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SUMMARY

Nanotechnology and Photonics are considered by the European Commission
as a key enabling technology for the industrial development and improvement of
human society lifestyle in the following decades. This fact is endorsed by the
transcendental fields where these technologies have proved their capacity to
provide solutions, as improved detection, imaging and treatment in medicine,
enhanced versatility for industrial material fabrication and processing or higher
efficiency green energy harvesting systems for a sustainable human development.
Laser synthesis and processing of colloids joins both technologies, offering a
solution for a green and low toxicity synthesis of colloidal nanoparticles, allowing
their fast posterior implementation overcoming time consuming purification post
processing. However, even though the known advantages that laser synthesis and
processing of colloids offer, there are still some challenges that have to be
addressed in the two main techniques encompassed in this term, laser ablation in
liquids and laser fragmentation in liquids, which are limited in some cases by a

low attainable nanoparticle productivity.

In the present thesis, challenging experimental configurations as a flow jet
implementation for laser fragmentation in liquids and, especially, a simultaneous
spatial and temporal focusing configuration for femtosecond laser ablation in
liquids are proposed. With these configurations an enhanced nanoparticle
production is achieved. Moreover, due to the high purity of the generated
nanoparticles, an application for bioimaging of healthy and cancerous cells has
been developed. Besides, a high nanoparticle mass demanding application, as the
additive manufacturing of oxide dispersion strengthened steel samples with

enhanced high temperature strength is proved.

Finally, results from collaborative works towards the development of
advanced materials by femtosecond laser irradiation are briefly shown. The

proposed materials and their synthesis combines biological and material
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processing related applications. In concrete, Ag containing powders are irradiated
and their bactericidal properties enhanced. Also, the improved adhesion of

orthodontic materials after femtosecond laser structuring is commented.
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RESUMEN

Nanotecnologia y Fotdnica son consideradas por la Comision Europea como
tecnologias clave para el desarrollo industrial y la mejora del estilo de vida de la
sociedad en las proximas décadas. Este hecho est4 avalado por los relevantes
campos en los que estas tecnologias han demostrado su capacidad para generar
soluciones, como por ejemplo la mejora de la deteccion, imagen y tratamiento en
medicina, mayor versatilidad en procesos de fabricacién y procesado industrial
de materiales o mayor eficiencia en sistemas de generacion de energias
renovables para un desarrollo sostenible. La generacion y procesado laser de
coloides alna ambas tecnologias, ofreciendo una solucion para la sintesis
sostenible y con baja toxicidad de nanoparticulas coloidales, permitiendo su
rapida implementacién evitando procesos posteriores de purificacion que
ralentizan y encarecen el procedimiento. Sin embargo, a pesar de las ventajas que
la sintesis y el procesado de coloides con laser ofrece, todavia existen algunos
retos que deben ser solucionados en las dos principales técnicas que se engloban
en este término, ablacion laser en liquidos y fragmentacion laser en liquidos, y

gue estan limitadas en algunos casos por una baja productividad.

En esta tesis se presentan configuraciones experimentales como la de ‘flow
jet’ para fragmentacion laser en liquidos y, especialmente, una configuracion
basada en ‘simultaneous spatial and temporal focusing’ para ablacion laser en
liqguidos mediante un laser de femtosegundo. Con estas configuraciones se
consigue una mejora en la productividad de nanoparticulas. Méas aun, debido a
la alta pureza de las nanoparticulas generadas se ha desarrollado una aplicacion
en bioimagen de células sanas y cancerosas. Ademas, se demuestra la posibilidad
de utilizar los sistemas propuestos para la generacion de coloides en una
aplicacion que requiere grandes cantidades de nanoparticulas, como es la
generacion aditiva de aceros reforzados mediante nanoparticulas de 6xidos,

consiguiendo un incremento de la dureza del material final a altas temperaturas.
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Finalmente, se muestran brevemente los resultados obtenidos en varias
colaboraciones para el desarrollo de materiales avanzados mediante irradiacion
con laser de femtosegundo. Los materiales obtenidos y su sintesis estan altamente
relacionados con aplicaciones bioldgicas y de procesado de materiales. En
concreto, se mejora la propiedad bactericida de materiales en polvo que contienen
Ag. Ademas, se demuestra la mejora en la adhesion de materiales utilizados en

ortodoncias tras su estructuracion mediante laser de femtosegundo.
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CHAPTER 1.
INTRODUCTION

1.1 A nanoscaled bright future
1.1.1 Photonics and Nanotechnology: Key enabling technologies

The development and progress of the human societies has been always linked
to technological and scientific advances that permit the improvement of the life
quality. The contemporary age represents a paradigm of this assertion with a
global population increase from 1000 million people in 1800 to 7700 million in
2019. The population growth is associated to the development of better health
assistance systems and enormous advances in common diseases treatment, easier
access to fundamental goods due to the improved distribution processes achieved
by the employment of modern transports, and fundamentally the upscale and
automatization of the production industries, making several goods and services

economically feasible and accessible for the general population.

In that sense, the technological revolution during the twentieth century and
the consequent general improvement of the human life quality was based on the
advances of medicine, engineering and fundamental sciences, between many other
knowledge branches. These advances have had a great impact on society,
improving, on the one side, the life expectancy as well as reducing the mortality
rate and, on the other side, allowing fast and efficient transport and transmission
of both goods and information. Specifically, one of the key technologies involved
in this revolution was photonics, contributing from advances in medical diagnosis
and treatment’ to telecommunications and world-wide interconnection.?
Nevertheless, the term photonics is relatively new as this terminology was firstly
used after the invention of the laser on May 16, 1960.% Even though photonics

involves a wider range of technologies, the discovery of a spatial and temporal
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CHAPTER 1. Introduction

coherent light source represented a milestone in the employment of visible
radiation in many fields. Nowadays, the research interest on lasers is huge and
their already developed or in continuous research applications encompass
surgery,* spectroscopy,® or photochemistry® between many more. These areas are
highly relevant for the actual society and its future. Consequently, photonics has
been selected as one of the key enabling technologies by the European
Commission, considering it one of the pillars of the twenty first century industrial

development.’

Apart from photonics, the group of key enabling technologies encompasses
six different research areas, micro and nanoelectronics, nanotechnology, industrial
biotechnology, advanced materials, photonics, and advanced manufacturing
technologies.’ This group details the technologies that are thought to revolutionize
the industry and, in general, the society life style improving the life quality in the

following decades.

If we now focus on nanotechnology, even though gold colloids were
synthesized and studied by Michael Faraday in the 1850°s® the term
nanotechnology was firstly employed in 1959 by Richard Feynman.® The
revolution of nanoscience and nanotechnology began with the possibility of
measuring and characterizing nanoscaled particles and structures thanks to the
development of the scanning electron microscope (SEM), atomic force
microscope (AFM), and the improved resolution achieved by the transmission
electron microscope (TEM) in the 1980s. Since then, the field has emerged as a
promising path and a reality in a wide variety of applications, including key
technologies for an improved and sustainable society development, as energy
harvesting,® biosensing,* electronics,'? or medicine.!® The variety of applications
where nanomaterials have demonstrated their outstanding performance has led to

consider nanotechnology as a key enabling technology.



1.1. A nanoscaled bright future

1.1.2 Lasers and nanoparticles in the daily live

The importance of photonics and nanotechnology for the future development
of industry and human society has been highlighted due to the variety of key
applications where these technologies have already permitted or have the
perspective to permit outstanding advances in the following years. In concrete,
lasers and nanoparticles are one of the most representative exponents of those
research fields. Besides, they represent the objects of interest in the development
of the present thesis and so a closer look is taken on their employment and

relevance in several daily products.

Since the first operating laser was developed in 1960 the research effort soon
focused on the development of different lasers by varying the active medium.
Then, the initial ruby laser was followed by other solid state, gas, dye, and
semiconductor lasers. The different active medium permits to select important
properties of the laser beam as the wavelength, power, and even, with the
implementation of techniques like Q-switching or mode-locking, if the emission
is continuous or pulsed. In that sense, the apparition of a wide variety of laser
systems with different output parameters was the key fact that allowed the
implementation of the laser technology in several fields, ranging from medicine
to material processing. Hence, low power continuous lasers are commonly
employed every day as scanning systems, for example in the supermarket, and
represent the basis of data storage systems as CD, DVD and Blu-Ray, as well as
in data transmission with the apparition of the optical fiber telecommunication. If
we now move to continuous higher power lasers, one of the first applications
developed was laser welding, cutting or marking of steel pieces. These
applications are not only achieved by continuous lasers but also pulsed lasers are
employed. The development of techniques like mode-locking permitted the
generation of ultrashort pulsed radiation, even at the femtosecond and attosecond

scale, allowing irradiation of materials with high intensity pulses without the
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necessity of large average power values, as in the case of the continuous lasers.
These lasers, especially femtosecond ones, efficiently remove the material on the
surface with high precision and reducing thermal interactions.!* Consequently,
marking of steel or hard materials as, for example, the marks that can be found in
the door of many fridges are commonly performed by pulsed lasers.'®> Besides,
these features have let that nowadays femtosecond lasers are employed in many

common optical surgery interventions as cataract or refractive eye surgery.®

On the other side, nanoparticles do not fall behind on the number of
applications developed and nowadays they have become part of many common
products. The library of materials that can be employed and their different
properties open up the possibility to apply them in many fields. One of the most
extended applications has been the addition of TiO, and ZnO nanoparticles to the
sunscreen in order to enhance UV absorption. Nanoparticles are also present in
the food packaging, incorporation of Ag nanoparticles to the package provide anti-
microbial properties, while cellulose nanofibers permit the fabrication of
biodegradable packages. The incorporation of TiO, and SiO, nanoparticles to
paints improves several properties, as the thermal insulation, self-cleaning or even
adds bactericidal properties. The applications extend even further to electronics,
energy harvesting and even gold nanoparticles based cancer phototherapy is being
already in the clinical testing step.l” The presence of nanoparticles and lasers in
many daily life aspects makes clear their relevance and the fact that nowadays

they have become an indispensable tool.
1.2 A meeting point: Nanoparticle laser synthesis

The work developed during the present thesis combines two of the key
enabling technologies, photonics and nanotechnology, as well as demonstrates the
applicability and synergy of these technologies towards advanced materials
manufacturing. The development of photonics and nanotechnology and their

applications in many interdisciplinary fields has unavoidably led to the apparition
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of synergies between both technologies. Some examples are the employment of
nanomaterials for the fabrication and improvement of photonics components,
biomedical imaging with nanoparticle labels or photothermal therapy employing
gold nanoparticles. The present thesis is focused on a field where lasers and
nanoparticles are intrinsically related, i.e. laser synthesis and processing of
colloids (LSPC). This general term encompasses the strategies towards the
synthesis of nanomaterials in a colloidal form by laser irradiation of base materials

submerged in a liquid.

The effect of laser irradiation over a solid target immersed in a liquid was
firstly reported by Patil et al.,*® however, colloidal nanoparticles generation by
laser irradiation was later reported by Fojtik and Henglein.® Since then, several
milestones have been achieved to bring the technique to its actual maturity. The
employment of shorter laser pulses up to the femtosecond scale® represented an
advancement in the field permitting the study of the physical and chemical
dependence of the processes involved in nanoparticle formation with the pulse
width.?22 The addition of surfactants?24and the employment of stabilizing liquid
media®?® improved the control over the mean nanoparticle size and evinced the
possibility of synthesizing and functionalizing the nanomaterials in a single

step.2728

The control over the mean nanoparticle size was further improved with the
deeper study of the mechanisms that govern the fragmentation and melting
processes for nanosecond? and femtosecond pulses.®® Besides, these advances led
to a better understanding of the processes generating an increase of the initial
nanoparticle size® and, in some cases, size reduction of non-spherical

geometries® and particle reshaping.®

The development of liquid flowing techniques facilitated the synthesis

process increasing the production by avoiding shielding effects.®*% The study of
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the cavitation bubble dynamics and its modeling®~° during laser ablation in
liquids has led to the use of novel target geometries for production upscaling.*

Parallel to the above mentioned developments, further studies for the
employment of materials as oxides,*% organic particles,**® and
semiconductors*’*8 have allowed to include LSPC as a synthesis route in many
applications, widening the base material library.*%°

All these advances, together with further developments, have given rise to a
complete research field thanks to the intrinsic benefits that direct synthesis of
colloidal nanomaterials from the base material and a liquid has, as high purity,
low environmental and health impact compared to the synthesis in air and the
possibility of obtaining ligand free nanoparticles. Consequently, since the first
reports of laser synthesis of nanoparticles in liquids, the field has grown
significantly appearing two different methodologies and several possible
implementations depending on the initial base material, the employed laser
source, and the interaction of the laser beam with the liquid and the generated

nanomaterials, see Figure 1.1

| PLAL (Pulsed Laser Ablation in Liquid) J

Laser
Ablation in
Liquids
(LAL)

[ CLAL (Continuous wave Laser Ablation in Liquid) 1

[ RLAL (Reactive Laser Ablation in Liquid) ]

Laser
Synthesis
and
Processing
of Colloids
(LSPC)

[ RLFL (Reactive Laser Fragmentation in Liquid) J

Laser
Processing
of Colloids
(LPC)

| LFL (Laser Fragmentation in Liquid) |

[ LML (Laser Melting in Liquid) |

| RLML (Reactive Laser Melting in Liquid) w

Figure 1. Diagram of the different techniques that are included in the general

terminology laser synthesis and processing of colloids (LSPC), extracted from [51].



1.2. A meeting point: Nanoparticle laser synthesis

1.2.1  Laser ablation in liquids (LAL)

The technique based on a bulk solid target and a scanning procedure for the
ejection of nanoparticles from the material surface that get collected in the liquid
as a colloid is known as laser ablation in liquids (LAL), see Figure 1. Inside LAL
three different situations are generally differentiated depending on the laser source
employed and the effect over the liquid. When the laser generates a drastic
modification, of the composition or the phase, of the liquid involving a change in
the final nanomaterial synthesized the process is known as reactive laser ablation
in liquid (RLAL). However, in the cases where the laser interaction with the liquid
only induces energy losses or scattering, the laser source employed distinguishes
two methodologies. When a continuous laser is employed the technique is known
as continuous wave laser ablation in liquid (CLAL), while if the source is a pulsed

laser the methodology is known as pulsed laser ablation in liquids (PLAL).

Generally, the research field has evolved towards the standard employment
of pulsed lasers, as heating of the liquid turns into a problem when high power
continuous lasers are employed. Then PLAL and RLAL become the main
employed techniques, however, the difference between them is subtle when
ultrashort pulses that can generate the breakdown of the liquid molecules are used.
Hence, even though the work developed during the thesis has been performed with
pulsed lasers, the general terminology employed from now on in the present
manuscript will be to refer to the synthesis of nanoparticles from a solid bulk target

immersed in a liquid as LAL.

1.2.2 Laser fragmentation in liquids (LFL)

On the other side, a different approach to the synthesis of nanoparticles in
liquid by laser can be taken if instead of using as base material a bulk solid target,
the initial material precursor is formed by micrometric or even nanometric

particles dispersed in the desired liquid medium. The techniques that employ this
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approach are included in the general term laser processing of colloids (LPC), see
Figure 1.

Inside this wide concept, different methods are defined in terms of the laser
interaction with the liquid, as in the case of LAL, and if the process leads to a
reduction or increase of the initial particle size. If the experimental parameters are
set so that particle size is reduced due to the laser irradiation the methodology is
known as laser fragmentation in liquids (LFL). The mechanism responsible for
particle size reduction varies depending on the material as well as the laser
employed. In the case of continuous lasers or pulsed lasers longer than ns, thermal
effects represent the main interaction with the particles, generating the melting or
even evaporation of their surface and consequently reducing the particle size even
up to the nanoscale.?®®2 If ultrashort pulses are used, the mechanism responsible
of the particle size reduction is Coulomb explosion.***3 The difference with longer
pulses lies on the high intensity values due to the ultrashort temporal interaction,
shorter than the electron relaxation mechanisms, that generates charge

distributions in the particles that finally produces their fragmentation.

However, it is also possible to achieve an increase of the particle size after
laser irradiation when nanoparticles or agglomerates are employed as precursors.
This process is known as laser melting in liquids (LML) due to the fact that the
main mechanism responsible is the melting of the initial particles that permits their
unification. The necessity of melting the material without an excessive heating of
the liquid has led to the almost exclusive employment of nanosecond lasers for

this purpose.®>

As in the case of LAL, a classification in terms of the interaction of the laser
with the liquid and the nanomaterial can be performed, leading to the apparition
of reactive laser fragmentation in liquid (RLFL) and reactive laser melting in
liquid (RLML). In the development of this thesis the focus is placed on the

fragmentation procedure of microparticle precursor size reduction, and
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nanoparticles or quantum dots, (nanoparticles with a size lower than 10 nm)
synthesis. Therefore, the theoretical and experimental development later
presented will be based on the LFL and the previously defined LAL techniques.

1.3 Perspectives and challenges of laser synthesized nanoparticles

The advantages of directly generating colloidal nanoparticles from a base
material and chosen liquid have attracted attention to LSPC techniques. The
technique has proved its feasibility for the synthesis of nanoparticles from metals,
oxides, semiconductors and even organic materials in a wide variety of liquids
that ranges from water to organic solvents.® The large library of materials and
liquids together with the direct synthesis path, that avoids the generation of by-
products and the necessity of posterior purification of the samples, makes it an
appealing synthesis route, especially for applications where high purity samples

are demanded.

In that sense, LAL and LFL synthesized nanoparticles have been applied in
medical and biological applications and the in-situ functionalization of the
nanoparticles while the colloid is being synthesized has been demonstrated.*® The
direct functionalization of the generated nanoparticles provides a fast and clean
method for the synthesis of biomarkers and for general biomedical applications.
This advantage has been investigated and proved for the functionalization with
nucleic acids, dyes and complex molecules. Besides, the procedure has been
proved to be achieved in several materials, as Au,®” Zn0O,% C,* and Si.®° Even in
the case of C and Si, the resulting nanomaterials have been satisfactorily employed

as fluorescent probes, for in vitro and in vivo fluorescence imaging.

Another remarkable feature of the laser synthesis of nanomaterials is the
possibility of generating metastable material phases. The paradigm of this
assertion has been found for carbon allotropes synthesis where diamond, body-

centred cubic, carbon onions, and amorphous phases have been achieved.*® Even
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the reversible phase transformation between diamond and onion like structures
has been achieved by controlled nanosecond irradiation of an initial nanodiamond
colloid.®

The versatility of the technique is demonstrated when, to the advantage of
permitting a single step synthesis of selectively functionalized nanoparticles, laser
synthesis also allows the generation of ligand free high purity samples. This fact
highly enhances the surface active area which is a key factor for an improved
catalytic activity.®> The employment of laser synthesized nanoparticles in
catalysis, sensing or bioimaging reinforces the polyvalence of this technique and
the importance of the experimental parameters and configuration selected will be

discussed in the following chapter.

Even though the advantages that LAL and LFL offer, there are still open
challenges that could improve the features of the synthesized nanoparticles,
permitting their employment in even more applications or enhancing their

performance in the already developed ones.

A deeper understanding of the processes occurring at the time scale that goes
from the pulse interaction with the material until the ejection of the nanoparticles
would help to select the experimental parameters for every material and liquid.
This fact can lead to the desired nanoparticles size and surface coating. Besides,
control over the morphology of the synthesized nanoparticles has always been a
challenge. Spherical particles are commonly obtained and only recent
investigations report the size reduction of gold nanorods by LFL without altering

their morphology, resulting in a monodisperse size distribution.3

This result represents a great advance, pointing toward the possibility of
achieving nanoparticle monodisperse size distributions. The dispersity in the size
distribution has always been one of the drawbacks of the technique, and the

addition of surfactants has led to a drastic reduction of size dispersion, e.g. for
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Y03 nanoparticles synthesis.5® However, research towards a general methodology
applicable to every material should still be found.

The fundamentals of the processes occurring from the laser interaction to
nanoparticle formation differ for nanosecond and femtosecond LAL. While the
mechanism in nanosecond LAL has been further studied®? and, even though,
models for ultrashort LAL have been developed,?*%* a complete description
including the nonlinear effects produced in the liquid as well as beam distortions

is still lacked.

Finally, productivity has been always one of the main limitations for laser
synthesized nanoparticles application. Their outstanding properties have been
mainly directed to applications demanding reduced quantities of nanoparticles.
Consequently, the search for novel configurations and laser sources that permit an
improved efficiency of the process, as well as the increase of the productivity, has
been one of the main research lines in the past years.®>® Even nowadays, it still
represents one of the main goals of the field and will be the object of discussion

during the development of the present manuscript.

11






CHAPTER 2.
NANOPARTICLE PRODUCTION CONTROL
AND ENHANCEMENT

The possibility of applying a concrete nanomaterial synthesis route towards
the desired application is limited not only by the achievable characteristics as
purity, size or surface chemistry but also by the productivity. In that sense, in spite
of the benefits that pulsed laser ablation/fragmentation in liquids nanoparticles
have evidenced, the upscaling of production is necessary for taking their
demonstrated applications from the lab to industrial scale processes.

Generally, production rates of few mg/h are obtained with the standard LAL
methodology. This production value is ideal for applications that demand a
reduced amount of high purity nanoparticles, like bioimaging or biomedicine
where few milliliters or even microliters of the colloid are required for marking a
biological sample with fluorescent or up-converting quantum dots labels or
deliver a specific drug to a cell. However, even in these applications where a small
amount of nanoparticles is needed, production upscaling permits the reduction of
nanoparticle synthesis costs, lowering the price and facilitating their incorporation

to the general market.®’

The benefits from employing laser synthesized nanomaterials for catalysis,
sensing or modification of material properties like hardness or absorption for
additive manufacturing has been already proved. Nevertheless, these processes
demand not only large amounts of nanoparticles but also cost effective production
processes. As lasers are easily integrated in the production chain and their
industrial use is widely extended, incorporation of LAL is straightforward. Due to
that, the development of higher production and cost effective processes to boost

the employment of laser generated nanomaterials at a large scale represents one
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of the biggest challenges that researchers working on this field are facing
nowadays.® In this chapter, a comprehensive view of the processes involved in
the productivity control achievable by LAL and LFL is provided. Besides, results
obtained demonstrating a productivity enhancement by applying a liquid flow
configuration for LFL and a simultaneous spatial and temporal focusing
configuration for LAL are detailed.

2.1 Material and optical parameters influence on productivity

A first thought on the limitations and possibilities for increasing productivity
in LAL and LFL immediately leads to the study of laser-matter interaction. The
first approach that can come to mind is to optimize laser parameters by increasing
laser power, repetition rate and find the optimum irradiation wavelength for the
employed material. Nowadays there exist laser systems operating at different
wavelengths able to achieve mean power values of hundreds of W that allow to
obtain huge fluence values at focal spot even operating at repetition rates on the
order of the MHz. However, above a fluence threshold, limitations that depend on
the scanning velocity, repetition rate, pulse width, focusing conditions, interaction
with the liquid media and target geometry appear. Then, several parameters are
involved, and their optimization turns into a difficult task that even varies
depending on the material, liquid and pulse duration. To explain the processes

involved, a close look should be taken on the effect of the different variables.
2.1.1  Fluence dependence of the ablation process

A fundamental parameter for nanoparticle production is laser fluence. Its
influence can be explained starting from the well stablished model for material
processing in air.'*!® Depending on the pulse duration the ablation mechanism
differs. In the case where pulse duration is shorter than the electron cooling time,
typically pulses shorter than 1 ps, the strong evaporation regime is produced and

material removal is associated to the direct solid-vapor or solid-plasma transition,
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avoiding melting of the material. If pulse duration exceeds electron cooling time
the released heat causes first the melting of the material surface and its posterior
vaporization or solidification. Following the results obtained by this model, the
ablation depth L can be described in terms of the fluence as:

Jeh

L~l-1n <]]l—t> (2)

th

L~a-In (j—t> 1)

The parameters o and 1 are the optical and the electron thermal penetration
depths, respectively, J: the fluence on the target surface and Jw the threshold
fluence values for each process. The first equation describes the interaction of low
fluence ultrashort pulses, < 1ps, where optical penetration dominates over electron
thermal effects. The second equation describes ablation by pulses longer than 1 ps
where heat diffusion effects dominate.'® Finally an intermediate situation appears
when ultrashort pulses and high fluence values are employed where both

contributions, optical penetration and heat diffusion, are involved.5®

The phenomenology for laser ablation in air can be applied for the description
of LAL. To adapt the model to predict nanoparticle production two considerations
should be taken into account. The first one is related to the relevant parameter
obtained from the model and the different point of view between material
processing in air or LAL. In the first case, the process is generally focused on
marking and generating specific patterns on the bulk material. That is why the
relevant parameter is L, the ablation depth, as well as the focal spot size that
determine the geometrical properties of the ablated regions. However, the main
objective of LAL is not the generation of specific modifications of the target
surface but the control of the ablated volume for predicting nanoparticle mass

production rate. In spite of this difference in the final objective, it is evident that
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the penetration depth L, the ablated volume, and consequently the nanoparticle
total mass are closely related. Integrating equation 1, assuming a Gaussian beam
distribution, leads to obtaining the ablated volume per pulse.™

Eo Je

AV=—-a-ln2(—> 3
2] Jtn ®)

Where Ey is the pulse energy. The density of the ablated material, p=M/V,

relates the ablated volume with the generated mass of nanoparticles and so permits

the calculation of the ablated mass from the target that indicates nanoparticle

productivity in LAL.

Asz—ji-p-a-lnz(i—;) 4)

However, application of equation 4 to calculate LAL productivity fails due to
the liquid media presence that induces effects not described in the previous model
that lower mass ablation rate. To take into account these effects, parameters
considering losses can be included in the model and their value is empirically
obtained by fitting of the experimental measurements to the dependence found in
equations 3 and 4.5 A general predicting model including all the energy losses
in the liquid media is still required but is a challenging task as the generated losses
are at least wavelength and pulse duration dependent. Modeling gets even more
difficult when the effects of the scanning are included and the velocity and pulse
repetition rate have repercussions over production limiting factors as heat

accumulation and cavitation bubble shielding.

The model described evidences that nanoparticle production per pulse
increases with fluence, however, the relationship is not lineal but logarithmic and
the main ablation mechanism changes with the pulse duration. The mechanisms

go from optical penetration for ultrashort pulses and low fluence values to electron
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thermal effects for long pulses, finding an intermediate situation where both
mechanisms coexist when ultrashort pulses and high fluence values are
employed.®® Energy losses associated with the liquid media play a key role that
can only be described taking an overview of both, material and laser parameters,
and their influence over scattering, absorption, nonlinear interactions,

nanoparticle and cavitation bubble shielding.
2.1.2 Cavitation bubble: Scanning velocity and repetition rate

A complete area of research for the increase of nanoparticle productivity is
focused on the effect of the cavitation bubble over laser processing of the bulk
target. This phenomenon is caused by the interaction of a high intensity laser beam
with the solid target immersed in a liquid. On a first stage, this interaction leads
to plasma formation on the target surface. Plasma is generated due to material
ionization that causes the ejection of atoms and ions extracted from the target
surface. The temperature of the plasma can reach thousands of K right after its
formation.®® After that, cooling of the plasma is produced by releasing energy to
the surrounding liquid media, generating its vaporization and the formation of the
cavitation bubble. Then, it experiences a rebound effect, beginning with an
expansion until its maximum height, followed by a size reduction. This process is
repeated until the collapse of the bubble. The timescale from the first cavitation
bubble formation until the collapse as well as the maximum bubble height depend
on the laser pulse width, fluence, liquid compressibility and density. However,
typically, bubble lifetime is hundreds of ps,* while the variation of its maximum
size is highly dependent on pulse width, from mm using intense ns pulses® to tens

of um for the case of femtosecond pulses employed for tissue ablation.”

The lifetime and size of the cavitation bubble have been demonstrated as key
parameters for increasing nanoparticle productivity in LAL. The bubble generated
by the first interacting pulse can shield subsequent pulses if the scanning velocity

and repetition rate of the laser are not adjusted to overcome spatially or temporally
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this effect. To bypass it temporally, assuming that irradiation is performed without
scanning, the repetition rate of the laser should be lowered up to the limit where
the period between pulses equals the bubble lifetime. To avoid shielding effect
due to a bubble with a lifetime of 250 ps, the maximum laser repetition rate would
be 4 kHz. Nevertheless, high repetition rate and high power are desired in order
to increase productivity. Therefore, the solution adopted is bypassing cavitation
bubble spatially. To achieve it, both scanning velocity and laser repetition rate are
fundamental parameters. Their relationship with the cavitation bubble size is

given by equation 5.

v=r-f (5)

Where v is the scanning velocity, r the radius of the cavitation bubble and f
the repetition rate. Then, in order to avoid interaction of subsequent pulses with
the cavitation bubble when high repetition rates are used, the scanning velocity
should be increased, see Figure 2. The limits of the spatial bypass can be clearly
seen with an example. Supposing a bubble radius for ns irradiation of 0.5 mm and
a repetition rate of 10 kHz, the minimum scanning velocity should be 5 m/s.
Nowadays there already exist ultrashort and ultraintense lasers able to emit pulses
with a repetition rate in the order of the MHz, then the limitation relies on the

achievable scanning speed.
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Figure 2. Representative scheme of the cavitation bubble and the minimum inter-

pulse distance to avoid shielding effect.

Two strategies have been commonly used to scan the target surface during
irradiation, displace the target or the beam. The first of them is performed using
XY/XYZ linear stages that can reach velocities up to 2 m/s. In the second case the
beam position is controlled by means of galvanometric mirrors that achieve
scanning velocities of 10 m/s. In both cases the scanning velocity is the limiting
factor for bypassing cavitation bubble shielding effect at higher repetition rates
that would end in an increase of productivity.®® Based on this concept, the
maximum production rates in LAL have been achieved. A production rate of 1.3
g/h was achieved using a ceramic target, Al,O3 , by Sajti et al.% employing a ns
laser operating at 18.5 W and optimizing the scanning velocity, 0.5 m/s, and
repetition rate, 4 kHz, to spatially bypass the cavitation bubble, with an estimated
radius of 250 um. For metal nanoparticles, Au and Pt, a production rate of 4 g/h
was recently achieved by Streubel et al.®®7 employing a ps laser that emits pulses
with an average power of 500 W at 10 MHz, the scanning velocity would limit
the ablation rate, however this limitation is overcomed by the use of a polygon
scanner synchronized with the laser system that can reach velocities up to 500
m/s. These results clearly show that LAL can be a suitable technique for industrial

applications and nowadays production limitation can be overcomed by the
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development of high power and high repetition rate lasers together with faster

scanning systems.
2.1.3 Scattering and absorption: Laser wavelength

A parameter that completely influences the interaction with both the target
and liquid in LAL is the peak wavelength of the laser spectrum. To deeply
understand the effect, a first order approximation is again laser material processing
in air. In this case the description of the effect can be provided in terms of the
absorption of the target, as interactions with the surrounding media are negligible.
Ablation efficiency in air has been proved to increase as material absorption for
the wavelength employed increases.” The result is intuitive, as a higher absorption
leads to a higher energy density delivered to the sample and so the ablated volume
increases. Then, optimization of the irradiation wavelength can be performed by

obtaining the value for the maximum absorption of the material, see Figure 3.
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Figure 3. Normalized absorptance value as a function of the wavelength for different

metal targets in air.

Nevertheless, results obtained for LAL soon pointed out that this procedure

should be altered when the target is immersed in a liquid medium and the beam
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focused on its surface.”’® The mechanisms responsible for this variation are
different depending on the pulse intensity. If it is lower than 10 W/cm?
absorption and scattering predominates, while for higher intensities, easily
achieved for fs pulses, multiphoton absorption and nonlinear effects appear in the
liquid. The later effects are the main cause of ablation efficiency reduction when
femtosecond pulses are employed and will be detailed in a following section. In
this section, the focus is placed on linear interactions that predominate for ps and
ns LAL. In that case, the main differences found compared to laser ablation in air
are related to three main mechanisms, scattering, inter-pulse and intra-pulse
absorption of the laser beam due to the presence of the nanoparticles already
generated in the liquid. Intra-pulse absorption is associated to long pulses where
the pulse tail can suffer from absorption due to the nanoparticles and plasma
plume generated by the pulse front.”® On the other hand, scattering and inter-pulse
nanoparticle absorption contributions can be obtained for every specific material
and liquid by Mie theory.”” The extinction coefficient encompasses scattering and
absorption and so its calculation for the liquid and the colloidal nanoparticles
permits the evaluation of these phenomena previous to the interaction with the
target surface. Modelling of these parameters previously to perform the
experiment allows to find the optimum operation wavelength. This procedure is
extremely relevant as several commonly employed materials in LAL, as Au and
Ag,”>?* exhibit a variation in the wavelength for maximum ablation efficiency

compared to the same ablation process in air due to these effects.
2.1.4 Nonlinear effects: Pulse width, peak power and intensity

Laser pulse width, and so peak power and intensity, has been proved to highly
influence LAL due to its relevance on the cavitation bubble parameters,
absorption, scattering or target temperature. In that sense, it has been argued how
pulse duration modifies the main mechanism of laser material removal, see

equations 1 and 2. Laser ablation experiments with metal targets performed in air
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have proved that material removal efficiency is increased as the employed laser
pulse width is diminished, pointing towards femtosecond lasers as an ideal tool
for efficient material removal.”®® This is caused by the reduction of the thermal
interactions.®* Then, the energy delivered to the target is employed in the material

removal process and nanoparticle productivity is increased.3*22

However, the nonlinear interactions that dominate the ablation process at the
femtosecond time scale also represent a source of energy losses due to the
generation of these phenomena in the liquid previous to the interaction with the
target. Besides, nonlinear effects like filamentation and self-focusing not only
produce energy losses but also modify the divergence of the beam and so the focal
spot position. This variation alters the ablation fluence if the target is not
conveniently realigned and complicates the reproducibility of the experiment.®
This fact is even more critical taking into account that the modification of the focal
spot position is power dependent, and so a variation of the laser energy turns into

a shift in the focal spot location.®

It should be noted that the appearance of this phenomenology is not only
related to the laser pulse width but to the peak power or intensity, even describing
the processes in terms of intensity or peak power threshold values.?? The frontier
between linear and nonlinear effects predominance is generally assumed to be in
the limit between ps and fs timescales. Nevertheless, for every specific situation
several parameters (material characteristics, laser energy, pulse duration, focal
spot size and numerical aperture) should be considered to obtain the threshold

value and evaluate the optimum experimental conditions.

The limitations related to the presence of a liquid medium and energy losses
due to the generation of nonlinear effects restrict the application of fs lasers for
nanoparticle production upscaling. Then, as an intermediate solution to decrease
thermal interaction while avoiding strong nonlinear interactions, ps lasers are

commonly employed when production upscaling is desired.®® Even though, an
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effective control of nonlinear effects produced in the liquid media is a promising
path towards LAL production increase by the employment of high power and high
repetition rate femtosecond lasers.

2.1.5 Energy delivery to the target: Target geometry and liquid layer

The previous sections are focused on the effect of laser parameters, material
and liquid intrinsic properties on nanoparticle production. Now, last but not least,
the way energy is delivered to the sample and its influence over production
upscaling should be discussed. The techniques employed for this purpose can be
divided in two groups, modification of the target geometry or control of the liquid

layer employed.

In the first group, the most common implementation is performed using a bulk
3D target, Figure 4a), meaning that the spatial dimensions of the target are
comparable, usually mm. The employment of 2D samples, Figure 4b), with
micrometric thickness, limits the process if large amounts of nanoparticles are
desired, as for long irradiation times the sample might be replaced due to the lack
of material. Reducing the dimensionality, a 1D wire shaped geometry has been

proposed.®
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a) b)

Figure 4. Schematic representation of the different target geometries employed for
LAL and LFL, ordered from higher to lower dimensionality 3D-0D. a) Bulk target, b) thin

film, ¢) wire and d) microparticles.

The system, based on a wire metal target, Figure 4c), is continuously fed so
that long term irradiation can be achieved without running out of material.
Besides, cavitation bubble shielding effect has been proved to be reduced due to
the change in the target geometry.®* On the other side, not every material can be
prepared in a wire shape, so 3D targets permit the generation of nanoparticles from
a broader spectrum of materials. Furthermore, the beam alignment procedure
becomes easier in the case of a 3D target as very precise positioning is needed for
the correct focalization of the laser beam in the wire. The cons related to the wire
target convert bulk targets in the standard geometry chosen for LAL, however, if
high production is desired and the material permits it, making use of the 1D

geometry can be the optimum solution.

Not only target properties but also the liquid plays a fundamental role on the
nanoparticle production efficiency. As it has been shown, the intrinsic properties
of the liquid as the refractive index (linear and non-linear), the absorption and
scattering clearly impact nanoparticle production rate as the energy delivered and

the fluence on the sample depend on them. What is more, other parameters as
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compressibility, viscosity and their temperature dependence have an influence on
the cavitation bubble and so on the nanoparticle production.®® A strategy
commonly followed for reducing energy losses and dispersion in the liquid is
reducing the liquid wall.® Even though this procedure improves production,
cumulative effects like the absorption of the generated nanoparticles shield the
laser beam when high concentrations are desired. To amend it, configurations
where a continuous liquid flow is generated have been proposed for both LAL and
LFL.35’86

stirrer
laser beam

Figure 5. Schematic representation of the experimental setups employed for LAL and
LFL. a) Batch. b) Batch with liquid flow (reproduced from [86]). ¢) Passage reactor.

The standard batch configuration, Figure 5a), can be adapted to create a liquid
flow while irradiation is being performed by including a stirrer away from the
beam path, Figure 5b).2¢ The flowing liquid sets aside the generated nanoparticle
and homogenizes their distribution in the liquid volume. This fact, reduces the
shielding effect produced by the presence of a higher concentration of
nanoparticles in the irradiation area, as happens when irradiation is performed in

static conditions.

While the previous configuration reduces absorption effects, the liquid wall
cannot be reduced to the minimum as at least a few mm liquid layer is needed on
the target to generate a homogeneous and continuous liquid flow. Besides, this
configuration is not optimum for LFL as the fraction of the energy not absorbed

by the colloid could damage the cuvette. To be able to further decrease liquid wall
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and avoid damage of the components, an open configuration was proposed, the so
called passage reactor Figure 5c).%® The system is based on the flowing of the
liquid through a vessel with an aperture, the liquid then falls to a second vessel
where is collected. The irradiation is performed when the colloid is falling,
forming a jet. This way the liquid layer is reduced to the minimum and damage of
any material is avoided even for LFL as the beam only interacts with the colloid.
This technique have permitted the synthesis of oxides,®” metallic® or organic
nanoparticles.®® In section 2.3 a deeper view of the process as well as the
employment of this configuration for the synthesis of carbon dots*®® will be

discussed and detailed.

Finally, it should be mentioned that the combination of the passage reactor
configuration and the employment of a wire target has led to production rates up

to the g/h scale.**
2.2 Overcoming nonlinear losses limitation in femtosecond LAL

The description of the wide range of parameters involved in LAL gives a
general overview of the processes involved and possibilities for nanoparticle
production enhancement. In this sense, the main efforts are centered on the study
of the cavitation bubble properties as a function of both, the liquid and laser
employed, and its spatial bypass.®*%® A different approach is employing lasers
with shorter pulse duration that have been proved to increase material removal
rate in air.”®" Even though higher production could be obtained by femtosecond
lasers,*°! the idea has not been exploited due to the drawback of the energy losses
produced in the liquid media associated to nonlinear interactions. To address this
limitation, during the development of this thesis the implementation of a
simultaneous spatial and temporal focusing technique that reduces nonlinear
interactions of femtosecond lasers out of focus is investigated as a solution for

increasing femtosecond LAL nanoparticle production.®
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2.2.1 Simultaneous spatial and temporal focusing (SSTF) principles and

implementation

The technique called simultaneous spatial and temporal focusing (SSTF),
firstly proposed in 2005,% is based on the variation of ultrashort pulses duration
out of focus by means of a diffractive or dispersive element that separates the
spectral components of the initial beam. Then, the spectrally dispersed beam is
focalized by means of a lens,** or image system,®® recombining all the spectral
components in the focal spot position and achieving the shortest pulse duration

only at this position.

To understand the principles of the technique, the relationship between pulse
duration and spectral width should be introduced. The general description of light
provided by electromagnetism can be employed to obtain that a direct Fourier
transform relates the temporal and spectral domain description.® This dependence
connects the pulse spectral width and its duration by the following general

expression.

wt=C (6)

Where o is the spectral width, t the pulse duration and C is a constant that
depends on the pulse shape. From equation 6 it is evident that the shorter the pulse
duration, the wider the spectrum. Equation 6 also explains the working principle
of SSTF. The effect of the diffractive element can be seen as a reduction of » due
to the suppression of the pulse spectral overlapping caused by the generated spatial
separation of the spectral components of the beam. It should be noted that as the
variation of ® depends on the spatial overlapping between the spectral
components, it changes with the propagation distance. To control it and achieve
the recombination of the complete spectrum at the desired position, an image
system or a lens can be used. While the beam keeps the divergence that the

diffractive element generates,  decreases with the propagation distance. After the
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image system or the lens, the beam is convergent, therefore ® increases with the
propagation distance until it reaches its maximum at the focal spot position, where
all the spectral components overlap and so o coincides with the value previous to
the diffractive or dispersive element. The arguments exposed for the behavior of
® with the propagation distance can be employed for explaining the evolution of
7, according to equation 6. After the diffraction grating t increases, then the beam
converges due to the lens or image system and t decreases until it reaches its

minimum at the focal spot.

An analytical solution can be obtained for the evolution of pulse duration as a
function of propagation distance after the focusing system, that is taken as

reference plane.®®
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Where o is the laser spectral width, z the axial position, f the focal distance
of the last lens, ko is the wavenumber for the central frequency of the laser
spectrum, s is the diameter of each monochromatic beam at the reference plane
and o is a parameter that counts for the spatial separation between each

monochromatic beam also at the reference plane.
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In spite of the fact that there exist different experimental configurations to
perform SSTF, the phenomenological as well as the analytical descriptions
detailed above can be applied in any case as the same operating principles apply
in every case. Two main implementations have been used for achieving SSTF
effect, Figure 6.
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Figure 6. Experimental implementations of the SSTF technique. a) Image system. b)

Y
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Double grating.

The first of them is based on a diffraction grating and an image system that
generates a reduced image of the beam at the diffraction grating plane, Figure 6a).
This configuration was the initial experimental setup proposed for SSTF.% The
advantage of employing an image system to recombine the spatially dispersed

spectral components of the beam is to avoid temporal broadening of the pulse. The
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image system ensures an equal optical path for every spectral component and so
they overlap both spatially and temporally at the image system output plane,
achieving the minimum pulse duration. This system has been employed mainly
for nonlinear microscopy applications,®*® where large focal spot sizes are
advantageous as they increase the field of view. When small focal spot sizes, d,
are desired, the system is limited by the focal distance of the lenses, f; and f., and

the beam size at the diffraction grating plane, s.

f2
d= SE (10)

To avoid damage of the diffraction grating the minimum value of s is limited
by its damage threshold and the employed laser source. Then f; should be as large
as possible and f, short to reduce d. The value of f; also compromises the size of
the optical system, as a very large fi, that would ideally be perfect for reducing d,
is not realistic for the experimental implementation. Then f; = 1000 mm and f, =
50 mm, or similar values, fulfill the compromise between reducing s and having
the possibility to implement elements of these characteristics in an experimental
setup. With this values d ~ 100 um, and so if smaller focal spot sizes are desired

a different configuration for SSTF should be employed.

The second setup was then proposed as a solution for the implementation of
the SSTF when a small focal spot is desired, as in the case of material processing
applications®® where high fluence and resolution only achievable with small
focal spot sizes are needed. It is based on the employment of two diffraction
gratings or a diffraction grating and a retroreflector. The first grating spatially
separates the spectral components of the beam while the second one collimates
them keeping the spatial separation they have acquired during the propagation
from the first grating to the second one, Figure 6b). After that, a lens is used to
focalize the collimated beam. In this case, the focal spot size, d, depends on the

beam size at the lens plane, s, the focal length, f, and the wavelength, Aq.
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d= Aoi—c (1)

It can be clearly seen that now there is no need to take into account the damage
threshold of the diffraction grating as, to reduce d, the beam size, s, should be as
high as possible. Another advantage is that the shorter the focal length, the smaller
the focal spot is, leading to a very compact implementation of the SSTF. Besides,
the focal spot size can be easily selected by changing the employed lens. As an
example, an f =75 mm lens used to focalize a femtosecond, o= 800 nm, beam of
s =5 mm results in d ~ 30 um. The improvement shown in the focal spot size
control contrasts with a drawback that appears when this configuration is
employed. Unlike the first system, when the spectral components of each pulse
propagate after the diffraction grating follow a different optical path until they
achieve the lens. The difference avoids a complete temporal overlapping of all the
spectral components at the focal spot, broadening the pulse width. This effect is
described by the group delay dispersion (GDD) of the pulse that can be
compensated by a pulse shaper or pulse compressor before the pulse propagates
through the SSTF setup.

The systems detailed can be implemented for LAL to reduce nonlinear
interactions out of focus and improve energy delivery to the target. The focal spot
control achieved by the double grating system could be an important feature for
fluence control of the LAL process. However, the generated GDD can broaden
pulse width at focal spot up to 1 ps®® and so the benefits of employing femtosecond
pulses vanish. Therefore, without a pulse compressor able to compensate huge
GDD values, the selected setup for LAL is the image system. Furthermore, to
reduce chromatic aberrations related to the lenses, the image system is

implemented by means of off axis mirrors, Figure 7.
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Figure 7. Scheme of the experimental implementation of the SSTF technique for

LAL performed, note that the x-axis is pointing perpendicularly into the paper.

To implement the proposed experimental setup an amplified Ti:Sapphire laser
source that generates pulses of about 30 fs pulse duration, centered at a wavelength
of 800 nm with a repetition rate of 1 kHz is employed. A 600 grooves/mm gold
coated blazed diffraction grating is placed at the front focal plane of a gold off
axis mirror L; of focal length f;=646 mm. To avoid damage of the diffraction
grating the minimum value of s, see equation 10, for the employed femtosecond
laser is calculated to be ~2 mm. The second gold off axis mirror, L, of focal
length f,=25.4 mm is placed at the focal plane of L; and forms the image of the
diffraction grating at the output plane. Finally, a gold target is placed at the
geometric focus of L, where the different spectral components of the pulse overlap

and the minimum pulse duration is achieved.

2.2.2  Comparison of the SSTF with the standard LAL and the analogous image

system. Temporal, spatial and spectral characterization

The optimum experimental SSTF setup for our laser system has been found.

However, it has been clearly proved that many parameters influence nanoparticle

32



2.2. Overcoming nonlinear losses limitation in femtosecond LAL

productivity, and so comparative measurements should be performed maximizing
the number of common parameters between the compared setups. This way it can
be ensured that the variations in nanoparticle production are due to the SSTF.
Then, in order to fairly evaluate SSTF nanoparticle production it should be
compared against an equivalent optical system replacing the diffractive element
by a mirror, Figure 8a), so that the only difference is the temporal focusing effect
and its impact over nanoparticle production can be isolated, this system will be
later referred as 10S. Besides, to assess the implementation of SSTF as a standard
technique for PLAL, it is also compared against the conventional PLAL
configuration with a lens of f3= 75 mm, Figure 8b), later referred as COS. As there
exist differences between both implementation, the criterion adopted when a
parameter affecting nanoparticle production differs is to employ the more
favourable one in the standard system. Then we can ensure that any production

increase achieved in SSTF is due to the temporal focusing effect.

a) T b)
’ 2

f3

Nowste

Figure 8. Experimental setups employed for the comparison of nanoparticle

production against the proposed SSTF system. a) Image system analogous to SSTF
removing the diffraction grating to avoid temporal focusing effect. b) Standard system

employed for LAL.

To quantify the existing similarities and differences, every system is

spectrally, spatially and temporally characterized. By means of a CCD camera
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attached to a three axis linear stage the intensity profiles along the propagation
direction can be obtained and the spatial distribution of the focusing beam
reconstructed for every system, Figure 9a-c). The same configuration replacing
the CCD camera by a fiber spectrometer permits the spectral characterization as a
function of the propagation distance, Figure 9d).
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Figure 9. Spectral and spatial characterization of the experimental setups. a) 10S
experimental measurement of the beam for several axial positions (left) and focal spot
measured profile (right). b) COS experimental measurement of the beam for several axial
positions (left) and focal spot measured profile (right). ¢) SSTF experimental measurement
of the beam for several axial positions (left) and focal spot measured profile (right). d)

Spectral measurements performed at axial positions I, 11, 111 and IV correspondent to c).

According to the measurements represented in Figure 9 a-c), the values for
the focal spot diameter at full with half maximum (FWHM) in air for the different

systems are dsste= 91 pum, dios=91 um and dcos=22 pum. As it was expected, the
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SSTF and 10S systems exhibit the same spot size. Therefore, if the same pulse
energy is employed, the processing fluence coincides and any variation in
nanoparticle production can be attributed to energy losses in the liquid layer due
to nonlinear effects. On the other hand, the focal spot of the COS is smaller than
the one of the SSTF, this would potentially produce a higher fluence value in the
COS, increasing nanoparticle production.1%

The acquired spectra for the SSTF system at different positions represented in
Figure 9d) clearly shows the spatial separation of the spectral components
previous to their overlapping at the focal plane. It represents the experimental
demonstration of the phenomenology introduced in the previous section where it
was stated that, according to equation 6, pulse width broadening is achieved by
reducing the spectral width. The measurements show that as the spectrometer is
displaced away from the focal plane the spectral width is reduced. The

fundamental spectrum is obtained for every position when the same measurement

is performed in the other systems.

BKY7 prisms
N/

s

SHG crystal

Lens

Fiber spectrometer

Figure 10. Schematic representation of the d-scan implementation to the SSTF setup

for temporal characterization of the system.
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The spatial distribution of the focal volume plays a fundamental role on the
material processing and nanoparticle generation. Now that it has been compared
for the different systems, the temporal duration of the pulses at the focal spot as
well as its evolution during propagation should be accounted. To achieve temporal
characterization at the focal spot plane the technique dispersion scan (d-scan) is
employed and adapted to measure pulses from 10 to 70 fs.1% D-scan is performed
by adding a controlled dispersion to the beam and recording the second harmonic
signal generated at the plane where the temporal width wants to be recovered. The
dispersion is controlled by a BK7 prism that is displaced by a linear stage, Figure
10. Then, for each dispersion value the second harmonic spectrum generated by a
BaB.0O. (BBO) crystal placed at the focal spot plane is recorded. The obtained
spectra for the different dispersion values are the final measurements, also known
as traces, Figure 11 a), ¢) and e). These data represents the input for an iterative
algorithm that simulates the traces for different phase values using the measured
fundamental spectrum of the laser. When the simulated trace best fits the
experimental data, the algorithm finishes and the spectral phase of the beam has
been retrieved. Next, with the fundamental spectrum and the spectral phase,
performing a Fourier transform the temporal width of the pulse can be obtained,'%?
Figure 11 b), d) and f).
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Figure 11. Temporal characterization of the pulses at the focal plane by means of the
d-scan technique. D-scan measurements obtained for a) COS, ¢) SSTF and e) 10S. Pulse
width reconstructed for b) COS, d) SSTF and f) 10S.

The resulting temporal profiles, Figure 11 b), d) and f), from the acquired d-
scan traces, Figure 11 a), ¢) and e), prove that the pulse duration at focal spot for
the COS is tcos = 29 fs and for the 10S is tios = 27 fs, while for the SSTF it is
Tsstr = 45 fs. Theoretically, the same pulse duration should have been found for
every systems at the focal plane. The measured difference is hence attributed to

experimental factors. The main responsible factor are the optical aberrations
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generated by the focusing optics of the SSTF that can reduce the spatial
overlapping between the different spectral components and so the temporal width
is broadened. This fact is less critical for the COS as the spectral components of
the beam propagate through the system following the same beam path. Besides,
as the spectral components are spatially dispersed in the SSTF configuration, the
coupling in the fiber can cause the loss of spectral information and so an apparent
enlargement of the d-scan trace, leading to a longer pulse retrieve. Consequently,

the acquired value for tsste represents an upper limit of the real pulse width.

Up to now, the pulse spectral and spatial features at the focal plane and out of
focus have been obtained. The temporal pulse width at the focal spot has been
measured, however, the main difference between systems is found when the effect
of propagation over temporal width is evaluated. To achieve it, equation 7 is
employed to simulate the effect of propagation and spatial overlapping of the
spectral components. As it is shown in Figure 12, for the 10S and COS the
spectrum does not change with the propagation, the time width keeps constant for
every position if only spectral overlap effects are taken into account. Nevertheless,
the induced chromatic dispersion in the SSTF, Figure 9d), generates a variation in

the pulse width that depends drastically on the propagation distance.
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Figure 12. Simulation of the pulse width dependence with the propagation distance
from the focal plane for the SSTF, 10S and COS systems.

2.2.3 Nonlinear energy losses reduction

After discussing the differences and similarities between systems, their effect
over femtosecond LAL should be evaluated. To understand the variations
produced in nanoparticle production, first a close look should be taken on the
effect of broadening the pulse width out of focus in SSTF over nonlinear
interactions in the liquid where the target is immersed. This effect can be
experimentally assessed by quantifying the transmission of the laser beam through
3, 5 and 7 mm water layers for the three optical systems. To do it, the incident
power, Po, and the power after propagation through the liquid, P, are measured.
Then, the transmittance can be calculated as

T = P 100 12

=5 (12)
Po is varied from 20 mW to 200 mW to study the transmission power
dependence, Figure 13. The transmission value for SSTF is found to be around
95% for every liquid layer and power value. On the other hand, the behavior that

exhibits 10S is clearly power dependent, lowering from 95 % to approximately 60
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% depending on the liquid layer when the power is increased. The COS has an
almost constant transmittance value much lower than SSTF, 30-45 %.
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Figure 13. Transmission values obtained for the three optical systems after

propagation of the laser beam through: a) 3 mm and b) 7 mm water layer.

The high transmittance value obtained for SSTF indicates that energy losses
associated to nonlinear effects are minimized and the slight reduction of 5% in
transmittance can be attributed to the linear absorption of water. In the case of the
COS, the reduced transmittance clearly evidences that nonlinear energy losses
drastically reduce the energy that could reach a target in LAL. Finally, the
behavior exhibited in the 10S points towards a different mechanism compared to
COS leading to the nonlinear energy losses. For low power values the system trend
equals the SSTF, however, above a threshold power that depends on the liquid
layer the nonlinear effect appears generating energy losses and lowering the

transmittance value.

The differences in the transmission trend for 10S, COS and SSTF can be
argued in terms of the nonlinear interactions produced in the liquid. In that sense,
the main mechanisms responsible for the transmission reduction in COS is the
generation of optical breakdown while in the case of the 10S is filamentation. The

variation of the main nonlinear effect generated employing each system is due to
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the numerical aperture (NA) that in this case is defined as the convergence angle
at which the beam is focused after the system. It can be calculated as:

S
NA = —
27 (13)
The values obtained for each system are, NAcos=0.07 and NA,0s=0.0008. It has
been demonstrated that low NA systems favor filamentation while for systems

where NA is higher optical breakdown is the predominant effect.?%

If we now focus on filamentation to describe the measurements acquired for
the 10S, its power threshold is the same as the critical power, P, for self-focusing

and it is given by equation 14.

_ m(0.612)2

= 14
r 8ngn, (14)

In this experiment the laser employed has a peak wavelength o= 800 nm and
the refractive and nonlinear refractive index for water at that wavelength are no=
1.32 and n,=1.9-10% cm?/W.1% Consequently, the filamentation threshold power
is Per = 3.8 MW. Surprisingly, this value is exceeded in the 10S and COS with an
average laser energy of approximately 10 mW. This would imply that
filamentation occurs even at very low energy values and so there would be no
explanation for the high transmittance values measured for the 10S that resembles
the SSTF trend. This fact can be only explained introducing the self-focusing

collapse distance zr.

_ZnOw(Z) 1
T TA Jhiee (15)

The parameter z:is the distance where the beam collapses due to self-focusing
and firstly generates the ionization of the liquid medium that triggers the

appearance of the filament and its propagation. Therefore, if the propagation
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distance inside the liquid is less than zs, filamentation is not produced and the
nonlinear energy losses avoided.®! This fact is evidenced in Figure 13 a) and b)
where the different liquid layer clearly affects the transmission reduction
threshold energy.
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Figure 14. Calculation of the self-focusing collapse distance zf. a) Pulse energy

dependence of z; for 10S. b) Variation of zs with the propagation distance for SSTF.

The variation of zswith the pulse energy, Figure 14 a), explains the threshold
values found in 10S as a function of the liquid layer. It can be seen that z;= 3 mm
approximately for E = 120 pJ, this energy value coincides with the transmission
reduction threshold found in Figure 13 a). The same argument can be applied for
explaining the transmission reduction energy threshold found in Figure 13 b). In
this case the liquid layer thickness is 7 mm and z;= 7 mm for E = 30 wJ which
agrees with the threshold energy in Figure 13 b). As z; depends on the power, for
the 10S it only changes with the energy. However, the SSTF system generates a
variation of the power with the propagation distance. Then, for SSTF the value of
z: also depends on the propagation distance z. This dependence have been
calculated for the maximum energy value employed, E =200 pJ, and is illustrated
in Figure 14 b). It is remarkable that z; increases up to 20 mm for a displacement
of 100 um out of focus. It explains that filamentation is avoided in the SSTF

system even when the power threshold is exceeded, as the liquid layer is not thick
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enough in any case to achieve the self-focusing collapse inside the liquid and

generate the filament.
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Figure 15. Intensity values as a function of the propagation distance for the different
optical systems studied together with the calculated optical breakdown intensity threshold

for the experimental conditions employed.

If we now move to the COS, optical breakdown causes the energy losses and
so the transmission decrease. The generation of this effect is related to the laser
intensity and the threshold of optical breakdown in water is 1.11-:10%° W/cm? 1%
This effect predominates in the COS due to the higher NA and intensity values
but is avoided in the 10S and SSTF systems because the intensity threshold is not
exceeded, Figure 15. It should be noticed that in the SSTF the pulse width
variation out of focus strongly modifies the intensity profile as a function of z, a
displacement of 50 um produces a drop in intensity of an order of magnitude.
Therefore, even in the case where the intensity threshold at focal spot was
exceeded, SSTF can be employed to avoid the generation of this nonlinear effect
out of focus, reducing the energy losses. It is evident from Figure 15 that it is not
possible to do so in the IOS and COS as the intensity value, as well as the pulse

width, is constant.
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The control over nonlinear interactions demonstrated by SSTF represents an
advance for LAL because just positioning the target surface at the focal spot
position, optical breakdown and filamentation in the liquid can be avoided. In
comparison, in COS and 10S these effects and the consequent energy losses are
always produced.

2.2.4 Nanoparticle characterization and productivity results

In the previous sections the proposed optical systems have been completely
characterized and the mechanisms responsible for the energy losses during
propagation through a liquid unravelled. This information is crucial for the
analysis of the influence of each optical system over femtosecond LAL
nanoparticle production. Then, it is time now to perform the ablation of a gold

target with the different configurations.

The irradiation power values chosen are included in the range where the
transmission evaluation has been performed, the minimum is 100 pJ because the
ablation threshold is found to be around this energy value, then LAL is performed
for 6 energy values up to 200 wJ. The fluence values related to the employed
energies are obtained from the focal spot measurements represented in Figure 9
and range from 1.6 J/cm? to 3.1 J/cm? for 10S and SSTF and 26.3 J/cm? to 52.6
Jicm? for COS. This way the differences between systems can be directly related
to the conclusions extracted from the nonlinear energy losses observed during
propagation through water, Figure 13. The selected liquid layer is 3 mm as it
ensures that production for COS and 10S is maximized and so the fairest
comparative with SSTF is performed. Any thicker layer would increase energy
losses and so reduce production for 10S and COS. The scanning is performed in
every case using a ladder like pattern setting the scan velocity to 0.75 mm/s. The
initial experiments demonstrated that the production for 10S was almost

negligible and very difficult to assess with confidence. Therefore, only for 10S,
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the scanning velocity was reduced to 0.25 mm/s to increase nanoparticle
production, leading to a three times longer processing time.

When the colloids are synthesized the production rate is obtained by means of
concentration measurements and the irradiation time. The concentration of each
sample is evaluated by its UV—Vis absorbance data, specifically the absorbance
value at 400 nm.2 The selected wavelength permits to avoid plasmon absorption
effects and consequently the variation of the absorption is directly linked to the
gold nanoparticle concentration. A calibration should be performed to link the
absorption values with the right concentration. To achieve it, 8 samples with
known concentrations are employed and their absorption at 400 nm taken, Figure
16. The linear dependence is evident and by applying the linear fit obtained, the

concentration for each prepared sample can be acquired.
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Figure 16. Calibration curve for direct characterization of gold nanoparticle

concentration by UV- VIS absorption measurements at 400 nm.

The prepared colloids are shown in Figure 17 a-c). It can be clearly observed
the higher nanoparticle production achieved in SSTF by direct inspection of the
samples. To quantify it, productivity measurements (ablated mass per second)

obtained from the concentration and the irradiation time are displayed in Figure
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17 d). The production rate increase found in SSTF compared to 10S ranges from
a factor 3 at 120 pJ to 9.4 at 180 pJ. Compared to COS the enhancement factor
achieved is 1.7 at 120 pJ up to 2.4 at 180 pJ.

{o"éﬁ ) cos

| ' Tl stk R \ { ol T v |

U
ﬂ
[
ﬂ

|—SSTF 3mm
SSTF 5mm
| |—SSTF 7mm

-
=)
i

)y 2
o
~

Productivity(pg/s
o
N
Productivity(ug/s
o
(S
a

{—COS

©
w
o
w

o
-—
T
°
o
1
o
—
T
o
1

O 1 1 1 1 0 1 L 1 1
100 120 140 160 180 200 100 120 140 160 180 200
E(ud) E(ud)

Figure 17. Gold nanoparticle synthesis and productivity evaluation. a) Image of the
gold colloids generated for pulse energy values from 1-VI for a) SSTF system, b) 10S and
c) COS. Inevery case [ =100 pJ, I1 =120 wJ, I =140 wJ, IV =160 uJ, V=180 pJ and VI
=200 wJ. d) Productivity comparison between I0S, COS and SSTF for 3 mm liquid layer.
e) Productivity comparison for 3, 5 and 7 mm liquid layer using the SSTF system.

It should be noted that the productivity value for SSTF at 200 pJ is limited by
the concentration saturation and laser beam absorption related to the nanoparticles
already generated due to the low liquid volume employed. Increasing the volume
would avoid this limitation and permit even higher productivity values. This fact
is demonstrated by performing the same experiment employing SSTF but
changing the liquid layer to 5 mm and 7 mm. The results are shown in Figure 17
e) and evidence that nanoparticle productivity for SSTF does not depend on the
liquid layer due to the suppression of the nonlinear energy losses and so an equal

energy delivery to the target for every liquid thickness.
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Figure 18. Nanoparticle characterization. TEM image of the gold colloid generated
for a pulse energy value of 180 uJ with a) SSTF system, b) IOS and c) COS. d-f)

Corresponding histograms displaying nanoparticle size distributions from a-c).

To study the size and morphology of the generated gold nanoparticles, the
samples obtained for the three systems at 180 wJ are prepared for their observation
employing a transmission electron microscope (TEM). To do so, a droplet of the
sample is added to a copper grid and dried. The images acquired are computer
analysed using ImageJ to obtain the size distribution.?

The results, Figure 18, evince a similar particle size and morphology for the
SSTF and COS setups. The SSTF generated nanoparticles show a population of
usstr1 = 9 £ 2 nm and a second one of psstr2 = 17 = 4 nm while the two populations
found in COS are pcos: = 13 £ 3 nm and pcosz = 27 £ 8 nm. The suppression of
nonlinear effects in the liquid can play a role on the slight variations found in the
mean particle size and size dispersion, however the differences are not so relevant
as to ensure that this factor is the responsible and not just the change in the
processing energy or fluence value. If we now compare with the 10S
nanoparticles, the bimodal distribution is found to be pios: = 4.0 £ 1.2 nm and

wiosz = 8 £ 2 nm. In this case the size reduction is related to the lower fluence
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value due to the energy losses compared to the SSTF system and the bigger focal
spot compared to the COS.*°

2.3 Liquid flow configuration for ns LFL carbon quantum dots

production

The importance of increasing production to permit a feasible implementation
of nanoparticle laser synthesis techniques to large scale processes has been argued.
Then, the SSTF system has been proved as a promising technique towards the
employment of femtosecond lasers to achieve higher production rates in LAL.
However, LAL is not the only possible method to produce nanoparticles by laser.
If instead of a bulk target the initial material is already a colloid or a dispersion of
microparticles in a liquid, LFL permits the size control but also the generation of
nanoparticles from an initial micro sized material. The second option is relevant
for many materials that can be easily obtained as micro powders, for example by
ball milling, but the size reduction up to the nano scale without affecting the purity
of the sample becomes a challenge. These considerations are particularly relevant
for the synthesis of nanoparticles later employed as fluorescence biomarkers, cell
drug deliverers or for photothermal therapy. In concrete, it was discovered that
carbon nanoparticles lower than 10 nm exhibit a fluorescence response.'®® These
carbon quantum dots (CQDs) have emerged as an excellent material for in vivo
imaging, cancer therapy and biosensing® due to its biocompatibility, easy surface
passivation, functionalization and high photostability.'!° The purity of the samples
plays a crucial role on its posterior application. Besides, the control of the surface
groups permits to tune the fluorescence response or attach different drugs or
antibodies for increasing internalization specificity.’®® Then, LFL appears as an
excellent tool for CQDs synthesis, and the possibility of improving the process by
achieving a homogeneous irradiation of the sample with a better control over the

final particle size and an increased size reduction efficiency is an appealing topic.
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2.3.1 Implementation of a flow jet reactor and comparison with the standard

batch configuration

Up to date, every attempt to generate CQDs by LFL has been performed
employing the standard batch configuration, Figure 19 top.''**® In spite of the
benefits that a flow jet configuration implemented by means of a passage reactor,
Figure 19 bottom, have proved for the fragmentation of several materials,® it has
not been applied yet to the generation of CQDs. Then, an implementation of a
passage reactor with common lab material and a pump is proposed, employed for
the generation of CQDs and simultaneously compared against the commonly used

batch configuration, Figure 19.

Silver mirror Silver mirror

/ \

Cylindrical lens =300 mm

Peristaltic
pump

ns laser Beam splitter 50:50 Cylindrical lens
=300 mm

Figure 19. Schematic experimental setup proposed for the simultaneous synthesis
and comparison of carbon quantum dots employing a passage reactor and a batch

configuration.

The passage reactor employed consists on a silicon tube, two pipette tips and

a funnel to make the liquid flow in a closed loop boosted by a peristaltic pump,
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Figure 20. The implementation followed permits an autonomous irradiation of the
colloid for arbitrary periods of time without varying the initial parameters.

Pipette tip '

I

o

Pipette tip

Figure 20. Experimental passage reactor setup implemented and elements employed.

The initial colloid to be irradiated is prepared by dispersing 40 mg of carbon
glassy in 100 ml of polyethylene glycol 200 (PEG200). To perform the
comparison, 11 ml of the initial colloid are added to each system. Then, the second
harmonic of a Nd:YAG laser that emits 4 ns pulses at a repetition rate of 10 Hz is
employed for the irradiation. A beam splitter 50:50 ensures that the energy
delivered to each setup coincides and it is set to 300 mW. It also permits the
simultaneous irradiation with the batch and passage configurations avoiding
differences due to temporal power fluctuations of the laser source. The beam in
both cases is focused by a f = 300 mm cylindrical lens so the energy, focal spot
size and consequently the fluence at focal spot for both systems are the same,

approximately 6 J/cm?.
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In order to effectively reduce particle size and control the process, the particle
heating-melting-evaporation model?® is used to calculate the optimum irradiation
fluence value, Figure 21.
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Figure 21. Theoretical calculation of the threshold fluence values as a function of the
carbon particles diameter for starting the sublimation process of the particle surface and

for the complete sublimation of the particle.

The prepared initial colloid was analyzed by dynamic light scattering (DLS)
and the obtained particle size was approximately 10 um, Figure 22. The fluence
value required to sublimate these particles exceeds the experimentally achievable
fluence for stable irradiation conditions, as large fluence values generate
distortions of the liquid jet due to nonlinear effects and radiation pressure.
Therefore, the colloid is ball milled until the main particle size is reduced to 1 pum,
Figure 22. Then, the employed fluence, 6 J/cm? ensures the starting of the
sublimation process and the reduction of the particle size for successive irradiation

cycles until reaching the synthesis of CQDs.
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Figure 22. Colloidal carbon particle size distribution before laser irradiation
measured by DLS. a) Initial carbon glassy powder dispersed in PEG200. b) Same colloid
after ball milling for 5 hours.

2.3.2 Temporal evolution and fragmentation efficiency comparison

Now that the experimental conditions have been detailed, to compare the
performance of the systems it is important to evaluate the evolution of the colloids
with irradiation time. The first approach is a visual inspection of the coloration

change for each system, Figure 23.
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Figure 23. Colloid evolution with irradiation time for the flow jet (left) and batch

(right) experimental setups.

In the flow jet setup the initial greyish colloid starts to change to a caramel
coloration for increasing irradiation time, indicating the generation of CQDs. In
the case of the batch setup, the colloid evolves to a brownish coloration. As the
experimental conditions for both systems are the same, the variation in the colloid
is attributed to the way energy is delivered on each case and the control over the
exact fluence value at focal spot. To further analyze and explain the differences,
the samples obtained for both systems after 15 min and 4 hours of irradiation are

visualized employing TEM, Figure 24.
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Figure 24. TEM images of the colloids obtained by the batch and flow jet setups after

15 min and 4 h irradiation time.

The results evidence that after 15 minutes of irradiation both systems exhibit
two differentiated particle populations. The initial micrometric size particles are
present and can be observed in the low magnification images displayed in the left
part while the already generated CQDs are visible in the high magnification image
at the right side. Slight differences between systems start to appear at this stage,
the generated amount of CQDs is bigger for the flow jet and even the size of the
micro particles is reduced compared to the batch system, pointing towards an
improved fragmentation efficiency. However, this fact is evidenced when TEM
images after 4 h of irradiation are observed. In the case of the flow jet, the initial
microparticles have almost disappeared and the final colloid is mainly formed by
CQDs. On the other side, the sample synthesized with the batch configuration is
still formed by a mixture of microparticles and CQDs, confirming that
fragmentation size reduction efficiency is enhanced with the flow jet. The
presence of larger particles also explains the coloration variation observed in
Figure 23 as the larger particles have a higher absorption, darkening in the case of
the batch the caramel look that the CQDs colloid synthesized by the flow jet

evince.
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To quantitatively evaluate the differences, the CQDs size is obtained from the
TEM measurements. The measured particle sizes are fitted by a Gaussian
distribution and the average value obtained for the batch system is (3.57 + 0.07)
nm with a curve width of 0.49 nm, Figure 25 a), while for the flow jet is (2.78 +
0.04) nm and a width of 0.34 nm, Figure 25 b). The results confirm that the energy
delivery and fluence control is improved in the flow jet leading to a reduced
particle size and size dispersion as the fragmentation efficiency is enhanced with

the laser fluence and a spatially and temporally stable fluence value reduces
particle size dispersion.
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Figure 25. CQDs size distributions obtained from the TEM images of the colloids
after 4 h of irradiation displayed in Figure 24. a) Batch and b) flow jet systems.

To measure the CQDs mass percentage of the final samples,
thermogravimetric analysis (TGA) is performed to the samples’ supernatant
obtained after 30 min centrifugation at 4000 rpm, Figure 26 a). The centrifugation
is performed in order to remove the micrometric particles so that the measured
mass percentage is the mass of generated CQDs. Then, as the initial solid amount
is known, the percentage of the initial carbon reduced to CQDs can be calculated
for each system. A close look of the TGA data, Figure 26 b), reveals that the CQDs
mass is higher for the sample synthesized by the flow jet configuration.
Specifically, the flow jet configuration permits to convert the (83.9 = 0.2) % of

the initial carbon content into CQDs, while the batch configuration only obtains a
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(68.7 + 1.3) % efficiency factor. These values unequivocally show the improved
fragmentation efficiency achieved by the employment of the flow jet instead of
the standard batch configuration.
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Figure 26. TGA measurments of the 4 h irradiated samples’ supernatant after

centrifugation.
2.3.3  Fluorescence quantum yield comparison

The control over the energy delivery and fluence achieved by the flow jet has
been revealed as a key factor for the control of the CQDs size, dispersion and the
improvement of fragmentation efficiency. Nevertheless, the main characteristics
of the CQDs that has generated a crescent research interest on this material is their
fluorescence response. Consequently, the fluorescence response of the generated
CQDs has been measured and compared to evaluate the effect of the flow jet and

batch synthesis configurations.

A first approach to check the fluorescence signal emitted by the samples is a
visual inspection while they are illuminated by a 365 nm lamp, Figure 27 a). It
reveals that the emission from the flow jet sample (left) is higher than the one

from the batch sample (right).
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Figure 27. Integrated fluorescence versus absorption for CQDs samples with

different concentration and the reference quinine sulfate sample to evaluate the QY.

To quantitatively assess the fluorescence emission, the quantum yield (QY) is
measured. The protocol employed is the comparative method,**? based on the
acquisition of the fluorescence signal for different concentrations of the unknown
and a reference sample, in our case quinine sulfate diluted in 0.1 M H,SO4. The
signal is integrated over the complete emission range and then the value for each
concentration is plotted versus its absorbance, Figure 27 b). The linear fit obtained
and the QY value of the reference sample, QY = 0.54, permits the calculation of

the unknown QY values by means of equation 16.

ov = r 2 (2) (16)

Ny
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Where m is the slope of the linear fit and n the refractive index of the solvent.
The QY obtained for the flow jet system is 4.5%, approximately one order of
magnitude higher than the one obtained for the batch system, 0.5%.

In conclusion, it has been proved that the proposed flow jet configuration
offers numerous advantages for the synthesis of CQDs and their final properties.
The size reduction and so the CQDs synthesis efficiency is enhanced a 15 %. The
improved generation methodology reduces the presence of large particles, hence
avoiding shielding effects over the fluorescence response. This fact, results in an
increase of an order of magnitude of the fluorescence QY. All this features
constitute a solid demonstration of the flow jet system as an optimal strategy to
upscale the synthesis of CQDs relevant for biomedical and energy applications,
as it removes the necessity of replacing a solid target and permits a continuous

process with a high control of the parameters involved.
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CHAPTER 3.
PULSED LASERS AND NANOPARTICLES:
APPLICATIONS DEVELOPED

The importance of lasers and nanoparticles in our daily live is evident when
their presence in sunscreen, paints, supermarket and general scanning systems,
between many more products, is taken into account. Even though there already
exist several examples of lasers and nanoparticles in products extensively
available, the intended employ of these systems is even wider when the
applications still under development are taken into account. For the purpose of
this thesis, two main research lines have been studied, biological applications and

nanoparticle mediated material modifications.

The first of them represents a wide field of applications, from the development
of novel disease treatments,'** non-linear microscopy labeling,** controlled drug
delivery,''® sensing of biomolecules and markers for disease detection and health
control,*¢ in vivo and in vitro imaging of tissue and cells*®® or the development of
bactericidal compounds for antibiotic resistant bacteria.**’ Inside the wide field of
lasers and nanoparticles in biological applications, the topics studied during the
development of this thesis have been the employment of CQDs as fluorescence
markers for in-vitro cell imaging® and the synthesis of Ag nanoparticles from Ag
containing oxide composites for the increase of their bactericidal properties.1!8:119
The first topic deals with the introduction of non-toxic CQDs inside cells for
enhanced visualization of its structure by the fluorescence signal emitted by the
CQDs. In the second case, the formation of Ag nanostructures after femtosecond
irradiation in air of different Ag containing compounds, AgsPO4,''® and Ag,WO./

NaBiOs'* is achieved. Further details will be discussed in sections 3.1 and 3.2.
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In the field of material modification two main applications are developed. The
first of them is the addition of nanoparticles to steel powders employed in additive
manufacturing for mechanical strength improvement.®” The novel technique
proposed for LFL synthesized nanoparticles supporting on steel powders will be
detailed in section 3.3.12° The second application explores the possibilities of
surface material modification by femtosecond irradiation in air for improved bond
strength of metallic and orthodontic brackets to zirconia.!?* In this work the
generation of a pattern by laser irradiation on the surface of zirconia samples
employed in dentistry is proved to enhance the adhesion strength of metallic and
orthodontic brackets, reducing the risk of bracket detachment. This application
combines material modification by femtosecond laser irradiation with a bio-

application, joining the two main research fields explored.

In the next sections the applications related to laser synthesis of nanoparticles

will be further detailed.
3.1 CQDs fluorescent labels for cell imaging

In section 2.3 the preparation of CQDs by nanosecond LFL has been described
as well as a novel implementation by a flow jet configuration. The production of
CQDs employing this technique proved a higher efficiency with an increase in the
final fluorescence QY. Therefore, the flow jet synthesized CQDs are further

analyzed and tested as fluorescent labels for cell imaging.>®
3.1.1 Fluorescence response of flow jet synthesized CQDs

The fluorescence of the synthesized CQDs in PEG200 exhibits a wide spectral
response, both in excitation and emission, Figure 28. The excitation ranges from
200 nm to 400 nm, finding the optimum excitation value at 287 nm, while the
emission peak for this value is found at 376 nm. It is also found that the

fluorescence emission peak and its intensity strongly depend on the excitation
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3.1. CQDs fluorescent labels for cell imaging

wavelength. The integrated fluorescence intensity for 300 nm excitation is found
to be reduced a 43 % compared to the emission found for 287 nm excitation.
Besides, as the excitation wavelength is increased, the emission peak is shifted
towards higher wavelengths, this variation is displayed in Figure 28, representing
each spectrum using the color related to its peak wavelength.

Normalized fluorescence
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Figure 28. Fluorescence emission of the flow jet synthesized CQDs as a function of

the excitation wavelength.

The excitation dependence of the emission spectrum is attributed to the
different fluorescence mechanisms that give origin to the CQDs emission as
transitions n-n* of C-C bond or n-nt* related to C=0 bonds on the surface, surface
passivation due to the PEG-CQDs interaction, radiative recombination of

excitons, quantum confinement effects or emission from surface traps.1??

The effect of the preparation of the CQDs in PEG200 is evaluated by Fourier
transform infrared spectroscopy (FTIR), Figure 29 a), and X-ray photoelectron
spectroscopy (XPS), Figure 29 b). These techniques permit the evaluation of the
surface groups present in the CQDs due to their synthesis by laser irradiation in
PEG200.
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Figure 29. a) FTIR and b) XPS spectra of the base fluid and the synthesized colloid.

The results shown in Figure 29 confirm the presence of C=0, C-OH and C-
0-0-H groups on the CQDs surface. The presence of the C-C bond is associated
to the superficial carbon atoms connected to inner carbon atoms. To estimate the
percentage of functionalized superficial carbon atoms, the ratio between the areas
of the peaks measured in Figure 29 b) is evaluated and the result shows that 85 %
of the surface atoms are functionalized. This result reinforces the use of the flow
jet configuration for CQDs synthesis as a highly efficient method for a single step
CQDs synthesis and surface functionalization without extra processing of the

sample.

To assess the employment of the generated CQDs as fluorescent markers, a
key parameter is the stability of the colloid and its fluorescence response. The
CQDs should ensure morphological and size stability over time as well as a stable
fluorescence emission that is not diminished or its peak wavelength shifted with
time. Both characteristics are linked, as a change in morphology or nanoparticle
size would imply a change in the fluorescence. To prove the stability of the flow
jet synthesized CQDs, the fluorescence response for 405 nm excitation is recorded
for a just synthesized sample and the same sample after 10 months stored at
ambient conditions, Figure 30. The selected excitation wavelength is chosen due

to the fact that is a standardly available laser source in the confocal microscopes
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employed for cell imaging and it will be employed for the testing of the cell
internalization of the CQDs and their use as fluorescent labels.
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Figure 30. Fluorescence response of the flow jet synthesized CQDs for 405 nm

excitation just after synthesis and after 10 months stored.

The results shown in Figure 30 confirm the size and fluorescence stability of
the CQDs even for 10 months after their synthesis. The fluorescence response
barely varies and the slight differences can be attributed to the spectrofluorometer
measurement dispersion. In conclusion, the features shown by the CQDs evidence
them as an excellent fluorescence probe, to confirm it, cell internalization and in

vitro fluorescence imaging are evaluated.
3.1.2  Cell internalization, in vitro fluorescence imaging and photostability

The cell samples employed for the internalization tests are three types of
epithelial cells, healthy oral cells (OECs) obtained from volunteers, colon cancer
cells HT29 and lung cancer cells A549. The visualization of the fluorescence
signal is performed employing a confocal microscope with a 405 nm laser diode
as excitation source and detection from 420 nm to 637 nm. To assess the effect of

CQDs internalization inside the cell, firstly, samples with and without CQDs are
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visualized to evaluate their auto-fluorescence. As it can be seen in Figure 31, there
is no sign of fluorescence emission for the cells without CQDs while in the case
of the sample where CQDs have been added the fluorescence signal can be clearly
observed. Besides, as no auto-fluorescence is detected and due to the transparency
of the cells it turns out necessary to use a marker to clearly observe the organelles
and details of the cell.

a)

Figure 31. a) Oral epithelial cells confocal transmission image and the associated
fluorescence image for 405 nm excitation. b) Oral epithelial cells after incubation with the
synthesized CQDs. Transmission image, left, and fluorescence image for 405 nm

excitation, right.

To fairly evaluate the internalization of the CQDs inside the OECs, 10
samples from different subjects are employed. Besides, a general protocol is
followed for the acquisition, manipulation and incubation of the CQDs with the
samples.'?® In every case, previous to the cell extraction, the subject rinses his
mouth with Milli-Q water to avoid contamination of the cells. Then, the samples
are extracted from the internal part of the cheek by mechanical exfoliation. The

obtained sample is stored in a saline buffer, 1 ml of sodium chloride (Fluirespira
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0.9% NaCl in H20), to avoid cell degradation. Afterwards, a single drop, 40 ul,
of the CQDs in PEG200 is added to the saline buffer containing the cells. The
incubation time is only 1 minute at room temperature, after that a drop of the

sample is prepared for confocal microscopy visualization on a microscope slide

by depositing a drop of the mixture.

Figure 32. Representative fluorescence images of the OECs extracted from 10
different subjects after addition of the CQDs, proving complete internalization in every

case.

Representative images of the OECs of 6 out of the 10 subjects are displayed
in Figure 32. The results obtained for the rest of the subjects is the same, finding
in every case a complete internalization of the CQDs inside the cells,
demonstrated by the lack of background fluorescence signal. Furthermore, the
CQDs fluorescence intensity is proved to be high enough for fluorescence imaging
even after cell internalization and for an excitation wavelength, 405 nm, far from

the optimum excitation value at 287 nm.
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To complete the evaluation of CQDs as fluorescent labels, the same procedure
is followed for two epithelial cancer cell lines to test if the fast, straightforward
and subject independent internalization process found for the OECs also occurs
for different cells. The chosen cancer cell lines are lung adenocarcinoma (A-549)
and colon adenocarcinoma (HT-29).

The images obtained for the three cell types are represented in Figure 33. The
main general conclusion that can be extracted is that the CQDs are internalized in
every tested cell type. Besides, the CQDs enhance in every case the morphology
as they are spread all over the cell, even inside the nucleus. Taking into account
that the proposed internalization procedure is fast, can be performed at room
temperature and without centrifugation or any post treatment of the samples, the
laser generated CQDs in PEG200 are proved to be an outstanding option for cell
labelling. Especially for biological samples sensitive to temperature changes,
centrifugation or that degrade when long periods of time are needed for complete

internalization of the employed fluorescent label.
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Figure 33. Fluorescence (left) and transmission (right) confocal microscopy images

of a) an oral epithelial cell, b) a death oral epithelial cell, c-d) colon cancer cells HT-29

and e-f) lung cancer cells A-549.

If we now focus on the different images obtained, it is interesting to notice the
difference between Figure 33 a) and b). In the first case a healthy and alive OEC
can be seen, in the second image a cell after 10 days in the microscope slide at
room temperature is observed. Some differences can be identified in the
transmission image, where the lack of nuclei and cell disruption evidence cellular
death. Even in this case, the CQDs internalized when the cell was still alive have
fixed the structure of the cell and the fluorescence image, Figure 33 b), displays a
“frozen” image of the live cell structure. This fact reinforces the advantage of
employing the PEG200 CQDs for biological samples that degrade fast, as they

will play the role of both fluorescent label and alive cell structure keeper.
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The cancerous cell images exhibit a difference between HT-29 and A-549 cell
lines. Inthe case of HT-29, Figure 33 c-d), the CQDs accumulate at both reticular
and vesicular structures but nuclear internalization is reduced. On the other hand,
in the case of A-549, Figure 33 e-f), the CQDs mainly accumulate at vesicular
structures and higher nuclear internalization is observed. The difference is
attributed to the morphology, the OECs and A-549 exhibit a similar enlarged
structure with an average size of 40 um while HT-49 cells have a circular shape

and 5 um average size, the smaller size could difficult CQDs nuclear

internalization.

Figure 34. Left. A-549 cell fluorescence image employed for the evaluation of the
photostability of the internalized CQDs. Right. Evolution of the integrated fluorescence

signal from the internalized CQDs with time.

The performance of the synthesized CQDs as fluorescent labels and their fast
and straightforward internalization inside different cell types has been
demonstrated. However, another important parameter of a fluorescent label needs
be evaluated too, the photostability or resistance against photobleaching. The
photobleaching is the reduction of the fluorescence emission when a fluorescence

sample is excited for long periods of time. This effect affects microscopy image
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acquisition when long term visualization of a biological sample is desired, as for

example when live cell processes need to be recorded.

In order to, measure the photostability of the CQDs, a labelled sample of the
A-549 cell line is used. A cell is selected and images are continuously acquired
for 5 hours. Later on, the fluorescence intensity in the squared area shown in
Figure 34 is integrated for every individual image. The integrated intensity values
are normalized and plotted against the time when each image was acquired,
obtaining the evolution of the fluorescence signal for 5 hours, Figure 34. The
result show that the fluorescence signal of the CQDs is constant for 2 hours,
proving that photobleaching is avoided in this period of time. After that a slight
reduction of the intensity is observed, however only 40 % reduction of the total
initial fluorescence is found after 5 hours of excitation. Conventional commercial
fluorescence markers as Alexa Fluor 488 or Alexa Fluor 568 experience a
reduction of 40 % of the initial fluorescence signal in 7 minutes’? and 4
minutes,'?® respectively. What is more, the fluorescence signal decrease for the
CQDs is not only associated to photobleaching, as the measurement has been
performed in a real in vitro application as cancerous cell labelling. The excitation
laser emission, mechanical stability of the sample holder and cell movement in
this period of time also influence the integrated fluorescence signal, reducing it.
However, the evaluation of the photostability in a real situation and not only for
the colloidal sample, together with the easy and fast internalization, proves the
CQDs as an excellent fluorescent label for long term cellular processes

visualization.

3.2 Laser processing of Ag containing powders for bactericidal effect

enhancement

The opportunities that nanomaterials offer for the development of biomedical
applications have attracted a huge attention and several research lines are opened

towards their safe and standard employment. The applications developed can be
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divided into passive and active, understanding passive as any application where
the nanoparticles act as a label or marker. In that sense, biosensing or bioimaging,
as in the previously detailed case of the CQDs as fluorescent labels, are examples
of applications that belong to the passive group. On the other side, some examples
of the group of active applications involve the functionalization of nanomaterials
for specific drug delivery, their employment as radiation converters to thermal

energy for photothermal therapy or their direct use as bactericidal agents.

Related to this last application, antibacterial nanomaterials, have a growing
interest due to their great antibacterial properties and mechanisms, which differ
from those of traditional antibiotics. Nanoparticle-based bactericidal materials
have the potential to enhance or supersede current antibiotic for the treatment of
clinical problems and have become a research line with straight forward impact
on society. In this direction, Ag nanoparticles have been proved to exhibit a
bactericidal effect, being proposed as an alternative for eliminating antibiotic
resistant bacteria.'t’ Therefore, the synthesis of compounds containing Ag
nanoparticles can add bactericidal properties to the base material features. In that
sense, the possibility of synthesizing Ag nanoparticles from Ag containing
precursor materials by femtosecond laser irradiation has been explored in
collaboration with the professor Elson Longo’s group from the Universidade
Federal de S&o Carlos, and professors Eloisa Cordoncillo and Juan Andrés groups

at University Jaume 1.

The methodology employed is similar to LAL but the processing is performed
in air instead of in liquid medium. The irradiation of powder samples of
AgsPO.,'8 and a Ag,WO4/NaBiOs!° mixture is performed with a Ti:Sapphire
laser (Femtopower Compact Pro, Femtolasers) emitting pulses of 30 fs FWHM,
with a repetition rate of 1 kHz and a central wavelength of 800 nm. The control
over pulse duration is obtained by means of an acousto-optic programmable filter

that compensate dispersion effects and ensure a pulse duration of 30 fs. An iris is
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used to spatially filter the beam to a diameter of 6 mm, at 1/e?, and then it is
focused onto the surface of the powder target using an achromatic 75 mm lens. In
every case the sample is placed at the bottom of a quartz cuvette attached to a 3-
dimensional programmable linear stage. The irradiation pattern depicted in Figure
35 is performed at a constant velocity of 0.5 mm/s with a mean laser power of 200
mW. The process is repeated to ensure homogeneous irradiation all over the

samples.

Lens

Laser beam _

Figure 35. Schematic representation of the experimental setup employed for
femtosecond laser irradiation of Ag containing powders and subsequent Ag nanoparticle

synthesis.

The processed materials are characterized by SEM and TEM including

elemental analysis to study the presence of Ag nanoparticles, see Figure 36.
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Figure 36. a) TEM image of Ag.WO./NaBiOs after laser irradiation with a size
histogram as an inset proving the presence of different nanoparticles populations. b)
Detailed analysis of a TEM image of Ag:WO4/NaBiOs proving the presence of Ag
nanoparticles on the surface of the base material particles. c) SEM image of AgsPO, after
laser irradiation, as an inset an elemental analysis of the AgsPO4 microparticles is shown,

proving the presence of Ag nanostructures on their surface, marked with a red coloration.

The results for both AgsPO4, and Ag,WO4/NaBiO; samples clearly prove the
generation of Ag nanostructures on the surface of the base powder particles,
confirming femtosecond laser irradiation as an appealing technique for material
modification. Especially in this case for the generation of Ag nanoparticles in Ag

containing materials.

Finally, the bactericidal properties of the Ag:WO4/NaBiOs processed material
against methicillin-resistant and methicillin-susceptible Staphylococcus aureus
bacteria are evaluated and compared against Bi and Ag nanoparticles to assess the
changes produced and the viability of employing the processed material for

eliminating antibiotic resistant bacteria, see Figure 37.
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Figure 37. Confocal laser scanning microscopy images of methicillin-resistant (top)
and methicillin-susceptible (bottom) Staphylococcus aureus bacteria, after addition of a,d)
Bi nanoparticles (NPs), b,e) Ag NPs, and c,f) Ag2WO4/NaBiOs3 processed particles.

The results prove the bactericidal properties of the femtosecond irradiated
composite, as well as the Ag nanoparticles, while Bi nanoparticles does not exhibit
any bactericidal effect. The novel technique, developed for generating Ag
nanoparticles from a base material, opens up the possibility of selecting the
desired base material according to its intrinsic properties and enhance them after

femtosecond irradiation, adding the bactericidal effect.!®

Overall, in sections 3.1 and 3.2, the relevance of nanoparticles in biological
applications has been discussed. Besides, the importance of the development of
more efficient experimental and optical configurations, for both LAL and LFL,
has been justified in terms of production upscaling, as well as colloidal
homogeneity improvement that has repercussions on the final nanomaterial
features.>® Once the generation of nanomaterials for biological and biomedical

applications has been discussed, in the next section the same experimental
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techniques are studied for new applications in a different context, material

manufacturing.

3.3 Material properties modification by laser synthesized

nanoparticles

The enhanced nanoparticle production permits the application of laser
synthesized nanomaterials in fields previously unexplored due to the large amount
of nanoparticles required. In this sense, nanoparticle mediated selective
improvement of the properties of powder materials employed for the fabrication
of steel samples by additive manufacturing has been studied during a research stay
in Professor Barcikowski’s group at the University of Duisburg-Essen, in concrete
in the group of Composites & Processing of the Dr. Bilal Gokce. This idea
represents a change in the paradigm of laser synthesized nanoparticles’
employment, moving from low nanoparticle mass requiring applications to large
scale processes where kilograms of powdered material needs to be modified by

nanoparticle addition.
3.3.1 Material reinforcement in additive manufacturing

The generation of steel and its manipulation for the fabrication of components
has always attracted a huge interest due to its application in several industries like
aeronautics, construction and energy.'?® Generally, steel pieces are economically
feasible due to the automation of the process in assembly lines for high production.
However, when a specific piece with a non-standard geometry is desired, the
production costs dramatically increase or even the demanded geometry cannot be
produced. In that sense, the appearance of the 3D printing technologies permit the
generation of pieces with arbitrary shapes and a feasible production cost even for
custom pieces. In concrete, the group of techniques known as additive
manufacturing are not so limited by the available base materials and even permit

the generation of polymeric'?” and steel components.?® One of the techniques
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inside this group is selective laser melting (SLM). The working principle of SLM
is depicted in Figure 38, the material in powder is injected on the surface of the
working area and simultaneously the laser beam melts the powder following the
trajectory required by the geometry of the desired component. Later, the melted
powder solidifies forming a layer of the final piece. This process is performed
layer by layer until the complete 3D structure is obtained, an example of a sample
can be seen in the bottom part of Figure 38. As the process is performed layer by
layer and controlled by the scanning system, difficult geometries that otherwise
would not be achieved can be performed by SLM. However, even though the
library of base materials that can be processed by this technique is larger than for
others, not every material in powder can be employed, a careful look should be
taken on the melting point of the desired material as well as the fluid behaviour of
the melt pool and the solidification dynamics. These parameters can limit the
employment of some materials due to the difficulty of melting the powder or the
generation of dislocations and fractures in the final piece.'®® Besides, the
resolution of the fabricated pieces also depends on the laser beam parameters, the

scanning system and the powder material properties.**
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Figure 38. Scheme of the SLM technique employed for the generation of steel pieces

together with a SEM image of a fabricated sample.

Additive manufacturing opens up not only the possibility of generating
custom pieces but also the modification of the base materials by the introduction
of atoms into the alloy matrix (solid solution hardening), grain refinement, the
introduction of extensive dislocations (work hardening), and the addition of
nanoparticles that act as dispersoids. The modifications are carried out for two
main purposes. The first of them is to improve the material properties of the final
element as the mechanical strength or temperature resistance. On the other hand,
the addition of nanoscaled dispersoids varies the base properties of the material in
powder, altering its melting point, changing the viscosity of the melted powder
and even varying the solidification dynamics. This way, the addition of
nanoparticles to the powder materials can widen the library of processable
materials by SLM enhancing the versatility and opportunities that this technique
offer.®! In that sense, it has been extensively reported that the addition of oxide

nanoparticles (mostly Y.0s, Al,O3 and TiO2) to the metal alloy can reinforce the
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mechanical and temperature dependent strength of the final product as well as
modify the material parameters that control the achievable resolution and
available materials for SLM.*®! The modified steels are known as oxide dispersion
strengthened (ODS) steels. The mechanism responsible for the strengthening is
caused by the presence of the nanoparticles that act as obstacle in the metallic
matrix hindering the dislocation movements that cause the fractures in the
material. The effect is size dependent as the smaller the dispersoids, the smaller
the permitted dislocation in the matrix. This phenomena is known as Orowan
mechanism and explains that smaller dispersoids result in a more efficient

hardening.!

The modification of the properties of the generated steels is not only desired
for mechanical strengthening at room temperature. In that sense, the temperature
resistance of the materials also plays a crucial role in most applications. The
dispersoids reduction of the dislocation mobility increases with temperature hence
enhancing material strength also at high temperatures. However, in comparison to
the Orowan mechanism, the nanoparticle mediated strength resistance increment
at high temperature decreases for smaller nanoparticle size due to thermal

detachment of the dispersoids.**®

The main ODS steel fabrication route is performed by ball milling of the metal
alloy powder with yttrium oxide nanopowder and posterior consolidation
techniques.™® However, the process is expensive and time consuming, limiting
the industrial employment. In the following sections an economically feasible and
fast novel methodology for preparation of ODS steel base powders is proposed.
Besides, ODS steel pieces are fabricated by SLM and their mechanical strength

behavior at room and high temperature is evaluated.
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3.3.2 LFL oxide nanomaterials synthesis for supporting on steel powders

The proposed methodology for nanoparticle support on steel powders can be
divided into two steps.?® The first one consists on the generation of the
nanoparticles by LFL, Figure 39 a). This way, a colloidal suspension of the desired
ligand free nanoparticles is obtained. The employment of LFL as synthesis route
permits the direct generation of a colloidal suspension from a wide variety of
materials.>! Besides, as previously argued in section 2.3, the production increase
achieved in LFL using the liquid flow configuration®® permits the application of
this technique for SLM where kilograms of powder are needed. The second step
of the procedure is the addition of the steel powder to the generated colloid, Figure
39 b).
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Figure 39. Schematic representation of the nanoparticle supporting on steel powder
procedure for ODS steel preparation. a) Generation of a colloidal suspension of
nanoparticles by LFL in a flow jet configuration. b) Addition of the steel micropowder to

the colloidal nanoparticles and representation of the nanoparticle supporting mechanism.

To control the deposition of the nanoparticles on the steel microparticles
surface, the pH value of the mixture should be adjusted between the isoelectric
point (IEP) of the nanomaterial and the steel. In this case yttrium based
nanoparticles with an IEP around 7.5'* and a ferritic stainless steel powder
(Nanoval, 73.38 wt% Fe, 21.03 wt% Cr, 4.67 wt% Al, and 0.47 wt% Ti mean

particle size of 64.2 pm) with IEP=3¢ are employed. An intermediate pH value
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ensures that YOs; nanoparticles are positively charged while the steel
microparticles are negatively charged, allowing the supporting of the
nanoparticles on the microparticles surface by dielectrophoretic deposition, Figure
40.137
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Figure 40. Nanoparticle supporting efficiency on the steel micropowder as a function

of the pH value.

To check the possibilities of the procedure, the process is performed for two
different yttrium based nanoparticles, Y20z and YIG. The use of Y,0s; has been
reported to increase high temperature strength and enhance radiation resistance of
ODS steel.*® Besides, with the employment of YIG nanoparticles the effect of
the addition of Fe,Os simultaneously to YFes over ODS steel will be tested as YIG
decomposes to YFe; and Fe,O3; when heated above 1550°C.**° This temperature
value is achieved and even surpassed in the SLM process. To further analyze the

differences of the laser synthesis methodology, commercial Y03 nanoparticles
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are also tested. The samples are later on referred as laser irradiated Y03 (LI
Y»03), laser irradiated YIG (LI YIG) and commercial Y203 (Y203).
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Figure 41. TEM images of a) Y203, b) LI Y203 and ¢) LI YIG. d-f) The corresponding

particle size distributions obtained from a-c).

The nanoparticles size distributions are analyzed by TEM, Figure 41.
Nanoparticle agglomeration is found for the commercial Y03 nanoparticles, the
size distribution exhibits a mean peak at 27.5 + 7.7 nm, Figure 41 d). The LI Y503
show a bimodal population attributed to the fragmentation and deagglomeration
generated by the laser interaction. The nanoparticles that undergo fragmentation
have a mean size of 3.2 £ 0.8 nm, Figure 41 e). In the case of YIG, a bimodal
distribution is observed with a peak at 10.8 £ 1.6 nm and a wider distribution
centered at 32 + 15 nm, Figure 41 f). The difference compared to LI Y»O3 can be
associated to an initial wider distribution of the commercial YIG particles
employed as precursor. The next step is to mix the characterized nanoparticles
with the steel powder. After nanoparticle supporting is achieved, the powder
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sediments and the remaining water can be removed obtaining the ODS steel

powder.

Figure 42. SEM images of the different ODS steel powder fabricated. a) Raw steel
powder. b) Steel powder with commercial Y,O3 nanoparticles. ¢) Steel powder with LI
Y203 nanoparticles. d) Steel powder with LI YIG nanoparticles. e-f) Steel powder with
different weight percentages of LI Y,03 nanoparticles, €) 0 %, f) 0.02 %, g) 0.3 % and h)
5 %.

To optimize the weight percentage of nanoparticles that should be added to
the steel powder for a homogeneous coverage without agglomeration, different
values are used and the obtained ODS steel powders are analyzed by SEM, Figure
42. The results show that for high percentage values the nanoparticles agglomerate
on the microparticles’ surface. This undesired effect would suppress the
nanoparticle strengthening effect as the dispersoids would be too large. Hence, a
weight percentage value of 0.3 % is chosen as optimum due to the homogenous

nanoparticle distribution found on the steel surface without agglomeration effects.

3.3.3 Characterization of nanoparticle reinforced oxide dispersion
strengthened (ODS) steel samples generated by selective laser melting
(SLM)

Once the base ODS steel powders are generated, they are employed as base

material for SLM fabrication of steel samples. Cross sections of the obtained
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samples are analyzed by both SEM and optical microscopy to study nanoparticle
distribution as well as the grain structure, Figure 43.
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Figure 43. Characterization of the cross section of the SLM build parts by optical
microscopy and SEM. Optical miscroscopy images of a) raw steel powder, b) steel with
Y03 nanoparticles, c) steel with LI Y,O03 nanoparticles and d) steel with LI YIG
nanoparticles. SEM images of, e) raw steel powder, f) steel with Y,03 nanoparticles, g)
steel with LI Y03 nanoparticles and h) steel with LI YIG nanoparticles. i-k) Interparticle

distance distributions obtained from f-h).

The images acquired by optical microscopy, Figure 43 a-d), show a similar
grain structure for every sample, an expected result as this characteristic mainly
depends on the fabrication route and it is common in every case. The presence of
large grains can be observed in the building direction and is associated to the

scanning procedure followed.

The SEM images, Figure 43 e-h), permit to visualize nanoparticle distribution
on the metal surface and characterize it by analyzing the interparticle distance for
each sample, Figure 43 i-k). The oxide nanoparticles are observed to be
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homogeneously distributed in every case, only finding agglomeration spots for the
commercial Y,0; sample. To analyze the interparticle distance distributions
obtained, the optimum nanoparticle size as well as interparticle distance for
maximum strength enhancement at room and high temperatures are calculated as
a balance between Rosler-Arzt and Orowan mechanisms.4%14! For the employed
material combination the results show that the nanoparticle size should stand
between 1-100 nm and the interparticle distance in the 10-1000 nm range.!®
Hence, according to nanoparticle characterization in Figure 41 and interparticle
distance results from Figure 43 i-k), strength increase should be achieved in all
the ODS steel samples. However clear differences are found between samples, the
Y203 piece, Figure 43 i), exhibit the larger interparticle distance with a broader
distribution, even showing nanoparticle agglomeration in some regions. On the
other side, the LI pieces have a lower interparticle size with a better dispersion

and homogeneity of the nanoinclusions, Figure 43 j) and k).

After the characterization of the nanoparticle presence in the SLM generated
pieces, their mechanical properties are studied to evaluate the influence of the
different nanoparticles. The performed tests are compression measurements at

room and high temperature.
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Figure 44. Compression stress tests performed to the different samples at a) room
temperature (RT), b) 300 °C and d) 600 °C. d) Comparison of the compression strengths

value as a function of temperature for a displacement of 0.6 mm.

The results obtained are summed up in Figure 44. At room temperature only
the Y203 sample show an increase of the compression stress o.. However, as the
temperature is increased the L1 Y20z and L1 Y1G samples exhibit higher ¢ values
than the raw steel and the Y,O3 samples. To clearly visualize the differences, the
compression strength values, ocp, for a fixed displacement of 0.6 mm are
represented in Figure 44 d) as a function of temperature. As expected, every
sample experience a decrease of o p as temperature is increased. Nevertheless, o
reduction is lowered for the L1 samples, especially the L1 Y,0s. This fact is linked
to an improved elastic behavior at high temperatures and can be clearly observed
by the slope of the curves. The values obtained at 600 °C indicate that the LI Y,03
sample represents an ideal ODS steel for its employment in high-temperature

environments.
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Finally, to compare the compression strength for three different plastic
displacements, the value of o, at room temperature, 300 °C and 600 °C is
calculated based on the slope in the elastic region for 0.02, 0.2 and 0.6 mm
displacements, Figure 45. At room temperature LI YIG show a high compression
strength for a 0.2 mm displacement, LI Y.Os and Y>O3 show a similar value. At a
displacement of 0.6 mm all the samples exhibit a similar value except for the
Y.0;. However, the situation changes when the temperature is increased, as
temperature rises the reinforced materials demonstrate a higher compression
strength. This fact is evidenced for the measurements at 600 °C where LI Y203
compression strength is 22.3% higher than the raw steel while the LI YIG
compression strength increases a 6.3% and the Y03 piece experience a 5.3%
reduction. The results clearly indicate that the addition of laser generated
nanoparticles to steel powders following the described methodology is a suitable

option for the SLM manufacturing of ODS steel pieces.
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During the development of the present thesis, LFL and LAL have been studied
as techniques that provide a green synthesis route towards obtaining high purity
colloidal nanoparticles, suitable for applications that range from medicine to
industrial material processing or additive manufacturing. Despite of the potential
that these techniques offer for the synthesis of nanomaterials from a wide variety
of bulk or powder materials in different liquids, only limited by the laser
processability and stability, their applications have been mostly restricted to low
nanoparticle mass demanding cases. Therefore, this thesis has been focused on the
investigation of experimental setups that permit an upscaling of laser synthesized
nanoparticles, enhancing their recognized features and allowing them to reach

high nanoparticle mass demanding applications.

The implementation of a simultaneous spatial and temporal focusing for
femtosecond LAL is proved to increase nanoparticle productivity by reducing or
avoiding nonlinear energy losses that are produced in the liquid medium previous
to the laser interaction with the bulk target. This achievement is remarkable, taking
into account that for laser processing in air, femtosecond lasers have demonstrated
the highest mass ablation rate. However, with the presence of the liquid medium
in LAL, picosecond lasers have been proved to be the optimum laser source for
maximum production rate. Nonlinear energy losses together with the related beam
distortion associated with ultrashort pulses propagation in the liquid medium are
responsible of the reduction of the mass ablation rate. Hence, the SSTF
configuration, firstly proposed for LAL, could represent a change in the paradigm
of LAL production upscaling, allowing the possibility of employing high power
and high repetition rate femtosecond lasers together with SSTF to avoid nonlinear
effects in the liquid medium and take advantage of the higher ablation rate that

femtosecond lasers evince when ablation is performed in air.
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Related to LFL, an already known configuration, named as the flow jet setup,
has been employed for the generation of enhanced CQDs. Firstly, the irradiation
of an initial colloid with suspended carbon microparticles is performed with the
standard LFL irradiation setup, employing a vessel and a magnetic stirrer. CQDs
generated in this way are compared to those obtained using the flow jet setup,
where the liquid is continuously pumped and irradiated while falling in the form
of a liquid jet. The results have shown that the particle size reduction efficiency is
a 15 % higher in the case of the flow jet configuration. This fact is associated to a
better control over the irradiation fluence and lower energy losses due to scattering
of the liquid, because in the flow jet setup the beam directly interacts with the
flowing jet, without going through a previous liquid wall as in the case of the
standard setup. It is also proved that these distinctive features of the flow jet setup
influence the final CQDs properties, as the fluorescence QY, reaching almost one

order of magnitude higher QY for the flow jet synthesized samples.

The enhanced QY obtained for the CQDs permitted their use as fluorescent
labels for cancerous and healthy epithelial cells, reaching a complete cellular
internalization, even in the cell nuclei, taking only 10 minutes of incubation time
and without extra sample processing as centrifugation. Fluorescence
measurements of internalized CQDs, with up to 5 hours of laser excitation, pointed
out that the generated CQDs exhibit a high resistance to photobleaching, being the
fluorescence signal only reduced a 40 % in 5 hours and constant in the first 2
hours. While standardly employed fluorescent labels, as Alexa Fluor 488 or Alexa
Fluor 568, experience a reduction of 40 % of the initial fluorescence signal in 7
minutes and 4 minutes, respectively. These results prove the flow jet synthesized
CQDs as a promising fluorescence label for bioimaging, especially when images
during long acquisition times are required, or when sensitive samples, that cannot

undergo processes like centrifugation, are employed.
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That is not the only biological related application studied, the generation of
Ag nanoparticles, from Ag containing powders, has been also investigated.
Femtosecond irradiation is proved to generate silver nanoparticles on the surface
of the base powder microparticles, improving the final bactericidal properties of
the processed compound. Besides, femtosecond material processing is proved to
enhance the material attachment that is needed in orthodontic arrangements. That
previous application, based on laser material processing, links with the final
studied topic, the addition of laser synthesized nanoparticles for material
reinforcement in ODS steel samples fabrication. The novel proposed methodology
joins nanoparticle laser synthesis with a laser material processing technique like
SLM. The addition of Y,03; and YIG nanoparticles, synthesized by LFL flow jet
methodology, to steel powders commonly employed for additive manufacturing
by direct mixing and with electrostatic charge control by pH variation, is proved

to lead to a strengthened of the final ODS steel pieces fabricated by SLM.

In conclusion, the present thesis encompasses the different stages that LAL
and LFL nanoparticle production upscale leads with. First, a general description
of the parameters involved and their optimization is given. Later on, experimental
setups for the production upscaling are proposed and their performance is
evaluated in detail, showing promising paths towards high mass production yield.
Finally, the generated nanoparticles are evaluated as fluorescence labels,
bactericidal agents and also for additive manufacturing, an application that

demands a high nanoparticle mass production.
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Durante el desarrollo de la presente tesis, las técnicas LFL y LAL han sido
estudiadas debido a que representan una metodologia de sintesis de nanoparticulas
coloidales que evita la adicion de productos extra, generando nanoparticulas alta
pureza, adecuadas para aplicaciones que van desde la medicina hasta el
procesamiento industrial de materiales o la fabricacién aditiva. A pesar del
potencial que ofrecen estas técnicas para la sintesis de nanomateriales a partir de
una amplia variedad de materiales base tanto en forma de ld&mina como en polvo
en diferentes liquidos, solo limitados por la procesabilidad y estabilidad del laser,
sus aplicaciones se han restringido principalmente a casos donde la cantidad
necesaria de nanoparticulas es reducida. Por lo tanto, esta tesis se ha centrado en
la investigacion de configuraciones experimentales que permitan una mejora de
la produccion de nanoparticulas sintetizadas con laser, mejorando sus
caracteristicas y permitiendo su uso en aplicaciones que requieren cantidades

grandes de nanoparticulas.

Se demuestra que la implementacién de la técnica SSTF para LAL mediante
laser de femtosegundo aumenta la productividad al reducir o evitar las pérdidas
de energia debidas a los efectos no lineales que se producen en el medio liquido
antes de la interaccion del laser con el material base. Este logro es notable,
teniendo en cuenta que en el procesado de materiales en aire, los laseres de
femtosegundo han demostrado una mayor eficiencia de ablacion. Sin embargo,
con la presencia del medio liquido en LAL, se ha demostrado que los laseres de
picosegundo son la fuente laser Optima para maximizar la productividad. Las
pérdidas de energia no lineales junto con la distorsion del haz relacionada y
asociada con la propagacion de pulsos ultracortos en el medio liquido son
responsables de la reduccion de la eficiencia de ablacién. Por lo tanto, la
configuracion de SSTF, propuesta por primera vez para LAL, podria representar

un cambio en el paradigma de mejora de la produccién en LAL, permitiendo la
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posibilidad de emplear laseres de femtosegundo de alta potencia y alta tasa de
repeticion junto con SSTF para evitar efectos no lineales en el medio liquido y
aprovechar la mayor eficiencia de ablacion que los laseres de femtosegundo

muestran cuando el proceso se realiza en aire.

Relacionado con LFL, se ha empleado una configuracién ya conocida,
denominada configuracion ‘flow jet’, para la generacion de CQDs. La irradiacion
de un coloide inicial con microparticulas de carbono suspendidas se realiza con la
configuracion estandar de irradiacion en LFL, empleando una cubeta y un agitador
magnético. Los CQDs generados de esta manera se comparan con los obtenidos
usando la configuracion ‘flow jet’, donde el liquido se bombea e irradia
continuamente mientras cae en forma de chorro. Los resultados obtenidos
demuestran gue la eficiencia en la reduccion del tamafio de las particulas es un
15% mayor en el caso de la configuracion “flow jet’. Este hecho esta asociado a
un mejor control sobre la fluencia utilizada y menores pérdidas de energia debido
a la dispersion del liquido, dado que en la configuracion ‘flow jet’ el haz interactda
directamente con el chorro que fluye, sin atravesar una pared de liquido
previamente como en el caso de la configuracion estandar. También se ha
demostrado que estas caracteristicas distintivas de la configuracion ‘flow jet’
influyen en las propiedades finales de los CQDs, como el QY de fluorescencia,
alcanzando casi un orden de magnitud superior para las muestras sintetizadas

mediante la configuracion de ‘flow jet’.

El mayor QY obtenido para los CQDs ha permitido su uso como marcadores
fluorescentes para células epiteliales cancerosas y sanas, alcanzando una
internalizacion celular completa, incluso en los nucleos celulares, con solo 10
minutos de tiempo de incubacion y sin centrifugar las muestras para mejorar la
internalizacion. Las medidas de fluorescencia integrada de los CQDs
internalizados, tomadas durante 5 horas de excitacion de la muestra, sefialan que

los CQDs generados exhiben una alta resistencia a la caida de la sefial de
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fluorescencia, reduciéndose solo un 40% en 5 horas y siendo constante en las
primeras 2 horas. Este hecho es remarcable teniendo en cuenta que marcadores
fluorescentes empleados de forma estandar, como Alexa Fluor 488 o Alexa Fluor
568, experimentan una reduccion del 40% de la sefial de fluorescencia inicial en
7 minutos y 4 minutos, respectivamente. Estos resultados prueban que los CQDs
sintetizados mediante la técnica ‘flow jet’ son un prometedor marcador de
fluorescencia para bioimagen, especialmente cuando se requiere la adquisicion de
imagenes durante largos periodos o cuando se emplean muestras sensibles que no

pueden someterse a procesos como la centrifugacion.

Esa no es la Gnica aplicacion bioldgica estudiada, también se ha investigado
la generacion de nanoparticulas de Ag, a partir de materiales en polvo que
contienen Ag. Se ha demostrado que la irradiacion mediante laser de
femtosegundo genera nanoparticulas de plata en la superficie de las
microparticulas del polvo base, mejorando las propiedades bactericidas finales del
compuesto procesado. Ademas, el procesado y estructuracién de materiales
usados en odontologia con laser de femtosegundo ha demostrado mejorar la
fijacion del material. Esta ultima aplicacion, basada en el procesamiento de
material con laser, esta relacionada con el tema final estudiado, la adicién de
nanoparticulas sintetizadas con laser para mejorar las propiedades de muestras de
acero ODS. La nueva metodologia propuesta une la sintesis laser de
nanoparticulas con una técnica de procesado de materiales con laser como SLM.
Se ha demostrado que la adicién de nanoparticulas de Y.0s; y YIG, sintetizadas
mediante la configuracion ‘flow jet’ de LFL, a los polvos de acero cominmente
empleados para la fabricacion aditiva mediante mezcla directa y con control de la
carga electrostatica por variacion de pH conduce a un fortalecimiento de las piezas

finales de acero ODS fabricadas por SLM.

En conclusion, la presente tesis abarca las diferentes etapas involucradas en

la produccién de nanoparticulas mediante LAL y LFL. Primero, se proporciona
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una descripcién general de los parametros involucrados y su optimizacion. Més
adelante, se proponen configuraciones experimentales para la mejora de la
produccion y su rendimiento se evalla en detalle, mostrando implementaciones
prometedoras encaminadas a la mejora de la produccion. Finalmente, las
nanoparticulas generadas se evaltan como marcadores fluorescentes, agentes
bactericidas y también para la fabricacion aditiva, una aplicacion que exige una

produccién alta de nanoparticulas.

93



94



REFERENCES

1. Kevles, B. Naked to the bone : medical imaging in the twentieth century.
(Rutgers University Press, 1997).

2. Kogelnik, H. Photonics in Telecommunications. in Guided-Wave
Optoelectronics 3—4 (Springer US, 1995).

3. Maiman, T. H. Stimulated Optical Radiation in Ruby. Nature 187, 493—
494 (1960).

4. Dixon & J.A. Surgical application of lasers. 2nd edition. (Year Book
Medical Publishers,Chicago, IL, 1987).

5. Hahn, D. W. & Omenetto, N. Laser-Induced Breakdown Spectroscopy
(LIBS), Part II: Review of Instrumental and Methodological Approaches
to Material Analysis and Applications to Different Fields. Appl. Spectrosc.
66, 347419 (2012).

6. Beeler, A. B. Introduction: Photochemistry in Organic Synthesis. Chem.
Rev. 116, 9629-9630 (2016).

7. Key Enabling Technologies | Internal Market, Industry, Entrepreneurship
and SMEs. Available at: https://ec.europa.eu/growth/industry/policy/key-

enabling-technologies_en.

8. Faraday, M. The Bakerian Lecture. —Experimental relations of gold (and
other metals) to light. Philos. Trans. R. Soc. London 147, 145-181 (1857).

9. Feynman, R. There’s plenty of room at the bottom. Eng. Sci. 23, 22-36
(1960).

95



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

96

Guo, K. W. Green nanotechnology of trends in future energy: a review.
Int. J. Energy Res. 36, 1-17 (2012).

Holzinger, M., Le Goff, A. & Cosnier, S. Nanomaterials for biosensing

applications: a review. Front. Chem. 2, 63 (2014).

Franklin, A. D. Nanomaterials in transistors: From high-performance to
thin-film applications. Science (80-. ). 349, aab2750 (2015).

Zhang, L. et al. Nanoparticles in Medicine: Therapeutic Applications and
Developments. Clin. Pharmacol. Ther. 83, 761-769 (2008).

Chichkov, B. N., Momma, C., Nolte, S., Alvensleben, F. & Tinnermann,
A. Femtosecond, picosecond and nanosecond laser ablation of solids.
Appl. Phys. A Mater. Sci. Process. 63, 109-115 (1996).

Nolte, S. et al. Ablation of metals by ultrashort laser pulses. J. Opt. Soc.
Am. B 14, 2716 (1997).

Goldman, L. The biomedical laser : technology and clinical applications.
(Springer, 1981).

Rastinehad, A. R. et al. Gold nanoshell-localized photothermal ablation of
prostate tumors in a clinical pilot device study. Proc. Natl. Acad. Sci. U. S.
A. 116, 18590-18596 (2019).

Patil, P. P. et al. Pulsed-laser — induced reactive quenching at liquid-solid
interface: Aqueous oxidation of iron. Phys. Rev. Lett. 58, 238-241 (1987).

Fojtik, A. & Henglein, A. Laser ablation of films and suspended particles

in a solvent: formation of cluster and colloid solutions. Berichte der

Bunsen-Gesellschaft 97, 252-254 (1993).



20.

21.

22.

23.

24,

25.

26.

27.

28.

Kabashin, A. V. & Meunier, M. Synthesis of colloidal nanoparticles during
femtosecond laser ablation of gold in water. J. Appl. Phys. 94, 7941 (2003).

Pyatenko, A., Yamaguchi, M. & Suzuki, M. Mechanisms of Size
Reduction of Colloidal Silver and Gold Nanoparticles Irradiated by
Nd:YAG Laser. J. Phys. Chem. C 113, 9078-9085 (2009).

Itina, T. E. On Nanoparticle Formation by Laser Ablation in Liquids. J.
Phys. Chem. C 115, 5044-5048 (2011).

Mafuné, F., Kohno, J.-Y, Takeda, Y., Kondow, T., Sawabe, H. Structure
and Stability of Silver Nanoparticles in Aqueous Solution Produced by
Laser Ablation. J. Phys. Chem. B 104, 8333-8337 (2000).

Mafuné, F., Kohno, J.-Y., Takeda, Y., Kondow, T. & Sawabe, H.
Formation of Gold Nanoparticles by Laser Ablation in Agueous Solution
of Surfactant. J. Phys. chem 105, 5114-5120 (2001).

Kabashin, A. V. & Meunier, M. Laser ablation-based synthesis of
functionalized colloidal nanomaterials in biocompatible solutions. J.
Photochem. Photobiol. A Chem. 182, 330-334 (2006).

Dolgaev, S. I., Simakin, A. V., Voronov, V. V., Shafeev, G. A. & Bozon-
Verduraz, F. Nanoparticles produced by laser ablation of solids in liquid
environment. Appl. Surf. Sci. 186, 546-551 (2002).

Amendola, V., Polizzi, S. & Meneghetti, M. Free silver nanoparticles
synthesized by laser ablation in organic solvents and their easy
functionalization. Langmuir 23, 67666770 (2007).

Petersen, S. & Barcikowski, S. In Situ Bioconjugation: Single Step
Approach to Tailored Nanoparticle-Bioconjugates by Ultrashort Pulsed
Laser Ablation. Adv. Funct. Mater. 19, 1167-1172 (2009).

97



29.

30.

31.

32.

33.

34.

35.

36.

98

Pyatenko, A., Wang, H., Koshizaki, N. & Tsuji, T. Mechanism of pulse
laser interaction with colloidal nanoparticles. Laser Photonics Rev. 7, 596—
604 (2013).

Maximova, K., Aristov, A., Sentis, M. & Kabashin, A. V. Size-
controllable synthesis of bare gold nanoparticles by femtosecond laser
fragmentation in water. Nanotechnology 26, 065601 (2015).

Wang, H. et al. Photomediated assembly of single crystalline silver
spherical particles with enhanced electrochemical performance. J. Mater.
Chem. A 1, 692-698 (2013).

Gonzalez-Rubio, G. et al. Femtosecond laser reshaping vyields gold
nanorods with ultranarrow surface plasmon resonances. Science (80-. ).
358, 640-644 (2017).

S. Link, C. Burda, B. Nikoobakht, A. & El-Sayed, M. A. Laser-Induced
Shape Changes of Colloidal Gold Nanorods Using Femtosecond and
Nanosecond Laser Pulses. J. Phys. Chem. B 104, 6152-6163 (2000).

Barcikowski, S., Menéndez-Manjén, A., Chichkov, B., Brikas, M. &
Raciukaitis, G. Generation of nanoparticle colloids by picosecond and
femtosecond laser ablations in liquid flow. Appl. Phys. Lett. 91, 20-22
(2007).

Wagener, P. & Barcikowski, S. Laser fragmentation of organic
microparticles into colloidal nanoparticles in a free liquid jet. Appl. Phys.
A 101, 435-439 (2010).

Barcikowski, S. & Compagnini, G. Advanced nanoparticle generation and
excitation by lasers in liquids. Phys. Chem. Chem. Phys. 15, 3022-3026
(2013).



37.

38.

39.

40.

41.

42,

43.

44,

45,

Soliman, W., Takada, N. & Sasaki, K. Growth Processes of Nanoparticles
in Liquid-Phase Laser Ablation Studied by Laser-Light Scattering. Appl.
Phys. Express 3, 035201 (2010).

Lam, J. et al. Dynamical study of bubble expansion following laser
ablation in liquids. Appl. Phys. Lett. 108, 074104 (2016).

Dell’Aglio, M., Gaudiuso, R., De Pascale, O. & De Giacomo, A.
Mechanisms and processes of pulsed laser ablation in liquids during
nanoparticle production. Appl. Surf. Sci. 348, 4-9 (2015).

Tanabe, R., Nguyen, T. T. P., Sugiura, T. & Ito, Y. Bubble dynamics in
metal nanoparticle formation by laser ablation in liquid studied through
high-speed laser stroboscopic videography. Appl. Surf. Sci. 351, 327-331
(2015).

Kohsakowski, S. et al. High productive and continuous nanoparticle
fabrication by laser ablation of a wire-target in a liquid jet. Appl. Surf. Sci.
403, 487-499 (2017).

Tsuji, T., Hamagami, T., Kawamura, T., Yamaki, J. & Tsuji, M. Laser
ablation of cobalt and cobalt oxides in liquids: influence of solvent on
composition of prepared nanoparticles. Appl. Surf. Sci. 243, 214-219
(2005).

Sasaki, T., Shimizu, Y. & Koshizaki, N. Preparation of metal oxide-based
nanomaterials using nanosecond pulsed laser ablation in liquids. J.
Photochem. Photobiol. A Chem. 182, 335-341 (2006).

Amans, D. et al. Nanodiamond synthesis by pulsed laser ablation in
liquids. Diam. Relat. Mater. 18, 177-180 (2009).

Li, X. et al. Preparation of carbon quantum dots with tunable

99



46.

47.

48.

49.

50.

51.

52.

53.

100

photoluminescence by rapid laser passivation in ordinary organic solvents.
Chem. Commun. 47, 932-934 (2011).

Amans, D., Diouf, M., Lam, J., Ledoux, G. & Dujardin, C. Origin of the
nano-carbon allotropes in pulsed laser ablation in liquids synthesis. J.
Colloid Interface Sci. 489, 114-125 (2017).

Anikin, K. . et al. Formation of ZnSe and CdS quantum dots via laser
ablation in liquids. Chem. Phys. Lett. 366, 357-360 (2002).

Ruth, A. A. & Young, J. A. Generation of CdSe and CdTe nanoparticles
by laser ablation in liquids. Colloids Surfaces A Physicochem. Eng. Asp.
279, 121-127 (2006).

Yang, G. Laser ablation in liquids : principles and applications in the

preparation of nanomaterials. (Pan Stanford Pub, 2012).

Xiao, J., Liu, P., Wang, C. X. & Yang, G. W. External field-assisted laser
ablation in liquid: an efficient strategy for nanocrystal synthesis and
nanostructure assembly. Prog. Mater. Sci. 87, 140-220 (2017).

Zhang, D., Gokce, B. & Barcikowski, S. Laser Synthesis and Processing
of Colloids: Fundamentals and Applications. Chem. Rev. 117, 3990-4103
(2017).

Pyatenko, A., Wang, H. & Koshizaki, N. Growth Mechanism of
Monodisperse Spherical Particles under Nanosecond Pulsed Laser
Irradiation. J. Phys. Chem. C 118, 44954500 (2014).

Besner, S., Kabashin, A. V. & Meunier, M. Fragmentation of colloidal
nanoparticles by femtosecond laser-induced supercontinuum generation.
Appl. Phys. Lett. 89, 13-16 (2006).



54,

55.

56.

57.

58.

59.

60.

61.

Ishikawa, Y., Koshizaki, N. & Sakaki, S. Spherical Particle Formation
Mechanism in Pulsed Laser Melting in Liquid under Controlled-Pulse-
Number Irradiation Using a Slit Nozzle Flow System. J. Phys. Chem. C
Accepted, (2019).

Zeng, H. et al. Nanomaterials via laser ablation/irradiation in liquid: A
review. Adv. Funct. Mater. 22, 1333-1353 (2012).

Sajti, C. L., Petersen, S., Menéndez-Manjon, A. & Barcikowski, S. In-situ
bioconjugation in stationary media and in liquid flow by femtosecond laser
ablation. Appl. Phys. A 101, 259-264 (2010).

Petersen, S. & Barcikowski, S. Conjugation efficiency of laser-based
bioconjugation of gold nanoparticles with nucleic acids. J. Phys. Chem. C
113, 19830-19835 (2009).

Sajti, C. L., Giorgio, S., Khodorkovsky, V. & Marine, W. Femtosecond
laser synthesized nanohybrid materials for bioapplications. Appl. Surf. Sci.
253, 8111-8114 (2007).

Dofate-Buendia, C. et al. Fabrication by Laser Irradiation in a Continuous
Flow Jet of Carbon Quantum Dots for Fluorescence Imaging. ACS Omega
3, 2735-2742 (2018).

d’Amora, M., Rodio, M., Sancataldo, G., Diaspro, A. & Intartaglia, R.
Laser-Fabricated Fluorescent, Ligand-Free Silicon Nanoparticles: Scale-
up, Biosafety, and 3D Live Imaging of Zebrafish under Development. ACS
Appl. Bio Mater. 2, 321-329 (2019).

Xiao, J., Ouyang, G., Liu, P., Wang, C. X. & Yang, G. W. Reversible
Nanodiamond-Carbon Onion Phase Transformations. Nano Lett. 14,
3645-3652 (2014).

101



62.

63.

64.

65.

66.

67.

68.

69.

102

Hunter, B. M. et al. Highly Active Mixed-Metal Nanosheet Water
Oxidation Catalysts Made by Pulsed-Laser Ablation in Liquids. J. Am.
Chem. Soc. 136, 13118-13121 (2014).

Amans, D. et al. Synthesis of Oxide Nanoparticles by Pulsed Laser
Ablation in Liquids Containing a Complexing Molecule: Impact on Size
Distributions and Prepared Phases. J. Phys. Chem. C 115, 5131-5139
(2011).

Povarnitsyn, M. E., Itina, T. E., Levashov, P. R. & Khishchenko, K. V.
Mechanisms of nanoparticle formation by ultra-short laser ablation of
metals in liquid environment. Phys. Chem. Chem. Phys. 15, 3108 (2013).

Sajti, C. L., Sattari, R., Chichkov, B. N. & Barcikowski, S. Gram Scale
Synthesis of Pure Ceramic Nanoparticles by Laser Ablation in Liquid. J.
Phys. Chem. C 114, 2421-2427 (2010).

Streubel, R., Barcikowski, S. & Gokce, B. Continuous multigram
nanoparticle synthesis by high-power, high-repetition-rate ultrafast laser
ablation in liquids. Opt. Lett. 41, 1486 (2016).

Jendrzej, S., Gokce, B., Epple, M. & Barcikowski, S. How Size
Determines the Value of Gold: Economic Aspects of Wet Chemical and
Laser-Based Metal Colloid Synthesis. ChemPhysChem 18, 1012-1019
(2017).

Kudryashov, S. et al. Nanosecond-Laser Generation of Nanoparticles in
Liquids: From Ablation through Bubble Dynamics to Nanoparticle Yield.
Materials (Basel). 12, 562 (2019).

Kanitz, A. et al. Impact of liquid environment on femtosecond laser
ablation. Appl. Phys. A 123, 674 (2017).



70.

71.

72.

73.

74.

75.

76.

77,

Raciukaitis, G. Use of High Repetition Rate and High Power Lasers in
Microfabrication: How to Keep the Efficiency High? J. Laser
Micro/Nanoengineering 4, 186-191 (2009).

Intartaglia, R., Bagga, K. & Brandi, F. Study on the productivity of silicon
nanoparticles by picosecond laser ablation in water: towards gram per hour
yield. Opt. Express 22, 3117 (2014).

Vogel, A, Linz, N., Freidank, S. & Paltauf, G. Femtosecond-laser-induced
nanocavitation in water: Implications for optical breakdown threshold and
cell surgery. Phys. Rev. Lett. 100, 038102 (2008).

Streubel, R., Bendt, G. & Gokce, B. Pilot-scale synthesis of metal
nanoparticles by high-speed pulsed laser ablation in liquids.
Nanotechnology 27, 205602 (2016).

Semerok, A. et al. Experimental investigations of laser ablation efficiency
of pure metals with femto, pico and nanosecond pulses. Appl. Surf. Sci.
138-139, 311-314 (1999).

Tsuji, T., Iryo, K., Watanabe, N. & Tsuji, M. Preparation of silver
nanoparticles by laser ablation in solution: influence of laser wavelength
on particle size. Appl. Surf. Sci. 202, 8085 (2002).

Tsuji, T., Iryo, K., Nishimura, Y. & Tsuji, M. Preparation of metal colloids
by a laser ablation technique in solution: influence of laser wavelength on
the ablation efficiency (I1). J. Photochem. Photobiol. A Chem. 145, 201
207 (2001).

Jain, P. K., Lee, K. S., El-Sayed, I. H. & El-Sayed, M. A. Calculated
Absorption and Scattering Properties of Gold Nanoparticles of Different

Size, Shape, and Composition: Applications in Biological Imaging and

103



78.

79.

80.

81.

82.

83.

84.

85.

86.

104

Biomedicine. J. Phys. Chem. B 110, 7238-7248 (2006).

Ancona, A. et al. Femtosecond and picosecond laser drilling of metals at

high repetition rates and average powers. Opt. Lett. 34, 3304 (2009).

Tunnermann, A., Nolte, S. & Limpert, J. Femtosecond vs. picosecond laser
material processing challenges in ultrafast precision laser micro-
machining of metals at high repetition rates. LTJ 1, 34-38 (2010).

Menéndez-Manjon, A., Wagener, P. & Barcikowski, S. Transfer-matrix
method for efficient ablation by pulsed laser ablation and nanoparticle
generation in liquids. J. Phys. Chem. C 115, 5108-5114 (2011).

Ma, C. & Lin, W. Normal dispersion effects on the nonlinear focus. J. Opt.
Soc. Am. B 33, 1055 (2016).

Couairon, A. & Mysyrowicz, A. Femtosecond filamentation in transparent
media. Phys. Rep. 441, 47-189 (2007).

Messina, G. C. et al. Pulsed laser ablation of a continuously-fed wire in
liquid flow for high-yield production of silver nanoparticles. Phys. Chem.
Chem. Phys. 15, 3093-3098 (2013).

De Giacomo, A. et al. Cavitation dynamics of laser ablation of bulk and
wire-shaped metals in water during nanoparticles production. Phys. Chem.
Chem. Phys. 15, 3083-3092 (2013).

Kang, H. W. & Welch, A. J. Effect of liquid thickness on laser ablation
efficiency. J. Appl. Phys. 101, 083101 (2007).

Gamrad, L. et al. Charge Balancing of Model Gold-Nanoparticle-Peptide
Conjugates Controlled by the Peptide’s Net Charge and the Ligand to
Nanoparticle Ratio. J. Phys. Chem. C 118, 10302-10313 (2014).



87.

88.

89.

90.

91.

92.

93.

94.

Dofate-Buendia, C. et al. Oxide dispersion-strengthened alloys generated
by laser metal deposition of laser-generated nanoparticle-metal powder
composites. Mater. Des. 154, 360-369 (2018).

Zhang, D., Lau, M., Lu, S., Barcikowski, S. & Gokce, B. Germanium Sub-
Microspheres Synthesized by Picosecond Pulsed Laser Melting in Liquids:
Educt Size Effects. Sci. Rep. 7, 40355 (2017).

Letzel, A. et al. How the re-irradiation of a single ablation spot affects
cavitation bubble dynamics and nanoparticles properties in laser ablation
in liquids. Appl. Surf. Sci. 473, 828-837 (2019).

Zeng, X., Mao, X. L., Greif, R. & Russo, R. E. Experimental investigation
of ablation efficiency and plasma expansion during femtosecond and
nanosecond laser ablation of silicon. Appl. Phys. A Mater. Sci. Process.
80, 237-241 (2005).

Amendola, V. & Meneghetti, M. What controls the composition and the
structure of nanomaterials generated by laser ablation in liquid solution?
Phys. Chem. Chem. Phys. 15, (2013).

Dofate-Buendia, C., Fernandez-Alonso, M., Lancis, J. & Minguez-Vega,
G. Overcoming the barrier of nanoparticle production by femtosecond
laser ablation in liquids using simultaneous spatial and temporal focusing.
Photonics Res. 7, 1249-1257 (2019).

Zhu, G., van Howe, J., Durst, M., Zipfel, W. & Xu, C. Simultaneous spatial
and temporal focusing of femtosecond pulses. Opt. Express 13, 2153
(2005).

Kammel, R. et al. Enhancing precision in fs-laser material processing by

simultaneous spatial and temporal focusing. Light Sci. Appl. 3, €169

105



95.

96.

97.

98.

99.

100.

101.

102.

103.

106

(2014).

Oron, D., Tal, E. & Silberberg, Y. Scanningless depth-resolved
microscopy. Opt. Express 13, 1468-1476 (2005).

Hecht, E. & Zajac, A. Optica. (Addison-Wesley Iberoamericana, 1986).

Escobet-Montalban, A. et al. Wide-field multiphoton imaging through
scattering media without correction. Sci. Adv. 4, eaau1338 (2018).

Vitek, D. N. et al. Spatio-temporally focused femtosecond laser pulses for
nonreciprocal writing in optically transparent materials. Opt. Express 18,
24673 (2010).

Odhner, J. H., Tibbetts, K. M., Tangeysh, B., Wayland, B. B. & Levis, R.
J. Mechanism of Improved Au Nanoparticle Size Distributions Using
Simultaneous Spatial and Temporal Focusing for Femtosecond Laser
Irradiation of Aqueous KAUCI 4. J. Phys. Chem. C 118, 23986-23995
(2014).

Hahn, A., Barcikowski, S. & Chichkov, B. N. Influences on Nanoparticle
Production during Pulsed Laser Ablation. JLMN-Journal of Laser
Micro/Nanoengineering 3, 73-77 (2008).

Miranda, M., Fordell, T., Arnold, C., L’Huillier, A. & Crespo, H.
Simultaneous compression and characterization of ultrashort laser pulses

using chirped mirrors and glass wedges. Opt. Express 20, 688 (2012).

Miranda, M. et al. Characterization of broadband few-cycle laser pulses
with the d-scan technique. Opt. Express 20, 18732 (2012).

Liu, W. et al. Femtosecond laser pulse filamentation versus optical
breakdown in H20O. Appl. Phys. B Lasers Opt. 76, 215-229 (2003).



104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

Wilkes, Z. W. et al. Direct measurements of the nonlinear index of
refraction of water at 815 and 407 nm using single-shot supercontinuum
spectral interferometry. Appl. Phys. Lett. 94, 211102 (2009).

Feng, Q. et al. Theory and simulation on the threshold of water breakdown
induced by focused ultrashort laser pulses. IEEE J. Quantum Electron. 33,
127-137 (1997).

Hendel, T. et al. In Situ Determination of Colloidal Gold Concentrations
with UV-Vis Spectroscopy: Limitations and Perspectives. Anal. Chem. 86,
11115-11124 (2014).

Wagner, T. ParticleSizer 1.0.7. (2018). doi:ij-particlesizer: ParticleSizer
1.0.7. Zenodo. 10.5281/zenodo.56457

Ya-Ping Sun et al. Quantum-Sized Carbon Dots for Bright and Colorful
Photoluminescence. J. Am. Chem. Soc. 128, 77567757 (2006).

Hola, K. et al. Carbon dots—Emerging light emitters for bioimaging,

cancer therapy and optoelectronics. Nano Today 9, 590-603 (2014).

Li, H.,, Kang, Z., Liu, Y. & Lee, S.-T. Carbon nanodots: synthesis,
properties and applications. J. Mater. Chem. 22, 24230 (2012).

Castro, H. P. S. et al. Synthesis and Characterisation of Fluorescent Carbon
Nanodots Produced in lonic Liquids by Laser Ablation. Chem. - A Eur. J.
22,138-143 (2016).

Allen, M. W. Measurement of Fluorescence Quantum Yields. Tech. Note
52019 1-4 (2010).

Brannon-Peppas, L. & Blanchette, J. O. Nanoparticle and targeted systems
for cancer therapy. Adv. Drug Deliv. Rev. 64, 206-212 (2012).

107



114.

115.

116.

117.

118.

119.

120.

121.

108

Carbonell-Leal, M., Minguez-Vega, G., Lancis, J. & Mendoza-Yero, O.
Encoding of arbitrary micrometric complex illumination patterns with
reduced speckle. Opt. Express 27, 19788 (2019).

Blanco, E., Shen, H. & Ferrari, M. Principles of nanoparticle design for
overcoming biological barriers to drug delivery. Nat. Biotechnol. 33, 941
951 (2015).

Ruedas-Rama, M. J., Walters, J. D., Orte, A. & Hall, E. A. H. Fluorescent
nanoparticles for intracellular sensing: A review. Anal. Chim. Acta 751, 1—
23 (2012).

Rai, M. K., Deshmukh, S. D., Ingle, A. P. & Gade, A. K. Silver
nanoparticles: the powerful nanoweapon against multidrug-resistant
bacteria. J. Appl. Microbiol. 112, 841-852 (2012).

Carvalho, C. et al. Proof-of-Concept Studies Directed toward the
Formation of Metallic Ag Nanostructures from Ag3PO4 Induced by
Electron Beam and Femtosecond Laser. Part. Part. Syst. Charact.
1800533, 1-9 (2019).

Machado, T. R. et al. From Complex Inorganic Oxides to Ag-Bi
Nanoalloy: Synthesis by Femtosecond Laser Irradiation. ACS Omega 3,
98809887 (2018).

Streubel, R. et al. Depositing laser-generated nanoparticles on powders for
additive manufacturing of oxide dispersed strengthened alloy parts via
laser metal deposition. Jpn. J. Appl. Phys. 57, 040310 (2018).

Garcia-Sanz, V. et al. Effects of femtosecond laser and other surface
treatments on the bond strength of metallic and ceramic orthodontic
brackets to zirconia. PLoS One 12, e0186796 (2017).



122.

123.

124.

125.

126.

127.

128.

129.

130.

Zhu, S. et al. The photoluminescence mechanism in carbon dots (graphene
guantum dots, carbon nanodots, and polymer dots): current state and future
perspective. Nano Res. 8, 355-381 (2015).

Cepeda-Pérez, E. et al. SERS and integrative imaging upon internalization
of quantum dots into human oral epithelial cells. J. Biophotonics 9, 683—
693 (2016).

Hayashi-Takanaka, Y., Stasevich, T. J., Kurumizaka, H., Nozaki, N. &
Kimura, H. Evaluation of chemical fluorescent dyes as a protein

conjugation partner for live cell imaging. PLoS One 9, €106271 (2014).

Mahmoudian, J. et al. Comparison of the photobleaching and
photostability traits of Alexa fluor 568- and fluorescein isothiocyanate-
conjugated antibody. Cell J. 13, 169-172 (2011).

Ngo, T. D., Kashani, A., Imbalzano, G., Nguyen, K. T. Q. & Hui, D.
Additive manufacturing (3D printing): A review of materials, methods,
applications and challenges. Compos. Part B Eng. 143, 172-196 (2018).

Hupfeld, T. et al. A new approach to coat PA12 powders with laser-
generated nanoparticles for selective laser sintering. Procedia CIRP 74,
244-248 (2018).

Wilms, M. B. et al. Laser additive manufacturing of oxide dispersion
strengthened steels using laser-generated nanoparticle-metal composite
powders. Procedia CIRP 74, 196-200 (2018).

Nguyen, Q. B. et al. Characteristics of Inconel Powders for Powder-Bed
Additive Manufacturing. Engineering 3, 695-700 (2017).

Boegelein, T., Dryepondt, S. N., Pandey, A., Dawson, K. & Tatlock, G. J.

Mechanical response and deformation mechanisms of ferritic oxide

109



131.

132.

133.

134.

135.

136.

137.

138.

110

dispersion strengthened steel structures produced by selective laser
melting. Acta Mater. 87, 201-215 (2015).

Capdevila, C., Serrano, M. & Campos, M. High strength oxide dispersion
strengthened steels: fundamentals and applications. Mater. Sci. Technol.
30, 1655-1657 (2014).

Orowan, E. No Title. in Symposium on Internal Stresses. Institute of Metals
451 (1947).

Susila, P., Sturm, D., Heilmaier, M., Murty, B. S. & Subramanya Sarma,
V. Effect of yttria particle size on the microstructure and compression
creep properties of nanostructured oxide dispersion strengthened ferritic
(Fe-12Cr—2W-0.5Y203) alloy. Mater. Sci. Eng. A 528, 4579-4584
(2011).

Kaldre, I. et al. Nanoparticle dispersion in liquid metals by
electromagnetically induced acoustic cavitation. Acta Mater. 118, 253—
259 (2016).

Wang, X. H. & Hirata, Y. Colloidal Processing and Mechanical Properties
of SiC with Al203 and Y203. J. Ceram. Soc. Japan 112, 22—-28 (2004).

Lefévre, G. et al. Determination of isoelectric points of metals and metallic
alloys by adhesion of latex particles. J. Colloid Interface Sci. 337, 449—
455 (2009).

Marzun, G., Streich, C., Jendrzej, S., Barcikowski, S. & Wagener, P.
Adsorption of Colloidal Platinum Nanoparticles to Supports: Charge
Transfer and Effects of Electrostatic and Steric Interactions. Langmuir 30,
11928-11936 (2014).

Knipling, K. E., Baker, B. W. & Schreiber, D. K. Mechanisms of Particle



139.

140.

141.

Coarsening and Phase Transformation in Oxide Dispersion Strengthened
Steels During Friction Stir Welding. in Proceeding of Microscopy &
Microanalysis 676677 (2016).

Martin, J. H. et al. 3D printing of high-strength aluminium alloys. Nature
549, 365-369 (2017).

Rosler, J. & Arzt, E. A new model-based creep equation for dispersion
strengthened materials. Acta Metall. Mater. 38, 671-683 (1990).

Wasilkowska, A., Bartsch, M., Messerschmidt, U., Herzog, R. & Czyrska-
Filemonowicz, A. Creep mechanisms of ferritic oxide dispersion
strengthened alloys. J. Mater. Process. Technol. 133, 218-224 (2003).

111



112



PUBLICATIONS

The following publications collect the results obtained during the
development of the present thesis and offer, together with this manuscript, a
complete understanding and reproducibility of the performed experiments. The
articles main texts are attached below for complete availability to the reader.

1. Dofiate-Buendia, C., Fernandez-Alonso, M., Lancis, J. & Minguez-Vega,
G. Overcoming the barrier of nanoparticle production by femtosecond
laser ablation in liquids using simultaneous spatial and temporal focusing.
Photonics Res. 7, 1249-1257 (2019).

2. Doriate-Buendia, C. et al. Fabrication by Laser Irradiation in a Continuous
Flow Jet of Carbon Quantum Dots for Fluorescence Imaging. ACS Omega
3, 2735-2742 (2018).

3. Doriate-Buendia, C. et al. Oxide dispersion-strengthened alloys generated
by laser metal deposition of laser-generated nanoparticle-metal powder
composites. Mater. Des. 154, 360-369 (2018).

4. Streubel, R. et al. Depositing laser-generated nanoparticles on powders
for additive manufacturing of oxide dispersed strengthened alloy parts via
laser metal deposition. Jpn. J. Appl. Phys. 57, 040310 (2018).

5. Carvalho, C. et al. Proof-of-Concept Studies Directed toward the
Formation of Metallic Ag Nanostructures from Ag3PO4 Induced by
Electron Beam and Femtosecond Laser. Part. Part. Syst. Charact.
1800533, 1-9 (2019).

113



6. Machado, T. R. et al. From Complex Inorganic Oxides to Ag-Bi

114

Nanoalloy: Synthesis by Femtosecond Laser Irradiation. ACS Omega 3,
9880-9887 (2018).

Garcia-Sanz, V. et al. Effects of femtosecond laser and other surface
treatments on the bond strength of metallic and ceramic orthodontic
brackets to zirconia. PLoS One 12, e0186796 (2017).



Publication 1

Overcoming the barrier of nanoparticle
production by femtosecond laser ablation in
liquids using simultaneous spatial and temporal

focusing

Photonics Research 7, 1249-1257 (2019).






D

Chack for
updates

Research Article

1249 |

PHOTONICS Research

Vol. 7, No. 11 / November 2019 / Photonics Research

©_C

©_¢C

Overcoming the barrier of nanoparticle production
by femtosecond laser ablation in liquids using
simultaneous spatial and temporal focusing

CARLOs DoNATE-BUENDIA,

Mercepes FERNANDEZ-ALONSO, JEsUs LANcIs, AND GLADYS MINGUEZ-VEGA*

GROC-UJI, Institute of New Imaging Technologies, Universitat Jaume I, Avda. Sos Baynat sn, 12071 Castelldn, Spain

*Corresponding author: gminguez@uji.es

Received 8 April 2019; revised 1 September 2019; accepted 4 September 2019; posted 6 September 2019 (Doc. ID 364554);

published 24 October 2019

There exists an increasing demand of industrial-scale production of high-purity ligand-free nanoparticles due to
the continuous development of biomedicine, catalysis, and energy applications. In this contribution, a simulta-
neous spatial and temporal focusing (SSTF) setup is first proposed for increasing nanoparticle productivity of the
eco-friendly pulsed laser ablation in liquids (PLAL) technique. In spite of the fact that femtosecond pulses have
proved to achieve higher ablation rates in air than picosecond pulses, in PLAL this is reversed due to the nonlinear
energy losses in the liquid. However, thanks to the incorporation of SSTF, the energy delivered to the target is
increased up to 70%, which leads to a nanoparticle production increase of a 2.4 factor. This breaks a barrier

toward the employment of femtosecond lasers in high-efficiency PLAL.
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1. INTRODUCTION

Arising from its inherent interdisciplinarity, nanotechnology is
being recognized as a new technological revolution that will
affect many of the aspects of human society. Nanotechnology
has answers to solve some of the grand challenges that face our
society, such as energy production [1], water supply [2], climate
change [3], and health [4,5]. In this context, many different
routes for the synthesis of nanoparticles (NPs) have been de-
veloped. However, the industry has a high demand for methods
easy to integrate in a production process, simply scalable, and
with low environmental impact. Following these requirements,
pulsed laser ablation in liquids (PLAL) has become a promising
alternative to conventional methods for the synthesis of NPs,
thanks to the simplicity of the procedure, the pureness of the
NPs, the low reaction times, the synthesis from almost any raw
element, the effortless 77 sizu functionalization, and the absence
of unnecessary toxic or hazardous adducts and byproducts
[6-9]. In PLAL, the interaction of the laser radiation with a
target immersed in a liquid directly promotes the extraction
of NPs that are collected in the liquid as colloids. In this
way, PLAL provides ligand-free NPs without residual chemical
precursors or stabilizers avoiding the time-consuming and
costly NPs cleaning treatments [10-12].

The generation of NPs with PLAL requires continuous work-
ing on its challenges, such as the fabrication of NPs with specific
size and shape, the reduction of the polydispersity, and the in-
crease of the productivity, among others. Despite some physical,

2327-9125/19/111249-09 Journal © 2019 Chinese Laser Press

chemical, and technical problems that are still unsolved, several
strategies have been presented to take aim at these issues, includ-
ing post-irradiation of colloids [13,14], different liquid handling
configuration [15,16], optimization of the focusing conditions
and liquid levels [17,18], selection of the appropriate liquid or
stabilizer agent [19,20], and the optimization of the laser param-
eters [21]. In this sense, to explore in PLAL the wide range of
opportunities that bring the unique properties of femtosecond
lasers is an appealing hot topic of research not only due to the aim
to increase nanoparticle production but also to generate struc-
tural modifications and new material phases only achievable
with ultrafast and ultraintense pulsed radiation [22-27].

Laser ablation efficiency of femtosecond pulses in air (ab-
lated matter volume to laser pulse energy ratio) has been proven
to be higher than for its nano/picosecond counterparts [28,29].
As in PLAL methodology the target is immersed in a based
fluid, the huge peak power of the ultrashort pulses causes non-
linear excitation and laser-induced breakdown in the liquid.
Due to the higher nonlinear index of refraction compared to
air or vacuum that liquids such as water exhibit, nonlinear ef-
fects such as self-focusing due to the Kerr effect and filamen-
tation are produced in the liquid previous to the interaction of
the ultrashort pulses with the solid target. This is a serious
bottleneck that reduces up to 46% the amount of energy that
is delivered to the target [30] generating a drastic reduction of
nanoparticle productivity. In this paper, we demonstrate that it
is possible to avoid these limitations by employing a disruptive
technique, the simultancous spatial and temporal focusing
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(SSTF) of femtosecond pulses. The key idea of SSTF is that the
temporal pulse width becomes a function of the propagation dis-
tance, with the shortest pulse width confined to the spatial focus.
SSFT was originally conceived as a novel method for increasing
the field-of-view and reducing the background excitation in
multiphoton imaging applications [31,32]. However, thanks
to the benefits of focalizing femtosecond beams with SSTF, this
technology has spread quickly to other areas, such as imaging
through turbid media [33], micromachining [34], and nonlinear
materials processing [35]. Up to now, a similar configuration but
without taking advantage of the shorter pulse duration has been
used for the synthesis of gold nanoparticles in a solution follow-
ing a photo-chemical route [36-38]. But, to the best of our
knowledge, SSTF has never been exploited before to increase
nanoparticle production, overcoming in this way one of the
main barriers in the use of femtosecond lasers in PLAL.

2. MATERIALS AND METHODS

A. Optical Setups for Femtosecond Pulsed Laser
Ablation in Liquids

In order to study the production and the properties of the
nanoparticles synthesized by femtosecond PLAL, three differ-
ent optical setups are implemented. In all the setups, the laser
source is an amplified Ti:sapphire laser (Femtopower Compact
Pro, Femtolasers, Vienna, Austria) that generates pulses of
about 30 fs pulse duration, centered at a wavelength of
800 nm, and with a repetition rate of 1 kHz. The first setup
is based on the SSTF technique [31], later on referred to as the
SSTF system; see Fig. 1(a). It consists of a thin 600 grooves/
mm gold-coated blazed diffraction grating G1 (Richardson
Gratings, 53066BK02-351R), sitting at the front focal plane
of a gold off-axis mirror L; (Edmund, TechSpec, New
Jersey, USA) of focal length /| = 646 mm. The second gold
off-axis mirror L, of focal length f, = 25.4 mm is placed at
the focal plane of L; and forms the image of the diffraction
grating at the output plane. Only at the geometric focus of
L, the different spectral components of the pulse overlap, lead-
ing to the shortest pulse duration and the highest peak inten-
sity. At this position is where the surface of the target is placed.

The second optical setup, from now on referred to as the
image optical system (IOS), is represented in Fig. 1(b). This
configuration is analogous to the one of the SSTF optical setup
but just replacing the diffraction grating by a plane mirror and
positioning the off-axis mirrors L; and L, in a telescope con-
figuration. Then, the chromatic dispersion is no longer present
and the required conditions for temporal focusing are sup-
pressed, while keeping the same focal spot size at the output
plane. This allows a direct comparison of the temporal
focusing effect on the synthesis of nanoparticles.

The third optical setup is the conventional setup used for laser
ablation in liquids, later on referred to as the conventional optical
system (COS). This system is based on the focalization of the
collimated laser beam with a refractive lens onto the surface
of the target; see Fig. 1(c). A key factor in the COS is the choice
of the appropriate focal length of the focusing lens L. As a sim-
ple rule of thumb, in laser ablation, the shorter the focal length,
the higher the fluence (pulse energy per unit area) and the
production rate. However, femtosecond PLAL presents some

(a)

Ly
"
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Fig. 1. Schemes of the experimental setups employed to fabricate
and compare gold nanoparticle production. (a) Image-based SSTF sys-
tem based on a diffraction grating that spatially separates the broad
30 fs laser spectrum schematically displayed as red, green, and blue.
Two off-axis gold mirrors form an image of the grating’s surface and
achieve spatial overlap of all the wavelengths at focal spot plane.
(b) Analogous image system (IOS) without spatiotemporal focusing
effect. (c) Standard laser ablation in liquids system (COS) based on
direct focalization of the femtosecond laser onto the target’s surface.

additional limitations, such as vaporization of the liquid layer,
self-focusing, and optical breakdown, that drastically reduce
ablation efficiency [17]. So for each experiment appropriate
parameters must be chosen. A commonly used lens for femto-
second PLAL [22,39] that was experimentally found to be
optimum for this purpose is an achromatic lens, L3, with a focal
length f5 =75 mm, as the mentioned limiting factors are
minimized.

The gold target immersed in ultrapure water (Milli-Q
18.2 MQ - cm, Merck Millipore, Darmstadt, Germany) was
placed in a quartz cuvette. The cuvette is attached to a
two-dimensional motion-controlled stage (H101A, Prior,
Cambridge, UK) moving at a constant speed. In every case the
displacement is performed perpendicular to the laser beam in a
raster scan pattern. This way, distortions of the laser beam asso-
ciated with the presence of cavitation bubbles or to the plasma
plume are reduced [40].

B. Femtosecond Ultrashort Laser Pulse
Characterization

To completely characterize each system, the temporal, the spa-
tial, and the spectral profiles of the laser pulse at the processing
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plane are measured. Temporal characterization is done by the
dispersion scan (d-scan) technique [41] adapted to measure
pulses in the range from 10 to 70 fs. In the d-scan technique,
a phase scan of the pulse is performed by continuously increas-
ing the glass thickness added to the beam optical path. Then,
the acquisition of the second-harmonic (SH) spectra generated
in the focal spot plane for each glass insertion leads to the re-
cording of a two-dimensional trace. The trace’s information is
used by the d-scan numerical iterative algorithm to retrieve the
spectral phase and the pulse duration [42]. To build the d-scan
technique in our lab, a pair of BK7 prisms (angle 35°), in a
parallel configuration, is used to control the dispersion added
to the pulse by displacing one of them using a motorized
stage (PLS-85, Micos, Barcelona, Spain); see Fig. 2(a). The
dispersion scan was performed with very fine sampling (100
acquired spectra, with a thickness step of about 800 pm).
The SH signal from an uncoated Type I B-BaB,Oy crystal
(10 mm x 10 mm x 0.02 mm, 6 = 29.1°, ¢ = 0°), aligned
at quasi-normal incidence in the output plane, is acquired with
a fiber spectrometer (HR4000, Ocean Optics, Florida, USA).
Some recorded traces are shown in Figs. 2(b)-2(d).

In order to reconstruct the complete three-dimensional spa-
tial beam profile around the processing region, a laser beam

BK7 prisms
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Fig. 2. Temporal characterization of the experimental setups.
(a) Experimental setup employed for d-scan measurements detailed
for the SSTF system. Two BK7 prisms control dispersion added to
the pulses by displacing one of them. After propagation through
the system a second-harmonic generation (SHG) crystal is placed
in the focal spot plane of the system and the SH signal generated
is acquired using a collecting lens and a fiber spectrometer. (b) D-scan
trace measured for the COS. SH signal is represented as a function of
the position of the movable BK7 prism. (c) D-scan trace measured for
the SSTF system. (d) D-scan trace measured for the IOS.

profiler (WinCamD, DataRay Inc., California, USA) is used.
It is coupled to a three-axis linear stage to acquire the intensity
profile at several axial positions. Finally, the spectral characteri-
zation of the pulses is performed with a fiber spectrometer
(BLK-CXR-SR-50, StellarNet Inc., Florida, USA) also attached
to a three-axis linear stage. The fiber has a core of 200 pm and a
numerical aperture (NA) of 0.5. The relatively high numerical
aperture favors the coupling of light. It should be noticed that
in the SSTF setup the incidence angle is different for each wave-
length, and consequently a low-NA fiber limits the measured
spectrum.

C. Simulation of the Temporal Focusing Effect
To simulate the temporal focusing effect the procedure de-
scribed by Zhu ez al. [31] is followed. In summary, each wave-
length is described as a monochromatic Gaussian beam and the
paraxial propagation around the processing area is analytically
performed. Then, the expression of the pulse duration as a
function of the axial distance can be obtained by
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where @ is the laser spectral width, z is the axial position, fis
the focal length of the second off-axis mirror, 4 is the wave-
number for the central frequency of the laser spectrum, s is the
diameter of each monochromatic beam at L, plane, and a is a
parameter that counts for the spatial separation between each
monochromatic beam at L,. The origin of axial position,
z =0, is considered at L,. At z = f* the processing plane is
located, where the spatially dispersed initial laser spectrum
overlaps and so the minimal pulse duration 7 = 24/2 In(2) /w
is achieved.

This model is employed to compare pulse duration as a
function of the axial position for the three optical setups. It
should be pointed out that only the spatial overlapping of
the spectral components of the pulse is taken into account
in the simulation. This approximation can be used as the in-
crease of pulse duration caused by any other effect, as
dispersion, is common in all the systems and negligible com-
pared to the variation related to the temporal focusing effect.

6]

D. Production and Nanoparticle Characterization

To compare the different systems, production measurements as
well as the characterization of the NPs are carried out. The pro-
duction is evaluated by measuring the concentration of the gen-
erated gold nanoparticles in water using UV-Vis absorbance
data acquired at a wavelength of 400 nm [43]. The selection
of this wavelength is not arbitrary but based on the fact that this
value is not affected by the localized surface plasmon resonance
of gold. To this end, Au NPs with different laser parameters
were prepared and their concentration measured by inductively
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coupled plasma mass spectroscopy obtaining concentration
values of 0.15, 0.30, 0.45, 0.75, 0.90, 1.05, 1.35, and
1.50 mmol/L. The absorbance of these samples was measured
by UV-Vis. In this concentration range, there is a linear
dependence of the absorbance at 400 nm with the concentra-
tion of Au NPs. Now, the concentration of unknown samples
can then be easily found by measuring the absorbance at
400 nm and inserting this value in the linear fit obtained from
the calibration. For our experiments, the samples were mea-
sured with a spectrophotometer (Cary 500 Scan UV-VIS-
NIR Spectrometer, Varian, California, USA) in the range from
300 to 900 nm with a 10 mm path length quartz cuvette.
The morphology and size distribution of NPs were observed
by transmission electron microscopy (TEM). The TEM (2100
thermionic gun lanthanum hexaboride, JEOL, Tokyo, Japan)
was operating at a voltage of 200 kV. A droplet of the colloid
was dispersed onto a carbon-coated copper-based TEM grid.
The liquid content was dried so the solid particles remained
on the grid surface. To characterize the size distribution of each
sample, the acquired TEM images are computer analyzed using

Image] software [44].

3. RESULTS AND DISCUSSION

A. Experimental Characterization of the Optical
Setups

The spatial intensity profiles along the propagation axis are
acquired for the three optical configurations; see Fig. 3.

The fluence is defined as F = E/A, where E is pulse energy
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Fig. 3.
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deposited on the immersed target and A is the area of the out-
put spot. As the fluence is directly related to the nanoparticle
production [45], for the same spot size, a lower productivity
indicates energy losses in the liquid layer due to nonlinear
effects. In our setup the spot diameters at full width at half-
maximum (FWHM) for the three systems in air are: dggrp =
91 pm, djos = 91 pm, and dcos = 22 pm. The SSTF and
1OS exhibit the same output spot size; this fact allows a perfect
comparison between both systems for studying energy losses
during propagation through the liquid layer. The focal spot
of the COS is smaller than the one of the SSTF, which would
potentially produce a higher fluence in the COS. The other key
parameter for the optical system is the NA. The NA is
calculated as NA = D/2f, where D is the beam diameter
at the last optical component and fts focal length. Lower-NA
beams are strongly susceptible to nonlinear effects, such as self-
focusing or supercontinuum. In our setups, NAjng = 0.0008,
NAcos = 0.07, and NAggrr = 0.0008 in the Y axis and
NAgsre = 0.08, NAcos = 0.07, and NAjgg = 0.0008 in
the X axis. Note that the only system where the NA depends
on the axis is the SSTF, as the spatial chromatic dispersion is
applied. Hence, taking into account these spatial focusing con-
ditions, the parameters in the IOS and COS are chosen in order
to support a fair comparison with the SSTF.

Temporal characterization of the pulse at the focal plane is
performed by means of the d-scan technique for the COS, I0OS,
and SSTF systems. The results show that the COS exhibits a
pulse duration at FWHM of 7cog = 29 fs, very similar to
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Spectral and spatial characterization of the experimental setups. (a) IOS experimental measurement of the beam for several axial positions

(left) and focal spot measured profile (right). (b) COS experimental measurement of the beam for several axial positions (left) and focal spot measured
profile (right). (c) SSTF experimental measurement of the beam for several axial positions (left) and focal spot measured profile (right). (d) Spectral
measurements performed at axial positions I, II, III, and IV corresponding to (c).
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the value obtained for the I0S, 7105 = 27 fs, while for the SSTF
it is Tgsrp = 45 fs; see Figs. 4(a)—4(c). Theoretically, the
temporal duration for every system should be expected to be
the same as the group delay dispersion is compensated for every
system and slight differences are caused by higher-order phase
terms. These experimental differences are attributed mainly
to two causes. The first one is related to the spherical aberrations
caused by the focusing optics that directly affect the spatial over-
lap of the spectral components at the focal spot. The second one
is the coupling of all the spectral components in the optical fiber
of the spectrometer that can be limited by its numerical aperture,
producing a broader temporal profile for the SSTF system. The
spatial aberrations produce a real pulse width increase, while the
loose of spectral components due to the fiber NA only generate
an apparent pulse enlargement in the d-scan measurement,
being the real pulse width shorter. Hence, the given value
Tsstr = 45 fsrepresents the upper pulse width limit and the real
pulse width can be closer to 7cog and 710s.

Pulse duration evolution as a function of the target position is
theoretically calculated (details can be found in the Materials and
Methods section). In the case of the IOS and COS, the pulse
duration is constant with the axial position of the target; see
Fig. 4(d). This is due to the fact that the spectral content of
the beam does not depend on the position. In both systems,
the measured spectrum around the focal plane is always the com-
plete laser spectrum. However, in the case of the SSTF system the
chromatic dispersion induced by the diffraction grating gener-
ates a spatial dependence of the spectral content; see Fig. 3(d).
This dependence causes the variation of the pulse duration with
the axial distance, as can be observed in Fig. 4(d).

B. Quantification of the Energy Delivered to the
Target

To quantify the energy losses associated with each optical setup,
transmittance through 3 and 7 mm water layers for different
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Fig. 4. Pulse duration simulation and d-scan measurements. (a) D-
scan pulse duration at focal spot plane for the COS. (b) D-scan pulse
duration at focal spot plane for the SSTF system. (c) D-scan pulse
duration at focal spot plane for the 10S. (d) 10S, COS, and SSTF
systems pulse duration simulation as a function of the distance to
the focal plane.

laser powers from 20 to 200 mW is measured; see Fig. 5.
The transmittance is defined as the fraction of incident energy
that is transmitted through the water layer. In the SSTF system
its value is about 95% and it is constant even for different water
layers and laser powers. For the IOS there exists a region of low
energy where the transmittance is 95% and then it drops to a
minimum of 60% for 200 mW and 7 mm liquid layer. In the
COS the transmittance is constant and lower, around
30%—45% in every case.

To further understand the differences observed in transmit-
tance, the main processes involved in the energy losses are con-
sidered, filamentation and optical breakdown. These effects
cause an energy loss together with the distortion of the focal
spot. Filamentation occurs when the pulse experiences a com-
plex nonlinear propagation in which self-focusing (optical Kerr
effect) and laser-induced ionization dynamically interact to pro-
duce self-guiding of the pulses for distances larger than the
Rayleigh length [46]. This propagation of the pulse along
the liquid leads also to an extreme spectral broadening known
as supercontinuum generation. The power threshold for fila-
mentation is the same as the critical power, P, for self-focusing
and it is given by [47]

7(0.612)*
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where 4 is the wavelength for the maximum of the spectrum, 7,
is the refractive index, and 7, is the nonlinear refractive index of
the material [48]. The value obtained with our laser for water
(A =800 nm, 7y = 1.32, and 7, = 1.9-107'° cm?/W) is
P, ~ 3.8 MW, which is exceeded in the IOS and COS with
an average power of just few tens of milliwatts.

Taking into account this consideration, filamentation
should appear in the three proposed systems. However, the
transmittance values measured for the 10S at low energies
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Fig. 5. Experimental characterization of the energy losses.
Experimental transmittance measurements performed for a liquid layer
of (a) 3 mm and (b) 7 mm. (c) Image system self-focusing distance z £
as a function of the pulse energy. (d) Irradiance profile as a function of
the distance to the focal plane for the IOS, COS, and SSTF systems
together with the optical breakdown intensity threshold in water.
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prove that no filament and no energy losses appear in the ex-
periment in all the circumstances. Consequently, it is suggested
that the self-focusing collapse distance, z, more than the P,
itself, is the key parameter to understand filamentation appear-

ance. The collapse distance is provided by [47]
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Normally, as the laser beam self-focuses, the intensity rises and
eventually becomes sufficient to nonlinearly ionize electrons;
however, if z; is larger than the liquid layer this phenomenon
no longer occurs and the filament is not activated [49,50]. This
hypothesis is supported by the experimental findings, Figs. 5(a)
and 5(b), where the beginning of transmittance reduction for
every liquid layer is directly related with the average power
value where 2z equals the layer thickness; see Fig. 5(c). In
the case of the SSTF system the average power also exceeds
P, nevertheless the variation of pulse duration with the axial
distance avoids filamentation generation in the liquid, as z ¢ is
larger than 20 mm.

Optical breakdown has a disruptive character and in aque-
ous media its threshold is defined by bubble formation [51].
The absorbed energy in optical breakdown follows different
paths that are the evaporation of the focal volume, the plasma
radiation, and the mechanical effects, such as shock wave emis-
sion and cavitation. Optical breakdown generation is related to
the delivered intensity, that is defined as / = F /7 where F is
the fluence and 7 is the pulse duration. The threshold of optical
breakdown in water is 1.11 x 1013 W /cm? [52]. This effect
predominates in the COS due to the higher NA and intensity
values; see Fig. 5(d). It is straightforward to notice that for the
SSTF system the intensity is drastically reduced out of the out-
put plane [see Fig. 5(d)] due to the increase of pulse duration
and the larger beam area. However, in the case of the COS and
IOS, as pulse duration does not vary with the axial position, the
intensity only depends on the change of the beam area while it
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is focalized. In addition, the intensity threshold for optical
breakdown in water [53] clearly evidences that SSTF can re-
duce the generation of this effect out of the focal spot even
if the peak intensity was higher than the threshold value, as
with an axial displacement of 50 pm the intensity decreases
more than an order of magnitude. This implies that using
the SSTF, the focal spot position can be adjusted on the target’s
surface to avoid optical breakdown and filamentation in the
liquid, while in the other systems these effects and the
consequent energy losses are always produced.

C. Productivity

In order to evaluate and compare nanoparticle production in the
three different optical systems, ablation of gold targets immersed
in water is performed for six different energy values and a liquid
layer of 3 mm. The fluence values associated with these energies
are calculated based on the focal spot sizes in air measured in
Fig. 3 and range from 1.6 J/cm? to 3.1 ] /cm? for the IOS and
SSTF and 26.3 J/cm? to 52.6 J/cm? for the COS. The re-
duced liquid layer was chosen to benefit the IOS and COS
as energy losses are lower. In the three systems, the scan velocity
was set to 0.75 mm/s. However, nanoparticle production in IOS
was so tiny and difficult to evaluate that for this system it was
changed to 0.25 mm/s, leading to a three times longer process-
ing time, to increase nanoparticle production.

A visual inspection of the colloids obtained with the three
systems evidences the increased production achieved with the
SSTF, as it is shown in Figs. 6(a)-6(c). To quantify the
differences, UV-Vis measurements are acquired and the con-
centrations are calculated. The productivity (ablated mass
per ablation time interval) for every system and pulse energy
value is displayed in Fig. 6(d). In comparison with the IOS,
the production rate in SSTF is increased by a factor that
ranges from 3 at 120 pJ to 9.4 at 180 pJ. If the comparison
is with the COS, the production rate is improved by a factor
of 1.7 at 120 pJ up to 2.4 at 180 pJ. The increase of the

Dosf=ssra = T ]
= —Ii0s
?!": 03 L|—COS o
= f
Z 02p 1
=
i
§ 01F i 1 : 7
L) L[]
y & % 9
100 120 140 160 180 200
E(ud)

-
&

Productivity(ug/s)

04H—sstFamm] ]
—SSTF 5mm
03 | I—SSTF 7mm -
]
0.2F 1
g
01F s .
g °
0 L L L L
100 120 140 160 180 200
E(ud)

Fig. 6. Gold nanoparticle synthesis and productivity evaluation. Images of the gold colloids generated for pulse energy values from I-VI for the
(a) SSTF system, (b) IOS, and (c) COS. In every case energy values for I-VI are 100, 120, 140, 160, 180, and 200 pJ. (d) Productivity comparison
between the IOS, COS, and SSTF for 3 mm liquid layer. (e) Productivity comparison for 3, 5, and 7 mm liquid layer using the SSTF system.
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productivity factor with the pulse energy is directly associated
with the higher energy losses in the IOS and COS. The value
obtained for the pulse energy of 200 pJ is not compared as
the high concentration obtained with the SSTF is shielding
the laser beam previous to the incidence on the gold target,
thus limiting nanoparticle production. This limitation is
easily overcome by increasing liquid volume or with a flow
configuration.

To evaluate the effect of the liquid layer over the SSTF
system, the processing is performed with three different water
layers, i.e., 3, 5, and 7 mm using the SSTF system, see Fig. 6(¢),
where the error bars have been avoided for clear visualization
but are comparable to the ones shown for SSTF in Fig. 6(d).
The obtained results evidence that the liquid layer is not affect-
ing nanoparticle production rate, indicating that SSTF ensures
an equal energy delivered to the gold target even if the liquid
layer thickness is modified.

D. Nanoparticle Characterization

Finally, the synthesized nanoparticles for a 3 mm liquid layer
and 180 pJ are analyzed using TEM to compare the morphol-
ogy and size distributions. As evidenced in Fig. 7, the SSTF
generated nanoparticles show a population of pssrp; =
9+ 2 nm and a second one of pggrgy = 17 £ 4 nm. The
COS  exhibits also two populations, the main one with
Hcost = 13 £ 3 nm and the second one with pcos, =
27 4 8 nm. The mean particle size is similar in both systems,
but the size dispersion is higher in the COS. This fact can be
attributed to the suppression of the nonlinear effects in the
SSTF configuration, thus modifying the interaction between
the liquid and the target [37]. The higher fluence used in
the COS is also a factor that leads to a larger size dispersion
[22]. The IOS nanoparticles also exhibit a bimodal distribution
with piog; = 4.0 = 1.2 nm and pj05, = 8 = 2 nm. The re-
duction of the nanoparticle size is attributed to the lower flu-

ence [39] achieved at the focal spot in the IOS due to the bigger

focal spot compared to the COS and the reduction of the
energy delivered to the target compared to SSTF.

4. CONCLUSIONS

In the development of this work, the SSTF technique has been
employed for the first time achieving on focus femtosecond la-
ser pulses for nanoparticle generation by pulsed laser ablation in
liquids. The performance of this system is evaluated against an
analogous optical system and the standard processing system
leading to a productivity increase of 9.4 and 2.4 factors.
This enhancement is proved to be achieved even for a higher
fluence of the COS and a 3 times longer processing time in the
I0S. To evaluate these differences, spatial and temporal char-
acterization of the systems is performed. Evaluation of the en-
ergy losses in the interaction with the liquid reveals that the
maximum energy loss for the COS is 70% and 40% for the
IOS, while in the SSTF it is only 5%. These results are justified
in terms of filamentation and optical breakdown, taking into
account the threshold and limiting parameters for these non-
linear interactions. The losses in the surrounding liquid media
explain the outstanding performance of the SSTF due to the
improved delivery of the energy to the target. The results prove
SSTF as a technique suitable for overcoming PLAL limitations
when femtosecond pulses are employed. It implies that the ef-
forts for nanoparticle production increase can also focus on the
employment of femtosecond lasers. In that sense, it reveals a
new paradigm where the existing aim for achieving shorter
and more powerful pulsed lasers is the response for increasing
nanoparticle production by laser ablation in liquids and could
lead to unprecedented production rates. This fact would have a
huge impact in the nanotechnology field as the advantages of
laser generated nanoparticles as high purity and the possibility
of generating colloids from a wide variety of materials and
liquids could be also applied to industrial and large-scale proc-
esses where production is a limiting factor.
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ABSTRACT: Fluorescent carbon quantum dots (CQDs) are
synthesized by laser irradiation of carbon glassy particles
suspended in polyethylene glycol 200 by two methods, a batch
and a flow jet configuration. The flow jet configuration is
carried out by the simple combination of common laboratory

objects to construct a home-made passage reactor of

continuous flow. Despite the simplicity of the system, the
laser energy is better harvested by the carbon microparticles,
improving the fabrication efficiency a 15% and enhancing the
fluorescence of CQDs by an order of magnitude in comparison
with the conventional batch. The flow jet-synthesized CQDs
have a mean size of 3 nm and are used for fluorescent imaging

Carbon Ilassy
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Polyethylene glycol 200  Flow jet Cell internalization

of transparent healthy and cancer epithelial human cells. Complete internalization is observed with a short incubation time of 10
min without using any extra additive or processing of the cell culture. The CQDs are well fixed in the organelles of the cell even
after its death; hence, this is a simple manner to keep the cell information for prolonged periods of time. Moreover, the
integrated photostability of the CQDs internalized in in vitro cells is measured and it remains almost constant during at least 2 h,

revealing their outstanding performance as fluorescent labels.

Bl INTRODUCTION

Fluorescence carbon quantum dots (CQDs) are described as
carbon nanoparticles of less than 10 nm diameter that
demonstrate a fluorescence emission. In spite of being
discovered at the beginning of the 21st century,' in a short
period of time, CQDs have emerged as a powerful low toxic,
environmentally friendly, and low-cost nanomaterial with
promising perspectives. Their impact in the nanotechnology
community has had a direct and remarkable influence on
applications such as in vivo imaging,” cancer therapy,’
‘biosensing,4 and solar energy conversion.” Among the vast
majority of the available nanoscopic fluorescent agents, CQDs
stand out from the rest because of their outstanding
physicochemical properties such as tunable photoluminescence,
high photostability against photobleaching and blinking, easy
surface passivation and functionalization, and favorable
biocompatibilit‘y.67g

Stimulated by a rapid growth of research interest in CQDs,
numerous chemical and physical synthesis techniques have
been developed. Common routes for preparing fluorescent
CQDs include collecting the soot of a burning candle,*’

-4 ACS Publications  © 2018 American Chemical Society
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hydrothermal treatment,’’ microwave sym‘.hesis,lz pyrolysis,”’
ultrasonic synthesis,14 and so forth. Among all of them, laser
synthesis has stood out above the rest because it constitutes a
single-step, green, and simple strategy that neither requires the
use of external chemical agents nor promotes the creation of
byproducts that may lead to further cross chemical effects,
guarantying in this way a high-purity synthesis of CQDs"*~"?
and nanodiamonds.”>*' The high purity of the manufactured
materials makes possible their effective implementation in
extremely sensitive systems, such as human being cells?® or in
vivo animals.”® Principal laser synthesis methods of carbon dots
can be classified in laser ablation of carbonaceous solid targets
immersed in a liquid"™'® and laser fragmentation of
suspensions containing the powder carbon material.'’ ™"

The laser fragmentation in liquids technique is based on the
irradiation of a suspension composed of micrometric or
nanometric solid particles dispersed in a liquid with a pulsed

Received: December 29, 2017
Accepted: February 23, 2018
Published: March 7, 2018

DOI: 10.1021/acsomega.7b02082
ACS Omega 2018, 3, 2735-2742



ACS Omega

L
) —
B

Graphite sublimation *
il-!Jﬂﬁm

|
|
| * wbiematon s
|
|

50 g)- 50
a0 | o0l
£ o
§:n- | &3
£
S20 | g
4 H
bt 113 { %10
% 72 3 45678 %0

rinm)

14
rinm)

Laser fluence J J(pulse cm’

1500 2000

=

80 02
504
w0 Zas
£ 0.8
4
£ w 12

100 250 400 550 T0O0 8501000

TG}
20

— Flow Jet
Batch

100 250 400 550 700 850 1000

T(C)
0.05, - -
—Flow Jet
Bateh
0.04 ~ il
o E
fop—
P e S LR
T B | %5 90 80 1000
TC)

Figure 1. Scheme of laser irradiation of a suspension in (a) typical batch and (b) continuous flow jet setups. (c) Fluences at which graphite particles
start to sublimate and sublimate completely. TEM micrographs of the formation of CQDs with (d) typical batch and (e) continuous flow jet (the
size distributions are displayed below, respectively (gh) histograms). (f) TGA of the supernatant of both products is shown in the top, together with

the extended residual zone in the bottom.

laser source. The interaction between the intense laser radiation
and the colloid leads to the size reduction of the solid content
through photothermal vaporization or Coulomb explosion
mechanisms, depending on the laser fluence and pulse
duration,”* %% leading to an exceptional accuracy in reshap-
ing.29 In a conventional batch processing configuration, shown
in Figure la, the powder carbon material is dispersed into the
solvent and the suspension is contained in a glass cell for laser
irradiation. During irradiation, a magnetic stirrer or ultrasound
is used to expedite the movement of carbon particles and
prevent gravitational settling. Although this procedure to
synthesize carbon dots has provided excellent results, it also
presents some disadvantages. On the one hand, graphite or
carbon nanoparticles lead to the production of a black
suspension so the laser beam experiences a fluence gradient
within the irradiated volume because of the losses by scattering
or absorption. This fact causes a reduced control of the process
as different mechanisms such as fragmentation and melting may
occur simultaneously in the vessel. On the other hand, as the
total liquid volume is larger than the irradiated volume, the
method does not guarantee that all the particles pass through
the laser beam; hence, there is a mixing of the synthesized
material and leftovers that should be removed by postprocess-
ing treatment to get rid of the bigger carbonaceous material by
centrifugation or other methodologies. To the best of our
knowledge, an alternative synthesis method using the flow jet
passage reactor has never been explored to synthesize CQDs.
In this method, first proposed in 2010 by Wagener and
Barcikowski, the laser beam is focused in a thin liquid jet
composed of microparticles in suspension (see Figure 1b).*°
Then, the solid content suspended in the liquid is being
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irradiated at the same fluence, promoting the same processing
conditions for the entire sample and a more efficient energy
delivery of laser radiation.®”

In this research, we use a low-cost liquid jet passage reactor
(see Figure S1) in the continuous operation mode to synthesize
CQDs. A comparative study with a batch processing
configuration demonstrates that the flow jet has higher
production efficiency and an enhanced fluorescent response,
and it is the most appropriate method toward a scale-up
synthesis of CQDs with laser. Once the superior performance
of the CQDs synthesized by the passage reactor is proved, the
nanoparticles are used as in vivo biomarkers in sane and cancer
human being cells with long-term photostability even in
degraded cells.

B RESULTS AND DISCUSSION

The irradiated colloid is an 11 mL sample taken from an initial
sample of 40 mg of carbon glassy particles dispersed in 100 mL
of polyethylene glycol 200 (both purchased from Sigma-
Aldrich). The original size of carbon solid particles is 2—12 ym,
but the suspension was milled till most of the particles got a
size of around 1 um (images of the size distribution of the
nanoparticles measured by dynamic light scattering are
provided in Figure S2, Supporting Information). The laser
irradiation was carried out using the second harmonic of a
Nd:YAG pulsed laser (Brilliant, Quantel), with a pulse width of
4 ns Full Width at Half Maximum (fwhm) at a fundamental
wavelength of 1064 nm and a repetition rate of 10 Hz. The
laser radiation power over the suspension was set to 300 mW at
532 nm. It was focused by a cylindrical lens with a focal length
of 300 mm, providing a fluence of ~6 J/cm? at the focal spot. In

DOI:10.1021/acsomega.7b02082
ACS Omega 2018, 3, 2735-2742



ACS Omega

== '
Flow jet Flow jet

Mormalized fluorescence 0
s s 8 & =
ok oo @

A, (nm)

axe

A, inm)

Batch

8 —CODs fiow jel]

flue
e

T -
004 008 012 016 0.2
Abs

T
— After synihesis
1 — After 10 months|

0

0.6

o4

0.2

400

0 A )
300 500 600
A (nm)

700 800

Figure 2. (a) Aspect of both samples under natural illumination, left, and after being illuminated with 365 nm UV light, right. The
photoluminescence is higher for the flow jet sample, which can be observed by the naked eye. (b) Linear fits of the integrated fluorescence intensities
against the absorbance obtained from the reference fluorophore and the two samples for the measurement of their QY. (c) Broadband emission
photoluminescence spectra of the CQDs synthesized with the continuous flow jet. (d) Photoluminescence response for 405 nm excitation light for a

sample after generation and a sample stored for 10 months.

batch processing, the focal spot was located 2 mm inside the
cuvette containing the educt, and the liquid was constantly
stirred by means of a magnetic stirrer at 100 rpm. In the flow
jet, the focal spot size in the direction of liquid flowing is 4 mm
to irradiate the maximum number of particles; this guarantees
that the particles are reached mostly by the same laser fluence.
The period of flux in the liquid jet flow was 30 s. Further details
of the fabrication of a low-cost continuous flow jet and a short
video (Video S1) of the experimental setups can be found in
Supporting Information section S1.

The appropriate fluence for laser fragmentation was
determined through a modification of the particle heating—
melting—evaporation model.**** As there is not enough
reliable thermodynamic data and absorption characteristics for
the black carbon material dispersed in PEG, all estimations
were made for graphite particles of the same sizes.”**
However, as the graphite never melts but experiences
sublimation at high temperatures, the original model was
modified to estimate the critical fluence values at which
particles start to sublimate and sublimate completely, see Figure
lc. Details of the theoretical calculations can be found in
Supporting Information section S3. The fluence value of 6 J/
cm? for the irradiation is chosen to assure a complete
sublimation process even for bigger particles. Even though it
can be seen in Figure Ic that for carbon black particles of 1
pum(initial irradiation particle size shown in Figure S2,
Supporting Information) the fluence value needed for complete
sublimation is about 8 J/cmz, for 6 ]/cmz, the sublimation
process is initiated and after several irradiation cycles, the
particles are effectively reduced to CQDs. The value of 6 J/cm?
is experimentally found to be the optimum for our system.
Higher fluence values lead to the generation of nonlinear effects
in the liquid jet as well as instabilities of the flow jet. Lower
fluence values increase the necessary number of cycles for
particle size reduction, besides, big particles can even be not
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reduced if the fluence value is lower than the sublimation start
value for that particle size (Figure 1c).

The flow jet solution changed its color progressively from
gray to caramel color after ~3 h of laser irradiation, which
indicated the formation of CQDs (see the complete evolution
in Figure S3). As the batch-processing sample showed a darker
brown, the processing time of both samples was set to 4 h.
Transmission electron microscopy (TEM) micrographs dis-
played in Figure 1d,e show the characteristic spherical
morphology of laser-synthesized CQDs. In batch processing,
the average size of the CQDs obtained by Gaussian fitting of
the size distribution, Figure 1g, is (3.57 # 0.07) nm with a
curve width of 049 nm. In the flow jet, the average size
measured, Figure 1h, is (2.78 + 0.04) nm and a width of 0.34
nm. Both techniques lead to a similar size reduction, but by
using the flow jet technique, it is possible to reduce the material
in a more effective way due to the fact that laser fluence can be
delivered to the particles in a more efficient way. The improved
control over the fluence in the irradiation achieved by the flow
jet system also reduces size dispersion of the CQDs obtained as
well as the amount of big particles in the final sample (Figure
S4, Supporting Information). Moreover, for a period of
observation of 10 months, no changes were observed in
color, size, stability, or properties of the CQDs (see Figures 2d
and S8, Supporting Information). Their long-term stability
proves the generated CQDs as an excellent option for
bionanotechnology-related applications.

Thermogravimetric analysis (TGA) of the supernatant of
both products after undergoing centrifugation for 30 min at
4000 rpm (Figure 1f) revealed that the use of the flow jet
strategy leads to the manufacture of the highest amount of
CQDs, where (83.9 + 0.2)% of the original solid content is
turned into useful CQDs, with a final concentration of CQDs
being 0.029 wt %, whereas the classical strategy only leads to
the reduction of (68.7 + 1.3)% of the original amount, with a
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final concentration of CQDs being 0.023 wt % (details of the
calculation can be found in Supporting Information section S2).

As lasers are easily integrated in a production chain, it is
interesting to automate the process of synthesis of CQDs, as
the methods proposed up to now are discontinuous in time.
The obtained results are a proof-of-concept that proves that the
passage reactor can provide a good strategy to achieve a
continuous, high quality, and high production process for the
synthesis of CQDs without the necessity of replacing a solid
target or a liquid suspension in short periods of time. In this
sense, it is envisioned as a suitable method for laser synthesis of
CQDs for industrial production.

Expected visible photoluminescence was observed in the
prepared samples according to the reduced size of the CQDs
generated. To confirm that the fluorescence was emitted from
the CQDs and not from the liquid solvent, the PEG200 was
irradiated by a 405 nm laser pointer showing a mild emission
(see Figure S5, Supporting Information). Interestingly, it is
clearly seen by the naked eye that when the samples are
illuminated with 365 nm UV light, the photoluminescence is
higher for the flow jet samples (Figure 2a), which is confirmed
by measuring the quantum yield (QY) (Figure 2b). On the
basis of the comparative method,*® the QY is calculated using
the slope of the line determined from the plot of the integrated
fluorescence intensities against the absorbance. In this case, the
QY can be calculated as QY = Q(m/m,)(n/n,),> where m
stands for the slope of the line and # is the refractive index of
solvent. The subscript r represents the reference fluorophore of
known QY; quinine sulfate (in 0.1 M H,SO,) was used in this
case. The resulting linear fits obtained from the reference
fluorophore and the two samples are shown in Figure 2b. These
results show that the QY of the CQDs synthesized with the
flow jet (4.5%) is approximately 1 order of magnitude higher
than the ones obtained with the batch system (0.5%).

It should be noted that the samples obtained with the batch
and the flow jet setups are prepared from the same initial
suspension of carbon black microparticles, and hence the
concentration of carbon is the same in every sample and does
not affect the QY measurements. The color differences are due
to the reduced efficiency of the batch configuration in reducing
particle size, 15% higher efficiency for the flow jet
configuration. This fact can be clearly seen in Figure S8; after
10 months, the particles that are not reduced to CQDs
sedimentate and the color of both samples gets similar.
Inspection of TEM pictures (Figure S4, Supporting Informa-
tion) prove the presence of a larger population of micrometric
carbon pieces for the batch resulting in a darker color for the
colloid as it contains more particles larger than 10 nm.

Because of their outstanding properties, in the rest of the
paper, we focus our attention in the CQDs synthesized with the
flow jet. Figure S6 shows the UV—visible absorption spectra of
CQDs, where it is possible to observe a strong absorption peak
located at 220 nm, commonly associated with the transition
n—n* of aromatic C—C bonds present in the CQD systems
according to a band%ap transition mechanism based on
conjugated 7-domains.”” It is also possible to observe that the
second peak is a bit mitigated and located at 340 nm, which is
related to the n—7z* transitions due to the C=0 bonds in the
nanoparticle surface. Peaks at 320, 300, and 287 nm from other
transitions are also observed, which might be associated to a
consequence of surface passivation by the interaction between
CQDs and PEG.*® The absorption mechanism could also be
explained based on the quantum-confinement effect, emissive
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traps located at the surface of CQDs, and radiative
recombination of excitons, among others.” However, the aim
of the present research work is not centered on elucidating the
reasons behind the absorption behavior of CQDs.

On the other hand, the broadband emission photo-
luminescence spectra® of the CQDs synthesized by the flow
jet strategy are shown in Figure 2c. The figure clearly illustrates
that by progressively increasing the excitation wavelength from
210 to 450 nm, the fluorescence response can be tuned. The
fluorescence emission peaks related to the excitation wave-
lengths around 287 nm are the strongest and by exciting with
280 nm, an emission peak at 376 nm with a fwhm of 77 nm is
obtained. Exciting the sample with wavelengths close to 300
nm, the fluorescence obtained is reduced to 43% of the
maximum and is lower when the excitation wavelengths are in
the 320 nm region, 36%. This reduction implies a different
mechanism of photoluminescence related to each absorption
peak, leading to its association with different transitions.
Fluorescence excited at 405 nm is also important as is a
common excitation laser diode source for fluorescence
microscope imaging applications. The fluorescence maximum
obtained by exciting with 405 nm is located at 464 nm with a
fwhm of 112 nm and a fluorescence emission which is 5% of
the maximum emission obtained. Even though the fluorescence
response gets reduced compared to 280 nm excitation, it is
perfectly suitable for fluorescence imaging applications as
shown in Figure 4. Besides, the increased width of the
fluorescence response, together with the wide range of
fluorescence excitation wavelengths, opens up the opportunity
of using the generated CQDs for acquiring fluorescence images
with a wide variety of detectors and excitation sources.

The Fourier-transform infrared spectroscopy (FTIR) spectra
of the CQDs and PEG200 in Figure 3a exhibit the presence of
new bounds generated around the CQDs. The absorption peak
observed at 1646 cm™! indicates the formation of C=0 in the
outer surface of the CQDs. The increased absorption from
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Figure 3. (a) FTIR spectra of pure PEG200 and PEG200 with CQDs.
(b) XPS C 1s spectra of CQDs. The CQDs samples was the one
synthesized with the flow jet processing system.
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20 ym

Figure 4. Confocal microscope images of different cell types, incubated with CQDs. Fluorescence images, under 405 nm for wavelength excitation,
are shown on the left side and the corresponding bright-field images on the right one. (a) OEC, after 1 min of incubation at room temperature. (b)
OEC, after 10 days in the microscope slide at room temperature. (c,d) Colon cancer cell line HT29, incubated at room temperature during 10 min.
(e,f) Lung cancer cell line AS49, incubated at room temperature during 10 min.

3000 to 3600 cm™ is due to the contribution of the C—OH
bond and the carboxylic group C—O—OH anchored at the
nanoparticle surface.! The attachment of functional groups to
the CQD surface was also analyzed by X-ray photoelectron
spectroscopy (XPS). In Figure 3b, the analysis of the flow jet
sample is shown. The overall C 1s peak in the range of 283—
291 eV is fitted by a superposition of three peaks. The first
binding-energy peak (284.8 eV) can be attributed to the C—C
bond, whereas the other two peaks can be assigned to C—OH
(286.5 eV) and C—O—OH or C=0 (289.2 V). The large C—
OH peak indicates that most of surface carbon atoms are
passivated through the —OH bonding. The C—C peak
describes the presence of surface carbon atoms completely
connected with the inner carbon atoms. The last peak is
associated to carbon atoms passivated through C—O—OH or
C=0 bonding. The atomic concentration of functionalized
carbon atoms was quantitatively evaluated based on the peak
area ratios and obtained to be of approximately 85%. Because of
the small size of the CQDs, the surface-area-to-volume ratio is
high, approximately 1 nm~Y; hence, an elevated percentage of
the carbon atoms is in the surface of the nanoparticle. These
active carbon atoms play a very significant role in the
photoluminescence of the CQDs.

CQDs have attracted widespread attention in recent years in
the field of fluorescence imaging.n‘43 Here, we explore the
CQDs obtained with our method for fluorescence labeling of
human life cells. Three different types of cells were used:
healthy oral epithelial cells (OECs) from volunteers, a lung
cancer cell line AS49, and a colon cancer cells line HT29. These
epithelial cells are transparent and no auto-fluorescence was
observed at the excitation wavelength of 405 nm while
collecting the emission at 420—637 nm. Consequently, there
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is a need to use markers to differentiate the main organelles of
the cell.

OECs were donated by 10 different healthy subjects. The
samples were extracted from each subject by mechanical
exfoliation accordingly to a variation of the protocol reported
by Cepeda-Pérez.** The same protocol was followed to extract
all the OECs; after the subject has rinsed the mouth using
ultrapure Milli-Q_water, an interdental brush was used to
carefully scrape the inner area of each cheek. The scraped area
was located between the first and the second molar on both
sides of the jaw. A sample was taken from each individual and
dispersed in 1 mL of sodium chloride solution (Fluirespira 0.9%
NaCl in H,0). It was mixed with 40 uL of CQDs dispersed in
PEG200. After 1 min of incubation at room temperature a drop
of the product was deposited in a microscope slide. Next, the
fluorescence emission under 405 nm excitation wavelength
while collecting the emission at 420—637 nm was detected by
means of a confocal microscope (Leica TCS SP8). In Figure 4a,
where both transmission and fluorescence images are displayed,
it is shown that the CQDs enhance the morphologies of the
OECs as they are well spread all over the cell with a high
predominance in the nucleus. The samples of all volunteers
were observed with the microscope showing similar results (see
Figure S7 of Supporting Information) and a 3D image of a
group of cells is represented in Supporting Information Video
S2 to prove the internalization of the CQDs in the whole
volume of the cell and that 3D information of the cell structures
can be extracted. The image of an OEC after 10 days in the
microscope slide at room temperature is shown in Figure 4b. In
this case, the transmission image shows signals of cell death as
lack of nuclei and membrane disruption. However, the
fluorescence image shows a “frozen” image of the live cell.
Therefore, this technique can be used to keep the cell
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information for prolonged periods of time as the CQDs are not
degraded under this circumstance.

Two different human cancer cell lines were used to test the
CQDs in vitro: lung adenocarcinoma (A-549) and colon
adenocarcinoma (HT-29). Cells were cultivated in DMEM
high glucose supplemented with 10% fetal bovine serum, 1% L-
glutamine, 1% penicillin/streptomycin, and 1% amphoterycin at
37 °C in a humidified atmosphere with 5% CO,. 100 000 cells/
well were grown on glass coverslips in a six-well plate for 24 h.
Then, 40 pL/well of CQDs in PEG200 were added to the cell
medium, and after 10 min at room temperature, cells were
washed with Dulbecco’s phosphate buffered saline (DPBS).
The coverslips were placed on a microscope slide and observed
under the confocal microscope. As shown in Figure 4c,d, the
CQDs are completely internalized, lightening the whole cell
and without any background fluorescence signal. The
fluorescence of CQDs was detectable inside the cell, including
nuclei, after 10 min from the addition. For HT-29, not all the
nuclei contain a high concentration of CQDs; measurements
for longer incubation times for HT-29, A-549, and OECs
proved that nuclei internalization remains the same as that
observed after 10 min incubation. This indicates that the
internalization process is very fast, even faster than the time
required for sample preparation. The differential factors are the
cell morphology and cell structure, leading to a lower
internalization in all nuclei for HT-29 (Figure 4c,d) and high
nuclear internalization for OECs (Figure 4ab, for more
examples, see Figure S7, Supporting Information) and A-549
(Figure 4e,f). Please note that despite the different kind of
epithelial cells, in all cases, a fluorescence image with no
background is obtained, which indicates that the fabricated
CQDs are clearly internalized. In the case of HT-29 (Figure
4c,d), it can be observed that CQDs accumulate at both
reticular and vesicular structures in the cell, whereas in the case
of A-549 (Figure 4e,f), the accumulation at vesicular structures
predominates. The presence of PEG200 in the CQDs dilution
helps to preserve the samples from degradation and to retain
the morphology of the cells.

The integrated photostability of the CQDs during internal-
ization in a live cell was measured, which provides a good
knowledge of the CQD response for both in vivo and in vitro
applications. During S h, the temporal evolution of the
fluorescence image of a lung cancer cell, AS49, irradiated
with a 405 nm laser source is measured by taking an image
every 20 s. The normalized photoluminescence intensity was
determined by integrating the intensity value of every pixel in a
defined squared area around the cell, dotted lines in Figure S,
for each image acquired during the S h. Then, normalization is
done with respect to the value of the image with the highest
integrated fluorescence. The variation of the integrated
photoluminescence intensity is represented in Figure S together
with an image of the AS49 cell. It remains almost constant
during 2 h and is only reduced a 40% in S h (see Video S3 of
the Supporting Information). Conventionally widely used
commercial fluorescence markers such as Alexa Fluor 488 or
Alexa Fluor 568 experience the same reduction in shorter
periods of time, 7% and 4 min,"* respectively. As the
measurements are directly performed in the cell with the
confocal microscope, the decrease after 2 h of irradiation is not
only due to the decay of the fluorescence of the CQDs but also
due to other factors as the laser and mechanical stability of the
microscope and cell movement.
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Figure S. The temporal evolution of integrated photoluminescence
intensity of the image of a lung cancer cell A549. An image at the end
of S h of irradiation is shown on the left with the area where the
intensity is integrated marked with a dotted line.

B CONCLUSIONS

We developed a system for the fabrication of CQDs in PEG200
by laser irradiation based on a continuous flow jet. After 4 h of
laser irradiation, the production of CQDs is higher and exhibits
a smaller size than with a batch processing configuration. These
facts indicate that the laser energy is more efficiently delivered
to the sample thanks to the lack of losses in scattering,
absorption, and its better distribution in all the volume of the
liquid. Consequently, this proof-of-concept experiment gives
enough evidence enforcing the statement that a system based
on a continuous flow jet provides a better strategy for scaling-
up the process of fabrication of CQDs from carbonaceous
suspensions by laser. A study of the photoluminescence shows
that CQDs exhibited an excitation-dependent emission
behavior, with longer emission wavelength for longer excitation
wavelength. The fluorescence emission intensity related to
excitation wavelengths close to 287 nm is the strongest. A study
of the surface functional groups by XPS and FTIR
demonstrates the presence of C=0, C—OH, C—0-C, and
C—O—OH groups which have a great potential for biological
applications in conjugating drug or targeting moieties. The
CQDs have been directly applied in imaging of different kinds
of in vitro human cells. This study provides two important
conclusions. First, the CQDs in PEG200 are a good instrument
to preserve the cell information even after its death as they are
not degraded and its position is kept constant. Second, a real
time measurement of the integrated photostability in the cells
demonstrates that the CQDs do not experience photoblinking
and have a reduced photobleaching compared to standard
fluorescence markers. The proposed method has a high
potential for fabricating novel carbon luminescent materials
by pulsed lasers radiation that can benefit many fields, such as
optoelectronic, biosensing, or bioimaging.

H METHODS

Materials. The flow jet experimental setup consists of
simple cost-effective elements, a silicon tube, two pipette tips,
and a funnel to make the liquid flow in a closed loop boosted
by a peristaltic pump (Watson Marlow 313S). A picture
showing the distribution of the elements can be seen in Figure
S1. One of the pipette tips is cut and inserted in the other to
avoid the splash of the liquid in the irradiation zone. The
irradiated colloid is composed of 40 mg of carbon glassy
particles dispersed in 100 mL of polyethylene glycol 200. The
original size of carbon solid particles is 2—12 pm. A ball mill is
used during 5 h at 300 rpm to reduce the particle size.
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Theoretical Calculation. Particle heating—melting—evap-
oration model***? was applied to estimate the necessary level of
laser fluence.

Fluorescence Measurements. Fluorescence spectra
shown in Figure 2c were recorded using a Cary Eclipse
Fluorescence Spectrophotometer (Varian) with excitation
wavelengths from 200 to 400 nm and a 10 mm path length
quartz cuvette.

Infrared Spectroscopy Spectrum. The FTIR spectrum
(Figure 3a) was measured using a FT/IR-6200 (Jasco) Fourier
transform infrared spectrometer.

Internalization and Fluorescence Images. The samples
extraction protocol is a variation of the Cepeda-Pérez.** The
internalization of the CQDs into samples of OECs taken from
10 different subjects was analyzed by fluorescence images
acquired with an inverted confocal microscope Leica TCS SP8
using a 405 nm diode as the excitation source and a PMT
(photomultiplier tube) collecting light in the 420—637 nm
region as the detector.
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A new method is proposed for producing nanoparticle-metal composite powders for laser additive manufactur-
ing of oxide-dispersion strengthened (ODS) alloys. Different composite powders containing laser-generated Y03
and yttrium iron garnet (YIG) nanoparticles were produced and consolidated by Laser Metal Deposition (LMD).
The structural properties of the manufactured ODS alloys were analyzed, and their hardness, remnant porosity,
and temperature-dependent compression behavior were characterized to study the effect of the composition
and size of the nanoparticles on the structural and mechanical properties. While the structural analyses did not
show significant differences between the processed samples within the limits of the characterization methods
that were used, the temperature-dependent compression behavior showed an increase of up to 22 + 11% in the
high-temperature strength of the specimens that contained only 0.08 wt% of laser-generated nanoparticles. This
increase is attributed to the dispersed and deagglomerated nature of the nanoparticles that were used during the
powder-preparation step.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

The adaptation of material properties to industrial demands always
has been a major topic of material science. Strengthening of metal alloys
by modification of the microstructure is a prominent example for this
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universal approach that can be achieved by traditional as well as new
metallurgical processing techniques, such as laser-based additive
manufacturing (LAM). The fundamentals of strengthening can be re-
duced to basic methodologies, such as the introduction of solute
atoms into the alloy matrix (solid solution hardening), the introduction
of extensive dislocations by cold deformation (work hardening), grain
refinement, and the introduction of exogenic dispersoids [1]. In the lat-
ter case, the strengthening effect is caused by the addition of obstacles
into the metallic matrix that retard dislocation movements. This effect
is known as the Orowan mechanism [2]. A material class that benefits
from this strengthening mechanism is oxide dispersion-strengthened
(ODS) steels. These steels achieve their properties due to the
homogeneously-distributed, nanometer-sized second-phase oxide par-
ticles in a ferritic/martensitic steel matrix [3]. Typically, dispersoids are
composed of yttrium-based oxides, and they exhibit low solubility in
the ferritic/martensitic steel matrix, thereby offering only a low poten-
tial for coarsening by Ostwald ripening [4]. In addition, several proper-
ties can be enhanced or even added to the initial steel by controlling
the composition, dispersion, and size of the dispersoids [5,6]. The ability
of nanometer-sized dispersoids to act as sinks for irradiation-induced
point defects (e.g., Frenkel defects) qualifies this class of materials as ex-
cellent structural materials in nuclear power plants [7-13]. In addition,
this class of materials offers the possibility for the development of
creep-resistant steels, and the heterogenic particles increase the
strength of the materials at high temperatures, resulting in high creep
resistance [14-18].

The main technique used to fabricate ODS steels is the powder met-
allurgy technique [19,20], which consists of a mechanical alloying pro-
cess using a metal matrix alloy powder and nanometer-sized yttrium
oxide powder. Powder composites of metal and oxide particles are
formed by ball milling in planetary or high-energy attritor type mills
[21,22]. The ball-milling process is followed by various consolidation
techniques, such as hot-isostatic pressing and hot extrusion, new
spark plasma sintering [23], and various thermomechanical treatments
[24]. However, these complex and expensive fabrication techniques for
ODS steels are still the major impediment to their extensive utilization
in industrial applications.

Currently, there are alternative approaches for manufacturing
metal-oxide powder composites. They can be produced via gas atomiza-
tion reaction synthesis in which a reactive atomization gas (i.e., Ar-O5)
is used to oxidize the surfaces of molten metal droplets, followed by
rapid solidification. The subsequent conventional consolidation process
promotes an in-situ oxidation reaction that results in the formation of
nanometer-sized yttrium oxides [25]. Another approach is the
furnace-based surface oxidation of conventionally gas-atomized pow-
der that already contains certain amounts of yttrium and titanium
[26]. Liquid metallurgy techniques are limited due to the inherent prob-
lems associated with introducing Y,05 particles in liquid Fe-Cr melts,
i.e., problems that are caused by the limited wettability of Y,03 by Fe-
Cr melts and the strong tendencies to agglomerate and undergo flota-
tion [27]. Whereas the low wettability can be influenced successfully
by the modification of the chemical composition of the melt (e.g., by
adding excess Y [28] or Si [27]) to achieve a homogenous distribution
of oxides, agglomeration and flotation of Y03 particles only can be
prevented by heavy stirring, even up to the formation of cavitation
[29,30] or rapid solidification techniques, e.g., spray forming [26].

Due to the high solidification rate and the surface tension gradients
generated in the laser-induced melt pool, LAM is a promising technique
for manufacturing ODS steels with a homogeneous distribution of the
second-phase particles. LAM allows the manufacturing of near-net-
shaped parts (directly from computer files). Therefore, complex geom-
etries can be produced efficiently with minimum subsequent subtrac-
tive machining required [31]. However, only limited studies have been
reported on the additive manufacturing of ODS materials. The few stud-
ies that are available used mechanically-alloyed powders as the feed-
stock for SLM [32-35] and for Laser Metal Deposition (LMD) [36]. An

important difference between LMD and SLM is the deposition method.
The powder flowability is much more important for the feeding of pow-
der through a nozzle, which occurs in LMD. Mechanically-alloyed pow-
ders typically are characterized by significantly deformed powder
particles that have non-spherical morphologies [37]. The use of these
powders causes unstable powder injections in the melt pool by the
powder nozzle system in the LMD process or the formation of inhomo-
geneous layer thicknesses during powder layering in the SLM process
[38]. The melting and solidification processes are similar for both
methods, but higher cooling rates and stronger convection are expected
in SLM [39], which might be favorable for homogeneity and the sizes of
the nanoinclusions in the built part [28].

Although the feasibility of the production of ODS steels by AM has
been demonstrated, neither a mechanical characterization of the built
part nor a microstructural analysis has been reported. Also, the resulting
ODS steels showed segregation or agglomeration of the oxide
nanoinclusions, which, in turn, was found to deteriorate the mechanical
properties of the part [33-35]. This disadvantage of the utilized powders
shows that the oxide-delivering entity, i.e., the educt powder, is of sig-
nificant importance for understanding the correlation between the
properties of the powder and the microstructural properties of the
LAM-built part. Based on this perspective, Boegelein et al. explicitly sug-
gested that an ODS alloy powder specifically for LAM should be devel-
oped in parallel with the optimization of the processing parameters in
order to produce solid structures that have fine dispersoids [32].

In this study, a new technique is presented for the production of
nanoparticle-metal powder composites that are intended as feedstock
materials for LAM. Colloidal suspensions of Y,03 and YsFesO;; (YIG)
nanoparticles in water are generated by pulsed laser irradiation [40]
(Fig. 1(a)), and they are adsorbed on ferritic stainless steel powder sup-
ports by pH-controlled electrostatic interaction to generate new ODS
alloy powders (Fig. 1(b)). The powder composite was analyzed and
processed by LMD, and the built part was characterized structurally by
electron microscopy and energy dispersive X-ray spectroscopy (EDX);
it was characterized mechanically by testing the hardness, remnant po-
rosity, and temperature-dependent compression strength.

2. Materials and methods
2.1. Preparation and chemical analysis of nanoparticle-powder composites

Four different powders were used as feedstock for LAM. A ferritic
stainless steel powder consisting of 73.4 wt% Fe, 21.0 wt% Cr, 4.67 wt%
Al, and 0.47 wt% Ti with a dso value of 64.2 um was used as the base
powder for all powder composites. Three different types of nanoparti-
cles were adsorbed on the steel powder support, i.e., commercially
available Y,0s5 (Sigma Aldrich), laser-irradiated Y,05 (hereafter referred
to as “LI Y,05"), and laser-irradiated YIG (hereafter referred to as “LI
YIG"). Laser-irradiation and deagglomeration were performed by the
method of laser synthesis and processing of colloids (LSPC) [41,42] uti-
lizing a 10-picosecond laser (EdgeWave PX400-3-GH) with a wave-
length of 355 nm, a laser power of 20 W, and a repetition rate of
80 kHz. The laser beam was focused by a cylindrical lens (100 mm
focal length) in a passage reactor configuration [43,44], as shown sche-
matically in Fig. 1(a). Laser-irradiation of YIG colloids is performed at
neutral pH without the use of ions for stabilization, whereas Y05 is
processed at pH 9.5 and an ionic strength of pH 0.1 mmol/l, where the
colloid is the most stable (also see zeta-potential measurements in the
Supporting Information). The irradiation process was repeated for five
passage cycles to ensure complete irradiation of the colloid. Hence, we
produced a total of three nanoparticle-decorated composite powders,
and we used the raw steel powder as a reference.

The nanoparticle-decoration (supporting) was achieved by stirring
the nanoparticle colloid with the steel powder for 2 h in a pH-
controlled environment [45]. More details about the suitable pH value
are provided in the results section. After colloidal mixing, the powder
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Fig. 1.a) Scheme of the experimental setup used for the generation of nanoparticles by pulsed laser irradiation in a passage reactor: Larger or agglomerated nanoparticles flowed through a
passage reactor and were irradiated by a laser beam, producing deagglomerated and/or fragmented nanoparticles; b) Mixing and supporting the generated nanoparticles with the steel

powder by pH-controlled electrostatic interaction.

sediments and the supernatant were removed. The powder composite
was obtained after drying the precipitate in an oven for 2 days at 50 °C.
To relate the amount of nanoparticles on the feedstock powder and
the nanoparticles in the LMD-built part we performed a series of micro-
wave assisted digestions in aqua regia - a mixture of chloric (suprapur,
Roth, Germany) and nitric acids (sub-boiled). Subsequently, the quanti-
fication of yttrium was conducted using inductively coupled plasma op-
tical emission spectrometry (ICP-OES, CIROS CCD, Spectro Analytical,
Germany ), whereas the wavelengths of 360.073 nm, 371.030 nm and
377.433 nm were considered. Instrument calibration was carried out
with series of solutions in the range from 10 ug L' to 10,000 ug L' pre-
pared from yttrium standard solution (CertiPur®, Merck, Germany).
Subsequently, the element concentration in the sample solution
(ng L") and solid material (ng/g), respectively, was calculated using
the corresponding regression lines with a correlation factor >0.999.

2.2. Laser Metal Deposition

LMD was performed with a diode laser system (Laserline LDF 2000~
30) that worked simultaneously at wavelengths 1025 and 1064 nm. The
laser beam was guided by an optical fiber collimated by an f = 200 mm
lens, and it was focused by an f = 182 mm lens that generated a focal
spot of 0.6 mm. To inject the powder into a coaxial powder feed nozzle
(Fraunhofer D40), we used a disc feeding system (GTV Verschleischutz
PF2/2) based on the flow of ultra-high purity argon gas. The parameters
of the process were developed by iterative changes of laser power, de-
position speed, powder feed rate, and track offset to satisfy clad densi-
ties (verified by LOM) and homogenous distribution of oxide
nanoparticles (verified by SEM). The stepwise scanning of process pa-
rameters was performed with discrete changes of approximately
100 W, 100 mm/min, 0.1 g/min, and 25 um, respectively. The bulk sam-
ples were built with a deposition speed of 2000 mm/min, a powder feed
rate of 1.3 g/min, and irradiation with 370 W. To manufacture each
layer, we performed a two-dimensional scanning pattern with 34 single
tracks and an offset of 350 um between the tracks. Each sample that was
generated consisted of 40 layers with a relative separation of 210 um.
Rapid heat transfer from the substrate material was achieved by placing
the material on a water-cooled plate at 23 °C.

2.3. Measurement of remnant porosity

The remnant porosity was characterized by the X-ray micro-
computed tomography technique (p-CT), which provided an analysis
of the amounts, sizes, and locations of the pores and defects in the spec-
imen. The p-CT analyses were performed on a Nikon XT H 160 with a
microfocus X-ray source, a maximum acceleration voltage of 160 kV,
and a real-time detector with 1024 x 1024 pixels at a detector area of
130 x 130 mm. The integrated software was captured 30 frames per
second (fps). A cone-shaped device emitted a beam of X-rays in the di-
rection of the detector that penetrated the material and allowed the

production of 2D images of the specimen. During the measurements,
the specimen was rotated stepwise by 360°, creating approximately
1500 2D images, from which a 3D dataset of volume elements (voxels)
were reconstructed via special algorithms. To get an improved contrast
for scanning, calibration of the filament of the X-ray source was re-
quired for optimal shading correction, which removed the artifacts
caused by the varying responses of the pixels. The p-CT scans were per-
formed on cylindrical specimens that had diameters of 1 mm and
lengths of 6 mm. The specimens were manufactured from the laser
metal deposited bulk material via the micro water jet cutting technique.
For each batch, p-CT scans were performed on two specimens to deter-
mine remnant porosity. Table 1 provides a summary of the scanning pa-
rameters that were used for the specimens. The resolution (voxel size)
that was achieved was related directly to the effective pixel size of
4.45 um, resulting in a minimum detectable defect volume of approxi-
mately 700 um® (8 voxels).

The reconstructed 3D volumes were analyzed using a 3D-image
analysis software package (VG Studio Max) to determine the pore
values, such as the diameter, volume, surface, and distance from the sur-
face of the encasing circle. In addition, the software allowed us to use
color coding to highlight the pores that were detected in the recon-
structed volume, depending on the different characteristics of the
pores, such as their volumes.

2.4. Measurements of microhardness

The specimens that were to be used for characterization of their mi-
crohardness were cold-embedded and ground and polished to a grit size
of 0.3 um using an oxide polishing suspension (colloidal SiO,). Micro-
hardness was measured on a Shimadzu Micro Vickers Hardness Tester
HMV-G with a static load of 0.9807 N (HV0.1). Microhardness was de-
termined for each batch, at the horizontal and vertical cross sections rel-
ative to the build direction. Five indentations were used for each cross
section to determine the values of average hardness.

2.5. Compression tests at room temperature and elevated temperatures

To determine the mechanical behavior of the ODS steel, we con-
ducted quasistatic compression tests at room temperature and at ele-
vated temperatures (300 and 600 °C) using a servohydraulic testing
system (Schenck PC63M, Instron 8800 controller) with a 50 kN load

Table 1

Parameters of u-CT measurements.
Beam Beam Power Exposure Effective Captured
energy current time pixel size images
150 kv 82 A 123 W 250 ms 445 um 1583
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Fig. 2. Experimental setup for compression tests at elevated temperatures.

cell (Fig. 2). The system was equipped with a high-temperature furnace
(MTS 653) with two heating zones for temperatures up to 1100 °C. A
micro water jet was used to cut the as-built samples into cylindrical
specimens with diameters of 4 mm and heights of 5-6 mm (related to
the as-built sample height). The front sides of the specimens were
polished and lubricated (Molykote®) to decrease friction between the
specimens and the compression dies during the compression tests
related to DIN 50106. The tests were conducted at a controlled speed
(ve = 0.0833 mm/min), and the displacements of the traverse and com-
pression forces were recorded. For testing, the cylindrical specimens
were placed on compression dies made of tungsten carbide (WC) co-
balt, which were used with water-cooled gripping jaws (Fig. 2).

3. Results and discussion
The process for producing nanoparticle-steel powder composites is

based on two synthesis steps. First, a colloidal suspension of nanoparti-
cles of the desired reinforcing material for the ODS steel powder is

prepared in water and processed by LSPC, as described in Section 2.1
[41], (Fig. 1(a)). This recently-established colloidal synthesis method
is economically feasible [46] and has a high nanoparticle output
[47-49], which is required for LAM where kilograms of powders are
processed. In addition to its applicability for a wide variety of materials
[41,50,51], it has the possibility of generating custom powders [52] for
different applications. The second step in preparing the composite pow-
ders consists of colloidal mixing of the ligand-free nanoparticle suspen-
sion and the steel micropowder (Fig. 1(b)). To achieve
dielectrophoresis-controlled deposition [53] of the nanoparticles on
the surfaces of the steel microparticles, the mixture is stirred at a pH
value between the isoelectric points (IEP) of Y,03 [54] (IEP = 7.98 +
0.21, c.f. Fig. S1) and steel (IEP = 3) [55] or the IEP of YIG (IEP = 9.5)
and steel. Between these points, the Y,05 and YIG nanoparticles have
positive charges, and the steel powder is electrostatically negatively
charged. The last step consists of removing the powder sediments that
are generated, removing the supernatant, and drying the sediment to
obtain the resulting ODS steel powder. The efficiency of this decoration
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Fig. 3. TEM images: a) Y,03; b) LI Y03 nanoparticles; c) LI YIG nanoparticles; d), e), and f) Particle size distributions extracted from a), b), and c), respectively.
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Fig. 4. SEM images of the different powder composites, including the loading weight variation of LI Y>03: a) raw steel powder; b) steel powder decorated with Y,05; c) steel powder
decorated with LI Y,03; d) steel powder decorated with LI YIG; e) raw steel powder with higher magnification as inset; f) steel powder decorated with ~0.01 wt% LI Y,0s; g) steel

powder decorated with 0.08 wt’% LI Y,03; h) steel powder decorated with 1.3 wt% LI Y,05.

process is strongly related to the pH-value at which it is performed [53].
According to ICP-OES measurements of the decorated powders the effi-
ciency of the process lay between 20 and 90% for the materials reported
in this study. A control experiment in which the educt steel powder was
analyzed by REM-EDX confirmed that the steel powder was not oxi-
dized further during its transient immersion time in water (Fig. S2). In
an additional control experiment, the weight of the sludge (i.e., the sed-
iment before drying) was measured gravimetrically over several days at
50 °C. As shown in Fig. S3 (Supporting Information), most of the water
was removed from the sludge during the first day of drying.

To show the universality of our method, two different yttrium-based
nanomaterials were used to reinforce the steel powder, i.e., Y,03 and
YIG. It is well known that yttrium oxide species lead to high-
temperature strength [56,18] as well as radiation resistance [57] in
ODS steels. The most straightforward way to obtain these structures is
by adding Y,03 nanoparticles during the process of generating the
ODS steel powder. YIG was chosen based on reports in which 1) Fe;03
was added to a matrix with yttrium content [58] and 2) Fe,03; and
YFe; were milled in a ball milling process [59]. In both cases, it was re-
ported that fine dispersions of yttrium-based oxide nanoparticles
were obtained in the ODS steel that was produced. By using YIG, we
also introduced both oxides simultaneously into the steel matrix, since
YIG decomposes to YFe; and Fe,0O; when heated above 1550 °C
(which is the case during the LAM process) [60]. In addition, until

Optical fiber

Powder supply <=

Collimation optics

Focussing optics

Powder nozzle

now, there have been no studies related to the generation of ODS steels
by adding Y3Fes04, nanoparticles to a steel matrix.

Composites containing Y,0s, LI Y,053 and LI YIG were chosen to
study the differences between pulsed laser irradiated nanoparticles
and commercially-obtained Y,05 nanoparticles. Fig. 3 shows transmis-
sion electron microscopy (TEM) images and particle size distributions
of these three nanomaterials. The particle size was measured with the
Software Image] (Version 1.51s) for d) and e) by hand with 302 respec-
tively 258 particle counts. In total 830 particles were automatically
counted in f) with the plugin “ParticleSizer 1.0.7” [61] for Image]. This
plugin couldn't be used for d) and e) due to heavy agglomeration of
the particles. By analyzing the size distributions obtaining their median
and median absolute deviation it can be seen that, the commercial Y,03
nanoparticles (Fig. 3(a)) are heavily agglomerated and exhibit a size
distribution of 28 4= 8 nm. For LI Y,05 (Fig. 3(e)), the size observed for
the commercial nanoparticles is reduced, and the particles are
deagglomerated (Fig. S4). A second population at 3.2 4 0.6 nm appears
due to the fragmentation of the initial nanoparticles. The presence of
small nanoparticles leads to the reinforcement of ODS steels against
heavy ion and neutron radiation [10], but this aspect is not addressed
in this report. The size distribution of the LI YIG nanoparticles (Fig. 3
(f)) also exhibits two populations, one centered at 40 4+ 26 nm and
one with a mean size of 12 4- 4 nm. The broad size distribution observed
for the LI YIG nanoparticles can be associated with the broad size
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[P ———

P —_—
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Fig. 5. Image of the setup used for the LMD manufacturing process (left) and scheme of the LMD process showing the laser, powder feeder, and the processing region (right).
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Fig. 6. Light optical microscopy images of cross sections of the LMD-built parts: a) parts built from steel powder; b) parts built from steel powder with Y,03 nanoparticles; c) parts built
from steel powder with LI Y,05 nanoparticles; d) parts built from steel powder with LI YIG nanoparticles; e), f), g), and h) are SEM images of the cross sections shown in a), b), ¢), and d),
respectively, and they show the nanoinclusions in the metal matrix; i), j), and k) show the interparticle spacing distributions of the nanoinclusions extracted from f), g), and h),

respectively.

distribution of the commercial YIG powder that was used as an educt
powder for laser irradiation. However, in comparison to LI Y,0s, the
population of smaller particles was significantly higher, indicating a
higher efficiency in the laser fragmentation process of both educt
powders.

The nanoparticles are adsorbed onto the steel powder support by
the method described in Section 2.1. Images of the powder composites
that were prepared are shown in Fig. 4. While Fig. 4(b-d) show steel
powders decorated with 0.08 wt% (as confirmed by ICP-OES measure-
ments) of the different types of nanoparticles, Fig. 4(e-h) show the
steel powder with different coverages of LI Y,03 nanopatrticles. In prin-
ciple, our method of supporting nanoparticles is capable of changing the
extent of coverage by the nanoparticles. To ensure a homogeneous dis-
persion of the nanoparticles on all steel microparticle surfaces, a value of
0.08 wt% was chosen for the nanoparticle loading in all of the composite
powders that were used for further processing.

The flowability of the produced composites powder was character-
ized by measurements of the avalanche angle o, (also referred to as
“angle of repose”) based on the rotating drum principle [62]. These
measurements showed superior flowability of the powder composites
produced in this study (otyspcy = 33.17° (£0.03°)) compared to powder
composites, produced via conventional mechanical alloying (&tpma) =
40.91° (4+0.06°)), indicating better processability in the LMD process.

In the next step, the composite powders were processed with the
LMD setup shown in Fig. 5 using the procedure described in
Section 2.2. Fig. 6(a-d) show the images acquired by light optical mi-
croscopy of the built parts. The grain structure in all samples can be as-
sociated with the manufacturing strategy. Large grains were observed in
the building direction with a subtle inclination of a few degrees related
to the scanning geometry and the curvature of the solidification front
[63]. The presence of the same enlarged grain growth in all the parts in-
dicated that the addition of the nanoparticles to the steel matrix did not
alter the mechanism of growth in the LMD process. Typically, nanopar-
ticles, such as TiC nanoparticles, act as grain refining agents by enabling
heterogeneous nucleation in laser additive manufactured steels, as was

demonstrated by AlMangour et al. [64] The authors explained this be-
havior based on the good wettability of TiC with steel melts. Since
Y,03 exhibits poor wettability in a melted iron chromium matrix [27]
and a lattice mismatch [65] between the nanoparticles and the steel ma-
trix, no altering of the growing mechanisms, i.e., by heterogeneous nu-
cleation, is expected by the addition of Y>03 nanoparticles. The lattice of
LI YIG nanoparticles with a lattice constant of 12.4 A also is not compat-
ible with that of steel (2.8 A) [66]. However, unlike Y505, which has a

d) 1.0
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0.4
0.2
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Paorasity (%)

Raw Steel Y,0,

LIY,0; LIYIG

Fig. 7. Consecutive steps to determine the pore distribution and density for every
specimen: a) 2D-scan; b) color-coded 2D-scan based on pore volume; c) color-coded
3D-scan (exemplary for the raw steel); d) results for the process-induced remnant
porosity of parts built from the raw steel powder and composite powders containing
Y503, LI Y505, and LI YIG as extracted from the 3D CT-scans.
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Table 2

Results of microhardness measurements (HV0.1) in transverse and longitudinal sections.
Section Raw steel Y>03 LI Y505 LIYIG
Transverse 236+ 2 225+ 6 240+ 10 230+8
Longitudinal 23343 24542 223+ 4 235+ 4

melting temperature of 2410 °C, YIG melts at 1555 °C. Accordingly, YIG
might melt during LMD while this might not be the case for Y,03, since
the temperature of the LAM-melt pool typically is reported to be be-
tween 2000 and 3000 °C [67,68]. The effect of these different melting
temperatures on the ODS alloy structure will be an interesting topic to
study in further investigations.

The SEM images in Fig. 6(e-h) show the cross-sections of the LMD-
built part, and they show the homogeneously distributed oxide particles
inside the grains of the parts built from the composite powders. ICP-OES
analysis indicated that 40% of the nanoparticles decorated on the feed-
stock powder were reproducibly captured in the bulk of the built part.
Hence, the reinforced specimens contained 0.08 wt% of nanoparticles.
The strength of the bond between nanoparticle and micropowder is re-
lated to the nature of the nanoparticle supporting mechanism and
hence can be adjusted by the pH-value. Finely tuning the nanoparticle
deposition process between electrostatic deposition and diffusion-
controlled deposition in order to increase the abrasion resistance of
the decorated nanoparticles will be an important aspect of future stud-
ies. EDX analysis was used to evaluate the chemical compositions of the
nanoscale dispersoids on the sporadically-traceable, large dispersoids
with diameters in the micrometer regime, and the results indicated en-
richments of yttrium, oxygen, and titanium (Fig. S5, Supporting Infor-
mation). Hence, in addition to Y,0s, the dispersoids also could be
composed of Y,Ti,05, as reported in the literature for many ODS mate-
rials [69]. The part built from the raw steel powder (Fig. 6(a)) exhibited
minor amounts of titanium/chromium carbide precipitates, which were
confirmed by EDX. A detailed analysis of the nature of the oxides would
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require transmission electron microscopy measurements, but such
measurements were not within the scope of this study. The SEM images
were analyzed further to obtain a rough estimate of the distribution of
the interparticle distances of the nanoinclusions for each composite
sample (Fig. 6(i-k)). In all samples, a fine dispersion of the oxide
nanoinclusions was achieved. However, according to the Rosler-Arzt
[70] and the Orowan mechanisms, there are optimum ranges of values
for nanoparticle size and interparticle distance that lead to maximum
enhancement of the creep strength in the ODS material. The optimum
size typically is in the range of 1 to 100 nm, and the optimum spacing
between particles was between 10 and 1000 nm for the material com-
binations that we used [70]. Based on the SEM images, the mean size
of the nanoinclusions in the three samples was estimated to be around
100 nm, which was consistent with the reported optimum range. The
accuracy of the size measurement was limited by the resoution of the
SEM images, so small populations of nanoinclusions could not be re-
solved. Based on the size distributions, it was evident that the Y,05 sam-
ple (Fig. 6(i)) had the largest median value, i.e., 780 + 210 nm. For the LI
Y03 (Fig. 6(j)), the interparticle distance was lower, but the width of
the curve was similar, i.e., 660 + 210 nm. In the LI YIG sample (Fig. 6
(k)), the mean interparticle size was the lowest, but it had a similar
curve width, i.e., 640 £ 220 nm.

The characterization of remnant porosity was conducted by p-CT as
described in Section 2.4. Based on the p-CT results, it was evident that
the densities achieved for all of the batches were higher than 99%.
Fig. 7 shows an example of the steps that were used to achieve the re-
sults for the raw steel metal. Fig. 7(a) is a 2D, transverse cross-section
of the volume created based on the X-ray images. The presence of
pores clearly can be seen. The algorithm that was used automatically de-
tected pores based on their different grey values, and it labelled these
pores based on their volumes. The outcome, shown in Fig. 7(b) and
(c), shows the fully analyzed 2D cross-section and 3D volume with all
of the detected pores. The figure shows a magnified view of the largest
pore in this specimen, with a volume of approximately 460,000 um>,
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and the surrounding pores. The equivalent volume of the analyzed spec-
imen was approximately 3 mm>. The determined remnant porosity of
each sample is shown in Fig. 7(d), and it ranged from 0.34 + 0.05% for
the raw steel up to 0.78 4 0.04% for the LI YIG specimen. While the LI
Y,05 sample had no significant effect on the porosity of the specimen,
changing from Y,05 to YIG resulted in a significantly increased porosity
compared to the raw material and the Y,05 sample. This result might in-
dicate that the nano-oxide composition influences the crystallization
[71] and nucleation processes [65], thereby changing the surface ten-
sion or the wettability of the oxide nanoparticles [72]. Although the
exact reason for the different porosities is still unclear, we concluded
that porosity values below 1% are negligible for LAM-built parts [73].

We performed microhardness and compression tests at room tem-
perature and at elevated temperatures to study the mechanical proper-
ties of the parts additively manufactured from different composite
powders.

Table 2 shows the results of the Vickers hardness measurements
(HVO0.1). For each batch, comparable hardness values were determined
for transverse and longitudinal cross sections relative to build direction,
but the longitudinal section had slightly higher hardness values. The
measured hardness values ranged from 223 HVO0.1 for the LI Y503 spec-
imen to 245 HVO0.1 for the Y,03 specimen. In support of the discussions
above, these measurements show that neither the added LI YIG nor the
Y,05; nanoparticles mixed with the steel matrix in the LMD
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Fig. 9. Compression strength, o, at different plastic displacements, s, of 0.02, 0.2, and
0.6 mm: a) at RT; b) at 300 °C; ¢) at 600 °C linked to the composition of added particles.

manufacturing process because changes in the matrix lattice structure
of the steel would affect the hardness of the final ODS steel [74,75].
This result also was in accordance with Bogachev et al., who stated
that 0.3 wt% of Y,03 nanoparticles in an ODS steel matrix is too low to
have an effect on the microhardness of the material [76].

Quasistatic compression tests at room temperature (RT) and ele-
vated temperatures (300 and 600 °C) were conducted to determine
the mechanical behavior of the ODS steel. Although tensile tests com-
monly are used to characterize the mechanical behavior of structural
materials, compression tests were performed in this study in order to
be able to use small specimens, which was essential due to the small
amounts of synthesized nanoparticles and resulting bulk material.
Fig. 8 shows that the results that were obtained provided a first impres-
sion of the temperature-dependent mechanical behavior. The focus was
placed on the differences between the unreinforced raw material and
the different kinds of oxide-strengthened or modified specimens.
Fig. 8(a-c) show the averaged results of the compression tests plotted
as stress-displacement diagrams. Due to the high ductility of the speci-
mens, no fractures were observed up to a displacement of 2 mm at room
temperature. Increases in the compression stress at displacements
>1.5 mm were apparent because the specimens were sheared at an
angle of 45°, leading to non-homogeneous increases in the cross-
sectional area. Therefore, additional tests were performed up to a dis-
placement of 1 mm. To provide a better comparison, the temperature-
dependent variation of the compression strength at a displacement of
0.6 mm was plotted in Fig. 8(d).

As expected, the mechanical strength of the material decreased sig-
nificantly from RT up to 600 °C. At RT and 300 °C, the slopes of the curves
in the elastic region were comparable and showed no significant differ-
ences. At 600 °C, only the LI YIG and LI Y05 specimens exhibited stron-
ger elastic behavior, which is apparent in the higher slope, but the
elastic behavior of the Y,03 specimen decreased and reached the lowest
values for the unreinforced samples. The results of the test at 600 °C,
which was a critical test of the ODS steels that are used in high-
temperature environments, showed the most significant differences of
the stress-displacement behavior and compression strength at a specific
displacement, respectively. To verify the exact progression of the com-
pression behavior (dashed lines in Fig. 8(d)), tests at higher tempera-
tures are necessary.

To gain comparable values for compression strength independent of
elastic behavior at a specific plastic displacement, the compression
stress over plastic displacement was calculated based on the slope in
the elastic region. The compression strength, o p, was determined at
specific plastic displacements, s, of 0.02, 0.2, and 0.6 mm and compared
in Fig. 9. For the results at room temperature, the LI Y,05 specimens had
a high compression strength at 0.6 mm of plastic displacement, while
the LI YIG and the unreinforced samples had the highest strengths at
the displacement of 0.2 mm. When the temperature was increased,
the reinforced materials had higher stresses than the unreinforced ma-
terials, which was consistent with results obtained for materials rein-
forced with carbide nanoparticles [64]. The most significant result was
obtained for the LI Y03 specimen, which had the highest compression
strength of the specimens tested at 600 °C. The compression strength
was 22 4+ 11% greater than that of the unreinforced specimen. The LI
YIG specimen exhibited an increase of 6 4- 4%, while the compression
strength of the Y,03 specimen was decreased by 5%. This result indi-
cated that laser-irradiated nanoparticles decorated on steel powders
are particularly suitable for the LMD-manufacturing of ODS steels due
to their dispersed and deagglomerated nature (Fig. 3(b, c)).

4. Conclusions and outlook

The feasibility of a novel powder synthesis technique was demon-
strated by electrostatically depositing pulsed-laser irradiated Y,03 and
YIG nanoparticles on steel powder and processing these powder com-
posites by LMD to manufacture ODS steels. The mechanical
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characterization of the ODS steels indicated that the hardness was not
affected significantly by the inclusion of nano-oxides into the matrix,
which most likely was due to the lattice mismatch between the steel ma-
trix and the nanoparticles and the low wettability of the nanomaterials
that were used. Porosity measurements indicated that the densities of
all of the LMD-built specimens were higher than 99%, indicating the
suitability for LMD. Compression tests at elevated temperatures indicated
that the samples initially prepared by laser irradiation provided
outstanding performance. Their compression strength at 600 °C was en-
hanced significantly over that of the unreinforced raw steel specimen.
This is a characteristic that an effective ODS steel is expected to have
since it is typically used in a harsh environment. Apparently, a correlation
exists between the agglomeration state and dispersion of the nanoparti-
cles used on the powder support and the mechanical properties of
the LMD-consolidated part. These findings show that our technique for
producing nanoparticle-powder composites for LAM is a promising
approach for the reinforcement of the steel used a wide variety of
materials that contain dispersed nanoinclusions.

Future investigations will focus on producing oxide inclusions
smaller than 100 nm by decreasing the particle size of the larger fraction
of the deposited nanoparticles and changing the LMD-melt pool dynam-
ics by adjusting the LMD-process parameters. In addition, we will per-
form tensile tests, characterize the microstructure in the nano-regime,
and conduct tests of the creep strength and neutron irradiation resis-
tance of the LAM-built parts. Also, additional tests between room tem-
perature and 300 °C and above 600 °C will be performed to provide
better validation of the dependence of the compression behavior on
temperature.
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