ethanol.
However, it contained several times larger particles than the ultra-small particles.
To conclude, the HR-TEM micrographs show that after undergoing the high
laser fluence irradiation, the S3 sample exhibited a crystallographic structure that
match with the one of ϵ − F e2 O3 , which aside of the magnetic properties, shows
interesting photochemical properties widely used in photocatalysis among other applications. [82]
Therefore, the findings exposed in the current thesis could have interesting implications in different nanotechnology-related fields.
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7

Conclusion

In summary, the thesis deals with the production of Fe nanoclusters by means of
a laser-mediated synthesis strategy known as “laser synthesis of colloids”. This
strategy represents a set of low-waste producing synthesis alternatives with a lot of
advantages in comparison with the conventional techniques used for the fabrication
of nanoclusters, such as thermal decomposition, controlled chemical coprecipitation,
microemulsion synthesis method and chemical vapor condensation. In particular,
the methodology described in the current thesis is “laser fragmentation in liquids”
which enables the evaporation of precursor micro or submicrometric particles to
turn them into nanoparticles with ultra-small sizes. The production of such materials is important because they exhibit outstanding properties resulting from, among
other characteristics, an extremely high SA:V ratio. In the view of getting the smallest possible particle size, the thesis contains well described theoretical formulas that
are based on the heating-melting-evaporation model, needed to estimate the laser
energy required to fully evaporate the precursor micro or submicrometric particles.
The experimental part includes the measured characteristics of Fe particles, synthesized by means of the laser irradiation of Fe-based colloids in six different solvents
(ethanol, water, EG, PEG 400, liquid nitrogen and methanol). The used laser source
is a nanosecond pulsed laser and the laser irradiation encompasses two different energetic levels, one below the threshold required to fully evaporate the precursor (CI
particles with a size of 2 µm) and one below the threshold. In the thesis, it is possible to compare different physico-chemical characteristics of the colloidal samples
before and after the laser irradiation (below and beyond energy threshold).
The techniques used to analyse the samples are the following: UV-Vis spectroscopy, DLS, LDV, HR-TEM and ICP-OES. These techniques enable to determine
the absorption in UV-Vis spectra, hydrodynamic size distribution, Zeta potential,
size, morphology, crystallographic structure and mass. Moreover, the fluorescence
spectroscopy technique is used to assess the fluorescence emission of a selected sample. The different analyses demonstrate that it is possible to successfully synthesize
Fe nanoclusters while irradiating with a beyond threshold laser fluence, colloids
composed by CI particles and water, EG, PEG 400 and methanol.
In contrast, the samples using ethanol and liquid nitrogen, lead to the synthesis of bigger unwanted nanostructures, like iron oxide, carbon-shell structures and
aggregates of nanoclusters.
The Fe nanoclusters exhibit a strong stability when using the solvents EG and
PEG 400. According to the latest literature, this is because both solvents act as size
quenching and capping agents. Moreover, the use of such solvents enables to get the
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largest production rate in comparison with the rest of the solvents; ∼ 1013 particles
per mL and thus, a useful surface of ∼ 10cm2 per mL. In addition, the use of
EG leads to the synthesis of Fe nanoclusters with a crystallographic structure that
matches the one of ϵ − F e2 O3 , a material extensively exploited in a wide variety of
application, and the use of PEG 400 leads to the synthesis of Fe nanoclusters that
exhibit fluorescence emission.
For this reason, the future prospect of the research work will be focused on the
optimalization of the synthesis process and the implementation of the product in
real applications such as improvement of smart fluids (magnetorheological fluids
and ferrofluids) for medical (e.g. MRI), technological (e.g. damping and sealing
systems) and material science utilization, in the field of fluorescent biomarkers and
in the field of catalysis.
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