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Chapter 1

Introduction

Trough the human history there have been several advantages in science and tech-
nology that have changed the way in that human beings understand the reality, but
maybe one of the most important is the manipulation and understanding of light.
For centuries, our society has been just an spectator of its effects, mainly making the
nature visible and giving us in this way the opportunity to interact with it. But it was
not until 1015 A.C. when Ibn Al Haytham wrote the first rigorous book recorded [3],
where the phenomenon that happens between light and matter is approached through
a language that the whole world could understand, the mathematics, several times
named as the language of the nature [4-6]. Since then, there have been several persons
that have tried to build a little bit more the theory that is devoted to understand the
nature of light and to lead us one step forward to create a better future with its help.
Among the most important discoveries that take us to this thesis work, we should
mention the wave nature of light proposed in 1818 by Fresnel [7], which has its basis
on Thomas Young’s wave theory of light, lately in 1865 James Clerk Maxwell unified
the observations made by Carl Friedrich Gauss, Michael Faraday, Heinrich Lenz and
André-Marie Ampere in a single theory recognized by the electromagnetic behavior
of light [8]. In 1905 Albert Einstein established the fundamentals of the duality wave-
particle, a new way to understand the propagation of light which is based on the
idea of a discrete nature of energy proposed by Max Plank in his radiation theory [9].
From then, the theory of light has had a rapid growth giving birth to a concept which
have been accepted as the definitive propagation of light, the photon and its wave-
particle nature [10]. The photon is recognized as a quasi-particle or a particle that
carries all of the electromagnetic radiation forms, it’s mass is zero and travels trough
the vacuum at a constant velocity ¢ (299792458m/s) and presents particle and wave

properties, the energy associated to the photon is given by the Equation 1.1, where



h represents Planck’s constant, ¢ represents the light’s velocity, A wavelength and v
wave frequency.
E = hTC = hv (1.1)
With the definitive understanding of the light propagation nature, the techno-
logical advantages started to appear until finally in 1960 Theodor Maiman built the
instrument which provided to the society the highest control over the light [11], the
LASER (the acronym comes from Light Amplification by Stimulated Emission of Ra-
diation). The laser has meant a real revolution in the understanding of interaction
between light and matter, but not just in the sense that using the laser we can trans-
mit energy to the objects or produce different kind of responses from the matter.
Considering that a conventional laser produces spatial and temporal coherent light,
it has been possible to proof in many ways that the interaction between light and
matter occurs due to an change of energy, mainly absorption or reflection of photons
with a specific amount of energy by electrons orbiting in a specific energy level be-
longing to atoms that form the matter. In this context, the specific energy levels in
the atoms are not just determined by the number of electrons and its interaction with
the atom’s nucleus, it is also determined by the interaction with other atoms in its
proximity and their spatial position with respect to the system that are part of. The
basis on this description lies on the Bohr’s atomic model and its postulates [12]. This
theory wasn’t built by the use of the laser, but the simplicity of the postulates that
enunciate the existence of allowed and forbidden energetic levels and the possibility
for absorb and emit energy between allowed levels, in combination with the use of
lasers have had tremendous implications. From the discovery of nonlinear optical
effects in materials with a special atomic order [13] to the imaging of carcinogenic
cells in the human body through the exploitation of quantum effects produced in
nanoscopic materials by its interaction with light [14-16]. Moreover, the interaction
between sources of light like lasers and matter is not limited to the observation of
optical phenomena, the change of energy can also promote the manipulation and al-
terations in the matter [17-19]. Nevertheless, not any kind of laser source produces
the same kind of alterations and level of manipulation. Among the laser sources, we
can divide them in two big groups, the continuum wave laser sources and pulsed laser

sources.



1.1 Laser

A traditional laser source is composed by an active/gain medium with multilevel
system for reaching the condition of population inversion, which is located as it is
depicted in Figure 1.1, between a pair of parallel and highly reflecting mirrors with
one of them presenting a partial transmission used to make light oscillate between
them and amplify in this way the radiation coming from the gain medium, and a

pumping mechanism used to powering the active medium.

) Partially reflective
Mirror mirror

Pumping system

lm »
f

Active/gain medium

i

Resonance cavity

Figure 1.1: Typical laser elements: active/gain medium, pumping system and reso-
nance cavity.

The principal difference of continuum wave laser and pulsed lasers is that this kind
of laser sources emit radiation in a continuum way at a constant power. For doing
it, it’s not necessary further manipulation of the radiation. In this way, only photons
coming from stimulated emission generated in the resonance cavity will emerge from
the laser source in a temporally and spatially coherent way.

In the case of pulsed laser sources, there is an extra characteristic that differentiate
them from continuum wave lasers, the production of the pulses. There are several
ways to produce pulses, the easiest way is to control the pumping system, there are
some lasers that when they are pumped in a non-continuum way emit train pulses
with a typical temporal length of milliseconds or microseconds [20-22]. This emission
way is a direct consequence of the interaction between the active medium and the
pumping system, nevertheless, the pumping system limits the temporal length of the
pulses. To reach shorter temporal lengths, two main techniques are commonly used,

Q-switching and mode-locking. Essentially Q-switching is based on the accumulation



of energy that comes from the pumping and its further liberation in a single shot.
The idea is to amplify the spontaneous initial radiation by increasing the photons in
the resonance cavity promoting the emission of accumulated energy in a form of an
intense and short pulse. This is achieved by preventing the escape of radiation from
the resonance cavity and preventing the input of pumping to promote the population
inversion with the initial radiation until the system reaches the ideal conditions to
produce laser radiation. The typical temporal range of these pulses is located in the
region of nanoseconds (107s) [23,24]. Mode-locking on the other hand, can reach
the range of femtoseconds (107'%s). The idea behind this technique is based on the
matching of wave modes inside the resonance cavity. This is achieved by introducing a
perturbation on the longitudinal mode’s phase to promote the temporal superposition
of wave longitudinal modes inside the resonance cavity, constructive superposition

results in very narrow light pulses with a high concentration of photons.

1.2 Interaction between laser radiation and matter

Traditionally, from a macroscopic point of view the matter undergoes different pro-
cesses when is exposed to a light source. In Figure 1.2, the principal processes are

depicted: reflection and refraction, absorption and scattering.

Scattering
Incident ligm \Lv
—_—
. / Transmitted light
Reflection
Absorption

Figure 1.2: Macroscopic schema of the principal processes happening when light
interacts with matter.

All of these processes result from the interaction between an oscillating electro-
magnetic field with charged particles that form a system. The response of the charged
particles depends on the nature of the system of which they are part, and a collective
response is expressed as the above mentioned processes.

Scattering for example, is the result of the deviation of the straight path of elec-
tromagnetic waves due to its collision with the charged particles forming a system.
Reflection is the result of electromagnetic radiation that is either absorbed and subse-
quently emitted backwards or scattered in the same direction. Reflection is the result

of a phase velocity change in an electromagnetic wave but conserving the frequency,



resulting from the promotion of a temporary delay due to absorption or collisions. Ab-
sorption, as it was described above is the way in which matter takes the energy from
an incoming energetic source and transforms it into internal energy that eventually
can be used for further purposes.

However, even when all of the as-mentioned processes seems to be different, from
an atomic point of view can be reduced to exchanges of energy between atoms forming
a system and an incoming energetic source. From all of these processes, when a laser
source is used to irradiate matter, the main process that leads to a chain of events
that may modify the matter is the absorption. Depending on the intensity of the
laser, this process will lead to different further interaction phenomenons like photo-
chemical effects, thermal effects, photo-ablation, ablation induced by plasma and
photo-disruption.

Photo-chemical effects, as it is depicted in Figure 1.3 can be promoted by every
kind of laser source, these effects occur when a material is exposed to low intensity
laser radiation (1W/cm?) for long periods of time. During the interaction time, the
material’s system can acquire enough energy to reach ideal conditions to promote
chemical reactions in it. Probably the most illustrative example of the exploitation
of this phenomenon is photo-dynamic therapy commonly applied in the fight against
cancer. For this application, functionalized chromophores are injected into the body
through the bloodstream, and after some time the most of the chromophores are
eliminated from the human body, just few of them remain in the vicinity of carcino-
genic cells due to the functionalization. Once the population of chromophores is just
concentrated around the targets, the tissue is irradiated with a laser source and the
chromophore triggers a series of chemical reactions that help to kill the carcinogenic
cell [25].

Thermal effects are associated to an increase in the material’s temperature due
to the absorption of radiation. Therefore, long periods of exposure time are also
required, nevertheless in this case, the use of continuum wave lasers or pulsed lasers
cause different effects. The thermal effects happens because the laser irradiation of
any kind of atom can produce the absorption of its photons, when this happens, the
electrons jump to a higher energetic level producing in this way an excited state of
the atom, this kind of state is not completely stable in the nature for very prolonged
periods of time, then the natural tendency of the systems is go down to their basal
state. To do this, there are many ways that occur at short periods of time beginning
from the most easy one, emitting the excess of energy as a photon, as a vibrational

move, as a rotational move, as a translational move, as a radioactive decay, etc [26].



Tplasma

A Photodisruption
107 Ablatif)"
Tinduce
by
y e,

10° Photoablation

Intensity (W/cm?)

Thermal

effects -
Photochemical

107 | effects

T T T T T T
1fs 1ps 1ns 1pus 1ms 1s 10%
Exposure time (s)

Figure 1.3: Summarized interaction laser radiation matter as a function of exposure
time and intensity of the source.

At this point it’s clear to notice that if the material is exposed for a prolonged period
of time to the absorption process, not all of the electrons exposed to the radiation
are going to be able to reach an stable energy level and consequently are not going
to be able to rid of energy excess by emitting a photon and instead of that the
most probable way is the vibration. If this happens in an atomic system, when the
electrons vibrate, they transfer that energy to neighbor electrons producing in this
way the spread of the energy, but also structural rearrangements can be promoted
in the system leading to phenomenons that can be exploited for applications, such
as metal melting [27], vaporization of materials [28], plasma generation [29], thermal
treatment to materials [30], among others.

Photo-ablation is a process in which material is detached from a macroscopic solid.
The fundamental characteristic of this effect lies on the energy per photon used, in
particular the name “photo-ablation” is traditionally used just for the process in
which ablation is promoted by Ultra Violet (UV) laser sources, i. e. laser sources
with a wavelength centered in the spectral region from 150 to 400nm. Photons in
this spectral region have enough energy to excite molecules in solid systems until
reach their dissociation threshold. To be more precise, UV photons have the required
energy to be absorbed by electrons in molecular bonds, when the electrons absorb
the amount of UV photon’s energy, they tend to get excitation levels that exceed
the energy of the most of molecular bonds. The excess of energy tends to dissipate
through thermal effects. The typical range of intensities at which this effect happens
is 107 — 10'9W/em?. The most common application for this process is refractive

eye surgery, where the wavelength ranges used don’t generates heat in the treated



tissues, although their power is such that ablates the top layer of tissue in which it is
applied [31].

At this point is important to notice that, the energy per area (fluence) achieved by
the laser sources strongly depends on the pulse duration and the central wavelength
of the source. In this context, the fluence can reach high values in short periods
of time (the pulse duration time length). When a high concentration of photons is
interacting with matter in a reduced time and space the response of matter includes
but is not limited to thermal effects. When the intensity starts to exceed the threshold
of thermal effects which is 10°T¥/em? for the normally used materials, processes like
ablation (photo-ablation, ablation induced by plasma) or photo-disruption start to
be present.

Ablation induced by plasma for instance, is a process that achieve its biggest effi-
ciency when pulsed laser sources are used, due to these sources reach an energy range
of 10" — 10"¥W/em? in which photo-ionization occur at a high rate. In this effect,
incoming photons are absorbed by electrons that are part of the irradiated system,
they are pulled out of the system by the influence of the incoming electromagnetic
field associated to laser radiation, the electrons form a cloud above the irradiated ma-
terial and continue absorbing energy from the incoming photons and acquire kinetic
energy, eventually they transfer their energy to the recently created ions and another
energetic species, and the phenomenon leads to the generation of a plasma. When
the energy is not so high, electromagnetic interaction are induced by the plasma,
promoting the detachment of material by breaking molecular and ionic bonds. This
process is known as Coulombian explosion. When the energy is so high, the excess of
energy is transferred to the solid material through thermal effects at a high velocity
leading to extremely elevated pressure conditions in the irradiated area allowing the
detachment of more material in an explosive way. This process is commonly known as
phase explosion. The exploitation of this phenomena have carried great applications
widely used in the industry and science research, such as, cutting [32], drilling [33],
welding [34], annealing [35], and the most important for the present research work, the
selective fabrication of nanostructures [36]. In this context, the use of laser sources to
induce nanostructures have rapidly grown in the recent years, envisaging its strongest
application in the fabrication of nanoparticles (NPs).

Photo-disruption in the other hand, is a process which follows ablation induced by
plasma when the intensities used are above 1017/ /cm?. In this process, besides the
aforementioned phenomena occurring during ablation, a mechanical secondary effect

is promoted. The release of energy after the detachment of material induce shock



waves leading to fissuration, cavitation, formation of defects, etc. The process allows
the detachment of more material during ablation or it could also be used to induce
defects in the materials. The most common application for this effect is intra-ocular

surgery, it is normally used to asses a high precision in tissue cutting [37].

1.3 Nanostructures growth

Nanostructure growth have gained a lot of attention since the idea of its exploitation
was conceived in 1959 by Richard Philip Feynman, promising the next biggest tech-
nological revolution. During the 50’s decade the idea of directly manipulating the
atoms in the field of chemical synthesis was not completely accepted, despite that as
early as in 1857 Michael Faraday has already created colloidal gold suspensions that
are still stable until our time. Nevertheless, the most daring ideas always find their
niche. In 1951, John Turkevich have reported the first standard method to prepare
metal colloids (Gold particles with an average size of 20nm prepared by the reduction
of AuCl; with sodium citrate), but it was not until 1970 when supported by G. Kim
proposed a possible explanation of nanoparticle formation based on nucleation and
growth [38]. The development of a reproducible technique to grow nanostructures
facilitated that laboratories worldwide started to study its special characteristics to
further take advantage of them. Nowadays, the global industry demands the fabri-
cation and use of every day, more and better nanostructures to enhance macroscopic
system’s properties. To face this reality, several groups have developed a lot of nanos-
tructure fabrication techniques that can be summarized in two big groups, Bottom-up

and top-down techniques.

1.3.1 Bottom-up techniques to growth nanostructures

Historically, the most popular methods to produce nanostructures have been strate-
gies based on the arrangement and assembly of atoms and molecules to build struc-
tures. The idea is to have a control over short-range attraction forces such as Van
der Waals, electrostatic, and a variety of inter-atomic or intermolecular forces, by
means of two simple stages, promotion of chemical reactions and limitation of them.
The simplest example to have a picture on mind is the following: As it is depicted in
Figure 1.4, a compound which contains ions of a nanoparticle desired material nor-
mally known as precursor agent is mixed with a compound commonly called reductor
that reacts with the precursor, the mixture starts to react under special conditions.

During the reaction the ions of the NPs desired material are going to be liberated and



reduced to a ground state, the reduced ions are going to start to stick to each other
in a process known as nucleation. This process can continue for a prolonged period
of time forming bigger and bigger clusters until the reaction gets stopped abruptly
by changing the reaction conditions or by the introduction of another element that
would block the reaction. Nevertheless, is important to notice that this kind of pro-
tocol is not usually as ideal as it was described in the example. In the reality, not
all of the ions are equally reduced at the same period of time. When the reaction
process is stopped, the chemical processes do not stop in an homogeneous way in
all of the mixture, which leads to the fabrication of materials that present chemical
cross effects. It is not easy to find the special conditions to produce reduction of any
kind of material, and finally, the chemical waste produced during this protocol is not

always low [39,40].
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Figure 1.4: Typical bottom-up synthesis route.

However, there are several synthesis routes that follow this principles, mainly be-
cause they facilitate the production of large quantities of material without requiring
so expensive material and promise a high control over nanostructure growth. Among
the most important we can mention sol-gel processing, laser pyrolysis, chemical vapor
deposition (CVD), plasma or flame spraying synthesis, atomic or molecular conden-
sation, etc.

The ability to build things from the bottom to up promise its future incorporation
to the industry, but nowadays is still limited by the present technology resulting

in the impossibility to produce complex structures. Just until we have completely



improved the bottom-up synthesis approach, we are not going to be able to fully
achieve materials that can be the base bricks for building the new technology that
Richard Feynman talked about.

1.3.2 Top-down techniques to growth nanostructures

In the other hand, the story of the top-down approach goes along with the industry
development, the first useful synthesis was crated to solve micro-machining problems,
such as the manufacturing of micro-electromechanical systems (MEMS) [41]. Never-
theless, its implementation in the industry showed its biggest weakness, this kind of
approach is not suitable for its implementation in a very large scale, mainly because
technological and economical limitations. But over the time, the discovery and under-
stand of this weak point brought also its implementation in different fields where the
manufacture of complicated nanometric structures was required in not large scales.
Compared with bottom-up fabrication routes, top-down techniques present an advan-
tage that is catching the attention of more and more research groups, the possibility
to manipulate matter in a friendly environmental way. In top-down approach, all be-
gins from a macroscopic piece of material. The central idea is to, step by step remove
nanometer size pieces from it by breaking bonds between molecules when a source
of energy is applied, in order to build a complex new nanometer structured system
producing low pollution. Some of the most well-known techniques that follow this
principle are photo-lithography [42], electron beam lithography [43], anodization [44],
ion- and plasma etching (PE) [45], sputtering [46], laser ablation [47], among others.
The most of these ways of nanometrial production are suitable for produce complex
structures of almost any kind of material. But from now on, we are going to fo-
cus our attention in an emerging technique that promises to change the way in that
NPs are built, Pulsed Laser Ablation in Liquids (PLAL) a technique that combines

a top-down and bottom-up mechanisms.

1.4 Pulsed Laser Ablation in Liquids as a nanoma-
terial synthesis approach.

Arising from its inherent interdisciplinary, nanotechnology is being recognized as a
technological revolution that will affect many of the aspects of human society, pre-
senting answers to solve some of the grand challenges that face our society as energy

production, climate change and health [48-50]. But to build an environmentally
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sustainable world, a “green” method to produce NPs and reduce the waste is a neces-
sity. For applications where a low or moderate production rate is required, PLAL has
released as a promising alternative to chemistry methods, thanks to the nearly unlim-
ited nanomaterial products that can be synthesized, the simplicity of the procedure
and the absence of unnecessary adducts and byproducts [51]. PLAL is based on the
detachment of material located at the surface of a solid target, which is immersed in a
liquid environment by means of its interaction with ultra-intense laser radiation. The
detached material is commonly extracted in the form of an ablation plume, which
contains atoms, ions and clusters. NPs are formed from the ejected material and
they are collected in the liquid forming stable colloids. The nature of the synthesis
route allows the design of complex nanoscopic structures, since the concept of a liquid
environment is as general as an incompressible environment filled with tiny vibrating
particles of matter, linked by intermolecular bonds, and at the same time, a solid
target could be any kind of solid material, PLAL permit an unimaginable number of
possibilities.

The main pros of using PLAL are the following:

e Makes possible to create novel materials that don’t exist in Nature.

e Offers the possibility to create nanomaterials in liquid environments where its

production by conventional approaches results almost impossible.
e Absence of chemical by-products or chemical waste.

e Is a relatively low-cost synthesis route, since experimental setup and manual

operation are minimal.

e Is one of the fastest, cleanest and cheapest synthesis route to produce nano-
materials dispersed in liquids with size distributions lower than 100nm in gram

scale.

e Finally, permits a high degree of reproducibility.
And the main contras of using PLAL are the following:

e There is a significant knowledge deficit on the basic processes happening in the

formation and growth of nanostructures.

e The production rate has limitations.
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e All liquid-nanoparticle material possible combination, requires its own optimal

process conditions.

e And finally, the control over the morphology is still impossible, except for few

cases.

Beyond that further research is needed to understand the technique in its entirely.
From a practical point of view, if you get to control very well the interactions be-
tween the liquid environment and the solid target, is feasible producing high quality
nanomaterials in few minutes by the use of simple experimental setups, the adoption
of this technique as starting point for the design of nanoscopic systems is increasing.
The spread of this technique is not limited to its implementation on nanomedicine,
sensing electronics, optics or bio-photonics, recently it has been also extended to
fields like nanomaterial’s conjugation [52], design of hybrid structures [53], or ad-
vanced functional material’s design [54]. This has lead to an exponential increase in
the publication rate of scientific and technological articles where PLAL is used at

some point of the research work.

1.4.1 The impact of PLAL in the scientific society.

The analysis of the impact of PLAL as an efficient synthesis approach can be enlight-
ened through a formal bibliometric review of the works published around it. For this,
Science Citation Index (1990-2016) search algorithm from Web of Science is used.
From it’s formal establishment in 1993 until know, the databases of literature
related to NPs created by laser ablation in liquids reaches 28994 results if we con-
sider the keywords “laser nanoparticles”. Nevertheless, as it was mentioned above,
PLAL is becoming an initial point or form part of the design of complex nanometric
systems. Therefore, the right keywords should emerge from an optimized analysis of
the abstracts of the top ten most relevant articles in the field [55-64]. Normally, in
the most of the abstracts, the words used to describe nano-systems are: nanoparticle,
nanocrystal, nanowire, nanotub, nanofibre, nanoshpere, nanorod, nanodot, quantum
dot or quantum wire. The words used to describe laser processing are: laser ab-
lation, laser cutting, laser welding, laser cladding, laser sintering, laser structuring,
laser marking and laser soldering. Finally, the normal words used to refer to a lig-
uid medium are: liquid, water, solvent, colloid, hydrosol, hydro-sol, alkan, solution,
propanol, dispers, suspens, aqueous. To narrow the search criterion, ensuring the use
of PLAL in the papers found, is mandatory to restrict the keywords due to the bast

and active research work on nanoscience and its relationship with laser sources. The
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criterion then, should include the possible combination of words related to nanoma-
terial, laser processing, liquid environment, but exclude the words related to another
popular routes to synthesis nanomaterials like gas phase, vapour deposition, vacuum,
pld, surface and also exclude popular uses of laser to study nanomaterials like laser
spectroscopy. After the search refinement, the number of research published works in

which fabrication of nanomaterials is performed by PLAL is: 1319.
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Figure 1.5: Number of research publications and citations per year for scientific work
where PLAL was used.

Due to the versatility and reliability of the technique, several groups worldwide are
increasing the number of high impact publications on this topic, reaching an average
citation number of 100 per year, being (S. Link and M.A. El-Sayed, J. Phys. Chem,
103 8410, (1999)) the most cited article with an average citation of 126.89 per year
and a total citation number of 2284. As it can be inferred from graphics depicted
in Figure 1.5 that show an exponential citation and publish growth, the scientific
interest on this technique is rapidly increasing.

The most proactive research groups belong to leading countries in the develop-
ment of new technologies, occupying the top positions USA, Japan, People’s Republic
of China and Germany, with a maximum publication record of 278 and a minimum of
127. The subject areas with the highest number of contributions are physical chem-
istry, chemistry and materials science. In particular, materials science and chemistry
are subjects with high economical incomes due to its commercial potential, and the
adoption of this technique may involve its further implementation in other fields where
high quality nanomaterials are required such as bio-medicine. Nonetheless, PLAL is
still a young technique that requires further research effort to become popular in
fields that potentially can change the way in which human beings interact with the

environment. However, the intense increment in scientific activity around a young
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Figure 1.6: world map pointing out the most proactive scientific groups working with
PLAL and its respective publication record.

nanostructure fabrication technique is an evidence of its positive impact on the cur-
rent technological development and a strong reason to keep trying to discover each

physical and chemical phenomenon associated with their use.

1.5 Motivation for the present work

Intelligent routes to synthesize highly pure, physically and chemically active NPs that
can serve as building blocks to create complex systems demands not just the control
over particle shape, size and size distribution, also requires the control over their sur-
face and internal properties. It should also present a general applicability over a wide
range of materials and a high reproducibility to be used in large scale nanomaterial’s
production. Technologically advanced applications also require the use of new nano-
materials with outstanding properties, and at the same time seeks to achieve the best
results promoting a minimal negative environmental impact, during the manufacture
or useful lifetime of the applications. Considering the above mentioned goals, the syn-
thesis of nanomaterials by means of PLAL has a high potential to become a standard
NPs fabrication route that can promise reliability, reproducibility and versatility.
The use of laser radiation to acquire nanostructures from a solid macroscopic ma-
terial immersed in a liquid environment, provides to PLAL the unique potential to
generate clean nanostructures in liquid mediums where conventional synthesis routes

could hardly or not achieve. Either the physical and chemical characteristics of the
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obtained nanostructures are based on laser, solid target, and liquid environment prop-
erties. The correct combination of those properties could even lead to the creation
of new materials that doesn’t exist in the nature, giving the opportunity to obtain
complex nanoscopic systems that may present outstanding properties.

Since PLAL is still a young synthesis approach and further research is required to
understand all the mechanisms involved in the nanostructures creation, and generalize
the implementation of the technique to synthesize nanomaterials from a wide range of
materials in a wide range of liquid environments. The scientific activity conducted in
this thesis work follows a clear objective, shed light on the understanding of the pro-
cesses involved in the synthesis of materials structured at the level of the nanoscale
when PLAL is used. The above is approached from an experimental perspective.
Since pulsed laser radiation with pulse widths in the range of nanoseconds and pi-
coseconds has been widely studied, it is necessary to investigate the use of pulsed
laser sources with shorter pulse widths, therefore we explore the use of femtosecond
pulsed laser sources in PLAL.

Moreover, considering that the range of liquid environments explored shouldn’t
be limited to solvents with no remarkable characteristics, we have explored the im-
plementation of PLAL in creating nanostructures in non-conventional liquids with
outstanding properties, to give rise to nanofluids and colloidal nanostructured hy-
brids. In this context, since the fabrication of metal nanostructures in low concentra-
tions in heat transfer fluids has demonstrated to improve their thermal and optical
properties, resulting in efficient heat transfer fluids, or volumetric sunlight absorbers,
that promise to transform the solar radiation into consumable electricity having an
impact on the harvesting of solar light field. We have explored the use of PLAL to
solve the current issues of producing such kind of material by traditional synthesis
routes, that are mostly related to particle purity problems and poor stability. In the
other hand, is well known that hybrid materials composed by nanometric structures
are being increasingly used in many fields, but up to now the traditional routes to
produce such kind of hybrids, are based on non-environmental friendly techniques
that are limited to a narrow range of materials. Since one of the greatest advantages
of PLAL is the possibility to create nanostructures from an unlimited combination of
solid targets and liquid mediums in a ”green” way, we have explored the use of PLAL
to be used as a basic technique on the production of nanometric assembles composed
by graphene and metals with interesting physical and chemical features.

Aside of the main objective, the challenge of this thesis work does not lies just on

the synthesis of nanomaterials, but rather on the integration of the produced nanos-
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tructures into existing materials, averting the deactivation of their unique properties
due to agglomeration phenomenon or chemical contamination and offering new com-
pounds through the methodically exploration of further modifications of PLAL. In
this context, an extensive research work was performed to implement PLAL together
with the use of a post fragmentation process and stabilizer agents, to obtain highly
stable nanofluids and highly pure nano-hybrids composed of graphene sheets and
ligand-free metal NPs.

The biggest value of this research work lies: on exploring the use of femtosecond
pulsed laser sources to implement PLAL, on the production of novel high stable nano-
materials that present remarkable optical, thermal and mechanical characteristics, on
expanding the databases of useful fluids or colloids, solid materials and their mixture,
and finally on implement a full working PLAL synthesis station in the Universitat
Jaume [ for the first time.

The information in this thesis will be presented in 8 chapters. The brief highlight
of these chapters is as follow:

Chapter 1 Presents an introductory text about the reason why the use of light
matter interaction can lead to a high quality synthesis of complex nanostructures.
The reason why lasers are suitable light sources for this, which kind of interaction
between those light sources and matter are necessary to manufacture nanostructures,
the creation of nanostructures by other routes are addressed, and finally a brief in-
troduction to PLAL, the central NPs synthesis approach based on ultra short laser
radiation used in this thesis work.

Chapter 2 This chapter presents the most representative details of PLAL. Adition-
ally, a detailed description of a further processing stage to develop a greater control
over the final characteristics of nanomaterials developed by PLAL is presented.

Chapter 3 An extensive review of the nanomaterial characterization techniques
used is presented.

Chapter 4 Describes each single part of the experimental details used for the
experiments that resulted in this thesis work.

Chapter 5 This chapter, discusses in the detail the necessary elements that can
lead to obtaining highly stable nanofluids obtained by PLAL based on gold NPs that
can work as both heat transfer fluids and volumetric absorbers.

Chapter 6 This chapter, discusses in detail the synthesis of gold NPs by PLAL
in an euthectic mixture of diphenil oxide and diphenil (a fluid normally used in the

harvesting of solar light industry), in order to improve the fluid’s thermal conductivity.
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Chapter 7 This chapter presents a discussion of the use of PLAL in the creation
and subsequent anchor of metal particles on carbon-based matrices, which promises
great results that can be used in applications from optoelectronics to biomedicine.

Chapter 8 Finally, this chapter present a brief summary of the research work done,
the future scope of the investigation efforts, and the new direction that the work is

taking.
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Chapter 2

Theoretical Background

Pulsed Laser Ablation is a method that has been widely studied under vacuum and
controlled atmosphere since its development in 1960’s after the invention of ruby
laser. The first effect observed when a laser source was focused on a solid was the
removal of some material from the surface where the laser radiation was interacting
with the solid. Due to this, the phenomenon was called ablation that comes from
the Latin word ablatio that means removal [65]. From that moment, the machin-
ing of almost any kind of solid material started to be exploited observing also the
manufacturing of micro and nanostructures. But it was not until the nineties, when
the laser ablation of samples submerged in liquid media was used for colloidal sus-
pension preparation [66]. The main motivation for producing ablation of solids in
dense mediums like liquids was the seek of an easy way to produce nanostructures
that present special characteristics like oxidation. Indeed, the first work published in
this direction by Patil et al. [67], was a study to synthesize a metastable form of iron
oxide. The idea behind the use of ablation in a liquid environment was to promote
the oxidation of iron due to the interaction between the interface liquid-solid and the
laser radiation. The method became popular when Neddersen et al. [68], reported the
fabrication of colloidal suspensions by laser ablation in water and organic solvents,
pointing out that the method produces colloids without residual species. The possi-
bility to produce pure NPs of almost any kind of material suspended in liquids gained
the attention of several fields like chemical catalysis [69], harvesting of energy [2],
bio-medicine [70], among others, due to the envisage that pure NPs would be more
efficient since no byproducts are present and the particle surface is clean. With the
time, it was discovered that several parameters promote processes that provide the
ability to control the final quality of the manufactured structures, giving the chance
to develop a high control over the particle size [71], morphology [72], functionaliza-

tion [73], etc. In general, all of the processes directly involved in the manipulation of
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material changes can be summarized in interactions between the constituents in the

process and the produced material, as it is depicted in Figure 2.1.
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Figure 2.1: Schematic draw of the interactions happening in PLAL, (I) laser-
liquid interactions, (II) laser-target interactions, (III) target-liquid interactions, (IV)
products-target interaction, (V) laser-products interaction, (VI) liquid-products in-
teraction.

These interactions can be described in turn, in physical and chemical processes,
the physical ones are governed by the radiation parameters and its way to interact
with the solid material, the chemical processes mainly by the influence of the the solid
material and liquid environment in particle creation process and its interaction with
the recently created structures.

The objective of this chapter is to highlight the most important parameters that
provide to this technique the opportunity to manipulate matter producing nanoma-

terials.

2.1 Pulsed Laser Ablation in Liquids

The primitive schematic draw of the experimental setup used for producing nanos-
tructures by laser ablation in a liquid environments is depicted in Figure 2.2. Laser
radiation is focused on the surface of a solid macroscopic material immersed in a liquid
or colloidal ambiance. The interaction between the atoms at the material’s surface,
the atoms of the liquid or colloidal medium located at the liquid-solid interface and
the electromagnetic field of the laser source, promotes an energy exchange in which

charged particles from both solid target and liquid ambiance are affected.
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Figure 2.2: PLAL experimental setup.

To have a better understanding of the phenomenon in its entirety, is mandatory
to analyse the temporal evolution of the energy exchange during the process.

t < 0 wnteraction liquid-laser radiation. The first important interaction
occurs between the laser radiation and the liquid environment which surrounds the
solid target. Ideally, to have the best performance rate, the laser energy should be
delivered just to the solid target and not to the liquid medium. Normally, the laser
sources used to produce nanostructures are pulsed laser sources which carry a high
density of photons in short temporal lengths, when this kind of radiation is focused
the photon density increases in a very small space promoting in this way non-linear
optical effects when interacting with the liquid medium such as liquid breakdown, self-
focusing, among others [74,75]. The way to avoid this phenomena is through defocus
conditions and don’t reach a fluence range where non-linear effects are commonly
present.

t = 0 absorption of the laser radiation. Once we can ensure the best energy
delivery into the solid target, considering non relevant the linear absorption of the
liquid, the second important process is the absorption of energy by the solid target.
Using the threshold fluence required for PLAL, electron-lattice thermalization and

instantaneous multi-photon absorption occurs, being the last one the most probable
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one when pulse duration of the laser radiation is below 10785 [76]. However, both pro-
cesses can occur simultaneously producing thermionic emission, vaporization, boiling
and melting or direct photo-ionization, respectively [77,78].

107125 < t < 1071% detachment of material from the solid target. Con-
sidering that instantaneous multi-photon absorption is the most probable way of
light-matter interaction. The electrons in the target’s surface that absorb the pho-
tons gain enough energy to leave their respective orbits leading to a mutual repulsion
between atoms positively charged. The repulsion leads to an explosion into energetic
electrons and ions, creating in this way a cloud of electrons with an excess of energy
and atoms with a lack of electrons close to the area where the laser radiation is inter-
acting with the solid target, as it is depicted by the Figure 2.3. Furthermore, excited
electrons which doesn’t leave the target’s surface transfer their kinetic energy to the
atom’s lattice that form the solid system, resulting also in the detachment of target’s
material [79)].

Electron

Ton -

Detached specie

Energetic specie oy

Figure 2.3: Illustration of the most probable detached energetic species.

Traditionally, the theories which describes this phenomenon are thermal processes:
vaporization, boiling and explosive boiling [80]. When pulsed lasers with pulse width
under 10~"s are used, the mechanism which leads the separation of material is explo-
sive boiling, which happens when a solid material is superheated at a high velocity,
promoting in this way a decomposition of the material in vapor and liquid phase [81].

Nevertheless, when pulse widths under 107125 are used, the energy absorption process
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becomes extremely fast, and thermodynamic theories which consider thermal equi-
librium can’t describe the process properly. In this case, hot atoms, vapor and liquid
drops are expelled of the material under non-equilibrium conditions. This process is
called direct fragmentation [82].

When the material’s ejection is taking place in both processes direct fragmenta-
tion and photo-ionization, at the same time a pressure wave propagates spherically
through both solid target and liquid environment, facilitating the detachment of tar-
get’s matter [83]. All of the ejected species form a cumulus containing matter that is
not in thermodynamic equilibrium, the energetic species interact with atoms in their
vicinity promoting the emission of photons with different energies, the whole entity

is known as laser plasma plume [77], illustrated in Figure 2.4 .

Figure 2.4: Plasma plume illustration.

10795 < t < 107"s plasma plume lifetime and cavitation bubble creation.
The plasma plume is similar when the ablation is performed using gas or liquid
environment, the difference lies on the density of the environmental medium, when
a medium with higher density than the most of the gases is used the plasma plume
gets confined above the ablation area keeping in direct contact with the radiated
area [84]. In this way, the energetic species also interact with the target’s surface
promoting the exchange of energy and facilitating the extraction of material even

after the pulse duration. The lifetime of laser plume starts to extinguish on the
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range of 107® — 10~ "s transmitting its energy to the surrounding medium and the
solid target [85]. The transmission of energy to the surrounding medium triggers the
formation of a cavitation bubble, which expands to a maximum radius in the order of
millimeters [86]. Its expansion causes a consumption of energy ending up to collapse.
t > 1075 manomaterial growth and release of energy. During the ab-
lation process happens, NPs formation takes place. The exact mechanism in which
NPs are formed is not completely clear, but up to now it is believed that the most
probable mechanism is nucleation and growth of nanometric structures that result
from a mixture of the energetic material that has broken away from the target, and
the solution molecules arising after its degradation, ionization and pyrolysis due to its
interaction with the radiation [76]. The period of time when each of this steps takes
place is not clear and further investigation is required. Nevertheless, is well known
that nucleation and growth rapidly occur and formed NPs travel in cavitation bub-
bles [87]. Special attention should be given in future investigations to the cavitation
bubble formation and its influence in NPs formation because some research groups
are suggesting the hypothesis that actually NPs are formed inside the bubble during
its expansion due to a mutual gradual release of energy, reaching its final form when
NPs become systems with no energetic excess [88]. However, no matter the actual
mechanism in which the NPs are formed, they tend to acquire spherical shape. As
energetic systems coalesce to form stable systems, the simplest way to minimize the
energy is an arrangement of the atomic lattice which permit reach the stability. It
means that the particle is going to have a high temperature allowing the atomic free
mobility, and when it comes into contact with a cooler system the atoms located at
the particle surface interact with it obtaining a higher mean energy than the atoms
located inside the particle, therefore the tendency of the system is to diminish the
total energy, which is achieved by decreasing the number of atoms located at the
surface, hence the particle acquires the minimum surface shape possible, which is the
spherical one [89]. Once the particles reach the stability, minimal modification can
still happen, mainly due to its interaction with energetic species that still survive.
At this point is important to notice that using this technique, NPs can be produced
from almost any kind of solid material, and they can be produced in almost any kind of
liquid or colloidal medium. However, due to the amount of energy used, physical and
chemical phenomenons are promoted during the particle creation. Therefore, the NPs
not necessarily present the same chemical composition of the solid target, and even

more, a change in energy can trigger different physical and chemical phenomenons
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in different materials [90]. Hence, is mandatory to discuss each important parameter

involved in NPs creation in detail.

2.1.1 Physical parameters

Probably the most important physical parameters that can be highly controlled are
the laser parameters and the way to deliver the laser radiation to the solid target.
Among the laser parameters that can be controlled, we can consider the wavelength,
pulse duration, repetition rate, energy per pulse, number of pulses interacting with a
single region and the interaction area. As in PLAL, pulsed laser sources with broad
frequency spectrum and narrow duration in time are used, is important to keep in
mind that during the NPs production the ablation process is not the only one taking
place, also some other processes can be promoted between the recently created NPs,
the cavitation bubble, the plasma plume and the incoming laser radiation.

Wavelength. One of the first points to consider in the correct choice of the
pulsed laser source is the central wavelength. Depending on this parameter is going
to be easier or harder for the solid target to absorb energy. Usually, the most of the
materials absorb UV radiation by inter-band transitions in an efficient way, thereby
increasing the multi-photon absorption and photo-ionization processes leading to nar-
rower NPs size distributions [88]. But in the other hand, the same wavelength range
is also strongly absorbed by NPs, therefore recently created NPs can interact with the
laser radiation gaining enough energy to end up fragmented or interact with the liquid
ambiance species, in this way the NPs size distribution gets wider, the degradation of
molecules in the liquid solution can be promoted and the NPs production rate gets
diminished due to the investment of energy in the interaction with recently created
NPs. Infrared radiation conversely, is mostly absorbed by defects and impurities in
the most of the ordered solids and poorly absorbed by nanometer ordered systems,
therefore infrared radiation avoid the interaction with recently created NPs leading
to narrower particle size distributions and minimal degradation of molecules in the
liquid environment, but the fabrication rate gets even lower [88].

Pulse duration. Pulsed laser sources are characterized by concentrating a large
amount of photons in short periods of time, comparable with electron-lattice thermal-
ization speed (in the order of ps). If the pulse duration is shorter than ps multi-photon
absorption and photo-ionization is stronger, otherwise the conduction of energy to the
rest of the solid target is stronger leading to thermal effects [79,91]. Nevertheless it has
been observed that when ns pulses are used, a temporal overlap of the plasma plume

and the radiation persistence happens, leading to a coexistence in which the laser
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radiation boost the energy of the plasma plume and energetic species located inside
it are more likely to evaporate, leading to narrower particle size distributions [92].

Energy delivered by each pulse. Beyond affect the particle productivity rate,
the energy delivered in each pulse can also affect the mechanisms in which particles
are created. When a higher energy is used, more matter interacts with the radiation
and more detachment mechanisms are simultaneously promoted, which leads to have
larger portions of energetic species in the plasma plume and making possible to create
larger NPs. Therefore, when the energy increases there is a compromise between the
maximum particle productivity rate and the widening of particle size distribution [91].

Number of pulses interacting with a single region. When a pulse interacts
with a target’s surface and ablation is promoted, the surface’s morphology is modified
due to the extraction of material, and also the composition of the new surface changes
due to its interaction with the molecules of the liquid environment. These changes
lead to a modification in the absorption of energy making it not homogeneous in the
whole radiation interaction area, and affecting in this way the ablation process at
each pulse [93]. Therefore, the more pulses hit a localized area, the more ablation
mechanisms coexist and wider the particle size distribution gets.

Repetition rate. The repetition rate becomes important when the pulse inter-
acts with phenomenons that happen at large periods of time, this is the case of the
cavitation bubble lifetime (in the order of 10~*s) [88]. When the time between pulses
is shorter than kH z the pulses interact with cavitation bubble before reaching either
the plasma plume or the solid target. The cavitation bubble presents a discontinuity
in the refractive index at its interface liquid-gas, leading to scattering of laser source
ending up decreasing the energy delivered to the solid target [94]. But up to now,
it is still not completely clear the real influence of the overlapping between the radi-
ation and the cavitation bubble since when higher repetition rates are used, higher
concentration of NPs near the radiation interaction area are reported [95]. This effect
leads to agglomeration of recently created NPs and the further maximization of light
scattering and minimization of particle productivity rate [96].

Interaction area. As it was mentioned above, pulsed laser sources concentrate
a large number of photons in narrow periods of time, but if the confinement is also
extended to the space, the photon’s density in a single pulse increases even more
making very efficient the delivery of energy. Nevertheless, as it was mentioned before,

the excess of delivered energy can promote the widening of particle size distribution.
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2.1.2 Chemical parameters

The parameters that are considered chemical, are related to the liquid environment
and solid target’s structure. Common sense suggests that target’s structure can be
considered the most important element which is going to determine the final char-
acteristics of the NPs, nonetheless considering the electromagnetic intensities used
in PLAL, the liquid environment in which particles are created can have a strong
influence on their chemical composition and physical properties, mainly due to the
interaction of chemical active species during or after particle creation.

The level of influence of both elements depends on the energy used for NPs creation
but also on the chemical reactivity between them at normal conditions. Both elements
represent complex systems and should be analyzed in detail separately.

Liquid or colloidal environment. The main important points of the environ-
ment’s influence that should be addressed lies, firstly on the spacial confinement of
plasma plume and cavitation bubble, secondly on the interaction between its chem-
ical species and the NPs formation process, and finally its further influence on NPs
agglomeration process.

As it was mentioned above, the biggest attraction of fabricating nanostructures
by ablation in a liquid ambiance is the possibility to have a high control over the final
material physical-chemical attributes. When a liquid ambiance is used in ablation
process instead of a gas ambiance, aside of a cavitation bubble appearance, the den-
sity and viscosity is higher and the relief of energy from the plasma plume becomes
more difficult, thus precluding an overgrowth of the plasma plume and therefore pro-
moting a more controlled NPs formation [84]. It is also well known that during the
ablation process not just target’s material is receiving energy, also chemical species
in the liquid ambiance does. The energy absorption from chemical species located
at the plasma plume promotes in the most of the cases its dissociation, giving the
chance to induce impurities in the NPs, but also react with the energetic species de-
tached from the solid target [97]. Normally, regardless purity level of solvents used in
the experiments under traditional conditions, the most of them contain atmospheric
gasses, being reported COs, Oy, H,O and N, the most chemically active for the most
of target’s materials [98]. The concentration of each element in the liquid solution
may promote different chemical effects resulting in important changes on the created
nanomaterials. Among the most important results reported up to know, it has been
determined that the biggest consequence lies in the stability, size distribution and final
morphology of the NPs [90,99]. To have a better understanding of this, it’s interest-

ing to analyze the special case of metals, due to the extensive research around them.
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For metallic solid targets, solvents with a high concentration of oxygen and molecules
containing it, the most probable result is the oxidation of NPs surface leading to sta-
ble colloids. The oxidation of particles may happen at the beginning of their creation,
during this time detached energetic species form non-stable systems and have more
chances to loose electrons located at the metallic bonds by interacting with ionized
oxygen species [100]. This process is not limited to the plasma plume lifetime, also in
cavitation bubble can exist the necessary conditions. Contrary to what happens with
oxygen species, when a high concentration of carbon is present a different process
happens. It has been observed that carbon has a low reactivity with several metals
leading to a capping process instead of a reaction. Apparently, as carbonic species
don’t interact with metallic species, when they coexist in the plasma plume, carbonic
species tend to interfere in the NPs growth by forming shields around the energetic
species contained in the plasma plume, which limits the NPs growth [101]. Neverthe-
less, it has been observed that through the time the capping effect of carbonic species
also leads to agglomeration of the captured NPs [102]. At this point, it is clear that
PLAL is compatible with the use of molecules that act as capping agents, giving the
possibility to use dissolution.

The use of dissolution represents endless opportunities, from controlling the par-
ticle’s size and stability by the use of surfactants to functionalize particles by the
use of more complex molecules [90]. In general it has been reported that the use of
dissolution can promote interactions with the detached material at different intensity
levels.

The first level of interaction is governed by electrostatic interactions, when molecules
in the liquid environment don’t present a strong chemical reaction with the detached
species, tend to form a molecular shield which surrounds the particles limiting the
growth and possibly avoiding the further agglomeration [103]. When the molecules
in the dissolution present a moderated chemical reactivity with the material’s target,
chemical bonding with particle’s surface is possible allowing a irreversible capping
effect promoting the most efficient way to limit the particle’s growth among oth-
ers [89]. When the chemical reactivity between the target’s material and dissolution
is so strong, the chemical composition and crystalline phase of particles and dissolu-
tion’s molecules can be modified leading to obtaining exotic chemical species [104].

Solid target. Beyond represent the basic material from which NPs are going to
be created, solid target also has a strong influence on the ablation mechanism that is
going to promote the detachment of material. Perhaps one of the biggest lessons left

by the famous Heinrich Hertz’s experiment of photoelectric effect that eventually was
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explained by Albert Einstein is that every element has a minimum photon energy
to be ionized. In this sense, the choice of solid target has a direct implication on
the energy exchange process between laser radiation and the surface’s solid material
itself. The values of the photoelectric’s energy threshold depends on the crystalline
state of the material, on the presence of electrons at the last electronic layers, on
the possible mixtures of materials, and finally the Fermi’s energy in the system [105].
Normally, transition metals like Au or Ag present the highest energy threshold and
alkaline metal present the lowest energy threshold [106].

At lower energy thresholds, electron detachment due to the absorption of a single
photon increases prioritizing the photo-ionization effect over electron-lattice thermal-
ization, preventing in this way the investment of energy in thermal effects during the
ablation process [107]. Additionally, the increment of species coming from photo-
ionization in the plasma plume can promote a higher density of energetic electrons in
the plume zone leading to non-equilibrium conditions in the plasma plume. A strong
energetic imbalance in the plasma plume can result in the formation of new materials

or materials with non-stable crystalline phases [108].

2.2 Post-irradiation process to control nanomete-
rials characteristics after PLAL

PLAL synthesis route, offers the possibility to obtain high quality materials with
characteristics hardly achievable by other synthesis routes. However, a further con-
trol over nanomaterials is always possible, either by chemical or physical processes.
Among the traditionally used methods, is possible to use external chemical agents to
promote reactions that lead to changes in the nanomaterial’s surface, the selection of
specific nanomaterials sizes or morphologies through centrifuging or similar physical
methods [103]. Also the application of external electromagnetic fields together with
the introduction of chemically active elements is used to promote functionalization
of the material. Nevertheless, the most of the conventional methods lead to further
negative secondary effects like agglomeration, generation of chemical waste, among
others [109]. To face this issues, PLAL enthusiast groups decided to approach the
topic by a familiar perspective. Replacing the solid target in PLAL technique with
the recently created suspension as it is represented schematically by Figure 2.5, some
very interesting phenomena that lead to further modification of the material can be

observed. The nanostructures tend to undergo to melting, evaporation or fragmenta-
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tion leading to changes in phase, chemical composition, and morphological and size
distribution [110].

First Stage Second Stage

Figure 2.5: Synthesis approach considering a first stage where NPs are created by
PLAL and a post-irradiation stage where the nanomaterials are post-processed.

When intense pulsed laser radiation interact with nanostructures suspended in
liquids, three main processes are promoted: Thermal processes that leads to the
melting or evaporation of the material, electronic detachment of the particles leading
to Coulomb explosion and fragmentation, and finally near-field ablation.

Melting mechanism. When a colloid is irradiate by pulsed laser radiation,
the principal interaction mechanism is the absorption of energy by both the liquid
environment and the solid material suspended in the liquid. When the energy exceeds
a certain threshold and is being continuously absorbed by the system at similar times
for the needed to the system to release energy, no matter if the incoming photons have
enough energy to pull out single electrons from atoms located at the nanostructures
surface, the entire structure will receive enough energy to induce a fast vibrational
move of electrons in the atomic lattice causing the melt of the structure as it is
depicted in Figure 2.6 [111,112]. After this process, when the liquid droplet releases
the excess of energy to the rest of the environment medium, tend to solidify in a
spherical shape. When the energy exceed by far the threshold, not just melting can
be promoted, also evaporation of the system’s surface may happen [113].

The energy threshold at which this process happens is governed mainly by two

material’s characteristics: its size and chemical composition. Structures with big-
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Figure 2.6: Melting mechanism in post-irradiation method where droplets of nanoma-
terial are formed due to the fast vibrational move of the electrons in the NPs, which
is a consequence of the absorption of laser radiation in beam’s focus area.

ger sizes demand a bigger investment of energy to induce the thermalization of the
electronic lattice [114]. But also structures with stronger ionic and molecular bonds
demand bigger amounts of energy to achieve the same state [115]. Another impor-
tant parameter to consider is the absorption mechanism promoted by the material.
In some special cases optical nonlinear or linear effects can be present influencing the
way in which the material is going to absorb energy. To be more precise, one of the
most important of this effects is Surface Plasmon Resonance (SPR) present in the
most of the metal NPs, promoting a selective absorption of energy as a function of
NPs size [116]. This phenomenon is going to be discussed in detail in the 4th chapter.

An important result should be highlighted. When a colloid containing more than
one solid material is irradiated and the melting mechanism is promoted, is also pos-
sible to obtain homogeneous alloy by reaching the threshold energy levels of both
elements, as it was demonstrated by Izgaliev and co-workers [117], whom reported
the fabrication of silver/gold alloy in water. Considering that silver and gold nanopar-
ticles with the same size present a similar lattice constant and absorb energy radiation
at similar frequencies, their energy threshold was similar making possible to get the

homogeneous alloy.
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Coulomb explosion mechanism. In contrast with melting mechanism, Coulomb
explosion is caused by multi-photonic absorption and kinetic energy transfer [118]. In
this case, similarly to what happens with PLAL, huge amounts of electrons are pulled
out of the nanostructures surface due to photoelectric effect, thermionic emission or
photo-ionization leaving a lack of electrons in the system, which leads to an excess of
positive charges in the system’s surface which results in an increment of electromag-
netic repulsion force in the whole system [119]. The most probable way to get rid
of the excess of energy is by dissociation of the whole system into smaller but stable

systems. This process is considered a form of Coulomb explosion.
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Figure 2.7: Coulomb explosion mechanism in post-irradiation method where small
pieces of nanomaterial are formed due to a dissociation of original NPs, which is a
consequence of the absorption of laser radiation in beam’s focus area.

Up to now is not completely clear, but is believed that the principal condition for
Coulomb explosion to happen over a melting mechanism is the speed of the absorption
process and the amount of energy used. Temporal long pulses preferably promotes
electronic-lattice thermalization, but pulses in the temporal region under ns are more
likely to promote electronic effects without giving the chance to spread the energy
to the electronic lattice [120]. In the other hand, when the energy delivered to the
colloids is far above the melting energy threshold, not just thermal effects can be

promoted.
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Near-field ablation. Beyond melting mechanism and Coulomb explosion, it
has been proposed an alternative mechanism when the energy delivered to the colloid
is extremely high, a near-field mechanism. Similar to the PLAL case, when the
colloid is irradiated at high intensities, the solid systems tend to absorb the incoming
energy by either multi-photonic absorption, kinetic energy transfer by collision, or
by electron-lattice thermalization. In any case, when the amount of absorbed energy
is so high and happens in a short period of time, i. e. in a time under the needed
time to release energy, the solid systems tend to get unstable and get dissociated
into energetic species like electron with a high speed, ions, another unstable but
smaller solid systems and smaller but stable solid systems. In general the whole entity
interacts with other energetic species coming from the liquid environment and other
nanomaterials promoting the creation of a plasma, the plasma interacts with other
solid systems in its vicinity leading to the dissociation of more solid material [121].
However, some groups have demonstrated that metal NPs are able to melt at high
intensities without suffer fragmentation [115]. But metal nanostructures like gold
NPs should present a high field enhancement promoting the emission of ions leading
to Coulomb explosion, and allowing the possible formation of a near field plasma at
high intensities. Thus, the near field ablation mechanism require further studies to
be considered as a real alternative for the most of the materials.

At this point, should be clear for the reader that all of this interactions are not
isolated processes and in all of them are present the following process: dissocia-
tion of liquid environmental molecules and its subsequent mixture with energetic
species resulting in appearance of crystalline defects in recently created nanometric
systems [122], inducement of cavitation bubbles due to the release of energy from the
energetic species to the rest of the colloidal environment [123], and the induction of
shock waves traveling through the rest of the colloid promoted by the extinction of
the cavitation bubbles as a release of energy [124].

Final remarks. Finally is important to notice that, to trigger any of these ef-
fects, the amount of energy investment should be equal or exceed a threshold, the
threshold is depending on the chemical composition, crystalline phase and size of
the nanometric systems. The databases that reflect these values remain poor and
further research is needed in the field to enlarge these databases. In the other hand,
although the influence on the length of the pulses is not fully understood, some the-
oretical approaches try to clarify it. In this context, Werner and Hashimoto [125]
have developed a thermodynamic approach to understand the processes happening

through the time when gold NPs suspended in a water environment are irradiated
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Figure 2.8: Tlustration of near-field plasma mechanism in post-irradiation method,
where a plasma plume appear in the beam’s focus area due to the absorption of hogh
intensity laser radiation.

by fs, ps and ns pulses. The approach considers the size of NPs, laser energy used
to irradiate the particles, and laser wavelength. After analyzing the evolution and
interaction of the specific capacities of electrons, electronic-lattice, and medium, the
model helps determine the dynamics of the transmitted temperature from electrons
to the lattice and then to the medium. This analysis may help to understand the
appearance of different mechanisms in which matter react at different energy thresh-
olds. Nevertheless, even this theoretical treatments are still not completely accurate,
mainly due to a lack of understanding about what happens after appearance of ef-
fects derived of the release of energy, as the cavitation bubbles or the expansion of
shock waves. However, is important to point out that a complete theoretical approach
which describes the phenomenons promoted by a post irradiation of colloid created

by PLAL is still needed to fully understand the entire scope of this technique.
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Chapter 3

Characterization techniques

A unique aspect of matter when is reduced to nanoscale, is an increase in the surface
to volume ratio and in many materials this promotes the emergence of new mechani-
cal, thermal, optical, magnetic effects, among others [126]. The change in the effects
is mainly due to, the electrons that form these systems experience a quantum con-
finement and their behavior is altered.

The analysis of the electronic behavior of each element of a whole atomic system
can not be achieved in an accurate and general way, mainly because this reflects
both its self behavior and the influence of each element that form part of the system,
therefore the entire system should rather be analyzed. To make a fair interpretation of
the properties present in nanomaterials, we need to understand what characteristics
are sought. In other words, when new materials are produced, it is important to
know what kind of features are interesting to get. For instance, in metal nanoparticle
creation several properties are present, in particular the characteristics that have been
more explored are optical and electromagnetic [55]. However, there are behaviors
present in these particles that have been poorly studied as their thermal or catalytic
response [127], but may represent significant progress in areas where the use of NPs
is still not too extended, as catalysis, energy harvesting, among others.

For this thesis work, the idea to create NPs by PLAL was to try to exploit its
unique manufacturing characteristics, such as high purity of the material, the possi-
bility of obtaining nanostructures in-situ in complex liquid environments, the ability
to obtain ligand-free nanometric materials and finally the possibility to create nanos-
tructures with important optical and thermal characteristics.

To analyze the created materials during this thesis work, and understand their
influence on the environment in which they are created and their potential for use

in real applications, several techniques that don’t promote further modifications are

34



used. In particular these techniques can be divided into three groups, optical, X-ray

and electron-based and thermal techniques.

3.1 X-ray and electron-based techniques

Techniques based on the use of high intensity electromagnetic radiation propagating
with a wavelength comparable to atomic dimensions, or being more precise, on the
irradiation of samples with X-ray beams, can be used to obtain accurate information
on the arrangement of atoms in crystal lattices, due to the X-ray wavelength dimen-
sion, create diffraction patterns when X-rays interact with a crystalline sample. Also
it can be used to create images of samples with a resolution of nanometers for a visual
interpretation of structures.

The formation of diffraction patterns is a consequence of an elastic dispersion of
X-rays after interacting with the electrons of atoms organized in a periodic arrange-
ment, and its further interference [128]. The constructive and destructive interference
promotes the creation of the patterns, which characteristics are on function of the
separation between atoms and the dimensions of atoms. Traditionally, when a X-ray
beam hits an atomic lattice at an angle @, Bragg’s law is used to predict if the X-ray
wave experiments a constructive or destructive interference and is expressed by the

following equation [129]:

nA = 2dsinf (3.1)

Where d represents the distance between atoms forming different sets of arrange-
ments known as crystalline planes, n represents an integer which corresponds to the
matching of one or more waves, and A represents the wavelength of X-rays. Bragg’s
Law makes clear the periodic arrangement of atoms in a solid and helps to understand
that there are different atomic arrangements. Nowadays, it is still used to determine if
a certain sample present or not a periodic arrangement. In many cases this character-
istic helps differentiate between materials, or phases of the same material. A change
in the periodic arrangement results in different chemical and physical response due
to the forces present between atoms [128].

To obtain diffraction patterns that lead to the analysis of the periodic structure or
lack of it in materials, the simplest device used is called diffractometer. Particularly in
this thesis work, it was used a Siemens D5000D powder X-ray diffractometer with two

pressure gauges, tube Cu, diffracted beam monochromator, and scintillation detector.
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The use of this instrument was fundamental to determine if after PLAL the samples
present the same crystalline phase or it have changed.

For a better understanding on the crystalline analysis performed, is mandatory
to review some important concepts like crystal, crystalline plane, and Miller index.
A crystal is an stable system which is formed of a periodic arrangement of molecules
or atoms in 3 dimensions. Each node is identical and the most basic parallelepiped
is known as unit cell, the cell can be described by the three different lengths in the
spatial axis, and in the three different angles formed between the axes. Each face of
the parallelepiped or a simple plane which cross an axis of it and contains at least one
node is the base of a two dimensional arrangement in the crystal known as crystalline
plane. In a three dimensional periodic structure, these planes are parallel separated by
a constant length known as inter-planar distance [26]. A group of parallel crystalline
planes is mathematically identified by three numbers h, k, and [. These numbers help
to identify the number of intersections of crystalline planes with the axis of the unit
cell and are known as Miller’s index in honor of its discoverer. These index also help
us to determine the geometry of the crystal structure in our system. The relations

for the most conventional crystalline geometries are the following;:

_ 1 1
Cubic ﬁ = (h2 + kz + 12) ? (32)
L |, o o faN\2| 1
Tetragonal o= {h + k“+1 <c> ] o (3.3)
1 4,5 5 5 faN2] 1
Hexagonal e {5 (R* + k* + hk) +1 <E> 1 = (3.4)

Orthorhombic % = Z—j + ]Z—z + i—z (3.5)

Where d represents the inter-planar distance, and a, b, ¢ represents the three
spatial distances in the axis of the unit cell, or being more precise, the first three
inter-atomic distances presented in the geometrical shape of the crystal.

The information that can be obtained from these parameters is the inter-atomic
separation, lack of atoms in each node of the crystal, if the separation between planes
is a constant, if there are crystallographic planes that do not correspond with the
material under study, etc. In other words, X-ray diffraction helps to determine if the
sample suffers any crystalline change after PLAL, if the NPs don’t present crystalline

defects, or how similar are the nanomaterials to the bulk material [130].
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The structural studies are not limited to analysis of results coming from diffrac-
tometers. In particular, in this thesis, more sophisticated instruments and techniques
were also used to achieve more accurate results and better interpretations. To this
end, a transmission electron microscope JEOL 2100 thermionic gun lanthanum hex-
aboride (LaBg) which works at a voltage of 200KV maximum acceleration, with a
system of energy dispersive micro-analysis Enegy INCA TEM 200 Oxford, was used
for micro-structural examination of specimens, crystallographic study by electronic
diffraction, determination of crystal planes, and compositional analysis of the samples.
And also the determination of particle size and distribution, could be measured using
the same instrument. The techniques used were Transmission Electronic Microscopy
(TEM), Energy Dispersive X-ray Spectroscopy (EDX), High Resolution Transmission
Electronic Microscopy (HRTEM) and Selected Area Electronic Diffraction (SAED).

TEM, just as in light microscopy, a beam is directed to a sample through a set of
lenses to form an amplified image of the sample. But in this special case, the beam
is formed by accelerated electrons, the lenses are electromagnetic, the sample is seen
under vacuum conditions, and the collision of electrons with the sample promotes
the formation of an image which is an interpretation of the measurement of scattered
electrons in different directions in a solid angle. The resolution that can achieved with
this type of microscopy is on the atomic scale, mainly due to the spatial dimensions of
electrons and how they propagate [131]. Generally the accelerated electrons propagate
in waves, with a length commonly known as de Brogli wavelength, this length is in the
atomic range and as a result, electrons passing through the inter-atomic space allow
the formation of high-resolution images where it is perceptible the position of each
atom in a crystal, as it can be appreciated in Figure 3.1. By the use of this technique, it
is possible to determine the morphology, size, size distribution and spatial distribution
of created nanomaterials. And at the finest resolutions is also possible to determine if
the material presents a periodic ordering, chains of atoms which represent a crystalline
plane, distance between crystalline planes and the presence of crystalline defects [132].

Additionally, considering that by irradiating the sample with accelerated electrons,
some of them instead of being transmitted at a certain angle are reflected, or rather
back-scattered. This phenomenon can be exploited to perform diffraction analysis
since these electrons propagate at wavelengths similar to the X-ray. In this sense,
SAED presents the possibility to study the crystallographic properties of a sample
but not as a whole, micro-analysis of selected areas can be performed.

The diffraction patterns studied in SAED are not so similar to those obtained in X-

ray diffraction. Using a diffractometer, an X-ray beam irradiate a powder sample and
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Figure 3.1: High Resolution Transmission Electronic Microscopy Picture taken of one
of our gold NPs samples.

the dispersed X-ray waves interfere with each other constructively of destructively,
a detector captures the signal variations and the diffraction patterns translated as
a graphic of intensity vs angle at which the beam irradiates the sample. In SAED,
the beam is not moving a 6 angle, instead of that, the electronic detector creates an
image in two dimensions of the interference created by the back-scattered electrons.
These electrons interact with the sample in a circular area and their interference
is a result of electronic waves dispersed in the three spatial axis. Generally, the
detectors used to interpret an image created by electrons are charge-coupled devices
(CCD). These devices represent either the normal image of the sample or the image
in the Fourier space, making possible to visualize chains of atoms as points, similar to
Fourier’s transformation where constant lines in the time domain can be transformed
into diffraction orders in the Fourier space. Therefore, a set of parallel planes is
seen as dots, and a combination of different crystalline planes that are perpendicular
to each other is represented as a dot grating as it is depicted in Figure 3.2, and
each diffraction order corresponds to a single crystalline plane family which can be

represented by Miller angles.

Figure 3.2: Selected Area Diffraction Pattern picture taken of one of our gold NPs
samples.
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The correct interpretation of this pattern lies on the measurement of distances
between diffraction orders. As each point represents a crystalline plane family, the
distance between first and secondary neighbours should correspond to the crystalline
plane families of faces of the crystalline unite cell and planes crossing the unit cell’s
axis containing more than one node respectively. Is also important to notice that the
direction of the diffraction grating and distances between points provide information
of the observation crystal plane. In some cases this study can provide better resolution
when changes in phase are sought [133].

Moreover, the ability to focus the electron beam in a certain area not only helps
us to make crystalline analysis, but allows also to perform elemental analysis using
an energy-dispersive spectrometer. When an electronic beam hits the sample not all
of the electrons are dispersed or transmitted trough the sample, some of them also
collide with electrons in the atomic orbit, during the collision the accelerated electrons
transmit kinetic energy to the electrons in the atomic orbit, this excess of energy helps
the electrons to jump to the next discrete atomic energy level. Nonetheless, as it has
been mentioned above, when an electron that is part of an atomic system is excited
and jumps to next energetic level, it tends to go to the ground state after some
time, and the easiest way to go back to the ground state is liberating the excess
of energy through the emission of a photon. When the electrons that are excited
belong to the most external orbit in the atoms, the difference of energy between the
ground and excited state is the range of X-ray photons. The electronic collisions that
promote the excitation of the atoms in TEM, commonly lead to emission of X-rays.
However, every element have a different atomic structure and the release of energy
through X-rays varies from element to element giving the opportunity to identify each
element contained in a sample under study. The name of this kind of characterization
technique is EDX [134].

The last X-ray-based technique used in this thesis is X-ray Photoelectron Spec-
troscopy (XPS). The main goal of the technique is to determine the composition and
chemical state of the elements present on the surface of solid materials. The way
to achieve this kind of analysis is irradiating the surface of a solid sample with elec-
tromagnetic radiation coming from an X-ray source, the exposure to the radiation
promotes photo-ionization, and the electrons coming out of the material’s surface
with a certain kinetic energy Ej are collected and measured. The kinetic energy FEj
is related to the incoming energy by the Einstein’s relation Ey = hv — E, where
E, represents the bonding energy of the atoms present in the surface. In this way,

by measuring the kinetic energy of the detached electrons is possible to determine

39



the electronic structure of the atoms in the sample and infer the chemical state of
the samples. The instrument used for this purpose was a Kratos AXIS ultra DLD
spectrometer.

To prepare the samples for the electron microscopy technique measurements and
XPS, a droplet of the colloidal suspension created in each experiment is dispersed
onto a carbon-coated copper-based TEM grid or silver-based XPS grid. The liquid
content is then removed with the help of an absorbent paper so the solid particles
can remain in the grid surface. This technique allows obtaining dry and dispersed

particles, necessary experimental conditions for an easy measurement acquisition.

3.2 Optical techniques

As it was mentioned above, in this research work the fabrication of materials with
important optical characteristics was fundamental. Therefore, the optical character-
ization of the samples was mandatory and the most of the optical characterization
techniques are centered in analyze the optical response of the specimens. However,
when nanomaterials in liquid environments are under study optical characterization
techniques are not limited to provide information of interesting optical features of the
samples, also can provide information of the size, size distribution, and stability of
colloidal samples.

The techniques used to extract information from the samples created by PLAL
are based on three linear optical phenomena, absorption, transmission and scattering
of light. The three of them are deeply interconnected and show precise information
that helps to distinguish one sample from another.

It is intuitive to know that when an element hindering the transmission of light,
this interact with the element. All physical elements are made of atoms containing
electrons orbiting around. When light interacts with any physical element, such in-
teraction occurs from the influence of the electromagnetic field of the light on the
movement of electrons that are part of the physical element. The first and most
basic interaction happening is that the electrons orbiting atoms of the element that
hinders the passage of light follow the direction of electric field of light, leading to an
oscillatory movement [10]. If radiation contains photons with energies comparable to
energetic differences between atomic orbitals which are characteristic of the material,
these photons will be absorbed by the electrons promoting an energetic jump, and
when they return to their ground state the most likely way to do this will be liber-

ating the excess of energy by emitting a photon but in a different direction of the
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absorbed photon. Photons that in its path don’t interact with any energy absorber
will continue their trajectory without experiencing changes. Photons that do not
match the required energies to be absorbed by electrons in the material and promote
an energetic stable jump, also can be absorbed but promoting energetic jumps to
meta-stable or non-stable energy levels and the most probable way in which electrons
are going to get rid of the excess of energy is through vibrations and not emitting
photons, making in this way possible for other photons to be absorbed and reach
higher energetic levels and giving the chance to promote the emission of photons with
higher energies. Among others, this processes summarize the most probable way in
which the matter is going to interact with the incoming radiation.

Taking this as starting point, it is clear that due to the separation between atoms
in the various phases in which matter can be found, radically different interactions
can be distinguished mainly by interactions that can be suffered by a solid, liquid or
a gas. For gas, transmission of light is dominant, the absorption for solid and more or
less balanced absorption, transmission and dispersion for liquids. Nevertheless, when
speaking about colloid composed by liquids and nanoscopic solids these interactions
may be more complex [135].

In this context one of the most interesting processes in nanostructured colloids
is the SPR. This phenomenon consist in a discontinuous absorption of the visible
electromagnetic spectrum. The process is mainly important and widely explored
in bio-medicine, due to the possibility to absorb light in the spectrum region of
wavelengths that are not commonly scattered by living tissue [136]. The process
is as follows: Generally, metal nanomaterials tend to have many of their electrons on
the surface and due to the kind of bonds present in these materials (metal bonds),
electrons experience a relative free mobility along the entire surface of the metal.
When this structure interact with a source of light, not necessarily a coherent light
source, the electrons located at the surface are going to absorb the incoming radiation
or follow the field of the incoming electromagnetic waves, as the electrons have a
relatively free mobility, when the incoming radiation has the necessary energy, the
electrons located at the surface are going to follow the direction of the field oscillating
all together. The movement is known as plasmon and it can be interpreted as a non
radiative wave which propagates in a direction parallel of the materials interface, as it
is represented in Figure 3.3. Since the movement happens at the interface between the
solid and another medium like liquid or gas, the oscillations are extremely sensitive
to the dielectric function of the solid and the medium in which the solid is contained.

Furthermore, in nanomaterials the oscillation is also extremely related to the system’s
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size and shape, since at this scales the spatial confinement induces an electronic
potential in the systems which result in a discretization of energy levels of the electrons
and a restriction on their possible moves. Therefore at different sizes and shapes, the

nanostructure allows the electronic oscillation for different wavelengths [137].
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Figure 3.3: Schematic diagram of SPR in a metal nanostructure.

From a practical point of view, this phenomenon can be used to determine the
size and morphology of nanomaterials in a macroscopic way or determine the amount
of solid material presented in a colloid, etc [138]. For this thesis work, SPR was
exploited to allow the absorption of energy in regions of the visible spectrum and to
determine the stability of colloids created by PLAL.

To measure the absorption of the created materials, we have used a Spectropho-
tometer Cary 300 UV-Vis, equipped with dual beam, Czerny-Turner monochroma-
tor, 190 — 1100nm wavelength range, approximately 1.5nm fixed spectral bandwidth,
full spectrum Xe pulse lamp single source, dual Si diode detectors, scan rates up
to 24000nm/min, 80 data points per second maximum measurement rate, non-
measurement phase stepping wavelength drive, and room light immunity.

Commonly the measurements are taken as follows: A particular wavelength is
selected using the monochromator and this light is directed to a chamber where the
sample is contained in a quartz cuvette that allows 90% of light transmittance at a
large range of wavelengths from 200nm to 2500nm. The light propagates through
the sample and the radiation transmitted in the direction of the original beam is
collected by a detector. The intensity of the incident radiation and the intensity of
the transmitted radiation is compared and the rate of intensities is reported. By the
same procedure for a wide range of wavelengths, is possible to obtain a transmission
spectrum. From the transmission spectra is possible to determine the transmittance,
the absorbance, and the absorption coefficient of the samples through the following

relations:
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T=— (3.6)
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Where [, represents the intensity of the incident radiation, d represents the opti-
cal path that light should interact with the sample, A\ represents the wavelength with
which the sample is irradiated, and « represents the absorption coefficient. Trans-

mittance T, and absorbance A are related through the following equation.

A = —logio (T) (3.8)

This relationship helps to establish mathematical parameters that can then be
used to graphically represent the optical response of the materials under study, as it

is shown in Figure 3.4.
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Figure 3.4: Characteristic spectrum of gold NPs obtained during the experiments
performed in this research work.

The analysis of an absorption or transmission spectrum of a colloid comprised
of nanoscale structures, provides information on the percentage of solid materials
interacting with light path through the determination of the absorption coefficient,
and the transmission obtained at each wavelength. However, the information related
to the size and morphology of the nanostructures can be extracted using a more

complex analysis. For this, it is often used the Mie theory based on the solution
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of Maxwell’s equations for electromagnetism, when a metal sphere immersed in an
ambiance is under an electrical external field. The theory predicts the exact fraction of
absorbed light and the fraction of light which was scattered. The sum of these values
is the optical extinction due to the presence of the nanostructure [139]. For spherical
metal particles with a dielectric function ¢,, immersed in an homogeneous medium
with a dielectric function €4, the extinction coefficient is represented as follows:

2 p3,.3/2 "
& ]j 5 (e, + 25;2 + (e)? (3.9)

m m

Where R represents the particle’s radius, A the wavelength of incoming radiation,

Cext =

and €/, and £/ are represented as follow:
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Here, w, represents the plasmon resonance frequency, w the frequency of incoming
radiation, £ the dielectric function at high frequencies that in the most of the mate-
rials can be considered as 1, vy Fermi’s velocity, and Ly, the free path of electrons
in the macroscopic material. Through these relationships, is possible to fit a theoret-
ical curve to the characteristic spectra of colloids composed by metal nanoparticles
and thus determine the radius of the particles. In the case when the particles are
not spherical, the absorption peak can be either not present or more than one peak
can appear, depending on how many spherical shapes the nanostructure present. In
this case, the R can represent the radius of each spherical shape presented in the
nanomaterial [140].

UV-Vis Spectrometry is a powerful tool for determining optical and mechanical
characteristics of nanostructures, such as SPR position, stability through the time,
estimation of the size and morphology, and the determination of absorption range.
Nevertheless, phenomenons like scattering can be also exploited to get more accurate
information of the particle’s size and its dynamics through the time.

The technique used to determine this information is commonly known as Dynamic
Light Scattering (DLS). As its name revels, it is based on the measurement of the

intensity of scattered light when a coherent light beam encounters in its path an object
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with nanometer dimensions. To be more precise, in DLS brownian motion of particles
is measured by analyzing the intensity fluctuations in the scattered light [141].

When a colloid is irradiated with a laser beam, all the particles suspended in the
liquid scatter the incoming radiation in all of the directions and the scattered waves
can interfere with each other. If a detector is placed at a certain angle in which is
able to catch the dispersed light, the interference of those waves will result in an
interference pattern with dark and bright zones. Since the particles that promote the
scattering are not equally separated, the interference pattern will not show a periodic
behavior but rather a random one, these patterns are known as speckle patterns. In
colloids where the particles are not stationary, the speckle pattern changes through
the time making the detected intensity fluctuate. The rate of intensity change is
directly related to the change rate of the speckle patterns, and this is directly related
to the particle velocity. The movement of solid particles suspended in liquids, is
due to random collisions with molecules form the liquid, this movement is known
as Brownian motion. An interesting characteristic of this movement is that smaller
particles move faster, making possible to determine the size of the particles through
the Stokes-Einstein equation [142].

KT
R =
6mnD

Where R represents the radius of the particle, £ Boltzmann’s constant, 7" the

(3.13)

absolute temperature, n the dynamic viscosity of the liquid environment, and D
represents the diffusion coefficient. In DLS, the diffusion coefficient can be calculated
by fitting and exponential curve to a correlation curve measured by the detector.
The correlation curve express how similar are the intensities of the collected speckle
patterns through the time. For instance, if a particular intensity signal from a speckle
pattern is taken at a time ¢, the following signal taken at a very short time difference is
going to be practically the same and therefore, its correlation with the first one is going
to be so high. In the other hand, a signal taken at a very long time difference with
the first one is going to be so different than the first one and therefore, its correlation
is going to be so small. Speckle patterns change so fast when they are produced by
NPs moving in liquids (at a microsecond scale), and the representation of a perfect
correlation reaches the value of 1, when we continue measuring the correlation at
different times in a microsecond scale, the correlation eventually will reach the value
0 and therefore, the correlation behavior presented by the dynamics of the speckle
patterns results in an exponential decreasing curve. The lifetime of the exponential

decay is proportional to the diffusion coefficient of particles in the liquid environment.
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To perform DLS measurements, a Zetasizer Nano ZS was used, with a laser
source centered at 532nm, functioning performing size measurements in a range from
0.6nm — 6microns. To prevent an overload in the detection and distinguish very
well each speckle pattern, the detector is conventionally located at 173° of the light
traveling axis.

When a sample containing particles with different sizes is under study, the mea-
surement process should be performed several times to obtain a complete distribution
of particle’s sizes contained in the sample. By this procedure, the size measurements
can be mathematically presented in a graphic containing information of the percent-

age of studied particles vs their size (see Figure 3.5).
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Figure 3.5: Size and size distribution graphic obtained of gold NPs produced during
the experiments performed in this research work.

DLS not just enables to measure size and size distribution of nanostructures, it
also enables to perform accurate measurements of colloids stability. Traditionally,
the stability of colloids can be predicted by knowing the total energy of interaction
between two particles. For the size range of colloids containing solid nanoparticles the
ratio particle sur face to particle volume tend to be so high, and all the interactions
are controlled by short-range forces like Van der Waals or electrostatic attraction [143].
As a consequence of the attractive nature of those forces, particles suspended in a
liquid environment tend to stick with each other when come into contact due to
collisions promoted by Brownian motion. This agglomeration phenomenon leads to
sedimentation of the solid material and a modification of properties induced by the

spatial confinement. The agglomeration phenomenon can be studied by measuring
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the size of particles in the colloid through the time, making possible to observe the
dynamics of particle agglomeration. However, this is not the only way in which the
instrument Zetasizer Nano ZS can help us to determine the stability of the samples.
The device is also equipped with a pair of cathodes that allows the transmission of
electrical current through the sample and therefore, perform electrophoresis. This
process may exist due to, the particles that have an electrical charge in their surface
and are under the influence of an external electric field, tend to move in the liquid
with a constant velocity, not due to the Brownian motion but rather due to the force
exerted by the viscosity of the liquid that prevents movement is defeated when an
electric field is applied to the sample. As the charged particles tend to go to one of the
cathodes oppositely charged, when finally the balance between the attractive force and
the viscosity is reached, the particles can move. The velocity of the particles achieved
by this experiment is known as electrophoretic mobility, and it is experimentally
determined by Laser Doppler Velocimetry (LDV). In LDV a light beam crosses the
sample where many particles are moving from one point to another, the scattered light
at an angle of 17° is compared with the incoming beam and this promotes a fluctuation
through the time as in the case of DLS. Therefore the rate of the fluctuations is
proportional to the velocity of the particles. It can be used to determine the zeta
potential of the particles through the Henry’s equation [144].
€z

Vi = — 3.14
5= (3.14)

Where ¢ represents the dielectric constant of the particle, n the viscosity of the
medium, and z the z potential.

The zeta potential of the particles is an electric potential located at the surround-
ing of the inter-facial region between the particle and surrounding medium. It is
generated because the surface’s charge distribution of particles induce the increment
of ions in the vicinity of the particle. Therefore, the particles are “coated” by an
electrically negative layer and a positive one belonging to the environmental medium.
The magnitude of this electric potential which belongs to the particles indicates how
stable a colloidal suspension can be. If the potential is so large, the particles will
tend to repeal to each other making agglomeration phenomenon not probable. Em-
pirically, it has been demonstrated that colloids with zeta potential absolute values
above 30mV tend to be stable [144].

In summary, optical techniques used in this research work helped to determine
the size, size distribution, morphology and stability of samples created by PLAL. To

prepare the samples, for UV-visible spectrometry, an amount of newly created colloid
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is separated and is poured into a quartz cuvette suitable to be used with a Cary 300
UV-Vis spectrophotometer. For DLS measurements, an amount of the newly created
colloid is also separated and pured into a quartz cuvette suitable to be used with the
Zetasizer Nano ZS, and also another amount is separated to be pured into a capillary
cuvette specially designed for the Zetasizer Nano ZS instrument. The cuvette is
equipped wit a couple of cathodes that can be in contact with both the sample and
two external cathodes that can transmit an electrical current. The reduction of the
sample’s thickness that the laser beam should cross is important for LDV experiment
since it avoids possible obstructions of the passage of light due to a high concentration

of particles.

3.3 Thermal techniques

For the first two experiments performed in this research work, thermal properties were
specially interesting, due to the mixture of NPs with remarkable thermal properties
can promote the modification of thermal properties of the environment in which they
are contained. To be more precise, when nanomaterials with a high thermal conduc-
tivity or a high capacity to conduct kinetic energy through its forming molecules, is
immersed in liquids with a low thermal conductivity, generally liquids composed by
huge polymeric chains in which elements present strong chemical bonds and doesn’t
allow a rapid kinetic energy transfer, then the whole system presents a higher thermal
conductivity, due to a collaborative kinetic energy transfer process [145]. This means
that nanomaterials could be used to enhance the thermal conductivity of materials
with a poor thermal conductivity. If those materials present another interesting prop-
erties, the final mixtures result into a new interesting material with more than one
remarkable property to be exploited [146].

The conventional way to measure the thermal conductivity in a solid is made by
inducing a high temperature in a certain point of the solid material under study, and
at at distance [, the temperature is measured. The speed with which the temper-
ature of one point is transferred to another, will be directly related to the thermal
conductivity of the material. For liquid materials, the traditional method is using
coaxial cylinders, the idea is to place the liquid sample between them and induce a
high temperature in the inner cylinder and measure the changes in temperature in
the outer cylinder, as soon as it starts experiencing a temperature change, the speed
at which the temperature travels through the liquid can be measured and thus the

thermal conductivity.
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To measure this parameter, we have chosen a highly accurate technique: Hot
Wire transient Method. The method is based on the measurement of thermal rise at
a certain distance near to a linear source of high temperature (hot wire). The hot
wire is immersed in the liquid medium, also a temperature sensor is immersed but
located at a certain distance of the heat source. Therefore, the hot wire is heated
until it reaches a constant temperature, when the sensor reach a constant measured
temperature, the experiment begins [147]. A change in the temperature of the hot
wire is induced constantly for a period of time ¢ and the sensor measures the change,

which can be described mathematically by the following relation:

_ 4y, (dat
AT (1,t) = in (l20> (3.15)

Where [ represents the distance between the sensor and the hot wire, ¢ is a constant
quantity in which the hot wire produces heat per unit time and per unit length,
is a constant which represents the thermal conductivity, a represents the thermal
diffusivity of the tested material and C' = exp(y) with v = 0.5772157 the Euler’s
constant.

The thermal diffusivity of the materials is normally represented as follows:

a=— (3.16)

Where p represents the material’s density and c, the heat capacity. The formula
3.15 is fulfilled when the distance between the hot wire and the sensor is too short
and the experiment is performed at long periods of time. When the temperature
difference is plotted vs the natural logarithm of time, the resulting curve is going to
be similar to a straight line and in the equation 3.15.

4 (3.17)

ATk
Will represent the slope of the line, making possible to obtain the thermal conduc-

tivity without knowing the density or the heat capacity of the material. Therefore,
this technique is suitable to measure the thermal conductivity of colloidal materials
created by PLAL.

Finally, it is important to mention that the concentration of particles created
by PLAL in different liquid media was performed using an ICP-MS spectrometer
quadrupole analyzer Agilent 7500cx equipped with a collision cell. This device allows
to determine the amount of chemical elements in a material due to vaporization

and atomization of the sample through its exposition of an argon plasma, once the
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ionization of atoms is formed, the ions are separated by means of a quadrupole and
directed to the detector, by measuring the respective energies is possible to determine
the amount of chemical elements contained in the sample [148].

This sophisticated equipment was used due to its high accuracy level in competi-

tion with conventional concentration measuring methods.
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Chapter 4

Setup Details

In this chapter, a review of the experimental challenges in this thesis work is given.
The experimental details and considerations to be taken into account when using this
technique are addressed. Special attention is given to the focusing system, considering
that besides of the correct choice of physical and chemical parameters. Experimen-
tally, the biggest control of the operator lies on how the light is driven to the solid
target, which is explained on the basis of the manipulation of the laser radiation by

optical elements.

4.1 PLAL and post-irradiation setups

In all of the experiments performed, a Ti:Sapphire laser (Femtopower Compact Pro,
Femtolasers) was used (see Figure 4.1). This laser source is composed by a femtosec-
ond oscillator delivering short pulses with central wavelength of 800nm and temporal
duration of about 10fs at a repetition rate of 75M Hz and peak power of about
10MW; and Ti:Sapphire femtosecond amplifier delivering 30fs pulses at a repeti-
tion rate of 1K Hz and peak power of about 10GW. The amplifier stage uses the
oscillator unit as a seed so that both sources cannot be operated simultaneously. The
amplification stage is based on a multi-pass architecture for broad bandwidths, nar-
row pulses, and elevates the ratio of the main pulse to the amplified spontaneous
emission (ASE) background. The system uses prism compressors to avoid chirp and
dispersive mirror technology to compensate higher orders of dispersion, and at the
same time these elements guarantees an optical transmission of 85% — 90%.
Recurring measurements of the energy used for each experiment, were performed
by using an analogical power-meter (Spectra Physics, Model 407-A) able to withstand
20kW/em? average continuum wave power density, and with an accuracy capable of

measuring few milliwatts. The sensor is able to absorb in a wide spectral range, from
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Figure 4.1: Photograph of the laser used for the experiments.

UV to IR, varying by £1% between 400nm and 1000nm. Readings are extremely
fast since the detector presents a linear response through a BNC output.

The incoming energy was controlled by using a set of calibrated neutral density
filters. The cross-section of the profile’s beam was slightly elliptical, with a nominal
beam diameter of 15mm in accordance with the 1/e? criterion. To reduce optical
aberrations and increase the spatial uniformity, the beam passes through a 2z all-
mirror beam expander. In addition, to control the laser light input power, an iris of
6mm of diameter is placed before the focusing optics.

For the experiments where PLAL was performed, a classical experimental setup
was chosen following the spacial details depicted in Figure 4.2. Therefore, for all
the experiments a polished gold disc of thickness 1mm and diameter 6.5mm (99.99%
purity) was used as solid target. The gold target was placed at the bottom of a glass

vessel (cuvette) filled with the required liquid environment.

Figure 4.2: ITmage of the real setup used in the experiments performed, where a dashed
line shows the laser radiation path.
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The cuvette was attached to a 2-D motion controlled stage (Prior Scientific, Model
H105) with a resolution < 1um and a repeatability of +0.7um, which can be moved
at a constant speed during the experiments. The target was irradiated from the
air-liquid interface by means of a focused beam with a lens onto the target surface
while moving the target (the focal length of the lens was optimized for each exper-
iment), perpendicular to the beam propagation axis in in parallel lines that don’t
overlap as it is depicted in Figure 4.3, at a constant velocity of 0.45mm/s in each
case. The dispersion introduced by the liquid and the optical elements that interact
with the laser radiation before reaching the solid target was compensated manipu-
lating the compression prisms of the laser. For the three experiments, the optimized
fluence of the laser beam at the sample plane was set to 1J/em? to avoid plasma
breakdown of the liquid, but to have enough energy exceed the ablation threshold
for gold 0.5.J/cm? [74,149]. To adjust the duration of exposure to laser radiation, an

electronically controlled shutter was utilized.

Figure 4.3: Path followed by the 2-D motion controlled stage.

For the experiments where the colloid coming from PLAL experiments was post-
irradiated, we filled a 10ml quartz cuvette (Hellma, Model 110-40-40) with the NP
colloidal solution obtained from the first experimental stage. The quartz cuvette has
a transmission value of about 90% in the spectral region 200 — 2500nm, and a quartz
wall that interacts with the incoming beam with a thickness of 1.25mm. Using this
device features, a minimal energy lose and aberration is ensured.

The cuvette is irradiated through one of the quartz walls as illustrated in Fig-
ure 4.4, to ensure a minimal optical aberrations and pulse broadening by the interface
that the laser beam should cross through its path.

Using the radiation from the Ti:sapphire laser, the beam focused onto the cuvette
center with a lens of 75mm focal length, while the colloid is stirred by a magnet to
homogenize the post fragmentation process. In this process, the laser fluence used is
set to 1J/em?.
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Figure 4.4: Experimental setup used to irradiating the colloids prepared by PLAL.

4.2 Focusing system

Fabrication of nanostructures by the use of PLAL is an exciting and young research
area where there are plenty of details to discover before it could compete with other
nanostructure generation techniques in productivity. Seeking the optimal parame-
ters to achieve these goals, it has been demonstrated that the amount of fabricated
material increase proportionally with an increment in the fluence applied [103], but
technological limitations prevent obtaining large amounts of material [40]. In par-
ticular, one of the most interesting issues is, the determination of the focal plane
when high energies are used. Ablation can be promoted out of the focal plane for
femtosecond radiation but the maximum ablation efficiency is obtained at the focal
plane due to an increase in the peak intensity delivered allowing the detachment of
material by either thermal and coulombic mechanisms.

Traditionally, when the focal plane of a beam focused in a solid target in a gas
atmosphere needs to be determined, the easiest way is to analyze the ablated spots
resulting from different lens-target distance [103]. Nevertheless, when the ablation
process is being performed in a liquid ambiance, the determination of the focal plane
is more complex.

Considering the conventional experimental setup, the beam path encounters at
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least two interfaces, air-liquid, liquid-solid, and at least two mediums with different
optical properties. The strongest influence for any kind of laser source is a shift in the
geometrical focal plane due to refraction, normally the shift can be determined us-
ing the ABCD-transfer-matrix method for Gaussian beams [150]. Nevertheless, when
pulsed laser sources at high intensities are used, linear and nonlinear optical effects
start to appear like self-focusing, super-continuum generation or filamentation [151].
In the most of the cases, these phenomena lead to lose of energy resulting in a decrease
of ablation efficiency. Another important phenomenon which needs to be considered
is the optical breakdown in the liquid environment, which is achieved at high inten-
sities [40]. The optical breakdown is a plasma created in the region where the laser
radiation exceeds an intensity threshold, these energies are normally achieved at the
focal plane when moderated input power is used. Therefore, no matter the amount of
energy used, the right localization of the focal plane in PLAL is mandatory to ensure
the best ablation performance and to know how much peak intensity is being used.
To this end, Stephan Barcikowski and co-workers [152] have developed a theoret-
ical approach which helps to determine the focal plane location under conventional
PLAL conditions. The approach takes in to account the liquid layer thickness above
the target, its refractive index, the amount of peak power used, and based on a modi-
fication of the ABCD-transfer-matrix formalism for nonlinear propagation, is possible
to determine the radius and therefore the peak power of the laser beam all along the
propagation path. The beam radius is expressed by the following analytical set of

equations:
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Here, k represents the wave number, w; the beam radius at the gas-liquid interface,

Ry the radius of curvature of the Gaussian wavefront at the air-liquid interface, ng
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the real refractive index of the liquid environment, ns the nonlinear refractive index
of the liquid environment, A the laser source wavelength, P. denotes the critical power
in which self focusing effects start to appear, P is the incoming laser power, z is a
variable which denotes the spacial axis in which the beam is traveling, w(z) denotes
the beam waist at different z positions, and R is the radius of curvature of the
Gaussian wavefront at the z position which can be easily derived from the following

equation:

R. =z {1 + (Z—R)Z] (4.5)

z
where zr denotes the Rayleigh length.
When the focal plane and the beam radius is finally determined, the peak intensity

can be easily estimated by the following equation:
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Here, P, represents the peak power, P the incoming average power, r the radius

(4.6)

of the beam, 7 the repetition rate of the laser pulses, and finally 0t represents the
temporal width of each laser pulse measured in accordance with the 1/e* criterion.
According to this theory, using the experimental characteristics that we propose
in this thesis work. A pulsed laser source with a repetition rate of 1kHz would be
delivering pulses each millisecond, if the sample is moving at 0.45mm/s, the distance
among each pulse would be 0.45um. For ensuring the maximum optimization promot-
ing no overlapping between pulses, allowing the radiation to hit always new material’s
surface, the focal length and layer above the solid target shouldn’t exceed 1mm and
1pum respectively. In this thesis work we didn’t avoid overlapping of pulses since the
research effort was a lot more focused on the possible applications of the produced
materials. Nevertheless, for future research in which the optimization of PLAL ex-
perimental setup demands the maximum productivity rate, it would be mandatory to
increase the speed at which laser radiation scans the target’s surface. In this context,
an experimental setup wherein the sample moves could represent problems, since the

(1)

air-liquid interface would tend to move in the “z” axis.
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Chapter 5

Synthesis and characterization of
gold /water nanofluids suitable for
thermal applications produced by
Femtosecond Laser Radiation

This chapter provides a detailed review of the experiments performed to produce
a nanofluid composed by water and gold NPs. The nanofluid was tested for its
potential exploitation in thermal applications and harvesting of solar light. This
work constitutes the first attempt to synthesize a nanofluid by PLAL during the of
the PhD studies.

The idea of this work, was to manufacture nanofluids which may stand the undergo
of drastic temperature changes without suffer damage, by a “green” alternative which
ensure no production of chemical pollution and the maximum NPs surface activity
which may lead them to be profitable. Since PLAL is a technique based on laser
irradiation that promotes the extraction of NPs from almost any kind of solid target
in almost any kind of fluid without the use of any external chemical element, PLAL
is a synthesis technique that seems to be suitable for the ever-increasing seek for
optimization of the existing technologies used to face the problem of energy demand
of the modern society. In this context, since solar power concentrators represent a
viable alternative for providing energy to a large amount of people, the main concern
of this work is to optimize the performance of this device. There are several parts in
SPCs that can be improved, but maybe the most important one is the way in which
the solar light is actually converted into thermal energy that eventually can be stored
and transformed into other kinds of energy. In the present work, we investigate the
optical and thermal properties of nanofluids composed of aqueous suspensions of gold

NPs manufactured by PLAL, since the technique promise to acquire highly pure and
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well dispersed gold NPs that can be stored at room temperature without showing
any significant agglomeration in months. The nanofluids were submitted to thermal
cycling and compared to those obtained for commercial gold/water suspensions in
view of their use as sunlight absorber fluids in SPCs. The results reveal that the
materials manufactured by PLAL don’t show any substantial differences for thermal
applications with commercial NPs. Therefore, nanofluids produced by this technique
can be used in thermal applications which are foreseen for conventional nanofluids,
e.g. heat transfer enhancement and solar radiation direct absorption; but giving the
opportunity to produce them in-situ in almost any kind of fluid without production

of chemical pollution.

5.1 Introduction

Fossil fuels are running out, and the search for ways to generate or extract energy
increases. Renewable solar energy has demonstrated to be a potential essential tool to
keep the ever-increase demand of energy of our society with a minimal environmental
impact, since the sun provides an estimate of energy of 120,000 TW every hour [153].
Currently, there are two main technological options to harvest the solar energy and
transform it into electricity. Photovoltaic cells (PV) and solar power concentrators
(SPC). Considering that the energy should be provided for large amounts of people,
SPC seem to be the best cost effective option. SPC concentrates the solar radiation
into surface absorbers that convert the majority of the incoming solar radiation into
heat, which eventually is transferred to a fluid which can either store that energy or
be used to produce steam and activate turbines to generate electricity [154].
However, this energy harvesting approach is not yet cost competitive with the
traditional, nonrenewable, fossil energy technologies, mainly due to the efficiency of
the system is limited by the operating temperature of the heat transfer fluid, and also
because the heat generation at the absorber is separated from the fluid leading to
radiative losses. In this context, big research efforts are being conducted to improve
the efficiency and reduce the cost of the production and storage of renewable energy
as the use of nanomaterials [155]. Maybe the first attempt of using small structures to
improve the thermal characteristics of liquids is historically located in 1873 when J.C.
Maxwell proposed the addition of small solid particles into a base fluid to increase
the thermal conductivity of the suspension [156]. However, the use of millimeter-
or micrometer- sized particles led to problems such as poor suspension stability and

channel clogging, which limits its practical applicability. To solve these drawbacks in
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1995, S.U.S. Choi proposed the use of nanofluids to increase the thermal conductivity
of conventional heat transfer fluids [146]. Since the high surface-to-volume ratio and
therefore large heat transfer interface between particles and fluid, the high dispersion
stability with predominant Brownian motion and the reduced particle clogging make
nanofluids suitable for its applicability in heat transfer fluids improvement.

Among the most important physical properties of heat transfer fluids, those which
usually are evaluated to determine if are or not suitable for their use in real SPCs
are thermal conductivity and heat transfer [157-161]. In this sense, different kind
of nanostructures have been investigated, from metal, semiconducting and insulating
NPs [162-165] to carbon-based nanostructured complexes [166-168]. These colloidal
suspensions have increase the thermal conductivity of the base fluid and in some cases
also the heat capacity, even when the NPs concentrations used are so low ( 1% mass
fraction) [169].

However, even when the nanofluid that shows the best thermal performance gets
found, is also important to notice that no matter how high thermal conductivity or
heat transfer it shows, the fluid would not be used in the moment when it gets the
highest temperature, before its final use is going to be moving all along the SPC device
loosing energy. A different approach to face this issue, where the heat transfer fluid
itself acts also as solar absorber dated back to 1975 and employed India ink [170]. The
use of a fluid working both as volumetric light absorber and heat exchanger seems
to be advantageous over the classical solution of a transparent fluid exchanging heat
with a solid absorber when a nanofluid is being used, mainly due to the remarkable
optical properties presented in NPs such as plasmonic effects [171]. Moreover, at
low particle concentrations it was also observed steam generation without heating in
solution mixtures when the nanofluid is exposed to electromagnetic radiation, allowing
applications such as light-induced phase separation in liquids [172].

Thus, the use of nanofluids as direct solar absorbers in either solar collectors and
light-induced phase separation had been investigated by several groups [173-178] and
with different NPs [138, 179-182], demonstrating that the most important factors
influencing nanofluid properties are size, shape and agglomeration state of nanoparti-
cles [183,184]. Therefore, a general synthesis technique that promotes a high control
over those parameters for a wide range of materials that also fulfils the 12 princi-
ples of a “green” chemistry technique is mandatory [185]. The conventional synthesis
approaches that promise these results are based on the reduction of complex molec-
ular systems in aqueous mediums, and the size, shape and stability properties are

controlled by the use of stabilizers. As it can be inferred, these approach leads to
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production of chemical pollution and in the most of the cases, the use of surfactants
can promote further crossed-chemical effects that could modify the nanofluid. Con-
sidering the requirements needed for the synthesis approach sought, and challenge
that this represents for the scientific community. In this work we propose the use
of PLAL to produce nanofluids that will be used for harnessing of solar power. The
selection of experimental parameters such as light wavelength, laser fluence, ablation
time, repetition rate, or the base fluid itself can modify the shape and size distribution
of particles [186]. Moreover, the size and size distribution of particles can be highly
modified by a post processing stage based on laser irradiation (PPLI), promoting
photo-fragmentation or melting of NPs in the fluid [187,188]. The whole strategy
(PLAL-PPLI) don’t require the use of any chemical substance as stabilizer but in
contrast promotes the fabrication of metal NPs with electron acceptors at the parti-
cle’s surface due to atom oxidation [189,190] what produces a relatively high particle
surface charge leading to electrostatic repulsion between the particles providing the
necessary conditions of stability through the time without significant agglomeration
of particles.

In particular, in this research work we produce gold NPs dispersed in water by
PLAL-PPLI, and the thermal and optical properties of the fluid are studied and
compared to those of available commercial nanofluids containing additives. The mor-
phological characteristics, purity and stability of the materials was determined by
Dynamic Light Scattering (DLS), Transmission Electronic Microscopy (TEM) and
Energy dispersive X-ray spectroscopy (EDX) tests. The optical properties were an-
alyzed through the measurement of spectral resolved optical absorption and their
thermal properties were evaluated by thermal conductivity measurements, carried
out by transient hot wire technique. All the samples were submitted to thermal cy-
cles and their properties were evaluated before and after this, to ensure its practical

applicability.

5.2 Experimental Setup

5.2.1 Material synthesis

The experimental setup used for this research work is the one depicted in Figure 2.5.
The process consists of two stages, in the first one, a pulsed laser beam is focused
over the surface of a target producing ablation where the ejected material is captured
in a liquid environment consisting of 3ml of deionized water 8M ). The laser beam is

focused onto the focusing plane of a gold disc (99.99% purity Alfa Aser) of diameter
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6.5mm and a thickness of 2mm, which is placed at the bottom of a glass cuvette
filled with water, using a 75mm lens, while the beam diameter is 6mm at the 1/¢?
point considering that the profile’s pulse is Gaussian. The cuvette is attached to a
2-D motion controlled stage that is moving at a constant speed of 0.45mm/s during
10.45min. The thickness of the water layer above the gold disc is about 7mm, and the
fluence used to irradiate the sample is 1.J/ecm?. The fluence is calculated by means
of Barcikoski’s approach for a pulsed laser beam when is focused and in its path
travels through a change of interface air-liquid [152]. Considering that the optical
elements and the liquid itself introduce dispersion, a beam post-compression stage
based on two fused silica Brewster prisms is used, controlling the dispersion in the
beam delivery path.

For the second stage, the colloid obtained from the first stage is irradiated by
the pulsed laser beam. The colloid is placed in a quartz cuvette and the laser beam
is focused with a 75mm lens at a distance of bmm from the interface quartz wall-
liquid inside the colloid. The energy delivered by the beam in the neighborhood of
beam’s focus is absorbed by the particles present and as it was described in detail in
Chapter 2, the excess of energy absorbed by the particles promotes the instability of
the system and the particle tends to explode, forming in this way smaller particles
with a low coalescence rate. The process is carried out with a fluence of 1.J/cm?
calculated for propagation in air while the fluid is constantly stirred with a magnet
to homogenize the process. However, considering the propagation in the liquid, the
fluence value decreases to 0.6.J/cm? approximately ensuring in this way the preference
of Coulombian explosion rather than melting of particles since femtosecond pulses are

used.

5.2.2 Preparation of samples

Nanofluids produced by the PLAL-PPLI technique were compared to commercial
nanofluids (Sigma Aldrich) containing gold NPs with 20nm nominal primary diameter
dispersed in water and either stabilized in 1) 0.1mM of phosphate buffered saline
(PBS) solution or 2) stabilized in citrate buffer solution.

Commercial nanofluids were diluted with distilled water so that the solid content
was the same for all samples and equal to the sample obtained by PLAL-PPLI. The
gold concentration was measured by inductively coupled plasma mass spectrometry
(ICP-MS) and was found to be 15mg/l. However, it should be noticed that this not
assures an exactly equal concentration of NPs among samples, as the NP concen-

tration depends on their sizes and size distribution. All samples were subjected to
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heating-cooling cycles in order to study the influence of the thermal treatment on the
properties of NPs and on nanofluid stability. To do this, samples were introduced in
a sealed container and heated from room temperature to 100C° in a hot bath. After
1 hour heating, nanofluids were cooled down to reach room temperature. A total

number of 6 cycles were run for each sample. Table 5.1 lists the investigated samples.

Table 5.1: Samples under study.

Sample Details
S1 PLAL-PPLI technique
S2 PLAL-PPLI technique + thermal cycling
S3 PBS stabilized nanofluid
S4 PBS stabilized nanofluid + thermal cycling
S5 Citrate stabilized nanofluid

S6 Citrate stabilized nanofluid + thermal cycling

5.3 Results and Discussion

To analyze in detail the optical, thermal and morphological characteristics of the
materials and determine the importance of using the PLAL-PPLI synthesis approach
in the development of nanofluids with potential use in the harvesting of solar light
industry, it was first necessary to determine if the proposed method promotes the
fabrication of highly pure NPs without the use of any external chemical additive. To
this end, is mandatory to recognize if the particles show any evidence of chemical
reactions between the particle and the base fluid by showing the appearance of ele-
ments that don’t belong to the solid target or the base fluid. The techniques used to
this end were (EDX and TEM).

From Chapter 4, where the sample preparation for the visualization in TEM is
explained in detail, is clear that just solid content is under study. Furthermore the
vacuum conditions at which TEM’s measurements are performed, only the particles
and any possible by-product could be visualized. In Figure 5.1, TEM representative
micrographs of the six samples are depicted. From a statistical qualitative analysis,
there is no any evidence of solid material that can be considered as by-product neither
before nor after the thermal cycling. Apparently it is only possible the visualization
of gold NPs.

To ratify these observations an elemental analysis of samples was performed. If any

chemical reaction existed between the particles and the fluid, it would be evidenced
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Figure 5.1: TEM micrographs of the samples before and after the thermal cycles.

by the measurement of by-products. In Figure 2, we can appreciate the EDX spectra
of the sample synthesized by PLAL-PPLI, the commercial sample stabilized with
PBS, and the commercial sample stabilized with citrate. In all of the cases the
presence of copper (Cu) and carbon (C) has been detected and it is connected to
the composition of the microscope grid. It can be observed that, even if gold (Au)
has been correctly detected in each sample, only for PLAL-PPLI nanofluids no other
contaminants are present. In fact, commercial samples, stabilized with surfactants
also show the elements contained in their dispersant or chemicals coming from the

synthesis production process itself, such as sodium (Na).
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Figure 5.2: EDX spectrum of a) PLAL-PPLI produced NPs (S1), b) commercial NPs
in PBS (S3) and ¢) commercial NPs in citrate buffer (S5).

In the other hand, from a statistical analysis, it was determined that particles
created by the laser-based synthesis proposed show the most spherical shape. A
possible reason to acquire this shape is that during the creation of particles, the
particles undergo a surface tension effect resulting from its interaction with the liquid
ambiance, and as in the case of burbles in water, the most stable shape for the

particles to acquire is the spherical one. Contrary to this, when particles are created
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by chemical methods, the natural process of particle creation is nucleation of reduced
elements and further growth, under the presence of stabilizers or additives, the growth
is not promoted in an homogeneous way all over the particle’s surface resulting in the
creation of particles with non necessarily spherical shapes.

For practical purposes, a non-spherical shape in a metal NP could lead to poor
optical response or in nanofluids, it could lead to issues in the flow dynamics. After the
thermal treatment, the all of the samples does not show any morphological change
or change in size. In particular, the size of particles can not be inferred from the
TEM micrographs, since the amount of solid material in the sample is so low and
the particles tend to be well dispersed. To assess a correct size distribution, it was
mandatory to use DLS.

This technique as it was mentioned in Chapter 4, provides the size distribution
of the particles or agglomerates of particles as they are present in the nanofluid in
static conditions. The results depicted in Figure 5.3. show the mean particle size,
dps0, which is defined as the size below the 50% of particles that are comprised and

is very close to the diameter on the peak of the distribution.
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Figure 5.3: Particle size distribution a) NPs produced by PLAL, b) commercial NPs
stabilized in PBS and c¢) commercial NPs stabilized in citrate buffer.

Results are shown in Table 5.2. It can be observed that NP primary average size
for commercial PBS and citrate buffer nanofluids is 15.4nm and 21.3nm, respectively.
In all the cases, the NP distribution is considerably narrow, with standard deviation
values lower than 5nm. And finally, for the all of the samples, NPs are very well
dispersed with almost no clustering after the thermal cycles. As figure of merit, is
possible to consider that the clustering can be evidenced when particle sizes are larger

than 2d,s0, since this value will show the tendency of particles to agglomerate.
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Table 5.2: Mean particle size of nanofluids.

dp50 (nm)
Sample Not cycled Cycled
PLAL-PPLI technique 18.5 17.4
PBS stabilized nanofluid 15.4 14.1
Citrate stabilized nanofluid 21.3 20.3

The optical properties in the other hand, determined by measuring the transmit-
tance spectra at room temperature, were assessed comparing both, the produced Au
NPs and commercial Au-NPs in aqueous suspensions. The transmission spectra were
acquired with respect to the base fluid and air reference, respectively. In Figure 5.4
we show the overall transmittance spectra of the as-prepared samples with respect
to air, corrected for the reflectance term. The curves depicted represent the spectral

transmittance of the whole system built by NPs and base fluid.
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Figure 5.4: Transmittance spectra of as-produced samples. The spectrum of pure
water is also shown for reference (red dots).

We can appreciate that the spectra show the surface plasmonic peak, correspond-
ing to a minimum in the transmittance spectrum, in a similar spectral position i.e.
at 522.5 £ 2.5nm, in agreement with the rough similarity of NP dimensions in the
various samples detected by DLS measurements. The difference in the transmittance
absolute values of samples near the plasmonic peak could be due to differences in the

molar concentration of different NPs sizes within each poly-dispersion. In fact, as
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reported in the literature, both molar concentrations and dimensions of NPs strongly
affect optical spectra [56,191-195] and poly-disperse suspensions show an inhomoge-
neous broadening in the spectra [56]. If we compare, for each preparation technique,
the pre- and post-cycling spectra (Figure 5.5) we can notice that PLAL-PPLI and
PBS samples practically show no changes, while for citrate samples (S5-S6) the post-

cycling transmittance is slightly decreased, likely because of some degradation of the

citrate additive.
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Figure 5.5: Comparison of transmittance spectra of as-produced and cycled samples.

To decouple the contribution to light extinction due to NPs and base fluid, respec-
tively, we acquired the transmission spectra using a cuvette filled with distilled water
as reference. Figure 5.6 shows the calculated extinction coefficient of as-produced
samples. Again, the surface plasmonic peak (transverse surface plasmon resonance)
can be clearly recognized, as well as a secondary small shoulder at wavelengths below
400nm, in agreement with the literature [196].

The small features at wavelengths around 965 and 1157nm are probably due to
instrumental artifacts, as the contingent presence of non-spherical particles exhibit-
ing longitudinal surface plasmon resonances in this spectral region could be ruled
out by TEM analyses [197]. The difference in the absolute value of extinction coeffi-
cient for the samples can be ascribed to the different size distribution, and thus NPs
concentration distribution, as mentioned above.

The extinction coefficient pie.¢(A) is the sum of the absorption and scattering co-

efficients. Thus, to give an estimation of the absorption properties of the nanofluid,
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Figure 5.6: Extinction coefficient of NPs decoupled from the base fluid contribution.

it is necessary to evaluate the light scattering characteristics as well. The spectral
scattering albedo w(\) is defined as the ratio between scattering and extinction coef-
ficients and can be obtained from the calculated extinction and scattering efficiencies

Qext and Qseq, respectively. Following the notation in [198], are given by:

m? —1 22 (m? — 1\ m* +27m? + 38 8 m2 —1\?
eat = Az 1+ = —2*R
Qe = o m{mQ—i—Q{ 15 (m2+2) om? + 3 H+3x ‘ <m2—|—2>

(5.1)
sca — o 5.2
¢ 37 |m2 +2 (5:2)
Where m is the complex relative refractive index.
1k
m = M (5.3)
7’Lf + Zk’f

defined in terms of the real (n,, ns) and imaginary parts (k,, ks) of the complex

refractive indexes of particles and fluid, respectively; and x is the particle size param-
eter:

2mnyra
A

Tr =

(5.4)
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being a the particle radius and A the light wavelength in vacuum. In the Rayleigh
regime |m|x << 1, the expression in brackets in Eq. 5.1 is approximately unity. The

extinction efficiency thus becomes:

m? —1 8 m? —1\°
— 4] —t )
Qext xm{m2+2}+3xRe{(m2+2) } (5.5)

For poly-dispersed particles, the scattering albedo is given by [198]:

2
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- 2
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)

w (5.6)

where NV;, Qscqi; and Qeqr; are the volume concentration, the scattering efficiency
and the extinction efficiency, respectively, of the spheres of radius a;. From Eq. 5.6 we
calculated the single-scattering albedo for our samples in the Rayleigh regime. The
complex refractive indexes of water and gold considered in the calculation were taken
from [199,200]. For simplicity, the experimental NPs size distributions (Figure 5.3)
have been approximated as trimodal dispersions, considering, for each sample, the
measured populations for three particle sizes around the peak of the distribution and
including at least 85% of the total number of particles. It should be noticed that the
Rayleigh hypothesis is not satisfied for wavelengths in the range about 300 — 350nm
for the largest particles in the distribution (which represent about 30%, 20% and 5%
of the considered population in the samples S1, S5 and S3, respectively). Thus, in
this spectral region the scattering albedo is probably underestimated. The spectral
scattering albedo w(\) was used to obtain the spectral absorption coefficient fizps(\)

of the nanofluid from the experimental extinction coefficient pie..(A) as:

fabs(A) = peat(A) [1 = w(N)] (5.7)

To quantitatively evaluate the sunlight absorption capability of samples for the
proposed solar collector application, we calculated the fraction F' of the incident power

absorbed in the fluid after a propagation length [ in it:

A
max ] A . eiﬂabs()‘)ldA
F(A\)=1- o A( )
[ TN dA

/\min

(5.8)

where I(\) is the spectral distribution of the incident irradiance integrated in
the wavelength range (Ain, Amaz). For a still and cold isotropic medium, figps(A) is
considered constant along [. In Figure 5.7 we compare the calculated absorbed light

fraction as a function of the propagation depth within the fluid, for pure water and
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for the as-produced gold nanofluids. The calculation has been performed according
to equation 5.8, keeping as I(\) the CIE solar spectrum with air mass m = 1.5 [201]
and considering A,,;, = 300nm and \,,,, = 2300nm. We can observe that even with
the low concentrations we have considered, a nearly 80% absorption can be obtained
after a 10cm propagation length in the nanofluid. This value is nearly twice than that
obtained for simple water. The samples show small absorption differences due to the
differences in their extinction coefficient mentioned above. A larger absorption can be
obtained with more concentrated suspensions. The results shown demonstrate that
gold NP-based nanofluids can be used as volume absorbers in direct absorption solar
collectors. Moreover, they offer also the opportunity to optimize the sunlight absorp-
tion for the specific solar collector architecture of interest by changing concentration

and sizes of NPs.
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Figure 5.7: Absorbed sunlight fraction as a function of the propagation distance in
the nanofluid for the as-produced samples.

In the other hand, as long as the scope of the nanofluid synthesis considers the
production of materials with potential applications not just as volumetric absorbers,
but also heat transfer fluids. The thermal conductivity of nanofluids produced by
PLAL-PPLI and commercial nanofluids was measured at 80C° by means of a KD2 Pro
conductimeter (Decagon Devices Inc.). The KD2 Pro is the commercial device that
measures the thermal conductivity with the help of the transient hot wire technique

measuring the temperature/time response of the wire to an abrupt electrical pulse.

69



Six measurements were performed for each sample. The experimental error could be

determined at 95% of confidence level.

Table 5.3: Thermal conductivity measurements at 80C°.

E(W/mK?®) Ak(%)
Sample Not cycled Cycled Not cycled Cycled
Water 0.652 £+ 0.013 - - -
PLAL-PPLI technique 0.667 £ 0.018 0.666 £ 0.020 2.23 2.20
PBS stabilized nanofluid  0.687 £+ 0.022 0.677 + 0.010 5.42 3.88
Citrate stabilized nanofluid 0.681 4+ 0.009 0.669 4+ 0.013 4.36 2.53

From the results represented in Table 5.3, it can be observed that the thermal
conductivity of the base fluid increases when NPs are present in the all of the samples.
Differences between PLAL-PPLI and commercial nanofluids, as well as before and
after cycling lie on the basis of the experimental uncertainty. Therefore, it can be
concluded that PLAL-PPLI synthesized nanofluids provide an increase in thermal
conductivity similar to commercial suspensions and stable with thermal cycling. As
a final comment, it should be noticed that the nanofluids that we have investigated
have a very low particle concentration. A larger thermal conductivity enhancement
can be obtained with more concentrated suspensions [202]. However, as the NP
concentration increases, nanofluids could show stability problems, that in case of
chemically-stabilized samples it means the need of a larger surfactant amounts with
a detrimental effect on thermal conductivity properties [203]. In this framework,
physical techniques like PLAL-PPLI, which are able to produce stable nanofluids
without the use of surfactants, can have an even larger impact on solar nanofluids

fabrication.

5.4 Conclusions

In summary, the most important contributions of this research work lies on the pro-
duction of gold NPs-based aqueous nanofluids by means of the PLAL-PPLI technique
without the use of chemical additives. The produced nanofluid in comparison with
commercial available nanofluids shows similar optical and thermal properties before
and after thermal cycling and in some cases even better for their potential use in
the harvesting of energy industry, e.g. a higher sphericity of suspended particles

which could lead to a better nanofluid motion or the purity of the particles. In the
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all of the cases, the nanofluids demonstrated to be able to work under thermal cy-
cling. From the measured extinction coefficient and the calculated spectral scattering
albedo, sunlight absorption characteristics have demonstrated that gold-NPs nanoflu-
ids have a great potential to be used as direct absorbers in solar collectors. In this
context, it should be noticed that optical absorption can be tuned by changing NPs
concentration and size. Moreover, it is known that thermal conductivity of nanofluids
increases with the NPs volume load. Thus, the advantage of using PLAL-PPLI syn-
thesis approach, which produces stable nanofluids without chemical surfactants can
be even larger when high NPs concentrations are required. Representing a synthesis

alternative that may inspire future research in the field.
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Chapter 6

Fabrication of gold nanoparticles in
Therminol VP-1 by laser ablation
and fragmentation with fs pulses

This chapter provides a detailed review of the first and second published papers as a
consequence of the research activity during the PhD studies.

Based on the nanofluid idea presented in the last Chapter, the goal for this work
was to move a step forward using PLAL to improve the thermal conductivity of an
euthectic mixture of diphenyl oxide and biphenyl, commercially known as Therminol
VP-1 by fabricating gold NPs in it. The motivation behind this research activity lies
on a simple idea: the fluid used in the present work is commonly employed in the
harnessing of solar power industry and its thermal improvement could represent a
great technological advantage.

Traditionally, in SPCs the fluid used in this research work is heated by its ex-
posure with concentrated solar radiation, the most common type of solar thermal
collector utilizes a black surface as absorber element, which transfers heat to the fluid
running in tubes embedded within the surface. Then, a heat exchanger transfers the
heat of the fluid to a steam turbine system connected to an electrical power gen-
erator [204]. Alternatively, in direct absorption solar collectors the solar radiation
is directly absorbed by the fluid and transformed into heat and then evaporated to
move mechanical engine and finally transform the collected solar energy into electri-
cal and useful energy [138,175,205-207]. Nevertheless, this particular fluid presents
a low thermal conductivity and consequently, the time in which the whole fluid can
be heated until it’s maximum limit could not fulfill the productivity needs of the
industry, therefore is mandatory to improve this special characteristic.

Based on nanofluids idea, Wang and co-workers have introduced gold NPs in the
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thermal fluid studied in this work, and it was proved that the thermal conductivity
can be enhanced [208], nonetheless their material presented a poor stability and the
creation of byproducts. Therefore, to improve the stability and purity of the final
material, we have produced gold NPs by PLAL considering that this fabrication
technique is an approach in which there is no chemical pollution, making easier to
determine the stability of the material since there can not happen any uncontrolled
further chemical reactions.

The application of the idea led us to observe a mitigation in the agglomeration
of particles through the time, making the final material more stable but keeping a
thermal conductivity enhancement of about 4%. Nevertheless, since the scope of the
possible applications lies on the harvesting of energy and its possible use in real solar
power applications, the two possible further experimental paths focuses on increasing
the thermal conductivity or improving the stability of the nanofluid. From previous
works, creating metal NPs in the heat transfer fluid used in this work, it is clear
that even when both characteristics are strongly desired, the natural tendency of
the nanofluid is to do not present both of them together optimized. Nonetheless,
preliminarily results let us understand that when the nanostructure in the fluid is
smaller, bigger is the surface to volume ratio and stronger is the influence of the
presence of NPs in the fluid allowing to obtain bigger thermal conductivity values.
And in the other hand, it was also possible to determine that when the particles are
smaller, there is more chance to get a stable nanofluid which will end up creating
clusters of particles not big enough to settle. Therefore the biggest goal to achieve
was to get the smallest NPs size possible to obtain the best thermal conductivity
response and the most stable behavior.

During the research work presented here, a set of experiments were performed to
determine if the optimization of laser parameters could help to achieve the desired
results. And contrary to the hypothesis, the minimization of particle’s size didn’t help
to mitigate the agglomeration phenomenon leading to the worsening of the material.
Therefore, PLAL is effective to achieve small primary NPs sizes but maybe not so
effective to ensure no agglomeration through the time. Considering the classical
Derjaguin-Landau-Verwey-Overbeek (DLVO) theory, which describes mathematically
the aggregation of aqueous dispersions based on electrostatic and Van der Walls
attraction between the particles, we realized that in an organic oil such as Therminol
VP-1 which doesn’t promote that the gold particles acquire electric charge, there is a

decrement of electrostatic repulsion between particles leading to their agglomeration.
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Then, to mitigate the agglomeration phenomenon we have thought about generat-
ing repulsion between particles through steric or electro-steric forces. Steric repulsion
is a phenomenon in which molecules with low reactivity or negatively charged enve-
lope another molecular systems to promote repulsion between them and not allowing
them to clump. In this context, it was important to find the molecule which promote
the steric repulsion in organic oils, but able to resist elevated temperatures. Working
temperatures for solar power applications are around 300°. Once the molecule was
identified, the next step was to promote the envelope of nanostructures. Using con-
ventional methods the functionalization of particles inside organic oils is complex and
require difficult procedures. Nevertheless, the great versatility of PLAL allows the
functionalization of NPs by just adding the functional groups to the liquid or colloidal
environment as it was explained in Section 2.2.2.1. Therefore, after the functional-
ization, the result achieved in this research work lead us to obtain a material with a
primary NPs size of 58 & 31nm and reaching a final cluster size of 370nm for up to 1
month and keeping the thermal conductivity enhancement.

The application of the idea proposed to improve the novel nanofluid was successful
because we have obtained the smallest agglomeration rate and size reported in the
literature for Therminol VP-1 and gold, and the thermal enhancement was kept.
Nonetheless, the thermal conductivity enhancement did not get a great improvement
as the stability, making this result a study that helps to mitigate the stability of
nanofluids based on organic oils, and may inspire future research to also improve the
thermal conductivity and finally get a definitive material with outstanding properties

that could change the way in which solar energy is harvested.

6.1 Introduction

As it was discussed in detail in the past chapters, PLAL is a synthesis strategy
that has gained the trust of the scientific community through the time due to its
versatility and reproducibility. Recently, the right selection of the liquid environment
in which NPS should be created has been leading to new interesting results, such as
the development of high speed and frequency electronic devices [209], the synthesis of
non-toxic NPs that present infrared emission for biomedical applications [210,211], or
the creation of new materials that are able to absorb solar radiation in a wide spectral
range and transform it into thermal energy, which subsequently can be transformed

into useful energy.
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Since one of the fields that demand bigger research efforts is the energy industry,
due to an ever increasing demand from the modern society. Several groups worldwide
have been testing the idea of introducing metallic particles in different fluids, that
could lead to an efficient harnessing of solar power.

At the moment, the best performance for a real application based on nanofluids
was presented by Wang et. al. [208] through a bottom-up fabrication approach,
whom pointed out the necessity to implement this ideas in daily used commercial
fluids to improve its performance in application were are commonly used. In this
context, they have demonstrated that the fabrication of spherical gold NPs with sizes
around 121nm and concentrations of 0.05% (mass percentage) in Therminol VP-1
can enhance its thermal conductivity by up to 6.5%, thus increasing the harvesting of
energy in devices like SPCs. Therminol VP-1 as other eutectic mixtures of biphenyl
and diphenyl oxide are heat transfer fluids or thermal oils commonly used for solar
power applications, they are used to transform the incoming electromagnetic radiation
into thermal energy, afterwards are transformed into steam and the kinetic energy of
the vapour particles is used to move mechanical engines and eventually the energy
is transformed into electricity [175,208]. Since, improvement in the harvesting of
solar light is a challenge. One way to increase the efficiency in devices that are used
to harvest solar power is by fabricating heat transfer nanofluids with remarkable
thermal characteristics, using conventional thermal oils. The manufacture of thermal
nanofluids using commercial heat transfer fluids is already possible and are two well-
known methods. In the first one, NPs are first produced by chemically [212,213]
or physically [189] routes, and subsequently dispersed into the proper fluid. But
as NPs have a high surface energy, aggregation and clustering are unavoidable and
will appear quickly. An alternative procedure to prevent agglomeration as much as
possible is to produce the NPs directly in the base fluid. However, the typical methods
used for this aim such as chemical reduction [214], photochemical reduction [215],
glow discharge [216], and sonochemical reduction [217], are not so effective and tend
to present an increment of viscosity which is considered as a drawback due to the
associated increment in fluid pumping costs, mainly due to pollution and by-products
creation during the synthesis, and also present stability problems. And as it is well
known, one of the most important characteristics of nanofluids is to know if they
can remain for very prolonged periods of time without significant settling or loss of
stability.

Hence, an idea to mitigate this unwanted effects is the use of PLAL and a further

post processing stage based on laser irradiation (PPLI) due to the NPs can be syn-
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thesized in-situ and highly control its final characteristics. Nevertheless, the use of
such pure technique don’t ensure the total mitigation of agglomeration. Apart from
the production process, a chemical stabilization is required to enhance the stability
against agglomeration of NPs. Stability in nanofluids can be predicted by knowing
the total energy of interaction between two particles. In the range of nanoscale, the
ratio particle sur face to particle volume is so high that all the interactions are con-
trolled by short-range forces like Van der Waals attraction force. As a consequence of
the attractive nature of the forces presented, when primary particles are suspended
in a fluid they have a tendency to agglomerate when they collide due to their Brow-
nian motion. This agglomeration can be avoided by means of repulsive surface forces
created among particles. The classical DLVO theory only takes into account elec-
trostatic repulsion, however, in non aqueous media steric or electrosteric repulsion
is preferred [186]. It is achieved by the covering of particles with ionic surfactants
that generates a charged medium surrounding the polymeric chains adsorbed to the
particle surface, thus preventing contact and agglomeration of particles.

In this research work, we experimentally demonstrated the fabrication of a nanofluid,
based on a commercial heat transfer fluid and pure gold, by PLAL performed with
a femtosecond laser source and post-processing the material by a post-irradiation
process, implemented to control the final size of the created nanomaterial. And in
the other hand, gold NPs highly dispersed in a commercial heat transfer fluid were
produced by PLAL and the PPLI stage with the help of a cationic surfactant pre-
viously introduced in the base fluid to stabilize the material. As the separation of
the NPs from the surfactant tends to be difficult, it is important that the surfac-
tant is compatible with the end-use procedure. In our case, the surfactant used was
tetra-n-octylammonium bromide ((CsHy7)4N Br, TOAB, > 98%) because this kind of
dispersant has demonstrated its chemical compatibility with the thermal oil and the
solid target and it can be used for practical applications, as TOAB does not degrade
at high temperatures.

The morphology, purity, mean size, and size dispersion of NPs, the stability and
thermal conductivity enhancement of the nanofluid were determined in both cases.
The obtained materials presented an enhancement of thermal conductivity of the base
fluid and a considerable improvement over the stability of the nanofluid for the first
published results and the highest stability reported for the second published paper.
We believe that the findings of this project could have a potential impact on the

fabrication of nanofluids based on exotic or chemically complex liquids, giving the
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opportunity to synthesise nanofluids with outstanding properties, not easily achieved

by chemical approaches.

6.2 Experimental setup

6.2.1 Material synthesis

The experiments performed can be summarized into two protocols, each one divided
into two stages of a single synthesis route, a colloid manufacture or PLAL stage fol-
lowed by a post-processing and NPs size control or photo-fragmentation stage without
the use of TOAB surfactant and with the use of TOAB. The main difference in the
two protocols is the use of TOAB, in the first one there was no any surfactant or
extra additive, in the second protocol 0.0547¢ of TOAB was dissolved in 100m! of the
synthetic thermal oil. The rest of the procedure is the same. During PLAL stage,
a gold disc of thickness 1mm and diameter 6.5mm (99.99% purity) was used as the
solid target. The disc was placed at the bottom of a glass cuvette filled with the fluid
(Therminol VP-1 for the first protocol and Therminol VP-1+TOAB for the second
protocol). The thickness of the liquid layer above the target was about 7mm. The
cuvette was attached to the 2-D motion controlled platform moving at a constant
velocity of 0.45mm/s. The sample was irradiated from the air-liquid interface by a
focused beam with a lens of 75mm focal length onto the solid target surface as it can
be inferred from the experimental setup picture (Figure 2.5).

The fluence used to irradiate the sample was 1J/cm?, which was controlled by
means of a set of calibrated neutral density filters. Additionally, the cross-section of
the pulsed beam used is slightly elliptical, with a nominal beam diameter of 15mm,
and a beam propagation factor lower than two. As it was mentioned in Chapter 4,
to reduce optical aberrations and increase the spatial uniformity, the beam passes
through a 2x all-mirror beam expander. In addition, an iris of 6mm diameter is
placed before the focusing optics. To control the irradiation time, an electronically
controlled shutter was utilized. After 15min of synthesis, in both protocol cases a
brown-like coloured colloid was obtained.

Once the colloid was ready, we have directly continued with the post-processing
stage. For this, we have used the colloid to fill a 10ml quartz cuvette with planar
walls with a thickness of 1mm, which present a 90% transmittance in the spectral
range from 200 — 2500nm. Therefore, the cuvette was irradiated using the light from

the Ti:Sapphire laser previously focused with a 75mm focal length lens as it was
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described in Section 3.1. To avoid a non-homogeneous irradiation of the material, the
colloid was stirred with a magnet during the photo-ablation process.

The incoming fluence used to irradiate the sample was 1.J/cm? calculated under
free propagation, but using the Barcikowski’s theoretical approach for calculating the
beam radius when a pulsed laser beam is focused into a liquid environment, without
considering the interfaces air-quartz, quartz-liquid presented in this procedure, the

approximate value reaches 0.6.J/cm? in both protocol cases.

6.2.2 Preparation of nanofluids

Five different nanofluid were prepared during the two protocols. Three of them
synthesized by PLAL and the PPLI stage without and with the surfactant, and
the remaining two using commercial NPs mixed with the commercial heat transfer
fluid. Table 6.1 lists the investigated nanofluids.

Table 6.1: Samples under study.

Sample Details
nanofluid 1 PLAL in Therminol VP-1
nanofluid 2 PLAL-PPLI in Therminol VP-1
nanofluid 3 commercial AuNPs in Therminol VP-1

nanofluid 4 PLAL-PPLI in Therminol VP-1+TOAB
nanofluid 5 commercial AuNPs in Therminol VP-1+TOAB

The idea to create the five different nanofluids was to compare its characteris-
tics. Since in the market is not possible to find Therminol VP-1 with gold NPs
created in it, but is possible to find commercial gold NPs and mix them with the
liquid. We have mixed in Therminol VP-1 and Therminol VP-1+TOAB respectively
commercial gold NPs stabilized in 0.1mM of PBS solution with a primary particle
diameter of 50nm, from Sigma Aldrich. The choice of this specific kind of particles
was made on the base that we needed highly dispersed NPs similar to those ob-
tained by the synthesis method proposed in this research work, to ensure no further
agglomeration. To prepare the mixture, the water content was removed from the
aqueous suspension by evaporation on a hot plate. Once the gold NPs were dry, they
were dispersed in Therminol VP-1 and Therminol VP-1+TOAB for the nanofluid 3
and the nanofluid 5 respectively, with the help of an ultrasound probe resulting in
a high concentration. Then the nanofluid was diluted with pure Therminol VP-1 or
Therminol VP-14+4TOAB depending on the case, to achieve the same optical density
and solid content that the one obtained by using the synthesis approach proposed.

78



The optical density was calculated by measuring the transmission of a laser beam
centered at 635nm (Thorlabs, Model CPS180) with a photo-diode (Thorlabs, Model
SMO05PD1B) in a rectangular quartz cuvette.

6.3 Results and discussion

The important characteristics to be studied in this work were related to the material’s
purity, the possibility to create a novel material with a higher thermal conductivity
than the base fluid, and mitigate the agglomeration phenomena that could make this
material suitable for real applications. To this end, it was important to analyze the
morphology, mean size, size dispersion, crystalline structure, and stability through
the time.

The techniques used to analyse the samples were: transmission electronic mi-
croscopy (TEM), energy dispersive x-ray spectroscopy (EDX), high resolution trans-
mission electronic microscopy (HRTEM), selected area electronic diffraction (SAED)
and dynamic light scattering (DLS).

In order to analyze in depth the issues discussed here, is firstly mandatory to rec-
ognize if we can find evidence of a chemical reaction between the NPs and the liquid
environment during the production process, leading to the synthesis of a poor quality
material and fabrication of by-products in the synthesis that eventually could change
the nanofluid characteristics. To this end, we have used three different characteriza-
tion techniques (EDX, HRTEM, SAED) to look for any typical evidence of chemical
reaction such as the appearance of a lot of elements of the base liquid or crystalline
defects. In this context, the preparation of the sample and vacuum the conditions
in the TEM ensures that just solid content is under study. If any by-product is syn-
thesised in an uncontrolled way during the production process, the created material
should remain in the TEM’s grill allowing the opportunity to be seen not just in the
TEM’s image, but also in an elemental analysis such as EDX. From a statistical point
of view and considering that any product presented in the samples under study should
represent a possible active core to generate further chemical reactions, the crystalline
and elemental analysis is going to be performed only to the final products nanofluid
2, nanofluid 4 and nanofluid 5.

In Figure 6.1, we can see the representative spectra of the 3 samples, nanofluid 2,
4 and 5. Where some elements aside of gold (Au) are detected, among them there is
carbon (C), cooper (Cu), iron (Fe), chromium (Cr), potassium (K) and bromide (Br).

However, the presence of cooper and carbon can be due to the grid substrate, the
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Figure 6.1: EDX spectra of a) nanofluid 2, b) nanofluid 4, and ¢) nanofluid 5 (already
published in [1]).

TEM’s grid used was made of cooper and contains a carbon film to immobilize the
solid content on it. Iron and chromium can be detected because the microscope ob-
jective lenses are made of it. The presence of potassium and bromide in Figure 6.1(b,
c) can be attributed to chemicals used to stabilize the nanofluids. For the nanofluid
2, the first logical conclusion that can be extracted from its spectrum is that there
is no any byproduct due to we are just observing gold and the elements forming the
TEM’s grid or the TEM’s objective lenses. Nevertheless, is important to remem-
ber that Therminol VP-1 is an eutectic mixture of biphenyl and diphenyl oxide, and
biphenyl is a molecule with a high content of carbons in its structure being composed
of two benzene rings connected through a single bond as it is depicted in Figure 6.2.
During PLAL fabrication, due to the high intensities used is possible the dissocia-

tion of this molecule resulting fabrication of carbon-based by-products. However, a
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detailed observation of TEM pictures demonstrate that after the production process,
there is no evidence of amorphous structures aside of the particles, but the carbon-
based TEM grids could be still hiding the presence of a low amount of carbon-based
by-products. Therefore we can considerate that there is no evidence of creation of

large amounts of carbon-based by-products,

carbon atom @

\ S 7 N single bond

a—de

double bond

Figure 6.2: Biphenyl structural formula.

For the nanofluid 4, the presence of bromide can be attributed to the use of
TOAB. Since it is a polymeric chain that surround the created NPs is possible that
could remain as a solid specie in the TEM’s grid and its presence is evidenced by the
detection of one of its fundamental elements. For the nanofluid 5, as in the case of
nanofluid 4, the presence of bromide can be attributed to TOAB, but also is important
to notice that as in nanofluid 4 the intensity for the Au peaks is lowered in comparison
with the EDX spectrum of nanofluid 2, it could also represent a second evidence that
the polymeric chain of TOAB is indeed surrounding the gold NPs, evidencing that
the functionalization was successful.

In the other hand, the promotion of chemical reactions between the solid target
and the base fluid can be evidenced through the promotion of defect formation in
the solid crystals contained in the colloid. The thermal fluid and the surfactant are
molecular systems that does not present a crystalline structure. Therefore, the only
noticeable crystalline structure should belong to gold, its crystalline characteristics
are the following: Au is its symbol which comes from the latin Aurum, it has 79
electrons in the electronic configuration [Xe]4 f1454'°6s! which means that naturally
is not so reactive, it has an atomic radius of 0.174nm, and a face centered cubic
crystalline structure or (FCC). According to the database of Joint Committee on
Powder Diffraction Standards (JCPDS), the file for FCC Au crystals (JCPDS :
4 — 784), revels that using A = 15.4056nm, the inter-planar spacing and Miller index

of its crystalline plane families is listed in Table 6.2.
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Table 6.2: Miller index and inter-planar spacing (d — spacing) recorded in (JCPDS:4-
784) for FCC Au crystals.

d—spacing (A) h k 1
2.35500 1 1 1
2.03900 2 0 0
1.44200 2 20
1.23000 3 1 1
1.17740 2 2 2
1.01960 4 0 0
0.93580 3 3 1
0.91200 4 2 0
0.83250 4 2 2

As it was described in detail in Subsection 3.3.1., HRTEM allows the observation
of distances under 1nm, the required resolution to observe a periodic arrangement
of atoms in a crystal, and measure the distance between chains of atoms that are

mathematically represented as crystalline plane families.

0.207nm
{200}

Figure 6.3: HRTEM micrographs of NPs (top) and SAED patterns taken of NPs
(bottom). From left to right for nanofluid 2, 4 and 5. (already published in [1]).

In Figure 6.3, a set of representative HRTEM micrographs of the 3 samples,
nanofluid 2, 4 and 5. Where some plane crystalline families can be identified.

For nanofluid 2, the families (111) with d — spacing = 0.235nm and (200) with
d — spacing = 0.204nm can be appreciated. From an statistical analysis, no other
crystalline families could be determined, or crystalline families which don’t belong to
the Au FCC crystalline structure. For nanofluid 4, obtaining images of HRTEM was

more difficult to the case of the first sample, and just one crystalline family could
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be identified, (200) with d — spacing = 0.204nm. For nanofluid 5, as in the previ-
ous sample, HRTEM images were difficult to obtain but in this case two crystalline
families were observed, (200) with d — spacing = 0.204nm and (220) with with
d — spacing = 0.144nm. The results are very interesting due to, assuming that there
has been a reaction between gold and carbon or bromide during the production pro-
cess, at least the d — spacing should be modified showing the same periodic behavior
for different crystalline planes, i. e. the all of the crystalline planes in gold would
show the same d — spacing plus a minimal distance Ad constant between all of them
or many punctual crystalline defects would be observed in the most of the studied
particles. In the absence of this phenomenon, we could extrapolate that the synthe-
sized particles of Au in Therminol VP-1 and Therminol VP-1+TOAB through the
used approach seems to be free from important chemical reactions between the solid
target and the liquid environment, that cause the creation of non-pure nanomaterials
(it should be understood as pure nanomaterial, a nanostructure which present the
same crystalline structure that the bulk). Another important but not evident result
was the difficulty on the acquisition of HRTEM images in nanofluid 4 and 5, when
an HRTEM image is difficult to obtain, this may be due to various phenomena, a big
thickness of NP which could prevent the right visualization of crystalline planes, NPs
position which prevents the clear visualization of any crystalline plane family, the
obstruction of any amorphous body in the particle-electronic beam interaction path
or technical phenomena belonging to the microscope like not the right vacuum value,
not a right adjustment of the TEM’s grid, etc. In summary, if we consider that all of
the technical features of the microscope were optimized, that we have found the right
position and considering that the zone where the analysis is performed doesn’t show
a strong black colour which would evidence a big thickness. The last possible option
is that actually the polymers surrounding the particle, which are invisible to HRTEM
would be obstructing the interaction between the electronic beam and the sample.
Considering that HRTEM images would provide useful information but maybe not
completely accurate due to the presence of surfactants, SAED analysis was performed
to ratify the conclusions extracted from HRTEM and EDX analysis.

In Figure 6.3(bottom), is depicted a set of crystallographic spectra of nanofluid
2, 4, and 5. For nanofluid 2, the crystallographic families (111), (220), (311) from
the FCC crystallographic geometry belonging to the gold crystals could be identified,
observing the sample from the crystallographic plane (112). For nanofluid 4, the

distance between first neighbors was not so clear and it was mandatory to measure
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distances between primary and secondary neighbours, and the crystallographic fam-
ilies found were (111), (200), (222) and (111), observing the sample from the plane
(011). For the nanofluid 5, the spectrum was so difficult to get, and at the first look
the distance between primary and secondary neighbours does not look to match with
the distances for FCC gold when the sample is observed from the crystallographic
plane (112), nevertheless, considering that the most of the diffraction points in the
pattern seem to be elliptical instead of completely circular, it was clear that two possi-
ble things would be happening, one of them and the most probable one is that maybe
the sample was not perfectly placed for make the SAED analysis, or the presence of
any chemical element would affect the crystallographic structure of the sample. How-
ever, the distance between all of the diffraction points was not equidistant making
more possible the first option. Based on this assumption, we have determined the
observation of the following crystallographic families (111), (222), (220), that should
appear under normal conditions. The results extracted from SAED analysis ratify the
hypothesis formulated from the extraction of HRTEM and EDX results. Based on the
detailed observation of each result we can summarize that there is not an important
fabrication of by-products or promotion of chemical reactions during the proposed
synthesis route that eventually could alter the material’s characteristics, and based
on the functionalization or covering of gold NPs with TOAB was successful.

As a second characterization step and thinking about the stability of the material
over time, the following analysis lies on the morphological characteristics of NPs im-
mersed in the liquid environment and how it could affect the liquid dynamics through
the time. The morphological studies were performed by analyzing TEM micrographs
of both materials, the commercial and the manufactured material. At this point is
also important to notice that during the post-processing stage in the synthesis pro-
posed method, the morphological characteristics are modified and this change can
result in an improvement over the material stability. Therefore, to determine the
real influence of the post-processing stage in the synthesis route, the morphological,
dynamic and thermal behavior analysis of the nanofluid overall resulting from PLAL,
from the entire process and from the use of commercial particles using and not using
TOAB is performed and compared through the time, to understand if it makes sense
to use this synthesis approach beyond the theory.

TEM micrographs comparison depicted in Figure 6.4 show that there is a change
between primary NPs morphology, apparently the NPs created by PLAL, and the
NPs created by PLAL and further fragmented by the laser radiation present a mor-

phology more spherical than commercial NPs, which makes perfectly sense due to
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Figure 6.4: Comparison of TEM micrograph for a) nanofluid 1, b) nanofluid 2, c)
nanofluid 3 (already published in [2]), d) nanofluid 4, e) nanofluid 5 (already published
in [1]).

the phenomenons involved in NPs creation. While in chemical methods, the parti-
cles growth from the nucleation of gold atoms until reaching a desired size. In the
processes used in this research work, the final stage of the particle formation consists
in a release of energy to the liquid environment from an energetic structure, expe-
riencing surface tension when finally the structure reaches and stable stage, leading
to the spherical NPs shape. In the other hand, according to the compositional and
crystallographic analysis, the nanofluid 1 is the only one which seems to be free from
any extra amorphous structure surrounding the NPs. However, in nanofluid 2 the
particles are surrounded by an homogeneous amorphous matrix while in nanofluid
3 and 5 the NPs seem to be surrounded by an amorphous structure which is just
located where the nanostructure is. Nanofluid 4 in the other hand present a different
behavior, apparently, the NPs are surrounded by an amorphous structure which is a
mixture between the one presented in nanofluid 2 and the one presented in nanofluid
3 and 5.

The observation of the homogeneous amorphous matrix in nanofluid 2 and 4 could
be an evidence of by-products formation during the post-processing stage used either
during the first and the second protocol. The observation of such structure makes
sense, since in the post-fragmentation process the laser beam is focused in the colloid,
is possible that not just NPs suffer photo-fragmentation, also the molecules forming
Therminol VP- 1 could be dissociated by the influence of the laser radiation. Appar-
ently this phenomenon is not appreciated in the stage where PLAL is used because
the most of the energy could be employed to detach material from the solid target
instead of dissociating the fluid’s molecules, since the laser beam is focused in the
surface of the solid target and this in turn, absorbs the most of the delivered energy.

The observation of non-homogeneous amorphous structures surrounding the NPs
in nanofluid 3 and 5 could be due to the visualization of the surfactant PBS used

to stabilize the commercial nanostructures by surrounding them. Nevertheless, the
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amorphous structure surrounding NPs in the nanofluid 5 is more similar to the extra
amorphous structure which is non-homogeneous that surrounds the NPs in nanofluid
3. This structure could be due to the visualization of an extra element, in this
case TOAB. This surfactant, as it was mentioned before, is a ionic one and as the
most of this chemical species, is conformed by long chains of carbons. In TEM, the
carbon is an element which is not so visible unless it is presented in large amounts.
If we consider that the surfactant envelope the NPs then is understandable that this
amorphous structure surrounds the NPs in a non homogeneous way.

Moreover, is important to notice the separation between NPs in each sample.
Apparently in nanofluid 5 the NPs are closer than in any other sample, this may be
a consequence of the mixture of surfactants TOAB and PBS.

Additionally, the average size of NPs in each case seems to be completely dif-
ferent. Synthesized NPs look smaller than commercial NPS. To ensure a right size
and size distribution of particles, DLS measurements were performed in the samples
and compared. At this point is important to notice that since in equation 3.13, the
diffusion coefficient for each sample is strongly related to the relation between the
dielectric constant of the particle and the liquid environment, just as in the case of
LDV measurement. Then, considering that the amount of TOAB dissolved in Ther-
monol VP-1 would not change its dielectric constant, it can be assumed that TOAB
would be invisible to the DLS technique.
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Figure 6.5: Comparison of size and size distribution of samples (already published
in [2] and [1]).

The primarily sizes depicted in Figure 6.5, doesn’t match with the sizes depicted

in Figure 6.4 except for nanofluid 4. The reason for this, is the rapid agglomeration of
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particles in the rest of the samples. From the analysis of statistical size, the mean size
and size dispersion of the formed clusters, nanofluid 4 present the smallest primary
cluster size, 39nm at the full width half maximum (FWHM) of the size distribution
while the size dispersion was the shortest one with a value of 42nm. In contrast,
the nanofluid 3 shows the biggest primary mean size of 108nm and the highest size
dispersion (about 124nm of FWHM). The addition of a surfactant allows obtaining
smaller clusters of particles either in commercial nanofluids and nanofluids produced
by the proposed approach.

The comparison between both experimental results leads to the natural conclusion
that agglomeration is presented since the particles are created, at least in nanofluid
1,2,3 and 5, but showing a mitigation of agglomeration when TOAB is used for
commercial nanofluids. The samples for the TEM images were prepared just after
the production of the nanofluids, while the preparation and further measurement of
DLS took at least 30min. During this time the particles started to form clusters, and
Zetasizer nano ZS interpret the formation of clusters as a particle size growth. Due
to the light scattering interpretation of the device explained in detail in Subsection
3.3.2, is understandable that a cumulus of particles will move slower than a single
particle resulting in an interpretation of a single bigger particle. If DLS measurements
are taken through the time, the dynamics of the agglomeration of particles can be
determined.

In this context, one of the main goals of this research work was to try to find the
necessary conditions to fabricate a nanofluid that could remain for prolonged periods
of time without significant loss of stability, since this is a fundamental characteris-
tic sought in fluids that can be used in real applications. Nevertheless, as it was
mentioned above, for colloids composed with NPs eluding this phenomena gets more
difficult, mainly due to the ratio particle surface to volume is so high that all the
interactions are controlled by short-range forces. As a consequence of the attractive
nature of the forces presented, when primary particles are suspended in a fluid they
have a tendency to agglomerate when they come into contact due to their Brownian
motion.

When the cumulus of particles get big enough, Stokes sedimentation is promoted
over Brownian motion and the clusters tend to settle leading to fluid dynamics prob-
lems [218,219].

The Figure 6.6 which represents a comparison of mean sizes of particles among
the samples through the time, revels that particles which have been produced by the

whole synthesis approach using TOAB as stabilizer, shows the lowest agglomeration
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Figure 6.6: Comparison of mean particle sizes through the time (already published
in [2] and [1]).

rate reported in the literature up to know, and therefore the highest colloidal stability,
understanding as stability not just the thermodynamic sense of it but also in a strictly
colloidal sense. Its first cluster’s size recorded by DLS was 39nm with a size dispersion
of 42nm, and a final mean size of 370nm where seems to reach an stability and no
further agglomeration at 96hrs.

For all of the samples, the biggest agglomeration behavior happens at the first
6hrs, once that time has passed, the agglomeration seems to stop and keeps constant
for at least another 90hrs. From a technological point of view, 90hrs is enough time
to consider that a heat transfer fluid can be stable, since the fluid remains stationary
just for periods of time of 24hrs under working conditions. Nonetheless, if we consider
that the fluid should be stored for longer periods of time until this finally is used,
then an extra experiment is required. Supposing that 1 month seems to be a fair store
time, we have measured the cluster’s size of nanofluid 4 after one month and it was
approximately the same. Based on DLS analysis we can conclude that the addition
of TOAB using the proposed synthesis approach largely mitigate the unwanted ag-
glomeration phenomena, compared to NPs fabricated in the pure thermal oil without
any additive, and the commercial nanofluid. In addition, nanofluid 4 cluster’s size is
considerably smaller (factor of 4) than those reported in previous works [208] using
the same NPs material, base fluid and chemical additive, but different production
method.

In the other hand, even when not all of the samples reach its stability at the

same cluster size, being the sample just produced by PLAL the one which have
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reached the biggest particle cumulus size at 1500nm. None of them experience a
sedimentation phenomenon, sedimentation phenomenon would be noticeable if bigger
particles started to settle giving the opportunity to measure just particles with smaller
sizes. In this sense, all of the samples showed a relatively good stability. Nonetheless,
the agglomeration phenomenon doesn’t just lead to stability problems, also leads
to fluid dynamics issues and in this research work, could also represent a problem
regarding to thermal conductivity enhancement.

As it was posed from the first time, one of the biggest goals of the here exposed
research activity, is to propose a synthesis route to fabricate a novel nanofluid which
present remarkable thermal features and a convenient stability to be used in real
applications. Therefore, despite all the samples are stable it was mandatory to per-
form a measurement of their thermal conductivity. It was performed through the
hot wire transient method (explained in detail in Subsection 3.3.3) using a KD2 Pro
conductimeter (Decagon Devices Inc.), performing six measurements of each sample
at 80° to ensure an experimental error that lead us to a confidence level of 95%. The

measurements are represented in the Table 6.3.

Table 6.3: Thermal conductivity measured by hot wire transient method at 80°C
(Table published in [2] and [1]).

Sample k(W/mK) Ak(%)
Therminol VP-1 0.1280 4 0.0030 -
Therminol VP-1+TOAB 0.1268 £ 0.0030 -
nanofluid 1 0.1282 +0.0015  0.13
nanofluid 2 0.1332 £ 0.0014 4.06
nanofluid 3 0.1320 £0.0018  3.13
nanofluid 4 0.1313 +0.0011  3.55
nanofluid 5 0.1288 +0.0018  1.58

From the results recorded by the method, is important to notice that as it was
expected the thermal conductivity increases when NPs are suspended in the base
fluid. Nevertheless, considering the original Maxwell’s idea of the improvement of
thermal conductivity through the transfer of kinetic energy promoted by the contact
of two systems with different thermal conductivity values. It makes perfect sense
that the sample synthesizes by the proposed fabrication method presents the highest
thermal conductivity, due to it reaches the smallest agglomeration size through the
time, and therefore it presents the highest surface volume ratio interacting with the
liquid environment. Nonetheless, is also important to notice that the addition of

TOAB result in the reduction of Thermal conductivity improvement, mainly due
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to the capping action of the surfactant over the metal NPs don’t allow them to
interact directly with the base fluid. Therefore, the use of TOAB helps to mitigate
the agglomeration phenomenon between the particles but in the other hand also
hinders the possible thermal interaction between metal NPs and the base fluid. The
immediate conclusion to this results is that the amount of TOAB should be lowered
for further experiments, nevertheless the amount of TOAB was optimized to get the
best stability and thermal enhancement performance. Therefore, a more realistic
conclusion is that the use of ionic surfactants to avoid the agglomeration is required
and as it was demonstrated in the experiments performed, its use is highly compatible
with the proposed synthesis approach. But the particular use of TOAB which presents
carbonic chains of at least 32 atoms may not be the best option to achieve the best
thermal conductivity enhancement. Therefore is necessary the use of another ionic
surfactant which can support working temperatures similar to those reached in SPCs

as TOAB but with smaller polymeric chains.

6.4 Conclusions

The most important contributions of this research work lies on the creation of two
novel materials, one of them presents a thermal conductivity enhancement of 4.06%
over a commercial heat transfer fluid used in SPC, and a considerably stability en-
hancement, and the second one presents a thermal conductivity enhancement of 3.6%
over the available commercial heat transfer fluids, and the best stability of nanoflu-
ids composed of gold NPs and an eutectic mixture of biphenyl and diphenyl oxide.
The successful synthesis of this nanofluids by PLAL and post-fragmentation stage,
without using any chemical additive and functionalizing them with a ionic surfactant.
The synthesis proposed in the research work do not promote the formation of large
amount of by-products or chemical reactions between the liquid environment and the
solid target that could represent problem due to further modification of the nanofluid.
Moreover, the sizes of particle’s clusters reached for the sample produced by the pro-
posed synthesis approach are not easily achievable by commercial nanofluids due to
a rapid agglomeration phenomenon.

Additionally, the difference in thermal conductivity values obtained for different
particle’s clusters sizes, ratifies the Maxwell’s theory of thermal conductivity enhance-
ment and Gao et. al. [184] observations on the enhancement properties in nanofluids
depending on size and shape of the particles and clusters of particles in the nanofluid.

In the other hand, the decrease in thermal conductivity when TOAB is used points
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out the necessity to keep looking for the best ionic surfactant which promotes steric
repulsion but also allows the enhancement of thermal conductivity of the base fluid.
Finally, the results presented in the research work suggest that the employed synthesis
method represents an advantage over conventional methods to produce NPs in heat
transfer fluids that may potentially have a significant impact on the improvement of

harvesting efficiency of solar light with nanofluids.
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Chapter 7

Direct laser synthesis of gold
nanoparticles and immobilization
on graphene sheets

This chapter provides a review of the work related to the immobilization of ligand-free
metal NPs in graphene-oxide by PLAL, performed during the PhD studies.

The idea of this work was to manufacture nanometric assemblies of carbonaceous
materials and metal NPs due to its remarkable characteristics. It is well known that
materials based on carbon with periodic structures exhibit a strong electrical conduc-
tivity response and as a result are widely exploited in the electronic industry. Among
them, the most interesting carbon-based structure is graphene, since this material is
highly conductive and its weight is practically negligible due to its mono-atomic thick-
ness and it could be as large in two dimensions as desired. In the other hand, metal
nanostructures present besides of their magnetic, electrical and thermal characteris-
tics, a remarkable optical response. At nanometric sizes, the most of metal structures
present optical properties that differ from the bulk. As it was described in Chapter
3, when the metal NPs undergo the presence of an oscillating electromagnetic field,
the external electrons forming the metal bonds follows the oscillation perpendicular
to the metal lattice. This process is maximized at frequencies of the light that match
with the particle’s size, the process is known as surface plasmon resonance. After
absorption process, the plasmonic effect is diminished resulting in light scattering or
heating of the particle. The morphology of the particle could also promote another
effects such as multiple plasmonic resonances and strong absorption of a wide range
of wavelengths. And minimal sizes can promote the increase of quantum confinement
in the metal structures resulting in emission of photons with high energies after the

absorption of relatively long wavelengths. Due to these remarkable optical proper-
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ties, metal nanostructures are subject of intense research, with unique applications
in material sciences, biological imaging, and electronics.

The scope of this research work lies on the possibility to create a primitive nano-
composite of graphene and metal NPs. Considering that the traditional production
of graphene-metal primitive assemblies is achieved by solution mixing of the non-
environmental friendly reduction of metal salts and carbonaceous suspensions, result-
ing in the anchor of metal NPs in carbonaceous species [220]. The main goal is to
synthesize metal NPs promoting a direct immobilization onto graphene sheets in a
single reaction stage using PLAL. Since the conventional methods present precur-
sor residues in the NPs growth and tend to reduce its surface activity and promote
cross-chemical undesired effects, PLAL promise to be a possible alternative to avoid
the NPs surface activity reduction due to NPs can be produced without the use of
any external chemical specie, moreover when metal NPs are created in water, the re-
sulting structures present a ligand-free surface, leading to obtain nanomaterials with
higher possibilities to present either remarkable electronic or optical characteristics.
In this research work, PLAL is used to create gold ligand-free NPs that are directly
anchored to graphene sheets. The synthesis is performed with a laser mean power of
40mW on a gold disc of thickness 1mm and diameter 6.5mm (99.99% purity) sur-
rounded by a mixture of deionized water 8 M2 and graphene oxide (GO) prepared
from graphite powder (natural, universal grade, 200 mesh, 99.9995%) by the Hum-
mers method [221]. The NPs produced were naturally hooked and immobilized on the
graphene oxide surface, the presence of graphene oxide during the synthesis method
seems to influence the NPs size allowing to obtain particles with an average size of
2 4+ 0.5nm. Moreover, the interaction between the laser radiation and the graphene
oxide promotes its partial reduction by taking out oxide functional groups in the GO
but keeping the wide inter-layer spacing that characterize the electronic decoupling
of individual layers in this material, which in some cases leads to superconductivity
effects. In summary, this research work constitutes a green alternative synthesis and
an improvement over conventional synthesis approaches of graphene-metal assem-
blies and a practical methodology which may inspire future developments of efficient

decoration of graphene and related materials with metal nanostructures.

7.1 Introduction

Since the discovery of carbonic periodic organized structures, carbonaceous materials

had been widely exploited in different fields, from their use for drawing to their use for
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catalysis. But it was not until Andre Geim and Konstantin Novoselov discover in 2004
the easiest way to get an stable material with a mono-atomic thickness composed just
by carbon atoms (graphene), that the electronic world changed drastically leading
to the fabrication of record breaker devices. With the arrival of a material with
outstanding electronic properties, it did not take long for scientists worldwide to try to
exploit it’s unique properties in several fields. But graphene is not a material that does
not allow further modifications. In contravention, graphene can be functionalized, or
even its structure can be modified to achieve different characteristic.

Among the most interesting modifications, the decoration of graphene with ligand-
free metal nanoparticles (MNPs) is envisaged as a technological revolution, due to
the hybridization of the unique graphene conductivity and the high chemical and
physical reactivity of ligand-free MNPs. The principal features that can be exploited
nowadays are the spatial 3 dimensional localisation control over the surface plasmon
resonance of the MNPs [222], the enhancement of light absorption from graphene
sheets [223], the bio-conjugation with many molecules to produce bio-sensors based
on the plasmonic effect of MNPs [224-228], and the improvement of the catalytic
activity of graphene due to the ligand-free surface of MNPs [229,230].

Traditionally, the way to decorate graphene sheets with MNPs is based on a solu-
tion mixing protocol that follows two stages, the fabrication of MNPs and graphene
separately and further mix. This method neither ensure the correct immobilization of
MNPs onto graphene surface nor the presence of pollution and by-products created
in the MNPs and graphene synthesis. Additionally, the manufacture of graphene ex-
tremely pure in large quantities, still requires large economical investments. To face
this drawbacks, in-situ synthesis methods based on the reduction of metal salts and
highly oxidized graphene derivatives had been proposed [231-233]. But these method-
ologies does not avoid the presence of co-ligands or surfactants in the nanoparticles
formed, used to enhance the stability and avoid aggregation [234,235], leading to
poor reactivity enhancements, the diminish of optical features of MNPs, or even
the promotion of crossed-chemical effects due to MNPs are normally covered with
surface absorbed ligands [230]. All of this without considering the environmental
implication of producing by-products and chemical waste during the synthesis of the
material [110,236]. To face this issues, in this research work we propose an alternative
approach based on PLAL to synthesize ligand-free MNPs that directly get anchored
on graphene’s surface [237], and allows the presence of almost any kind of colloid
during the manufacture [238-241], even when the colloid is composed by water and

graphene derivatives.
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Under normal conditions, in PLAL a pulsed laser beam interacts with both the
liquid environment and a solid target where the NPs are going to be created from.
Nonetheless, the most of the energy is driven to the surface of the solid target, when
the radiation hits the surface’s target, the interaction between the strong electromag-
netic field of the pulsed radiation and the atoms at the material’s surface, promotes
the detachment of material from the solid target’s surface in the form of NPs through
Coulombian explosion, melting and further evaporation or mechanical secondary ef-
fects. When metal NPs are surrounded by water, the most of them show a lack of
electrons in the surface [190,242]. Considering that ligand-free gold NPs present an
increment of the specific surface activity due to the lack of ligands on the surface, the
particles can be retained in ordered matrix just like the surface of graphene sheets by
the combination of different effects. The electrostatic interaction between the NPs
and the graphene that leads to strong immobilization, the m—electron aromatic sys-
tem found in graphene and derivatives interacts with the d-orbitals of the MNPs [243],
or the allocation of NPs at the defects found in graphene [244].

The decoration of Au ligand-free NPs created separately by PLAL and subse-
quently mixed with graphene derivatives has been studied [245]. However, in a PLAL
experiment in which the liquid environment is composed by graphene-oxide sheets
dispersed in water, the water can promote the formation of ligand-free MNPs, but
the laser will also interact with the graphene-oxide sheets. Since the graphene deriva-
tive is oxidized graphite in which oxygen molecules are inserted between layers of
periodically ordered carbon atoms, and further separated by few superimposed lay-
ers when is reduced. The most probable interaction process is the detachment of
oxygen functional groups out in the graphene-oxide sheets. Leading to a material
which in some cases could present superconductivity effects [246,247]. Therefore,
the use of PLAL to create ligand-free MNPs in a solution composed by water and
graphene-oxide could lead to the synthesis of a nano-composite of ligand-free MNPs
immobilized in reduced graphene-oxide.

In this work, we focused on producing gold ligand-free NPs anchored to partially
reduced graphene-oxide sheets in a single reaction step. The impact of femtosecond
radiation-based technique controlling the production of ligand-free Au NPs in an
ambiance filled with graphene-oxide sheets is studied. For this purpose Au-NPs were
produced in two different liquid environments for its further comparison, deionized
water and a graphene-oxide solution. Our results demonstrate that is possible to
create ligand-free MNPs directly anchored in partially reduced graphene-oxide sheets

in a single reaction process. The methodology used provides an effective way to obtain
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graphene-metal assemblies that potentially can be used in several applications where

crossed-chemical effects is a problem that needs to be avoided.

7.2 Experimental setup

7.2.1 Material synthesis

All of the experiments performed during this research work followed the same pro-
tocol, which follows the classical procedure to perform PLAL. In all of the cases, a
gold disc of thickness 1mm and diameter 6.5mm (99.99%purity) was used as a solid
target to make ablation in it, the target was surrounded by the liquid medium (either
H>0 or HyO+ graphene-oxide) and the ejected material that comes from the ablation
process was captured in the surrounding medium.

The gold disc was placed at the bottom of a glass chamber filed either with
deionized H,O, 8M Q) or HyO+graphene-oxide, depending on the experiment. The
thickness of the fluid layer above the gold target in all of the cases was set to be
2mm. Then the target was irradiated from the air-liquid interface as it is depicted
in Figure 2.5(right side) with the femtosecond laser beam focused with a 35mm
lens onto the target surface plane while the sample is moving at a scanning con-
stant velocity of 0.45mm/s by means of a 2D motion controlled stage. Unlike cases
where nanostructures were generated in transparent liquids, the colloidal mixture
H;0+graphene-oxide has an influence on the laser propagation, acting as a neutral
optical density filter resulting in a decrement of the amount of power delivered to the
surface. Therefore, a shorter focus length is needed to promote detachment of the
target’s surface. The optimized incoming mean power of the laser beam was set to
be 40mW . Since the result of the obstruction of light’s path by the graphene-oxide
sheets is just considered to be based on absorption of energy and not in scattering
or further linear or non-linear optical effects, is possible to use the Barcikowski’s
approach to get the value of the energy delivered to the solid target, replacing the
presence of graphene-oxide sheets by a neutral optical density filter, which promotes
the same energy decrement that 2mm of thickness of the carbonic solution, reaching
an incoming mean power value of 10mW. The assumption of just considering linear
interactions where absorption is the strongest, is based on a simple reason. Since the
laser beam doesn’t promote super-continuum in the liquid layer above the solid target
which might be an evidence of non-linear optical effects, is possible to ensure that
the focusing conditions don’t allow the concentration of energy required to induce

important non-linear optical effects that eventually could consume energy.
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In the other hand, to ensure the strongest absorption of energy by the solid target
instead of any other element in the liquid ambiance or to avoid dispersion induced
by the liquid itself or optical elements used to drive the laser beam to the sample, we
have compensated the dispersion by changing the relative position of two fused silica
Brewster prisms located in a post-compression stage in the laser. Macroscopically, the
optimal position of Brewster prisms results in the maximum detachment of material

from the solid target.

7.2.2 Preparation of samples

To understand the influence of producing ligand-free MNPs under the presence of
graphene-oxide, four different experiments were performed. The main difference in
each experiments is the energy used to create the nanomaterials and the liquid envi-
ronment in which the material is created.

In the first experiment, a mixture of deionized water 8 M () and graphene-oxide was
used as a liquid environment. The graphene-oxide was prepared from graphite powder
(natural, universal grade, 200 mesh, 99.9995%) by the Hummers method [221]. The
resulting in a colloid formed by H,O and homogeneously dispersed graphene-oxide
sheets (1mg/ml). The measured value of mean power used to induce ablation in the
solid target before crossing the interface liquid-air was 40mW.

In the second experiment, deionized water 8 M2 was used as the liquid environ-
ment, and the measured mean power before the liquid-air interface was set to be
40mW . The morphological properties of the particles were compared with the MNPs
obtained in the first experiment.

In the third experiment, deionized water 8 M () was used as the liquid environment,
and the measured mean power before the liquid-air interface was set to be 10mW, to
explore if a lowering in the mean power promoted by the presence of graphene-oxide
sheets in the liquid environment could also promote a change in the MNPs.

In the fourth experiment, MNPs were prepared using deionized water 8M¢) as
liquid environment and therefore were mixed with a colloid composed of water and
graphene-oxide similar to the one used in the first experiment to confirm if the im-

mobilization of particles is related to the synthesis process.

7.3 Results and discussion

The characteristics of synthesized materials to be studied during this research work

were related to the possibility to create ligand-free MNPs that are directly immobi-
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lized in reduced graphene-oxide sheets in a single reaction stage. The utilization of
graphene-oxide sheets dispersed in water as a liquid medium, imply possible mod-
ification in the MNPs production process. Therefore to understand which is the
influence of graphene-oxide in the PLAL process is mandatory to perform crystalline,
compositional and morphological analysis of the produced material, and compare
the obtained results with results obtained using the traditional PLAL procedure to
synthesize MNPs without the presence of this graphene derivative.

The techniques used to analyse the samples were: transmission electronic mi-
croscopy (TEM), scanning electronic microscopy (SEM), high resolution transmission
electronic microscopy (HRTEM), high-angle annular dark-field scanning transmission
electronic microscopy (HAADF-STEM), fast mapping with silicon drift detectors (FS
Mapping), X-ray powder diffraction (XRD), energy dispersive x-ray spectroscopy
(EDX) and X-ray Photoelectron Spectroscopy (XPS). The samples used for TEM
related analysis were deposited in a carbon-coated copper-based TEM grid. And the
samples used for XRD were dried by evaporating the water content. The samples
used for SEM were deposited in an aluminium based SEM sample holder.

From a morphological point of view, the addition of any external molecule to the
base fluid can promote its adsorption by the free ligands located at the surface of
MNPs during the particle’s growth process that takes place in PLAL. The adsorption
of those molecules can be used to functionalize the MNPs, control their shape, their
size or even to control their chemical reactivity.

The micrograph displayed in Figure 7.1 shows the size and shape of MNPs created
by PLAL under the presence of graphene-oxide. A statistical analysis shows that in
general, the shape of MNPs is spherical, the average size of the particles is 24 0.5nm
and in some special cases the maximum particle size found was 24nm. The particles
are homogeneously distributed all along the graphene-oxide sheets and there is no

evidence of particles out of that place.
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Figure 7.1: a) TEM micrograph of Au-NPs hooked on graphene sheets, and b) his-
togram of the NPs size distribution.
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In the other hand, the Figure 7.2 shows the TEM micrograph of MNPs created by
the PLAL method under classical conditions without the presence of graphene-oxide,
and a mean power of 40mWW. The shape of the particles is similar to those obtained
under the presence of graphene-oxide, but the sizes achieved are completely different.
In this case, the average size was 26nm with a size distribution of 46nm.
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Figure 7.2: a) TEM micrograph of Au-NPs produced using H>O as liquid environment
and a mean power of 40mWW b) histogram of the NPs size distribution.

In the third experiment, where the influence of the lowering in the power used
over the particle’s shape and size is studied, the micrograph depicted in Figure 7.3 |
reveals a lowering in the created particle’s size achieving an average size of 6nm with

a size distribution of 2nm, and the same shape found in the previous results.
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Figure 7.3: a) TEM micrograph of Au-NPs produced using H>O as liquid environment
and a mean power of 10mW b) histogram of the NPs size distribution.

The spherical shape of the particles synthesized by laser ablation in both liquid
environments is due to, during the synthesis the fragmented material is released from
a bulk material with an excess of energy and suspended in a liquid ambiance which
has a certain density, undergoing a surface tension effect leading to a final shape
similar to spheres.

Under the presence of graphene-oxide sheets, the shape doesn’t seem to change
or be modified. Since the graphene-oxide sheets are strong periodically organized

structures with large 2 dimensional sizes (in the order of micro meters), the possible
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coating of the particles surface due to the interaction between free ligands in the
particle and carbonic structure doesn’t seem to have the potential to occur all over
the particle’s surface, there is no reason for the particles to don’t release their excess
of energy to the water instead of the graphene-oxide sheets and therefore, experience
the same surface tension that in the case where there is no presence of graphene-oxide.

In the other hand, the coating of the particles surface seems to be possible but
through the interaction of a limited number of free ligands in the particle’s surface and
the carbonic structure, this may lead to the promotion of the separation of particles
from the first steps of their creation leading to the particles can not experience a
process of growth. From the statistical analysis of the particle’s size, the smallest
average value was found where the liquid environment is formed by HoO+graphene-
oxide. Reaching a value that under classical conditions can not be achieved. It is well
known that during PLAL synthesis, at lower intensities, there is a greater chance that
the fundamental process which leads to detachment would be Coulombian explosion
and therefore, lower the size of MNPs. In this context, considering that under the
presence of graphene-oxide the solid target would be receiving a low amount of energy,
resulting in the production of small particles.

The sample depicted in Figure 7.3, which is irradiated with a similar radiation
value that should be hitting the sample in the first experiment, shows that in fact
smaller sizes are achieved when the radiation intensity is lowered. Nonetheless, the
observation of such small sizes in the first experiment could be not only related to
the intensity employed to irradiate the sample, is also probable that bigger particles
could be produced but not anchored to the carbonic surface. In order to explore
the idea that maybe graphene-oxide sheets were acting as size selectors, particles
created with an incoming mean power of 40mW in water with an average size of
60nm were mixed with a graphene-oxide solution (1mg/ml) and stirred for 12h. The
respective micrographs depicted in Figure 7.4 reveals that all the gold NPs have been
supported in the graphene-oxide. This supplementary experiment suggests that when
a gold disc is irradiated in the presence of graphene-oxide, the tendency of particle’s
size is to decrease. Nowadays, it has not been reported the fabrication of particles
with sizes lower than 6nm under classical conditions, without using any chemical
stabilizer or capping agent. Since graphene-oxide sheets are present during the whole
particles synthesis, and there is a natural tendency for the particles to get anchor
onto the graphene’s surface, the introduction of the carbonaceous material during
the synthesis promotes that primary particles don’t agglomerate and grow, acting in

this way as a capping agent promoting a the reduction of the final particle’s size.

100



Therefore, under the same reaction conditions the graphene-oxide has an important

influence in lowering the size of the gold NPs.

Figure 7.4: Micrograph of Au-NPs hooked in graphene sheets, a) SEM micrograph
and b) zoom of the red square in figure a) showing the size of particles clearly bigger
than 34nm.

Moreover, the FS Mapping measurements obtained by means of the EDX sys-
tem and a special HAADF detector,shows that the PLAL fabrication route produces
highly pure Au-NPs anchored on the graphene-oxide sheets in a heterogeneous dis-
tribution as can be inferred from Figure 7.5. The FS Mapping results provides infor-
mation not just about the morphology or size of the particles. As it takes advantage
of the EDX system attached to the TEM, the results can provide precise information
of the elemental position in the sample, i. e. from which point comes a signal of a
certain element. From Figure 7.5 d), is clear that there is a concentration of gold
NPs in certain areas, and the anchor of particles is not homogeneously distributed.
From a statistical analysis, it was determined that the highest concentration of Au-
NPs was found where the highest wrinkle concentration was present in the graphene
surface. The wrinkles presence is due to crystalline defects in the graphene sheets
and the high concentration of NPs in or close to this area can be explained as a
combination of electrostatic interactions, overlapping of the extended m—orbitals of
graphene oxide with the d—orbitals of the metal NPs and /or allocation of particles at
the defects of graphene oxide sheet. However, the electronic singularities promoted
by the crystalline defects in a 2-D carbonic structure like graphene-oxide sheets react
electronically with the free ligands in metal NP resulting in its immobilization over
or close to the defects.

In the other hand, the EDX spectrum shows that when the irradiated area by the
electron beam is bigger than particle’s size, some extra elements like Cu, C, Cr and Fe

can be detected like in the samples produced in water by classical PLAL conditions
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Figure 7.5: FS Mapping Micrographs of gold NPs anchored in Graphene sheets, a)
DF-STEM micrograph where the mapping was taken, b) emission of C, ¢) emission
of O, d) emission of Au. e) EDX spectrum of Au-NPs immobilized in GO sample, f)
HRTEM micrograph of Au-NPs/graphene-oxide showing the d inter-planar spacing.

(Figure 7.6). The presence of copper and carbon is caused by the grid. Fe and Cr are
detected because the microscope objective lenses are made of it. However, the most
evident differences between EDX spectrum for samples produced in water without
the presence and with the presence of graphene-oxide are the intensities of the peaks
that corresponds to carbon and gold. When the particles are anchored to graphene-
sheets, the peak corresponding to C increase due to the presence of a large quantity
of C atoms located at the vicinity of the gold NPs, the signal of the gold element
is then diminished or masked by the high signal corresponding to C. Therefore, the
first logical conclusion that can be extracted from EDX analysis is that there is
no evidence of any contamination or byproduct due to we are just observing gold,
carbon and the elements forming the TEM’s grid or the TEM’s objective lenses. As
it could be extrapolated from this, the synthesized material seems to be free from any
chemical impurity. This argument is ratified by the HRTEM micrographs depicted in
Figure 7.6 b), where the lattice fringes indicate the high crystallinity of the material,

which allows to determine the d inter-planar spacing that can be represented by
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the (hkl) Miller index. The d-spacing of 0.02nm corresponds to the (200), 0.23nm
and 0.24nm to the (111) lattice planes of gold respectively. The obtained results
are similar to those included in Joint Committee on Powder Diffraction Standards
(JCPDS) files for cubic Au crystals (JCPDS: 4-784).

The analysis by HRTEM reveals that the synthesized Au-NPs and Au-NPs/graphene-
oxide (Figure 7.5 f))are free from any other element, chemical impurity or crystalline
defect, since the distance between crystallographic planes doesn’t present a periodic
increase in the d inter-planar spacing or any periodic punctual defect in the atomic

arrangement.
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Figure 7.6: a) EDX spectrum of produced gold NPs under classical PLAL conditions,
b) HRTEM micrograph of Au-NPs showing the d inter-planar spacing.

However, the elemental analysis and crystallographic analysis of each particle
don’t provide enough information about the hybrid material all together. For this,
is mandatory to perform a crystallographic analysis of the whole sample, MNPs and
graphene-oxide sheets before and after the synthesis process. It is evident that the
interaction between the light source and the carbonic structure should promote a
change in the graphene-oxide sheets, and the presence of MNPs in their surface could
promote any other important change in their optical and electronic behavior. In this
context, the easiest way to study this changes in the whole nano-composite is through
powder X-ray diffraction, since the technique could allow to identify any possible
change in the crystalline structure of not only the MNPs, but also of graphene-oxide
sheets.

Figure 7.7 displays the XRD patterns of graphene-oxide, reduced graphene-oxide
obtained using hydrazine method [248] and Au-NPs/graphene-oxide. The graphene-
oxide pattern shows an intense peak at 260 = 12° and a low intensity peak relative to
the first one at 42.65°. If we consider that this material preserves the characteristic
hexagonal periodic arrangement of carbon atoms presented in the graphite layers,
but with some extra oxygen functional groups, the first peak can be associated to

the crystalline plane (001), which comes from an increase of the inter-layer distance
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compared to graphite as a consequence of the oxygen functionalities introduced in
the carbonaceous material after oxidation [249], the second peak corresponds to the
crystalline plane (100) also present in graphite (Miller index and d inter-planar spac-
ing for Hexagonal Graphite are included in Joint Committee on Powder Diffraction
Standards (JCPDS: 41-1487)).
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Figure 7.7: XRD patterns of graphene-oxide decorated with ligand-free gold NPs (Au-
NPs/GO), reduced graphene-oxide by hydrazine method (rGO) and graphene-oxide
obtained by the Hummers method (GO).

The reduced graphene-oxide XRD pattern is completely different to the first one,
the peak corresponding to (100) disappears but in contrast the peak of the (002)
plane appears at 24.85°, and also the peak of (101) is observed at 43.1°. The peak
corresponding to (100) disappears because during the reduction of graphene-oxide
through hydrazine, many oxygen functional groups are removed from the carbonic
structure and part of the m—network is restored in the material, leading at the same
time to the observation of a peak that begins to show a hexagonal structure that
comes from graphite. The XRD pattern found for the Au-NPs/graphene-oxide shows
an intermediate situation between the two previous diffraction patterns. A peak at
20 = 10.85° corresponding to (001) crystalline plane is observable, also the peak
corresponding to (002) and the peak corresponding to (101). The results suggest
that laser irradiation has an effect on the graphene material. The presence of the
peaks located at (100) and (002), reveal that the laser irradiation is promoting the
detachment of oxygen functional groups in the material leading to a partial reduction
of graphene-oxide. To ratify the XRD studies, XPS analysis was performed, reveling
the presence of C-C, C-O, and C=0 functional groups that allows us to determine the
C/O relation in the samples, being 2 (66% of C and 33% of O) for GO. 10.4 (91.2%
of C and 8.8% of O) for rGO, and 2.4 (40.6% of C and 29.4% of O) for Au-NP/GO.

These results suggest that laser irradiation has an effect on the graphene material.
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Moreover, the XRD and XPS studies has revealed that laser irradiation results in the

partial reduction of GO.

7.4 Conclusions

In summary, using a Femtosecond radiation-based synthesis approach, we were able
to decorate graphene-oxide sheets with ligand-free Au-NPs and partially reduce the
graphene-oxide in a practical single reaction stage avoiding the production of any
chemical waste. From a general point of view, the irradiation of a gold disc in water
containing a suspension of graphene-oxide leads to the immobilization of the generated
ligand-free Au-NPs in the carbonic material surface. The NPs obtained are spherical,
heterogeneously distributed along the material, presenting the biggest concentrations
in graphene wrinkles and do not tend to aggregate. The presence of graphene-oxide
during the synthesis process reduces the average particle size, and the graphene-oxide
is partially reduced by its interaction with the laser radiation. We believed that
the simplicity and cleanness of the synthesis of Au-NPs/graphene-oxide may inspire
future research in the field of materials science and encourage the scientific society to
produce future developments of efficient decoration of graphene and related materials

based on this approach.
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Chapter 8

Conclusions

Nanoscience is envisaged as the next big technological revolution that will affect
many of the aspects of human society. Since it has the great potential of improving
every single part of human-designed and not human-designed systems, it has answers
to solve some of the grand challenges that faces our society as energy production,
climate change and health. But to build an environmentally sustainable world, a
“green” method to produce, nanostructures and reduce the waste is a necessity. For
applications where a low or moderate nanostructure production rate is required, pulse
laser ablation in liquids has been envisaged as an alternative to chemistry methods
thanks to the simplicity of the procedure and the absence of unnecessary adducts and
byproducts. In PLAL, the interaction of the laser radiation with a target immersed
in a liquid promotes the extraction of material located at the surface in the form of
an ablation plume, which contains atoms, ions and clusters. NPs are formed from the
ejected material and they are collected in the liquid as colloids.

The idea of using laser radiation to extract material, in nanometric scale from a
solid target immersed in almost any kind of fluid, provides this technique the unique
potential to generate clean nanostructures in liquid environments where the con-
ventional nano-fabrication techniques could hardly achieve. The size control, size
distribution and efficiency in the formation of the particles is based on radiation
parameters, solid target, and liquid environment properties. By choosing the right
combination of those properties is possible to even create new materials that don’t
exist in nature, giving the opportunity to offer useful complex materials that could
solve real problems.

The research conducted during this thesis work is focused on two particular prob-
lems that deserve a strong scientific effort: The solar power industry efficiency and
the development of materials with a combination of outstanding electronic and opti-

cal properties. In this context, since the fabrication of metal nanostructures in low
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concentrations in organic oils has been demonstrated to improve their thermal prop-
erties, resulting in efficient heat transfer fluids, or even volumetric sunlight absorbers,
that promise to transform the solar radiation into consumable electricity. The use of
PLAL seems to be ideal to solve the biggest issues of producing metal nanostructures
inside organic oils by traditional synthesis ways, that are mostly related to poor sta-
bility, production of chemical waste and finally promotion of uncontrolled chemical
reactions due to particle purity problems. In the other hand, is well known that
assembles composed by nanometric structures are being increasingly used, but up to
know the traditional ways to manufacture such kind of novel materials, are based on
non environmental friendly techniques that seem to be limited by the basic materi-
als used. Since one of the greatest advantages of PLAL is the possibility to create
nanostructures from almost any kind of solid material in liquid environments in a
“green” way, this approach seems to be ideal to be used as a basic technique on the
production of nanometric assembles.

In particular, the biggest contributions achieved on the present work, lies on
the experimental demonstration of the synthesis of gold nanoparticles-based aqueous
nanofluids that can be used as both volumetric light absorbers and heat exchangers.
The fabrication of novel materials that present a thermal conductivity enhancement
of 4.06% over the most commercial heat transfer fluid, Therminol VP-1 an eutectic
mixture of biphenyl and diphenyl oxide, and the best colloidal stability reported in
the literature using an organic oil and gold NPs. An finally, the demonstration of par-
tially reduction of graphene-oxide sheets and its decoration with ligand-free Au-NPs
in a practical single reaction stage avoiding the production of any chemical waste.

To achieve the as-mentioned contributions, it was mandatory to explore the further
modification of synthesized nanostructures by means of using surfactants, and post-
fragmentation of the already created nanostructures by irradiating the synthesized
colloids. The post-processing of the samples lead us to achieve a high control over the
size and morphology of the nanostructures. That control resulted into the mitigation
of nanostructure agglomeration and ensuring the maximum physical and chemical
activity of the materials.

Being more precise, the exploitation of a post-processing stage acquire the biggest
importance in the experiments carried out on the scope of harvesting of solar energy.
During the creation of nanofluids that could effectively act as both volumetric radia-
tion absorbers and heat transfer fluids, two main characteristics were considered. The
first one was the stability of the fluid through the time, considering that any fluid

with a potential applicability in the industry should remain for prolonged periods of
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time without any change, it was extremely important that nanostructures contained
in the base fluid should keep well distributed in the fluid through the time without
clogging. The second one was the morphology of the nanostructures, any solid ma-
terial in a fluid can promote flow dynamics problems promoting turbulence or any
other physical undesired effect. The principal way to face these draw-backs consists
in two paths, the fragmentation of already created particles to promote the creation
of oxidized nanostructures that don’t tend to clog, and the use of surfactants that
ensure no agglomeration.

In this context, the use of the laser for fragmenting the material synthesized by
PLAL, lead us to obtain a nanofluid (gold NPs in deionized water), able to compete
with commercial available nanofluids from a thermal and optical point of view, but
showing better benefits such as the spherical shape that can result in better nanofluid
motion or the purity of the material. Moreover, when the material undergoes thermal
treatment (cycles of heating and cooling), neither the physical nor the chemical char-
acteristics of the nanofluid changes. And its sunlight absorption performance shows
a great potential to be used as direct absorber in solar collectors.

When the same experimental approach is used for a liquid ambiance that is not
deionized water, gold nanotructures don’t get oxidized and tend to agglomerate. Nev-
ertheless is also important to notice that deionized water is not commonly used as a
volumetric sunlight absorber or heat transfer fluid in the industry, mainly due to its
boiling point. Instead, organic-based oils are preferred but in the counterpart show
poor thermal conductivity resulting in slow heat transfer fluids, since metal NPs
present a higher thermal conductivity, the introduction of metal NPs in oil-based
fluids provides the opportunity to improve their thermal conductivity and therefore
their thermal performance. In this sense, gold NPs were created in Therminol VP-1
a commonly used heat transfer fluid. The presence of the metal nanostructures re-
sulted in the enhancement of thermal properties of the base fluid but the particles
agglomerate through the time. Post-fragmentation of particles in the colloid miti-
gate the agglomeration phenomena but not completely, leading to the fabrication of a
novel heat transfer fluid with better thermal properties that the commercial available
products, that reach a relatively higher stability at the sixth day of room storage.

When a stabilizer agent is used instead of the simple post-fragmentation of par-
ticles, a superior mitigation of the agglomeration phenomenon is achieved. In fact,
by the use of an ionic surfactant that is not degrading at temperature values un-
der 200°C (tetra-n-octylammonium bromide ((CsHi7)4NBr, TOAB, > 98%)), it has

been possible to fabricate the most stable nanofluid composed by Therminol VP-1
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and gold NPS, reported up to now. In counterpart, the use of any chemical additive
may lead to a decrease in the thermal enhancement or creation of by-products that
eventually could result into the further modification of the physical and chemical
characteristics of the created material. When the chemical additive is used during
the PLAL and post-fragmentation process, the chemical reactions between the base
fluid, the metal NPs and the ionic surfactant seem not to be greater than the correct
functionalization of metal NPs with the surfactant. In this sense, no further modi-
fications of the material can be expected but just a significant lower in the thermal
performance of the final material. The stabilization of the material by the simple
addition of the surfactant to the base liquid during the laser-based synthesis process,
reveals the great possibility to functionalize materials by PLAL in a non-complex
way. In this context, the exploitation of all of the achievements reached during this
thesis work culminated with the creation of a nano-assemble composed by gold NPS
and a material which electronic outstanding properties that led it to be considered
the material of the future, graphene.

The synthesis of such material was achieved by anchoring ligand-free gold NPs on
the surface of partially reduced graphene-oxide sheets, resulting from the irradiation
of a femtosecond pulsed laser in a solid gold target immersed in a solution contain-
ing graphene-oxide sheets dispersed in de-ionized water. The irradiation of the solid
target with a high power laser promotes the ablation of it, when the environment
surrounding the process is water, metallic material detached from the target tends
to get oxide leading to metal NPs with a ligand-free surface, able to chemically in-
teract with other elements. If additionally graphene-oxide sheets are present during
the irradiation process, the high power radiation of the pulsed laser can promote
the reduction of the carbonic material by taking out oxygen functional groups and
part of the m—network can be restored in the material, leading to the fabrication of
gold NPs and reduction of graphene-oxide sheets at the same time. Moreover, the
presence of graphene-oxide during the synthesis process reduces the average particle
size, and the particles are immobilized in the reduced graphene-oxide surface due to
the carbonic material acts as a capping agent during the PLAL process resulting in
the functionalization of metal NPs with a periodically arranged carbon matrix. From
a general point of view, this thesis work represents an experimental proof that us-
ing PLAL is possibility to create nanomaterials from metal solid targets with almost
any desired size and size distribution in at least organic oils and solutions contain-
ing deionized water and graphene oxide sheets. The results presented suggest that

the employed synthesis method represents an advantage over conventional methods
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to produce metal NPs in heat transfer fluids that may potentially have a significant
impact on the improvement of harvesting efficiency of solar light with nanofluids, and
in graphene-based dispersions that may encourage the scientific society to produce
future developments of efficient decoration of graphene and related materials based
on this approach.

The proven versatility and efficiency of PLAL, makes this technique a possible
solution for multi-disciplinary projects where a nanostructure fabrication technique
is required to be used in complex colloidal ambiances, and even when PLAL is still
a young nanostructure synthesis approach and it requires more research to under-
stand each physical and chemical phenomenon associated with their use. We strongly
believe that the simplicity and cleanness of PLAL represents a synthesis alternative
that may inspire future research in a wide range of fields, from materials science, to
life science.

Future scope of the investigation efforts.

PLAL have opened for our research group an exciting and fascinating research
line that is step by step taking us to dabble in different fields and collaborate with
multidisciplinary research teams. Based on this premise, we strongly believe that is
time for our research group to try to venture in the bio-medicine world, and take a
step further on the harvesting of solar light field.

Experiments performed during the whole thesis work have demonstrated that the
functionalization of metal NPs is possible and easy when PLAL is used. It is only
necessary that the chemical agent used to functionalize, be dispersed in the liquid
environment when the nanostructures are synthesized using the laser radiation. The
natural tendency of the chemical agents will be acting as a capping agent as it was
described in the Chapter 2 and the final nanostructure will be linked to molecules with
potential biological or chemical activity. The experimental step that seems obvious
is to funtionalize gold NPs with not so complex molecules that provide a chemical
response.

Moreover, the production of nanostructures from different solid targets has brought
the teaching that, although gold is a material having great optical properties, is not
the material that can present the best performance as a volumetric light absorber.

Further investigation in these directions are being performed.
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Resumen en espanol

Objetivos de la investigacion realizada

En la actualidad, la nanociencia y nanotecnologia estan llevando a la
humanidad a un nivel de vida que hasta hace unos anos sélo podia ser
imaginado, presentando soluciones y mejoras sustanciales a problemas de

la industria, de la medicina y de la vida diaria.

La nanotecnologia usa como bloques basicos, estructuras con tamanos
menores a 100 nandmetros, la mil millonésima fraccion de un metro. Con
estos bloques fundamentales se pretende crear dispositivos a escalas molec-
ulares o incluso atémicas. La gran ventaja de crear instrumentos tan
pequenos radica en que se pueden llevar a cabo procesos controlados a
escalas temporales y espaciales en las que se encuentran los atomos. Con
ello, se pueden controlar procesos secuenciales que pueden llegar a ser muy
complejos. No obstante, esa no es la tinica ventaja, los materiales estruc-
turados a escalas tan pequenas tienden a presentar propiedades y com-
portamientos diferentes a los observados en materiales macroscépicamente
ordenados. Esto debido a que las nano-estructuras, generalmente mues-
tran diferentes propiedades quimicas y fisicas que dependen del tamano.
Esto desde luego abre la posibilidad de disenar y fabricar dispositivos
nunca antes imaginados con materiales que presentan caracteristicas que

nunca antes habian sido observadas.

La manera para obtener dichos materiales, responde a dos vertientes prin-
cipalmente. La vertiente que toma en cuenta la fabricacién de estas es-
tructuras desde sus elementos fundamentales hasta crecer estructuras que
alcancen dichos tamafos (vertiente bottom-up), y la vertiente que toma
un material macroscopico y lo fracciona hasta obtener piezas de dicho
material que alcanzan los nanémetros (vertiente top-down). No obstante,
sin importar que vertiente se utilice, atin existen campos del conocimiento
que requieren la incursion plena de la nanotecnologia, pero esta sigue

limitada precisamente por los métodos de fabricacién. En este contexto,



existen variados campos en los que se utilizan materiales que hasta la
fecha no se han podido estructurar a escalas nanométricas o bien no ha
sido posible generar nano-estructuras dentro de ellos. Adicionalmente la
mera construccion o induccion de una estructura a dichas escalas implica
para los métodos convencionales la generacion de productos quimicos in-
deseados que posteriormente pueden llevar a la aparicion de efectos que o
bien no se pueden controlar, o que realmente afectan la funcionalidad del

nano-material.

Para afrontar dichos problemas, se ha propuesto el uso de una técnica
que combina elementos top-down y bottom-up que promete generar es-
tructuras nanométricas sin crear residuos quimicos indeseados, de casi
cualquier sélido macroscopico en casi cualquier medio liquido facilitando la
generacién de estructuras nanométricas cada vez mas complejas, Ablacion

por Laser Pulsado en Liquidos o PLAL por sus siglas en inglés.

El objetivo central de esta tesis es la implementacién de dicha técnica
en la Universitat Jaume 1., en explorar el uso de laseres de pulsos ul-
tra cortos para llevar a cabo dicha técnica, y explorar posibles modifi-
caciones a la técnica original para con ello ser capaces de crear coloides
nano-estructurados que puedan resolver problemas reales existentes en el
campo de la energia, y finalmente crear nuevas estructuras manométricas
complejas que tengan potenciales aplicaciones en campos como la opto-

electrénica o bio-medicina.
Planteamiento y aportaciones originales

Es bien sabido que una gran alternativa al uso de los combustibles fosiles
es la explotacion de energia solar, y para ello existen muchos disposi-
tivos capaces de alcanzar grandes eficiencias, sin embargo, el dispositivo
que promete llegar a una gran cantidad de personas es el acumulador
de energia solar. Generalmente estos dispositivos se componen de una
gran torre que contiene un liquido de transferencia de calor, el cual es
llevado a la punta de la torre y calentado gracias a que cientos de es-
pejos hiperbdlicos concentran la radiacién solar en dicha zona. Una vez
calentado este es desplazado a una trampa fria para generar vapor y poste-
riormente mover turbinas que generaran electricidad. La gran mayoria de
estos liquidos de transferencia de calor presentan conductividades térmicas

muy bajas y el proceso de calentamiento puede llegar a durar varias horas,

112



sin mencionar que durante su traslado de la punta de la torre a cualquier
zona requiere una pérdida de calor. Para resolver este problema, en este
trabajo de investigacion se explord la posibilidad de usar dicho fluido
como un absorbedor volumétrico de calor y un liquido de transferencia
de calor al mismo tiempo dispersando nanoestructuras con propiedades
Opticas importantes en el liquido de transferencia de calor. Esta idea no
es nueva ya que varios grupos la han llevado a cabo, pero la aportacién
que pudimos lograr fue demostrar que es posible usar PLAL para generar
nanoestructuras que pueden absorber radiacién solar en un amplio rango
en un medio liquido que puede ser usado como fluido de transferencia de

calor.

Muchos trabajos de investigacién dirigidos en esta linea se pueden encon-
trar con grandes dificultades al trasladarse de sistemas que pueden ser
facilmente controlados en el laboratorio a sistemas que se usan en la in-
dustria real. Por ello decidimos utilizar un liquido de transferencia de
calor utilizado en plantas concentradoras de energia solar reales con una
baja conductividad térmica, Therminol VP-1, o bien una mezcla eutéctica
de bifenilo y oxido de difenilo. La generacion de particulas metalicas en
este liquido promueve un incremento en su conductividad térmica y ya
se habia demostrado por Wang et. al. [208], no obstante sus resultados
demostraron que el fluido obtenido no era estable a lo largo del tiempo
siendo poco viable su utilizacién en el mercado real. Nuestra aportacion
consistio en utilizar PLAL para generar dicho fluido, la hipdtesis que se
perseguia estaba ligada a que los residuos quimicos propios de la técnica
de fabricacién de nano-estructuras usada por Wang debieron de promover
dicha inestabilidad en el fluido. Los resultados demostraron que de he-
cho era cierto, los residuos quimicos derivados del método de fabricacién
si influyen en la estabilidad del fluido a través del tiempo llevando a la
obtencion de un fluido mas estable gracias a la utilizacion de una técnica

que no promueve la generacion de residuos quimicos.

Siguiendo con la linea de investigacién desarrollada, el siguiente obje-
tivo planteado por el grupo fue generar un fluido con una conductividad
térmica mejorada que pudiera ser usado en aplicaciones reales. Para ello se
trabajoé con el mismo liquido de transferencia de calor, pero aprovechando

la versatilidad de PLAL, se exploré la posibilidad de funcionalizar los
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nano-materiales creados para alcanzar un grado de estabilidad idéneo
para la industria. En este sentido, se funcionalizaron las nano-estructuras
metalicas generadas por PLAL, con un surfactante iénico conocido pop-
ularmente como TOAB. Dicho surfactante se degrada a temperaturas
mayores a 200C° y promueve una repulsién estérica en aceites organicos,
ambas caracteristicas necesarias para estabilizar particulas metdlicas en
Therminol VP-1. Los resultados demostraron que no solo habia tenido
éxito la funcionalizacién, sino que adicionalmente se habia conseguido el
objetivo, gracias a PLAL se creo el nanofluido compuesto por nanoparticulas
de oro y Therminol VP-1 mas estable reportado hasta ahora en la liter-

atura.

Tras adquirir experiencia haciendo uso de PLAL para generar estructuras
con tamanos nanométricos en medios liquidos en donde el hacerlo por
vias convencionales resulta muy complejo o imposible. Decidimos dar el
siguiente paso generando estructuras nanométricas mucho mas comple-
jas. En este sentido, elegimos disenar un nano-compuesto, es decir, un
material que estuviese compuesto por mas de un material estructurado a
escala nanométrica. La eleccién de ambos materiales se centrd en su po-
tencial para ser usado en diversas areas tecnoldgicas. Por un lado se usé
oro, ya que presenta importantes propiedades 6pticas cuando es reducido
a la nano-escala y por otro lado se eligié grafeno ya que es un material
bidimensional que presenta importantes caracteristicas electrénicas y la
conjuncion de ambas propiedades podria llevarnos a obtener un material
que podria ser usado en diversos campos. Para la generacion de dicho
nano-compuesto se sintetizaron nanoparticulas de oro en una solucion de
hojas de grafeno dispersas en agua haciendo uso de PLAL. Los resul-
tados demostraron que las hojas de grafeno estuvieron actuando como
agente funcionalizador durante PLAL promoviendo que las nanoestruc-
turas metdalicas se anclar en las hojas de grafeno. Adicionalmente, la
interaccién entre el grafeno y la radiacién laser llevaron a la reduccion del
grafeno, siendo el grafeno reducido una estructura carbdénica que puede

presentar propiedades stuper-conductoras.

En suma, el uso de PLAL para la fabricacién de dicho nano-compuesto
no solamente fue exitosa, sino que ademas demostré ser 1til para generar
un complejo material nanoestructurado con propiedades que merecen es-

tudios adicionales.
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Durante la realizacion de cada uno de los trabajos de investigacién deriva-
dos de la implementacion de PLAL para generar estructuras manométricas
con posibles aplicaciones en la nanotecnologia, se exploraron modifica-
ciones en la forma bdasica del aparato experimental usado para PLAL,
llevando a la exploracion del uso de pulsos de femtosegundos y a la uti-
lizacién de un subsecuente paso para procesar el material obtenido en
PLAL. Dicho paso consistié en la fragmentacion de nano-materiales pre-
viamente creados por PLAL haciendo uso del laser, para asi controlar
su tamano final. Adicionalmente se exploré la utilizacion de surfactantes
ionicos y hojas de grafeno para funcionalizar el nano-material sintetizado
por PLAL.

Conclusiones

En este trabajo de tesis, mediante PLAL se sintetizaron nano-ensambles
basados en metal con potenciales aplicaciones tecnologicas en el campo
de la recoleccion de la luz solar, la catélisis, la biomedicina y la opto-
electréonica. Una estrategia basada en radiacion laser que promete ser
utilizada como una ruta de fabricacion estandar en los campos donde se
requiere que nano-estructuras altamente puras y quimicamente activas,
sean creadas en medios liquidos no convencionales, a escalas no masivas.
Se estudiaron parametros del laser, diferentes soluciones y solutos para
controlar la morfologia, tamano, distribuciéon de tamano, la estabilidad

coloidal, respuesta térmica y éptica de las muestras.

Las mayores contribuciones del presente trabajo radican en la demostracion
experimental de la sintesis de nanofluidos basados en nanoparticulas de
oro que se puede utilizar tanto como absorbentes de luz volumétricos,
como intercambiadores de calor. La fabricaciéon de nuevos materiales que
presentan una mejora de la conductividad térmica de 4,06% sobre el flu-
ido de transferencia de calor comercial més utilizado en concentradores
de radiacién solar, Therminol VP-1 siendo una mezcla eutéctica de bife-
nilo y de 6xido de difenilo, y la mejor estabilidad coloidal reportada en la
literatura utilizando dicho aceite organico y nanoparticulas de oro. Por
ultimo, la demostracién experimental de la reduccién de grafeno y su dec-
oraciéon con nanoparticulas de oro en una sola y practica reaccién evitando

la produccién de residuos quimicos.
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Para lograr las contribuciones antes mencionadas, fue preciso explorar la
modificacién adicional de nanoestructuras sintetizadas mediante el uso
de surfactantes, y etapas de post-fragmentacion de las nanoestructuras
obtenidas por PLAL mediante su irradiaciéon. la modificacion adicional
de las muestras nos llevo a alcanzar un alto control sobre el tamano y
la morfologia de las nanoestructuras. Dicho control llevé a la mitigacion
de la aglomeracién de nanoestructuras en los diferentes medios liquidos,

garantizando la maxima actividad fisica y quimica de los materiales.

Desde un punto de vista general, este trabajo de tesis representa una
prueba experimental de que el uso de PLAL posibilita la creaciéon de nano-
materiales con casi cualquier tamano deseado y distribuciéon de tamano,
a partir de solidos metélicos en liquidos orgénicos y soluciones compues-
tas por agua y hojas de grafeno, sin producir subproductos o cualquier
reacciéon quimica cruzada no deseada. Los resultados presentados sug-
ieren que el método de sintesis empleado representa una ventaja sobre los
métodos convencionales para producir nano-estructuras de metales en flui-
dos de transferencia de calor que potencialmente pueden tener un impacto
significativo en la mejora de la eficiencia de la recoleccién de radiaciéon solar
y en dispersiones basadas en grafeno, alentando asa la sociedad cientifica
para producir futuros desarrollos en la decoracion eficiente de grafeno y
materiales relacionados basados en este enfoque. La probada versatilidad
y la eficiencia de PLAL, hace de esta técnica una posible solucién para
proyectos multidisciplinares donde se requiere una técnica de fabricacion
de nano-estructuras que pueda ser implementada en ambientes coloidales
complejos, e incluso cuando PLAL sigue siendo una técnica de sintesis
de nanoestructuras joven y requiere mas investigacién para entender cada
fenémeno fisico y quimico asociado con su uso, creemos firmemente que la
sencillez y la pureza de PLAL representa una alternativa de sintesis que
puede inspirar a futuras investigaciones en una amplia gama de campos,

desde la ciencia de los materiales, hasta ciencias de la vida.
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