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Preface

Particulate solids are attractive educts for the synthesis of colloids due to the
availability of many materials as powders that can be handled occupationally safe
as suspensions. Mechanical wet-grinding benefits from these advantages but
bears drawbacks due to product contamination by grinding body abrasion.
Further, especially hard or ductile educts are rarely accessible as nanoparticles
by wet-grinding methods. Also the chemical modification is limited and can
hardly be controlled by milling. The abrasion-free physico-chemical particle
suspension processing by laser irradiation address these issues.

Prior to the work of Marcus Lau, presented here, several international studies on
laser fragmentation and laser melting showed the general potential of the
method. But all these studies could not extract data about the specific energy
input or derive scaling parameters. These earlier studies focus on the final
particle size and their composition, but are not investigating in detail the
development of particle properties over time and the influence of laser and fluid
parameters on the fabricated inorganic nanoparticle colloids. But exactly that is
required for an additional understanding in this relatively new synthesis
approach.

For this purpose Dr. Marcus Lau developed independently a comparable simple
but useful apparatus and studied the influence of fluid, laser, and material
parameters on the yield and properties of the particles irradiated with high
power lasers. He exploits this new set-up for detailed studies of the process with
selected model substances. This advanced technique enables a highly demanded
qguantification of the specific energy input, the passage quenching, and the
identification of intermediates during the process, what gives insight into particle
property development.

This book “Laser fragmentation and melting of particles” gives a general
understandable introduction into the field of laser fragmentation and melting of
particles. The presented state of the art summarizes the comparably young
method of laser fragmentation of particles and the even younger method of laser
melting of particles. Within the experimental studies he uses different educts as
model substances such as metals (Au, Al), a semiconductor (Zn0O), metal
precursors (CusN, CuO, CuzN, Cul) and a material combination (Au/Zn0O) to show
that mechanistic insights and technical relevant applications are possible. The
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investigations demonstrate that particle properties and the particle chemistry
can be modified and yield-optimized by irradiation with high power, short and
ultrashort pulse lasers.

The experimental work demonstrates that the developed passage reactor is
suitable to control the specific energy input and energy density to manipulate the
particle properties of different materials by laser irradiation. The different
material characterization methods reveal that after each passage (irradiation
cycle) particle properties can be adjusted with impressive accuracy. Furthermore,
the experimental results and the modelling of the process demonstrate that this
colloid synthesis method is close to overcome the lab scale. Additionally the
results give insight into the possibilities to fabricate new materials. This is shown
exemplarily for gold nanoparticles supported on zinc oxide particles that are
successfully inverted resulting in inclusions of nanoparticulate gold in a zinc oxide
matrix.

The dissertation of Marcus Lau is a pioneering work especially for the mechanistic
understanding, to identify intermediates, and for upscaling for the laser
irradiation process of particles in liquids. Enjoy reading, like | did.

Prof. habil. Dr.-Ing. Stephan Barcikowski
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1 Introduction

Even though nanoparticles were proposed to have manifold possibilities in
application due to their unique properties, some materials and techniques
remain inaccessible due to a missing link between synthesis and application or
up-scaling. Thus, one of the challenging tasks in nanoscience, besides synthesis
strategies remains bringing the nanostructures and particles to application. Top-
down and bottom-up strategies can be differentiated, not only in the fabrication
of nanomaterials, but also be considered for development of new nanomaterials
including the required integration of nanomaterials along the processing chain.
If a particular application is desired and properties of nanoparticles could
perform this demand, the challenge is to bring the nanoparticles in a sufficient
way onto or into the matrix of the nanofunctionalized material delivering
function to the macroscopic product. Such a nanofunctionalization unfortunately
is often the last step in a research and development chain where the properties
of nanoparticles are accessed. Before developing such nanofunctionalized
materials, properties of nanoparticles and the potential of utilizing them have to
be explored and potential applications have to be encountered. Therefore, new
nano-embedding synthesis strategies and precise process control is required to
achieve reproducible product quality during the nanointegration chain.
Furthermore, scalable techniques with defined process parameters correlating
nanomaterial parameters will ease the way to application of nanomaterials and
their continuous fabrication.

Here laser-generated nanoparticles are promising in a variety of fields such as
biomedicine, optics or catalysis. Due to the possibility of receiving the
nanoparticles without any ligands in a variety of liquids, even monomers or liquid
polymers, from numerous materials there is potential for several applications in
the stated fields.

Laser irradiation of educt particles in liquid environment enables chemical
conversion and modification of particle sizes. This approach is straight forward if
the solid educt material is in a particulate state anyway. Further, pulsed laser
processing of particles in liquids (PLPPL) is a method that matches requirements

© Springer Fachmedien Wiesbaden 2016
M. Lau, Laser Fragmentation and Melting of Particles,
MatWerk, DOI 10.1007/978-3-658-14171-4_1



2 1 Introduction

for up-scaling because of its continuous process nature, but lacks of mechanistic
understanding. PLPPL can be subdivided into two different processes. One is the
pulsed laser fragmentation in liquids (PLFL) whereby particles are fragmentized
resulting in a reduced particle size. The other processing technique of PLPPL is
the pulsed laser melting of particles in liquid (PLML) where particles are
transferred into a molten state and resolidify as spheres.

For PLPPL, a laser beam irradiates the particles that are suspended in a liquid that
surrounds them. In the case of PLFL, these educt particles release the smaller
product particles that are captured in the liquid. If the educt particles are exposed
to laser parameters causing PLML, they melt, fuse and resolidify as spheres while
the particle size either increases or remains constant. Whether PLFL or PLML
occurs during PLPPL is depending on the laser parameters and the material
response to incident light. PLFL can be classified as a wet comminution process.
However, PLML is unique due to the fact that by irradiation with an
electromagnetic wave the energy is directly transferred to the particle. Thus the
particle can melt while it is in a liquid environment, or is fragmentized without
any surfactants or impurities.

Within this work an experimental design that allows studying the influence of
laser parameters is developed and demonstrated on obtained particle
properties. PLPPL in a continuous liquid flow is studied whereby for PLFL as well
as for PLML fluence regimes are shown. Precise control of laser fluence in the
liquid jet enabled to study the effect of energy density on particle response
causing PLFL or PLML. Thus changes of particle properties are correlated with
defined laser parameters. The experimental design initially allows the study of
the effect of laser fluence precisely enough to distinguish between different
effects occurring during PLPPL. In order to reach sufficient energy density for
both PLFL and PLML, especially in the case of metal oxide materials, the laser
beam has to be focused. But this results in different energy densities during beam
propagation behind the optical component focusing the laser beam. To this
point, the laser beam has been always focused into a particle suspension vessel
for PLPPL resulting in a strong deviation of laser fluence, depending on the plane
in the liquid where the particle is irradiated. The unique experimental design
used here addresses exactly this drawback and reduces the fluence deviation
during laser irradiation of the particles moving in the liquid environment to a
minimum. This firstly allows to study the impact of laser fluence for PLFL and
PLML precisely enough to distinguish between different mechanisms occurring
during PLPPL. Moreover the liquid jet method is prone to determine the
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transmitted laser energy behind the laser-excited educt particle suspension.
Hence, a correlation of specific laser energy input with particle properties is
possible. Since particle number and mass concentration is known to have an
influence on PLFL the mass specific energy input and energy-per-particle values
are accessible for a contribution to mechanistic understanding of PLPPL.

The developed passage reactor design enables quantitative particle processing
and energy-specific efficiency modelling for experimental and scaling studies.



2 State of the art

Materials processing with lasers is an emerging field, within which a variety of
laser processing techniques such as cutting, drilling, welding, piercing,
patterning, rapid prototyping, macro- and micromachining, forming, cleaning
and using lasers in biomedical processes have been established [Steen2010].
Laser processing of materials usually takes place in ambient air, thus using laser
intensities that remove material from a workpiece’s surface and the particles are
released into the environment. These particles generated by laser irradiation are
in the size regime of nanometers [Ullmann2002]. If these particles are released
into ambient air, they bare the risk of adverse health effects when inhaled
[Barcikowski2009a]. An alternative approach whereby particles are released yet
captured is through laser materials processing in liquids [Fojtik1993]. After
removal from the material’s surface, the particles are confined in the liquid, thus
avoiding their release into the workplace. This technique has been established in
recent decades for nanoparticle generation, where it is not the processed
workpiece that holds interest but rather the produced particles. A modification
of this pulsed laser ablation in liquids (PLAL) technique is the laser irradiation of
particles in the micro, sub-micro or nano range [Fojtik1993]. In contrast to PLAL,
pulsed laser fragmentation in liquids (PLFL) is less intensely studied, resulting in
the lack of mechanistic understanding and an awareness of the possibilities that
this processing technique offers, which motivates this dissertation.

Chapters 2.1 and 2.2 will introduce to the materials selected as model materials
for the practical part of this work, representing a semiconductor and metal
material, respectively. Furthermore, an introduction is provided into the current
state of the art to the interaction of particles with intense laser light in chapter
2.3, before the fundamental aspects of PLFL and PLML are explained (chapter 2.5
and 2.6). This will lead to the novel experimental set-up, which is developed and
exploited, whereby an insight is provided into the possibilities that arise from the
developed set-up. With this design, particle properties and laser parameters can
be correlated and basic mechanistic conclusions of PLFL can be drawn. It will also
be shown that for controlling PLFL, it is necessary to control the adapted laser
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fluence as precisely as possible. Furthermore, the developed set-up enables
determining the specific energy input converted into particle properties.

2.1 Zinc oxide

Zinc oxide is commonly used as a color pigment, e.g. in paints [W6112007].
Moreover, it is also a semiconductor with a direct band gap of around 3.3 eV, a
density of 5.61 g/cm3, a Mohs hardness of around 4.5 [Hernandez Battez2008]
and a wurtzite crystal lattice structure. It occurs rarely in nature and deposits can
be found as zincite. After chemical synthesis, it forms a white powder. Ozgiir and
Morkog et al. reviewed the properties of zinc oxides and described pure zinc
oxide, effects of doping and the variety of fabrication methods and application
fields such as light-emitting devices, UV lasing, photodiodes, transparent
conductive oxides (TCO), thin film transistors, piezoelectric devices, solar cells,
gas sensors and bio sensors [Ozgiir2005], [Morkoc2008]. For several of these
applications, engineering of the bandgap plays an important role in controlling
and changing the electronic and photonic properties. Oba et al. showed that
defects in the wurtzite ZnO lattice cause a change in the energy levels between
the conductive and valence band [Oba2008]. Janotti et al. reviewed the
possibilities of band gap engineering and effects of defects in zinc oxide, showing
that n-type conductivity is promising for several applications [Janotti2008].
Dorranian et al. described photoluminescence of ZnO nanoparticles fabricated by
PLAL from a Zn metal target in a water environment [Dorranian2012] attempting
to correlate the photoluminescence properties to the applied wavelengths and
fluences. Although they postulated an energy level scheme for the different
possible transitions in the ZnO lattice, they could not clearly correlate generated
particle properties with the laser parameters used for particle generation.
Jadraque et al. showed the creation of oxygen vacancies on ZnO targets
irradiated with different UV laser wavelengths under vacuum conditions
[Jadraque2008]. For this, a 308 nm laser wavelength was more efficient to induce
these defects compared to 266 nm. This shows that bandgap engineering and
control of zinc oxide properties is a relevant research field due to the potential in
application of different modifications from zinc oxide, such as TCO [Janotti2008].
Owing to the comparably low price and basic availability, it is a potential
substitute for ITO [Ellmer2011]. Hiramatsu et al. showed that highly conductive
TCO films can be generated by laser ablation of target materials in gas phase and
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a subsequent deposition onto a substrate [Hiramatsu1998]. They ablated target
materials prepared from zinc oxide powders containing germanium oxide or
aluminum oxide powders, known to be an effective dopant for this purpose
[Luo2013]. For this, the powders were mixed and sintered prior to laser ablation,
which resulted in a highly conductive TCO onto the substrate, comprising the
comparably cheap educts such as ZnO and Al.0s powders. Usui et al. reported
about the laser ablation of a zinc plate and obtained zinc oxide nanoparticles
[Usui2005], thus showing the (partial) oxidation of the material. Nonetheless, a
comprehensive understanding is lacking [Avadhut2012], [Ciupina2004],
[Yang2012], [Rajeswari2011], [Kelchtermans2013].

Further engineering of zinc oxides bandgap is a promising method to modify the
material. This holds particular interest as zinc oxide and defect-rich zinc oxide
particles are promising, e.g. for catalytic applications [W6112007]. Lin et al.
determined green emission from oxide antisite defect rather than a
crystallographic vacancy or interstitial [Lin2001]. They proposed the scheme in
Figure 1 for energy levels [Lin2001], whereby this band gap (Eg) results in a local
peak around 370 nm for ZnO nanoparticle dispersions in the UV-vis extinction
spectrum [Srikant1998], [Zak2011].

7& Ec
UV
3.18 eV 1.62 ¢V 238¢eV  E,=3.36eV
3.06 eV | 228eV (§reen)
29eV Vg 4—
Vaa | - A
A 4 Ozn
Ev

Figure 1: Scheme of energy levels with energy levels of conduction band (Ec), valence
band (Ev), zinc vacancy (Vz,), interstitial zinc (Zn;), oxygen vacancy (Vo),
interstitial oxygen (O;) and oxygen antisite defect (Oz,) (taken with permission
from Lin et al. [Lin2001])
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For processing of zinc oxide particles in liquid environment, its solubility also
needs to be considered. Schindler et al. reported about the free enthalpy of
formation [Schindler1964] and solubility in water in dependence of zinc oxide’s
particle size [Schindler1965]. Besides, ZnO, Zn(OH)2, a-Zn(OH)2, B1-Zn(OH)2, PB1-
Zn(OH)z2, y-Zn(OH)2, 8-Zn(OH)2, and &-Zn(OH)2 can occur as solid states in a liquid
environment [Schindler1964].

Schindler et al. also proposed the following equation for zinc oxides solubility in
dependence of the particle diameter [Schindler1965]:

50(+26)

log Ksy, = —16(£0.05) + 710

14

With Kso: solubility product, dp: particle diameter in nm

—_— ZNOF=Zn* + 20H

solubility [g/L]
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Figure 2: Calculated solubility of ZnO in water at a pH of 6.7 in dependence of the
particle diameter [Schindler1965]
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Figure 2 shows a diagram for the solubility plotted versus the particle diameter
using the equation of Schindler et al. with the corresponding equation for
dissolution of ZnO in water environment. For particle diameters below 5 nm, this
solubility significantly increases but does not exceed 18 mg/L for 1 nm particles.
Note that the error bars are larger; thus, the solubility of such small particles
might be higher.

The solubility of ZnO powder from the GESTRIS data base is given with 1.6 mg/L,
meaning that zinc oxide is almost not soluble in water.

To summarize, it can be stated that zinc oxide is promising for several
applications besides its use as a white pigment in simple paints, due to the
manifold electronic structure [Lin2001]. Thus, it can be used, in catalysis
[Wo6l112007] or as varistors in electronic devices [Guptal990], for instance. Several
potential applications arise when it is in the nanoscale [Wang2004], such as a
nanolasing device [Huang2001].

Accordingly a method to modify zinc oxides electronic structure and size by a
precisely controlled process might be promising.

2.2 Gold nanoparticles

Gold nanoparticles (Au NP) hold particular interest in a variety of fields such as
catalysis [Hartual997], as well as biology and medicine [Giljohann2010],
[Murphy2008]. The possible application fields and different synthesis strategies
have been studied intensely over many decades [Daniel2004]. Due to their
optical properties which differ from the bulk material and are size- and shape-
dependent the interest in Au NP ranges from fundamental research to real-world
applications. The discovery of deviation of optical properties for gold
nanoparticles compared to the bulk material dates back to Faraday in 1857
[Faraday1857].

Many chemical bottom-up synthesis routes exist for the fabrication of gold
nanoparticles, whereas only a few top-down methods provide access to Au NP.
One of the most common synthesis routes for gold nanoparticles was reported
by Turkevich in 1951 [Turkevich1951]. Another popular bottom-up synthesis is
the Brust-Shiffrin method [Brust1994]. Turkevich’s citrate-based method delivers
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particle sizes between 10-25 nm that show good colloidal stability in water. The
advantage of Brust’s method to obtain comparably small particle sizes and widths
of particle size distributions is accompanied by the drawback that the thiols used
for size quenching strongly bind to particles’ surface [Hakkinen2012], [Xue2014],
thus making a subsequent ligand exchange or removal difficult. Overall, a variety
of synthesis routes and potential applications are discussed and shown, although
for some applications (e.g. biological, catalytic) impurities like residual chemicals
or abrasion from comminution processes are an immense problem
[Goesmann2010], [Raab2011]; thus, subsequent cleaning steps are required.

A real-world application in which purity and size plays an important role is the
use of gold nanoparticles in catalysis [Harutal997]. Masatake Haruta first
showed the activity of gold nanoparticles in catalysis and its size dependency on
the activity [Haruta1987], [Haruta1997]. For catalytic applications, small particles
are preferential. Activity of gold nanoparticles in catalysis is correlated to the free
surface and significant increase in activity can be observed below 5 nm
[Harutal997]. As support particles for gold nanoparticles, titanium dioxide is
used, e.g. for oxidation of CO (water-gas shift reactions) [Sakurai1l997].

Here, the laser generation of gold nanoparticles comes into play, which can
deliver pure and ligand-free gold nanoparticles harvested in a liquid
environment. A synthesis method bypassing the drawback of a ligand-occupied
surface is laser ablation in liquids. First reported by Fojtik and Henglein
[Fojtik1993], this method has gained increasing interest as many efforts in up-
scaling and process control have been established in the last decade. The PLAL
technique fabricates ligand-free gold nanoparticles from a plasma plume, which
is followed by cavitation bubbles directly from the bulk material
[lbrahimkutty2012]. Besides the expansion and collapse of one first major
cavitation bubble which is followed by smaller ones that expand and collapse on
the target’s surface it could be shown that primary particles in the size range of
around 7 nm can pass the phase boundary, whereas larger aggregates and
agglomerates with 40-60 nm are kept in the bubble [Wagener2013]. The detailed
small angle X-ray scattering experiments by Wagener et al. provided an insight
into what happens inside the cavitation bubble and where and when particles
are formed. Beside this, there are also investigations and evidence of metal atom
clusters formed after PLAL [Giorgetti2014]; nonetheless, PLAL generally delivers
a wide particle size distribution. Recently Rehbock et al. reviewed how
monodisperse and ligand-free gold nanoparticles can be obtained by PLAL
[Rehbock2014].
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Due to the possibilities in manufacturing ligand-free particles by PLAL e.g.
freedom of material and solvent [Baersch2009], embedding them into polymers
for biological applications [Hahn2010], [Sowa-Soehle2013] or supporting the
nanoparticles to microparticle supports [Wagener2012a] this technique has
attracted increasing interest and use [Barcikowski2009], [Asahi2015].

Given that catalysis application requires free surfaces and small particle
diameter, ultra-small ligand-free particles would be desirable. However,
unfortunately to prevent these small gold nanoparticles from growing when they
are synthesized e.g. by chemical reduction strong binding organic ligands are
necessary [Schmid1981], [Schmid2008]. These ligands enable precise control of
ultra-small gold particle sizes but simultaneously cover the surface.

The size limit for laser-generated and ligand-free gold nanoparticles is reported
at around 4 nm in diameter [Amendola2007], [Rehbock2014], although smaller
ligand-free nanoparticles would be desired due to higher specific surface area
and probably high reactivity.

2.3 Different lasers for one application — particle processing

Since the first report of light amplification by stimulated emission of radiation
(laser) in ruby by Maiman [Maiman1960a], [Maiman1960b], [Maiman1962]
many efforts and developments have been engaged in manufacturing lasers with
higher intensity. The following figure depicts the development of the available
focused laser intensity versus time (left) and the peak power plotted versus the
average power for different femtosecond systems (right) [Sibbett2012]. The
diagram from Sibbett et al. also indicates the average and peak power demanded
for different applications such as biomedicine, telecommunications and
materials processing, highest demands in average power and pulse peak power
are found for materials processing, including laser ablation.

At present, these high intensities are only achieved by pulsing of the laser. The
duration of a single released pulse (pulse length) has a crucial impact on the
response of the processed material regarding short (nanoseconds) and ultra-
short (starting from femtoseconds to a few picoseconds) pulsed lasers, owing to
the relaxation time of electrons releasing their energy to the lattice structure of
atoms in solids in the range of picoseconds [Chichkov1996]. Due to this relaxation
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time, materials processing with picosecond lasers can be regarded as cold
processes, whereas nanosecond materials processing will cause significant
thermal effects to the material. In this work, all thresholds are described as
fluence at fixed pulse duration defined as the energy of a single pulse divided by
the area excited by focusing the laser beam. However, these thresholds only hold
for the applied pulse length. Therefore, laser fragmentation with picosecond
pulses will have lower fragmentation threshold fluences compared to
nanosecond pulses, although the energy dose put into a particle is the same,
owing to the aforementioned relaxation time of electrons.

It could be estimated that dividing the pulse energy by its duration (pulse length)
will give an intensity threshold for material processing (depending on the optical
material properties) that is independent on pulse length. However, due to the
difference in mechanisms occurring for different pulse length for material
processing, a uniform fragmentation (or ablation) threshold with the unit
“intensity per pulse” which is independent of the pulse length will not exist.
Nonetheless, as the mechanism occurring for material ablation or disruption can
be correlated to the electron-phonon coupling time, there should be a possible
differentiation in case of undergoing this electron-phonon coupling time and for
sufficient time for electron relaxation (heating of the material). Lin and Zhigilei
reported this time for Au in the range of 6 ps to 20 ps [Lin2003] and for ZnO this
value is reported to be around 500 fs, thus half a picosecond [Zhukov2012]. This
means that for ZnO including the case of the 10 ps used within the experiments
there is sufficient time to cause thermal effects. However, for Au, the transition
regime is addressed with 10 ps, which might make thermal effects e.g. melting or
heating-evaporation more difficult compared to ZnO.
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Figure 3: Development of available focused laser intensity over time [published work
into the public domain at wikimedia commons, Wikipedia 03/21/2015] (top)
and peak power versus the average power for different femtosecond systems
taken with permission from Sibbett et al. [Sibbett2012] (bottom)
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2.4 Interaction of light with particles

Light scattering

Light scattering of particles in particular small particles is a phenomenon that has
long fascinated scientists. John Tyndall described general scattering observations
of condensed light from an electrical lamp scattered by vapor in a glass tube.
Inspired by Sir John Herschel and with suggestions of a refined experiment from
Prof. George Gabriel Stokes, John Tyndall found the formation of a “blue cloud”
in the glass tube [Tyndall1869]. Through observation from different angles during
his experiment, he provided the first explanation for the blue appearance of a
cloud-free sky, the scattering of light on small particles. Furthermore, he even
stated the polarization of light when scattered on such small particles. Although
he also mentioned a dependence of the particle size on this scattering effect, it
was Gustav Mie who described this effect in detail by solving Maxwell’s equations
[Mie1908]. The Mie-Theory holds well for particles with diameters of 2-10 times
A, whereby A is the wavelength of the light.

John William Strutt, 3" Baron Rayleigh described the blue appearance of the sky
and sea from particles smaller than 0.2 A and thus this effect is known as
Rayleigh-scattering [Rayleigh1910], although the meteorologist John Aitken had
previously described the same phenomenon [Aitken1881]. John Aitken found
that “extremely small particles of matter suspended in water” [Aitken1881] only
scatter the short wavelengths of the light (although Rayleigh first described the
size dependency mathematically). From his experiments, he proved that the
hitherto-named, “selective scattering theory” holds rather than the “selective
absorption theory” [Aitken1881]. The former stated that scattering of the blue
region of light waves is responsible for the bluish sea color and the latter that
selective absorption of the red color region is responsible for this appearance.
This shows that even over one hundred years ago, scientists were familiar with
the different possibilities of light and matter interaction and the dependence of
the light wavelengths. Indeed, even nowadays, the optical appearance of the sky
remains a relevant research topic [Gedzelman2005]. Rayleigh found that the
intensity of scattering is proportional to the volume of a particle and proportional
to A " of the incident light wavelength [Rayleigh1899].

A drawback during the experimental observations during that time was that no
monochromatic light source was available. Owing to the dependence of the
incident angle of light and the wavelength of the light on the scattering effect on
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a particle with a defined size, a monochromatic light source with parallel beam
with no or low divergence would be favorable. Thus, the discovery of light
amplification by stimulated emission of radiation (LASER) was beneficial for
further investigations [Maiman1960a], [Maiman1960b]. In particular, the
availability of increasingly higher laser energies offers new possibilities in particle
excitation.

Light absorption

The portion of light that is neither scattered nor transmitted through the particle
is absorbed. Sufficient and fast excitation results in the formation of electron hole
pairs within a few femtoseconds [Amendola2008]. These are transferred into hot
electrons during a few hundreds of femtoseconds. Based upon the two
temperature model, energy or heat is transferred to the atom lattice within a few
picoseconds [Chichkov1996]. As a result, the excited electrons transfer energy in
the form of heating of the atomic lattice occurs within a few picoseconds, e.g. for
gold [Lin2003], [Werner2011a]. Note that if energy input is caused with ultra-
short pulses fragmentation mechanisms will differ, whereby a so-called coulomb
explosion is known to cause a cold ablation of material [Chichkov1996].

Subsequently, energy transfer from electrons to atoms causes heating of the
particle. The resulting temperature can be determined from the energy portion
transferred into the particle although the temperature dependency of the
specific heat capacity should be considered [Furukawa1968]. If a solid particle in
liquid environment heats up, four temperature regimes should be distinguished.
If the time of particle heating is much shorter than the time required for sufficient
heat transfer (from heated particle to the surrounding medium), it is possible that
a liquid or vaporized particle is directly surrounded by the liquid medium for a
short period of time. As a result, the molten or vaporized material can dissolve
(e.g. as ions or atoms) directly in the liquid environment if soluble in the present
concentration. For sufficient heat transfer, the system can undergo the following
stages during particle heating and energy transfer to its liquid environment: solid
particle surrounded by liquid, solid particle surrounded by gas, liquid particle
surrounded by gas, vaporized particle surrounded by gas. Considering the
possibility of a shock wave-induced particle fragmentation [Zhigilei1998], the
possible stages shown in Figure 3 might occur after intense laser light absorption
for a single particle.

This holds particular interest as this work addresses the intense irradiation with
pico- and nanosecond laser sources. Figure 3 sketches the possible excitation and
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relaxation stages based upon literature and own findings. Vaporization
[Schaumberg2014], bubble formation [Hashimoto2012], shock wave-induced
fragmentation [Zhigilei1998] and particle melting [Link1999a] are known particle
responses to intense photonic excitation.

After sufficient laser pulse absorption (see Figure 3 top) three different time
regimes can be distinguished. For tr (duration of a single pulse) >> te, (material
specific electron-phonon coupling time), electrons have sufficient time to
transfer the energy received from laser irradiation (phonons) to the atomic
lattice. Thus, they can transfer the energy resulting in heating, melting and
vaporization of the particle for sufficient energy input. These stages potentially
occurring for tp >> Te-p in chronological order (from top to bottom) are shown in
the left column of Figure 3 [Link1999a], [Hashimoto2012], [Schaumberg2014].

For tr = Teyp, it might be estimated that both effects can occur, namely the
mechanism of shock wave-driven particle fragmentation and heating-melting-
evaporation. The electron-phonon coupling times for zinc oxide (around 0.5 ps)
[Zhukov2012] and gold (around 6 to 20 ps) [Lin2003] fall in the range of 1-10 ps
lasers. As Tep time for Au is longer than te, time for ZnO, it might be estimated
that with 10 ps laser pulses ZnO might be more effectively heat affected
[Lau2014a]. This is schematically illustrated in the center column of Figure 3.

A distinctive shock wave-driven fragmentation mechanism might be assumed for
Tp << Te-p [Zhigiliei1998]. If the laser pulse duration is distinctively lower that the
material dependent te-p, electrons can be sufficiently excited to cause a coulomb
explosion of the material without being heat affected [Chichkov1996]. This is
illustrated in the column on the right of Figure 3.

Note that these are only suggested relaxation routes based upon the reported
observations and theory from literature, although this is in agreement
considering the electron-phonon coupling times for zinc oxide [Zhukov2012], and
with own experimental findings as will be shown later.
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Figure 4: Proposed possible relaxation routes of a small particle after intense laser light
absorption
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2.5 Fundamentals of laser fragmentation

Intense laser light excitation of particles suspended in liquids enables their
modification in structure and size. If the target particles are irradiated with a
sufficient energy dose, their size can decrease by one of the pathways described
in chapter 2.4, resulting in the formation of nanoparticles. This fabrication
method of nanoparticles from suspended micro- or nanoparticles is mostly
described as laser fragmentation. Besides the term “laser fragmentation”, “laser
ablation (of particles)” [Schaumberg2014], [Jeon2007], [Asahi2008] or
“(post)- irradiation” (“post-” in case of irradiation of previously fabricated
nanoparticles by PLAL) [Amendola2007], [Zhang2003] can be found in literature,
although these terms usually do not match the mechanisms that occur. The term
laser ablation (of particles) results from a problem that invariably arises for all
particle size reduction techniques. For all comminution processes, the particle
size distribution changes and this is usually associated with an educt-product
particle mixing. Thus, investigation of the smallest fraction after laser
fragmentation is most convenient, because the nanoparticles can be extracted
from educt particles by sedimentation of the educt (micro-) particles. However,
an analysis of the whole particle fractions would allow better understanding the
PLFL process.

This work will show that PLFL can follow two major mechanisms, namely shock
wave-induced particle disruption and nanoparticle generation by vaporization.
The size difference between the educt MP and the NP fabricated by vaporization
enables the separation of these two fractions. As a result, some researchers
name this process laser ablation of MPs, neglecting the shock wave-induced
particle fragmentation. Therefore, they do not consider all fragments of particles
that are generated, such as shock wave-fragmentized microparticles not in the
nano-sized regime. These fragments may represent the largest mass fraction,
whereby the entire process thus far is only partially regarded.

To gain further insights into the mechanisms of laser fragmentation, experiments
with controlled laser fluence are required. In this work, an experimental design
will be demonstrated that allows studying mechanisms of laser fragmentation
without the drawback of strong laser fluence deviation. This will be shown and
discussed in the experimental section, where comparison to the state of the art
is also explored. In general, interaction of laser light with metallic (plasmonic) and
dielectric materials has to be differentiated: the former has been studied
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intensely using gold nanoparticles and several mechanisms depending on applied
laser parameters have been described [Werner2011], [Werner2011a],
[Katayama2014], [Hashimoto2012], [Link1999c], whereas for the latter only few
theoretical and practical studies have proposed mechanisms for the laser-
induced fragmentation [Zhigilei1998], [Cai1998]. Due to the difference in their
electronic structure, metals and metal oxides are proposed to interact differently
to laser irradiation. Therefore, the interaction of plasmonic and non-plasmonic
materials will be presented in two different sections.

Precise studies determining the fluence thresholds for non-metallic particles do
not exist. Heise et al. reported a strong dependence of the substrate for the
ablation threshold of ZnO layers (around 1 pum) [Heise2011]. In case of a
transparent glass substrate, they determined the ablation threshold to be around
4.5 (+0.5) J/cm? for 532 nm wavelength and 10 ps pulse length [Heise2011]. In
case of an absorbing substrate, the threshold was found to be around 0.024
(£0.005) J/cm?. Risch et al. reported the ablation threshold of 200 nm gallium
doped ZnO layers on glass substrates. They found for 532 nm thresholds of
around 1.1 J/cm? or 0.84 J/cm? for rear side laser irradiation [Risch2011]. The
deviation to the findings of Heise et al. might arise from the doping of ZnO with
gallium.

For plasmonic nanoparticles, Pyatenko et al. simulated the fluence thresholds for
different laser wavelengths of nanosecond lasers (fundamental, 2" harmonic
and 3™ harmonic of Nd:YAG lasers) in dependence of the particle size
[Pyatenko2013]. This valuable review covers silver, gold, copper, platinum and
palladium nanoparticles and provides comprehensive insights. Together with the
mechanistic findings from Hashimoto and co-workers [Hashimoto2012], a
detailed understanding of the mechanisms and thresholds can be drawn. The
mechanistic understanding of PLFL for non-metallic and metallic particles will be
discussed in 2.5.1 and 2.5.2, respectively.

2.5.1 Interaction of laser light with non-metallic particles

At present, only little is known about the fragmentation mechanisms for ceramic
or metal oxide particles interacting with intense laser light. Theoretical studies
investigating the interaction of inorganic and organic particles were reported in
1997 and 1999, respectively [Cai1998], [Zhigilei1998], whereby their simulations
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revealed a particle disruption from the inside. Studies of Yeh et al. showed the
partial reduction of CuO to elemental Cu nanoparticles in isopropanol [Yeh1998]
[Yeh1999], thus changing the nanoparticle composition by reduction of copper-
(I)-oxide microparticles partially to elemental copper nanoparticles.
Interestingly, they obtained higher colloidal stability of their elemental copper
nanoparticles than reported for chemically synthetized [Yeh1999]. In a
subsequent study, Schaumberg et al. reported the formation of elemental copper
nanoparticles from copper compounds such as CuO, CusN and CuzC; in ethyl
acetate [Schaumberg2014]. The results for copper nanoparticle formation from
CuO of these practical studies indicate a material vaporization and recomposition
under reductive conditions. Thus, the term ablation from particles is used by
some researchers as the mechanism might be similar to PLAL. Considering the
studies mentioned, it is obvious that there should be different mechanisms for
particle size reduction, such as a disruption which might be driven by shock waves
[Cai1998], [Wagener2012] and a material vaporization similar to PLAL. However,
reports demonstrating that both of these mechanisms simultaneously occur, do
not exist, to my best knowledge.

Beside these findings, fragmentation studies of organic materials showed that
especially for ultra-short laser pulses (femtosecond) the particle decomposition
is less significant than for nanosecond pulses [Sylvestre2011]. The variation of
laser power for nanosecond and femtosecond PLFL revealed smaller particles
with higher laser power as well as a higher degree of degradation of the
pharmaceutical substrate. This might already be an indication of the two
mechanisms simultaneously occurring for organic particles, namely disruption or
fragmentation and vaporization. Extensive studies of fragmentation of organic
microparticles are reported by the Asahi group [Tamaki2000], [Tamaki2002],
[Sugiyama2006], [Jeon2007], [Asahi2008], [Sygiyama2011], who showed the
(partial) preservation of organic particle composition after laser irradiation with
nanosecond lasers using a variety of organic materials and solvents. In contrast
to metallic and organic materials, mechanistic understanding of laser
fragmentation for inorganic and non-metallic particles is poor despite these
materials being intensively investigated by laser ablation, already focusing of
breaking the limit of gram per hour yield [Sajti2010], [Intartaglia2014],
[Wagener2010]. This limitation for PLAL results from shielding effects of the
plasma-induced cavitation bubble hampering the subsequent laser pulse to reach
the target. To avoid this and achieve a high productivity, high scanning velocities
and repetition rates are necessary [Wagener2010]. Thus, PLFL of these materials
will also hold interest because laser fragmentation might be more efficient than
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PLAL. This assumption can be driven from a higher degree of freedom that
suspended particles have compared to a bulky target material. Studies for PLAL
of thin wires have shown an improved productivity [Messina2013]. For this
purpose, one possible explanation is the improved specific surface area that can
be reached by the focused laser beam. If the laser beam is focused at the tip of a
thin metal wire, the nanoparticles can be released from the cavitation bubble,
which can expand in almost all directions into the liquid. The only confinement is
the longitudinal elongation of the wire. This elongation does not exist for
particles completely covered by the laser beam. Note that there are no studies
or evidence of cavitation bubbles reducing the process effectivity of PLFL.
Moreover, studies reporting the nanoparticle yield per pulse from PLFL remain
absent. A study by Jang et al. investigated the shock-wave formation at Cu
microparticles in gas phase and determined velocities from 1000-4000 m/s and
lower thresholds for ablation compared to a Cu bulk target [Jang2004]. This is
another good indication for a possibly higher yield of PLFL compared to PLAL.

Considering the aforementioned investigations on laser fragmentation, it is
obvious that the influence of pulse length [Sylvestre2011], laser wavelength,
applied laser fluence [Sylvestre2011] and educt particle properties does not
reveal a comprehensive laser fragmentation model for non-metallic particles at
present. Furthermore, it is unclear when particle composition will be preserved
for nanoparticles and when the composition changes. Preservation of material
composition as well as decomposition or change in stoichiometry has been
shown for nanosecond lasers, as discussed in the aforementioned studies by Yeh
et al. [Yeh1998], [Yeh1999], Sylvestre et al. [Sylvestre2011] and Tamaki et al.
[Tamaki2000], [Tamaki2002]. Own preliminary investigations on zinc oxide
particles showed that nanoparticle formation efficiency could be increased by
pre-treatment of the microparticles in a stirred media mill, resulting in the
activation of the microparticles fabricating spherical nanoparticles (Fig. 5)
[Wagener2012]. From these findings, a contribution of a shock wave and laser-
induced plasma at particles’ surface for PLFL contribution was assumed.
Considering the state of the art, there is a demand to understand the
contribution of laser fluence to PLFL for non-metallic particles, which will be
addressed accordingly in chapters 4.1, 4.2, and 4.5 of the experimental sections.
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Figure 5: Schematic illustration of nanoparticle release from microparticles found for
zinc oxide taken with permission from [Wagener2012]

2.5.2 Interaction of laser light with metallic particles

Some of the earliest studies on laser fragmentation of colloidal metallic
nanoparticles date back to 1999, when Link and El Sayed reported that the
second harmonic of Nd:YAG lasers fits well to surface plasmon resonance of gold
nanoparticles [Link1999a], [Link1999b]. Their experiments also covered
investigations of laser pulse length and fluence [Link1999c]. They addressed a
wide regime of pulse length and laser fluence at the same time. Link et al. could
show that laser treatment of nanorods results in sequential formation of
spherical particles for different fluences and pulse lengths at 800 nm wavelength.
This wavelength corresponds to the 2" plamon peak of the nanorods used and
thus was selective for rods’ excitation. Due to a stepwise transformation from Au
rods to spheres, these investigations might be considered as a first approach and
strategy enabling energy dose balancing. Following these reports, a variety of
plasmonic materials were investigated for their response to laser irradiation
[Amendola2009], showing that laser parameters such as laser fluence can be
correlated to obtained nanoparticle properties such as diameter. Mafuné and
Kondow reported about small platinum nanoparticles stabilized by SDS
generated with 355 nm laser irradiation [Mafuné2004] as well as gold
nanoparticles stabilized with SDS for PLFL with 532 nm laser wavelength
[Mafuné2001]. This shows that besides the laser wavelength and fluence, the
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surfactant concentration also has a crucial impact on received nanoparticle sizes.
The crucial role of surface chemistry in particular oxidation for Au NP produced
by PLAL in water was first described by Sylvestre et al. [Sylvestre2004],
[Sylvestre2004a].

Alloy formation by laser irradiation of mixed Ag-Au particle microparticle
suspensions was already reported in 2003 by Zhang et al. [Zhang2003], who
adapted the idea of alloying nanoparticles by laser irradiation from Chen et al.
[Chen2001]. These studies mentioned the advantages of using educt
microparticles for alloy formation compared to alloy formation from colloidal
mixtures of nanoparticles, although PLAL might be considered as the method of
choice for alloy formation to avoid educt-product mixing. Regarding this issue,
Jakobi et al. reported the preservation of stoichiometry after ablation
[Jakobi2011] and Neumeister et al. characterized crystalline and homogenous
ultra-structures of the produced alloy NPs [Neumeister2014]. Furthermore,
Neumeister et al. cross-checked the alloy formation by PLAL with post-irradiation
of colloidal mixtures from Au and Ag nanoparticles, revealing no alloy formation.
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Figure 6: Bubble formation threshold for different gold nanoparticle diameter excited
with 15 ps pulses and 355 nm wavelength [Katayama2014]; Reprinted
(adapted) with permission from [Katayama2014]; Copyright (2014) American
Chemical Society
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The interaction of particles with the incident laser light strongly depends on
particles extinction cross section and their absorption efficiency at the laser
wavelength used [Link1999a]. Katayama et al. investigated the threshold for the
formation of a bubble that is generated around plasmonic particles by laser
irradiation in dependence of nanoparticle size. Figure 6 depicts the curve showing
this fluence threshold for different particle diameter using an excitation pulse
length of 15 ps [Katayama2014].

The findings for bubble formation threshold (Fig. 6) correlate with experimental
findings for fragmentation thresholds from Cavicchi et al., who used 532 nm
wavelength and 7 ns pulse length for the change of gold nanoparticle sizes for
different laser fluences and educt particle diameter [Cavicchi2013]. Therefore,
independent of pulse length and wavelength, particle sizes between 30 to 100
nm exhibit most efficient laser light absorption and lowest bubble formation
thresholds [Katayama2014], [Pyatenko2013] [Gokce2015a]. In particular, studies
by Cavicchi et al. revealed the lowest fragmentation threshold for 60 nm Au NP
comparing 10nm, 20nm, 30 nm, 60 nm and 100 nm Au NP sizes [Cavicchi2013],
indicating a correlation between bubble formation threshold and the
fragmentation threshold.

Due to this reason, Au NP particles with a size range close to the minimum of the
threshold laser fluence are most difficult to obtain from laser irradiation.
Although this size fraction is often obtained as a second mode after PLAL
(depending on laser parameters) [Kabashin2003], this particle size regime can
hardly be synthesized by further laser irradiation of the colloid, given that
particles in this size regime will interact at the lowest laser fluence threshold and
thus be first transformed into different sizes.

Therefore, accessing gold nanoparticles with 50 nm in diameter that have the
advantage of high purity as known for laser-generated particles will be
challenging. One possibility is to separate the 50 nm particles, formed by PLAL
without size quenching by fractional centrifugation [Bonaccorso2013]. On the
other hand, Au NP in the size regime of 50 nm are a perfect educt for
fundamental PLFL studies, as shown by Hashimoto et al. [Hashimoto2012].
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Figure 7: Mechanisms for fragmentation of gold nanoparticles excited by pulsed lasers
taken with permission from [Hashimoto2012]

Werner et al. showed that monodisperse gold nanoparticles can be generated
with high reproducibility using high pressure chambers for laser irradiation of 100
nm gold and silver nanoparticles [Werner2013]. Hashimoto and co-workers
proposed a general fragmentation model for the interaction of laser light with
plasmonic particles, as shown in Figure 7. They distinguished three possible
mechanisms for change of plasmonic particles size. One is release of small
particles by vaporization of particles’ surface due to sufficient heating of the
particle. Another model is the coulomb explosion, occurring when several
electrons are effectively dislocated from their atomic partner in a small area. This
results in the atoms’ strong repulsion to each other and causes disruption of the
atomic structure, the so-called coulomb explosion. As proposed, the effective
excitation of the surface plasmons can also result in a release of nanoparticles.
This near-field ablation mechanism demands laser wavelengths close to the
surface plasmons’ wavelength. The model has recently been refined by Strasser
et al., correlating particle temperature with the change in size and shape
[Strasser2014]. Nonetheless, independent of the occurring mechanism, if
particles are fragmentized they will undergo subsequent ripening and thus
particle sizes will increase after fragmentation. To avoid this, one possibility is
size quenching by organic ligands, although this will cover the particle surface,
which might hinder later applications. Hence, investigations are required to
address how the size limit of around 4 nm can be overcome, thus fabricating
ultra-small and ligand-free gold nanoparticles.



26 2 State of the art

"N
~ L]
E N\ =
s ~
O 100 ~g 100
N . ~
) ) B o~ - [
g ~<
E 10 - .5;._ : S vy 10
- " kBl
: -
©
2
1 T T T T T T T T w T T T T T T T T T T T T T 1
laser fluence time delay lon or ligand laser fluence

of conjugation  concentration

PLML PLAL PLFL

Figure 8: Achievable sizes for laser-generated gold nanoparticles by different strategies
(taken with permission from [Asahi2015]) adapted from [Rehbock2014]

These particles hold particular interest as below 5 nm particle diameter relevant
catalytic activity starts [Harutal997] and the origin of fluorescence on gold atom
clusters (<3 nm) remains under debate [Goldys2012].

A recent review from Rehbock et al. summarizes the possibilities of size control
for pure metal and metal alloy nanoparticles using pulsed laser irradiation
[Rehbock2014]. This review demonstrates that a wide size range from a few
hundreds of nanometers down to around 4 nm can be addressed by treatment
with pulsed lasers.

2.6 Fundamentals of pulsed laser melting in liquids

Pulsed laser melting in liquids (PLML) is a technique to generate spherical
particles in the sub-micrometer range by laser irradiation. In contrast to laser
fragmentation where educt particle size is reduced, laser melting causes particle
fusion and reshaping to sub-micrometer spheres. First reported and established
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by Naoto Koshizaki and co-workers [Wang2010, Ishikawa2007], this technique is
gaining increasingly attention, becoming an emerging research field. PLML
enables changing particles’ structure (such as size and shape) and the chemical
composition, both of which depend on the applied laser fluence. To provide a
comprehensive overview of the current state of the art, this chapter is divided
into the influence of PLML on particle chemistry and the influence of PLML on
particle size and shape.

Influence of PLML on particle chemistry

Following their pioneering studies Wang et al. investigated different materials for
PLML, such as zinc oxide sub-micrometer spheres (SMS) [Wang2011], and
Ishikawa et al. reported about boron carbide SMS by laser irradiation of boron
particles in ethyl acetate [Ishikawa2007]. For this, they assumed a mechanism
[Ishikawa2010] proposing that in the region of the focal point the boron is
transferred into boron carbide and in lower fluence regimes the boron carbide
particles fusion to SMS. They suggest a laser-induced development of a carbon
layer onto educts’ (boron nanoparticles) surface prior to a followed laser melting.
During their experiments, they focused the laser beam into the colloidal
suspension and differentiated between two regimes. Close to the focal point, the
carbonization of boron nanoparticles is assumed and in the regions with lower
laser fluences melting is proposed.

Detailed experimental studies from Wang et al. showed that CuO nanoparticles
can be partially chemically reduced to metallic SMS. The starting of PLML for CuO
was found to be at laser fluence thresholds of around 33 mJ/cm? (10 ns, 355 nm)
[Wang2012]. They found laser fluences between 17 mJ/cm? and 33 mJ/cm? as
onset for PLML. Above the melting onset fluence and below ~80 mJ/cm?, no
elemental Cu could be observed, but a gradual change of the elemental
composition from CuO to Cu.0 by increasing fluence. Further increasing the laser
fluence, above ~80 ml/cm? results in the formation of elemental Cu with a
composition ratio up ~40% of elemental Cu for 150 mJ/cm?.

In 2013, Swiatkowska-Warkocka et al. reported about bimetallic SMS by fusion
of gold and copper oxide nanoparticles [Swiatkowska-Warkocka2013]. They
showed that pulsed laser melting in ethanol of Au-NP and copper oxide
nanoparticles can generate bimetallic and crystalline SMS. Remarkably, they
could synthesize alloy SMS with a composition that shows phase separation in
phase diagram.
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Another interesting approach was introduced by Li et al. [Li2011a], who reduced
Ag.0 to Ag SMS by PLML.

Tsuji et al. recently reported about the influence of surface chemistry for PLML
of Au to form SMS [Tsuji2015]. In case of sufficient particle stabilization, the
fusion is hindered due to a controlled repulsive surface charge.

Influence of PLML on particle size and shape

Wang et al. found besides the gradual reduction from CuO to Cu that for
increasing laser fluence the particle diameter of CuO SMS (or the partially
reduced CuO SMS) gradually increases [Wang2012]. Up to 150 mJ/cm?, they
received smooth SMS particle surfaces, whereas for laser fluences at 150 mJ/cm?
particles appear to be rough, indicating that particle fragmentation starts
[Rehbock2014a].

Wang et al. also investigated PLML onset for zinc oxide particles, finding it to be
between 33 mJ/cm? and 67 mJ/cm?, which is also in the regime for our findings
[Wang2011]. Later investigations by Wang et al. focused on silver nanoparticles
that were transformed into SMS by PLML [Wang2013]. Tsuji et al. investigated
PLML of Au NP for laser fluences from 40 mJ/cm? and 100 mJ/cm? [Tsuji2013].
Likewise, Wang et al. found for copper SMS that the size of Au SMS increases with
increasing laser fluence. Beside this, Tsuji et al. found that salt-induced educt
particle agglomeration is preferential for sufficient PLML of Au NP with 532 nm
laser wavelength.

Ceramic materials such as zirconia SMS or hollowed titanium dioxide SMS are
reported by Li et al. [Li2012] and Wang et al. [Wang2011a], respectively.
Additionally Li et al. reported about silicon SMS [Li2011b].

The current state of PLML shows that particles’ chemistry and size are influenced
by the laser fluence applied during PLML. Thus, PLML is not only particle melting,
fusion and re-solidification as spheres, but it can be. This part of the mechanistic
understanding is illustrated in Figure 9, taken from Higashi et al. [Higashi2013].



2.6 Fundamentals of pulsed laser melting in liquids 29

200 mJ/cm? 300 mJ/cm?
Laser Laser Laser
Incomplete Comblete
Agglomerated fusion fusion
source particles .
Non-spherical SSMPs
particles

Figure 9: Proposed mechanism for PLML of zinc oxide particles [Higashi2013]

Although exact formation mechanisms are not yet fully understood, early reports
on possible applications are available. One possible application has been shown
by Fujiwara et al., who used ZnO SMS generated by PLML as a light-emitting laser
source [Fujiwara2013]. They added polystyrene particles (900 nm with green
fluorescence properties) to a ZnO SMS (synthesized by PLML) film as point
defects and showed that the emission threshold for lasing decreases. They
describe the lasing effects being improved by PLML of ZnO.

Another recently demonstrated application is the use of SMS as additive for
lubricant oils to reduce friction. Hu et al. demonstrated the impact of ZnO, TiO2
and CuO SMS on reduction of friction coefficients in lubricant oils [Hu2012]. They
showed that the friction coefficient decreases if SMS are added to oil, whereas
the presence of ZnO educt microparticles in the oil which were not transferred
into SMS by PLML showed an increase in the friction coefficient. Liu et al. recently
reported about monodisperse Au SMS applied sufficiently for an improved
surface enhanced Raman scattering [Liu2015].

To summarize the current state of the art for PLML for sub-micrometer spheres
formation, it can be stated that a comprehensive mechanistic understanding of
SMS formation is lacking.

Especially the possibility to generate hybrid material compositions and the
change in particles’ chemical composition holds particular interest and should
allow studying the mechanisms responsible for SMS formation. For this purpose,
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it will be necessary to correlate the applied laser fluence for PLML with the
change of particles’ elemental composition.

In contrast to laser fragmentation in liquids, detailed studies for PLML thresholds
exist, owing to the lower fluences demanded to cause sufficient particle melting.
Therefore, unfocused laser beams can be used. In case of focusing, the precise
control of applied fluence becomes difficult, possibly reflecting the reason for a
lack of sufficient data determining the PLML regime at higher laser fluences.
Here, the experimental design developed within this work might come into play
to address precisely the high laser fluence regimes, e.g. for precise control of
chemistry and melting conditions.



3 Materials and methods

3.1 Materials and instruments

During the experimental work, different lasers, particle materials and analytical
instruments were used. This chapter summarizes which particle educts, laser
systems and analytical instruments were used within the experimental work, as
well as providing an overview of their corresponding specifications. Table 1 lists
the powder materials used for PLPPL.

Table 1: Particle materials used for experiments

Material Supplier Formular
Zinc Oxide Sigma-Aldrich Zn0
Boron Carbide HC Starck B4C

Gold Allgemeine Au
Aluminum Sigma-Aldrich Al
Copper Nitride Alfa Aesar CusN
Copper(l) lodide Riedel-de Haén Cul
Copper(l) Oxide Riedel-de Haén Cu.0
Copper(ll) Oxide Strem Chemicals CuO
Graphene Nano Sheets Customized (see 4.4.3) GNS

Gold Target Goodfellow (99.9% purity)

Table 2 lists the apparatus and instruments used within a wide range of
experiments. The particular analytic instruments used are also further described
in the corresponding research articles cumulated in chapter 4 of this thesis.

© Springer Fachmedien Wiesbaden 2016
M. Lau, Laser Fragmentation and Melting of Particles,
MatWerk, DOI 10.1007/978-3-658-14171-4_3
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Table 2: Apparatus and analytical instruments used for experiments

Description and

(SEM)

and morphology

Instrument | Manufacturer | Use Model Parameters
Nd:YAG laser emitting
Laser . 15 W at 1064 nm and
. Atlantic
Laser Ekspla fragmentation . 7.5W at 532 nm,
. Series .
and melting operating from 100
kHz to 500 kHz, 10 ps
Laser Nd:YAG laser emitting
Laser Coherent fragmentation AVIA 23 W at 355 nm with
and melting 85 kHz, 40ns
Particle sizing
technique in an
artificial gravitation
) . f
Analytical Determination of | DC 24000 flgld' sulte}ble .or @
. CPS . . wide particle size
Disc Instruments particle size and UHR range, rotation of the
Centrifuge distribution 24000 ) ge,
disc from 600 rpm to
24,000 rpm possible,
detector wavelength
405 nm or 470 nm
Determination of the
. extinction from
Measuring suspended particles in
UV-vis Thermo optical Evolution a vs?avelengzh range
Spectrometer | Scientific extinction 201 from 1100 nm to 190
spectrum .
nm with 1 nm
bandwidth
Power Meter | Coherent Measuring laser | Field Max
energy output 11 TOP
Generation of a | Optimized | Liquid jet is generated
Passage Customized thin Iqu|d jet model by a .caplllar'y with 1.3
. for defined (see mm inner diameter,
Reactor Design . . - .
particle Figure 12 | liquid velocity approx.
irradiation right) 0.6to 0.3 m/s
scanning Characterization
Electron FEI of particle size Quanta
Microscope P 400 ESEM
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Description and

Instrument Manufacturer | Use Model
Parameters
X-ray Crystallographic . .
(0] t th
diffraction Bruker analysis of D8 Advance pera ,mg v§/| .
. Cu Ko irradiation
(XRD) particles
Dispersing .
. . Maximum power
Sonotrode Sonoplus particles YVIth HD2200 200 watt
ultra-sonication
Determination of
the extinction
from suspended
. Spectrographic particles in a
UV-vis . .
spectrometer Varian Inc. analysis of the Cray 50 wavelength
P colloids range from 1100
nm to 190 nm
with 1 nm
bandwidth
Transmission Characterization Operating with
electron of micro/nano high resolution
JEOL JEM-2100
microscope hybrid at NIMS,
(TEM) structures Tsukuba, Japan
Transmission Characterization
elgctron Zeiss of m!cro/nano EM190
microscope hybrid
(TEM) structures
Dynamic light Determination .
. . . Zetasizer
scattering Malvern of particle size Nano 7S
(DLS) distribution
G3red . .
Laser SPI Lasers PLC | Laser sintering ENERGY, Oper_atmg with
. continuous wave
SM-series
. Helios
. Cutting a Nanolab
Focused ion lamella from
FEI . 600,
beam (FIB) the sintered
hybrid material DualBeam
v FIB/SEM
Gas Characterization e Operating with
chromatograph | Shimadzu of the gas argon as
e 2010plus
(GQ) composition reference gas
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For the fabrication of gold nanoparticles adsorbed on the zinc oxide microparticle
support different ratios of colloidal gold nanoparticles to zinc oxide
microparticles were brought into contact. The amount of gold nanoparticles for
compounding of zinc oxide and gold is given in weight percent (wt%) related to
the mass of zinc oxide particles. Thus, the amount of gold referred to the
compound material (ZnO+Au) is lower. The following diagram shows deviation of
the weight percentage determined with reference to added support material and
the absolute weight percentage of the compound formed from nanoparticles and
support. This is negligible for loadings up to 10 wt% but becomes significant for
high loadings (above 20 wt%).
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Figure 10: Deviation of weight percent referring support material (ZnO) to absolute
mass percentage of the compound (Au/Zn0O)

For laser irradiation, the applied laser fluence holds particular interest. This
describes the energy density brought to the particles’ surface and can be
determined by dividing lasers pulse energy with the spot area. To determine the
laser fluence in the focal point, the minimal possible laser spot has to be
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calculated. Given that is not possible to focus laser light to an infinite small area,
a correlation between the laser wavelength, focal length of the lens, beam
diameter before focusing and beam quality is given in an equation. The focal spot
diameter can be calculated by:

4-2

dy = —=-
s s

O~
x| -

With: dy: focal spot diameter, A: laser wavelength, f: focal length, D diameter of
raw laser beam before focusing

Where for K, the beam quality number, the following correlation holds:

1

K=

With: M? (beam parameter product): ratio of beam parameter product to an
ideal Gaussian mode where a value of 1 describes an ideal Gaussian beam

All lasers used for the experimental work operate in a TEMoo mode. Figure 11
illustrates the beam profile emitted from the used ps laser under experimental
settings. This shows that the emitted beam profile is close to an ideal Gaussian
profile. To compare the laser intensities caused by application of different laser
pulse lengths, the laser power per pulse and area might be considered; thus, 30
J/em? for 10 ps result in 3 TW/cm? and 600 J/cm? for 40 ns in 15 MW/cm?. This
explains why different pulse lengths result in different laser melting and
fragmentation thresholds regarding the laser fluence.

Hence, mechanisms and processes occurring for nano- and picosecond PLPPL will
differ.
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Intensity

Figure 11: Beam profile of the picosecond laser (Ekspla) operating at 532 nm with 100%
power and 100 kHz (settings for the PLFL experiments)

3.2 Experimental design

A fundamental aspect of this work is the experimental design of the fluid handling
reactor, affecting both the laser fluence gradients and the defined volume flow.
As discussed in chapters 2.5 and 2.6, mechanisms that occur during laser
fragmentation or laser melting strongly depend on the applied laser fluence.
Therefore, it is necessary to control the laser fluence as precisely as possible. The
first design of a fee liquid jet used for laser fragmentation was introduced by
Wagener et al. [Wagener2010a]. This first design comprised a nozzle that was fed
with the suspension by a pump and connected with tubes. The liquid that passed
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the nozzle was collected in a bottle and recirculated into the pump.
Unfortunately, this design combines the design of a flow reactor (part of the
liquid jet) with a stirred tank reactor (the part where the suspension is collected
and taken by the pump for circulation). Thus, the particle properties achieved
during PLPPL additionally depend on the volume and processing time, besides
diverse parameters such as educt particle size, particle concentration, optical
properties of particles and laser parameters.

To simplify the idea of a free liquid jet, a glass reactor that allows sequential
irradiation was designed. This design enables the suspension to pass the
illumination zone and thus it can be characterized stepwise. Furthermore, no
pump or tubes are necessary, which is often preferential for colloidal stability as
the exposure of the colloid to different materials that can potentially release ions
(which can result in colloidal instability) is reduced to a minimum. Pumping
sometimes also results in colloidal instability, especially for colloids which particle
stability is based upon electrostatic repulsion, only. For this design the thinnest
capillary diameter, giving a continuous flow without external pressure, was
determined. A diameter of 1.3 mm was experimentally found to be appropriate
for the formation of a continuous flow transporting particle dispersions with
educt particles up to several micrometers. Kuzmin et al. used the idea of this
design for their experimental studies [Kuzmin2014] with the capillary outlet at
the side of the reservoir. However, as preliminary experiments showed that no
significant sedimentation occurs within the reservoir’s residence time for a single
passage (~30 seconds for 50 mL) for the used micro- and sub-microparticles used
a further improved design was used for the experiments, where the capillary is
in the middle bottom of the reservoir. This simplified design allows a complete
drain of the reactor and was used for most of the experiments. Figure 12 depicts
illustrations of the conventionally-used setup for PLFL and PLML (a) and the setup
developed within this research work (b). In Figure 12 c), a schematic
magnification of the laser irradiation zone is shown with the process parameters
required for additional characterization.
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Figure 12: lllustrations of the a) conventionally-used experimental designs for PLFL and
PLML (taken with permission from [Sylvestre2011]), b) passage reactor
design and c) magnification of laser irradiation area with parameters
required for process characterization

It can be stated that a simple design reducing the process parameters that have
an influence on PLPPL and on the occurring mechanisms is preferential. With this
design a defined laser fluence can be applied what is required to fundamentally
study laser fragmentation and melting of suspended particles. The passage
reactor enables energy balancing giving the specific energy input by measuring
the power loss created by the particles, as illustrated in Figure 12. For most of
the experiments, a volume of 50 mL particle suspension with 0.1 wt% particles
was used. Filling the reactor with 50 mL resulted in a liquid jet velocity of 0.35
m/s (50mL) to 0.325 m/s (end of draining) using the capillary diameter of 1.3 mm.
A diagram depicting the velocity in dependence of the volume is shown in Figure
8-51.
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Figure 13: Fluence deviation during beam propagation through a 1.3 mm (liquid jet) and
10 mm (standard cuvette) liquid layer for a 100 mm lens, 3.5mm raw beam
diameter for a laser source with 532nm, 10 ps and 15 Watt

Depending on the focal length of the lens used for focusing the laser beam, the
laser parameters and path length of focused beam, a particular propagation
through the particle suspension occurs, resulting in a fluence regime in the liquid
for particle irradiation. The resulting fluence regime for the passage reactor (with
a 1.3 mm capillary forming the liquid jet) compared to a standard cuvette
irradiated from the side (with a propagation length of 10 mm) is illustrated in
Figure 13. Fluences were calculated for the laser parameters used to study PLFL
of ZnO. In the diagram, different regimes such as PLML, PLFL and the optical
breakdown (OB) of the liquid are marked. Detailed experimental results for
determination of these regimes are given in chapter 4.1.1. The mechanisms
occurring during laser irradiation of suspended particles strongly depend on the
laser fluence. Therefore, it is necessary to minimize fluence deviations within the
irradiated volume.
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It is obvious that especially for high fluences in case of the 10 mm beam path
length (standard cuvette), not only PLFL regime is addressed, but also the OB.
PLFL is often also conducted in vessels where beam propagation through the
liquid is longer than 10 mm and thus the deviation even increases. A thin liquid
filament confining the particles during irradiated is favorable to study process
efficiency, control the fragmentation mechanisms and achieve reproducible
results.

With the liquid jet, it is possible to approach close to this OB regime, thus
enabling defined particle processing with high fluences to avoid the optical
breakdown of the liquid. Note that irradiation of a standard cuvette from its side
is usually not used for PLPPL. Mostly used designs have a beam propagation
length in particle suspension that is several times the 10 mm used for this
calculation. Accordingly, this may be one of the reasons for lacking data of PLFL
thresholds.

To provide an example, Nakamura at al. recently reported photoluminescent
K2SiFs:Mn** particles that showed enhanced luminescence properties after
fragmentation [Nakamura2014]. Despite using a cuvette as a vessel for
fragmentation, they note in their manuscript the idea and the set-up shown in
Figure 12 b), namely the irradiation in a free liquid jet. They considered fluence
deviation that occurs during beam propagation through the cuvette. In their
study, they showed that deviation from highest to lowest laser fluence is around
20%.



4 Results and discussion

This chapter is divided into three sections and a further ten sub-sections,
addressing different experimental results and theoretical aspects of laser
fragmentation. 4.1 addresses the findings for laser fragmentation, 4.2 the laser
melting process and 4.3 derives key figures from the experimental investigations.

First, the influence of laser fluence on PLFL and specific energy input is
investigated and studied in chapter 4.1.1. Here, a key parameter to evaluate
process efficiency is derived from optical extinction spectra. Accordingly,
different regimes and mechanisms occurring during laser fragmentation can be
observed, distinguished and correlated to specific laser fluences. These
investigations are mainly conducted on zinc oxide microparticles as model
substance characterizing PLFL, including the specific energy input, in the designed
passage reactor. Further optimized fragmentation conditions are transferred to
boron carbide microparticles, where interesting effects regarding particles
morphology can be observed, leading to the conclusion of different mechanisms
underlying the formation process.

These investigations follow a determination of process limitations in chapter
4.1.2 regarding achievable particle size and the influence of particle
concentration on laser fragmentation. The observations and findings show that
fragmentation efficiency and nanoparticle yield underlies optimization, where
higher educt particle concentrations result in higher yield yet also cause an
attenuation of the PLFL process. The possibility to amplify laser fragmentation is
discussed in the subsequent chapter (4.1.3), where gold nanoparticles are used
as plasmonic antennas.

In the next section (4.1.4), laser fragmentation of gold nanoparticles in the
presence of an oxidative reagent is investigated, whereby ultra-small gold
nanoparticles (gold atom clusters) could be synthesized. The redox potential and
amount of the oxidative reagent led to the conclusion that sufficient gold particle
stabilization could be achieved and thus gold nanoparticles could be transferred
into ligand-free gold atom clusters. These clusters were exemplarily transferred
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to support relevant for catalysis, showing that they can serve as building blocks
for heterogeneous catalysts. The impact of an oxidative reagent indicates that
surface chemistry is essential for the particle size and colloidal stability obtained.

Additionally, it is shown that a change in chemical composition of particles can
be achieved, as addressed in section 4.1.5, where results of different copper
compounds and obtained nanoparticles that were fragmentized are shown.
Here, particles are characterized regarding their chemical composition, providing
a significant insight into possibilities of pulsed laser fragmentation. It is indicated
that mechanisms occurring strongly depend on optical particle properties, which
determine the absorption efficiency of microparticles.

While the experimental results for the different copper compounds indicate that
laser-based reduction is possible, they prompt the question concerning whether
oxidation might be induced in the same way. The results from 4.1.4 already
indicate that oxidation plays an important role for particle stability. Particles can
undergo oxidation releasing hydrogen from water after laser excitation of
aluminum particles as shown in chapter 4.1.5.2.

Laser fragmentation of particles and laser-induced change of particle
composition is only one possibility to change particle properties by PLPPL.
Another method is the PLML where particles are exposed to moderate laser
fluence values; thus, they are reshaped to form solid spheres with comparable
large diameters in the sub-micrometer range. This approach is described and
characterized using the free liquid jet technique in 4.7. Here, it was possible to
precisely determine fluence thresholds for PLML with 355 nm laser wavelength
for the first time. As known from literature, a laser wavelength of 355 nm causes
effective melting to generate SMS. However, due to experimental designs,
correlation between fluence and mechanism could only be given for metallic
particles, to date. For metallic particles, raw laser beams are sufficiently intense
to cause fragmentation, although if the beam is focused, no precise
differentiation is possible when the path length of the beam through suspensions
is not reduced to a minimum. This is introduced in section 4.1 and holds for both
PLFL and PLML. Next to the characterization of laser melting, it is shown how
hybrid material can be fabricated when micro/nano compounds are molten,
using gold nanoparticles on zinc oxide microparticles as in chapter 4.3. This
demonstrated how nanoparticles can be embedded into a sub-micrometer
sphere and provide access to a variety of hybrid particles, as it should be easily
transferrable to other material composition. The last experimental section
addresses gold nanoparticles attached to zinc oxide microparticles (similar to
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4.1.3 and 4.2.2). In 4.2.3, the influence of gold nanoparticles on additive
manufacturing of microparticles (zinc oxide) is shown. Beside the impact of Au
NP on the laser processing window, a micro/nano compound is generated
embedding gold into zinc oxide with a dispersed ultra-structure.

Finally, key figures are derived from the experiences and experimental results
gained with the passage reactor in chapter 4.3. The key figures are described and
characterized, demonstrating what should be considered for future up-scaling
and process characterization. These process-specific parameters are
supplemented with fluence regimes, providing the opportunity for a
comprehensive correlation of laser parameters to process conditions.

4.1 Laser fragmentation

4.1.1 Quantification of mass-specific laser energy input converted
into particle properties during picosecond pulsed laser
fragmentation of zinc oxide and boron carbide in liquids

Synopsis

A detailed study of precise laser fluence and energy balancing is missing in
literature due to difficulties in experimental design, as described in chapter 3.2.
In this chapter, the determination of thresholds and specific energy input will be
studied.

Here, zinc oxide is used as model substrate to study PLFL using the experimental
design shown in Figures 12 and 14. By varying the laser fluence applied to the
liquid jets surface generated in the passage reactor, different thresholds could be
determined by applying precise laser fluences causing only one effect such as
optical breakdown of the liquid, particle fragmentation or particle melting.

This enhanced experimental set-up allows quantifying the specific energy input
and the correlation of the energy dose with particle properties as size distribution
and bandgap energy.
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Figure 14: lllustration of the experimental set-up (left), change of the bandgap in
dependence of the energy dose (middle) and difference of optical properties
from the educt to product zinc oxide particles (right: dried particles,
suspended and exposed to daylight, suspended and exposed to UV light
(from top to bottom)) for PLFL with a fluence of 0.03 J/cm? and 532 nm
[Lau2014a]

During PLFL of ZnO, defects are generated that might hold interest for catalysis
[Wol12007], especially when Cu or CuO particles supported on ZnO are exposed
to PLFL, as such compounds are known to be appropriate for catalysis
[Behrens2015].

Although laser fragmentation can be transferred to other materials, the observed
effects caused by the same laser parameters seem to differ, given that laser
irradiation of boron carbide results in mainly spherical nanoparticles generated
from the microparticles, whereas ZnO particles underlie a gradual size reduction
of the complete particles. Besides the observations and findings regarding the
mechanisms during PLFL, it is demonstrated how the developed passage reactor
can be easily implemented for laser fragmentation in general and how laser
fluences determine the process efficiency.
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M. Lau, S. Barcikowski, Quantification of mass-specific laser energy input
converted into particle properties during picosecond pulsed laser fragmentation
of zinc oxide and boron carbide in liquids, Appl. Surf. Sci. 348 (2015) 22-29

Abstract

Pulsed laser fragmentation in liquids is an effective method to fabricate organic,
metal or semiconductor nanoparticles by ablation of suspended particles.
However, modelling and up-scaling of this process lacks quantification on the
laser energy required for a specific product property like particle diameter of the
colloid or bandgap energy of the fabricated nanoparticles. A novel set up for
defined laser energy dose in a free liquid jet enables mass-specific energy
balancing and exact threshold determination for pulsed laser fragmentation. By
this technique laser energy and material responses can be precisely correlated.
Linear decrease of the particle diameter and linear increase of the bandgap
energy with mass-specific laser energy input has been observed for the examples
of ZnO and B4C particles. Trends are analyzed by density gradient centrifugation,
electron microscopy, UV-vis and X-ray diffraction analysis of the crystal structure.
The study contributes to quantitative model parameters for up-scaling and
provides insight into the mechanisms occurring when suspended particles are
irradiated with pulsed laser sources.

Introduction

In the last two decades after nanoparticle formation by pulsed laser ablation in
liquids (PLAL) was reported by Fojtik et al. [Fojtik1993] and Neddersen et al.
[Neddersen1993], many efforts to unravel the nanoparticle formation
mechanisms were made. Recent results showed that nanoparticles are present
already inside the cavitation bubble created by the plasma induced by the laser
pulse [lIbrahimkutty2013, Wagener2013]. Further it is known that particle
ripening and changes of the laser-generated nanoparticle colloids can occur
within miliseconds [Sajti2011] and even minutes up to days after fabrication.
Recent publications indicate that significant amount of initially generated species
dispersed in the free liquid are not only nanoparticles but even smaller atom
clusters [Lau2014b, Lau2014c, Lau2014d]. For PLAL usually a flat surface of the
bulk target material is irradiated. Instead of 2-dimensional geometry, PLAL from
1-dimensional thin wire shaped targets releases nanoparticles at the tip of the
wire with the cavitation bubble not being confined by a flat surface
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[DeGiacomo2013]. This results in significantly higher production rates compared
to flat target geometries [Messina2013]. To further enhance the degree of
freedom for cavitation and nanoparticle release, 0-dimensional targets made of
suspended microparticles can be irradiated and desaggregated or fragmentized
into smaller particles. For this pulsed laser fragmentation (PLFL) technique
usually a pulsed laser beam is focused into a suspension with micro- and/or
nanoparticles to reach the necessary fluences and intensities for sufficient
fragmentation. Earlier and recent investigations were focusing on metallic
particles [Kawasaki2006, Singh2011, Badr2007, Besner2006, Mafuné2002,
Kapoor2000, Amendola2007], whereby studies are more and more including
PLFL of alloy particles [Chubilleau2011, Yamamoto2011], semiconductors and
organic particulate materials [Zeng2011, Balandin2013, Takeda2014,
Sylvestre2011, Nichols2006, Usui2006].

This particle comminution method of pulsed laser fragmentation in liquids (PLFL)
could potentially further enhance nanoparticle productivity [Balandin201320,
Wagener2012], but modelling and mass balance becomes more complex
compared to PLAL, because of the fabricated product mixing with the educt
particles. Even though PLFL already was included in the pioneering study of
Henglein and Fojtik [Fojtik1993], there is only little information about
mechanisms that take place when such particles are irradiated and nanoparticles
formed. Shock-wave/mechanical eruption or disruption of the atoms from inside
of the particle are suggested mechanisms [Cai1998, Zhigilei1998]. As may be
imagined there will be a critical particle size that can be transformed completely
into nanoparticles in dependence of the applied beam diameter, laser fluence
and intensity. Takeda and Mafuné found this diameter to be around 10 nm for
defect-rich cerium oxide nanoparticles in case of 10 ns laser pulses [Takeda2014].
For many target materials ablation thresholds are known, but for dispersed
particles it becomes difficult to adjust a well-defined fluence as they often have
a curved surface and can move freely in the ambient liquid and further laser
intensity is partly screened by the suspension.

Wavelength-dependent investigations of interaction mechanism from nano-
particles with pulsed laser sources were reviewed by Pyatenko et al. in 2013
[Pyatenko2013], showing that the applied fluence has a crucial impact on laser
melting. Werner et al. reported on the influence of fluence and pulse length for
PLFL regarding gold nanoparticles [Hashimoto2012].

Unfortunately, because of the fluence gradients along the beam path it is hard to
control the fluence by this technique and balance the input of laser energy. Yan
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et al. reported structures resulting from sintering (melting) and fragmentation
occurring by post-irradiation subsequent to material ablation from a solid target
[Yan2010] indicating that both, ablation and melting fluence regimes, responsible
for forming these structures may occur in the same vessel because of the fluence
gradients. One possibility is to irradiate highly concentrated particle suspension
[Balandin2013] to reduce the penetration depth of the laser beam into the liquid
and thereby minimize the fluence gradient. But this will make long irradiation
times necessary to fragment an adequate amount of particles and at the same
time drastically increases the particle-particle interactions. Thus it is very difficult
to quantify the laser energy input on the educt particles. A method overcoming
these difficulties was firstly introduced by Wagener et al. [Wagener2010a]. Here
a free liquid jet confining microparticle suspensions is irradiated. This allows
defined intensity threshold determination and balancing educt mass specific
energy input. Recently Kuzmin et al. [Kuzmin2014] reported on particle size
dependence during laser fragmentation of aluminium powder, using the liquid
jet technique, yet without quantitative energy balancing or threshold
determination. Takeda and Mafuné reported on the correlation of the bandgap
energy of cerium oxide nanoparticles with irradiation time during pulsed
nanosecond laser fragmentation in liquid [Takeda2014], but without sampling
the effective energy dose taken up by the colloid. The experimental set up in a
free liquid jet minimizing axial dispersion of educt particles enables to control the
product properties. This is done by differential laser power measurement before
and behind the jet. Knowing the laser repetition rate and the irradiated volume
with the volume flow rate and particle concentration allows to control the
number of laser pulses per number or mass of particles. In our experimental set
up each volume element is irradiated by 33 to 667 pulses per passage, depending
on the focusing conditions. After the last passage the outflow is captured in a
liquid vessel quenching the particle growth. By increasing the number of passages
before quenching and final colloid analysis, the mass-specific energy dose can be
quantified and correlated to particle properties.

This work investigates the thresholds for laser fragmentation and mass-specific
laser energy input to gradually change particle properties of crystalline zinc oxide
sub-mirco educt particles. As a semiconductor with a direct band gap around 3.3
eV at 300 K and large binding energy (60 meV) [Ozgiir2005, Janotti2008] zinc
oxide is known to have unique optical and electrical properties. In nano-
particulate form and when defects within the atomic lattice structure are induced
zinc oxide shows interesting photoluminescence properties [Dijken2000a,
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Dijken2000b]. Beside these properties zinc oxide is a widely used and easy
accessible material [0zgiir2005, Janotti2008].

Additionally the laser fragmentation of boron carbide microparticles was
addressed under optimized fragmentation conditions to show that the findings
for zinc oxide microparticles can easily be transferred to other materials.

We examine how to determine fragmentation thresholds in a free liquid jet,
characterized the energy input and correlated this to energy-specific change of
particle properties, demonstrated for the particle size and change of bandgap
energy.

Experimental Details

For the experiments a purpose-designed reactor was used, as illustrated in Fig.
15. This passage reactor feeds a 1.3 mm capillary at the bottom of a reservoir
where the suspension filament is formed into a liquid jet and is irradiated with
defined laser fluences. Particle mass concentration was set to 0.1 wt% in 50 ml
of water and pre-treated in an ultra-sonication bath prior to laser irradiation.
Subsequent to laser irradiation process the zinc oxide suspension was injected
directly from the reactor downstream into 0.1 M sodium dodecyl sulphate (SDS)
solution to avoid unwanted particle agglomeration, thus capturing the colloidal
state after the laser process and defined number of passages. Note that no
surfactant (SDS) was present, only for down-streaming, neither in the educt
vessel nor during the laser irradiation. Addition took place only in the
downstream product reservoir after the final passage number (up to 100) of each
experiment. Laser irradiation was carried out with 75 pJ pulse energy at 532 nm
and a repetition rate of 100 kHz using a picosecond laser (Ekspla, atlantic series).
Fig. 15 displays how the laser fluence was altered by varying the distance of the
liquid filament to the lens (100 mm focal length). Energy input to the particles
was determined by the difference of transmitted laser energy from pure water
filament and particle suspension filament behind the liquid jet, detected by a
power meter (Coherent, Fieldmax TOP IlI). This calculated laser power input was
multiplied by the time of each irradiation cycle (passage) and by referring this
value to the particle mass of 0.1 wt% in the 50 ml sample the mass specific energy
input is balanced. Hence this passage flow reactor allows the defined and
incremental increase of cumulated laser energy dose at constant particle mass.
High flow rate of up to 0.6 m/s minimizes axial dispersion and each passaged
volume element receives the same number of laser pulses.
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UV-vis spectra of the prepared colloids were taken by an evolution 201
spectrometer (Thermo Scientific) in a quartz glass cuvette. Hydrodynamic
particle size distributions were detected in an analytical disc centrifuge (CPS
Instruments), giving high resolution in a wide particle size range from micro- to
nanoparticles. X-ray powder diffraction (XRD) pattern were detected with a
Bruker D8 Advance instrument with Cu Ko radiation. Scanning electron
microscopy (SEM) pictures were taken with a FEI Quantana 400 ESEM in high
vacuum after droplet deposition on carbon thin films. Zinc oxide particles and
sodium dodecyl sulphate (SDS) were purchased from Sigma Aldrich and the
deionised water was derived from a Millipore installation. Boron carbide (B4C)
particles were purchased from HC Starck (Grade HS). For ultrasonication
experiments a sonotrode (Sonoplus, HD2200) at 120 W and 20 kHz was used.

Results and Discussion

The results address three regimes occurring for laser irradiation illustrated in Fig.
15: Pulsed laser melting in liquid (PLML) regime for zinc oxide particle
suspensions, pulsed laser fragmentation (PLFL) of zinc oxide and the regime of
optical breakdown (OB). All these regimes will be defined by the corresponding
laser fluence thresholds causing regime-specific effects onto the particles.
Experimental emphasis is given on the energy balancing and related change in
particle properties.

Finally pulsed laser fragmentation under optimized conditions is investigated for
boron carbide particles in order to validate transferability of experimental
procedure. From the UV-vis spectra we defined a primary particle index (PPI)
[Rehbock2013] of the zinc oxide particles by dividing the relative extinction
maximum around 370 nm, specific for ZnO and proportional to its interband
absorption, hence to the mass, with the extinction value at 600 nm where big
particles, aggregates and agglomerates scatter the light. This PPl value gives good
indication whether the particle size is changed to smaller or bigger particles, with
high PPl values representing higher fraction of smaller particles. As will be shown
in the following, the PPI of the laser-irradiated particle dispersions correlate with
the laser energy input, therefore the gradual difference of the PPI of a series of
samples treated within the passage reactor filament is determined by the slope
of the linear fit from the PPI (mPPI) plotted versus the energy input. Hence, the
mPPI| is proportional to the effectiveness of the process to fragmentize and
desaggregate larger particles/aggregates into smaller primary particles. Fig. 16
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and Fig. S 4.1.1 1 (supporting information) summarize the effectiveness of laser
fragmentation/desaggregation for the entire process window. The values for the
slope of the PPIs were correlated to data from particle characterization via UV-
vis spectroscopy, electron microscopy and particle size measurements in the
analytical disc centrifuge. PPl values and measured particle properties allowed to
differentiate fluence regimes of laser processes (Fig. 16), described in the
following in order of increasing laser fluence.

Regime of laser melting - PLML

If the picosecond laser fluence on the surface of the liquid jet exceeds 0.9 mJ/cm?
pulsed laser melting in liquid (PLML) occurs, causing fusion and reshaping
[Wang2010] of the initially aggregated educt particles. This PLML process
naturally results in a decrease of the PPI, giving negative values for the slope meppi.
To our best knowledge this is the first PLML shown for ultrashort laser pulses.
Note that we did not operate in the UV wavelength as usual in PLML of
semiconductors but at 532 nm. In order to validate if the passage reactor is
feasible for the well-established UV-nanosecond PLML [Wang2010, Wang2011],
we applied these PLML conditions as well. For this we exemplarily conducted
PLML with a 355 nm, 40 ns laser, laser parameters known to fulfil PLML in an
effective way [Wang2010]. The corresponding UV-vis spectra and SEM pictures
are shown in the supporting information (Fig. 8-2). This confirms that a decrease
in PPI values indicates increase in solid particle diameter caused by particle
fusion, aggregate melting and re-solidifying spheres. Accordingly, the PPI
decreases over the irradiation cycles for UV nanosecond PLML, resulting in
negative mppi values (Fig. 8-2 a).

Typical extinction spectra for the particle responses to 532 nm picosecond PLML
with the PPI values as inset are shown in Fig. 17a. With increasing laser energy
does the extinction spectra show increased values at larger wavelengths,
resulting in decrease of PPl as observed from the nanosecond case. The inset
shows that the PPI value linearly decreases with increased deposition of laser
energy, equivalent to increase of number of passages. In Fig. 18 SEM pictures of
the educt and PLML-treated particles are shown, respectively. Here molten and
partially molten particle structures are observed, in agreement with the change
of UV-vis spectrum.
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Regime of laser fragmentation - PLFL

If the laser fluence is raised above 6 mJ/cm? and kept below 40 - 100 mJ/cm? a
significant size reduction of the educt aggregates occurs. Accordingly the primary
particle index increases linear with the number of passages or the specific energy
input applied for laser fragmentation. Figure 19 depicts the particle size
reduction during the process. Confirming the PPI trend derived from the UV-vis-
spectra (Fig. 17b), the comminution process via laser fragmentation follows a
fully linear behavior as well if the hydrodynamic particle size reduction is plotted
versus the specific energy input (Fig. 19a). In the product suspension, two
different particle fractions are obtained (Fig. 19b). The bigger fraction is the mass
dominant fraction in the product and results from desaggregation of educt
particles, exposing the primary particles from the aggregate structure (SEM
picture in Fig. 18). The second particle fraction lays around 60 nm hydrodynamic
diameter and is fabricated from partial particle ablation mechanism, delivering
spherical nanoparticles. From the mass frequency distribution acquired in the
analytical disc centrifuge we detected 2 wt% of 60 nm nanoparticles and 98% of
desaggregated 180 nm particles from educt for a specific energy input of 67.5
ki/g.

Due to the sintered morphology of the educt we believe that this is an effective
comminution process that may be difficult to achieve by conventional dispersing
methods. We compared the PLFL results with strong ultra-sonication with an
ultra-sonic finger and results are shown in the supporting information Figure 8-3.
PLFLis 5 times more effective regarding the primary particle index and with ultra-
sonication is was impossible to decrease the hydrodynamic diameter even at a
factor of around 250 times higher mass-specific energy applied for dispersing
(PLFL up to 67.5 ki/g, ultra-sonication: 17,280 kJ/g). From the XRD pattern of
laser-fragmented ZnO we calculated the crystallite size (shown in the supporting
information Figure 8-4), confirming a crystallite particle diameter reduction from
~250 nm to ~100nm. This supports the mechanistic hypothesis that PLFL is a
comminution process breaking down crystals (desaggregation) beyond simple
dispersing methods (desagglomeration). Additionally, we determined the change
of ZnO bandgap energy from the tauc plots calculated from the UV/Vis-spectra,
whereby the square product of the absorption coefficient is plotted versus the
photon energy, and the bandgap energy can be determined [Taguchi2009]. The
tauc plots are shown in Figure 8-5 and 8-6 in the supporting information. Note
that the bandgap energy increase can be correlated linearly with the energy dose
(Fig. 19C). Similar behavior has been observed for cerium oxide [Takeda2014]
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where increased duration of PLFL caused linear change in bandgap, but without
balancing laser energy. PLFL allows engineering the bandgap of ZnO precisely by
the number of passages in the liquid jet reactor, equivalent to defined mass-
specific laser energy input.

The white educt powder is converted into product particles that have an intense
yellow color as dry powder (Fig. 19d). Suspended in water, in contrary to the
milky ZnO educt particles, the laser fragmented particles show an intense green
color if exposed to UV light. Accordingly, Zeng et al. have observed
photoluminescence properties arising during PLFL of ZnO as well [Zeng2011]. This
photoluminescence indicates high defect density of the fabricated zinc oxide
particles [Zeng2010]. An increase in particle defect density is also indicated by
enhanced absorption of the particles in the UV range (Fig. 17b). As defect-rich
particles are of particular interest for catalysis applications and zinc oxide is
known to be an adequate support [Strunk2009], they might be a good candidate
for application in heterogeneous catalysis [Haruta1997].

Measured energy input enables balancing and quantification of mass specific
energy consumed during the particle comminution, an approach typically used in
modelling conventional milling processes. Extrapolation from the experimental
data to the total mass of 1g zinc oxide shows that 3 kJ laser energy input would
be required to reduce the size by an increment of10 nm and around 110 kJ for an
increment of 1 eV in the bandgap. This holds for the optimized laser parameter
and particle mass concentration. Assuming a spherical particle shape and size
reduction from 450 nm to 200 nm for the main particle fractions, the created
surface by laser fragmentation is around 5 m?/g zinc oxide. For zinc oxide
nanostructures a surface energy of around 1.1 J/m? has been reported [Na2010].
Thus the generated surface energy is around 5 J/g by applying 67.5 kJ/g specific
laser energy input. As the generated surface energy is around 4 orders of
magnitude lower than the optical energy used to create this surface we believe
that significant laser energy is consumed by material heating, its chemical
conversion (fabrication of defects), and light scattering by the particles and laser-
induced cavitation bubbles.

Figure 18 shows SEM pictures of the educt particles and the change in size and
shape when PLFL or PLML occurs. The SEM picture for the PLFL process shows
educt, product and partially ablated particles present in the suspension at the
same time. These two product particle fractions have diameters of 60 nm and
200 nm confirming the two hydrodynamic particle sized observed in the disc
centrifuge (Fig. 19).
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Figure 16: Process efficiency and process windows for picosecond laser fragmentation
of zinc oxide. Diagram shows the dependence of fragmentation efficiency
(change of primary particle index) for the laser fluence applied to the liquid
jet. UT: untreated, PLML: pulsed laser melting in liquid, PLFL: pulsed laser
fragmentation in liquid, OB: optical breakdown of the liquid

The presence of two fractions is of particular interest as this indicates two
different mechanisms forming the product particles. In literature it has been
supposed that (for silicon dioxide particles) short laser pulses induce shock waves
passing the particle and at the same time ablating and vaporizing particles [24].
The shock waves induce desagglomeration and desaggregation resulting in the
larger edged particle fraction. This mechanistic pathway is supported by earlier
data, where pre-milling of ZnO educt particles greatly enhanced PLFL
productivity, possibly by pre-loading stress to the educt, facilitating mechanical
fracturing by PLFL [Wagener2012]. The vaporization pathway may cause the
formation of the observed smaller fraction, the spherical nanoparticles.

Regime of optical breakdown - OB

The fragmentation efficiency decreases drastically when the fluence exceeds
40 mJ/cm? (Fig. 16). At the same time the transmitted energy increases and
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fluctuates strongly and vaporization of the liquid is observed. This is accompanied
by visible plasma formed at the back of the liquid jet, typical for the optical
breakdown of water. At this fluence, the laser energy is transferred into the
surrounding liquid medium. For fluences above 100 mJ/cm? the liquid jet is
punctuated with a plasma formed by the optical breakdown of water. An
influence of the presence of particles on this breakdown threshold was not
observed, at least up to a mass concentration of 6 wt% ZnO. Vogel et al.
[Vogel1999] observed the laser fluence threshold for optical breakdown in water
for 3 picosecond laser with 580 nm wavelength to be at 2.6 J/cm?, equivalent to
an intensity of about 8 GW/cm?. This value is a factor of 40 higher than in our
case (50 mJ/cm? for 10 picoseconds pulse length and 532 nm). Deviation can be
explained by the curved surface of the liquid jet. The curved surface might
contribute to focusing of the laser beam, resulting in a higher fluence inside the
liquid jet.

To study if laser fragmentation under optimized conditions is transferrable to
other particle materials we investigated the picosecond laser fragmentation of
boron carbide microparticles in the same way. The black B4C powder was
dispersed in pure water at the same particle concentration like the zinc oxide
particles investigated before (0.1 wt%) and was exposed to the PLFL fluence
regime under the conditions where the highest value of mPPI (fragmentation
effectiveness) was observed for ZnO (30 mJ/cm?). Again, linear increase of
primary particle index with increasing picosecond laser energy input was
observed, indicating a well-controlled comminution process. However, in
contrary to ZnO, the majority of boron carbide particles are transferred into
spherical nanoparticles. These nanoparticles dominantly form large
hydrodynamic agglomerates in the analytical disc centrifuge (Fig. 8-7), but SEM
pictures confirmed the fabrication of spherical nanoparticles. A particle size
histogram from the SEM pictures of the educt particles and the fabricated
nanoparticles is shown in Fig. 20. It can be seen that PLFL of boron carbide
particles leaves spotty craters and holes with a diameter of around 100 nm on
educt particles surface (Fig. 20c). Interestingly, the product particles have same
diameters like the craters left on the larger educt particles. This is of particular
interest as the laser beam can by no means be focused to this diameter with
common focusing optics. We believe that the fabricated product nanoparticles
are acting as nano-lenses focusing the laser light in the near-field onto the educt
microparticles. Fig. 21 gives an overview of the proposed mechanisms occurring
for PLFL.
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Figure 17: Effect of mass-specific energy input on the extinction spectra of the ZnO

particle suspension (diagrams) and on the primary particle index (inserts).
The extinction values are peak-normalized and the PPl values are normalized
to the educt PPI. Left: laser melting (PLML) regime, right: laser fragmentation
regime (PLFL)
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Figure 18: SEM pictures of the zinc oxide educt particles (middle), particles formed by
PLML (left, 4 mJ/cm?; 33.75 kl/g) and particles irradiated with 40 mJ/cm?
laser fluence and 67.50 kJ/g specific energy input in the PLFL regime(right).
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Figure 19: Particle size and bandgap engineering by laser fragmentation of ZnO in liquid
flow with controlled energy dose. In a) decrease of hydrodynamic particle
diameter is shown. Exemplarily particle mass distribution of educt, product and
an intermediate smaple are shown (b). This gives evidence that a high amount
of particles is treated in the liquid flow. During the fragmentation process the
bandgap energy increases linearly with specific laser energy input (c). A
photograph of the dried and suspended particles before and after laser
irradiation gives evidence for fabrication of highly defect-rich ZnO particles (d).
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Figure 20: UV-vis spectra, primary particle index (here 500nm/700nm as insert) (a), SEM
histogram of boron carbide particles before (top) laser fragmentation and of
the fabricated nanoparticles (bottom) (b) and SEM pictures (c) for pulsed
laser fragmentation of boron carbide microparticles.

Conclusions

Treatment of particle suspensions by pulsed lasers allows a surfactant-free and
wear-free synthesis of submicron spheres and nanoparticle colloids by melting
and fragmentation of the educt. However, modelling and scale-up of this laser
method requires a robust process design, continuous liquid handling and defined
irradiation conditions regarding the fluence regime and energy dose. Sequential
laser irradiation of microparticle suspensions in a passage reactor is a versatile
method to fabricate submicron spheres or nanoparticles generated from pulsed
laser melting or pulsed laser fragmentation, respectively. Accordingly, this liquid
jet technique allows precise energy balancing and threshold determination for
pulsed laser fragmentation in liquids. Varying the laser fluence applied to the
liquid jet enables to distinguish between different material response regimes.
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The threshold for pulsed laser melting of zinc oxide particles was determined at
0.9 mJ/cm? for 10 picosecond pulse duration at 532 nm wavelength. This process
has till now only been shown for nanosecond pulse durations (in the UV), but for
low fluences pulsed laser melting in liquid is possible as well if picosecond pulses
are applied. Laser fragmentation starts to occur when the fluence reaches 6
mJ/cm? and is most efficient at 30 mJ/cm? close to the optical breakdown
threshold of the liquid. The primary particle index defined from the UV-vis-
spectra has been introduced as quantitative measure for the fragmentation
efficiency and correlates linear with decrease in the hydrodynamic particle
diameter. Both colloidal parameters, primary particle index and hydrodynamic
diameter, can be linearly adjusted by the number of passages in the liquid flow
reactor.

For pulsed laser fragmentation of zinc oxide particles we received highly defect-
rich des-aggregated particles and spherical nanoparticles, forming two particle
fractions. This indicates that two mechanisms are involved forming these
particles possibly divided into mechanical and vaporization pathway. Beside the
change of particle size laser fragmentation allows the bandgap engineering of the
semiconductor. Hereby the measured bandgap energy of the colloidal
suspension can be controlled by the specific energy input and correlates linearly
with the number of passages. After laser energy input of 67.5 kl per gram zinc
oxide a yellow powder is obtained after drying. This indicates highly defect-rich
zinc oxide particles which are stable over months under atmospheric conditions
and at room temperature. Therefore laser fragmentation can be used as a tool
to adjust the bandgap energy of a particulate material. Further pulsed laser
fragmentation of boron carbide microparticles under optimized parameters
shows that the fragmentation process in a continuous liquid jet can easily be
transferred to other particle systems with defined energy dose. The linear
behavior of the continuous reactor, correlating aimed particle properties with
number of passages is ideal for modelling reactor design for a defined product.
But even more important, mass-specific energy data are hereby available
allowing to scale the laser power required for a demanded throughput. Taking
both together, pulsed laser treatment of educt particles in liquid is a particle
fabrication technique, when modelling particle response and up-scaling
production parameters are easily accessible. The observed linear behavior (at
least of the two investigated materials) is ideal for robust operation of this
production method.
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Figure 21: Proposed mechanism for nanoparticle formation from zinc oxide
microparticles (top) and from boron carbide particles (bottom). In case of
low fluences ZnO microparticles partially melt down and re-solidify. For
higher fluences particles are fragmentized and vaporized. For boron carbide
mircoparticles small ablation craters are observed on the microparticles that
could be created from the nanoparticle interaction with the laser beam.
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4.1.2 Influence of particle mass on laser fragmentation efficiency
and process limitations

After addressing process efficiency in dependence of laser fluence and specific
energy input in the previous chapter, here the influence of particle mass
concentration and process limitations are described. Zinc oxide particle
suspensions with 0.01, 0.05, 0.1, 0.5, 1, 2, 3, 4, 5, 6 wt% were fragmentized,
applying an optimized laser fluence of 0.03 J/cm? on the surface of the liquid jet
in the passage reactor. Laser fragmentation efficiency is determined by the
primary particle index increase per number of passages (meri), similar to section
4.1.1. To obtain this value of the PPI, the extinction maximum around the
bandgap energy is divided by the extinction value at 600 nm for each sample
taken after different numbers of passages. Figure 22 shows the fragmentation
efficiency plotted versus the reciprocal particle mass concentration. For ZnO,
particle mass concentrations above 0.5 wt% the laser fragmentation process of
microparticles in liquids becomes inefficient. A dose response fit was found to
give good correlation of the laser fragmentation efficiency. This can be explained
by attenuation of laser light at high concentrations and no further efficiency
increase for low particle concentrations. A second ordinate is drawn on the left
side in the diagram, showing the relative laser fragmentation efficiency for the
investigated particle mass concentrations.

The existence of a maximum laser fragmentation efficiency at fixed experimental
parameters for different mass concentrations can be explained with help of the
passage reactor design; for instance, assuming that only a single particle is
irradiated in the illuminated volume in the passage reactor while the flow
through. The process efficiency will not change if in a subsequent volume unit
another single particle will be irradiated. Therefore, it will have no impact if one
particle is suspended in the liquid or two or more, for instance. However, with
increasing particle concentration there will be a change in process efficiency
when particles shield each other to the incident laser light.
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Figure 22: Influence of particle mass concentration on the laser fragmentation
efficiency determined under optimized fragmentation conditions for zinc
oxide microparticles (laser parameters: 10 ps pulse length, 532 nm
wavelength, 0.03 J/cm?) in the free liquid jet with a dose response fit

Thus, the number and volume of particles in the interaction zone where the laser
irradiates them strongly determines the overall process efficiency. Therefore,
this process is subject to an optimization problem between effectivity of
fragmentation (favored by low wt%) and nanoparticle yield. For the experiments
presented in the previous chapter, 0.1 wt% was found to be effective in the
laboratory scale, which already allows detecting the change of particle properties
by UV-vis extinction spectroscopy after one irradiation cycle. Although the
absolute value of laser fragmentation efficiency depends on optical particle
properties such as the extinction coefficient at the laser wavelength used, as well
as on educt particle size, the influence of particle mass concentration on change
of process effectivity might be similar for other non-metallic particulate
materials.
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A further enhanced experimental design to study laser fragmentation
mechanisms more precisely would be an irradiation of a single particle in the
laser-liquid interaction zone by a single laser pulse. In chapter 4.3 where key
figures are derived the possibility how to implement the passage reactor
designed and used for this purpose is discussed. A first approach is the decrease
of particle mass concentration and investigation of particle properties such as
UV-vis extinction and size.

Therefore, to determine the achievable particle size for PLFL of zinc oxide
microparticles in the passage reactor, a suspension of 0.01 wt% zinc oxide in
water was fragmentized for up to 100 passages under the previously-described
parameters.

Figure 23 shows the UV-vis spectra for 0 to 30 passages (a), 30 to 100 (b) passages
and the resulting primary particle index for different passages (c). After linear
increase until 30 passages the PPl decreases after 30 passages. To understand
this, the change in particle size has to be considered.

Due to the low particle concentration and low extinction of the small particles
(below 10 nm, see Figure 25), the results from the analytical disc centrifuge were
not very precise, although they show a gradual size reduction of the main fraction
(around 450 nm). The results for disc centrifuge measurements after 0, 5, 10 and
20 passages are shown in the Appendix Figure 8-8. The decrease of the PPI after
30 passages can be explained by fabrication of small and e.g. amorphous
nanoparticles that contribute to neither the extinction around 350 nm nor the
extinction at 600 nm.

The degradation in particle size becomes significant after 30 passages and leads
to a decrease in the PPI. This observation is confirmed by TEM pictures showing
the zinc oxide particles after different passages. Figure 24 summarizes the
experimental procedure and change of optical properties of the suspension after
laser fragmentation. The fragmented suspension appears transparent and TEM
images reveal small nanoparticles with diameters below 10 nm. Figure 25 shows
typical TEM images after 0, 20, 80 and 100 passages on top and the
corresponding UV-vis spectra and histograms derived from several TEM images.
Interestingly, the particle size slightly increases from passage 80 to 100.
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Figure 23: a) UV-vis spectra from 0 to 30 passages; b) UV-vis spectra from 30 to 100
passages; c): primary particle index (PPI) for pulsed laser fragmentation
under optimized laser parameters at 0.01 wt% zinc oxide particle mass
concentration
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Figure 24: TEM images and photograph of the zinc oxide colloids in water with a
particle mass concentration of 0.01 wt% before (left) and after 100 passages
laser fragmentation (right). The middle bottom shows the experimental set-

up.

One possible explanation for particle size increase can be the ripening due to
colloidal instability, because the size capturing surfactant SDS was added just
after the last passage. Therefore, the particles obtained after 100 passages had a
longer reaction time for aggregation and agglomeration.

Although the reason for slight particle size increase between 80 and 100 passages
cannot clearly be stated here, it is shown that particle concentration during laser
fragmentation has a crucial influence on the process efficiency. Experiments with
low particle concentrations (0.01 wt%) demonstrate that small (around 10 nm)
zinc oxide nanoparticles can be generated from microparticles. Note that the
microparticles quantitatively converted into the nanoparticles. No precipitation
was observed nor were educt-product separation steps executed.
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Figure 25: Representative TEM images after 0, 20, 80 and 100 passages (top), UV-vis
spectra of the corresponding suspensions and TEM histograms derived from
several TEM images

From the determined solubility (see chapter 2.1), it should be excluded that ZnO
particles dissolved given that only around 18 wt% of the particles are soluble at
a pH of 6.7. One possibility might be that ZnO particles are dissolved by intense
laser irradiation and a super-saturated solution is captured by the addition of
surfactant after the last passage. This would be in agreement with the seed
diameter reported by Schindler et al. [Schindler1965].

This shows that laser fragmentation offers good potential for nanoparticle
generation and that under precise controlled process conditions quantitative
conversion from micro- or sub-microparticles to nanoparticles is also possible. An
educt-product separation is often difficult. Filtration steps mostly result in a low
nanoparticle yield, especially when only electrostatically stabilized nanoparticles
are filtrated. For an educt-product separation of a bimodal size distribution
sedimentation is superior due to a possible cut off size in the gap of particle
modes. In case of a gradual size reduction as observed here for zinc oxide
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particles a cut off size that can have an overlap in the particle modes has to be
chosen. Thus, quantitative conversion of educt particles at lower concentrations
followed by a subsequent concentration increase through vaporization of the
liquid phase might be preferential to achieve monomodal and high concentrated
nanoparticle suspensions from PLFL. A quantitative conversion leads to a
sufficient yield and renders additional processing such as size selection
unnecessary.

Investigating and studying the influence of particle mass concentration on PLPPL
is crucial for process understanding and potential up-scaling. Another important
question arises when the presence of a second particulate material is considered,
e.g. plasmonic nanoparticles. Accordingly, this will be discussed in the following.

4.1.3 Laser fragmentation of supported particles: gold on zinc
oxide

As described in chapter 2.4 and 2.5, gold nanoparticles absorb laser light around
the second-harmonic wavelength of Nd:YAG lasers very efficiently, due to their
surface plasmon resonance (SPR). The idea of a gold-amplified laser
fragmentation is to use gold nanoparticles attached to microparticles surface as
plasmonic antennas. For this purpose, laser-generated gold nanoparticles are
adsorbed onto microparticles. These ligand-free Au NP are preferred due to their
bare surface and electrostatic potential. Due to their charge, high concentrations
of Au NP can be adsorbed with 100% efficiency to particulate materials that have
an opposite zeta potential [Marzun2014]. Further details on the preparation
method for gold nanoparticles supported on zinc oxide microparticles are given
in the experimental section of chapter 4.2.3. Figure 26 shows the influence of pH
value on electrostatic potential (zeta potential) of particles surface is shown for
gold nanoparticles and zinc oxide microparticles. Under acidic conditions, zinc
oxide dissolves [Degen2000]. The isoelectric point (IEP) of ZnO microparticles is
around 8.5 [Degen2000], while the IEP of gold nanoparticles is around 2
[Sylvestre2004a], [Zeng2005], [He2008]. To attach the gold nanoparticles to zinc
oxide microparticles, their net charges should be opposing, namely zinc oxide
positive and gold negative. Therefore, Au NP can be adsorbed to zinc oxide
microparticles from pH values of > 2 to < 8.5, reflecting a wide range covering the
neutral regime [Marzun2014]. To support the Au NP on ZnO MP, pure water was
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used as a solvent. Note that zinc oxide should not dissolve, meaning that acidic
conditions should be avoided. To provide a large area of zinc oxide
hydrodynamically accessible by the Au NP, ultra-sonication should be applied
during the supporting procedure. Due to the size of microparticles, the
micro/nano hybrid compound sediments in the reaction container leaving pure
water as supernatant. This allows the easy removal of nanoparticles from their
liquid environment when attached to microparticles’ surface. After additional
drying, a purple powder is obtained (see 4.8 and [Marzun2015]). To investigate
the influence of gold nanoparticles supported to zinc oxide microparticles during
pulsed laser fragmentation, these powders were subjected to 532 nm picosecond
PLFL at different amounts of gold nanoparticle loads.

60 " 1 " 1 " 1 " 1 " 1
1 ®m  zinc oxide

e gold nanoparticles|

zeta potential [mV]
o

pH value

Figure 26: Zeta potential at different pH values of zinc oxide microparticles and gold
nanoparticles
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Figure 27: UV-vis extinction spectra of ZnO microparticles with different gold
nanoparticle load before and after 10 passages (top left and right,
respectively) and laser fragmentation efficiency for different amount of ZnO-
supported gold nanoparticles (bottom)

Figure 27 (bottom) shows the change of laser fragmentation efficiency in
dependence of the gold amount supported on zinc oxide. Here, the efficiency was
determined analogous to chapter 4.1.1 (defined as the slope of linear fit from the
primary particle index mepi). In Figure 27 extinction spectra determined by UV-vis
spectroscopy of the different educt powder materials (gold load on ZnO of 0 wt%,
0.1 wt%, 1 wt%, 2 wt%, 5 wt%) suspended in water before PLFL and after 10
passages is shown. Spectra are normalized to the local maximum around the
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bandgap energy. At higher Au NP load extinction in the long wavelength regime
is increased due to the optical properties of gold nanoparticles. Considering the
SEM pictures of educts shown in Figure 28 left, this increase might be caused
from locally agglomerated gold nanoparticles. Although laser fragmentation
efficiency derived from mep increases, this could be attributed to PLFL of the
aggregated gold nanoparticles. This is confirmed in Figure 28, showing a
representative SEM image of 5 wt% Au on ZnO before and a corresponding TEM
image after PLFL. Gold nanoparticles are fragmentized during PLFL with 532 nm.
It cannot yet be distinguished whether gold nanoparticles enhance PLFL of ZnO
or if PLFL removes the Au NP from their ZnO support and disperses them, given
that both could cause a similar change in the UV-vis extinction spectra. Hence,
laser fragmentation efficiency derived from mepi is insufficient in describing the
influence of supported Au NP on ZnO for PLFL. Further analytics such as
fractioning of particle sizes and elemental analysis could provide additional
insights. However, obviously Au NP are evidently affected by PLFL conditions, as
well as ZnO microparticles. Considering the studies of Hashimoto et al.
[Hashimoto2012], [Werner2011], [Werner2011a], [Werner2013] for laser
fragmentation of gold nanoparticles proving the formation of a nanobubble and
the electron-phonon coupling time for gold which is around 6 to 20 ps [Lin2003]
and around 0.5 ps for ZnO [Zhukov2012] there might be interesting effects due
to the presence of gold nanoparticles during PLFL with 10 ps of ZnO. Nonetheless,
additional studies and effects when supported Au NP are exposed to longer laser
pulses and lower laser fluences are shown in chapters 4.2.2 and 4.2.3.

Figure 28: SEM picture of 5wt% gold nanoparticles on zinc oxide (left) and TEM picture
of 5 wt% gold nanoparticles on zinc oxide after 10 passages
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4.1.4 Ligand-free gold atom clusters adsorbed on graphene nano
sheets generated by oxidative laser fragmentation in water

Synopsis

This chapter presents how the size limit accessible by PLFL of around 4 nm can
be overcome by adding an oxidative reagent to the nanoparticle suspension
during the fragmentation process. It is known that surface oxidation contributes
to colloidal stability by adding surface charges causing electrostatic repulsion
[Sylvestre2004], [Sylvestre2004a]. Laser fluence studies on the achievable Au NP
size for ns pulses show a size limit of around 4nm [Amendola2007],
[Rehbock2014]. In Fig. 29 the proposed influence of the oxidative reagent H,0>
is schematic illustrated. In contrast to partial reduction resulting in defect-rich
zinc oxide particles the presence of an oxidative reagent contributes to preserve
particle growth. The influence of hydrogen peroxide on PLFL is studied in this
chapter.
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Figure 29: Schematic illustration and mechanistic conclusion for synthesis of ultra-small
gold nanoparticles in presence of H,0; [Lau2014d]
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Abstract

Over three decades after the first synthesis of stabilized Au55-clusters many
scientific questions about gold cluster properties are still unsolved and ligand-
free colloidal clusters are difficult to fabricate. Here we present a novel route to
produce ultra-small gold particles by using a green technique, the laser ablation
and fragmentation in water, without using reductive or stabilizing agents at any
step of the synthesis. For fabrication only a pulsed laser, a gold-target, pure
water, sodium hydroxide and hydrogen peroxide are deployed. The particles are
exemplarily hybridized to graphene supports showing that these carbon-free
colloidal clusters might serve as versatile building blocks.

Introduction

Gold clusters have attracted much attention because of their optical properties.
Instead of plasmonic gold nanoparticles with metallic character, ultra-small gold
particles show quantization of electronic energy levels [Zheng2011, Qian2011].
The size threshold for significantly quantum-sized gold clusters can be estimated
by the jellium model to be ~2 nm assuming complete defect-free filling of the
valence shells [Zheng2004]. At much higher number of gold atoms, energy level
spacing eventually becomes comparable to available thermal energy so that this
transition size regime connects atomic and metallic behavior, as can be seen by
proto plasmonic fluorescence properties. These clusters are of particular interest
in a variety of application fields, e.g. as optical limiters [Philip2012], for
heterogeneous catalysis [Hughes2005, Huang2009, Turner2008] or as
fluorescent markers [Goldys2012, Wen2011, Shang2011], where gold clusters
have already been successful applied, but till now only synthesized with
reduction chemistry and stabilizing ligands. Gold particles smaller than 2-3 nm
show no surface plasmon resonance in the extinction spectra and have non-linear
optical properties [Lica2004, Palpant1998].
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Although fluorescence of gold clusters has been shown by several groups, it is
still unclear if fluorescence origins from the gold itself or the orbital coupling
when organic molecules are adsorbed on particle surface [Lin2009a]. Recently,
Lin et al. showed that fluorescence properties of gold clusters are strongly
affected by the ligands attached to gold atom clusters surface [Lin2009b]. Beside
this clusters are known to be efficient for homogeneous and especially
heterogeneous catalysis [Nijhuis2006] where the catalytic activity depends on
the size of the particles [Haruta1997]. Availability of colloidal gold atom clusters
free of organic molecules would allow the study of optical or catalytic properties
in this atom-metal transition particle size regime without cross-effects by surface
absorbed ligands.

In 1993 Fojtik and Henglein reported for the first time the laser-based synthesis
of inorganic nanoparticle colloids [Fojtik1993]. Since the 2000s laser ablation and
fragmentation in liquids became a research field growing by factor 15 in a decade
[Barcikowski2009] allowing to produce colloids of high purity via a facile synthesis
route that fulfills the twelve principles of green chemistry [Amendola2013,
Murphy2008a]. Gold nanoparticles, for example, are obtained simply by focusing
a laser beam on a gold target placed in water without any reactants
[Neddersen1993]. These gold nanoparticles show a high reactivity due to their
pure (ligand-free) surface and can be used, e.g. for bio-conjugation with a variety
of molecules [Barchanski2012, Barchanski2011, Petersen2011] or sorption on
supporting particles [Wagener2012a]. Also bimetallic nanoparticles colloids can
be fabricated by laser ablation and fragmentation in liquid, e.g., Silver/Gold
[Intartaglia2013]. As a drawback, laser-generated particles have a wide size
distribution compared to chemically-synthesized ones [Besner2006,
Besner2010]. To reduce this scientific drawback of polydispersity, size quenching
effects by adding salts or ligands [Rehbock2013] can be used, resulting in
monodisperse gold colloids. An alternative size reduction method is post
irradiation with ultra-short laser pulses avoiding contaminations by additives
[Menendez-Manjon2011, Amendola2007, Werner2011].

It is known that pulsed laser irradiation of gold colloids with laser fluence of 0.05-
0.5 J/cm? may cause a reduction of particle diameter down to a size limit of 4 nm
[Riabinina2011]. Yet, only the addition of organic surfactants gave access to
particle sizes smaller than 4 nm via the laser fragmentation route
[Giammanco2010, Mafuné2002], but unfortunately the employed stabilizers
cover the final gold cluster surface and are difficult to remove quantitatively.
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Materials and Methods
Laser ablation and fragmentation

In our experiments, we firstly generated educt particles by laser ablation of a gold
target in an ablation chamber filled with deionized water (Millipore pH ~ 5-6)
using a picosecond pulsed Nd:YAG laser (Ekspla, Atlantic Series, 10 ps, 100 kHz,
150 W, 1064 nm) for 5 minutes yielding ~ 150 mg/L gold nanoparticles. This
suspension was diluted to a concentration of 10 mg/L. The subsequent laser
fragmentation procedure was performed using the second harmonic of a Nd:YAG
nanosecond laser (Innolas, Spitlight, 10 ns, 100 Hz, 75 mJ, 532 nm) for 4 hours
with a fluence of about 0.7-0.8 J/cm? without (pH 8) and with 10 wt-% hydrogen
peroxide (Fluka) in water (pH 5), and 0.6 mM NaOH (Applichem). The
experiments were performed using the 4.5 mm raw beam in a glass vessel with 4
mL gold nanoparticle suspension.

Graphene nano sheets and adsorption of gold atom clusters to GNS

The graphene nano sheets were prepared by the reduction from oxidized
graphite. This oxidized form of graphite was dispersed in water and reduced by
hydrazine hydrate, resulting in graphene nano sheets as described from Siburian
et al. [Siburian2013]. The gold atom clusters used for this experiment were
fabricated in 10 wt-% hydrogen peroxide. Subsequently these gold clusters were
adsorbed to the GNS under continuous treatment with a sonotrode and by
heating of the cluster suspension to 80°C. GNS fabrication and gold cluster
adsorption were performed in the Faculty of Pure and Applied Sciences at the
University of Tsukuba.

Particle Analysis

Gold particle suspensions were characterized by UV-vis spectroscopy using a Cary
50 (Varian Inc.) spectrometer. TEM pictures were taken with a Zeiss EM190
microscope and a Jeol JEM-2100 high resolution transmission electron
microscope (NIMS, Japan). Particle sizes were detected in an analytical disc
centrifuge DC 24000 (CPS instruments) at 24000 rpm and by dynamic light
scattering (DLS) using a Zetasizer Nano ZS (Malvern).
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Results and Discussion

Here, we present a combination of laser ablation and oxidative fragmentation to
generate ligand-free colloidal gold clusters. Laser fragmentation of gold
nanoparticles in pure water results in a particle size reduction similar to
experimental findings of Amendola et al. [Amendola2007]. Size quenching and
stabilizing effects for small amounts of salts are currently reported [Merk2014,
Pfeiffer2014]. Here we combined the stabilizing effect of a small amount of
sodium hydroxide (NaOH) with the oxidative potential from hydrogen peroxide
(H202). Both additives are chosen since they offer the opportunity of a carbon-
free stabilization of gold particles < 4 nm. Addition of NaOH is not mandatory,
but helpful to increase the pH of the solution for sufficient colloidal stability as
the low pH resulting from the addition of H202 could cause destabilization of
laser-generated colloidal gold particles. Nevertheless, all involved species are
based on oxygen and hydrogen and no irreversible attachment of anions like
chloride have to be considered. For applications where sodium might be harmful
(e.g. specific catalytic reactions) the cation could be replaced by ammonium or
other alkaline additives.

The corresponding UV-vis spectra of the particle colloids after ablation and for
fragmentation with 0.6 mM sodium hydroxide show a shift in plasmon resonance
from 530 nm to 510 nm (Figure 30) which is equivalent to a particle size of around
40 nm and 6 nm respectively [He2005, Haiss2007]. In contrast to this, the
presence of hydrogen peroxide during the fragmentation process changed the
particle size of the colloid without observing any precipitation. The significant
decrease of plasmon resonance of the fragmentized particles might be explained
by the fabrication of non-plasmonic particles [Garcia2005] in both cases, with and
without hydrogen peroxide. However, if hydrogen peroxide is present the
particles size further decrease. This is observed by a plasmon resonance peak
shift from 530 to 507 nm.
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Figure 30: UV/Vis-spectrum and size distributions of gold nanoparticles produced by
pulsed laser ablation and fragmentation. Analysis was performed after laser
ablation (black curve, top), fragmentation of particles in water with sodium
hydroxide (red curve, middle) and after oxidative laser fragmentation in
presence of sodium hydroxide and hydrogen peroxide (blue curve, bottom).
Particle size distribution is determined from TEM images, which are
exemplary shown on the bottom (a: after laser ablation, b after pulsed laser
fragmentation in water with low NaOH concentration (0.6 mM), c after
fragmentation in presence of hydrogen peroxide (10 wt-%) and 0.6 mM
NaOH.
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Figure 30 summarizes the influence of hydrogen peroxide on the particle size.
Analysis was performed after laser ablation (black curve, top), fragmentation of
particles in water with sodium hydroxide (red curve, middle) and after oxidative
laser fragmentation in presence of sodium hydroxide and hydrogen peroxide
(blue curve, bottom). Particle size distribution is determined from TEM images,
which are exemplary shown on the bottom (a: after laser ablation, b after pulsed
laser fragmentation in water with low NaOH concentration (0.6 mM), c after
fragmentation in presence of hydrogen peroxide (10 wt-%) and 0.6 mM NaOH.)
The plasmon resonance shift and decrease of extinction in the UV/Vis-spectra
correlate to the decrease of particle size after fragmentation which is also
observed from TEM images.

This size reduction was, confirmed by transmission electron microscopy (TEM)
images and analysis in an analytical disc centrifuge (see also Figure 8-13 — 8-15
and Figure 8-18 — 8-20). Gold nanoparticles generated by laser ablation without
surfactants usually obtains particle diameter between 10 and 100 nm (Figure 30).
Laser fragmentation reduces the size of these particles down to a mean size of
3.5 nm, for minute amounts of sodium hydroxide. TEM-analysis of particles
fragmentized in presence of both sodium hydroxide and hydrogen peroxide show
product particles smaller than 3 nm whereas most particles are around 2.1 nm.
These observations in the difference when hydrogen peroxide as oxidative
reagent is present during the fragmentation process are statistically confirmed
by particle size analysis using an analytical disc centrifugation, reported in Figure
31.

This quantitative analysis confirms reduction of the particle size after the
fragmentation and the positive effect of hydrogen peroxide for further particle
size decrease. Therefore: i) the educt gold nanoparticles are in a regime of tens
of nanometers; ii) laser fragmentation in water with 0.6 mM sodium hydroxide
results in a hydrodynamic particle diameter of around 10 nm; iii) the presence of
hydrogen peroxide yields around 4-6 nm particles.

Deviations of TEM histograms and the results from the analytical disc centrifuge
might be explained by the measurement method. Sizes observed in the TEM
correspond to a real particle diameter whereas particle sizes resulting by
analytical disc centrifugation are enhanced by contributions of soft agglomerates
and solvation shell.



78 4 Results and discussion

.
— 12 = after laser ablation synthesis L —_ —after laser ablation synthesis
Sl == after laser fragmentation with NaOH 3 124 | = -after laser fragmentation with NaOH
3, = =after laser fragmentation with NaOH and H,0, 3, | after laser fragmentation with NaOH and H,0,
e =
g r - 1 LA
5 .
g os e b g oe Ly
z ri I = |'l hq

0.6 2 & 06 '
2 == 2 T
@ I 1 ] E . | ]
E 04 b I 2 04 | \

.

2 | ] \ 2 !
T 02 £ 024 [
T ] l 1) 3 I \

0.0 . : 0.0 L.

1 100 1 100

10 10
particle diameter [nm] particle diameter [nm]

Figure 31: Hydrodynamic particle diameter (mass distribution and number frequency)
of gold nanoparticles after laser ablation (black/solid curve), fragmentation
of particles in water with sodium hydroxide (red/dashed curve) and after
oxidative laser fragmentation in presence of sodium hydroxide and hydrogen
peroxide (blue/dased and dotted curve) respectively, measured in an
analytical disc centrifuge (ADC).

Figure 32 (right) shows a zoomed gold cluster from a HR-TEM image with a
measured lattice spacing of 0.2 nm (illustrated as black lines and arrows) which
correspond to gold {200} planes in the Au lattice direction. Therefore, laser
fragmentation in presence of both sodium hydroxide and hydrogen peroxide is
capable to generate smaller nanoparticles than fragmentation with sodium
hydroxide alone. It is known that laser fragmentation in liquid is an ultrafast
process on a picosecond timescale [Ibrahimkutty2011] therefore the observed
influence of oxidative species should be related to a subsequent stabilization of
laser fragments instead of an impact on the fragmentation mechanism itself. We
believe that this oxidative species is capable to stabilize the oxidized nanoparticle
surface resulting in charged surface atoms that contribute to electrostatic
stability. Muto et al. have shown that a significant amount of surface atoms of
laser-generated nanoparticles is oxidized to Au+ or Au3+ species [Muto2007].
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Figure 32: Histograms of particle sizes from laser-fabricated gold clusters (in pure
hydrogen peroxide) before (top) and after (bottom) adsorption on graphene
nano sheets on the left with HR-TEM images as inserts and a HR-TEM
micrograph of a gold cluster at the right side.

These species are usually covered by anions or other negatively-charged species
that give a pure electrostatic stability to the laser-generated nanoparticles with
high surface charge density (see characterization of the isoelectric point of gold
particles within the Supporting Information, Figure 8-21). Consequently,
nanoparticle surface oxidation accounts for the colloidal stability of laser-
generated nanoparticles. In case of laser fragmentation, size reduction to smaller
nanoparticles or even clusters strongly enhances the total nanoparticle surface
of the system. These particulate fragments underlie coalescence and ripening
processes and are growing to bigger particles that limit minimal particle size
obtained in equilibrium by laser fragmentation in pure water. Inside diluted
electrolytes there is size-quenching [Rehbock2013] effect shown by effective
particle size reduction for fragmentation in diluted sodium hydroxide.

In presence of an oxidizing species, these clusters might be stabilized additionally
by oxidation contributing to surface charge density and electrostatic interparticle
repulsion hindering coalescence. Therefore the presence of hydrogen peroxide
and minute amounts of sodium hydroxide are capable to fabricate ultra-small
gold nanoparticles.
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Table 3: Oxidation potential at a pH value of 0 [Lide2009], 5 and 8 (calculated by the
Nernst equation) for oxygen, hydrogen peroxide and Au3+. Potential is given for
the pH values used for the experiments.

E°/V | E/V(pH | E'/V (pH
(pH0) 5) 8)
H202+ 2H*+2e S 2H,0 1.776 1.481 -
Au(OH)s + 3H* +3e < Au + 3H20 1.45 1.155 0.978
02+ 4H* + 46 S 2H,0 1.229 0.934 0.757

This process of oxidative laser fragmentation enables quantitative size reduction
of gold nanoparticles and results in the fabrication of colloidal gold atom clusters
in the quantum-size regime without using any organic ligands.

Looking at the redox potential is helpful to identify oxidizing species able to
stabilize gold particle surface sufficiently. Table 1 gives the redox potential of
dissolved molecular oxygen, hydrogen peroxide and bulk gold at given pH 5 and
8. As can be seen, the redox potential of hydrogen peroxide is slightly higher
compared to Au3+ which might result in enhanced surface oxidation and
subsequent stabilization of the gold clusters. Even though the oxidation potential
for nanoparticles was reported to decrease close to the oxidative potential of 02
if the nanoparticle size decreases [lvanova2010], it becomes difficult to oxidize
clusters surface by water-solved 02 in a sufficient way. As can be seen the
oxidative potential of hydrogen peroxide is above the potential of gold, whereas
the potential of oxygen is lower. Thus oxygen present in the solution will not be
able to oxidize gold particles surface whereby hydrogen peroxide can. Further we
calculated the molecules stoichiometrically available for each surface atom in
case of an oxygen saturated water solution at 20°C and for 10 wt-% hydrogen
peroxide solution for a gold concentration of 20 mg/L. This diagram, shown in the
supporting information (Figure S4.1.4 1) depicts that only few molecules of
oxygen are available for the gold surface even if the water is saturated with 02.
Therefore, sufficient surface oxidation by 02 is kinetically improbable even when
the oxidative potential for gold nanoparticles and clusters is close to the value of
molecular oxygen. In contrast to this, the oxidative potential of hydrogen
peroxide is significantly above the value for gold, and H202 is available in excess
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by 4 orders of magnitude, therefore delivering both the necessary potential
difference and molecular quantity, not provided by oxygen.

Furthermore, we adsorbed the ligand-free gold clusters after the synthesis on
graphene nano sheets (GNS) (Figure 32, see also Figure 8-16 and 8-17) showing
that these clusters might be used as building blocks for heterogeneous catalysts
[Mafuné2014, Siburian2012]. Note that these clusters were fabricated only in
presence of hydrogen peroxide. No deviation of particle size distribution before
and after adsorption on GNS is observed and the resulting hybrid material may
open up catalytic applications which highly demands very small particles or even
clusters. As all observed clusters are located on the GNS support (see Figure 32
and Figure 8-17 Supporting Information) and no separated particles or clusters
are observed, we expect a sufficiently strong interaction between clusters and
support. In literature, the adsorption of clusters and nanoparticles to graphene
or graphene-like surfaces is usually assigned to van der Waals forces
[Rance2010]. Additionally, Coulomb interactions with Au particles may be
considered at the defects sites of graphene [He2013]. To estimate the strength
of gold cluster adsorption it is helpful to consider the Hamaker constant, which
describes a pair potential between nanoparticles and carbon support. In case of
metal nanoparticles and carbon nanotubes (that are similar to the used graphene
nanosheets), the value of this constant is quite large (6x107%° J, taken from Akita
et al. [Akita2000]). This indicates a strong interaction between clusters and
graphene surface. Consequently, the adhesion of gold atom clusters to graphene
nanosheets should be irreversible and strong enough even to perform rinsing
steps in order to purify the heterogeneous catalyst.

Recently, Mafuné et al. showed the laser-fabrication of ultra-small nickel
particles by in-situ size quenching in presence of silica nanoparticles
[Mafuné2014]. However, this one-pot method is restricted to fine dispersed
supporting materials without any absorption or scattering properties at used
laser wavelength. By the presented two-step method (laser fragmentation and
subsequent supporting) almost any supporting material can be used.

Conclusions

In summary, ligand-free gold clusters with particle sizes smaller than 3 nm may
be synthesized in water during pulsed laser fragmentation of the laser-
synthesized gold nanoparticles in presence of sodium hydroxide and hydrogen
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peroxide as oxidative reactant. The gold clusters can be quantitatively adsorbed
on graphene with potential use as heterogeneous catalyst. The availability of
ultra-small gold particles in the atom-metal transition size regime that are free of
any organic molecules on the cluster surface could be an interesting reference
material for fundamental studies on optical or catalyst properties of quantum-
sized metal colloids.
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4.1.5 Laser-induced chemical conversion of particle suspensions
4.1.5.1 Fragmentation of copper compounds - laser-induced reduction

A cooperative work combining copper-based materials used in Schaumberg et al.
[Schaumberg2014] with the method of Lau et al. [Lau2014a] also aims to
understand whether processing in the liquid jet affects particle composition. This
chapter addresses PLFL mechanisms and the influence of the surrounding liquid
and educt particle composition on obtained particle properties. For this purpose,
the copper compounds copper nitride (CusN), copper-(Il)-oxide (CuO), copper-(1)-
oxide (Cu20) and copper iodide (Cul) were used as educt microparticles and
exposed to previously-determined optimized laser irradiation parameters with
532 nm, 10 picoseconds, 100 kHz and 75 pJ pulse energy. As liquid, ethyl acetate
(EA) was chosen. CusN was chosen to be fragmentized in water and also under
nanosecond UV laser irradiation.

Combination of both scientifically reported experiments [Schaumberg2014],
[Lau2014a] may enable further insight, and additional copper compounds are
investigated. Copper iodide plays an important role here, as described in detail
in the following. Figure 33 presents photographs of the dry and in EA suspended
educt powder materials (left). Due to large educt particle size in the range of
several micrometers, they sediment within a few minutes, leaving the pure
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solvent as a supernatant. After fragmentation, the nanoparticles generated from
microparticles form a stabile colloid. Nanoparticle colloids were decanted after
sedimentation of the microparticles, whereby the photograph on the right in
Figure 33 depicts these stable colloids. In the following, the observed change of
chemical composition will lead to hypothesis of fragmentation mechanism and
the educt particle property influence.

Figure 34 illustrates particle size distributions of generated colloids shown in
Figure 33 on the right. The histograms were taken from TEM images.
Representative TEM images are shown in Figure 35 (images were made by C.
Schaumberg, December 2014 at the Helmholtz-Zentrum Berlin). Additional TEM
images of the different nanoparticle materials are added in supplementary data
4.5.

It is obvious that the largest nanoparticles and widest particle size distribution
are obtained from copper iodide microparticles. Electron energy loss
spectroscopy (EELS) of the different colloids indicates the chemical composition
of generated nanoparticles. Figure 36 summarizes EELS results for the different
colloids showing relevant energy regimes for copper, oxygen and/or nitrogen. If
a shift in energy is observed, this results in an energy loss edge and thus signal
intensity increases [Schaumberg2014]. Given that all elements show distinctive
energy levels, EELS enables identification of elements. The most distinctive
reduction to copper nanoparticles was obtained by PLFL of CusN in EA. For CuO
in EA, only a small amount of oxygen is present. This might be explained by
oxygen being present in the educt microparticles, resulting in residual oxygen
species after vaporization and nucleation. This would lead to the conclusion that
Cu20 in EA will show less oxygen present in nanoparticles compared to CuO,
although this is not the case.

The fragmentation of Cul particles also show this correlation between particle
size distribution and change of chemical composition, which is even more
significant for copper iodide. Cul probably follows the shock wave-induced
fragmentation mechanism as reported for the majority of ZnO in 4.1.1. This can
be observed in gradual size reduction and an overall wider particle size
distribution and particle shape. Additionally, Cul is not reduced to Cu, which can
be another indication for the fragmentation mechanism. The preservation of the
educt’s elemental composition and crystallinity is confirmed by the diffraction
pattern (Figure 37) and EELS (Figure 36).
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Figure 33:

Photograph of the different copper microparticle compounds before (top)

after (bottom) laser fragmentation (100 passages at picosecond laser (532

nm wavelength, ~30 mJ/cm?) 50 passages at UV laser (355 nm wavelength,
~3 J/cm?)) forming stable colloidal nanoparticle suspensions



4.1 Laser fragmentation 85

20 30 40 50

10
600 [
I CuO
400 ,
Ethylacetate
200 [
o] =]
200 Ethylacetate |
0 L

10 20 30 a0 50

ECN

__ [
200 HZO F
0T -w_ T T
u2

Ethylacetate [

W
20 Ethylacetate |
UV Laser
0 - ;

40 10 20 30 a 0

uJ
209 Ethylacetate|[
04 L

0 E
10 20 30 40 50 60

particle counts

particle diameter [nm]

Figure 34: Histograms taken from TEM pictures of the different colloids after PLFL
shown in Figure 33 and 35

Comparing PLFL of CusN in EA and in H20, oxidation subsequent to NP generation
is observed, confirmed by EELS (presence of oxygen shoulder) and TEM (shell
covering particles). The abundance of nitrogen confirms that particles undergo a
reduction to elemental copper. It might be assumed that particles only have an
oxidized shell and might be Cu@CuOx but cannot be confirmed by data. TEM
images only indicates this by the low contrast shell that surround particles. In
supplementary data 4.5, several additional TEM images are shown, where a
crystalline structure can be observed for PLFL of CusN in EA.

Interesting results were found for ns PLFL of CusN in EA with 355 nm, where
particles are found to be very small. The color indicates copper acetate upon first
glance, although TEM reveals small particles. Elzey at al. reported colloial copper
nanoparticles formed in aqueous HCI [Elzey2011]. If copper is dissolved in HCI, it
appears to be bluish in color, similar to our CusN colloid, shown in Figure 33
(bluish liquid). This might indicate that CusN was dissolved in EA by laser
irradiation. Given that TEM images revealed small nanoparticles with diameters
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below 3 nm, it might be possible that very small copper nanoparticles are
generated, which appear bluish in color.

The surrounding liquid present during laser fragmentation has a crucial impact
on obtained particles, besides the starting material composition used. In
presence of water nanoparticles generated from copper nitride indicate to have
an oxide shell. This is confirmed by EELS. Thus it can be summarized that
reductive laser fragmentation is possible when nanoparticles are formed by
vaporization and subsequent nucleation, as known for pulsed laser ablation in
liquid. To preserve particle composition, EA should be chosen rather than water.
For particles that do not sufficiently absorb laser light, a shock wave-induced
fragmentation mechanism can be assumed to be predominant. Please note that
both mechanisms could occur simultaneously with different severity, as found
for zinc oxide. Here, it cannot be excluded that vaporization does not take place,
although if this vaporization occurs it might be estimated that copper
nanoparticles are formed.

Figure 35: Representative TEM images of the different colloids after laser
fragmentation
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Figure 36: Electron energy loss spectra for the different copper colloids showing
presence of copper and the corresponding relevant elements, such as
oxygen, nitrogen or iodide
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Figure 37: Diffraction pattern of Cul (left) and CusN (right) after laser fragmentation at
picosecond laser

The evolution of the extinction spectra of copper nanoparticles could also be
observed by UV-vis spectroscopy. Figure 38 shows the change of UV-vis spectra
evolution during fragmentation process in EA for Cu,0, CuO, CusN and Cul,
respectively.

In Fig. 38, only CuO and CusN show development of the plasmonic peak around
570 nm, distinctive for metallic copper particles [Pestryakov2004]. This correlates
with the findings from analysis by EELS, TEM, diffraction pattern and particle size
distribution histograms where elemental nanoparticles can be observed. All UV-
vis spectra show increasing extinction in the UV range during fragmentation
confirming nanoparticle generation, although Cul and Cu,O do not show the
development of a plasmon peak characteristic for copper particles. UV-vis
spectra underline the previously described findings and mechanistic conclusions
regarding particle absorption properties and the resulting fragmentation
mechanisms. For copper (ll) oxide, an additional experiment was conducted with
argon as ambient protection gas. For this purpose, educt suspension was flushed
with argon for 30 minutes prior to laser fragmentation. The storage container
and liquid jet were flushed with argon continuously during the experiment. The
corresponding UV-vis spectra show a more distinctive development of the
surface plasmon peak for copper, as shown in Figure 39 and supplementary data
Figure 8-31. This means that dissolved oxygen species have a crucial impact on
oxidation during PLFL.
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Figure 38: UV-vis spectra of the different copper compounds fragmentized under
optimized conditions in ethyl acetate up to 100 passages

To summarize these important findings for the mechanistic understanding, it can
be stated that laser fragmentation mechanisms depend on educt particle
properties. From the experimental findings shown here for different copper
compounds, as well as the observations for the fragmentation of ZnO and B4C, it
might be assumed that absorption efficiency is crucial for mechanisms occurring;
this might also define whether a change in chemical composition is possible. In
the case of Cul and ZnO particles, a shock wave-induced fragmentation
mechanism reducing particle size gradually appears to be predominant. If the
absorption of particles is high, laser light couples more distinctively and thus
vaporizes them more sufficiently to cause a chance of chemical composition.
Smaller particles might be copper nanoparticles and are spherical. If the
vaporization mechanism is predominant (as for copper nitride), the obtained
nanoparticles are produced directly (likewise for PLAL) from microparticles. Here,
the surrounding liquid plays an important role for the final composition of
product particles.
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This offers an interesting insight into the sensitivities of PLFL against educt
particle properties and the surrounding liquid. The controlled reduction to
elemental materials can be attenuated, as shown for PLFL in water. In contrary,
the issue of whether controlled oxidation can be achieved by PLFL is addressed
in the following chapter 4.1.5.2.
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Figure 39: UV-vis spectrum of CuO fragmentized under ambient gas and under argon
gas protection

4.1.5.2 Fragmentation of aluminum particles - laser-induced oxidation

Besides the reduction of copper compounds, the fragmentation of elemental
aluminum is investigated. Aluminum particles were fragmentized for 50 passages
under optimized fragmentation conditions found for zinc oxide before (532 nm
laser wavelength, 100 kHz repetition rate, ~30 ml/cm?). Figure 40a) is a
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photograph of the colloids before and after laser fragmentation, depicting the
impact of laser irradiation on oxidation of aluminum particles. After storage of 66
hours fragmentized particles appear to be completely oxidized. This laser-
induced hydrolysis reaction was confirmed by gas chromatographic
measurements analyzing the ambient gas above the colloids. This intense
reaction produces a significant amount of Hz, which could be observed by bubble
formation in the liquid. By inflaming the gas above the stored colloid, an
oxyhydrogen reaction could be induced, confirming the presence of hydrogen.
Interestingly, this reaction starts approximately 20 hours after laser irradiation.
ADC data is shown in Figure 40 b) show particle size distributions of aluminum
particles before and after laser irradiation. A strong aggregation of generated
nanoparticles is observed due to the absence of any stabilizing agents (see Figure
40 b) red curve). This confirms nanoparticle fabrication from microparticles, as
well as that particles are not stable.

In supplementary data Figure 8-32, time-resolved photographs of the particles
are shown, confirming enhanced oxidation after fragmentation of aluminum
particles. This can be related to the higher specific surface area generated by
fragmentation. Additionally, water is required to cause this oxidation, as
confirmed by reference experiments of aluminum particles fragmentized in EA,
ethanol and isopropanol (see Figure 8-33).

An enhanced absorption of the laser fragmentized particles in water after 50
passages can be observed by UV-vis spectra. During oxidation, extinction in the
visible to UV regime increases. Corresponding spectra after 0, 43 and 66 hours of
storage are shown in Figure 41.

All organic solvents used (EA, ethanol and isopropanol) prevented distinctive
oxidation. Aluminum nanoparticles were observed to be stable in ethanol and
isopropanol, respectively. Please note that no report on hydrogen fabrication
subsequent to laser fragmentation or enhanced oxidation of aluminum particles
by laser fragmentation in liquid environment exist to date.

Gas chromatograph analysis of the ambient gas above colloids were performed
for un-fragmentized particles (educt), fragmentized particles (50 passages) after
approximately four weeks of storage, respectively. To confirm a retention time
of 8.22 minutes for hydrogen, a hydrogen testing gas as a reference is shown in
Figure 42. This diagram depicts the fragmentized sample, the reference,
hydrogen as testing gas, as well as the laboratory gas (from top to bottom).
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Figure 40: a) Aluminum particles in water after 66 hours. Particles in the left vessel
were not fragmentized (reference), particles in the right vessel were
fragmentized 50 passages under optimized conditions; b) Particle size
distribution as measured by ADC of aluminum particles before and after 50

passages in water
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Figure 41: Extinction spectrum of aluminum particles irradiated 50 passages after
different storage times after laser activation

Oxidation of laser fragmentized particles started around 20 hours after laser
activation (PLFL size reduction) and the suspension appeared to be sufficiently
oxidized after around 66 hours. The area of the hydrogen peak detected around
four weeks after suspending particles in water and fragmentizing them
(reference particles were suspended solely) is higher than the reference by a
factor of 3. Hydrolysis of particles’ surface also takes place for un-fragmentized
particles, albeit on a significantly slower and less distinctive basis. Further
investigations regarding time resolved hydrogen production will provide a more
detailed insight into the PLFL-based activation (size reduction) for hydrogen
production.
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Figure 42: a) Gas chromatograph analysis of the headspace developed above the
aluminum particles suspended in water after approx. 100 hours; b) bar chart
of the H, intensity signal (red bars, left) and the ratio of H, to N; (black bars,
right)

Here, it could be shown that enhanced hydrolysis takes place after laser
fragmentation of particles. This oxidation is attenuated if organic solvents such
as isopropanol, ethanol or EA are used. Fragmentation of aluminum particles in
isopropanol or ethanol result in nanoparticle colloids that do not precipitate.
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It could be shown that laser activated aluminum particles oxidize significantly and
release hydrogen from water environment, whereby particles are “activated” by
laser irradiation. It can be assumed that for this the specific surface area plays an
important role. Note that the formation of aluminum and defect-rich aluminum
oxide nanoparticles from PLAL of an aluminum target in water is reported
[Kumar2010], although not the hydrogen release subsequent to PLFL of
aluminum particles.

4.2 Laser melting

4.2.1 Pulsed laser melting in liquids (PLML) for the fabrication of
sub-micrometer spheres (SMS)

Pulsed laser melting in liquid (PLML) is a technique to generate sub-micrometer
spheres (SMS) from micro-, sub-micro- or nanoparticles. Similar to laser
fragmentation, particles are exposed to laser light and consequently change their
size or shape; however contrary to PLFL, the size does not decrease during PLML.

Koshizaki and co-workers first reported the formation of boron carbide SMS by
PLML of boron particles in EA [Ishikawa2007]. They proposed a mechanism of the
chemical conversion for B4C SMS formation and discussed the impact of laser
fluence on obtained particle size and the resulting boron carbide yield from
boron particles [Ishikawa2010]. For PLML they focused a 355 nm ns laser beam
into a vessel. Thus, they achieved different laser fluences in the reaction vessel
during beam propagation. They investigated different effects due to different
mechanisms occurring in the different corresponding fluence regimes, whereby
their mechanistic conclusion was the formation of B4C particles (chemical
conversion) in the high fluence regime and PLML to SMS in the lower fluence
regimes.

Cai and co-workers recently reported about the precise control of sphere
formation using non-spherical gold nanoparticles for SERS enhancement
[Liu2015]. This precise control was possible due to use of an unfocused laser
beam, thus avoiding fluence gradient along beam propagation through the
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vessel. Hence, for both dielectric and metal particles, precise fluence control and
minimized beam divergence or thin liquid layer is important during PLML.

This chapter reports on the sequential laser irradiation in a passage reactor to
investigate PLML with precise laser fluences. Experimental procedure was
adapted from the experiments for PLFL (chapter 4.1.1), thus 0.1 wt% of particles
were suspended and irradiated in surfactant-free 50 ml deionized water and
stabilized in 0.1 M SDS solution after the last passage in a ratio of 1:1 (no SDS
present during PLML processing).

Figure 43 shows SEM images of zinc oxide particles before (left) and after (right)
PLML. Images indicate that elongated ZnO crystals melt and form SMS. Note that
SMS are crystalline as confirmed by XRD spectrum of particles before and after
melting, shown in Figure 44 together with the corresponding UV-vis spectra and
ADC measurements.

Figure 43: Representative SEM images of zinc oxide particles before (left) and after
(right) ns PLML at 355 nm laser wavelength with ~100 mJ/cm?
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UV-vis spectra show a bathochromic shift of extinction peak in the visible range
that is caused by scattering of generated SMS [Stamatakis1990]. This obtained
peak shift from scattering of SMS can be used to describe the PLML efficiency for
Zn0 particles.

Plotting the obtained peak shift in visible wavelength region versus the applied
UV-laser fluence shows that also by applying UV irradiation fragmentation can
occur (Figure 45). In the high fluence regimes a peak shift around 0 means that
no melting but rather fragmentation occurs. Increasing the fluence by adapting
the liquid jet directly into focal plane did not result in an optical breakdown of
the pure liquid (no particles suspended).
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Figure 44: Shift of visible peak from UV-vis spectra (a)), UV-vis spectra after increments
of 20 passages (b)), hydrodynamic diameter from ADC results before and
after 50 passages (c)), and XRD pattern before (0 passages) and after 100
passages irradiated with 355 nm laser light (d))
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Figure 45: Influence of fluence on UV-laser PLML efficiency (peak shift) after 50
passages and SEM image after 50 passages with around 100 mJ/cm?

Thus it can be assumed that the laser parameters of 40 ns pulse length, 23 W
output power, 85 kHz repetition rate and approx. 270 W pulse energy is not
sufficient to cause a visible optical breakdown of the pure liquid.

In the Appendix Figure 8-37, all UV-vis spectra (normalized and non-normalized)
for the different applied fluences are shown (figures from that peak shift data are
extracted and displayed in Figure 46).

Interestingly, for fluences causing particle fragmentation (> 120 mJ/cm?) strong
change is observed within the first ten passages (see UV-vis spectra in
supplementary data Figure 8-37). Plotting the peak position versus number of
passages (Figure 46) for the different laser fluences shows that this process is
approaching saturation. This is also confirmed by SEM images (Figure 45), where
(almost) all observed particles are of spherical shape after 50 passages. For
fluences between 200 and 380 ml/cm?, no distinctive particle melting is
observed.

Instead, a slight increase of the PPl is observed, indicating particle fragmentation.
This effect is most distinctive within the first ten passages. Figures 48 and 52 a)
demonstrate that the passage reactor is an appropriate technique to determine
process windows and control the laser fluence precisely during PLML.
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Figure 46: Vis extinction spectra peak position for different fluences plotted versus
number of passages for 0.1 wt% zinc oxide particles irradiated with 355 nm,
40 ns

In case this method could be advanced to material combinations, the method of
PLML could reflect enormous potential for compounding materials to generate
hybrid SMS that are not otherwise accessible. Exposing supported gold
nanoparticles onto zinc oxide particles [Lau2014e], [Marzun2014],
[Wagener2012a] to PLML the question arises, whether gold nanoparticles can be
embedded into ZnO forming hybrid SMS by PLML. At present, no reports on
nanoparticles embedded into ceramic SMS by PLML are available. Parallel to
these experiments Nakamura et al. reported calcium phosphate SMS with
embedded iron nanoparticles (magnetite) [Nakamura2015]. They used chemical
precursor solutions containing calcium, phosphate and iron ions. By exposing this
precursor solution to 355 nm laser irradiation with fluences of 67-200 mJ/cm?,
they synthesized SMS containing Fe NP with different magnetic properties. The
approach reported can be regarded as bottom-up laser-induced SMS particle
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synthesis, although a synthesis of such multicomponent SMS by PLML of
precursor-free particle suspensions has not yet been reported.

Hence, PLML of ZnO microparticles with supported gold nanoparticles is
investigated for the first time. This approach can be considered as a “reshaping”
procedure [Wang2010], [Wang2011] and differs from experiments of Nakamura
et al., given that we did not use dissolved ions [Nakamura2015]. The impact of
the presence of Au NP was investigated for fluences of around 120 mJ/cm?.

Here, different amounts of gold nanoparticles (prepared analogous to chapters
4.1.3 and 4.2.3) were suspended in water and exposed to UV laser irradiation.
Figure 47 shows an SEM image of ZnO microparticles supported with 5 wt% Au
NP after 50 passages exposed to optimized PLML parameters (80 mJ/cm?2). These
images (Figure 47, bottom) were chosen because it presents a “snapshot” of an
un-irradiated educt microparticle agglomerate surrounded by molten and
resolidified SMS. Thus a direct educt-product particle comparison is possible.
Images were taken of the identical section by a secondary electron (SE) detector
and back scattered electron (BSE) detector, respectively, whereby the former
provides information about surface topography and the latter about elemental
contrast. Gold nanoparticles are supported on educt particles’ surface and
appear to be embedded after PLML processing. Thus, PLML of micro/nano
particle compounds enables hybridization and embedding of nanoparticles into
the matrix of SMS. Note that 5 wt% Au NP on ZnO is equivalent to 1.5 vol% due
to the difference of around 3.4 in bulk materials’ density. In Figure 8-11, a
diagram showing this mass-volume correlation for gold supported to zinc oxide
is drawn. Laser excitation is proportional to volume fraction of Au NP, rather than
mass.

From the key parameters peak shift, slope of PPl or obtained particle size
distribution, a slight influence on the process efficiency by the presence of Au NP
was observed. Figure 49 compares UV-vis spectra after 50 passages for optimized
PLML parameters with a different amount of gold nanoparticles. This might
indicate that the presence of gold nanoparticles results in a lower peak shift.
Considering the laser light consumption of Au NP could explain this.
Nevertheless, it is possible to generate Au NP/ZnO SMS hybrid particles by PLML.
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Figure 47: a) Zinc oxide microparticles with 5 wt% gold nanoparticles irradiated at 355
nm laser wavelength (80 mJ/cm?, 40 ns) detected with secondary electrons
(left) and back scattered electrons (right), on top a magnification of particles
is shown with indication of gold and zinc oxide nanoparticles on and into the
sub-micrometer sphere respectively b) Product of PLML of ZnO-supported Au
NP, SEM images of zinc oxide sub-micro spheres with embedded gold
detected with secondary electrons (left) and back scattered electrons (right)
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Figure 48: Peak shift plotted versus laser fluence for PLML of pure ZnO and ZnO with
1wt% supported Au NP after 50 passages laser irradiation with 40 ns pulse
length, 355 nm wavelength and 86 kHz repetition rate

The possibilities of PLML generating hybrid materials is wide. Here, only proof-
of-principle experiments showing fundamental possibility are described,
whereas future experiments should consider the nanoparticle size, the amount
of nanoparticles and fluence. Furthermore, it might be particularly interesting to
explore whether nanoparticles that do not absorb on microparticles surface can
be embedded by PLML. Considering the mechanism reported by Ishikawa et al.
[Ishikawa2010], variation of fluence could play an important role in under-
standing the change of chemical composition of particles by PLML. In the future,
using copper nitride particles and exposing them in EA (as investigated in chapter
4.1.5.1) to fluences causing particle melting would be interesting to study
whether metallic copper SMS can be obtained. Additionally, educt nanoparticle
size and final nanoparticle size embedded into SMS matrix should be
investigated.
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Figure 49: UV-vis spectra after 50 passages for different amount of gold nanoparticles for
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4.2.2 Inclusion of supported gold nanoparticles into their
semiconductor support

Synopsis

Following the first proof-of-principle in chapter 4.2.1 showing how ZnO
particles can be converted into ZnO SMS and that gold nanoparticles can
be integrated into the ZnO SMS if supported on the educt semiconductor
a more detailed study concerning the material, laser and process
parameter is required.

Hence, the controlled formation of ZnO SMS with integrated crystalline
Au NP is studied and demonstrated in the following chapter. Due to
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sequential irradiation, using the passage reactor design allows identifying
intermediates formed during the conversion of monodisperse gold
nanoparticles supported on ZnO to integrated Au NP into ZnO SMS, as
schematically illustrated in Figure 50.

This chapter addresses exemplary studies in the integration of supported
nanoparticles into their solid support namely gold nanoparticles into zinc
oxide sub-micrometer spheres by energy-controlled pulsed laser melting
in a free liquid jet.

Figure 50: Schematic illustration of the exemplary studies on the integration of
supported nanoparticles into their solid support, namely gold nanoparticles
into zinc oxide sub-micrometer spheres, by controlled pulsed laser melting in
a free liquid jet [Lau2015]
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M. Lau, A. Ziefuss, T. Komossa, S. Barcikowski, Inclusion of supported gold
nanoparticles into their semiconductor support, Phys. Chem. Chem. Phys. 17
(2015) 29311-29318

Abstract

Supported particles are easily accessible as standard materials used in
heterogeneous catalysis and photocatalysis. This article addresses our exemplary
studies on the integration of supported nanoparticles into their solid support,
namely gold nanoparticles into zinc oxide sub-micrometer spheres by energy
controlled pulsed laser melting in a free liquid jet. This one-step, continuous flow-
through processing route reverses the educt’s structure, converting the ligand-
free surface adsorbate into a spherical subsurface solid inclusion within its
former support. The results show how a nanoparticulate surface adsorbate can
be included in form of crystalline nanoparticles into the resolidified support
matrix demonstrated by using plasmonic nanoparticles and semiconductor
microparticles as reference materials.

Introduction

Supported metal nanoparticles on metal oxides are commonly available raw
materials with application prospects in catalysis [Stratakis2012], [Yu2012],
[Meier2014]. For example, gold nanoparticles (Au NP) on zinc oxide (ZnO)
support catalyze chemical reactions [Strunk2009]. Even though gold
nanoparticles (Au NP) can be easily attached to ZnO nanoparticles [Li2011],
[Lau2014e] their integration into a zinc oxide matrix on the nanoscale is
challenging. A possibility to melt aqueous dispersions of particulate materials
under non-equilibrium conditions is the pulsed laser melting in liquid (PLML).
PLML has been shown to be an effective synthesis route for crystalline sub-
micrometer spheres (SMS), but additive PLML has only rarely been investigated
and this has not covered supported particles yet.

The fabrication of SMS by PLML is a technique pioneered by Koshizaki and
coworkers [Ishikawa2007], [Wang2011]. Early application examples have been
demonstrated by Hu et al. for SMS in lubricant oils to reduce the friction
coefficient [Hu2012], and Fujiwara et al. who used ZnO SMS as a light emitting
laser source [Fujiwara2013].

Since the first report several articles report the possibility and power of this
technique. In contrast to size-reducing pulsed laser fragmentation in liquid (PLFL),
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lower laser fluences are required, resulting in particle melting and resolidification
as spheres. Wang et al. found the onset laser fluence for particle melting of zinc
oxide to be between 33 mJ/cm? and 67 mJ/cm? [Wang2011]. A limitation to high
laser fluences was reported by Wang et al. for the laser melting of CuO
nanoparticles to copper SMS [Wang2012]. At a fluence of 150 mJ/cm? the SMS
showed a rough surface. This indicates a less effective particle melting due to
onset of particle fragmentation. The influence of educt particle size on melting
effectivity was demonstrated by Tsuji et al. [Tsuji2013a]. They showed that by
increasing the educt particle size of zinc oxide particles the fluence required for
sufficient PLML to obtain monomodal and smooth ZnO SMS increases. Namely
70 nm ZnO educt particles were molten completely at fluences of 100 mJ/cm?
whereas aggregated (500 nm aggregate diameter) ZnO educt particles were only
partially molten at laser fluences of 200 mJ/cm? and completely molten at
fluences of 300 mJ/cm? [Tsuji2013a]. Liu et al. demonstrated that PLML appears
to be an isochoric process using octaedrical Au NPs, and transformed them into
monodisperse Au nanospehres preserving the volume of the particles, thus
demonstrating that PLML can be applied as isochoric particle reshaping method
[Liu2015].

First reports on the laser melting of Au NPs were given by El-Sayed and coworkers
[Link1999a], [Link1999b], [Link1999c] who reported the sufficient interaction of
surface plasmons with 532 nm laser light for the isochoric melting of Au nanorods
to nanospheres. In 2005 Inasawa et al. showed that for gold nanoparticles the
melting temperature is approximately 100 K below the value of the bulk material
using nanoparticles around 38 nm and applying a laser wavelength of 355 nm
[Inasawa2005]. Tsuji and coworkers recently reported the possibilities to melt
aggregated Au NPs to SMS with 532 nm laser light and found a PLML induction
time interval caused by the laser-induced surfactant removal [Tsuji2013],
[Tsuji2015].

Studies on SMS formation mostly report the use of 355 nm laser wavelength and
nanosecond pulses to cause distinctive particle melting in liquid, even though
other wavelengths and shorter (ps) pulse lengths are able to cause (partial)
melting as well [Lau2104a].

Besides simple physical melting, changes in chemical composition are also
reported [Ishikawa2007], [Wang2012], [Ishikawa2010]. Ishikawa et al. studied
the formation of boron carbide SMS from boron nanoparticles in organic
solvents. Additionally, PLML-alloying of non-equilibrium phases is known
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[Swiatkowska-Warkocka2013]. Swiatkowska-Warkocka et al. generated
bimetallic crystalline SMS of copper and gold, but they obtained a solid solution
in contrast to the inclusion type of SMS reported here. Nakamura et al. recently
reported on magnetite particles integrated into calcium phosphate SMS by the
combination of chemical precipitation and a laser wavelength absorbance of the
iron salt, which was subsequently integrated into the calcium salt SMS during
PLML [Nakamura2015]. Hence, the investigation on the integration of iron into
SMS included chemical reactions and complex precipitation-reaction-melting
interdependence [Nakamura2015]. Next to reactive PLML or the alloying of
miscible elements, the question arises as to what happens during the irradiation
of partly miscible or immiscible mixtures under PLML conditions. PLML of a
colloidal mixture of gold with as-prepared iron oxide nanoparticles resulted in a
core-shell structure with a porous surface after Fe etching [Kawaguchi2006],
[Kawaguchi2007], [Swiatkowska-Warkocka2012], but supported particles have
not yet been investigated.

In this context the facile synthesis of supported particles comes into play, such as
the adsorption of ligand-free metal nanoparticles (Au, Ag, Pt, Pd) on supports
(Zn0O, TiO2, BaS04, graphene) [Wagener2012a] simply by mixing at defined liquid
parameters [Marzun2015], thus achieving up to a 60 wt% NP-on-support at 100%
yield. Taking Au/ZnO as a relevant example (e.g. for photocatalysis applications),
it was uncertain what happens if this nano/micro support system is exposed to
PLML and motivating the present study.

Experimental

Preparation of supported particles follows mechanism firstly reported by
Wagener et al. [Wagener2012a] and described in detail by Marzun et al.
[Marzun2015], where Au/ZnO preparation procedure was analogous to Lau et al.
[Lau2014e]. Au NP were generated by picosecond pulsed laser ablation in liquids
(PLAL) in 600 uM aqueous phosphate buffer to receive small particles and size
separation was conducted by centrifugation using an Ultracentrifuge (Beckman
Coulter), with a force of 30,000 g for 14 minutes resulting in a monodisperse Au
NP colloid with defined concentratio. Concentration of supernatant was
determined from extinction at a fixed wavelength subsequent to calibration with
different concentration of same particle size. The monodisperse Au colloid had a
concentration of 62.7+0.1 pg/mL after centrifugation. We added 95 mg zinc oxide
particles to an overall colloid volume of 450 mL Au NP in water resulting in an Au
NP loading of 30 wt% referred to zinc oxide after 100 % Au NP adsorption.
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Detailed particle size distributions (mass-weighted 5+0.9 nm, number-weighted
4.740.8 nm) and determination of concentration by calibrated UV-vis
spectroscopy of the monodisperse Au NP colloids (polydispersity index < 0.03)
are provided in Fig. 8-38 of supporting information. Zinc oxide particles (Sigma
Aldrich) were simply added to the monodisperse gold nanoparticle suspensions
and the obtained gold/zinc oxide supported particle powder was dried (50°C, 8h).
Note that there are different values describing the amount of supported
nanoparticles. Fig. 8-39 illustrates the absolute wt% of nanoparticles plotted
versus the wt% of gold nanoparticles adsorbed onto zinc oxide as support,
resulting in nonlinear correlation between the wt% and vol%. The volume
percentage might be of interest as optical response and colloidal analytics often
correlate to the particle volume. But in catalysis application wt% is the standard
unit. For PLML the highest amount of supported gold nanoparticles used in this
study was 30 wt% of gold adsorbed on the support (thus a gold amount of approx.
23 wt% absolute), equivalent to 11 vol% (see Fig. 8-39).

Laser irradiation was performed with an Nd:YAG laser operating at the 3rd
harmonic (355 nm wavelength) with 85 kHz repetition rate, 23 watt and a pulse
length of 40 ns.

For determination of the influence of laser fluence on PLML and defined volume-
specific laser energy dose we used the design of a sequential liquid flow. This
design has been reported previously and allows to study the impact of the
applied laser fluence while focusing into a thin liquid filament [Lau2014a]. Hence,
minimized beam path in liquid significantly reduces fluence variation along beam
propagation, allowing defined energy balancing. As reported before, a strong
shift of a local peak in the UV/vis spectrum can be attributed to sufficient PLML
effect [Lau2014a]. Thus, plotting the observed shift of this local peak can be used
to draw conclusion for PLML efficiency and the applied laser fluence. To study
the influence of the applied laser fluence pure zinc oxide particles were used.

PLML of the supported Au/ZnO was conducted under optimized conditions found
for pure zinc oxide in pure water with no additives. All used suspensions for laser
irradiation had a particle concentration of 0.1 wt% as this was found to be
appropriate to characterize PLFL and PLML sufficiently [Lau2014a].
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Figure 51: Schematic illustration of the process steps to fabricate supported Au NP/ZnO
MP with monodisperse nanoparticles attached to the support: a) picosecond-
pulsed laser ablation in water (PLAL); b) size selection by centrifugation; c)
addition of zinc oxide microparticles to the gold colloid; d) adsorption of gold
nanoparticles onto the zinc oxide microparticles; e) dried powder for further
PLML processing

Size characterization of the particles was performed with an analytical disc
centrifuge (CPS instruments) at 24,000 rpm, extinction of the colloids was
determined with an UV-vis absorbance spectrometer (evolution 201) in a quartz
glass cuvette. Diffuse powder reflection was determined in a spectrometer
(Varian Cary) using a spectralon reference (PTFE). SEM images are taken with an
SEM (FEI Quanta 400) on carbon supports. XRD measurements of the compound
particles before and after PLML were carried out with a Cu K-a irradiation source
at 40 kV and 40 mA in a Bruker D8 Advance system.

The preparation route for the nano/micro support systems used here is
schematically shown in Fig. 51.

Results and Discussion

We demonstrate how plasmonic nanoparticles can be embedded into
semiconductor sub-micrometer spheres by laser melting in continuous liquid
flow. This route allows achieving an integration of metallic nanoparticles into a
semiconductor SMS matrix in one step without performing any chemical
precursor-based synthesis. Within our experiments only pure water was used as
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carrier liquid. A fluid jet reactor setup was applied allowing precise fluence
control and sequential analysis of the product evolution after defined PLML
passage numbers. As shown in Fig. 52 a) variation of laser fluence results in
significant shifts of the local UV-vis peak positions. Variation of laser fluence to
determine the fluence regime for zinc oxide particle melting was performed with
pure zinc oxide particles.
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Figure 52: a) Impact of laser fluence on UV-vis peak shift of zinc oxide suspension after
laser irradiation (at 355 nm and 40 ns); b) relative diffuse scattering of the
dried particle powders before and after 50 passages PLML for pure ZnO (top)
and 30 wt% Au NP supported on ZnO (bottom), respectively; c) normalized
(at peak in visible regime) UV-vis spectrum of pure zinc oxide particles before
(black/solid line) and after (blue/dashed line) PLML in pure water with SEM
images of corresponding educt and product particles as inset; d) normalized
UV-vis spectrum of zinc oxide particles with 30 wt% supported gold
nanoparticles before (black/solid line) and after (red/dashed line) PLML in
pure water
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Corresponding UV-vis spectra for pure zinc oxide from which peak shift is
determined, are shown in Fig. 8-40 in the supporting information. The
bathochromic shift of the peak can be correlated to ZnO particle melting and
resolidification as spheres.

Thus plotting this shift versus the laser fluence illustrates the process window for
PLML (at 355 nm laser wavelength and 40 ns pulse length) indicated in Fig. 52 a)
to be 0.2 J/cm?. Fig. 52 b) shows powder scattering spectra for pure zinc oxide
and for the supported Au NP on ZnO MP with 30 wt% gold loading. The diffuse
reflection spectra show that increased extinction at wavelengths above 600 nm
results from light scattering [Stamatakis1990]. This diffuse reflection is caused by
spheres formed by PLML as proposed by Wang et al. [Wang2011]. That such
spheres reflect light wavelengths in their size regime is confirmed here by
scattering measurement of the dried particle powders. Additionally, absorption
of Au NP Relative minimum in the scattering spectra around 550 nm) can be
observed from diffuse reflection which becomes more distinctive after 50
passages PLML due to size increase of Au NP. UV-vis spectra before and after 50
passages of laser melting in liquid filament are shown in Fig. 52 c) and d) with
SEM images of the corresponding educt and product particles as insert. For the
semiconductor SMS products with gold nanoparticle inclusion two peaks in the
visible regime are obtained. For the educt gold nanoparticle size a plasmon peak
around 550 nm is observed. In the course of laser melting and reversing particle
structure from supported Au NP to solid Au NP inclusions, obviously Au NP size
increases as validated by SEM pictures (Fig. 8-42).

UV-vis spectra in Fig. 53 show the difference between PLML of pure ZnO and for
PLML of 30 wt% Au NP with ZnO. Evolution of the local peak around 600 nm can
be attributed to scattering of light on formed spheres with sizes in this
wavelength regime. This scattering effect occurs for pure ZnO SMS and for ZnO
SMS with included Au NP. An increase of UV extinction for pure ZnO is also
observed during PLFL due to formation of defect-rich ZnO particles [Lau2014a].
The ZnO SMS obtained after PLML appear yellowish, similar to defect-rich,
bandgap-shifted ZnO particles derived from PLFL of ZnO [Lau2014a].
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Figure 53: Evolution of UV-vis spectra during PLML with a fluence of 80 mJ/cm?
normalized at a peak in the visible regime for a) pure zinc oxide after each 10
passages from 0 to 50 irradiation cycles, for b) 30 wt% Au NP on ZnO after
each 10 passages from 0 to 50 irradiation cycles and c) for 30 wt% Au NP on
ZnO0 after every second cycle during first 10 passages; d) ratio of absorption
to scattering K/S determined from Kubekla-Munk theory for pure ZnO before
and after 50 passages PLML and for 30 wt% Au NP on ZnO before and after
50 passages PLML, respectively

Thus we attribute the increased UV extinction to the formation of defect-rich ZnO
SMS what is supported by fluorescence measurements shown in Fig. 8-43. For
inclusion of Au NP into ZnO SMS this distinctive increase of UV extinction is not
observed. Instead a second extinction peak around 400 nm to 430 nm occurs.
Based on the Kubelka-Munk equations [Kubelkal931], [Kubelkal948] we
determined the ratio of absorption to scattering K/S from the diffuse reflection
spectra, shown in Fig. 53 d). Absorption caused by plasmon resonance of Au NP
around 540 nm can be observed for educt particles as well as for Au NP inclusions
in ZnO SMS. The plasmon peak of the Au/ZnO educt is boarder and less distinctive
due to smaller Au NP on ZnOs surface (see Fig. 8-44 and 8-45, 0 passages). After
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50 passages of PLML this Au NP is more distinctive due to size increase of gold.
From the diagram in Fig. 53 d) we determined the bandgap of the different educts
and products. Diagrams and linear fits for determination of band gap energy,
based on Kubelka-Munk equation and absolute values of diffuse reflection
spectra are shown in Fig. 8-46 in supporting information. Determination of
bandgap energy shows that for both pure ZnO before and after 50 passages of
PLML as well as for untreated 30 wt% Au NP on ZnO the bandgap energy is around
3.23 eV (~384 nm). When Au NP are included into ZnOs matrix this value
decreases to around 3.07 eV (~404 nm).
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Figure 54: a) Particle size distribution of gold nanoparticles before (red/dashed curve,
supported on zinc oxide) and after (black/solid) curve, integrated into zinc
oxide sub-micrometer spheres) PLML detected by analytical disc centrifuge
measurements (before PLML) and determined by a Gaussian fit from
histograms taken from SEM images (after PLML) for 30 wt%; b) size shift and
particle size distribution of the 30 wt% Au NP on ZnO compound after 0, 20
and 50 passages; c) XRD pattern of the gold zinc oxide compound with 30
wt% Au NP before and after 50 passages exposed to PLML conditions and d)
cristallite size calculated from the XRD pattern and evolution of crystallite
size after each 10 passages from 0 to 50 irradiation cycles
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This is in agreement witch Chanu et al. who integrated Au clusters into ZnO
[Chanu2014]. In similar, the preservation of plasmon resonance for integrated
plasmonic silver nanoparticles into TiO2 and related photocatalytic activity was
demonstrated by Awazu et al. [Awazu2008]. The Au NP integrated into ZnO SMS
also possess plasmonic properties shown in Fig. 53 d).

Obviously, during PLML of supported Au NP on ZnO a significant increase of Au
NP size is observed at almost constant ZnO volume. Fig. 54 a) shows the particle
size distribution of gold nanoparticles before and after PLML. The size of the Au
NP measured by SEM (see Fig. 8-41) increases after PLML from ~5 nm to ~17 nm,
by about a factor of 3. This means that zinc oxide microparticles and gold
nanoparticles obviously have been transferred into a molten state and both
resolidify as spheres with gold granules inside ZnO. The evolution of crystallite
size shown in Fig. 54 d) proves that already after 10 passages Au NP with
diameters around 30-40 nm are formed and do not chance significantly during
the additional passages. Increase of Au NP size causes shift of surface plasmon
resonance wavelength and increase of intensity. Thus embedding plasmonic
particles into semiconductors causes enhancement of light absorption, becoming
naturally more distinct if size of Au NP is increased, as known for silver
nanoparticles integrated into semiconductors [Spinelli2012].

XRD pattern reveal crystallinity of the two materials whereby a size increase of
the gold nanoparticles is confirmed (Fig. 54 c) and d)). SEM images in Fig. 55 c)
and d) validate fabrication of sub-micrometer spheres for zinc oxide with 5 wt%
Au NP and 30 wt% Au NP at a laser fluence of ~ 80 mJ/cm? at liquid jets’ surface.
This is in agreement to Tsuji et al. who observed similar SMS particle sizes after
PLML at 100 mJ/cm? [Tsuji2013a]. At laser fluences of 380 mJ/cm? or higher no
PLML can be observed (see Fig. 52 a) and Fig. 8-40) tested for pure ZnO. But a
reduction in hydrodynamic particle diameter occurs (starting at laser fluences
above ~ 200 mJ/cm?), confirmed by ADC analysis of hydrodynamic particle
diameter shown in Fig. 8-42. For lower laser fluences no or only slight increase in
particle size is obtained, indicating an almost isochoric particle melting (of
primary particles and aggregates) and resolidification, similar to the findings on
particle reshaping by Nakamura et al. and Liu et al. [Liu2015], [Nakamura2015].

Integration of the Au NP into the volume of its ZnO support was determined by
correlated SEM images taken both with a secondary electron detector and a back
scattered electron detector (Fig. 55 c), d)).
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Figure 55: a) Illustration of the set-up for laser irradiation of particles in a free liquid
flow changing particles morphology from educt to product downstream
during PLML; b) schematic illustration of the Au NP/ZnO MP compound
before PLML with nanoparticles onto the support and after PLML with
inclusion of nanoparticles (left) and SEM images of corresponding particles
(right); c) zinc oxide particles with 5 wt% of gold nanoparticles before (left)
and after (right) PLML (50 passages) imaged with a secondary electron
detector (top row) and a back scattered electron detector (bottom row); d)
zinc oxide particles with 30 wt% of gold nanoparticles before (left) and after
(right) PLML (50 passages) imaged with a secondary electron detector (top
row) and a back scattered electron detector (bottom row)

The former is more sensitive to surface topography (lower penetration depth of
electrons) and the latter is more sensitive to elemental contrast (higher
penetration depth), thus depicting the gold nanoparticles in higher contrast to
zinc oxide. Additional SEM images are shown in Fig. 8-44 and 8-45. A quantitative
transformation of surface-adsorbed gold into inclusions inside zinc oxide sub-
micrometer spheres is obtained after 50 passages of laser irradiation with 80
mJ/cm?2. SEM images showing the evolution of Au NP inclusion into ZnO SMS after
each 10 passages are depicted in Fig. 8-47.
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Regarding the control of the educt mass flow, Figure 55 a) illustrates the process
of PLML in a sequential liquid flow with defined volume flow rates. The liquid jet
is formed by a capillary and the laser is focused perpendicular on the liquid.
Particles passing the irradiated volume are transferred into the molten state. Fig.
55 d) shows that different sizes of included Au NP can be obtained. Due to
cumulation of irradiation cycles (passages) it might be possible that previously
formed SMS are remolten thus giving the possibility of Au NP fusing to larger NP.
Figure 55 b) sketches the transformation from supported Au NP onto ZnO
towards Au NP inclusions within ZnO SMS by PLML, with corresponding SEM
images. SEM images before PLML and after 10, 30 and 50 passages, shown in Fig.
56 a), demonstrate that Au NP size increases already after 10 passages and are
not completely included into the ZnO matrix in the intermediate state of the
processing. This formation of crystalline Au NP is in agreement with sizes
determined by XRD peak analysis, shown in Fig. 54 d). Scherrer equation reveals
that crystalline Au NP with diameters around 30 nm from already after 10
passages and do not change their size significantly afterwards. The SEM images
after 10 passages (Fig. 56 a)) demonstrate different appearance of non-included
and included Au NP. After 30 and 50 passages no more Au NP absorbed on ZnO
particles surface are observed, but their inclusion into the ZnO spheres is obvious.
A mechanistic hypothesis of process evolution is illustrated in Fig. 56 b).

From UV-vis spectra it can be concluded that generated Au/ZnO hybrid SMS
feature interesting optical properties with two local extinction peaks as known
for gold nanorods but with completely spherical particles.

Conclusions

In summary, integration of metals, in particular plasmonic nanoparticles into a
submicron-confined semiconductor (or dielectric) volume is challenging but
could provide unique structural and optical properties. Here it is shown that
pulsed laser melting of supported gold/zinc oxide particles enables embedding
of plasmonic nanoparticles into a semiconductor matrix isochorically forming
monomodal sub-micrometer spheres. The use of monodisperse and ligand-free
gold nanoparticles allowed high nanoparticle loads onto zinc oxides surface and
to investigate its structural inversion. During processing gold nanoparticles first
increase in size and are subsequently transferred during additional irradiation
passages into their spherical support. The investigation of structural morphology
and the elemental contrast of the particles by correlated electron microscopy
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confirmed the integration of the metal nanoparticle into the semiconductor solid
spheres. The liquid flow passage reactor allows to characterize the material
properties after each passage with a defined laser energy dose [Lau2014a],
providing sequential “snapshots” on the evolution of the process and
mechanistic insight into pulsed laser melting of supported particles. Hence
nanoparticulate surface adsorbates, widely available as raw materials for
catalysis, have been integrated as solid inclusion into their support.
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Figure 56: Evolution of crystalline Au NP inclusion into their ZnO support for different
number of irradiation passages; a) SEM images of educt (left) and after 10, 30
and 50 passages of PLML detected witch a secondary electron detector (top
images) and a back scattered electron detector (bottom images) showing
evolution of Au (bright) and ZnO particle morphology b) schematic
illustration of the evolution from the adsorbed Au NP on ZnO (educt) via
intermediate state with size-increased Au NP (see XRD in Fig. 54) on
reshaped ZnO towards included Au NP into the spherical ZnO matrix
(product)
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4.2.3 Near-field-enhanced, off-resonant laser sintering of
semiconductor particles for additive manufacturing of
dispersed Au-ZnO-micro/nano hybrid structures

Synopsis

The most important additive manufacturing (AM) technologies are selective laser
melting (SLM), selective laser sintering (SLS) and laser metal deposition (LMD)
[Gu2012]. These generative manufacturing processes allow fabricating unique
parts from a powder material [Murr2012], whereby integration of functionality
and light weight constructions can be named as the key factors differentiating
AM from conventional-established manufacturing methods and thus giving AM a
huge and promising potential [Huang2013]. Here, a way of amplifying SLS of
semiconductors by supporting gold nanoparticle on the educt particles is
presented. Several later reports refer to this study [Schade2014, Garcia2014,
Marzun2014, Gokce2015, Manshina2015]. In contrast to the previous
experiments, here the fundamental wavelength of a cw solid state Nd:YAG laser
was used for laser processing representing a standard SLS procedure
[Kruth2003]. Studying the impact of nanoparticles’ presence during AM holds
particular interest because if nanoparticles are embedded in the solid matrix
forming a hybrid material, this would present a significant advancement of AM.

This research article investigates how gold nanoparticles influence the laser
sintering of zinc oxide microparticles. Note that experiments were conducted in
ambient gas, in contrast to all previous studies of laser irradiation, where
nanoparticles were dispersed in water. Hence, this demonstrates the possibility
of supported particle processing in the absence of a carrier liquid.
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Abstract

Off-resonant near-field enhancement by gold nanoparticles adsorbed on
crystalline zinc oxide significantly increases the energy efficiency of infrared laser
sintering. In detail, ten different gold mass loads on zinc oxide were exposed to
1,064 nm cw-laser radiation. Variation of scan speed, laser power and spot size
showed that the energy threshold required for sintering decreases and sintering
process window widens compared to laser sintering of pure zinc oxide powder.
Transmission electron microscope analysis after focused ion beam cross
sectioning of the sintered particles reveal that supported gold nanoparticles
homogenously resolidify in the sintered semiconductor matrix. The enhanced
sintering process with ligand-free gold nanoparticles gives access to metal-
semiconductor hybrid materials with potential application in light harvesting or
energy conversion.

Introduction

Additive manufacturing by selective laser sintering produces 2D and 3D
geometries with unique structures made of metals, insulators, or ceramics
[Hong2013, Agarwalal995, Tolochko2000, Dudziak2010].

Nevertheless, if the process is applied for infrared (IR) laser-transparent materials
like [Zhu2007, Kathurial999] semiconductors, manufacturing of parts usually is
inefficient due to low incoupling of laser energy. To relieve inefficiency either the
laser wavelength can be changed toward the band gap energy of
semiconductors, or the material response to the IR wavelength can be enhanced.
The former is to be understood as resonant and the second off-resonant laser
incoupling for sintering. Resonant laser sintering has been shown by Crespo-
Monteiro et al. who examined the influence of plasmonic silver nanoparticles
(NP) to the required laser intensity to cause sintering [Crespo-Monteiro2012].
They showed that silver nanoparticles added to a mesoporous TiO> film enabled
sintering at lower intensities with 488 nm laser light, hence exciting resonant
surface plasmons of the added nanoparticles close to their plasmon band after
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adsorption (488 nm) [Crespo-Monteiro2012]. Alternatively, also off-resonant
excitation of gold particles by infrared laser radiation has been reported, making
use of the near-field enhancement around the NP [Boulais2012]. Hence, this
method relies on the scattered near-field instead of energy absorption in the
particle itself, in particular for ultra-short-pulsed lasers. For laser sintering cw
lasers are widely applied, so that off-resonant near-field amplification could be a
strategy to incouple energy into otherwise laser-transparent materials by
supporting gold nanoparticles.

For this the amount of plasmonic particles should play an important role in the
sintering process. For the investigation of off-resonant laser sintering process
window we changed material response to laser irradiation by varying the amount
of surface-adsorbed gold nanoparticles on zinc oxide microparticles. Resonant
laser sintering operates with shorter laser wavelength bearing the risk to
approach ablation regimes by interband absorption, while off-resonant laser
sintering adapts material parameters to IR laser light.

Pure zinc oxide is of interest as semiconductor with a direct band gap around 3.3
eV at 300 K and large exciton binding energy (60 meV) [Ozgiir2005]. Further it is
a cheap and an easy accessible material compared to rare earths, and recent
efforts focus on, e.g. aluminum doped zinc oxide as transparent conductive thin
films to substitute expensive indium tin oxide ITO [Bai2006].

Gold nanoparticles adsorbed on metal oxides are widely used in heterogeneous
catalysis [Harutal997, Hashmi2006] and ZnO-supported gold nanoparticles
(ZnO@Au) were reported to enhance conversion efficiency of dye-sensitized
solar cells [Dhas2008] and to improve photocatalytic activity for high
performance lithium ion batteries [Ahmad2011].

We present a strategy to enhance infrared laser sintering by gold nanoparticles
(Au-NP) adsorbed on zinc oxide micro particles (ZnO-MP). For this purpose,
ligand-free colloidal Au-NP generated by pulsed laser ablation in liquids (PLAL)
are an adequate candidate as they absorb with almost 100% efficiency on micro
particle surfaces [Barcikowski2013, Wagener2012a]. PLAL technique was first
reported by Henglein and Fojtik [Fojtik1993] and since then drawn a steadily
grown interest, as Au-NP in pure water show a remarkable high electrostatic
stability without any surfactants [Barcikowski2009, Rehbock2013]. Here we
combine the techniques of PLAL and laser sintering to enhance sintering
processes and at the same time fabricating a nano/micro metal/semiconductor
hybrid material.
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Experimental
Preparation of gold nanoparticles and adsorption on zinc oxide microparticles

Gold nanoparticles were produced by pulsed laser ablation in liquid (PLAL) with
a picosecond-pulsed Yb:YAG laser (1064 nm) at 75 W pulse energy and 100 kHz
focused on a gold target (99.00 % purity, Goodfellow) placed in an ablation
chamber designed for PLAL filled with 100 ml deionized water [Nachev2012,
Wagener2010]. The concentration of obtained gold colloid was determined by
differential weighting of the gold target on a micro balance. After preparation of
the Au-NP different amounts of ZnO-MP were suspended in the gold colloid to
achieve corresponding loadings from 0.001 wt% to 0.5 wt% gold on ZnO. The
colloidal Au-NP adsorbed completely and homogenous onto micro particle
support within several hours. By subsequent sedimentation of the microparticles
the transparent supernatant was decanted and particles were dried at 323 K for
12 hours. After de-compaction in a mortar ZnO-MP@Au-NP powders with weight
ratios of 0 wt%, 0.001 wt%, 0.005 wt%, 0.01 wt%, 0.05 wt%, 0.1 wt%, 0.5 wt%, 1
wt%, 2 wt%, and 5 wt% shown in Figure 57 were received.

a IR laser beam
IR laser beam

sintered nano/micro

gold supported zinc oxide microparticles

Figure 57: a lllustration of laser sintering process and enhancement via gold
nanoparticles supported on zinc oxide micro particles. b Zinc oxide micro
particle powder with increasing weight percentage of gold nanoparticles
adsorbed on the particle surface.
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Laser sintering of Au-NP supported ZnO-MP

To cover a broad spectrum of material response during laser sintering from no
reaction to strong ablation and to obtain the sintering process in appropriate
manner, parameter studies of varying laser power and writing speed with two
different spot sizes at the surface of powder bed were conducted. For this
purpose a powder bed of semiconductor micro particles has been prepared by
manually compacting particles with a stamp, to obtain an even surface. Laser
sintering has been performed with a fiber laser operating at 1064 nm in cw-mode
(G3, SPI Lasers PLC, redENERGY, SM-series). Applied laser power varied from 2 W
to 20 W in steps of 2 W. Writing speed of the laser has been varied from 10 mm/s
to 5000 mm/s. Each powder type with different gold load was treated with a
10x10 matrix with corresponding parameter pairs of power and writing speed. In
order to have a detailed view of sintering behavior the laser beam was slightly
focused to a spot size of 150 um and for a stronger material response same
parameters were applied with a spot size of 31 um, resulting in higher intensities
(up to 113,2 kW/cm? and 2,653 MW/cm?, respectively). In the following the
applied intensities will be considered as energy per section, what takes the
irradiation time into account.

Characterization of the irradiated powder bed surface was performed via imaging
by an optical microscope. The material response to laser irradiation for
mentioned parameters was evaluated from images shown in Supporting
Information (Fig. 8-48) taken by the microscope. Each field of the 10x10 matrices
from 10 different gold loadings was evaluated and rated into the following 5
classes: no material response, transition from no response to sintering, sintering,
transition from sintering to ablation or ablation occurred (see Supporting
Information Fig. 8-49). The total number of parameter pairs laser power and
writing speed (for 150 um spot diameter) resulting in successful sintering gives a
guantitative value of the process window area. In the shown power-speed
diagrams this area is marked green.

FIB cutting of supported micro particles and TEM analysis

A detailed insight into the gold-loaded micro particles was enabled by cutting
particles by a focused ion beam (FIB) and inspection of particle cross section in
the transmission electron microscope (TEM). SEM pictures taken during the FIB
cutting process are shown in Figure 8-48.
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Results and Discussion

The conducted experiments with varying power and writing speed show a curtail
influence of gold nanoparticles to material response on laser irradiation. At high
gold loadings on zinc oxide microparticles the process window significantly
extends compared to pure ZnO-MP. Pictures taken with the optical microscope
and the corresponding power-speed diagrams are shown in Figure 58 as well as
the corresponding laser energy per section. The material response of pure ZnO-
MP differs compared to 5wt% Au-NP loaded ZnO-MP regarding the threshold
energy required for sintering. For 5 wt% gold nanoparticles on ZnO-MP sintering
threshold decreases by a factor of 2.3 down to around 1 J/m. At this it is
impossible to define intensity thresholds or energy per section thresholds
independently, as the former is not considering residence time of irradiation and
the latter gives no information about focusing conditions. From diagrams shown
in Figure 58 and from Supporting Information it can be seen that higher
intensities tend to lead to lower residence time to cause sintering, therefore
reducing required energy per section.

residence time / s
1E-4 1E-3

0,01

writing speed / mm/s
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Figure 58: Top: Process window and microscope pictures exemplarily shown for 0 wt%
and 5 wt% of gold nanoparticle loading on zinc oxide (see Supporting
Information Figure S2 for all process window diagrams). The sintering
process window (marked green) has been quantified for all different gold
loadings and plotted in figure 3. Bottom: energy per section resulting from
the applied power and writing velocities.
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Figure 59: Process window for laser sintering in dependence of gold nanoparticle load
on zinc oxide microparticles (parameters of laser power, writing speed and
laser spot size given in supporting information Fig. 8-49).

Figure 59 shows the effect of gold nanoparticles on zinc oxide microparticles for
the sintering process window. All values of the process window area are
standardized to the value for pure zinc oxide. Low loadings of gold (0.001, 0.005,
0.01 and 0.05 wt%) result in narrower sintering process window, whereas
loadings of 0.1 wt% significantly widens sintering process window up to 50%.
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Figure 60: Sintering threshold (minimum required energy per section) for writing
speeds of 5 m/s for 150 um spot size. Black dashed line shows threshold for
pure zinc oxide microparticles without gold. Necessary energy per section
slightly increases for low gold nanoparticle loadings but further decreases.
Findings for sintering thresholds correlate with the widening of sintering
process window, shown in figure 58.

Figure 60 depicts the sintering thresholds for different gold loadings obtained at
5 m/s with 150 um spot size. The findings correlate with influence of gold
nanoparticles to sintering process windows. For low gold loadings (up to 0.05
wt%), minimum required energy per section to cause sintering slightly increases
from 2.8 J/m for pure zinc oxide microparticles to around 3.6 J/m. If amount of
gold nanoparticles is 0.1 wt% or higher, energy per section necessary to cause
material response is reduced. Sintering threshold decreases down to 1.2 J/m for
1 wt%, 2wt% and 5 wt% of gold nanoparticles attached to microparticle support.
Therefore the highest reduction of sintering threshold by surface-adsorbed gold
nanoparticles results in 57% saved energy.
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At low gold loads, reduction of process window and higher required energy per
section for sintering can be explained by additional energy consumption for the
melting of the added gold nanoparticles. At higher loadings, energy transfer to
ZnO overcompensates, so that the sintering process window increases (and
minimum required energy decreases) compared to pure ZnO. Surface-adsorbed
Au-NP melt down and re-solidify subsequently, together with microparticles. This
is verified by TEM-pictures of FIB-sectioned microparticles in Figure 61, showing
zinc oxide microparticles with 5 wt% adsorbed Au-NP before and after sintering.

Before laser sintering gold nanoparticles are homogenously distributed on the
zinc oxide microparticles forming a rough surface. After laser treatment the gold
nanoparticles are still visible in the TEM picture at the cross section, but seem to
be embedded under a smooth and homogenous ZnO microparticle surface. Thus,
a hybrid gold-semiconductor structure has been achieved.

Figure 61: TEM pictures taken from the ZnO microparticles with 5 wt% Au-NP loading
prepared by the FIB method (see Supplementary Information Fig. S 8-48).
Particles were cut by a focused ion beam and cross-sections subsequently
analyzed in a TEM. Before laser sintering surface adsorbed gold nanoparticles
form a rough surface (a-d). TEM pictures taken after laser sintering of the
supported micro and sub-micro particles reveal a sintering of the particles
and a less rough surface after laser treatment (e-h).
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surface-adsorbed gold
nanoparticles

|
/| after sintering

before sintering

Figure 62: TEM pictures showing the ultra-structure before (left) and after (right) laser
sintering. SEM picture at the bottom demonstrates homogenous distribution
of laser generated gold nanoparticles supported on zinc oxide microparticles.

Beside the enhancement of laser sintering efficiency, laser irradiation of surface-
adsorbed gold nanoparticles might be a method for the fabrication of
homogenous micro/nano semiconductor/metal compounds with a smooth and
homogenous surface. This shows that PLAL-generated gold nanoparticles not
only adsorb easily on metal oxides surfaces but also that the resulting
nanostructured surface adsorbate can further be influenced and post-treated by
laser irradiation.

Crespo-Monteiro et al. showed that mesoporous TiO> films can be sintered at
intensities of 97 kW/cm? with 244 nm cw laser light [Crespo-Monteiro2012]. The
ablation regime was determined to start at 242 kW/cm?2. Sintering of TiO> at 488
nm did not show any material response up to 3 MW/cm? but sintering threshold
could be reduced to 0.4 kW/cm?, if plasmonic silver nanoparticles were added to
the TiO2. Also non-plasmonic silver oxide enabled sintering at 488 nm, what



4.2 Laser melting 129

indicates that off-resonant near-field enhancement by scattering to happen in
this case as well. We examined the influence of gold to IR laser sintering whereby
low amounts of Au-NP reduce laser process window. 0.1 wt% of gold adsorbed
on the semiconductor support results in an enhancement of process window
area and decreasing thresholds for material response.

From Figure 60 the ablation threshold can be determined to be around 100 J/m
for loaded and unloaded zinc oxide for spot sizes of 150 um. If the spot diameter
is decreased to 31 um ablation threshold decreases (Supporting Information Fig.
8-49). This leads to the assumption that for high laser intensities energy transfer
from gold nanoparticles can even evaporate the molten states.

Due to the observations we propose an off-resonant near-field enhancement to
cause effective material melt down of ZnO microparticle surface. In case of gold
nanoparticle loadings below 0.1 wt% heat transfer to the carrier material is not
sufficient to melt microparticles surface. For higher loadings, Au-NP transfer
enough energy to the zinc oxide. This energy is converted into heat resulting in
surface melting and re-solidification leaving the sintered micro/nano hybrid
structure. Figure 63 illustrates the assumed mechanism for efficiency increase of
laser sintering, where near-field enhancement plays the key role.

However, it cannot be excluded that direct excitation and heating of the gold
nanoparticles contributes to the heat transfer to ZnO as well. It is known that
aggregation of plasmon resonant particles causes plasmon coupling leading to
bathochromic shift. We expect this effect not to be dominant, since the visible
absorption (color) of the gold-ZnO-material even at high loading rates does not
indicate a strong SPR shift. Hence only weak absorption is expected at the applied
laser wavelength. In addition it is known that particle aggregation increases their
extinction coefficient mainly by (off-resonant) scattering.

Conclusions

Adsorption of gold nanoparticles, synthesized by laser ablation in liquids, can
enhance laser sintering of semiconductors. If an adequate amount of gold
nanoparticles is brought to the surface of the target material, significantly less
(57%) energy input is required to cause a material reaction. This is of particular
interest for additive manufacturing whereby lower laser power for sintering is
necessary or productivity may be increased. Further, laser irradiation of the
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adsorbate fabricates micro/nano ZnO/Au compounds with dispersed ultra-
structure. The presented experimental data present a novel approach in additive
manufacturing giving access to enhanced laser sintering and at the same time
surface modification of semiconductors creating metal hybrid materials. Such
materials may be of interest for energy application, where light hast to be
converted into current, or current into light, by combining the semiconductor
bandgap with the electron capacity of the metal.
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Figure 63: Schematic illustration of the supposed mechanism and material response
during off-resonant near-field enhancement of infrared laser sintering.
Amplification of IR laser in vicinity of the gold particle leads to energy and
heat transfer to infrared transparent zinc oxide, and subsequent melting of
gold nanoparticles and zinc oxide, followed by re solidification forming
smooth gold-semiconductor hybrid surface.
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4.3 Key figures for laser irradiation of particles in the passage
reactor

This section presents a calculation of key figures based upon experimental results
from PLFL in the passage reactor. These key figures might enable future studies
to address mechanistic observations more precisely and may support up-scaling
objectives. Here, laser parameters, particle properties and experimental design
are considered to provide a comprehensive picture aiming to extract parameters
that play a key role for particle processing by PLFL or PLML.

Laser fluence and intensity

In chapter 4.1.1, the effect of laser fluence on ps PLFL was studied. It was shown
that different mechanisms occur depending on the energy density. These can be
distinguished due to the experimental design of the passage reactor, as the
fluence deviation within the liquid jet is small compared to reactors and
experimental designs described in literature (see chapter 3.2 and Figure 13). The
fluence is given by pulse energy divided by the spot area on liquid jets surface:

E
F=-2
Af

With: F: fluence, Ep: laser pulse energy, Ar: irradiated area on liquid jet surface

(front)

Next to the laser fluence the laser intensity is a parameter used to describe the
power density of a focused beam (see Figure 4). The intensity is given by the laser
pulse power divided by the spot area. Dividing the pulse energy by the pulse
duration gives the laser pulse power. Thus, the intensity can be determined by
the following equation:

F  E
| = —=
TP TP.Af

With: I: intensity, w: pulse duration
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The fluence is colligated with the intensity by the pulse duration. However,
fluence thresholds can depend on the pulse length due to different mechanisms
responsible for material ablation and disruption [Chichkov1996], due to of the
relaxation times of excited electrons that fall into the regime of ultra-short-
pulsed lasers [Lin2003] [Zhukov2012]. Therefore, the intensity threshold does
not result in a threshold valid for all pulse lengths and thus both values need to
be considered, namely the intensity and fluence.

The maximum specific energy input increases with increasing laser fluence,
although fragmentation efficiency is strongly limited by the optical breakdown
fluence threshold of the liquid. To increase PLPPL efficiency when additional laser
power is available, an increase of irradiated area can be considered as a sufficient
up-scaling parameter.

Number of pulses per volume

Pulsed laser sources typically emit 10%-10° pulses per second depending on the
laser source and its power. This can usually be varied in a certain range. If short
pulsed or ultra-short pulsed lasers irradiate a liquid flow (or when the laser beam
is moved by scanning optics), laser pulses can either overlap to the previous laser
pulse or leave un-irradiated areas. For laser irradiation of particle suspensions in
a liquid flow, this results in a number of laser pulses that irradiate the particles
while they are passing the beam line in the liquid flow. This number of pulses per
volume unit (or number of pulses per particle) is given by the liquid jets’ flow
velocity divided by the laser spot height (equal to the spot diameter when
spherical lenses are used) and the laser repetition rate:

h R
Np= L

4]

With Np: number of pulses per volume, vi: velocity of liquid, h: height of laser spot
on liquid jets surface (note that h is equal to ds for spherical lenses), Rr: repetition
rate of pulsed laser source

This value shows whether laser pulses are overlapping (Np>1), line up precisely
(Np=1) or are geometrically separated (Np<1). The number of pulses per volume
will be an important value if the number of particles in the irradiated area per
pulse is set to 1. For values of 1, each particle will be irradiated by a single pulse
only within one passage. Accordingly, further refined studies on mechanisms
such particle size and morphology development are possible. A deviation of Np
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from surface of the jet to its back occurs. Exemplary calculations are also
provided in chapter 4.3.1 regarding this deviation. This will result in a lower Np
value at the front to back when the spot height is higher at the surface than the
back. Note that here the particle movement is regarded as static compared to
the liquid flow, due to the Reynolds number of 450 (for a flow velocity of 0.35
m/s in the 1.3 mm capillary) in the liquid jet.

Relative jet illumination

To reach high energy densities and the necessary intensity, laser beams usually
have to be focused for PLFL. For example, the most effective PLFL of ZnO with ps
pulses at 532 nm is achieved at around 30 mJ/cm? (chapter 4.1.1). Hence, pulse
energies below 150 mJ for picosecond lasers (assuming a comparably large raw
beam diameter of 5 mm) requires focusing. However, this focusing will result in
a smaller irradiated area compared to the unfocused beam. Here, a parameter
describing the effectivity of laser excitation for particles passing the liquid jet is
presented. This value sets the irradiated volume in relation to the bypassing un-
irradiated volume. The combination of this parameter with the number of pulses
per particle (or volume unit) provides a three-dimensional picture of particle
treatment.

For up-scaling purposes, the relative jet illumination should be considered as a
value that should be as close to 1 as possible. This means that no particle can
pass the laser beam line un-irradiated when the number of pulses per volume is
1 or higher. In the following, it is described how this ratio can be determined by
geometrical parameters of the experimental design. All that has to be known is
the focal length of the optic used, the raw beam diameter, the distance of liquid
jet surface to the optical focusing plane and the liquid jets’ diameter. The
following illustration and equations show how this can be adapted (drand ds can
easily be determined by linear optics).
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Passage Reactor

Power Meter

cross section of the jet side view

Figure 64: Schematic illustration of liquid jets cross section orthogonal to flow direction,
irradiated area (50% marked green), unirradiated area (marked blue) and
geometrical values used for calculation of illumination ratio (left) and the
experimental set-up where this area is located (right)

Here df (diameter front) is the diameter of the laser spot at liquid jet front surface
parallel to flow direction, dv (diameter back) diameter of laser spot at liquid jet
back surface parallel to flow direction, r radius of liquid jet, M jet center (see
Figure 64). The ratio of illumination (ri) by the laser beam can be considered as
the difference of the irradiated area divided by the complete cross section (Acom):

Aill

Tin =
Acom

with the area of the jet cross section:
Acom =T 12

and the area of illuminated area:

A = Acom — Aun
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and the unilluminated area (segment):

Ay

_n_ﬁ.(_- )
=5 (y—siny

follows the term for ratio of the jet illumination:

y—siny

i = 1 —
il e

Due to geometrical conditions, y can be regarded as:

y = 180" — arcsin (Z—’;) — arcsin (i—’r’)
Note that here no additional focusing due to diffraction of liquids’ curved surface
is considered. Nevertheless, this ratio can help to reduce the un-irradiated
segments to a minimum by increasing the spot area on liquid jets’ surface. When
approaching the focal plane nonlinear effects should be considered, as the
minimum spot diameter is given by lasers wavelength.

Furthermore, a ratio between drand d» can be regarded when the focal length of
used lenses is considered, which allows expressing y simplified. Note that liquid
jet radius is a fixed value given from the experimental design. The experimental
studies showed that capillary diameter below 1.3 mm did not provide a
continuous flow but rather formed droplets, due to the Rayleigh-Taylor instability
and the Plateau-Rayleigh instability [Rayleigh1892]. Therefore this minimal
capillary diameter was chosen. A larger capillary diameter would lead to
significant higher flow rates and a lower ratio of illumination.

Laser spot diameter at the liguid jet

The spot diameter can be simply determined by using the intercept theorem. This
holds in good approximation until the position of the liquid jet is within the
Rayleigh length of the focus. For calculation of the laser spot at liquid jets’
surface, the following equation can be used:

D
. P.

dy =7 b
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With dy: spot diameter at liquid jets’ front, D: diameter of laser beam before
focusing, f: focal length of the lens, Pjs: position of liquid jets’ front as the distance
to the focal plane

Analogously, the spot at liquid jets’ back can be determined by:

With dp: spot diameter at liquid jets’ back, Pj»: position of liquid jets’ back as
distance to the focal plane

Number of particles per pulse in irradiated volume

To determine the number of particles that are statistically in the irradiated
volume, we assume a circular beam spot on liquid jets’ front and back. First, the
volume has to be determined and subsequently the number of particles can be
calculated, when particle mass concentration and the hydrodynamic diameter of
particles are known. For this determination, it is assumed that the particle size
distribution comprises monomodal and ideal spheres.

The complete irradiated volume can be regarded from three different
geometrical figures, namely the cone segment and the two sphere segments on
the front and back of the cylindrical liquid filament. Taking the notation from the
proportional jet illumination gives for the volume of cone segment (V.):

2-rem ([N dp dy ()t
e= 3 ((7) v 7+ (3)

Here, a small volume will be neglected due to the reason that by penetration of
a cone through a cylinder a section curve is formed at the front and back, whose
shape depends on the ratio of the radii from the geometrical cylinder and cone
to another (see Figure 8-50). The volume surrounded by this section curve will
provide the accurate irradiated volume. A scheme of the conical laser beam
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impregnating the cylindrical liquid jet is shown in Figure 8-50. Therefore,
assuming a cone segment with planar surfaces will slightly overestimate the
illuminated volume. The maximum possible error hereby is below 22% (if the
beam spots at liquid jets’ front and back are larger than liquid jets’ diameter) and
becomes neglectable if the spot diameter is in the range of liquid jets’ radius or
smaller.

In the following, a correlation between particle mass concentration, particle
diameter (assuming monomodal spheres) and the illuminated volume is drawn.
The particle mass concentration can be described as follows:

m
wt% = —9%2.100

Myes
The mass (in irradiated volume) of particles myp ges is:

Mp.ges = Np " Vp " Pp

With np: number of particles, V,: volume of a single particle, pp: density of particles
(bulk value)

The volume of a single (spherical) particle can be expressed by:

1 3
W = g”'dp
With dp: diameter of the particle
The mass of irradiated volume mges is:
Myes = (Vcom_Vp 'np)'pl +np'Vp'pp

With Veom: volume of the complete irradiated volume, pi: densitry of liquid

Using the equation for mges and mpges to plug into the equation for particle mass
concentration and solving the equation for the number of particles (np) gives:

o

np = V, - p, - 100

wte T P Ve Py



138 4 Results and discussion

With this equation, the number of educt particles statistically irradiated per laser
pulse can be determined by knowledge of particle mass concentration in liquid,
particle size (assuming monomodal spheres, this value can be derived from
particle size distribution), laser spot diameters at front and back of the liquid jet,
as well as the liquid jet diameter.

The key figures Np (number of pulses per volume), rii (ratio of illumination) and
np (statistical number of particles in irradiated volume) can be used for further
up-scaling purposes and precise design of experimental conditions, e.g.
addressing single-pulse-per-particle passages.

4.3.1 Exemplary calculations for PLFL of ZnO

To demonstrate how these calculations can be applied, the optimized conditions
and parameters experimentally derived in this thesis for PLFL of ZnO are
considered. For this purpose, the picosecond Nd:YAG laser was used at the
second-harmonic wavelength (532 nm) with a repetition rate of 100 kHz. The raw
beam diameter was determined experimentally to be 3.5 mm. Optimized
fragmentation efficiency was found to be close to the optical breakdown at
around 0.1 J/cm? equivalent to 100 GW/cm? for 10 ps. By using a 100 mm plano
convex focal lens, the optical breakdown occurs for a distance of around 91 mm
from the lens to the surface of the liquid jet. Setting the liquid jet surface to a
distance of 89 mm from the lens gives optimized fragmentation conditions,
resulting in a calculated spot diameter of 0.388 mm at the front and 0.353 mm
at the back.

The velocity of the liquid jet was determined by measuring the mass of water
outflow of the reactor each 10 seconds. Dividing this volume flow rate by the
area of the jet’s cross section gives the velocity, as illustrated in Figure 8-51. For
the experiments, a volume of 50 ml was used and thus the starting velocity of
around 0.35 m/s can be estimated. Average velocity for 50 ml passaging (0.35
m/s — 0.325 m/s) is 0.338 m/s with a deviation of 4%. This deviation increases
linearly with the volume used for a passage (up to 26% for 350 ml). This can be
technically compensated by using the principle of Mariotte's bottle
[McCarthy1934].

The following table summarizes all parameters necessary for the calculations.
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Table 4: Parameters for optimized PLFL of ZnO necessary for calculation of the key
figures
Parameter variable |Value
Liquid jet parameter
particle concentration in liquid wt% 0.1 wt%
0.3375 m/s
liquid jet velocity i (0.0125 m/s)
radius of the liquid jet r 0.65 mm
position of liquid jets’ front as distance to P, 11 mm
the focal plane
position of liquid jets’ back as distance to P 9.7 mm
the focal plane
Laser parameter
repetition rate of the laser R, 100 kHz
beam diameter before focusing D 3.5mm
focus length of the lens f 100 mm
pulse energy Ep 75 W
Colloid parameter
hydrodynamic educt particle diameter dp 450 nm
density of the liquid (water) P 1g/cm?
Density of the particles (ZnO) Pp 5.61 g/cm3

For the laser spot diameter at the liquid jet

D 3.5mm

df = ?p]f =100 11 mm = 0.385 mm
D 3.5mm

db = ? Pj,b = m 9.7 mm = 0.3395 mm

For the number of pulses per volume:
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_ h-R, 0.000385m:-100,000 5"

- ~ 114.07
F v, 0.3375%

Therefore, 114 laser pulses irradiate the particle suspension volume passing the
liquid jet.

The ratio of jet illumination can be described as:

2r
0.385 mm) ] (0.3395 mm)
—— ) —arcsin [ ————

. [ dy _(dp
y = 180 — arcsin o — arcsin (—)

= 180° — i (
arcsin 3 m

1.3mm

y = 180" —17.23° — 15.14° = 147.63° 2 0.82m rad

Please note that the equation for the ratio of illumination has to be solved in
radiant:

y — siny 1 2.58 — 0.535
T

Tiu = 1- =0.35

Thus, 35% of the liquid jet cross section is illuminated.

The number of particles in the laser-excited volume can be determined by the
following equations:

The volume for the cone segment is given by:
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2'r-m de df db de
=3 ((7) +52+(3)

V.=
1.3mm-m (0.385 mm)2 0.385mm 0.3395 mm (0.3395 mm)2
3 2 2 2 2
~ 0.134 mm?
The volume of a single particle is:
1 ; 1 5 5
v, = gr[ d,” = gn - (450 nm)® = 0.0477129 um

Thus, the number of (educt particles) in the irradiated area is:

0.134mm?-1-%
cme

(0.0477129-10-) mm? - 5.61 %5 100 . .4 . . g
T +(0.0477129-102) mm? - 18- - (0.0477129 - 10-2) mm* - 5.61 -2

= 501,029

Therefore, around half a million particles are illuminated in the irradiated area
with about 114 laser pulses.
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Table 5: Parameters of a single passage determined for optimized PLFL conditions of ZnO

number of pulses per particle 114

ratio of jet illumination 0.35
Volume of illuminated liquid 0.134 mm?
number of particles in irradiated volume 501,029

To summarize, it was shown that the key figures can be used to calculate and
estimate process conditions, using the parameters reported in chapter 4.1 for
PLFL of ZnO.

4.3.2 Optimization of PLFL using key figures

Optimized conditions can be derived by correlation of the key figures with the
suspension and laser parameters, which holds particular interest for up-scaling
and to reduce the required number of passages. For picosecond pulses at 532 nm
wavelength, the threshold fluence of optical breakdown of the liquid was found
to be around 0.1 J/cm?. To achieve a higher fragmentation efficiency, either the
particle concentration can be reduced (as described in chapter 4.2) or the
illuminated volume at a constant fluence can be increased, although for this
higher laser power (pulse energy) needs to be available. The following diagram
illustrates the relative jet illumination in dependence of the applied laser fluence
for different laser power. For this calculation, the 1.3 mm liquid jet diameter, 10
picosecond pulse duration with 532 nm wavelength, 100 kHz repetition rate and
a focusing lens of 100 mm were assumed.

Figure 65 shows three different diagrams. In Figure 65 a) the laser fragmentation
efficiency is plotted for different fluences on the liquid jets surface. The effective
PLFL regime is marked similar to Figure 65 b) and c). In Figure 65 b) and c) the
correlation of the relative jet illumination and the laser fluence on the liquid jets
surface is plotted. This correlation plotted in double logarithmic scale for a wide
range of fluences on the left (b)) and a magnification of the PLFL regime on the
right (c)).
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The blue curve in Figure 65 a) correlates to the blue curve in Figure 65 b) and c).
Therefore, only around 35% to 20% of the liquid are illuminated during one
passage.

For fixed focusing and liquid jet geometries, a direct correlation between the
irradiated volume and the ratio of illumination can be plotted. This is shown in
Figure 8-53 for the experimental conditions used. Accordingly, the laser fluence
can also be plotted in correlation with the ratio of illumination, as shown in Figure
65 (analogous to Figure 8-52). This illustration is more intuitive as a ratio of 1 is a
100 % illumination of the liquid jet in diameter. The optimized fragmentation
conditions for 0.1 wt% ZnO were found at a laser fluence of 0.03 J/cm?. As the
fluence scales linearly with the pulse energy, a 100 % illumination with a fluence
of 0.03 J/cm? can be reached by a pulse energy of 1.5 mJ (150 watts at 100 kHz
repetition rate). Therefore, 20 times higher laser pulse energy than 75 pJ used in
the present study is desired to reach the fluence of 0.03 J/cm? at an irradiated
volume of around 7 mm? equal to the total excitation of the jet volume. Note that
with 750 w 10 times higher than the pulse energy used the PLFL regime can also
be addressed with a complete illumination of the liquid jet. However, PLFL
becomes more efficient for fluences up to 0.03 J/cm? (see Figure 16). Higher
energy densities result in a decrease of PLFL efficiency until a complete optical
breakdown of the liquid jet occurs (see Figure 16).

If laser pulse energy higher than 1.5 mJ is accessible, other geometries of focusing
lenses can be considered to further increase the irradiated volume, such as
cylindrical lenses. Hence, the bypassing flow of untreated educt particles causing
educt-product mixing could be avoided. It is assumed that such educt-product
mixing reduces the PLFL efficiency, e.g. if product nanoparticles adsorb on the
educt particle surface, thus increasing the educt’s hydrodynamic diameter and
light absorption cross section during subsequent passages. Note that no
surfactants are required to benefit from one of the key advantages of PLFL,
namely its purity. Hence, using this key figure to adjust a relative jet illumination
of 100% may contribute to a further increase in PLFL efficiency. Note that laser
sources providing this pulse energy are already available.
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Figure 65: a) Laser fragmentation efficiency (see Figure 16) for the experimentally used
picosecond laser parameters (75 W, 100 kHz, 532 nm and 10 ps) b) Relative
jetillumination plotted versus the fluence for different laser power assuming
a liquid jet diameter of 1.3 mm, a laser raw beam diameter of 3.5mm and a
focal length of 100 mm, 10 ps pulse length, 532 nm wavelength, 100 kHz
repetition rate and 0.1 wt% particle mass concentration and c) magnification
of the PLFL regime
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It can be stated that mainly focusing geometry, laser parameters and suspension
properties determine the process efficiency. Here, it is shown in detail how the
process can be further optimized, exemplified by the optimized experimental
conditions for zinc oxide. To transfer this optimization procedure to other
materials, fragmentation thresholds should be determined. Subsequently, the
optimization can be easily transferred to other particle/liquid systems. The
determination of these parameters and their conjunction was possible due to the
development of the passage reactor and the experimental studies of PLFL using
this design.

An optimized reconciliation of all parameters such as laser parameters, colloid
parameters and liquid jet parameters might result in a single passage from educt
to product, although this surely depends on desired properties such as product
particle size or product defect properties.



5 Summary and conclusion

Pulsed laser processing of particles in liquid is a technique giving access to a
variety of highly interesting nano-particulate and sub-micrometer spherical
materials with unique properties, which would be difficult or impossible to
fabricate using conventional synthesis methods. The demand contributing in an
additional mechanistic understanding of PLPPL derives from literature reports
stating different mechanistic assumptions and demonstrating the possibility of
chemical conversion. But at present, PLPPL is conducted by continuous
irradiation of particle suspensions in a vessel resulting in a significant fluence
gradient during beam propagation through the liquid. The experimental studies
show that a precise experimental design is required for energy-efficient and
meticulous laser fragmentation or melting conditions. For this, based on the idea
of a free liquid jet introduced by Wagener et al. [Wagener2010a],
[Wagener2011], the experimental design was improved and changed to a
passage reactor enabling sequential laser irradiation with minimal laser fluence
deviation. This is of importance, as the process windows for PLPPL are limited at
low and high laser fluences for laser melting and fragmentation, respectively.

For picosecond laser pulses and 532 nm laser wavelength particle fragmentation
in liquids was extensively studied. The sequential laser fragmentation of particles
in the passage reactor enables energy balancing and correlation of the specific
energy input to particle properties for the first time. The investigations on zinc
oxide particles formed by laser fragmentation under optimized fragmentation
conditions show that the produced particles are highly defect-rich. Investigating
the bandgap energy of the defect-rich ZnO particles revealed that their band gap
can be adjusted linearly by the laser energy dose put into the educt
microparticles. Such defect control could be interesting for future catalysis
research. Furthermore, laser fragmentation allows even higher extend of
chemical modification of the generated particles. This has been demonstrated by
reduction of copper-(Il)-oxide and copper nitride edcut particles to elemental
copper nanoparticles during fragmentation in ethyl acetate, ethanol or
isopropanol. Oxidation of the copper nanoparticles can be observed using water
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as solvent. Laser fragmentation in presence of an oxidative reagent such as
hydrogen peroxide can fabricate ultra-small and ligand-free gold nanoparticles
around 2.5 nm in diameter. Consequently, ultra-small ligand-free gold
nanoparticles in the quantum size regime, have been synthesized for the first
time. An activation of particles for subsequent oxidation is also possible as shown
for aluminum microparticles that are treated by laser fragmentation in water,
whereby subsequent hydrogen release potentially from water splitting can be
observed. Hence, combination of liquid medium and particle material determine
process chemistry, showing that both reductive (defects) and oxidative PLPPL is
possible.

Longer laser pulse lengths and shorter wavelengths, such as nanoseconds and
355 nm, can cause distinctive particle melting and formation of sub-micrometer
spheres. Utilizing the experimental design of the passage reactor shows that this
setup can be used for melting condition and process window determination as
well. This was studied for zinc oxide particles and the findings of melting fluence
thresholds are in agreement with the literature. Only the generation of multi
material sub-micrometer spheres remains barely reported in literature and all
related reports are precursor chemistry-based. In this work it is shown how
metal-semiconductor-composite sub-micrometer spheres can be fabricated by
pulsed laser melting in pure water for the first time. Here, plasmonic gold
nanoparticles are integrated into their zinc oxide support, forming crystalline
metallic particles integrated in the semiconductor sub-micrometer spheres.

For pulsed laser melting in liquids the presence of gold nanoparticles on
microparticles’ surface seems to have no strong impact on the process efficiency.
On the contrary, in the case of laser additive manufacturing of such
pasmonic/semiconductor hybrid materials in the dry state (powder bed), a strong
influences on the process can be observed. The experimental studies
demonstrate that this can result in widening of the laser sintering process
window if gold nanoparticle are present during the laser structuring process. The
plasmoic response of gold nanoparticles was found to be responsible for the
observed effects within different nanoparticle loadings used. Besides extending
the laser structuring process window, an ultra-structure of gold nanoparticles
dispersed in a solid ZnO matrix could be generated out of the particulate powder
bed.

For PLPPL in the passage reactor key figures and formulas balancing the specific
process parameters are derived from the experimental results, which will enable
up-scaling of the laser fragmentation process in a free liquid jet. This geometric



5 Summary and conclusion 149

modelling allows a precise parameter definition. In general, we can conclude that
for most effective laser fragmentation, the laser fluence should be as high as
possible but just below the optical breakdown of the liquid. The number of pulses
required to reach the desired particle properties, such as particle size,
composition or defects, can be determined by this unique passage irradiation
method and used to scale the process. It has been exemplarily calculated for ps
laser fragmentation how laser parameters affect the ratio of illumination. These
geometrical conditions can be used to set the jet illumination to 1, thus avoiding
particle passing in the liquid jet without laser irradiation. The number of particles
in the irradiated volume depends on the particle concentration, educt particle
size and can be adjusted easily by variation of the particle mass concentration.

In conclusion, it can be stated that the developed passage reactor design is an
appropriate setup for experimental studies to understand PLPPL. Next to the
experimental studies, this technique is easily scalable and key figures can be
applied when using other laser systems to achieve the same results. The results
are in agreement with the existing literature and contribute significantly to a new
process understanding and modeling. The valuable model parameter that have
been derived from PLPPL in the passage reactor allows to further improve this
technique and will be significant going forward as defined setting of nanoparticle
properties is possible.



6 Outlook

The dissertation addresses fundamental aspects of PLPPL using a novel
experimental design. This improved experimental design enables determination
of particle properties such as the minimal obtainable particle size caused by
pulsed laser fragmentation in liquids and the yield during PLPPL. It might be
projected that besides the laser fluence and optical properties the educt particle
concentration has an influence on the mechanisms, due to attenuation of laser
light in the liquid occurring in case of high concentrations. Detailed studies
correlating the dominant mechanisms such as fragmentation and/or vaporization
to optical absorption properties of the particles and studying fluence regimes will
help in additional and comprehensive understanding. The implementation of the
passage reactor for single particle irradiated with a single laser pulse, might be
appropriate to further gain insight on mechanisms occurring during pulsed laser
fragmentation in liquids. Detailed characterization of the particle size and its
composition after laser irradiation with a single pulse could further contribute in
a mechanistic understanding.

Although PLFL-chemistry has been shown it remains open which parameters set
the final chemical composition of particles by pulsed laser melting in liquids. For
this, copper nitride and copper oxide are good candidates because pulsed laser
fragmentation of these particle materials showed formation of copper
nanoparticles. Thus, when exposed to precise laser fluences and wavelengths
known to cause sufficient melting additional mechanistic conclusions could be
drawn. Exposing CusN and CuO to laser fluences between 30 mJ/cm? and 150
mJ/cm? and subsequent analysis of sub-micrometer sphere composition can give
scientific evidence if their composition changes or if higher fluences are required
for the chemical conversion.

Up-scaling of the process by scanning the laser beam along the liquid jet following
the flow direction might be one option to reduce the required numbers of
irradiation cycles (passages). Setting the scan speed of the laser at least one order
of magnitude faster that the liquid jet flow velocity could further increase the
process efficiency. Increasing the number of pulses by higher laser repetition
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rates might also reduce the required number of passages. But as nanobubble
formation with lifetimes of around 1ns and 50 nm diameter (for 100
femtosecond pulses and 160 ml/cm?) are reported for gold nanoparticles
[Kotaidis2005] there might also be a limitation in the repetition rates due to
shielding effects, if the bubble lifetime increases significantly. 80 ns bubble
lifetimes (for 500 picosecond pulses and 220 mJ/cm?) were reported from
Hashimoto et al. [Hashimoto2012]. This effect might be even more distinctive for
PLML due to larger particles and longer pulse duration of ns compared to ps. For
optimalillumination the relative illumination should be set to 1, meaning that the
complete liquid filament in diameter is irradiated to avoid particles passing the
laser beam unirradiated.

Optimization of the PLPPL process could generate the desired particle properties
in 1 passage. The parameters (extracted from experiments) required for an
optimized processing are reported in this work.
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Supplementary Data 4.1.1

M. Llau, S. Barcikowski, Quantification of mass-specific laser energy input
converted into particle properties during picosecond pulsed laser fragmentation
of zinc oxide and boron carbide in liquids, Appl. Surf. Sci. 348 (2015) 22-29
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Figure 8-1: Process windows for pulsed laser melting in liquid (PLML), pulsed laser
fragmentation in liquid (PLFL) and the optical breakdown (OB) for the
fluences created by 532 nm picosecond laser pulses applied to 0.1 wt%
zinc oxide microparticle suspension. Graph shows the dependence of
laser fluence at the jet and laser fragmentation efficiency evaluated
from the primary particle index.
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Figure 8-2: Pulsed laser melting of crystalline zinc oxide micro particles at a laser
wavelength of 355 nm and 40 ns pulse duration. a) depicts the UV/Vis-
spectra and extracted PPl values for different number of passages of
the volume flow through irradiation zone. In b) the XRD-pattern before
and after 100 passages are shown. SEM pictures of the particles
corresponding to the XRD-pattern are shown in c) (left: before PLML,
right after PLML).
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Due to the longer pulse duration (ns) thermal effects are much more distinctive
and the shorter wavelength of 355 nm compared to 532 nm results in a higher
absorption efficiency. Thus for 355 nm and nanosecond pulses whole ZnO
agglomerates can melt down and form spheres with hydrodynamic diameters of
around 400-500 nm. In case of picosecond pulses with 532 nm particles melt only
partially forming smaller spheres or only partially melts down the surface,
forming bigger sintering bridges of the aggregates.
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Comparing plused laser fragmentation with strong ultra-sonication shows that
PLFL is a top down method to fabricate des-aggregated primary particles and
nanoparticles. A change of the crystallite size during PLFL can be observed by XRD
analysis.
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Figure 8-4: Crystallite size (top) calculated from the XRD pattern (bottom) for the
different directions in the wurtzite lattice of zinc oxide crystals for
different laser energy input.
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Figure 8-5: Tauc plots calculated from the UV/Vis spectra (ahv)? versus the photon
energy) to determine the change of bandgap energy of the zinc oxide
particles during PLFL.
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Figure 8-6: Direct tauc plots with linear fits for the different passages (number of

irradiation cycles) during PLFL of ZnO in liquid jet.
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Tab. 8-1: Electron values determined from the direct tauc plots of Fig. 8-5 and

8-6.
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Figure 8-7: Hydrodynamic particle size distributions of boron carbide for different

laser specific energy input. Note that no surfactant was used
subsequent to laser fragmentation and therefore nanoparticle
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Supplementary Data 4.1.2

This diagram supports the statement that very small particles are generated for
PLFL of ZnO which cannot be detected optically by UV-vis spectroscopy or ADC.
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Figure 8-8: Change of particle size for laser fragmentation with 0.01wt% zinc oxide

microparticles with optimized fragmentation conditions.
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Supplementary Data 4.1.3
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Figure 8-9: PPI values plotted versus the number of passages for different gold

nanoparticle loadings on zinc oxide
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Figure 8-10: UV-vis spectra for the different gold nanoparticle loadings after each

irradiation passage
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Supplementary Data 4.1.4

M. Lau, I. Haxhiaj, P. Wagener, R. Intartaglia, F. Brandi, J. Nakamura, S.
Barcikowski, Ligand-free gold atom clusters adsorbed on graphene nano sheets
generated by oxidative laser fragmentation in water, Chem. Phys. Lett. 610
(2014) 256-260

1. Available number of reactive oxidative species

The figure S4.4 3 shows the calculated number of molecules in solution that are
available for each surface atom of the particles at a gold concentration of 20
mg/L for water saturated with oxygen at 20°C and for a 10 wt-% hydrogen
peroxide solution. For oxygen saturated water there are only few molecules
available whereas hydrogen peroxide is present in an excess. Thus, hydrogen
peroxide is quantitatively and qualitatively able to stabilize gold particles surface
even at small particle sizes.
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Figure 8-12: Calculated number of molecules from reactive oxygen species available
per surface atom in dependence of the particle size.
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2. Redox potential

The potential shown in table 1 for a pH value of 5 and 8 was calculated by the
Nernst equation:

RT a
E'=E°+—In(—=
zF n(ared)

Whereby E’ is the calculated potential for a pH value of 5 or 8, E° is the standard
potential for a pH value of 0, R the universal gas constant, T the temperature, F
the Faraday constant, z the number of transferred electrons, aox the activity of
the oxidant, and ared the activity of the reductant. For the calculation of E’ the
values for E° were taken from literature [53].

3. TEM images of laser generated gold nanoparticles

Figure S4.4 4,54.4 5 and S4.4 6 show representative TEM pictures that were used
for the particle size characterization for the histograms in Figure 1 for gold
nanoparticles after laser ablation, after laser fragmentation in presence of
sodium hydroxide, and in presence of both sodium peroxide and hydrogen
peroxide.

Figure 8-13: Representative TEM pictures of the gold nanoparticles after laser
ablation synthesis used for particle size characterization
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Figure 8-14: Representative TEM pictures of the Au nanoparticles after laser
fragmentation in presence of sodium hydroxide used for particle size
characterization

Representative TEM pictures of the Au nanoparticles after laser
fragmentation in presence of sodium hydroxide and hydrogen peroxide
used for particle size characterization

Figure 8-15:
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4. HR-TEM of Au clusters and Au clusters on GNS

Figure S4.4 7 and S4.4 8 show some of the HR-TEM pictures that were used for
the particle size characterization for the histograms in Figure 3 of gold
nanoparticles before and after the support on GNS. Figure S4.4 7 include the
electron diffraction pattern of a gold nanoparticle.

Figure 8-16: Representative HR-TEM pictures of the Au clusters used for particle
size characterization and diffraction pattern (bottom right)
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Figure 8-17: Representative HR-TEM pictures of the Au clusters adsorbed on
graphene nano sheets (GNS)
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5. Analytical disc centrifuge (ADC) analysis

Figure S7, S8 and S9 show the mass and number distribution of Au nanoparticles
after laser ablation synthesis, after laser fragmentation with sodium hydroxide,

and with sodium hydroxide and hydrogen peroxide.
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Figure 8-20: Mass and number distribution of the Au nanoparticles after laser

fragmentation in presence of sodium hydroxide and hydrogen peroxide
measured by an analytical disc centrifuge
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6. Isoelectric point and size distribution measured by
dynamic light scattering

Figure 8-21 shows the isoelectric point of gold nanoparticles after laser ablation
synthesis, after laser fragmentation with sodium hydroxide, and with sodium
hydroxide and hydrogen peroxide. The isoelectric points by a pH value lower than
2 indicate a good stability of the colloidal solutions. Figure 8-22, 8-23 and 8-24
show the mass, volume and number distribution of the corresponding gold
nanoparticles. These measurements are carried out by dynamic light scattering
(DLS).
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Figure 8-21: Isoelectric point measurements of gold nanoparticles after laser

ablation synthesis, after laser fragmentation with sodium hydroxide
and with sodium hydroxide and hydrogen peroxide
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Figure 8-22: Mass, volume and number distribution of the Au nanoparticles after

laser ablation synthesis measured by dynamic light scattering
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Figure 8-23: Mass, volume and number distribution of the Au nanoparticles after

laser fragmentation in presence of sodium hydroxide measured by
dynamic light scattering
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Supplementary Data 4.1.5.1

Figure 8-25: . TEM images of nénobarticles generated from CusN after laser
fragmentation in water

Figure 8-26: TEM images of nanoparticles generated from CuO after laser
fragmentation in ethyl acetate
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Fand

Figure 8-27: TEM images of nanoparticles generated from Cu,0 after laser
fragmentation in ethyl acetate

Figure 8-28: TEM images of nanoparticles generated from CusN in ethyl acetate
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Cu;N
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Figure 8-29: TEM images of nanoparticles generated from CusN in ethyl acetate by
laser fragmentation with 355 nm

Figure 8-30: TEM images of nanoparticles generated from Cul in ethyl acetate
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Figure 8-31: UV-vis spectra for the fragmentation of CuO in ethyl acetate with and

without argon as protection gas
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Supplementary Data 4.1.5.2
4.1.5.2 Fragmentation of aluminum particles - laser-induced oxidation

Laser activation of aluminum particles in water causes significant oxidation after
a retention time of around 20 hours. During this oxidation hydrogen is released
from the liquid and a complete white particle powder in water is obtained. From
the reference material containing unirradiated aluminum particles no significant
oxidation within 42 hours is observed.

Age of colloid

20H

Age of colloid 27H

Figure 8-32: Photograph of aluminum particles suspended in water without laser
treatment (left) and after 50 passages (right) for different storage times
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Figure 8-33: Photograph of aluminum particles after 50 passages in different
solvents after 66 hours storage

Supplementary Data 4.2.1

This supplementary data support chapter 4.2.1 on pulsed laser melting in liquids
for zinc oxide microparticles and zinc oxide microparticles with supported gold
nanoparticles. For the experimental studies fluence variation was applied by
variation of liquid jets position to the focusing lens. Figure 8-34 shows the fluence
resulting from the different positions. Hereby 0 means the focal plane of the 100
mm lens and 100 mm the position directly behind the lens.
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Figure 8-34: Fluence for the 355 nm, 40 nm coherent laser used for laser melting
studies with a 100 mm lens and a raw beam diameter of 6 mm, laser
output power was 23 watt with 85 kHz and therefore a pulse energy of
270 W

. —_—— . . . .
250 -
200 -
,g [ |

£.,150 - " -
!E
[2)

& 1004 -
g

50 1 -

04 — "y -

8% 8 90 9 9 9 98 100 102

position [mm]
Figure 8-35: Obtained peak shift from UV-vis spectra for the different processing

positions for pure zinc oxide microparticles
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Figure 8-36: SEM images of zinc oxide mircoparticles after laser irradiation with 355
nm and 100 mJ/cm? detected with the secondary electron detector (left)
and the back scattered electron detector (right)
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Figure 8-37: UV-vis spectra (not normalized left and normalized to the developed

peak right) for the different processing positions after 10 passages
respectively
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Supplementary Data 4.2.2

M. Lau, A. Ziefuss, T. Komossa, S. Barcikowski, Inclusion of supported gold
nanoparticles into their semiconductor support, Phys. Chem. Chem. Phys. 17
(2015) 29311-29318

Inclusion of supported gold nanoparticles into their semiconductor
support

Marcus Lau, Anna Ziefuss, Tim Komossa, Stephan Barcikowski*

Technical Chemistry |, University of Duisburg-Essen and Center for
Nanointegration Duisburg-Essen (CENIDE), Universitaetsstr. 7, 45141 Essen,
Germany

These supporting information provide additional information on the properties
of the materials. It is demonstrated how the particle mass load can be
determined and a correlation between the mass and volume load is given.
Further all UV-vis extinction spectra and additional size measurements
determined by an analytical disc centrifuge are shown. Beside this, additional
SEM images are provided, as the manuscript just shows a representative
selection.
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Supporting Information
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Figure 8-38:
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Particle size distribution detected in an analytical disc centrifuge of
monodisperse Au NP colloids before adsorption onto zinc oxide support
a) as weight distribution and b) as number distribution of three different
samples; c) extinction at 380 nm for different Au NP colloid
concentrations and linear fit used to determine Au NP concentration
after centrifugation and prior to adsorption on zinc oxide

For calibration at an extinction wavelength of 380 nm laser ablation time was
varied from 1 to 10 minutes in 1 minute steps. The concentration of obtained
gold colloids was determined by differential weighing of the target before and

after laser

ablation. The colloids were diluted to receive an extinction value

around 1 where the extinction scales linearly with the Au NP concentration.
Subsequently the measured extinction value was multiplied by the dilution factor
and plotted versus the concentration as shown in Fig. 8-38 c).
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Figure 8-39: a) correlation between the absolute weight percentage and the weight
percentage referred to supports mass; b) correlation between volume
percentage and weight percentage for the material composition of gold
and zinc oxide referred to gold amount. Red lines mark the experimental
values used for this study

Values for the curves shown in Fig. 8-39 a) and b) can be calculated by the
following equations:

mass A 191100 = weight ‘ dt t (Wt
mass Zn0 [g] = weight percentage referred to support [wt%]

mass Au [g]

- 100 = weight t bsolut t9
mass Zn0 [g] + mass Au [g] weight percentage absolute [wt%]

mass Au [g]

pau [2213]

mass Zn0 [g] 4 mass Au [g]

Pzno [%] Pau [%

- 100 = volume percentage [vol%]
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Figure 8-40: UV/vis spectra of the pure zinc oxide particle suspensions for laser

irradiation with 355 nm for increasing laser fluecnes (a-g) and
calculated laser fluences for the different positions of the liquid jet
relative to the focal plane of a 100 mm lens (h)
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Figure 8-41: Histogram of particle size distribution of gold nanoparticles on ZnO

support before (black bars) and included in ZnO SMS after PLML
derived from SEM images (red bars) (a)) and comparism of the Au NP
particle size distributions derived from analytical disc centrifuge (ADC,
red bars) before deposition onto ZnO and histogram from SEM images
after Au NP deposition (black bars) (b))

Fig. 8-41 shows that gold nanoparticle size does not change after deposition onto
the zinc oxide support but for PLML bigger gold nanoparticles are obtained. This
is in agreement with findings of Marzun et al. [Marzun, G.; Nakamura, J.; Zhang,
X.; Barcikowski, S.; Wagener, P. Size control and supporting of palladium
nanoparticles made by laser ablation in saline solution as a facile route to
heterogeneous catalysts. Appl. Surf. Sci. 2015, 348, 75-84] and Lau et al. [Lau, M.,
Haxhiaj, I.; Wagener, P.; Intartaglia, R.; Brandi, F.; Nakamura, J.; Barcikowski, S.
Ligand-free gold atom clusters adsorbed on graphene nano sheets generated by
oxidative laser fragmentation in water. Chem. Phys. Lett. 2014, 610, 256-260].
Further it demonstrates that high loadings can be achieved without causing
significant particle aggregation or agglomeration.
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Figure 8-42:
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Figure 8-43: Fluorescence spectra of the pure ZnO before and after PLML a) and of

30 wt% Au NP ZnO particles before and after PLML b)
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Figure 8-44: Correlated SEM images of gold nanoparticle inclusions in zinc oxide
matrix forming sub-micrometer spheres after PLML with 79 mJ/cm?,
355 nm and 40 ns detected with a secondary electron detector (SE) and
back scattered electron detector (BSE)
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Figure 8-45: Correlated SEM images of gold nanoparticles supported on zinc oxide
particles before PLML detected with a secondary electron detector (SE)
and back scattered electron detector (BSE)
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a) diffuse reflection spectra for the different particle materials before

and after 50 passages PLML; b)-e) determination of bandgap energy
from linear fit by plotting the Kubelka-Munk function versus the electron
energy for b) pure ZnO, c) ZnO SMS after 50 passages PLML, d) 30 wt%
Au NP on ZnO and e) 30 wt% Au NP in ZnO SMS after 50 passages PLML
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The ratio of absorption to scattering (K/S) can be determined by the following
equation (Kubelka-Munk theory), with R., as reflection of the infinite thick
sample:

K (1 —Ry)?
S 2R,
0 passages 10 passages

Figure 8-47: SEM images of particles after 0, 10, 20, 30, 40 and 50 passages of PLML
with 30 wt% Au NP on ZnO detected with secondary electrons and back
scattered electrons, respectively
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Supplementary Data 4.2.3

M. Lau, R. Niemann, M. Bartsch, W. O’Neill, S. Barcikowski, Near-field-enhanced,
off-resonant laser sintering of semiconductor particles for additive manufacturing
of dispersed Au—ZnO-micro/nano hybrid structures, Appl. Phys. A 114 (2014)
1023-1030

Powders of 5 wt% gold-loaded zinc oxide microparticles before and after laser
sintering were placed on a carbon sample holder. To stabilize top of the aimed
lamella a small area (around 10x1 um) was sputtered with gold. Afterwards holes
beside the sputtered area are drilled, leaving a thin lamella of micro particles.
Approaching a micro tip to the top of the particle wall to a few hundred
nanometers, adhering it by sputtering and cutting the lamella from the powder
bed by tilting carrier with particles allows to take out the lamella. Finally the taken
lamella is brought to a TEM-grid, making TEM measurements of nano/micro
compound cross section possible. TEM pictures were taken with a Philips CM12,
Hamamatsu.
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Figure 8-48:
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SEM pictures of the FIB method to cut a powder bed of zinc oxide
microparticles (a-g) for subsequent TEM analysis (h). In (a) an area on
the supported micro particle powder is sputtered with gold. Afterwards
a thin lamella is cut out by the ion beam (b-c). With approaching a micro
tip and adhering the lamella, it can be taken out and glued to the edge
of a TEM grid (f). To allow the observation of particles in TEM the lamella
has to be thinned by focused ion beam (g). Transferring the lamella FIB
cut enables examination of powder bed cross-section in a TEM (h).
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Figure 8-49: Description of colors in sintering process parameter window diagrams
out of optical microscope images corresponding to irradiated powder
bed. The following diagrams and images depict sintering areas with
variation of writing speed and laser power for different gold loading on
zinc oxide powders at two different laser spot diameters. From these
images and diagrams Figure 57 and 58 of the manuscript were prepared.
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Supplementary Data 4.3

The following figure shows a cone impregnating a cylinder. Hereby the cone
illustrates the laser light and the cylinder the liquid jet. To determine the ratio of
illumination of the liquid jet by the laser beam it is assumed that no diffraction at
the liquid-gas interphase occur. Due to geometrical reasons a section curve is
formed at the surface of the liquid. This shape depends on the geometrical
parameters of the cone and cylinder, respectively. Thus to determine the ratio of
illumination with a formula an illuminated sphere segment at the front and back
was assumed, as described in chapter 4.3.
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Figure 8-50: Section of a cone in a cylinder forming the section curve at the surface
of the liquid jet
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Figure 8-51: Velocity of the liquid jet in dependence of the liquid volume in reactor
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Illuminated volume plotted versus the fluence for different laser power
assuming a liquid jet diameter of 1.3 mm, a laser raw beam diameter of
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Figure 8-53:

Correlation between the irradiated volume and the ratio of illumination

for a 100 mm lens and a 1.3 mm liquid jet with a laser raw beam
diameter of 3.5 mm
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