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Abstract

Laser Ablation in Liquids (LAL) has been evolved since the 1990s as a promising technique
for producing pure colloids. LAL is a scalable method for producing nanoparticles (NPs),
which show high catalytic activity, are easily functionalized, and, when supported onto
polymer and metal powders, enhance the 3D printing powders' properties. However, in-depth
knowledge of the process and suitable equipment are essential to ensure a highly
reproducible process. Moreover, the process is only economically feasible if high
productivities and a high automatization degree are achieved due to substantial investment
and labor costs. A desktop-sized device enabling the automated production of NPs can be
the solution to these challenges. A compact laser is required to ensure the compact device
design. However, these lasers are limited in their power and, consequently, limit NP
productivity. An intermediate pulse duration could provide an increased ablation efficiency
and, thus, enhance the NP productivity. Therefore, in this work, the influence of pulse
duration on the ablation efficiency is examined. Additionally, the process parameters are
optimized, a safety analysis is performed, and future perspectives are analyzed to maximize
the device's productivity.

At first, a suitable laser system for the device is identified by comparing different laser
systems' ablation efficiencies. An intermediate laser pulse duration of about several hundred
ps to ~2 ns is determined as a system leading to the highest efficiency. Shadowgraph
imaging and pump-probe microscopy revealed that that for pulse durations >5 ns, more
energy is absorbed by a laser-induced vapor layer leading to an energy loss for the ablation.
The vapor layer expansion starts approximately 2 ns after the laser pulse impact allowing
higher efficiencies for short pulse durations.

Second, the process parameters for a device for automated LAL are optimized. Here, the
relation between productivity and particle size is demonstrated and explained by in-process
fragmentation. Due to a low-power laser chosen for the device, the parameters, as the focal
distance and liquid flow rate, are adjusted, focusing on high productivity. It is found that the
focal distance, liquid flow rate, and laser energy can be combined to the volume-specific
energy dose, which determined the NP size.

Third, the safety of the device is evaluated. Therefore, different sensors are implemented
and evaluated. The future perspectives and possibilities of the device are considered. The
current capacities are sufficient to provide enough colloid for laboratory-scaled testing of
functionalized materials as catalysts, bio-inks, and 3d printing powder. The efficiency of the
device could be increased by beam splitting.

Overall, this work shows that a high LAL efficiency is found for a pulse duration of about
several hundred ps to ~2 ns. This finding enabled the development and construction of a

compact and automated LAL device.

Vi






Introduction

1. Introduction

Although nanoparticles (NPs) are often related to modern science, even in Ancient Rome,
these particles were used. One famous example from the 4™ century AD is the Lycurgus Cup
made of silver (Ag) and gold (Au) NPs dispersed in a glass matrix [1]. These embedded NPs
lead to a dichroism where the cup seems red when illuminated from the back and purple-
green from the front view. Although this cup was found in the 19" century only in the 1960s,
its underlying high-tech principle was understood due to the invention, improvement, and
spread of transmission electron microscopy (TEM) [2]. The cup produced more than 2000
years ago is an early example of a nanocomposite. Nowadays, Au, Ag, and Pt are the most

commonly mentioned colloids in publications considering NP applications (see Fig. 1).
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Fig. 1: Word cloud of materials referred to in literature investigating applications of NPs. The size of
a word reflects the frequency of mentions. All individual alloys, as AgAu or PtPd, are
summarized under the term "alloy". The string "nanoparticle, application" is searched in the

Scopus database (status April 2020).

Nowadays, examples of nanocomposites are antibacterial food packaging [3] or catheter,
and tympanostomy tubes [4], where Ag NPs are embedded in polymers. In these
applications, the release of Ag® ions leads to an antibacterial effect [5]. However, the
therapeutic window for Ag NPs is very narrow [6] so that often alloy NPs, such as AgCu [7],
are used, which slows the release rate of Ag®. Next to the inhibition of bacterial growth,
polymers can also be nano-functionalized to improve the biocompatibility of implants or
artificial organs by increasing the cell adhesion, as shown for Au and Pt NP [8]. It should also
be mentioned that for the nano-functionalization, already very low NP mass loads with about

0.1 wt.% [8], can be sufficient for the desired effect.



Introduction

While the Au NPs in the Lycurgus Cup might be included due to unwanted or even wanted
contamination [2], they are the most frequently analyzed NPs these days and most often
mentioned in the literature elucidating possible applications (Fig. 1). Contrary to the Ag
particles, not the ion release is crucial, but the specific Au NP surface. Since Au is a weak
acid, S-H-bonds can be split under hydrogen release. Thus, molecules attached to the thiol
group are bound to the Au NPs [9]. This attachment of biomolecules is also called
bioconjugation. Also, the Au colloid appears red due to the surface plasmon resonance
(SPR). With bioconjugation, specific drug delivery systems [10, 11], and lateral flow assays
for point of case diagnostics [12] can be designed. Another kind of biological sensor can be
fabricated with photonic crystals doped with Au NPs to vary dielectric properties [13]. Next to
biological application, Au NPs are also used for the oxidation of methane [14], glucose [15],
and reduction of 4-nitrophenols [16].

However, generally, the most common material for catalysis is platinum (Pt). In the literature,
Pt is discussed as a catalyst for water splitting [17, 18], exhaust gas treatment [19], and
methanol oxidation [20]. As already mentioned for the nanocomposites, the catalytic
performance can be improved by using alloy NPs. For example, PtAu catalysts showed
5 times higher conversion rates than pure Pt catalysts [21]. Another advantage of alloy
catalysts is the improved long time stability, as achieved with PtPd catalysts for automotive
exhaust treatment [22, 23].

The NPs are further classified by their synthesis route. One common way is by reducing
metal salts, as described by Turkevich [24] and advanced by Frens [25, 26] for Au NP. In this
case, chloroauric acid is reduced and simultaneously stabilized by citric acid. For many
applications of NPs, however, purity is crucial so that residual educts and side products need
to be eliminated in post-processing steps [27]. Another synthesis route, established in the
1990s by Fojtik and Hegelein [28], is the NP production by pulsed laser ablation in liquid
(LAL) [29-31]. This procedure provides a wide range of target-liquid-variations: as target
material e.g. the ablation of (noble) metals [28, 32], semiconductors [33—36], ceramics [37,
38], alloys (AuAg [39], AuFe [40], PtPb [41], AgCu [42]) or doped materials [43—45] in water
[46], organic solvents like acetone [47], ethanol [33], toluene [48], alkanes [49, 50], oils [51],
lubricants [52, 53], and even nail polish [54] is reported. The purity of these laser-generated
NPs enables new applications. It was shown that laser-generated NPs are a good reference
material in nanotoxicology studies due to their controlled surface chemistry [55]. Thus, it was
demonstrated that residuals of chemically prepared NPs, as citrate or cetrimonium bromide,
harm cell viability [56]. Also, for surface-enhanced Raman scattering (SERS), laser-
generated Au [57] and Ag [58, 59] NPs enhance SERS signal, when employed as the active
surface, due to lack of impurities compared to chemically produced particles. Also, in
catalysis, laser-generated Au NPs showed lower CO conversion temperature than chemically

synthesized NPs [27].
2
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Compared to the chemical synthesis of NPs, LAL provides a green and sustainable method
for NP production according to the twelve green chemistry principles [60]. For example, the
educt for a LAL process is a pure metal target, whereas precursor salts are required for the
chemical reduction [24]. These salts, e.g., chloroauric acid [61] for the production of Au NPs,
are more hazardous than the pure metal. Chloroauric acid can lead to chemical burns and is
water contaminating [62]. Moreover, chloroauric acid is produced on an industrial scale by
solving elemental Au in aqua regia and subsequent evaporation of the solvent. Agua regia
needs to be handled with great precaution and toxic nitrogen dioxide is produced during the
solvation of Au [63] so that LAL compromises the "less hazardous chemical synthesis".
According to the "prevention" principle, pure colloids without residuals and side products
from the precursor are produced via LAL [64].

Scientists working on the different applications of NPs either need to purchase NPs or
synthesize them themselves. In both cases, it can be chosen between laser-generated and
chemically produced colloids. Jendrzej et al. compared the economic feasibility of both
process routes for the production of Au NPs [65]. They showed that for productivities higher
than 550 mg/h, LAL is the more cost-efficient NP production method. This high break-even
productivity is caused by the substantial investment cost for LAL and additional labor costs.
They also demonstrated that, on average, 55 % of the total expenses result from labor costs
[65]. However, the economic feasibility of LAL is dependent on NP productivity. Trenque et
al. demonstrated that although the laser-generated CeO, NPs showed higher catalytic
activity than the other samples, they are the most expensive tested sample due to their low
productivity [66]. With 0.25 g/day, laser-generated particles show a productivity of less than
2 % of the other tested NPs so that due to the increased work time necessary for the
production, the costs rise to more than 980 €/g [66].

Both examples ([65, 66]) show that the labor costs drastically influence colloid price so that
an automated synthesis, where almost no labor is needed, can decrease the production
costs for laser-generated NPs. Compared to the chemical synthesis, the automated LAL NP
synthesis has the advantage that untrained users can produce colloids and no chemical
laboratory is required. Moreover, colloids are metastable systems so that, in the case that
colloids are purchased, the colloid quality might have altered. With an automated LAL NP
synthesis, the on-demand production of colloids is possible. Also, if sufficiently high amounts
of colloids are required, the automated production might be economically more feasible than
colloid purchase.

In conclusion, laser-generated colloids exhibit several advantages compared to chemically
synthesized ones. Although numerous different material-liquid combinations are treated in
the literature, most applications focus on Au, Ag, and Pt NPs produced in water. Economic

investigations showed that labor costs mainly determine the colloid price. This thesis will
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present a desktop device that enables a simple, on-demand, and cost-efficient production of

laser-generated NPs demonstrated by Ag, Au, and Pt NPs in water.



Fundamentals of laser ablation in liquids

2. Fundamentals of laser ablation in liquids

Pulsed laser ablation in liquids (LAL) is a top-down method for NP generation comprising a
simple setup. A target material with the desired NP composition is put in a liquid containing
vessel. By focusing a pulsed laser beam through the liquid onto the target surface, NPs are
removed from the target material and suspended in the liquid. Thereby, it is necessary to
deeply understand both the laser beam's interaction with the liquid layer (section 2.1) and the
target material (section 2.2) to control the process. Despite this simple setup, there are plenty
of adjustable parameters influencing the NP properties (section 2.3) and productivity (section
2.4). In that sense, the technique's productivity and scalability are crucial to its employment in

industrial applications (section 2.5).

Chapter 2.1 Chapter 2.2 Chapter 2.3 Chapter 2.4 Chapter 2.5

NP
mass

Fig. 2: Overview of the fundamentals of LAL. First, the laser-liquid interactions (section 2.1) and the
laser-target interactions are (section 2.2) discussed. In the following, the influence of the
laser parameters on the NP properties (section 2.3) and the NP productivity (section 2.4) are

considered. Finally, the scalability of LAL is addressed (section 2.5).
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2.1. Laser-liquid interaction

For LAL, a laser beam is focused on a target immersed in liquid as described in [67] for
discontinuous and in [68] for continuous setups. Therefore, contrary to ablation in air, the
laser beam interaction with the liquid environment needs to be considered. This interaction
leads to a loss of laser energy reaching the target surface and should be kept as low as
possible. In general, linear and non-linear laser-liquid interactions occur.

The laser beam as a light wave consists of an electric and magnetic field, where the former
excites the electrons in a surrounding media. Consequently, the electrons start to swing
along with the wave. Thereby, a temporal dipole is induced, and the medium is electrically
polarized. For low light intensities, i.e., low wave amplitudes, the electric field strength and
polarization are linearly connected. For this linear regime, a part, proportionally to the
incident laser beam intensity, is absorbed by the liquid and reflected at the interfaces. These
linear effects and their resulting energy losses are inevitable for LAL but easy to calculate.
For high laser intensities, higher-order electric field strength and polarization gain impact.
The threshold intensities for the transition from linear to non-linear is material dependent and
described by its non-linear refractive index. For water at 1064 nm (n, = 1.32 and
n, = 4.1.10"° cm?W), a critical peak power for non-linear optical effects of 3.0 MW can be
calculated [69]. Due to the high intensity required to initialize these effects, they are only
observed for fs and short ps laser pulses and are negligible for ns LAL. For the different laser
systems used in [70], a ns laser reaches a peak power (Eqg. 2) of 0.07 MW, far below the
critical power. On the other side, the ps laser systems exceed the power threshold by a

factor of ten (30 MW). Thus, non-linear effects are expected for the latter case.

T 0.37- A% Eq. 1
crit = 8-ng -1, Q.
Ep P
Ppeak = = Eq. 2

T Tp'fr

In the non-linear regime, the optical Kerr effect leads to a change in the refractive index,
which causes effects like filamentation, optical breakdown, and formation of a
supercontinuum, and leads to additional energy losses. Filamentation occurs due to a
spatial-dependent change of the medium's refractive index caused by the intensity gradient
of the beam profile. During self-focusing of the beam, the medium's refractive index
increases with the beam intensity, leading to focusing of the electromagnetic wave as with a
lens. The focusing, plasma formation, and defocusing of the laser beam due to the generated
plasma changes the laser beam's spatial energy distribution [71-73]. LAL's drawbacks are

spatial change, energy losses of up to 55 % [74], and change of the wavelength spectrum of
6
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the laser (supercontinuum). Also, the self-focusing of the laser beams leads to a shift in the
focal plane position so that the spot of maximal productivity is found before the geometrical
focal plane [75, 76].

The optical breakdown describes the free electron plasma generation. It occurs when free
electrons of the medium are accelerated so that they collide with other atoms and molecules,
leading to the formation of secondary free carriers, which starts an avalanche. Depending on
the process parameters, like laser pulse duration, intensity, or material, avalanche ionization
or multiphoton absorption are the dominant mechanisms inducing optical breakdown. Thus, a
high density of free carriers is built up, a plasma forms, the absorption coefficient increases
drastically, and the medium becomes conductive. The intensity required for optical
breakdown depends on the pulse duration and, contrary to filamentation, optical breakdown
also occurs for ns laser pulses (Fig. 3) [77, 78]. Vogel et al. found it to be o« 7,7%8 [78]. The
threshold remains constant as long as the pulse duration exceeds the cascade's rise time of
several hundred ps [78]. For shorter pulse durations, the energy must be increased to start

the avalanche during the laser pulse.
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Fig. 3: Dependency of the optical breakdown threshold intensity on the laser pulse duration in water
at 1064 nm in pure water (blue line) and water with impurities (green line) for a laser spot
size of 5 um [78].

Fig. 3 also shows that impurities in the liquid can lead to a 6 times lower optical breakdown
threshold in the case of 1 ns pulse duration [78] because electrons from the impurities are
already present, easing the generation of the breakdown. The threshold intensities for non-
linear effects are reported to be lower when NPs or impurities are present in the liquid [79-
81] (Fig. 3). For 1 ns laser ablation fluences of <15 J/cm? are reported [82], resulting in
<10 W/cm2. For this intensity during ns LAL, a breakdown is not expected, even if impurities
are present in the liquid. When discussing the kind of impurity, it was found that for
plasmonic NP, the non-linear effects at ps irradiation were stronger the closer the plasmon
frequency was to the laser wavelength (and thus the higher the NP absorption) [83]. The

non-linear effects at different NP sizes for copper (Cu) NP under fs irradiation have been
.
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discussed [84]. The authors found that for larger NP, saturable absorption is mainly found
due to a high amount of occupied densities of state. In contrast, for smaller particles, free
carrier absorption and two-photon absorption is observed. Also, studies quantifying the non-
linear effects of colloidal solutions are performed for colloids (Au [85-88], Ag [89], Pt [90]). In
general, an enhancement of the non-linear refractive index is observed with increasing NP
concentration so that, according to Eq. 1, the critical power is lowered.

Lastly, for LAL, the linear effects of the laser beam-NPs or —microbubble interaction must be
considered. As is shown by Kalus et al., Ag, Au, and Pt, with concentrations between 40 —
60 mg/L, shield about 20 % of the energy of a 10 ns laser [91]. A consecutive study revealed
that this effect is NP concentration-dependent, and for 100 mg/L, about 40 % of the laser
energy is shielded by Au NPs [92]. Additionally, up to 30 % of the incoming laser energy is
shielded by microbubbles in water, which appears to be independent of the laser fluence
[93].

In summary, for LAL, three different mechanisms can lead to energy shielding: shielding
effects caused by the water layer, NPs, and microbubbles. The energy loss caused by non-
linear effects can be reduced by applying longer ps and ns laser pulses. The reduction of
energy losses during LAL provides a promising way to increase the ablation efficiency.
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2.2. Laser-solids interaction

After the laser beam propagates through the liquid, the interaction with the target material
starts. Here, essential factors for the ablation of metals, as the laser pulse duration and the
number of free charge carriers in the target, must be considered [31]. Two scenarios can be
differentiated depending on the pulse duration compared to the material electron-phonon
coupling time, in the range of ps for metals. The different sequences of the physical steps
during the ablation with ultrashort, much shorter than electron-phonon coupling time, and
short pulse, larger than the electron-phonon coupling durations, are sketched in Fig. 4 and

will be discussed in the following.

start
laser
electron excitation
3 latticelieating
3 material detachment
2 :
cavitation bubble
° electron excitation
4 lattice heating
2 material detachment
(2] z
o
cavitation bubble
1>

10fs 100 fs 1ps 10 ps 100 ps 1ns 10ns 100 ns 1us 10 us 100 us

Fig. 4: Timeline of the mechanism for LAL for a fs laser pulse (top section) and a ns laser pulse

(bottom section), the figure is adapted from [31]

When analyzing the laser-matter interaction, firstly, the laser radiation hits the target surface
and is partially reflected and partially absorbed. It has been mentioned in the literature that
these properties are not constant under irradiation. It is reported that, for example, the
reflectivity strongly decreases as soon as the plasma formation is initiated [94-97]. The
absorption of laser energy is limited by the metal's optical penetration depth, being in the
range of tens of nm [98, 99]. For metals, the ballistic motion of excited electrons can increase
the penetration depth by a factor of about 10 [100, 101]. Due to the electron-lattice collision,
the energy of the electrons is transferred to the lattice system. However, due to a substantial
mass difference between the electron and lattice atoms, only small amounts of kinetic energy
is transferred per collision, resulting in a comparable long equilibration time of a few ps. This
equilibration time is called electron-phonon coupling time [102, 103]. For laser pulse
durations smaller than the electron-phonon coupling time, the ablation process is less
affected by the laser pulse duration [104-106]. However, for ns pulse durations, the laser
continues to emit when consecutive processes have started, leading laser beam shielding by

an opalescent critical water layer or the ablation plume [107]. Fig. 5 explains the difference in

9
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the resulting target surface temperature for different pulse durations. Ultrafast fs laser pulses
lead to isochore heating (A; — A;) and high internal pressure released by rapid expansion
(A2 = A3). On the contrary, for ns laser pulses, the material heating occurs slowly so that the
built-up pressure is released during the heating by expansion (D; — D). For laser pulses in

between, a middle path is followed (B; — B>).

D, BA, P
Fig. 5: Different energy absorption mechanisms for fs (A), ps (B), and ns (D) laser irradiation (C:

critical point, L: liquid, G: gas, MS: meta-stable, CS: supercritical) adapted from [108].

As a consequence of the energy absorption, the material starts to melt. Now it is
differentiated between homogeneous, heterogeneous, and non-thermal melting. The former
occurs at very high laser energy densities and leads to melting of an entire area within ps
[109]. Heterogeneous melting occurs at a slower time scale of up to 100 ps, when less
energy is deposited in the material [110]. Usually, surface layers undergo homogeneous
melting, whereas heterogeneous melting is found in deeper material layers. Non-thermal
melting is observed in the case of the ablation of semiconductors and dielectrics. Here, hot
electrons lead to a movement of lattice ions [111, 112].

Due to the temperature change, material physiology undergoes a change determined by the
liquid's confinement. A detailed description of the difference between the material's response
to laser irradiation under air and water can be found in [95]. A larger internal pressure within
the material is built up for a target surrounded by water since the liquid layer is strongly
overheated [113]. By simulations [114] and experimentally, two regimes, depending on the
incident laser fluence, were identified. For lower fluences, which are slightly above the
material ablation threshold, the regime is called spallation. The internal pressure is released
by pressure waves into the liquid and deeper material layers by expanding voids [114]. In the
case of explosive boiling or phase explosion regime at fluences far above the threshold
fluence, a hot dense layer forms at the target-liquid interface, which is confined by the liquid
[114]. For both fluence regimes, a supercritical water layer between the molten material and
bulk water is found [113].

A plasma is ignited during the previously explained material detachment and evolves from

the target surface into the surrounding liquid. It should be mentioned that for longer pulse
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durations, the plasma state gains additional energy from the irradiating laser beam (see Fig.
4), which results in a longer plasma lifetime and a brighter plasma emission for increasing ns
laser ablation [115, 116]. The plasma lifetime usually lies in the time range of some
nanoseconds for fs (<10 ns for fs pulses at ~1 J/cm2 [117, 118]) and several microseconds
for ps and ns irradiation (5 us for 500 ps, 14 J/cm?2 [119]; >1 ps for 20 ns, 1.2 kd/cm? [120]).
During the expansion, a plasma state is sustained inside the plume. Due to energy transfer
from the plume into the liquid to process is cooling, and finally, the plasma state cannot be
maintained anymore. Due to the pressure and temperature increase, which easily exceeds
10 MPa and 1000 K [121], in the surrounding liquid, the supercritical state is reached at the
plume-water interface, which allows the plasma plume, due to lower surface tension and
density, to expand into the liquid. Due to the opalescence of the critical water layer, parts of
the laser beam are scattered and do not reach the target. Starinsky et al. showed that
shielding by the critical opalescence only shields the first 300 ps of the laser beam of 9 ns
[107]. Afterward, a critical electron density in the plasma is reached, which the laser beam
cannot penetrate anymore, so that the ablation efficiency is decreased [115]. However, less
data for pulse durations of 500 ps to 2 ns is available in the literature.

During plasma cooling, the energy is dissipated, a vapor layer is formed, and a hemispherical
shock wave is observed, expanding with approximately 1500 m/s in water for a pulse
duration of 10 ns [122] and 1000 m/s for 150 fs [123]. The faster shock wave expansion for
ns pulses can be explained by the higher plasma energy, which is transformed into
mechanical energy [124]. The shock wave also propagates into the target material. Due to
the shock wave reflectance, sound waves propagate parallel to the target about 1 ps after
the primary shock wave is observed [122]. The lifetime of the cavitation bubble (CB) can be
divided into expansion, shrinking, collapse, and, for sufficient high energies, rebound [122].
The expansion of the cavitation bubble can be distinguished from the collapsing step by a
necking of the contact angle between liquid, bubble, and target surface. It was found that the
extent of this angle is determined by the liquid's viscosity [125]. Already during the expansion
of the bubble, persistent microbubbles are present in the surrounding fluid [122, 126]. These
are attributed to pre-existing NPs in the liquid for ns laser ablation [122], and NPs emerged
from the CB for ps pulses [127]. After expansion, the cavitation bubble reaches its maximal
size, determined by the laser fluence and pulse length. In general, the cavitation bubble
volume scales linearly with the laser fluence [126]. However, for fluences lower than 50 J/cmz
and a pulse duration of 7 ns, Reich et al. observed smaller CBs than expected for a linear
trend [128]. Regarding the CB volume's pulse duration-dependency, larger bubbles are
formed with longer laser pulse durations. For example, at about 2 J/cm2 and 25 ps, CB of
30-10° mm3 are observed [126], and they decrease to 0.5-10° mm3, for 50 fs pulses [129].
For ns pulse durations, the CB volume exceeds several mm?3 (7 ns pulse duration, 150 J/cm?,

24 mm? [128], 10 ns, 18 J/cm?, 14 mm?3 36 J/cm?, 34 mm3 [130] 10 ns, 50 — 100 mJ, 14 —
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34 mm3 [122]). As mentioned previously, this can be attributed to the higher plasma
energies and resulting mechanical energy for ns pulse durations. Finally, the collapse of the
CB occurs after several hundreds of microseconds [122, 131]. As for plasma plume evolution
studies, insights into the complete CB dynamics and parameter dependencies for an
intermediate pulse duration of 500 ps to 2 ns are missing.

The seeds for the NP formation evolve during the plume formation. The rapid temperature
guenching due to the surrounding liquid and rapid expansion from thousands of Kelvin leads
to particle formation. For laser ablation, initial cooling rates of 10 K/s for fs [114] and
10'°K/s for ns [121] laser ablation are reported in the literature. Research reporting the
presence of NP in a very early phase of the vapor bubble supports this nucleation hypothesis
[132, 133]. Moreover, it was reported that changes in the cavitation bubble dynamic do not
influence primary particles' size distribution [134]. However, in most cases, bimodal size
distributions were reported [135] in the early stage of the bubble dynamic [136]. The
bimodality indicates that rapid nucleation cannot be the only mechanism for NP formation.
Experimentally an explanation could not be found.

However, Sylvestre et al. hypothesized that plasma dynamics cause the formation of a larger
size fraction since they observed the amount of larger particles correlating with the plasma
intensity [135]. Therefore, simulation studies attempted to provide more in-depth insight into
the NP dynamic and formation [127, 137]. Molecular dynamic simulation has proven to be
the most promising approach for this theoretical study since atoms' dynamic behavior, the
energy dissipation, and thereby the plume phase can be simulated. Shih et al. determined
that the instability of the superheated metal layer is responsible for the formation of
secondary NPs during ps laser ablation [127]. For ablation with pulse duration from 400 ps —
2ns, most NPs are formed by spinodal decomposition [137]. In Fig. 5, spinodal
decomposition is marked by the dotted blue line. After laser heating of the system (D; — D,),
the system cools down (D,— Ds). In the meta-stable regime between the binodal and
spinodal curve, decomposition of the system is kinetically restrained so that decomposition
and thus NP formation occurs in the two-phase regime. Additionally, due to a lower density
and higher temperature in the CB, collision and coalescence lead to the disappearance of
smaller NPs for ns laser pulses.

In summary, the ablation mechanism during fs and ns pulse ablation has been examined in
the literature. One disadvantage of fs-laser ablation is the energy loss due to non-linear
effects. Moreover, a distinct bimodality of the colloid is observed. For ns-laser ablation, on
the other side, energy losses due to plasma shielding or heating occur. Therefore, an
intermediate pulse duration range of several hundred ps to 2 ns are expected to be favorable

for LAL. However, this pulse duration range has rarely been considered in the literature.
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2.3.  Manipulation of the nanoparticle properties

Apart from LAL, there is also the field of laser processing of colloids, which consists of post-
processing steps after the ablation to manipulate the NP properties [29]. NPs can be
manipulated concerning their size, stability, and surface chemistry. Often, these three
aspects cannot be discussed individually but are connected. Laser ablation in liquids usually
forms NPs from a few nm to some hundred nm [138, 139]. Laser fragmentation, on the other
side, yields towards particles from 1 —10nm [140] and laser melting towards (sub-)
micrometer particles [141-143] and can additionally reshape the NPs [144-146]. In the
following, an overview of possible parameters, including the laser fragmentation in liquids
(LFL) and laser melting in liquids (LML), is presented.

For size manipulation, variation of laser parameters, as well as the addition of inorganic or
organic solvents to the liquid are possible. The variation of laser parameters is not restricted
to the additive's potential adverse effects on the application, but it only allows a limited NP
size variation.

As indicated in the previous section, the laser pulse duration determines the ablation
mechanism [137] and influences the NP size distribution. A distinct bimodal NP size
distribution is observed, especially for fs and short ps laser pulses [135, 147]. Whereas for
NPs produced by fs and ps ablation, only reirradiation by the consecutive laser pulse occurs,
irradiation with the same laser pulse is possible for ns pulses [148]. The dominant
mechanisms for fragmentation are heating-melting-evaporation [149] or Coulomb explosion
[150], leading to higher fragmentation efficiencies for shorter pulses and higher intensities
[149].

Laser energy is absorbed by NPs in the liquid during LAL and by the cavitation bubble.
Therefore, the temporal and spatial distance between the pulses is addressed in the
literature. Here, the repetition rate and the scan velocity can be combined to calculate the
interpulse distance. Menendez-Manjon et al. showed that the particle size of Au NPs is
reduced by increasing the repetition rate from 100 to 5000 Hz at constant laser pulse energy
[151] and Wagener et al. demonstrated that for increased scan velocities, the NP size
increases [152]. The influence of the pulse energy at a constant repetition rate of 10 Hz on
the other side was examined in [153, 154]. They found that for an increased laser pulse
energy, the mean particle size decreases, attributed to LFL during LAL. One last parameter
which has to be considered is the working distance between the focusing optic and the target
surface. This parameter influences the diameter of the irradiated area on the target surface
and thus the laser fluence. Especially from the laser fragmentation, the process's sensitivity
to a focal plane shift is known since the highest efficiency is achieved just below the liquid's
breakdown fluence [155]. This focal plane shift aspect has been studied in the literature for
laser ablation [135, 138, 156].
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Most of the studies, considering the influence of laser parameters on the NP size, are
performed in a vessel where the NPs are continuously re-irradiated by the laser beam.
Depending on the laser fluence, this re-irradiation can either increase or decrease the mean
NP size [157]. These, in part, contradictions [139, 153] emphasize that the different process
parameters cannot be discussed individually due to cross-effects by inhomogeneous energy
distribution in the liquid by the focusing and scattering [158, 159]. Moreover, there is a
necessity to find a parameter combining all of them.

Note that systematic control is not possible yet due to a lacking model combining these
observations. Additionally, supersaturated naked atom clusters are present in the liquid,
leading to ripening and growth of NP over time, which already occurs on a time scale of
minutes to hours [160] and leads to a size increase for higher liquid temperatures [160, 161].
The surface chemistry has to be manipulated by additives to suppress this growth, which
also quenches the NP size.

In that sense, different strategies can avoid NP growth and narrow the size distribution. First,
there is the steric stabilization of NP with organic molecules. In general, smaller NPs are
observed for higher stabilizer concentrations [162-164]. However, a substantial size
decrease is observed when the critical micelle concentration is exceeded [165]. Additionally,
the colloidal stability can be increased and the NP size reduces when the solvent polarity is
high [166]. The stability increase is attributed to slower ripening kinetics [167] and a stronger
electrostatic double-layer [166]. Since the organic compounds easily decompose due to the
rough conditions during the laser impact and plasma formation, it is reported that for higher
laser fluences, the stabilizing effect is diminished [126] and the organic stabilizers are
decomposed to carbon nanostructures during irradiation [168, 169]. Moreover, few studies
indicate that reactive components during decomposition evolve and interact with the ablated
matter so that the NP composition differs from the bulk target composition [170, 171].
Second, electrostatic stabilization by inorganic salts is possible [172]. Here, the
decomposition of the additive and alteration of the bulk is not reported in the literature.
Adding anions with good polarizabilities such as chloride or bromide electrolyte
concentrations before the ablation significantly increases the surface charge density [64] of
the nanoparticles improving the colloidal stability and leading to the size quenching effect. In
general, higher concentrations in the micromolar range lead to smaller particles [172].
Especially for Au, the size variation by additives has extensively been investigated [173] and
fewer for other noble metals [67]. In general, size quenching and stabilization for Au is
achieved due to the absorption of chaotropic anions, whereas cosmotropic anions lead to
destabilization [174]. When the salt concentration is in the range of tens of millimolar, the
repulsive forces are weakened, and particles are destabilized, called salting-out effect [175].
When comparing the organic and inorganic stabilizers, both methods reveal different

advantages and disadvantages and varying stabilizing mechanisms. For salts, e.g., NacCl,
14



Fundamentals of laser ablation in liquids

size quenching of Au is already observed within the first bubble oscillation at approximately
100 ps after laser pulse [128] leading to a smaller NP size. For a macromolecule, as PVP
and its monomer N-vinylpyrrolidone, no size quenching inside the CB and only ex-situ
stabilization is observed [132, 176]. Interestingly, the macromolecule's monomer effectively
guenched the NP size in situ at equimolar concentrations [176] but did not provide colloidal
stability.

Further possibilities of NP stabilization are in situ support of NP [177] or bioconjugation [173].
These examples already indicate that the application determines the stabilizer choice. Citrate
is not suitable for biological applications due to its cytotoxicity [56] and reduces the SERS
signal for laser-generated NPs [178]. Therefore, the challenge arises, especially for Ag NPs,
to find a suitable stabilizer unless cleaning steps are employed. This cleaning requires
centrifugation steps and demands additional resources.

Although laser-generated NPs are ligand-free [179, 180], their surface is partially oxidized
[181] and thus can absorb OH/O™ species. Moreover, these oxidized species are responsible
for, e.g., the catalytic activity of NPs [182]. Therefore, knowledge of the parameters
determining the NP surface oxidation is essential when NP for customers with different
requirements shall be produced.

During the highly reactive conditions of the plasma and liquid mixing, reactive particles [113]
can form and enable the various chemical reaction. Therefore, it was found that Au and Pt
NP produced in water are acting as Lewis acid and absorb OH/O™ species. This highly
charged surface leads to enhanced stability of laser-generated NP compared to chemically
synthesized particles [46]. Also, solvent decomposition and water splitting are observed [93,
183]. Kalus et al. found experimental evidence that gas formation might be driven by the
redox reactions in the plasma-liquid interface since the gas formation correlated with the
standard electrode potential [91].

For Au, e.g., surface oxidation degrees of 3 — 12 % is determined, where Au* and Au** are
the oxidized species [46, 184, 185]. With 20 — 73 %, the surface of Pt NP is stronger oxidized
[184]. Since Pt is commonly used as a catalytic material, it is important to mention that
catalyst load influences the surface oxidation [186]. Marzun et al. also showed the
dependence of the surface oxidation state on the support material. The synthesized colloid
contained about 30 % Pd°, which increased to 55 % and 67 % for NPs supported on carbon
or TiO, [67]. Finally for Ag, 0 — 85 % of surface oxidation are reported [91, 184, 187].

When comparing the different results, the non-equilibrium process of fs ablation leads to
slightly higher oxidized noble metal species. This rapid cooling of the plume for ultrashort
pulses [114, 121] leads to particle freezing in a non-equilibrium state (see Tab. 1). For noble
metals, this would also mean that oxidized species are already formed during their
emergence and are subsequently reduced. Coulomb explosion is also more prone to occur

during fs ablation [188, 189], which underlines this hypothesis. On the contrary, for ns laser
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ablation, the higher plasma temperatures, longer lifetime, and lower cooling rates resemble
less harsh conditions. Possibly, the measurement of the amount and composition of the
formed gasses can give more in-depth insight [91, 92]. Also, UV irradiation leads to a higher
amount of oxidized species, which supports the hypothesis that the non-equilibrium oxide
state for noble metals occurs due to the freezing of this state and particles reduce to the
elemental form under moderate ablation conditions. However, the influence of reirradiation
by high repetition rates and during batch processes of NPs has not yet been discussed.
Possibly, post-heating of the pre-formed NPs due to ns pulses and higher repetition rates

leads to less oxidized species [184, 190].

Tab. 1: Comparison of literature results to determine the influence of laser and process parameters
during LAL on the oxidation degree for Au, Pt, and Ag.
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Au | [46] 120fs 800nm 5 mJd/cmz 1 kHz - batch 89 %
Au | [184] 8ns 1064 nm 64 Jicm? 10Hz 0.1 mMKCI batch 97 %
Au | [185] ns 1064 nm (80 mJ) 10 Hz - batch | 94 — 97 %
Au | [91] 10ns 1064 nm 280J/cm? 10 kHz - cont. 93 %
Pt |[184] 8ns 1064nm 64 J/cmz 10Hz 0.1 mMKCI batch 78 %
Pt |[191] 7ns 355nm 3 J/icmz - - batch 49 %
Pt |[191] 7ns 355nm 14 J/cm? - - batch 58 %
Pt |[191] 7ns 355nm 110 J/cmz - - batch 27 %
Pt | [91] 10ns 1064 nm 280J/cm? 10 kHz - cont. 70 %
Pt |[190] 8ns 1064nm 6.4J/cm2 10 kHz - batch 84 %
Ag | [184] 8ns 1064nm 64 Jicm? 10Hz 0.1 mMKCI batch 100 %
Ag | [91] 10ns 1064nm 280J/cm? 10 kHz - cont. 85 %
Ag | [187] ns 1064 nm (6.5 mJ) 5kHz 1 mMcitrate flow | 15-20%
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2.4. Productivity and efficiency for laser ablation in liquids

After introducing the general ablation mechanisms and presenting the influence of different
parameters on the NP quality, the present section summarizes their influence on productivity.
Especially when laser ablation in liquids should become an economically feasible industrial
alternative, reaching high productivity is decisive [65]. The influences of the interpulse
distance, the laser fluence, and the laser pulse duration are addressed in the following.

The lateral interpulse distance during LAL is determined by the laser repetition rate f; and
the scan velocity on the target surface. In general, productivity can decrease for small
interpulse distances due to shielding caused by the CB generated by the previous pulse [68,
192, 193]. According to fr = P/Ep, the repetition rate connects the laser pulse energy Ep
and the mean laser power P. At constant pulse energy, i.e., increasing laser power, the
ablation per pulse is decreased and overall ablation rate increases with increasing repetition
rate [152]. Simultaneously, at fixed laser powers, i.e., decreasing laser energy, the ablation
per pulse decreases, and the overall ablation rate increases with increasing repetition rate
[68]. By varying the scanning speed and thus increasing the interpulse distance for ns pulses
and at 4.6 mJ, the productivity increases until 75 um and decreases again for larger
distances [192], whereas for 40 — 55 ns, the optimum is found at 125 um [194]. An
intermediate distance of 100 um is observed for 7 ps LAL [152]. Additionally, for increased
distances, the productivity decrease is less distinct for ps compared to ns ablation [152]. It is
assumed that an interplay between the losses due to shielding, favoring larger distances,
and a beneficial influence of a heat affected zone from a previous pulse [192], favoring
smaller distances, lead to the optimal interpulse distance.

The laser fluence is the most important factor of productivity adjustment and describes the
pulse energy per laser spot on the ablation target surface. Thus, the fluence can be
increased by increasing the pulse energy or decreasing the laser spot size. Numerous
studies showed that increased laser pulse energy and laser power lead to higher
productivities [32, 68, 76, 117, 195]. Fewer studies investigated the influence on the working
distance and thus the ablation area [32, 76, 148]. Aggravatingly, in most of these studies, the
relative focal distance is compared, where the focal plane was set to the point of maximal
productivity. Here, the influence of the spatial laser energy distribution cannot be discussed.
In principle, higher productivity for a lens with a shorter focal length due to smaller ablation
spot diameters is expected for the same laser power [75]. However, also the possibility of
optical breakdown in the liquid increases for sharper focusing, which, in turn, reduced
productivity [196].

Due to the multiple and often cross-linked parameters determining productivity, a prediction
model would be advantageous. A model for calculating the ablation depth was developed in

the past, postulating a logarithmic dependency of the ablation depth on the laser fluence
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[197]. It was later adapted to LAL [117] and is described by Eq. 3. The model also provides
the possibility to estimate the ablation efficiency (see Eq. 4) [198]. There is an optimal set of
parameters for each process, where the fluence dependency is of interest. The optimal

fluence F,,; is dependent on the material threshold fluence F;, can be described by F,,; =

e? - F,, in air [198]. Streubel et al. [68] and Kanitz et al. [117] verified this dependency for
liquids and ultra-short pulse durations. For fluences lower than the optimal fluence, the
maximum possible penetration depth of the energy into the material is not yet reached. On
the contrary, it is exceeded for fluence higher than the optimal fluences so that the excess
energy cannot penetrate the material anymore.

One drawback of this model is the pulse duration dependency of the ablation process. As
shown in Eq. 3, the pulse duration is not explicitty mentioned in the equation. Implicitly, the
pulse duration determined the effective penetration depth ¢, and the threshold fluence F.
Therefore, results from the literature determining the influence of the pulse duration on the
penetration depth and the threshold fluence are discussed first.

The threshold fluence is constant if the pulse duration remains smaller than the electron-
phonon coupling time ¢, [199, 200], which ranges from < 10 to 100 ps for metals. This range

of 7p <t is called an ultrashort pulse regime. For longer pulses, in the range of larger than

100 ps, a dependency of F,, « t,%% is reported [199, 200]. Fig. 6 shows the explained
trends, where data from literature are compared. It has to be noted that both damage and

ablation threshold are shown in Fig. 6.
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Fig. 6: Comparison of ablation threshold values reported in literature determined at different laser
pulse durations for Au from various studies in air (green data points) and in water (pink data
points) [70, 105, 107, 126, 199, 201-204]. The green line shows the fit for the threshold

fluences determined in air.
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When discussing penetration depth dependency, it is differentiated between ultra-short and
short pulse regimes as well as between low and high fluence ablation. For the former
condition, the penetration depth is reciprocal to the absorption coefficient &5 « a~! [205],
which is valid up to approximately 0.5 J/cm2 [206]. Since such low fluences, just above the
threshold fluence, do not yield high NP productivities, this fluence regime is not further
discussed. For fluences >0.7 J/cm? [206], the penetration depth increases proportionally to
the thermal diffusivity ¢ < y [205]. Regarding the pulse duration dependency theoretically
and similar to the threshold fluence trend, constant penetration depth in the ultra-short
regime of .5 = \/D-—rep is expected and §grr = \/D-—rp for short pulses [206—-208]. As a
rule of thumb, this effective penetration depth is about 10-20 times higher than the optical
penetration depth [209]. These theoretical considerations are sketched in Fig. 7 by the dark
green lines. However, only a few experimentally determined penetration depths can be found
in the literature. For copper and steel, it is reported that in the ultra-short regime 6,5 slightly
decreased with increasing pulse duration [198, 206, 210]. For the short regime, the
penetration depth increases again [211], indicating that heat conduction becomes the
dominant energy transport mechanism here. The data obtained from the literature are
presented in Fig. 7 and show an increase in the penetration depth when comparing ps to ns
laser ablation. In a molecular dynamic simulation, reaching from ultrashort fs and ps pulse
duration to short ns pulses, it is assumed that for pulse durations > 1 ns, plasma shielding
and scattering of the falling laser edge can occur. This shielding leads to a lower penetration
depth for increasing ns pulses because the temporal fluence is lower for longer pulses [137].
A slight decrease is observed when comparing the experimentally determined penetration
depth at 1 ns to 5ns. Though, no clear correlation of the experimental data with the
theoretical trend can be seen. Potentially, this decrease in the penetration depth is related to
heat dissipation into the liquid, which occurs on the time scale of nanoseconds [212].

When comparing experimental findings for different pulse durations, a higher tendency for
self-focusing for fs and ps laser ablation due to lower threshold values [213] and thermal-
induced self-focusing can occur on ns time range [214]. Both lead to undesired attenuation of
the laser beam. Ablation with a 1 ps laser leads to 20 — 30 times higher productivities than
that obtained with a 150 fs laser duration, and with 2 ps, the maximal productivity for Au NP

was found [215]. However, the maximal examined pulse duration was 200 ps [215].
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Fig. 7. Comparison of the penetration depth determined at different laser pulse durations for Au
(pink circles). The green lines and areas mark the theoretical expectation for different
fluences and pulse durations. [70, 98, 207, 216-220]

Also, plasma-mediated nanobubbles could be generated from plasmonic Au NPs or carbon
NP using a fs laser, reducing productivity [221, 222]. The nanobubble formation is also found
for ns [223] laser ablation, leading to stronger energy shielding with increasing energy input
[223]. Finally, also NPs in the liquid shield the laser beam with increasing concentration [92]
and increase non-linear optical effects [224]. For 10 ns LAL, plasma shielding of a single
laser pulse leads to energy loss for ablation [107]. Interestingly, decreasing productivity for
increasing ns pulses width and an increasing number of laser pulses is only observed in
water and not in air [115].

In conclusion, several models for productivity prediction exist and may be adapted for laser
ablation in liquids. However, they leak to predict the pulse duration dependency of
productivity and ablation efficiency since existing models neglect different shielding effects.
Thus, it is hypothesized that an optimum pulse duration-dependent productivity is located
between hundreds of picoseconds to maximal ~2 ns pulse durations. In this range, it is
assumed that energy losses due to non-linear optical effect, which occur mostly for fs pulses,
and plasma shielding, mostly expected for >2ns pulses, are minimized. However,

experimental evidence is missing.
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2.5. Scalability of laser ablation in liquid

Achieving high productivities with LAL is crucial for this synthesis's economic feasibility and is
also demanded when laser-generated particles are used in applications. Especially for
catalyst screenings [225] and NP-doped powder for 3d printing [226], several grams of NPs
are often needed.

It would be useful for a continuous NP production if the complete target without residuals is
ablated, and a constant target supply is realized [187]. In the literature, this has been
addressed by the ablation of wire targets. It was shown that from thin wires to bulk target, the
absorbed energy increases, but maximal ablation efficiency of a 10 ns laser was found at an
intermediate wire diameter, which was attributed to local heating symmetry broken cavitation
effects [187, 227, 228]. The efficiency of wire ablation is determined gravimetrically [227].
Therefore microparticles may be ripped off the target, and the real productivity is expected to
be lower. Thus, the ablation of the bulk target is generally applied.

As already explained previously, a commonly chosen attempt to increase productivity is by
increase laser power and fluence [68]. However, due to the limited penetration depth, the
ablation efficiency decreases for high laser fluence [198]. This finding has not yet led to
alternative attempts for the productivity increase for LAL. However, in laser micro-structuring,
the ablation with high laser powers can lead to thermal ablation and thus reduce the structure
quality [229]. Therefore, the laser beam is often split into multiple parts to reduce the power
for each beam. This beam splitting leads to sharper structures and, additionally, fast
processing [229, 230]. For LAL with high fluences, this strategy could be applied so that the
full laser power is used and, simultaneously, the efficiency would increase. Today, the world
record of LAL 4 g/h AuNP production is achieved by supersonic lateral beam displacement,
allowing shielding minimized ablation at the pum-scale by Streubel et al. [68]. Recently, even
8 g/h were reached for Pt NPs [231].

As identified in the previous section, the ablation with hundreds of ps to ~2 ns pulse
durations provides the opportunity of increasing the ablation efficiency by reducing shielding
effects. Therefore, lasers that could meet such specifications are identified in Tab. 2, ranging

from ~1 to 150 W output power.
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Tab. 2: Overview of different laser types providing sub-ns laser pulses promising increased ablation
efficiency due to reduced shielding during LAL (z: laser pulse duration, A: wavelength, Ep:
laser pulse energy, f ,: repetition rate (maximal), P: mean laser power, M?: beam quality).

Tp A EP fR p IVI2
company model laser type
[ns]  [nm]  [mJ]  [kHzZ] W] [1]
passive diode-
Coherent FLARE NX  pumped solid-state | 1.5 1030 0.5 2 1! <1.2
laser with Q-Switch
MAGNA _ _ 5
InnoLas active Q-switch 0.6 1064 250 1 25 -
EVO Il
_ Gigapulse
Dausinger i ) -~
_ Linear linear amplifier 1 1064 1000 1 150 -
& Giessen N
Amplifier
electro-optical Q-
Edgewave GX-Serie switched InnoSlab 1 1064 120 800 150 <2
laser
electro-optical Q-
Edgewave 1S-Serie switched InnoSlab 1 1064 50 400 150 <2
laser
diode-pumped
MOPA p P
passively Q-
CryLaS 1064- _ _ 16 1064 0.65 1 0.65 -
switched solid-state
650
laser
diode-pumped
MOPA p P
passively Q- A
CryLaS 1064- _ _ 1.6 1064 110 20 2 -
switched solid-state
2000
laser
Onda Diode Pumped Solid

Onda 2 1064 0.8 100 15 -

1064nm State Laser
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3. Objectives

Studies and reviews have shown that LAL can meet industrial demands and provide distinct
advantages over chemically produced NPs [65, 173, 232, 233]. This thesis presents the
development and perspectives of a device for NP generation via LAL, which enables an
automated and reproducible NP production. This includes fundamental studies on
parameters affecting LAL efficiency. An overview of this thesis is illustrated in Fig. 8.
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Fig. 8: Development of an automated device for colloid production via LAL in four stages. Chapter
4.1 represents the comparison of the ablation efficiency and shielding effects during LAL for
different pulse durations. In chapter 4.2, the influence of laser parameters on the connection
between productivity and NP size is investigated. Chapter 4.3 symbolizes the process setup
and development of the automated process and chapter 4.4 the device's perspectives
regarding the economic feasibility and capacities. In the center, a preliminary model of the
automated LAL device is shown.

As explained in section 2.1 and 2.4, the laser-matter interaction with laser exhibiting pulse
durations of 500 ps to 2 ns has rarely been investigated. However, this pulse duration regime
could provide high ablation efficiency because energy losses are reduced. At the lower pulse
duration range, i.e., for fs up to tens of ps pulses, non-linear optical effects cause energy
losses, as described in section 2.1. On the upper pulse duration range, i.e., for pulses longer
than several ns, plasma-shielding reduces the ablation efficiency. Therefore, laser ablation
efficiency regarding the laser pulse duration is decisive for the suitable laser source in the

automated device (Fig. 8 (1)) and will be analyzed in section 4.1.
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From sections 2.3 and 2.4, it is known that both the productivity and the NP properties are
influenced by laser parameters such as the laser power, laser pulse duration, and repetition
rate. However, the linkage between productivity, NP size, and laser parameters has not been
investigated for LAL in this intermediate pulse duration regime and is therefore discussed in
section 4.2. Additionally, the process parameters for the automated device are tuned in this
section, and the resulting NP quality, i.e., their size and stability, is compared to commercially
available colloids (Fig. 8 (2)).

After the process parameters are optimized for the device, the process design for the
automated desktop device is developed in section 4.3. Here, the flow chart is designed and
used for safety and process stability analysis. Potential hazards for the user, situations
resulting in reduced NP quality, and device defects are determined and counter-measures
are proposed. Since the device aims to be user-friendly and easy to use, the user-device
interaction and handling of possible malfunctions are presented (Fig. 8 (3)).

Lastly, the perspectives of the device are discussed in section 4.4. Here, the final pricing and
the economic competitiveness compared to purchased and chemically synthesized colloids
are presented. Also, the capacity of possible downstream products is estimated, and the
quality of exemplary products is evaluated. For large-scale testing of, e.g., NP additive
powder for 3d printing or exhaust catalysts, the capacity demands are exceeded. Therefore,

beam splitting is examined to increase productivity (Fig. 8 (4)).
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4. Results and discussion

4.1. Influence of the laser pulse duration on the productivity and

efficiency of laser ablation in liquids
As a first step for the device development, a suitable laser source needs to be found.
Therefore in the first part of this section, different possible lasers for the device are selected:
One commonly used laser system for laser ablation in liquid, one high-power laser system
known for high NP productivity, and a cost-efficient, low-power laser system widely used for
spectroscopic analyses. The three laser classes were analyzed regarding their NP
productivity and ablation efficiency. A compact, low power, ~2 ns laser class was found to
provide the highest ablation efficiency. The physical phenomena for sub-ns and short (1 — 3)
ns are rarely examined in the literature. Thus, in the second and third sections, the
fundamental physical phenomena of the sub-ns pulse range are studied by shadowgraphy

imaging (section two) and pump-probe microscopy (section three).
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Fig. 9: Overview of the laser pulse duration effect on the productivity and efficiency of laser ablation

in liquids. The influence of the laser pulse duration on the ablation efficiency is quantified
(chapter 4.1.1). In the following, the energy shielding caused by the CB is analyzed (chapter

4.1.2) and the temporal evolution of plasma and vapor is determined on the ns scale

(chapter 4.1.3).
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Abstract

In this study, we compare different laser systems used for the synthesis of nanopatrticles.
The productivity and ablation efficiency of laser ablation of gold in water and in air are
determined for three laser systems with different laser parameters such as pulse duration
and repetition rate. All experiments are performed in a fluence range of up to 20 J/cm2. The
highest productivity among the considered lasers is found for a high-power ps laser, which
shows 12 times higher ablation rate for the ablation in air compared to ablation in liquid.
Further, we find that the threshold fluence for ablation in air is up to 1.9 times higher than for
ablation in water. The highest ablation efficiency, which is defined as the ablation rate divided

by the laser power, can be found for a ns laser system.

Introduction

Chemically synthesized colloids, e.g. those synthesized by the Turkevich method, are
characterized by nanoparticles of defined size and monomodality [24]. However,
disadvantages of chemically synthesized nanoparticles (NP) are residual precursors and
reactant oxidation products in the colloid [24], which have negative effects on biological
application, if they are not removed by post-processing steps such as washing of the colloid
[234]. Purity is also important in the field of catalysis [16] and for analytical reference
materials [233]. An alternative way to generate NP is by pulsed laser ablation in liquids
(PLAL) since no additives or precursors are needed for this synthesis method [235]. Further
advantages of PLAL include a broad variety of possible material-liquid combinations enabling
the synthesis of unique and tailored colloids [29]. Moreover, the procedure is conceptually
simple, reproducible and fast [65].

Accordingly, the applications of laser-synthesized nanoparticles span a wide area including
catalysis [236, 237], magnetism [169, 238-240], tribology [241] and additive manufacturing
[242-245]. If PLAL should become a considerable alternative to the chemical synthesis of
NP, the productivity of the process is crucial. Productivity is defined as the ablated mass per
time and is given in [pg/s]. On the other hand, the efficiency of the process is described by
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the power-specific productivity. This is calculated by dividing the productivity by the power
input and given in [mg/(W.h)]. Both expressions are used synonymously. This value has
been suggested recently by Zhang et al. and Kohsakowski et al. [29, 187]. Both, the
productivity and the power-specific productivity, can be influenced by the pulse duration,
repetition rate, and pulse energy on the laser side and the energy per area on the target
surface, pulse overlap, and scanning speed on the process side.

The lasers, chosen in this study, exhibit comparable pulse energy, but vary in the maximal
power and in the laser pulse duration. The influence of the laser pulse duration on the
mechanisms of laser-matter-interaction has been discussed in the literature [104, 246, 247].
Also, empiric attempts to calculate the material removal rate by laser and ablation efficiency
have been made with a simple model [248], where multiple laser pluses are applied on a
target [104, 197, 206, 249]. However, a precise prediction is difficult because the simple
model neglects the influence of certain factors. The model fit parameters, which are
threshold fluence and effective penetration depth, are not described depending on e.g. the
pulse duration [211] and wavelength [250]. Consequently, the calculation of the removal rate
depends on the considered laser system.

When comparing laser ablation in air with the ablation process in a liquid, the thermodynamic
characteristics and kinetics of the mechanism change due to confinement by the liquid [251].
Though this has been known for many years, there are also recent findings explaining the
interaction of the cavitation bubble with the surrounding liquid and nanoparticles [127] and
the influence of the surrounding liquid on the ablation mechanism [113, 118, 252, 253]. Most
publications state a higher ablation rate in air [107, 113, 254], Shaheen et al., however,
reported a higher ablation rate of brass in water, although they may have used fluences in
the order of 100 J/cm? for their experiments, which is about a factor of 10 to 20 higher than
the expected fluence for optimum ablation efficiency [255]. Sajti et al., on the other hand,
compared ablation rates of o-Al,O3 in air and water for different distances of consecutive
laser pulses, pulse energies, and repetition rates and found the ablation rate to be dependent
on those parameters [194]. Also, the laser pulse duration influences the ablation rate as
shown for fs and ps lasers [256, 257]. Moreover, most of the theoretical consideration and
calculations concerning the ablation rate, have been performed with regard to ablation in air
[197, 206].

In this work, the parameters relevant for high productivities are studied by comparing three
commercially available and well-established laser systems. The laser sources deliver
comparable pulse energies in the range of 100 pJ at a near-infrared wavelength but exhibit
different repetition rates, average output powers, and pulse durations. The first laser system
is one of the most commonly used laser-types in PLAL, a diode-pumped Q-switched
nanosecond (ns) laser providing an average maximal output power of 10 W and originally

intended for laser cutting and marking in industry. The second laser in this comparison is a
27



Results and discussion

500 W picosecond (ps) master oscillator power amplifier system (MOPA), comprising a
mode-locked oscillator and a slab-laser amplifier, that demonstrated the highest productivity
in laser ablation in liquid so far [68]. The third chosen laser is a very compact passively Q-
switched nanosecond laser, commonly named as micro-chip laser and usually used for
spectroscopy, revealing the lowest average output power with 0.2 W.

When it comes to the use of nanopatrticles in applications, it is important that with the chosen
synthesis method (1) as many nanoparticles as possible can be produced with (2) as little
energetic effort as possible. Hence, the first part of this paper presents the influence of the
laser pulse duration on the productivity as well as the comparison of the ablation rate in
water and in air for the different pulse durations. The second part describes the energetic

consideration.

Methods and materials
Determination and comparison of the productivity of laser ablation for gold in water and air at
different pulse durations
Two different ns lasers (Rofin Powerline E20 and CryLaS DSS1064-Q4) are compared with a
ps laser (Amphos flex 500). The general data of the three laser systems are summarized in
Tab. 3. The experimental setup and data for the comparison of the ablation in water and in

air are given by Fig. 10 and Tab. 4.

Tab. 3: General parameters for the laser systems applied in this paper

Laser power class Compact class Middle class High-end class

Laser name CryLaS DSS- Rofin Powerline Amphos flex500
1064-Q4 E20

Wavelength [nm] 1064 1064 1030

Pulse duration [ps] 1000 5000-10000 3

Average maximal output 0.15 <10 500

power [W]

Repetition rate [Hz] 1-1200 20-200.10° (1.2-40.5).10°

M2 [1] <l4 <15 <1.2

Height x width x length of 5x4x10 5x4x10 5x18 x 100

the ablation chamber [mm]

Time to scan the ablation 0.3 0.3 0.06

area once [s]
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Fig. 10: Experimental setup for the high-end class (A) and the compact as well as the middle class
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the laser beam

Tab. 4. Experimental parameter for the determination and comparison of the productivity of laser

ablation in water and air for gold at different pulse durations

Laser power class Compact class  Middle class High-end class
Ablation medium Air Water Air Water Air Water
Maximal absorbed fluence [J/cm?] 5.5 6.3 17.4 21.0 2.3 1.3
Maximal pulse energy [uJ] 135 128 335 403 97 97
Spot diameter [um] 79+3 615 704 706 120+12 148+14

86+8 126 + 7
Interpulse distance [pm] 8300 8300 8300 8300 79 79
Repetition rate [kHz] 1.2 1.2 1.2 1.2 5000 5000
Nominal scanning speed [m/s] 10 10 10 10 500 500
Flow rate [mL/min] - 5 - 5 - 510
Flow velocity [cm/s] - 0.4 - 04 - 9
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Both ns lasers emit at 1064 nm but differ in pulse duration, maximal repetition rate, and
maximal average power. The Rofin Powerline E20 (in the following referred to as “middle
class” laser) is a CW diode-pumped, actively Q-switched Nd:YVO, laser in end-pumping
configuration. It reaches a maximum average power of 10 W and a pulse duration of 5 to
10 ns, dependent on the laser power. The repetition rate can be adjusted up to 200 kHz and
the maximum pulse energy of 403 + 2 uJ is reached at a lower repetition rate. The CryLaS
DSS1064-Q4 (in the following referred to as “compact class” laser) provides maximal pulse
energy of 128 + 1 uJ and a pulse duration of 1 ns. The latter is a passively Q-switched,
diode-pumped micro-chip laser, therefore the repetition rate of 1.2 kHz cannot be adjusted
freely, but depends on the laser configuration and pump power. Both lasers exhibit an almost
TEMg mode with an M2 smaller than 1.5.

Since the laser beam diameter has an influence on the irradiated liquid volume and the beam
diameter on the target surface, an adjustable telescope is used to set the diameter to
approximately 4.4 mm, measured at 1/e2 intensity level. An f-Theta lens with a focal distance
of 100 mm is used to focus the laser beam on the target surface. Before each experiment,
the working distance is varied until the point of maximal productivity is found, which is
considered as the distance of a maximum spot intensity and focal distance. All the following
experiments are performed at this focal distance. The laser spot diameter on the target
surface at the focal distance in water amounts to 61+5 and 70 £ 6 um for the CryLaS
DSS1064-Q4 and the Rofin Powerline E20, respectively. The values are determined by
measuring the spot diameter on the target surface. All ns laser experiments are performed in
a liquid flow chamber at a flow rate of 5 mL/min, a repetition rate of 1.2 kHz. In order to place
the laser pulses on separated spots on the sample to avoid laser beam shielding by the
cavitation bubble a nominal scan velocity of 10 m/s was selected, leading to a distance
between the centers of two consecutive laser spots, also known as interpulse distance, of
8.3 mm, which is large compared to the spot diameter. It has to be mentioned, that the same
area is irradiated multiple times during the experiments to simulate conditions under long
term ablation. To vary the laser fluence, the average laser power is adjusted between 30 mW
and the maximal laser power with an error of less than 1 % by measuring with a power meter
(FieldMaxIl-TOP, Coherent Inc.).

The ps MOPA laser system (in the following referred to as “high-end class” laser) provides a
pulse duration of 3 ps and a maximal output power of 500 W. The high-end laser consists of
a mode-locked ps oscillator, followed by a pulse-picker and slab laser crystal amplifier. The
ps oscillator is operating at typically few a 10 MHz repetition rate at an average power of a
few Watts leading to pulse energies of typically 100 nJ. The pulse-picker reduces the
repetition rate of the seeder oscillator pulse train to 5,000 kHz, before it is amplified to an
average power of 500 W in the side-diode pumped slab laser crystal corresponding to a

pulse energy of 100 pJ. Because of the comparably high average output power and
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repetition rate, the flow rate is set to 510 mL/min and the effective scanning speed is
increased to 484 m/s realized with a polygon scanner. This results in an interpulse distance
on the sample surface of about 97 um. The beam diameter on the target surface has an
elliptical shape with the major and minor diameter of 148 + 14 and 126 + 7 um. Thus, a pulse
overlap of 35 % occurs on the target.

The material removal rates for the ablation in water for all three lasers are determined
spectroscopically by UV-VIS extinction measurements. Since this is only applicable for
nanoparticles with approximately the same size [258], a calibration for each laser was
prepared by correlating the gold nanoparticles interband absorption at 380 nm with the
gravimetrically determined mass productivity. In case of laser ablation in air, the material
removal rate is determined gravimetrically after an ablation time of 5 minutes for both ns
lasers and after 10 seconds for the high-end class laser. Each experiment is carried out three
times to calculated the average of the values and the standard deviation.

As shown by Streubel et al. for liquid flow setups, the productivity stays constant with the
ablation time and the quality of the colloid is not influenced, so that it is possible to
extrapolate and compare the ablation rate [32]. The focal distance is changed to the position
of maximal productivity in air. Laser spot diameters on the target surface amount to 79 + 3
and 35+ 2 pum for the CryLaS DSS1064-Q4 laser and the Rofin Powerline E20 laser,
respectively. For the Amphos flex 500 laser, an ellipse with a major and minor diameter of
120 + 12 and 86 +8 um is determined.

For the data evaluation, the peak energy is converted to the laser peak fluence according to
Eqg. 5. To give a better comparison between laser ablation in air and in water, the reflection of
the laser beam at the chamber entrance and absorption by water is considered Fig. 10 C.
The reflection at the water-gold and air-gold interface is not taken into account because it
has been reported in literature that a change in morphology lowers the reflectivity and
increases energy absorption [259, 260]. However, when assuming full absorption of the laser
energy, the real absorbed fluences will be lower. The values of the absorption and reflectivity
are given in Tab. 5 [217, 261, 262]. The values of the optical glass are taken from data
sheets provided by SCHOTT North America, Inc.
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_8'Ep

Fp = ) Eq. 5
Th=i'fR'ﬂ'(seff'dz'p'ln<i)2 Eq. 6
16 Fip,
where:
Fp: peak fluence [J/cm?]
Ep: peak energy [J]
d: spot diameter [um]
m: productivity [ug/s]
fx: repetition rate [Hz]
5eff; effective penetration depth [nm]
p: density [g/cm3]
Fyp: threshold fluence [J/cm?]

Tab.5: Values of the absorption (A) of the different media and the reflection (R) at the different layer

interfaces, calculated by the Fresnel formula

1064 nm 1030 nm
Aair Neglected Neglected
Avater 0.261 0.213
Rair—glass 0.041 0.041
Rglass-water 0.004 0.004

The simple ablation model of Raciukaitis et al. [197] is given by Eqg. 6, which required the
threshold fluence and the effective penetration depth to be fit. However, for a range of
fluences between the threshold fluence and the optimal fluence, which equals the threshold
fluence times €2, also a linear plot can be applied, as an approximation. In this case, the

threshold fluence can be determined as the intercept of the linear fit with the x-axis.

Efficiency of laser ablation of gold in water

The laser power, repetition rate and distance between the ablation target and the focusing
optics are varied to determine the point of maximal mass productivity. The final parameters
are provided in Tab. 6. The parameters not mentioned in the table remain the same as
described in the previous section and given by Tab. 4. The experimental setup remains the
same as depicted in Fig. 10. The resulting productivity of these experiments are divided by
the average laser output power to calculate the power-specific productivity, or i.e. ablation

efficiency in [mg/(W.h)], of the lasers.
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Tab. 6: Experimental parameter for determination of the maximal productivity and ablation efficiency

of laser ablation of gold nanoparticles in water

Laser power class Compact class Middle class High-end class
Pulse duration [ps] 1000 5000 3
Average maximal output power [W] 0.15 5 500
Repetition rate [kHz] 1.2 15 5000
Pulse energy [KJ] 130 330 100
Maximal absorbed fluence [J/cm?] 2.5 6.7 0.3
Interpulse distance [um] 8300 670 97

Results and discussion

Determination and comparison of the productivity of laser ablation of gold in water and air at
different pulse durations

In Fig. 11, the fluence-dependent productivity for gold in water for the high-end (Fig. 11 A),
compact (Fig. 11 B), and middle (Fig. 11 C) class laser is presented. As expected,
decreasing the laser fluence leads to a drop in the productivity [68] for all lasers. Moreover,
the high-end class laser provides the highest absolute productivity with nearly 1700 pg/s.
Linear extrapolation from 10 s experiment to one hour should be done with care, but would
result in 6 g/h and is significantly higher than previously published for the same laser system
(4 g/h) [68]. This deviation can be explained by an optimized focal position, a lowering of the
pulse overlap from about 67 % to 35 % due to a lower repetition rate, and increased maximal
pulse energy (from 50 to 100 pJ). The lowest productivity is reached with the compact laser
class with 1.7 pg/s at about 8 J/cm2, whereas the middle class reached maximal productivity
at about 20 J/cmz (Fig. 11 C).

According to Chichkov et al. [206], for a laser pulse duration 7, smaller than a critical pulse
duration required for electron-phonon equilibration, the threshold fluence remains
independent of the laser pulse duration and is only a function of material properties. The
critical pulse duration for gold is on the order of tens of ps. In the literature, a value of 100 ps
is often stated [100, 103, 263]. However, theoretical calculations of the threshold fluence in
this regime are still difficult, since values for the reflectivity and the coefficient of absorption
differ widely in literature [98, 217, 218]. Calculation of the threshold fluence is performed by
measuring the crater diameter after single pulses, according to Gamaly et al. indicate a value
of 0.5 J/lcm2 for gold in air [105, 199]. Saraeva et al. found ablation thresholds in water after
single laser pulses for fs and ps lasers between 1 and 3 J/cm? [257]. For the high-end laser
class, a threshold fluence of 0.2 J/cm2 was found. One aspect which has to be considered is
that most experiments in the literature are performed with a plane surface. Vorobyev et al.
examined the influence of the surface morphology on the absorbed energy during laser
ablation and found that a rough surface increases the absorbed energy to nearly 100 %

[259]. Scanning electron microscopy (SEM) images (Fig. 12) show a rough surface, which
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leads to the conclusion that also for ablation in water, a change in the surface morphology

results in an increase in absorbed energy and consequently to a lower ablation threshold.
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Fig. 11: The productivity for ablation in water and in air for the high-end class laser (A), the compact

class laser (B), and the middle class laser (C) is shown, the lines in A-C present the linear fit

where the intercept with the x-axis marks the threshold fluence; the corresponding power

specific values of the same data are shown in D-F, in these cases the lines connect the data

point as a guide to the eye; error bars are included in all figures and represent the statistical

error.
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Fig. 12: SEM images of the ablated spot after 10 pulses and after long term ablation with the

compact class laser are shown for ablation in air in (A) to (C) and ablation in water in (D) to

(F).
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When increasing the pulse duration to ns laser pulses, the electron and lattice temperature
are in equilibrium and electron heat conductivity plays the dominant role for heat diffusion. As
the thermal penetration depth follows the well-known square-root dependence, the thermally
affected volume also scales o +/tp. Thus, for the threshold fluence (F;,) a square root
increase with pulse duration o« /7, is expected in this regime, too [206, 264]. According to
that, the expected increase in the threshold fluence from 1 ns to 5 ns should be a factor of
approximately 2.2, whereas the experimental results (Fig. 11 B) reveal a change from 1.7 to
2.0 J/cmz in the threshold fluence for the compact and middle class lasers. However, this is
theoretical and only based on the one dimensional, two-temperature diffusion model [104]. In
the model, energy loss due to heating perpendicular to the incident laser beam is neglected
and also the interaction between the laser beam and the plasma plume is not taken into
account. In literature, it has been reported, that especially for laser pulses in the range of ns
a portion of the laser beam energy is absorbed by the plasma [265]. Moreover, the amount of
absorbed energy is higher for longer laser pulse durations [266]. Since this effect has not
been studied systematically it is hardly possible to quantify the impact of the shielding by the
plasma plume. Furthermore, plasma expansion increases for higher laser energies [267].
This means, that the real absorbed laser fluence may be lower than calculated, leading to a
shift of the fluence-graphs to lower fluences.

The highest power-specific ablation rate in water is determined for the compact class laser.
This may be because for laser ablation in liquid not only the plasma but also the produced
nanopatrticles itself shield part of the laser beam [268]. The latter effect is especially relevant
for high repetition rates and high productivities, as gained with the high-end class laser. Due
to the ultra-high repetition rate with this laser, we have a lateral pulse overlap of about 35 %
and a temporal delay of successive laser pulses of 200 ns. A calculation of the flow velocity
using the values provided by Tab. 3 and Tab. 4 within the ablation chamber for ablation in
liquid results in 9 cm/s. Therefore, a linear flow and no mixing of fluid elements are assumed.
This rough calculation reveals that the same fluid element, which contains NP, is hit by the
laser more than 15 times while moving through the ablation chamber. The real flow behavior
is determined by intermixing and diffusion, which leads to a higher mean residence time and
more interaction of the fluid element with the laser beam. This calculation may be an
explanation for the low ablated rate per pulse and energy input for the high-end class laser in
water. During the compact and middle class laser experiments, no lateral and temporal pulse
overlap occurs. Furthermore, lower NP concentrations were achieved in these experiments
and the NP have an approximate mean residence time of three pulses in the ablation
chamber, which reduces the possibility of re-irradiation and consequently laser beam
shielding. We assume that the laser shielding due to ablation products from the previous

pulse is negligible.
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The maximal productivity is considered to correspond to the maximal NP productivity. It has
been shown in previous studies with the same laser systems and experimental conditions
that gold nanoparticles synthesized in liquid are always smaller than 100 nm [32, 93].
However, note that if higher laser pulse durations (>100 ns) are used to ablate metal targets
in liquids, plasma-mediated melt expulsion is also possible, leading to even larger particles
[269]. Also, the particle sizes of the particles synthesized by laser ablation in air were not
studied.

Although, the absorption of the laser beam in the case of the ablation in water is considered
in Tab. 5, a higher ablation rate is found for ablation in air. The highest increase for the
comparison of ablation in water and in air is found for the high-end class laser.

When comparing the threshold fluences, the values for ablation in air are between 1.5 and
1.9 times higher for all laser systems. In the case of ablation with the middle class laser in
air, the values should be considered with caution since the data points fluctuate strongly.
Therefore, we only discuss the results qualitatively. Fig. 12 shows SEM images of the gold
surface in air and in water after ten pulses. Since the ablated area looks similarly rough in
both cases, it is not possible to explain the lower ablation thresholds in water without further
characterization.

The ablation efficiency in air and in water is shown in Fig. 11 D to F. A drop in the power-
specific productivity as for example shown by Jaeggi et al. cannot be seen in our data since
the maximal possible laser power is reached at this point [270]. Please recall in this context,
that we measure the highest productivities for the described lasers. We do not claim to cover
the whole range of fluences for the lasers classes.

The higher efficiency is found in air and the absolute highest efficiency is in case of the high-
end laser class with more than 40 ug/(W.s). This value is about 11.0 times higher than for
ablation with the same laser in water, whereby it increases by 1.4 and 2.4 for the compact
and the middle class lasers, respectively. But it should also be considered, that for the
compact and middle class lasers, the maximal levels reached in the experiments are more
than 5 J/cm? lower than the optimal ablation fluence, which makes a comparison for all three
lasers at that point difficult. This observation supports the hypothesis that effects reducing
the energy input, such as the absorption and scattering by NP, particularly occur for the high-
end class laser ablation in water, where high local NP concentrations are reached [224]. One
reason for the high increase in air for this laser class can be the difference in the ablation
mechanism. In the case of ablation in air, the ablation products, a mixture of vapor, atomic
clusters, and droplets, are generated in a phase explosion of superheated metal and can
propagate freely and rapidly away from the target. In a liquid water environment, the ablation
plume is decelerated and a dense superheated molten metal layer is formed at the interface
of ablation plume and water. Shih et al. simulated this for ps laser ablation of Ag at 0.6 J/cm?

[113, 271] and explained the lowering in the ablation rate per pulse and energy for the
36



Results and discussion

ablation in water. When comparing the ablation rate per pulse and energy input for the
compact and middle class lasers, the increase from water to air is higher for the compact
class laser, as already observed for the ablation in water. Since lower particle concentrations
were obtained in the compact and middle class lasers experiments the shielding of the laser
beam radiation by the particles is of minor importance. Moreover, the fluence for ablation

with these two lasers in air is not high enough to reach the phase explosion regime.

Efficiency of laser ablation of gold in water

As indicated in Fig. 11 C, for ablation in liquid with the compact class laser, a large part of the
energy is used for material ablation. If the process of laser ablation in liquid should become a
viable alternative to the colloids commercially available or the chemical synthesis of colloids
[65], it is crucial for the ablation process to reach a high efficiency, i.e. power-specific
productivity, and productivity. For the results in this section, laser power and repetition rate
were varied to reach the point of maximal productivity, accessible within the given parameter
range. The productivity for the middle class laser could be increased to about 10 pg/s (Fig.
13). Since the efficiency of the different laser systems should be discussed, the power-
specific productivity is shown in Fig. 13 B and the maximal values are compared in Fig. 13 C
and D. The drop in the power-specific productivity was not reached, but the compared data

points represent the efficiency at maximal productivity.
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Fig. 13: Maximal fluence dependent productivity for the three laser classes (A) and the
corresponding fluence dependent power-specific productivity (B), the maximal values for the
productivity (C) and the power-specific productivity (D) are compared; the values used for C
and D are marked with squares in A and B; the lines in A and B connect the data points as a

guide to the eye; error bars are included in all figures and represent the statisticial error.

In literature, it has been stated that lasers with lower pulse duration, especially when
comparing sub-ns to fs lasers, provide higher ablation rates [210]. This is indicated in Fig.

13 C. As expected, the compact class laser providing the lowest average output power
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reached the lowest productivity (Fig. 13 C) but the highest ablation efficiency (Fig. 13 D). As
previously discussed, it can be assumed that for the chosen parameters most of the ablated
mass forms NP. With this assumption, it can be concluded, that NP produced with the
compact class are produced with the lowest average power input.

As can be seen in Fig. 13 B all three laser systems (nearly) operate at the optimal fluence.
As discussed in section\\ref{prod}, different effects lower the efficiency of the high-end class
laser. When comparing the results for the middle class laser system operating at lower (Fig.
11) and higher (Fig. 13 A and B) absolute productivities, it can be seen that the experiments
were performed in comparable fluence ranges and for both experiments, the value of optimal
fluence was reached. When comparing the ablation efficiencies for both experiments, a lower
value is found for the experiment with the higher absolute ablation rate, although no pulse
overlap occurs in both experiments. It has been reported in literature [154, 272], that with
high repetition rates a higher part of the laser beam energy is absorbed by the NP which is in
agreement with the experimental results for the middle class laser.

Conclusion

The fluence-dependent productivity, threshold fluence, and ablation efficiency of PLAL of
gold were determined for ablation in water and in air for three different laser power classes
operating at different pulse durations. All experiments were performed in a fluence range of
up to 20 J/cmz. Although the reflection and absorption of the laser energy by the water were
taken into account, the maximal ablation rate in air is higher than for ablation in water. This
effect cannot be explained by a difference in the surface structure of the ablated targets.
Partially, this effect can be correlated to shielding by the produced NP and larger re-
deposition of the material in the liquid environment. Also, shielding due to the plasma plume
must be taken into account, especially for ns laser pulses. However, further investigations
are needed to understand the higher ablation rate in air compared to ablation in water.
Furthermore, the threshold fluence for the ablation in water is lower compared to ablation in
air. Effects like changes in reflectivity and morphology do not explain this observation,
therefore further investigations are required.

When comparing the efficiency of the three different lasers operating at parameters providing
the maximal absolute productivity in the chosen fluence range, the compact class laser
system, providing maximal 0.15 W output power, reached the lowest absolute productivity
and the highest ablation efficiency. It is assumed that the largest part of ablated mass results
in NP formation. Previous studies showed that at the chosen conditions only a minor part of
the ablated mass forms pm particles. It was concluded that the shielding of the laser energy
because of the higher repetition rate of the middle and high-end class lasers causes the drop
in ablation efficiency. As a consequence, a high ablation efficiency is reached for a low

repetition rate (1.2 kHz in our case) while reaching sufficient pulse energies.
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4.1.2. Examination of plasma and nanoparticle shielding during laser

ablation in liquids at 1 ns pulse duration

S. Dittrich, S. Barcikowski, B. Gokce

Published in: “Plasma and nanopatrticle shielding during pulsed laser ablation in liquids cause
ablation efficiency decrease, Opto-Electronic Advances, 4 (1), 20007201 — 20007215
(2021).”

Abstract

Understanding shielding cross-effects is a prerequisite for maximal power-specific laser
ablation in liquids (LAL). However, discrimination between cavitation bubble (CB),
nanoparticle (NP), and shielding, e.g., by the plasma or a transient vapor layer, is
challenging. Therefore, CB imaging by shadowgraphy is performed to better understand the
plasma and laser beam-NP interaction during LAL. By comparing the fluence-dependent CB
volume for ablations performed with 1 ns with reports from the literature, we find larger
energy-specific CB volumes for 7 ns-ablation. The increased CB for laser ablation with higher
ns pulse durations could be a first explanation of the efficiency decrease reported for these
laser systems having higher pulse durations. Consequently, 1 ns-LAL shows superior
ablation efficiency. Moreover, a CB cascade occurs when the focal plane is shifted into the
liquid. This effect is enhanced when NPs are present in the fluid. Even minute amounts of
NPs trapped in a stationary layer decrease the laser energy significantly. However, this local
concentration in the sticking film has so far not been considered. It presents an essential
obstacle in high-yield LAL, shielding already the second laser pulse that arrives. Hence,

measures to lower the NP concentration on the target must be investigated in the future.

Introduction

Since the 1990s, laser ablation has evolved into a promising nanoparticle (NP) synthesis
method [28], rapidly growing since about 10 years [29], and today even attracting industrial
attention [225, 273]. By enabling the production of a wide variety of material-liquid
combinations [169, 240, 274] of ligand-free NPs [275] in a g/h scale [32], laser-generated
particles became of high interest for the fields of catalysis [181], biomedicine [276], cancer
therapy [277], 3d printing [226, 243, 245], and analytical chemistry [232, 233].

A high NP productivity, i.e., the mass of nanoparticles produced per time, is required to make
laser ablation in liquids an economically feasible production method for colloid production
[65], especially for two of the fields mentioned above: catalysis and 3d printing. As described

by [278], NP productivity is proportional to (In(F))?, where F is the laser fluence, while the
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maximal power-related productivity is found at a fluence of e? - F,, with F, being the material-
dependent threshold fluence [278]. Often reports indicate that high-power laser ablation
operates far above this optimal fluence range [68, 70, 198]. This model described in [278]
was initially developed to describe the laser ablation in air [197] with the pulse duration-
dependency of the productivity being indirectly considered by the penetration depth [98, 207,
216-220] and the threshold fluence [70, 105, 107, 126, 199, 201-203]. Later, it was shown
that the model is also able to describe the productivity of laser ablation in liquids [68].
However, for ablation in liquids, not only the pulse duration-dependent penetration depth and
threshold fluence need to be considered by the model, but also the interaction of the laser
beam with the liquid and the emerging NPs [91, 92]. The NP shielding effect in dependence
on the laser pulse duration has not been investigated so far for nanosecond pulses.
However, a productivity loss for ns pulse durations increasing from 19 to 150 ns for ablation
in water is reported but could not be observed for ablation in air [115]. Although this effect
was not fully understood, that study demonstrates that pulse duration-dependent shielding
effects influence the productivity of laser ablation in liquids. In addition, the influence of the
local NP concentration, which can significantly differ from the global concentration, has not
been considered so far.

When a laser pulse interacts with a metal target, the laser energy initially heats the electrons.
The excited electrons transfer their energy to the lattice by collision processes. Due to the
high mass difference between electrons and the lattice, the energy transfer requires several
ps. Therefore, for pulse durations below the electron-phonon coupling time of specific
material, physical processes occur more or less subsequently, whereas they overlap during
ablation with ns pulses [31]. As soon as a plume is formed, energy is dissipated into the
surrounding liquid, leading to vapor formation at the water layer interface. These processes
have extensively been studied by simulations [113, 114, 137] and experiments [95, 117]. It is
reported that the cavitation bubble emerges from the vapor covering the plume [253, 279].
The energy transfer from the electrons to the lattice is material dependent and occurs in
times in the order of picoseconds for metals [31].

During ablation with fs and ps laser pulses, the laser energy is converted into the plasma
[117]. In contrast to sub-ps and ns, where the laser energy is partially used to sustain the
plasma resulting in high plasma lifetimes [115, 116]. However, when a critical electron
density in the plasma is reached, the laser beam can no longer penetrate the plasma and is
reflected, resulting in decreased ablation efficiency [115]. Vogel et al. calculated that the
plasma absorption coefficient decreases from sub-fs to sub-ns pulse durations for a
wavelength of 1064 nm from about 800 cm™ at 300 fs to 200 cm™ at 10 ps due to the high
electron density generated by cascade ionization [78]. For ns pulses, the absorption
coefficients were not determined and the values strongly depend on the laser intensity.

Moreover, for the rising edge of a ns laser pulse, the energy is mostly transmitted. However,
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the free electron density raises so that during the falling edge of the laser pulse, most of the
laser energy is absorbed [78]. Also, for ns ablation, laser energy is absorbed by inverse
Bremsstrahlung by the plume resulting in a higher plume temperature [280] and,
consequently, a longer plasma lifetime of up to 1200 ns [116]. The higher energy density and
pressure within the plume cause the transformation of the laser energy into mechanical
energy to be larger for ns than for ps pulses [124]. In [279], it was also found that for a pulse
duration of 19 ns, the plasma exceeds the boundary of the cavitation bubble, for a pulse
duration of 50 ns, the plasma boundary approximately coincides with the cavitation bubble
boundary, and for 100 ns, the cavitation bubble boundary exceeds the plasma. When a
critical electron density in the plume is reached, the laser beam can no longer penetrate the
plume leading to lower ablation efficiencies for longer laser pulses [115], typically termed as
plasma shielding. In addition, atomistic simulations revealed that for increasing pulse
durations from 400 ps to 2 ns and fixed absorbed fluences, the amount of ejected material is
reduced due to heat losses [137]. On the other hand, roughening of the interfacial layer
between the metal and water environment, i.e., formation of a transient metal layer, occurs
within the first ~2 ns [137], possibly favoring the intrapulse absorption during longer ns
pulses. The energy absorbed and dissipated by these transient states is difficult to quantify
due to their dependence on numerous parameters. The quantification of energy dissipation is
further complicated by the temporal changes of the material surface during the laser pulse
impact [107].

Although the absorbance of, e.g., gold (with an absorption coefficient of 8-10° cm™) or silver
(with an absorption coefficient of 9-10° cm™) as bulk materials in the infrared spectrum range
is low [217], the role of the NP concentration in the liquid is often discussed concerning the
laser light attenuation and the resulting productivity decrease [225]. Also, the bubble
formation around NPs has been investigated in former studies [281-287]. It was shown that
for 30 nm Au NPs and a fluence of 0.3 J/cm?, the bubble radius already exceeds 110 nm
[283, 286], and the amount of absorbed energy is larger for smaller NPs [288]. Contrary to
the cavitation bubble on the target surface, the laser pulse duration does not influence the
bubble size found around the NPs [283]. However, the influence of such nanoparticle-related
vapor bubbles on the target ablation process has hardly been studied since the literature
mainly focused on using vapor bubbles for imaging and therapies. Kalus et al. presented
attempts to quantify the energy absorption by the NPs. They found that for Au concentration
of 50 mg/L, 25 % of the laser energy is absorbed [91, 92]. For vapor bubbles on the other
side, a bubble radius around a 10 nm Au NP of 30 nm is observed for irradiation with a 1 ns
laser at a fluence of 0.5 J/cm? [283] while for increasing laser fluences this radius even
increases [288].

In this study, we perform shadowgraphy to observe the cavitation bubble dynamics during

laser ablation with a 1 ns laser and compare our findings with the literature values obtained
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for ablation with a 7 ns laser to gain insight into the ablation phenomena in the ns ablation
regime. A laser with a pulse duration of 1 ns is chosen since it revealed the highest ablation
efficiency so far. This pulse duration can be realized with high-power g-switched laser
systems [289]. On the contrary, 7 ns is an interesting pulse duration since ablations
performed with a laser having this pulse duration showed a significant decrease in the
ablation efficiency compared to ablation with a 1 ns laser [70]. Also, pulse durations of 1 to
10 ns is the industrial standard of high-power ns lasers. Moreover, the laser beam-liquid
interaction is analyzed under consideration of non-linear effects. Lastly, the extent of the NP-
laser beam interaction and its effect on the cavitation bubble dynamic is demonstrated.
Thereby, the NPs caught in the stationary liquid layer are used to investigate the influence of
the local NP concentration on the ablation mechanism.

Methods and Materials

The experimental setup is shown in Fig. 14. For the imaging, a liquid flow chamber with a
flow rate of 10 mL/min and a liquid layer height above the target of 5 mm was used. A similar
setup is shown in [131]. All experiments were conducted with a silver target of 1 mm
thickness and with MilliQ water. A microchip laser (CryLaS, eMOPA1064-400) with a pulse
duration of 1 ns, pulse energy of about 400 uJ, and a wavelength of 1064 nm was focused
with a combination of two lenses, each with a focal length of 200 mm.

For the image acquisition, an ICCD camera (Andor i-Star, DH334T-18H-13) and a Xenon
flash lamp (Hamamatsu, L4633-01) were used. The image quality was improved by placing a
diffusor between the lamp and the ablation chamber. Additionally, a telecentric telescope (Sill
Optics, Correctal T/1.5, and Edmund Optics, 4X, 65mm CompactTL Telecentric Lens) is
positioned in front of the photodetector. One image is acquired per laser shot, and maximal
100 shots are applied on one spot to avoid a pulse number dependent change in the
cavitation bubble. As demonstrated in the literature, the maximal number of laser pulses
applied per spot before the CB size decreases are dependent on the laser energy [260] and
does not change during the first 100 shots at 20 mJ and 11 J/cm?2 [131]. The camera is used
as a trigger in this study. It sends independent trigger signals to the flash lamp and the laser
(solid black lines in Fig. 14) so that by varying the delay time difference of the laser's and the
lamp's trigger signal, the temporal evolution of the cavitation bubble can be examined.
However, the laser system responses with a fluctuating internal delay to the trigger signal, so
that the real delay time must be determined with an oscilloscope. Therefore, simultaneously
to the laser trigger signal, a signal is transmitted from the camera to the oscilloscope (green
line in Fig. 14). For the laser pulse detection, the beam is split by a 10:90 beam splitter. A
photodiode detects the minor part of the laser pulse, and its signal is transmitted to the
oscilloscope (purple line in Fig. 14). The image acquisition time was 100 ns for all images.

For the first two sections of this paper, the delay time is varied between 5 — 100 us to
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observe the lifetime of the first cavitation bubble. In the following, the volume of the cavitation
bubble at its maximal expansion is calculated by measuring the bubble width and height and
assuming an elliptical quasi-hemisphere. In the last section, a constant delay time of 11 us is
chosen. To ensure that all NP are removed from the liquid in-between shots, one image is

acquired every three seconds.
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Fig. 14: Shadowgraphy setup for cavitation bubble imaging during 1 ns, Q-switched laser ablation in
water; the solid black lines represent the trigger signals sent by the camera. Also, the signal
of the camera and the photodiode are sent to an oscilloscope. In the exemplary oscillogram,
the camera and laser pulse signals are shown. The blue-shaded area in this diagram
represents the laser's response time to the trigger signal and the gray-shaded area the
resulting corrected delay time, which is the time between the laser pulse and the moment of

image acquisition.

In the following, the laser power will be varied by using reflective filters, and the laser power
is measured with a power meter (Coherent Inc., FieldMaxII-TOP). For the fluence calculation,
the spot size is determined, as described in [290]. For the variation of the focal distance, the
imaging chamber is mounted on a precise micrometer stage. The productivity in this section
is determined gravimetrically. For the size analyses, the NPs are stabilized with 0.1 mmol/L
tetraethylammonium hydroxide (TEAH) solution and measured 18 h after production. The
hydrodynamic diameter distribution is determined by an analytical disk centrifuge (CPS,
DC24000). When the laser shots are performed in the colloid instead of pristine water, the

concentration is also determined gravimetrically.

43



Results and discussion

Results and Discussion

In the following, the CB's volume dependence on the laser fluence by varying the laser
energy is compared to literature results. The differences in the CB dynamic are discussed as
a possible explanation of the different ablation efficiencies for both lasers. Another way to
alter the laser fluence is to change the focal spot size. Since in literature, the change in the
colloidal quality for different focal distances is reported [225], we use our shadowgraphy
setup to investigate possible laser-fluid interactions. Lastly, it is shown that already a pg/L NP
concentration is sufficient to vary the CB size and dynamic, and how local versus global NP

concentration affects cavitation.

Comparison of the cavitation bubble volume for different pulse durations

Exemplary cavitation bubble images at five different laser fluences, ranging from 0.4 to
14 J/cm?, can be found in the SI (Fig. S 2). The total bubble energy is the sum of the
adiabatic expansion, surface energy, and the potential energy [291]. For CBs, which usually
have a radius of least several hundreds of um, the contribution of the adiabatic expansion
and surface increase are negligible, so that AEy,ppie = AVpubbie - (98961 Pa) can be used to
calculate the bubble energy. For a bubble expansion from 0 to 0.16 mm?3 16 uJ, i.e., 4 % of
the laser energy, is required. In the laser ablation setup, the laser pulse is the only energy
source so that at a constant focal distance, the bubble volume is expected to scale linearly
with the laser fluence or laser intensity at a fixed laser pulse duration. Since the NP
productivity scales with the laser fluence [68], it may also be expected to observe a
correlation between NP productivity and the cavitation bubble volume. Regardless of the
laser pulse duration, the NP formation is driven by the plasma dynamics [292]. However, the
linear correlation between the laser fluence and the CB volume is only observed for a limited
laser fluence range of 50 — 175 J/cm? for 7 ns pulse duration in the literature (Fig. 15 B)
[128]. Especially for the low fluence regime, the observed cavitation bubble volume is lower
than expected, which is assigned to the plasma ignition threshold by the authors [128].

In Fig. 15 A, the fluence-dependent bubble volume is shown for 1 ns pulse duration. In the
literature, the spallation regime at low fluences and the phase explosion regime at high
fluences are observed with single-pulse experiments, showing a logarithmic productivity-
fluence trend similar to the cavitation bubble volume-fluence plot (Fig. 15 A) [68, 246]. When
comparing lasers with different pulse durations (Fig. 15 A and B), the maximal productivity for
the 1 ns laser (9 mg/h) is lower than for a 7 ns laser system (35 mg/h) at the same fluence of
12 J/cm?, as is the cavitation bubble volume. However, the 1 ns laser reveals significantly
higher power-specific productivity than the 7 ns laser system, with 36 mg/(W-h) compared to
only 7 mg/(W-h) (Fig. 15 A and B). In [70], it was shown that the 1 ns laser showed higher
power-specific productivity, also called ablation efficiency, than 3 ps and 10 ns lasers. At first

glance, productivity seems to be the more relevant factor since it provides the obtained NP
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mass. However, the ablation efficiency gains importance when evaluating the process
performance since it enables process comparison [293] and the determination of energy
losses. In [131], it is hypothesized that not only the laser fluence but also the plume
dynamics determine the ablation rate. Since the plume formation is stated as the starting
point of the CB [279] and additionally, it is reported that for ns pulses, the laser pulse
sustains the plasma [115]. It is hypothesized that when the plume absorbs more energy, the
CB will grow larger. In other words, the amount of laser energy per CB volume can be
considered as "lost energy" for the formation of NPs. When comparing this energy-specific
cavitation bubble volume (Fig. 15 C), this is higher for the 7 ns laser, indicating that the
plume absorbs a larger amount of laser energy. The higher energy-specific cavitation bubble
volume for the 7 ns laser agrees with the literature result, in which larger CB [279] and lower
productivities [115, 215] are observed for increasing pulse durations. The maximum energy-
specific cavitation bubble volume for the 7 ns curve lies between 10 — 15 GW/cm?, which
coincides with the threshold intensity for optical breakdown of 12 GW/cm? for 6 ns at
1064 nm for the case that seed electrons are present in the liquid [78]. For a deeper
understanding of the ablation efficiency, plasma analysis, especially in the pulse duration

range from sub-ns to ns, would be required.
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Fig. 15: The maximal cavitation bubble volume for different laser intensities are shown for a 1 ns
laser (A) and a 7 ns laser (B) [128]. The productivity i and the ablation efficiency .. in B
are taken from [70]. For both lasers, the productivity and ablation efficiency are determined

at 12 J/cm2. Moreover, the power-specific maximal CB volume is shown for both lasers (C).

In conclusion, it is hypothesized that the increased laser-plume interaction for larger pulse
durations leads to larger CBs, at the expense of lower NP mass yield. Also, the laser energy
transmittances already decreased during the temporal rising edge of the laser pulse for
longer pulse durations (e.g., 9 ns in [107]). Consequently, both effects lead to a significantly

increased ablation efficiency with decreased laser pulse duration. Simultaneously, compared
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to ultrashort pulses, moderate intensities of the 1 ns laser are less prone to optical

breakdown in the liquid, allowing the ablation pulse to reach the target.

Influence of the focal plane shift on the cavitation bubble dynamics

Several studies investigated the influence of the focal plane position on NP productivity and
size [156, 225, 294-296]. In general, smaller NPs are observed when the laser beam is
focused in the liquid layer. In contrast, higher productivities are observed when the focal plan
lies slightly behind the target surface [156, 225]. One explanation is that a high laser fluence
in the liquid layer leads to the fragmentation of NPs, and the consequent loss in laser energy
results in lower NP productivity. By examining the CB in relation to the focal plane position
relative to the target surface, it is expected to observe smaller CB sizes and smaller NPs,
when the laser focus lies in the liquid layer.

Images of the emerging, maximal, and shrinking cavitation bubble at different focal distances
are shown in Fig. S 3, and the whole parameter series is summarized in Fig. 16. The
maximal cavitation bubble volume is observed at a target-lens distance of 54.0 mm, which
does not correlate with the highest nominal laser fluence on the target surface (Fig. 16 A and
B), which is found at a slightly higher target-lens distance of 54.5 mm. Moreover, during the
bubble expansion phase, a smaller satellite bubble or a cascade of satellite bubbles in front
of the cavitation bubble can be seen for distances between 54.0 and 54.5 mm (see the gray
shaded area in Fig. 16). Streaks of microbubbles along the beam path have been observed
in several ps and ns cavitation bubble studies [122, 126, 297] and have been assigned to
localized boiling of the liquid induced by NPs. Vapor bubbles, which enclose NPs, already
occur for fluences at around tens of mJ/cm2 [298], which is well below the ablation threshold
fluence of hundreds of mJ/cm? to several J/cm2 [107, 195]. These vapor bubbles scatter a
significant amount of laser energy since the vapor bubble is about twice as large in the radius
as the present NP [286].

However, the observed bubble cascades look different from those microbubbles observed in
the literature (compare Fig. S 4, Fig. S 5, and [297]). Additionally, productivity at the
respective distances is examined. Interestingly, Fig. 16 C shows that the maximal
productivity of 3 ng/pulse is found at 53.3 mm, where the nominal fluence on the target
surface is only about a third of the maximal fluence reached in this study and the focal plane
lies behind the target surface [156, 225]. Since the fluence inside the liquid layer increases
with larger lens-target distances, it is considered that the laser beam interacts with the NPs in
the liquid and possibly leads to a size manipulation. Moreover, for fs LAL, there is a critical
maximal NP radius that will be fragmented [299]. Therefore, the change in the particle size
fraction <10 nm is a good indicator of changes in the NP size distribution.

The nanoparticle size change due to the changing focal plane is shown in Fig. 16 D.

Exemplary hydrodynamic size distributions can be found in Fig. S 7. Beginning at a focal
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plane distance of 51.3 mm, the mass fraction of particles <10 nm slowly increases until a
constant size fraction <10 nm of 45 % is reached at 54.3 mm. As already known from former
studies, the NPs interact with the laser beam and lead to NP size manipulation, dependent
on the laser fluence [89, 155]. Under certain conditions, for low laser fluences, nanoparticles
can melt together, which is termed as laser melting in liquids [189]. A NP size decrease is
observed for high fluences, up until just below the optical breakdown threshold [155], which
is referred to as laser fragmentation in liquids [149].

When increasing the lens-target surface distance, the focal plane of the laser beam shifts
from a virtual focal plane behind the target to a focal point in the liquid layer in front of the
target, which is sketched in Fig. 16 A. At this focal distance, the point of highest laser fluence
lies within the liquid layer so that the surrounding nanoparticles interact with a high-fluence
laser beam, resulting in a nanoparticle size decreasing [135]. The limit for non-linear optical
effects is reported to be in the range of hundreds of GW/cm? to TW/cm? depending on the
laser pulse duration [78]. In the case that seed electrons, which can be ejected from the
target due to the laser pulse impact, are present, the threshold intensity of optical breakdown
at a pulse duration of 1 ns pulse is decreased to 10 — 20 GW/cm? [78]. NPs present in the
liquid also significantly decrease this threshold [29]. The reduced breakdown threshold
means that although nanosecond laser pulses are used for the presented experiments,
optical breakdown can occur within the gray shaded area in Fig. 16.

When comparing the bubble cascade images to those of optical breakdown in water, they
reveal similarities [124, 300]. For distances larger than 55.0 mm, the cavitation bubble size
decreases drastically, and no succeeding bubbles are observed. We assume that for these
distances, the area where the next bubbles occur are not visible in the image anymore since
the total width of the images shown in Fig. 16 measures about 1.2 mm and the liquid layer
height approx. 5.0 mm. We also observed non-hemispherically shaped bubbles with spike-
like structures at their center point (examples in Fig. S 4 and Fig. S 5). Moreover, ripple-
structures at the bubble's center point are observed, looking similar to the coalescence of a
bubble with a fluid [301]. The observation of ripple-structures indicates the merging of
succeeding bubbles to one larger bubble, which explains the larger bubble volume occurring
where succeeding bubbles are observed and the abrupt bubble volume decrease at 55.0 mm
distance. Here presumably, the distance between the breakdown bubble and the cavitation
bubble is too large for both to touch and merge.

As expected, the NP size decreases when the focal plane is shifted into the liquid layer and,
simultaneously, the CB size is drastically decreased. These observations indicate that laser
energy is lost by the formation of the bubble cascade and additionally scattered at the bubble
interfaces. The energy dissipated in the liquid layer could trigger NP fragmentation, whereas
the reduced laser energy reaching the target surface leads to decreased NP mass yield and

in the liquid layer. Despite this general trend that links fluence with CB size and NP
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productivity, in detail, at conditions of maximized nanoparticle production, neither cavitation
bubble volume nor the laser fluence is maximal. Moreover, bubble successions are observed
for focal planes in the liquid layer indicating the NP-laser beam interaction in the liquid layer,

leading to NP size reduction.

relative focal distance [mm]

-3.5 -3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0 0.5 1 1.5
1 5 T T 1 1 T L . T T

A : :
10 4 ; .

nominal
fluence
[J/cm?]
m
]
]
| |

bubble

[ng/pulse] volume [mm?]

OO = = o Wt
o N w ROSGovmouoho

>
®

[slelefolelelels)

productivity maximal

per pulse

o

co
o
al
o
1

iPE ]

51.0 515 520 525 530 535 540 545 550 555 56.0
distance between target surface and lens mm

250 pm
——

Fig. 16: The distance between the target surface and the lenses is varied for the 1 ns laser system at

mass
fraction
<10 nm [%]
53

N
o
1

o
Il

maximal laser power, the resulting nominal change in the laser fluence (A), the determined
maximal cavitation bubble volume (B), the corresponding productivity (C), and the mass
fraction of particles <10 nm are shown. The gray area in A — D marks the focal distances
where bubble cascades are observed. The exemplary images show bubbles at distances
shorter than (orange), within (yellow), and larger (green) than the range where successive

bubbles occurred.

Alteration of the cavitation bubbly dynamics by variation of the nanoparticle concentration in
the surrounding liquid

When NPs are present in the liquid layer, it is expected that the laser energy is absorbed and
scattered by the NPs. This absorption decreases the laser energy reaching the target surface
so that a smaller cavitation bubble is observed. When NPs favor the optical breakdown, the

energy difference between cavitation bubbles surrounded by pure water and bubbles
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surrounded by colloid is expected to be larger when the intensity in the liquid layer is high,
i.e., the focal plane is shifted in the liquid layer. The total bubble energy is the sum of the
adiabatic expansion, surface energy, and the potential energy [291]. For gas bubbles
expanding into the water at ambient pressure, it is calculated that at larger sizes discussed
here, the size dependence of the surface tension plays a minor role in the energy balance
and the bubble volume is linearly proportional to the bubble energy.

In the following, the volume difference between a bubble in pure water and a bubble
surrounded by a colloid will be expressed as an energy difference as a rough measure to
which extend the colloid possibly absorbs part of the laser energy. The corresponding results
are presented in Fig. 17. It can be seen that for the same NP concentration, e.g., for
20 mg/L, the energy difference is about 16 pJ when the intensity is low in the liquid layer and
increases to more than 19 pJ when the intensity in the liquid layer is increased. The bubble
images in Fig. 17 also show the bubble cascade for the latter case, indicating the laser beam
interaction with the NPs and liquid and even stronger when the focal plane lies in the liquid
layer.
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Fig. 17: Energy difference of CBs surrounded by colloid compared to the respective CB surrounded
by water at different colloid concentrations and with the focal plane shifted into the liquid
layer (dark blue squares) as well as the focal plane virtually shifted behind the target (light
blue circles) (A). Images show exemplary CBs with the focal plane shifted into the liquid
layer (B) and virtually shifted behind the target (C) at a NP concentration of approximately
20 mg/L as marked by the squares in A.

As expected, the absorbed amount of laser energy scales with the NP concentration.
However, the question of the extent of shielding by local and minute NP concentration arises.
Hence, experiments comparing two consecutive pulses under different conditions are
performed to achieve minimal local NP concentrations and show the extent of the laser
beam-particle interaction. In laser ablation flow chambers with typical flow channel diameters
of 5mm and flow rates in the order of 10 mL/min, the Reynolds numbers are so low that

laminar flow conditions are ruling the flow profiles. According to the film theory [302], during
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laminar flow over a plate, a stationary film with the thickness 6, = DAB/ﬁ is formed. Where

D, is the diffusion coefficient, estimated by the Stokes—Einstein equation, of a component A
within the fluid B and B is the mass transfer coefficient. For NPs of 30 nm, a diffusion
coefficient of 1.5-10" m?/s is calculated (see Sl). The mass transfer coefficient can only be
estimated using an empirical equation consisting of the Sherwood and Reynolds number
resulting in 5.4-10°m/s so that the film thickness measures 2.7 um. At the given
experimental conditions of 0.5 Hz and 10 mL/min, the productivity is 1 ng/pulse and a bulk
concentration of 3 pg/L is achieved. It is assumed that the local NP concentration is the same
since the NP mix in the bulk liquid after the CB collapse and those in contact with the walls
are trapped in the formed stationary layer. Consequently, the layer is only enriched during
the first and second laser pulse on a fresh surface but not during consecutive pulses.

When comparing the first and second pulse (Fig. 18), microbubbles appear around the
cavitation bubble. In the ns study from Letzel et al., satellite bubbles were observed [131].
The authors hypothesized that the crater formation due to the hole drilling could cause
satellite bubble formation [131]. In another study, re-deposited nanopatrticles sticking to the
target were explicitly not excluded as an origin of the satellites [127]. Here, we provide an
indication that NPs caught in the stationary liquid layer could be the source of these satellite
bubbles.

Former studies showed that for a constant laser pulse energy, the cavitation bubble size
depends on the number of laser shots on the respective spot [260]. Presumably, due to the
intensified coupling of the light into the material by incubation of defects or surface
roughening, the bubble size increases for the first shots until about the tenth pulse [260]. It
then decreases once the depth of the drilled hole (500 um in the study of Letzel et al. [131])
limits the cavitation bubble expansion and the shape of the cavitation bubble transforms from
hemispherical to almost spherical [260]. For the given experimental parameters, constant
bubble size is determined after about 15 pulses (Fig. S 6). In order to exclude these CB
bubble size changes caused by a material modification, the comparison of consecutive
bubbles after the 25" and the 26™ laser pulse is chosen, since here a constant bubble size is

reached.
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Fig. 18: The sketches illustrate the stationary liquid layer above the target and the first cavitation
bubble of an image sequence (A). The formed NP are partially trapped in the stationary layer
leading to satellite bubble formation, as shown in the sketch, and observed experimentally
(B); please note that the sketches in the middle are not depicted on the correct time scale for

the sake of the message, the scale bar measures 250 um.

Fig. 19 shows these two bubbles, and, as can be seen in Fig. 19 A, the sizes of the two
consecutive bubbles differ by about 15 % within the steady bubble size regime. The
experiment runs under liquid flow conditions and a low repetition rate, where the
hydrodynamic residence time is low and the time sufficient to remove the NPs inside the
liquid from the laser beam path before the next pulse. In laminar flow conditions, the NPs in
the main flow channel can easily be removed from the bulk liquid, but not from the stationary
film. This film and the enclosed NPs will stay in front of the target, even at flow conditions.

In this study, the liquid is entirely removed from the ablation chamber, the target rinsed,
dried, and the chamber filled with freshwater between the 25" and 26" pulse to probe the
effect of NP present in this layer. A bubble size increase of about 140 % is observed (Fig.
19 B) and leads to the conclusion that even minimal amounts of NPs inside the stationary
film lead to a significant decrease of the cavitation bubble volume, presumably due to energy
extinction by the trapped NPs. Moreover, at the 25" pulse (Fig. 19 B), smaller satellite
bubbles surrounding the cavitation bubble in a hemispherical shape can be observed but are

not observed after manually refreshing the stationary liquid (26™ pulse). Previous studies
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assumed that the confinement of the cavitation bubble by the ablation crater leads to material
ejection from the bubble into the surrounding [131]. We can now specify that the crater
confinement alone does not lead to material ejection from within the cavitation bubble.

Instead, nanoparticles are caught in the stationary liquid layer.
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Fig. 19: The influence of the NP in the stationary liquid layer is examined by comparing the CB size
of consecutive laser pulse with and without a cleaning procedure in between. After 25 laser
pulses, the stationary liquid layer is enriched with NP, and a constant cavitation bubble size
is reached (A); when the ablation chamber and target are rinsed between two consecutive
pulses, a NP-free stationary liquid layer is generated, leading to the formation of an
increased cavitation bubble and the absence of satellite bubbles (B), the comparison of the
volume increase between the 25" and 26™ pulse for A and B is plotted in C.

The occurrence of satellite bubbles was also shown for ps laser pulses in [127], where it is
associated with the jetting of micro-droplets into the dense water region above the cavitation
bubble. In MD simulation, the jetting of larger NPs from the cavitation bubble into the
surrounding liquid was only seen for ps laser pulses but not for ns laser ablation, where the
NPs are caught in the cavitation bubble until its collapse [137]. This simulation emphasized
the previous hypothesis that the observed satellite bubbles for ns pulses result from NPs
captured in the stationary liquid layer. In literature, hemispherical shockwave propagation

was observed before the cavitation bubble expands [122, 303]. Former studies already
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reported the formation of microbubbles along the laser beam path as a result of NP
interaction with the incident laser beam [122]. However, in our case and as shown by [131],
microbubbles form around the cavitation bubble. Therefore, it is assumed that particles act
as seeds for shockwave energy dissipation by the vaporization of the liquid around the NPs.

In conclusion, it is found that the interaction of the NPs with the laser beam is stronger when
the focal plane is shifted into the liquid layer and for high NP concentrations in the liquid.
Additionally, it is observed that even the minute amount of NPs produced with one single
laser pulse is sufficient to shield about (0.4+0.002) % of the laser energy, completely change

the bubble morphology, and causes the satellite bubbles during ns laser ablation in liquids.

Conclusion

In the past years, multiple cavitation bubble studies were performed, focusing on its
dynamics and connection with the nanoparticle formation mechanism. However, hardly any
study thoroughly examined the influence of different energy distribution channels such as
temporal or spatial energy distribution (i.e., pulse duration or focusing and defocusing) of the
laser beam or absorption by nanoparticles.

In general, for different temporal energy distributions, a significantly larger cavitation bubble
for longer pulse durations, i.e., 27 ns, is observed, presumably due to an enhanced laser-
plume-interaction. It is assumed that longer pulse durations sustain the ablation plume, which
gains more energy, which in turn is released in larger CBs, and favors temporally dependent
intrapulse absorption by a transient metal layer. Consequently, less energy is converted into
mass ablation, so that the ablation efficiency is decreased for higher ns pulse durations and
found to be highest for a 1 ns laser.

When keeping the temporal energy distribution constant and changing spatial energy
distributions by varying the focal distance, it was found that the point of highest fluence and
maximal bubble volume do not coincide. In a regime where the focal point is slightly above
the target surface, a succession of bubbles and a decreased NP size are observed,
strengthening the hypothesis that NPs are fragmented. However, the extent to which
fragmentation in the liquid, the changed fluence on the target surface, plasma dynamics, or
the laser-induced cavitation bubble dynamics contribute to the size modification cannot be
guantified and further explanations cannot be excluded. Additionally, the resulting energy
loss leads to reduced productivity, which is further emphasized because, with higher NP
concentrations in the liquid, the energy decrease is even more substantial.

The cavitation bubble imaging experiments were performed in a liquid flow chamber with flow
velocities sufficient to remove NPs from the chamber's main flow channel in-between laser
pulses. However, satellite bubbles were observed at each cavitation bubble after the first
one, which indicates the presence of NPs in a stationary liquid layer on the target surface.

The incident beam causes vapor bubble formation around the NPs and therefore leads to a
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larger fraction of scattered laser light. Removal of the NP-enriched stationary liquid layer
leads to a bubble volume increase of 140 %.

Overall, these results point to two future measures: First, cavitation and satellite bubble
imaging experiments must be planned carefully and take local NP concentrations into
account to understand LAL dynamics. Second, it was found that short laser pulses are
required but not sufficient for a high ablation efficiency. NPs trapped in a stationary liquid
layer, which has so far not been considered, presents an obstacle in high-yield LAL. Hence,
effective measures to lower the local NP concentration just in front of the target are

demanded.
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4.1.3. Influence of the pulse duration on the productivity and ablation

efficiency

S. Dittrich, M. Spellauge, S. Barcikowski, H. P. Huber, B. Gdkce

“Picosecond resolved pump-probe microscopy revealing the mechanism of high power-
specific productivity of sub-ns laser ablation in liquid*
(to be published)

Abstract

Laser ablation in liquid (LAL) provides a versatile and safe nanoparticle (NP) production
method. However, due to laser-liquid interactions, different energy dissipation channels, such
as linear and non-linear absorption by the liquid as well as scattering by NPs and cavitation
bubbles, lead to a reduced amount of laser energy available for NP production. This energy
extinction results in a decreased ablation rate compared to laser ablation in air. In former
studies, high power-specific productivity, i.e., ablation efficiency, was observed for an
intermediate pulse duration of 1 ns. It is now shown that pulse durations ranging from several
hundreds of ps to 2 ns enable efficient LAL since the laser beam shielding by the ablation
plume is reduced. Pump-probe microscopy images revealed that the vapor expansion in
liquids starts to differ from vapor expansion in air at about 2 ns. Additionally, non-linear
effects are less prone for intermediate pulse durations compared to fs pulses. Accordingly,
pulse durations in the range of several hundred ps to 2 ns enable highly efficient NP

production due to reduced vapor shielding.

Introduction

Laser ablation in liquids (LAL) is a versatile method for the synthesis of nanoparticles (NPs)
that enables the production of ligand-free colloids [29, 180]. Compared to chemically
synthesized colloids, particles generated by LAL exhibit a better signal-to-noise ratio for laser
desorption ionization mass spectrometry [233], are suitable as reference materials for nano-
toxicological assays [173] and enable the decoration of microparticles for 3d printing [226,
304].

Another advantage of LAL is the possibility to produce alloy NPs from pressed micro powder
targets, even if an element miscibility gap exists [305]. For fully miscible elements, a
composition gradient is observed for chemically synthesized NPs, presumably due to their
different redox potential [306]. This elemental segregation in an outer layer and a core was
also observed for laser-generated NPs [307]. However, the yield of solid-solution particles

can be increased by applying picosecond (ps) laser pulses [307]. Especially in the field of
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catalysis (e.g., AuPt [305, 308], AuAg [274, 306], PtPd [309], high entropy alloys [310]) or for
biomedical applications (e.g., AuAg [311]), alloy NPs present a promising perspective.
Although laser-generated particles show advantages compared to chemically synthesized
NPs, only a few commercial distributors offer laser-generated NPs. A possible reason is that
LAL is more expensive than chemically synthesized NPs for productivities smaller than
550 mg/h [65]. Productivities higher than 550 mg/h can be achieved by LAL, however only
with high power laser systems (>200W) [65], which emphasized the importance of
increasing the efficiency during LAL. It was found that the efficiency, which we define as the
ablated NP mass per time in [g/h] (productivity) divided by the laser power in [W], varies
strongly. It was shown that the efficiency is maximal for laser systems operating at a pulse
duration of one nanosecond (ns) when compared with a few ps or higher than 5 ns [70].
Additionally, a decrease in productivity with increasing ns pulse duration is observed in the
literature [115, 215], which could not be explained yet.

In contrast to ablation in air, the laser beam's interaction with the liquid medium needs to be
considered for LAL. Therefore, different additional channels of energy losses occur due to
the liquid environment, such as linear and non-linear absorption, interaction of the laser
beam with NPs, and energy extinction caused by the ablation plume.

LAL performed with ultrashort laser pulses ranging from tens of femtoseconds (fs) to a few
ps is often accompanied by an optical breakdown and non-linear effects such as the optical
Kerr effect [95]. For a laser wavelength of 1064 nm, threshold fluences for optical breakdown
of 1 — 13.5 J/cmz2 for ps and 100 — 300 J/cm? for ns were measured by Vogel et al. [78].
Dittrich et al. found the highest ablation efficiency for a 3 ps laser at about 1 J/cm? and for ns
lasers between 5 — 10 J/cm? [70]. Consequently, optical breakdown only contributes to the
laser energy loss during ps experiments in this study. On the contrary, if laser fluences above
the breakdown threshold are applied, the resulting energy loss is dependent on multiple
parameters. Vogel et al. measured the transmission through the breakdown volume for
different pulse durations at a fluence of six times the optical breakdown threshold fluence.
The transmission was approximately 50 % for pulse durations <300 fs, maximal 80 % for a
pulse duration of 3 ps, and lower than 10 % for pulse durations exceeding 5 ns [78]. For LAL
with ns pulse durations, the threshold intensity is not exceeded so that non-linear absorption
as an energy dissipation channel can be excluded for longer ps and ns pulse durations.

The linear optical effects like the absorption of the laser energy by the water layer are
inevitable for laser ablation in liquid. Due to the reflectance at the optical window of the
ablation chamber entrance, the absorption of the glass, reflectance at the water-glass
interface, absorption by the water, and reflection at the water-metal interface as illustrated in
[70], more than half of the laser energy is dissipated before reaching the target surface.
Additionally, for all ablation processes in liquid, shielding effects by the emerging NPs, and

persistent microbubbles [91-93] must be considered. In the literature, there are attempts to
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account for the shielding effect of the NPs, which is dependent on the NP concentration.
Even at low concentrations of 50 mg/L, 25 % of the laser energy was shielded by the NPs
[91, 92]. Since single pulse experiments are performed in the present study, the NP and
microbubble shielding can be neglected. Next to energy shielding by the NPs, they can lower
the threshold fluence for the optical breakdown of the liquid for ns pulses [78]. For a 1 ns
pulse duration and a wavelength of 1064 nm, a breakdown threshold of pure water is
100 J/cm2. By impurities in the liquid, this threshold can be reduced to ~20 J/cm?2 [78].

In the literature, the early laser-matter interaction has been studied via pump-probe
microscopy (PPM). Starinsky et al. observed that already during the irradiation of Au in water
with a 10 ns pulse, the target surface is fully covered with a vapor layer, and nucleation-
induced scattering shields the target from the laser energy [107]. Also, for fs laser pulses,
where the laser pulse and the following mechanical material response are temporally
separated, pump-probe experiments are conducted [95]. However, examinations of the early
ablation process were so far only performed for <500 fs [95] and >9 ns [107], so that
investigation for an intermediate pulse duration range of hundreds of ps to 8 ns are missing.
Next, the laser beam can be shielded by the forming vapor on the target surface and, later,
the cavitation bubble. In a 9 ns laser study, the shielding at an early stage of the laser pulse
was investigated [107]. Here, approximately 0.3 ns after the laser pulse emittance, scattering
of the laser pulse, first by critical opalescence later by nucleation induced scattering, starts.
This effect is dependent on the laser intensity and the laser pulse duration.

In a former study, LAL at pulse durations of 1 ns was considerably more efficient than LAL
with pulse durations of a few ps and pulse durations exceeding 5 ns [70]. Following [107], we
form the hypothesis that, compared to longer ns laser pulses, laser beam scattering does not
occur, which leads to lower energy losses. At first, we quantify the losses of laser energy
during LAL compared to ablation in air for different pulse durations. Afterward, for the pulse
duration range with the lowest energy losses, the formation of a vapor layer and the
consecutive cavitation bubble are examined by PPM of gold (Au) surrounded in air and
water. The early vapor formation is observed with 100 ps resolution after the impact of a
650 ps laser pulse. In the last step, we additionally analyzed the response of silver (Ag) and
platinum (Pt) to identify the material dependency of the vapor formation.

Methods and Materials

Ag, Au, and Pt bulk samples with a thickness of 1 mm and a purity >99.99 % were used
throughout the experiments. The samples were embedded in a resin matrix and
subsequently sanded and polished. An arithmetic average surface roughness R, (see Eq. 7)
[312] of approximately 10 nm was achieved, ensuring a smooth optical surface for the
applied imaging techniques. All experiments were performed under ambient air conditions or

in deionized water with a liquid layer height of 4 mm.
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1 n
RaZEZb’il Eq. 7
i=1

where n is the number of intersections with the profile at the mean line and y the measured

peak height.

Fig. 20 a depicts the experimental pump-probe microscopy (PPM) setup. A laser source
(picoloAOT, InnoLas Laser) simultaneously emitted pump- and probe-pulses with a repetition
rate of f, =500 Hz. The pump-pulses that induced the ablation process were centered at
the fundamental wavelength of 1064 nm with a pulse duration of 650 ps (FWHM).
Frequency-doubled probe-pulses used for illumination were centered at 532 nm with a pulse
duration of 600 ps (FWHM).

A glass plate (GP) partially reflected the pump-pulses onto a photodiode (DET10A2,
Thorlabs), which served as a trigger source for temporal synchronization. A mechanical
shutter (LS6S2TO-NL, Uniblitz Electronics) then selected a single pulse from the pulse train,
which was guided through a half-wave-plate (HWP) polarization beam splitter (PBS)
combination to adjust the pulse energy. Finally, the single pump-pulse was focused onto the
sample surface at an incidence angle of 35° by a plano-convex lens with a focal length of
f =75 mm. An elliptical laser spot on the sample surface with a minor beam waist radius of
Womin = (12 £ 1) pm and a major beam waist radius of Wpms = (15 = 1) um was measured

with a focal beam profiler (MicroSpotMonitor, Primes). The peak fluences &, were calculated

by:

@y = 22—P Eq. 8
T Wq " frep

The average laser output power P was measured after the focusing lens using a power
meter (PS10Q, Thorlabs). Note that all peak fluences mentioned throughout this manuscript
refer to incident peak fluences in air.

The delay time At of the probe-pulse regarding the pump-pulse was introduced with a
motorized delay line, allowing At to be adjusted between -1 ns and 8.5 ns. After passing a
guarter-wave-plate (QWP) PBS combination, the probe-pulse imaged the ablation process at
normal incidence onto a CCD camera (pco.pixelfly usb, PCO). The beam was focussed
through a long working distance microscope objective (50x, NA =0.42; M Plan Apo 20,
Mitutoyo) and a tube lens (TL). A bandpass filter (BPF) centered at (532 + 5) nm was located
in front of the camera to suppress undesired pump- and plasma-radiation. The shutter and
camera were temporally synchronized to the trigger signal with a delay-generator (DG645,

Stanford Research Systems).

58



Results and discussion

For each At, the sample was laterally translated to a pristine surface, where a sequence of
three images was acquired. The first image was recorded 5s before the pump-pulse
(reference image, Ry). Afterward, the ablation process was imaged at the desired At (R(At)).
Finally, a picture was taken 5 s after pump-pulse impact (infinity image, Riy), which gives
access to the reflectivity when the ablation process has finished and the produced crater
reached its equilibrium depth. Subsequently, the relative surface reflectivity change AR/R,
was calculated for each pixel (Eq. 9).

This process is illustrated in Fig. 20b at a delay time At of 8 ns after irradiation of Au in water
with an incident fluence of 8 J/cm?® All AR/R, curves presented throughout this manuscript
were averaged over an area of 20 x 20 pixels, located in the center of the irradiated region.

AR _ R(At) — R, Eq.9
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Fig. 20: (a) Pump-probe microscopy setup for the ablation in water. For the analysis of the ablation
mechanism in air, the setup is the same except for the cuvette. (b) Image post-processing.
The first image is taken of the unirradiated surface 5 s before the pump pulse arrives and is
used for measuring the initial sample reflectivity Ro. The second image is taken at a selected
delay time At and used to determine the time-dependent reflectivity R(At). These two images

are used to calculate a difference image.
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Results and Discussion

In the introduction, different mechanisms leading to laser energy loss during LAL are
illuminated. However, the quantification of these mechanisms is challenging due to their
dependence on multiple parameters. In [70], the efficiencies for different pulse durations are
presented. However, the origin remained ambiguous. Comparing the ablation efficiencies
obtained in [70] for gold once in ambient air and once immersed in water for a given laser
pulse duration gives the efficiency loss caused by the liquid environment (compare solid bars
in Fig. 21). The energy extincted by linear absorption in the liquid and reflectance at the layer
interfaces can be calculated. For this calculation, the optical properties listed in [70] are
taken. The corrected ablation efficiency under consideration of the linearly absorbed energy
is shown in Fig. 21 by the dashed bars. It can be seen that the same ablation efficiency is
reached for the ablation in air and water with the 1 ns laser (17.0 + 0.7 pg/(W-s) and
17.1 + 0.4 pg/(W-s), respectively), when absorption and scattering caused by the liquid layer
are considered. For the ps laser ablation, the efficiency loss is largest during LAL
(4.97 £+ 0.1 pg/(W-s)) and 90 % lower than in air (40.7 £+ 0.8 pg/(W-s)). Since these results
are obtained by multipulse experiments, presumably, extinction caused by the formed NPs
leads to the low efficiency in water. With a breakdown threshold fluence of about 1 J/cm? for
3 ps pulses [78] and a fluence of 1 J/cm2 for the 3 ps ablation [70], optical breakdown is
expected to occur. For the ablation with a 7 ns laser, the absorption corrected efficiency
decreases from 19.7 £5.0 pg/(W-s) in air to 13.7 + 1.1 ug/(W-s) in water, which equals a

decrease of 30 %.
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Fig. 21: Maximal ablation efficiency for the ablation of gold in air (light-colored, solid bar) and water
(dark-colored bar) for lasers of 3 ps (blue), 1 ns (green), and 7 ns (orange) pulse durations
with data from [70] where the ablation efficiency is calculated with the incident laser energy
(dark-colored, solid bar) and under consideration of energy extinction by the water layer
(dark-colored, dashed bar).

Following the observation from Starinskiy et al. [107], it is hypothesized that for pulse

durations of several hundreds of ps to 1 ns, the laser pulse is shorter than the starting time
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for vapor layer and plume formation so that the amount of extincted laser energy is
minimized. We performed time-resolved PPM measurements of Au in air and water with a
650 ps laser as a pump- and probe- pulse source at an irradiated fluence of 8 J/cmz2, which
lies a factor of 4 — 5 above the ablation threshold of Au in water [70], to prove this hypothesis
(Fig. 22).

From the resulting PPM images (Fig. 22a), the reflectivity, determined at the center of the
images (Fig. 22b), and the area of expanding reflectivity change are derived (Fig. 22c) for
pulses on Au in water and air. First, it is observed that the surface reflectivity in air and water
do not differ (Fig. 22b). For 500 fs PPM, the reflectivity change was more extensive in air
than in water [95]. However, this could be attributed to the higher amount of laser energy,
reaching the target for ablation in air since filamentation occurred for pulses in water. For ns
ablation on the ns scale, the reflectivity change in water is more extensive than in air due to
supercritical water layer formation and emerging vapor layer [107]. The time scale of the
supercritical water layer formation is dependent on the laser fluence. The formation starts
already during the 9 ns laser beam’s rising edge or fluences near the damage threshold
[107]. Since, in our experiments, the threshold fluence is exceeded about 4 — 5 times [70], a
very early vapor formation, i.e., reflectivity decrease, would be expected.

Next, it is observed that the area of laser modification in air and water starts expanding at the
same time delay (~ 0 ns). For irradiation in water, this area expands for 2 ns until it equals
the final sport size of 167 umz. For irradiation of Au immersed in water, however, the area of
changed reflectivity increases continuously within the observed time range and exceeds the
final spot area of 120 um? 2 ns after the surface changes start (Fig. 22a, c). Within these first
2 ns, after the laser impact, a high velocity of about 6000 m/s is observed for pulses in air
and water, which results in a Mach number (Ma) of 18 and 4, respectively (Fig. 22d). In the
literature, the supersonic adiabatic plasma expansion [313] is reported. The shockwave
velocity was found to be dependent on the laser pulse duration, the pulse energy [124] and
the focusing conditions [314]. After reaching the final spot diameter, the spot area remains
constant for Au in air, whereas it starts to expand with 1700 m/s continuously for the
experiments in water (Ma > 1). The shockwave propagation between 0.2 — 2 us after the
laser pulse measured 1700 m/s for Cu (8 ns pulse width, 68 J/cm?2 [315]), or for silica (50 fs
pulse width, at ten times the threshold fluence [129]) in the literature. At a very early stage of
the cavitation bubble formation, it moves with the speed of the shockwave [316], which
explains the observation of Mach cones at early stages (50 fs pulse width, 1.58 J/cmz2 [129],
8 ns pulse width [317], 13 ns pulse width [318]). In the literature, for the ablation of Ti with a
fluence of 68.5J/cm?, the detachment of the shockwave from the bubble is observed
between a delay time of 20 — 52 ns [319] and between 6 — 27 ns at 29.8 J/cm? [303]. Further
investigations using shadowgraphy show the difference in the temporal evolution of ablation

of epoxy-resin in air and water for delay times >10 ns [320].
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Fig. 22: Exemplary microscopy images at different delay times are displayed (a). Time-dependent
change in the relative reflectivity (b) and the spot area (c) in the Au target surface for PPM in
air (red) and water (blue) at 8 J/cm2. Additionally, the velocity of the observed surface
changes in air and water is calculated (d). The horizontal lines in (c) and (d) mark the final

spot area and velocity, respectively.

Later, the cavitation bubble expansion is drastically decreased to, e.g., 50 m/s at a delay time
of 0.5 — 5.0 us [123]. All observations combined lead to the conclusion that we observe a
supersonic expansion for the first 2 ns of ablation of Au in water. Since, in this time frame,
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the reflectivity change, laser modified area, and radial expansion velocity are identical for the
ablation in water and air, we assume similar processes occurring, such as material
modification and plume expansion. The laser beam energy loss is presumably equal for
water and air in this time frame. Only after delay times >2 ns, the vapor layer has detached
from the shockwave and, at this early stage, propagated with sonic velocity for the first 9 ns
of the ablation process. Consequently, the ablation efficiency for ablation in air and water,
under consideration of absorption by the liquid, is equal as long as the laser pulse is over
before the detachment of the vapor layer occurs. This detachment starts 2 ns after the laser
pulse maximum.

Since the absorption is a material-dependent property, it is assumed that the material
response to the laser pulse is also material-dependent, i.e., the higher the absorption at the
laser wavelength, the faster the material response is expected. Therefore, we additionally
analyzed the material response for Ag and Pt samples within the first 9 ns. The laser
modified area changes (Fig. 23a) start first for the Pt sample (0 ns), revealing the largest final
spot area of 584 um. For Ag and Au (Fig. 22c), the surface change starts at 0.2 ns and
exhibit a smaller final spot area than Pt. This order coincides with the metals’ absorption
coefficients at 1064 nm, which are 8.99-10° cm™ for Ag [217], 8.22-10°> cm™ for Au [217], and
13-10° cm™ for Pt [220]. In the literature, it is observed that a coating, which increased the
absorptivity, causes stronger stress waves in the sample material and leads to a faster
shockwave and vapor expansion [321], which supports our observations. Although the
energy absorption for the three materials is different, the radial expansion velocity is
1700 m/s for all three materials (Fig. 23c), also for the ablation of Cu wires in water (8 ns,
68 J/cm?2), 1700 m/s are observed [315]. It is slightly slower with 1200 m/s for Pd in acetone
(250 fs, 7 J/cm?) [123]. These observations show that an optimal laser pulse duration range
exists and depends on the material specific absorption at the selected laser wavelength. For
materials with absorption coefficients at about 10° cm™, the maximal efficiency is found for

laser pulses of several hundred ps to 3 — 4 ns.
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Fig. 23: Time-dependent change in the spot area (a) in the target surface for PPM for Ag (gray) and Pt
(vellow) targets at 8 J/cmz2. The velocity of the observed surface changes for Ag and Pt in water
at 8 J/cm2 (b). The horizontal lines in (a) and (b) mark the final spot area and velocity,

respectively.

Conclusion

Pump-probe microscopy reveals insight into ablation mechanisms for targets immersed in air
and water. For the first 2 ns after the laser impact, the surface and reflectivity changes for
samples in air and water are identical, leading to the assumption that the vapor formation
starts after the laser pulse has ended. Therefore, plasma and vapor shielding are negligible
for ablation with a pulse duration of several hundred ps to 3 — 4 ns. Consequently, the
reduction of shielding effects during the laser pulse irradiation increases the ablation
efficiency observed for these intermediate pulse durations.

For Ag, Au, and Pt ablation in water, the vapor is presumably attached to the shockwave and
both expand with supersonic velocity within the first 2 ns. Afterward, the vapor detaches from
the shockwave is propagated with sonic velocity for at least 7 ns. The time at which the area
modified by the laser starts to expand, and the size of the final spot area scale with the
material absorption coefficient at the selected laser wavelength. Consequently, the pulse
duration range for maximal ablation efficiency is dependent on the material absorption

coefficient.
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4.2. Adjustment of nanoparticle productivity and properties during the

automated laser ablation

A suitable laser system was identified in the previous section. For the application of NPs,
knowledge of the colloid quality is essential since it strongly influences the particle properties
and thus their application, e.g., catalytic activity. As indicated in the fundamentals sections
2.3 and 2.4, both the NP properties and productivity are influenced by the laser system and
process parameters. However, there is less knowledge of how both are connected.
Therefore, in the first section, the productivity and NP size control by laser parameter
variation are determined, and the influence of the colloid quality on the catalytic performance
is emphasized. Then, in the second section, the variability of the process parameters, their
impact on the productivity and colloid quality are analyzed, and data for the preparation of
material data sheets are collected. The focus lies on the focal plane shift, the flow rate
adjustment, and the ablation and colloid storage time. As was presented in the fundamentals,
the different process parameters cannot be considered individually but are connected. The
volume-specific energy dose is introduced as a process variable that summarizes the
influence of the laser power, the focus position, and the liquid flow rate on the NP size.
Regarding the colloid stability, Au and Pt NPs reach good stabilities in 0.1 mM sodium
chloride solution, whereas Ag NPs in 0.1 mM trisodium citrate are not stable. Therefore,
since citrate ions negatively influence different applications, the stabilization of Ag in
tetraethylammonium hydroxide and different citrate concentrations is examined in section
three. Lastly, in section four, the reproducibility and robustness of the NP properties
produced under the conditions determined in the previous sections are determined,

statistically evaluated, and compared to commercial standards.
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Fig. 24: Overview of the measures for NP productivity and property adjustment with the automated
device. In chapter 4.2.1, the general relation between NP productivity and size is examined.
The optimal laser parameters for the automated device are determined in chapter 4.2.2. The
influence of different stabilizers on the Ag NP properties is analyzed in chapter 4.2.3. Last,

the reproducibility of the automated NP production is validated in chapter 4.2.4.
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4.2.1. Influence of the process parameters on nanoparticle
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Abstract

PtPd catalysts are state-of-the-art for automotive diesel exhaust gas treatment. Although
wet-chemical preparation of PtPd nanoparticles below 3 nm and kg-scale synthesis of
supported PtPd/AI203 are already established, the partial segregation of the bimetallic
nanoparticles remains an issue that adversely affects catalytic performance. As a promising
alternative, laser-based catalyst preparation allows the continuous synthesis of surfactant-
free, solid-solution alloy nanoparticles at the g/h-scale. However, the required productivity of
the catalytically relevant size fraction <10 nm has yet to be met. In this work, by optimization
of ablation and fragmentation conditions, the continuous flow synthesis of nanoparticles with
a productivity of the catalytically relevant size fraction <10 nm of >1 g/h is presented via an
in-process size tuning strategy. After the laser-based preparation of hectoliters of colloid and
more than 2 kg of PtPd/AI203 wash coat, the laser-generated catalysts were benchmarked
against an industry-relevant reference catalyst. The conversion of CO by laser-generated
catalysts was found to be equivalent to the reference, while improved activity during NO
oxidation was achieved. Finally, the present study validates that laser-generated catalysts
meet the size and productivity requirements for industrial standard operating procedures.
Hence, laser-based catalyst synthesis appears to be a promising alternative to chemical-
based preparation of alloy nanoparticles for developing industrial catalysts, such as those

needed in the treatment of exhaust gases.

Introduction

For the treatment of exhaust gases of internal combustion engines, platinum group metals
(PGM) supported on y-Al,O3; are used as standard automotive catalysts [322, 323] for CO
and NO oxidation. Here, it is essential to understand the activity and stability of such
catalysts depending on their composition and particle size under realistic testing conditions
[324]. The y-Al,O3; support provides the advantages of a high BET surface and temperature
stability under hydrothermal aging [325]. In literature, the discussion of the optimal particle
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size is still ongoing and partially contradictory. For instance, Boubnov et al. compared
catalysts with a Pt nanoparticle (NP) size in the range of 1.2-10 nm and found an optimal
particle size of approximately 2 nm for the CO conversion [19] in line with the literature [326,
327]. However, results differ in the case of NO oxidation. For one, the highest activities were
found at particle sizes of ~5 nm [19] and about 20 nm [328]. Graham et al. reported an
increased activity for a decreased NP size and a maximal conversion rate at about 9 nm
[329]. Thirdly, Xue et al. found the lowest light-off (LO) temperature and the highest
maximum conversion rate to be at about 6 nm [330]. Aggravatingly, even if there would be a
scientific agreement on the optimal particle size for a distinct reaction, the size of NPs does
not remain constant during the lifetime of the automotive catalyst. Temperature changes
during operation potentially lead to Ostwald ripening and, with further increasing
temperature, coalescence [331-333]. Platinum nanoparticle catalysts are especially prone to
these degradation processes because of the high mobility of platinum atoms under a reactive
CO atmosphere [327], such that Ostwald ripening was observed in heated in situ
transmission electron microscopy (TEM) studies in synthetic air [332]. Also, several research
groups have reported a higher tendency of Pt NPs to form oxidized species, which reduces
the adsorption of O, [23, 328, 334-337] and CO [338] and, thus, decreases catalytic activity
[19, 334, 339]. Even though pure Pt shows the highest catalytic activity for oxidation
reactions, alloying of Pd into Pt has been shown to suppress the Pt NP growth significantly
[22, 23, 333] by trapping mobile platinum atoms at PdO sites [327, 329]. Hence, due to their
better long-term stability, PtPd alloy nanoparticles are the current standard catalyst used in
automotive exhaust after-treatment applications [340].

The elemental distribution (e.g. core-shell or solid solution) and alloy formation in chemical
reduction methods are, amongst other factors, linked to the reduction potential differences of
the mixed precursors [341, 342]. Therefore, laser ablation of mixed powder or alloy targets in
liquid has emerged as a promising alternative to yield alloy nanoparticles (e.g., NiMo [343],
AuPt [305, 308], PtCo [344], AuAg [274, 306], PtPd [309]). Generally, NPs with
homogeneous elemental distributions are obtained by laser ablation synthesis of colloids
when fully miscible compositions are being used [181]. Laser-generated colloids are free of
surfactants, i.e., organic ligands, and electrostatically stabilized by high surface charge
density due to partial oxidization and adsorption of anions added in micromolar
concentrations [67]. Opposed to organic ligands, the inorganic ions do not decompose into
carbon, which would cover the catalytically active surface, during calcination. The barrier-less
adsorption of the surfactant-free nanoparticles yields heterogeneous catalysts in quantitative
efficiency, which are highly active even without heat treatment [17, 27, 67]. The advantages
and disadvantages of different heterogeneous catalysts are described e.g., in [345].
Furthermore, the presence of lattice strains in laser-generated nanoparticles and its

favorable implication in electrocatalytic reaction has recently been reported for CuZn NPs
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[346]. It can be assumed that lattice strains are also produced during the formation of other
metal NPs due to the fast cooling conditions in the ablation plume [137].

Laser ablation in liquid has been shown to be economically favorable compared to chemical
reduction synthesis when the nanoparticle productivity exceeds a material-specific value
(0.5 g/h in the case of Au) [65]. Far higher productivities of 4 g/h were achieved by employing
high-power 500 Watt picosecond laser ablation of platinum [68] and 1.6 g/h with a medium-
power nanosecond laser system that provides the highest power-specific mass productivities
of 13mgh™*W™ [293]. Recently, even a power-specific productivity of more than
43 mg h™ W™ was found for low-priced 1 ns, 0.15W compact lasers [70], inspiring the
parallelized application of several small-scale lasers. Nevertheless, the laser pulse duration
affects the nanoparticle formation pathways [137], typically causing broad size distributions in
nanosecond laser synthesis [293] and bimodal nanoparticle size distribution in picosecond
laser synthesis, which are typically around 5 nm and >20 nm, respectively [127]. Apart from
the total nanoparticle mass productivity that is commonly discussed in the literature, the
productivity of the catalytically important size fraction <10 nm is only ~30-60% of the overall
productivity [293]. Hence, size quenching of laser-generated nanoparticles by in situ
deposition on support particles added during laser ablation in liquid (LAL) [347, 348] and
post-processing steps has become well established. The in situ size quenching strategy is
limited to well dispersed support materials at low concentration in order to avoid scattering of
the incoming laser light or excitation of the support material potentially triggering cross-
effects by changing its structure/composition. In case of the latter strategy of post-
processing, the desired size fraction (<10 nm) is either extracted from the initial colloid, e.qg.
by continuous tubular centrifugation [293, 349], or the larger fraction (>20 nm) is fragmented
into smaller particles by laser fragmentation in liquid [188, 275, 350]. Tubular centrifugation
has recently been shown to match the output flow rates of laser ablation (hundreds of
mL/min), allowing it to be coupled to the ablation process downstream [349]. While laser
fragmentation leads to a quantitative yield of nanoparticles <<10 nm, the throughput depends
on the laser repetition rate and fluence [149]. Overall, literature shows that laser-generated
NPs are not only of high interest as a catalytic material for exhaust gas treatment but also for
the selective electrochemical reduction of CO, [346] and the oxygen reduction reaction [181,
344, 351, 352].

To that end, instead of only improving the overall mass-productivity, as done in previous
scale-up oriented publications [68, 293], this study aims to specifically scale the laser ablation
process regarding the mass yield of the desired small nanoparticle fraction <10 nm. Herein, a
high power ps-laser system suitable for g/h-scale nanoparticle synthesis was used to
demonstrate the increased mass yield of the small particle size fraction, despite the fact that
focusing the laser into the liquid decreases overall productivity. This strategy allowed for g/h-

scale production and high yield of the catalytic size fraction <10 nm for the first time. To
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benchmark the heterogeneous catalysts gained from PtPd nanoparticles synthesized under
the developed g/h conditions (regarding <10 nm size fraction), 2 kg of laser-generated
PtPd/AlL,O; catalysts were prepared via adsorption of laser-generated nanoparticles to Al,Os.
Honeycomb cordierite template structures were wash-coated with the catalyst, then core
samples of automotive cordierite catalyst carriers were drilled out and used for catalytic runs.
The performance and stability of these exhaust gas catalysts were tested in reference
reactions of CO and NO oxidation within an industrial testing environment. It will be shown
for the first time that the laser-generated catalysts prepared on the kg-scale show a
comparable CO oxidation and even higher NO oxidation activity and stability when compared
to a wet-chemically prepared reference catalyst and literature values, in an industrial test
setting.

Methods and Materials

Pulsed Laser Ablation in Liquid

The size selectivity of the laser ablation synthesis was optimized by focal distance and laser
parameter optimization in short time experiments, aiming at the parametrization of the in-
process laser fragmentation-coupled laser ablation. In the second step, longer ablation times
were applied, and the particle size-optimized colloids were supported on alumina (Puralox
SCFa-90, Sasol, Germany)-and wash-coated on the catalyst carrier for oxidation catalysis
testing. In the size selectivity studies, the Pt NPs were fabricated by employing a 500 W ps
laser (Amphos flex500, Trumpf GmbH & Co. KG, Germany) in a continuously operating liquid
flow setup, as described in [68] and sketched in Fig. 25A.
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Fig. 25: (A) Experimental setup of the laser-based continuous synthesis of colloidal nanoparticles
(NPs); the laser beam is moved by a galvanometric mirror (slow axis), with supersonic lateral
speed by a polygon scanner (fast axis) and focused by an f-theta lens on the metal target
placed in the flow chamber. (B) Blank (left) and wash-coated (right) cordierite carriers with
3 wt.% laser-generated PtPd NP/AI203 catalysts.

To maximize the yield of platinum nanoparticles with a diameter below 10 nm, the distance

between the target and the focusing lens (100 mm f-theta lens) was optimized between
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-2 mm and +2 mm, with 0 mm defined as focal distance of highest ablation rate. Here, a
pm-precise translation stage was used while the applied laser pulse energy was held
constant at 83.6 pJ with a 5 MHz repetition rate and 5 ps pulse duration. Laser fluence and
laser intensity calculations can be found in the Supplementary Information (SI, Tab. S 6). To
maximize the ablation efficiency and nanoparticle productivity, the laser beam was scanned
with a nominal scan velocity of 500 m/s in the vertical direction using a polygon scanner
system. High scanning rates are required to bypass the cavitation bubble while using MHz
repetition rates and to minimize scattering of subsequent laser pulses by emerging cavitation
bubbles [152]. Water containing 30 uM KOH for size quenching by electrostatic interaction
[160] was constantly pumped through the ablation chamber at a flow rate of 360 mL/min to
maintain steady-state conditions with a constant particle concentration and size. In the size
control experimental series, ablation was conducted for a total time of 2 min, while sample
collection started 30 s after the ablation process was initiated. This way, the ablation rate
and, hence, productivity can be determined by differential gravimetry of the target before and
after ablation. To investigate the effect of in-process laser fragmentation on the productivity
of nanopatrticles below 10 nm normalized to the number of applied laser pulses, the focal
distance was set to +1 mm in the second experimental part. Consequently, the geometric
focal plane was about 1 mm in front of the target and also inside the liquid under these
conditions. At a fixed laser output power of about 400 W, the applied pulse energies were
varied between 263 and 42 uJ by adjusting the repetition rate of the laser between 1.5 and
10 MHz. To that end, the overall nanoparticle productivity, as well as the productivity of
nanoparticles below 10 nm, were evaluated as a function of the laser fluence (pulse energy)
at a constant laser power. The hydrodynamic nanoparticle diameter was characterized by an
analytical disk centrifuge (CPS DC24000, CPS Instruments Inc., Netherlands). This in-
process strategy, aimed to influence the patrticle size, was validated for laser ablation of a Pt
(AGOSI Allgemeine Gold- und Silberscheideanstalt AG, Germany) and PtPd alloy target
(Pto.66Pdo.33 molar composition, 3.66:1 by mass).

Preparation of PtPd Catalysts and Catalytic Testing

For catalytic testing, NPs were prepared under conditions of high nanoparticle productivity,
referring to the size fraction <10 nm, and laser parameters set to 400 W, 5 ps, 1.5 MHz, and
3.0 J/cm®. The colloid was centrifuged using a continuously operating tube centrifuge (LE
GP, Carl Padberg Zentrifugenbau GmbH, Germany) to remove the patrticle fraction >15 nm,
in line with [293]. The large nanoparticle fraction is retained by a PTFE foil, removed from the
foil, and then re-dispersed. Thus, three different catalysts were prepared from the laser-
generated particles: the size-optimized monodisperse smaller NPs (later referred to as
“supernatant”), the re-dispersed larger NPs (“re-dispersed”), and the non-centrifuged bimodal

sample (“raw colloid”). Additionally, a “reference” catalyst, was prepared using an established
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wet impregnation process. The Feret diameter of more than 100 particles per sample was
measured with ImageJ. The resulting data were fitted by a log-normal distribution.
Surfactant-free, laser-generated colloidal nanoparticles are easily adsorbed on a catalyst
support by tuning between the diffusion-deposition and dielectrophoretic deposition regime
via pH adjustment during stirring [181]. For the exhaust catalyst preparation from the laser-
based PtygPdo33 NP colloids, the y-Al,O; white wash coat was mixed with the respective
laser-generated nanoparticle colloidal suspension with pH adjustments according to general
procedures [17, 67, 353]. The quantitative adsorption of nanoparticles was verified as a
transparent, nanoparticle-free supernatant. The mass load of Pty ¢sPdos3 NPs on y-alumina,
which was also used for the reference catalyst preparation, was set to 2.5-3 wt.%. The mass
load was confirmed by inductively coupled plasma optical emission spectrometry (ICP-OES)
measurements (see Fig. S 8 and Tab. S 7). The sample prepared from the supernatant
obtained a slightly smaller mass-load of 2.23 wt.%. For the reference catalyst, the platinum
and palladium precursor solutions were added in calculated amounts following a
standardized industrial recipe. Examples of wash-coated cordierite carriers with 3 wt.% laser-
generated PtPd NP/AI,O; catalysts are shown in Fig. 25B. In all cases, the wash coat load
was 100 g/L. The catalysts were calcined at 550 °C for 2 h.

Catalytic tests were performed with three laser-generated NP catalysts with different PtPd
NP sizes and the wet-chemically prepared reference. CO and NO oxidation were
investigated in the temperature range of 75-500 °C with a temperature ramp of 15 K min™.
The reaction gas contained 500 ppm CO, 167 ppm H,, 600 ppm (as C;) CsHg, 200 ppm (as
C1) C3Hg, 60 ppm (as C;) C;Hg, 140 ppm (as C;) CigH,,, 150 ppm NO, 10% H,O, 13% O,,
and 5% CO, with the balance N, at a space velocity of 37,500 h™. To simulate the long-term
performance and evaluate the catalyst stability, the catalyst-coated cordierite carriers were

also tested in a second run after hydrothermal aging at 750 °C for 16 h.

Results and Discussion

Determination of Laser Parameter Influence on the Nanopatrticle Size Fraction <10 nm

The focal plane position is an essential scaling parameter for the nanoparticle productivity in
laser ablation [29]. Herein, the focal position determines the nominal laser fluence applied to
the target surface, where the lower fluence limit is given by the ablation threshold fluence. In
turn, the upper economically feasible limit is generally constrained by the limited penetration
depth of the laser light into the material or the decomposition of the liquid due to non-linear
effects (e.g. filamentation) when exceeding the required threshold intensity. The latter is on
the order of hundreds of GW/cm? to TW/cm? [78, 354] for ps pulses in water and is
substantially lowered if nanoparticles are present in the beam path. To that end, when
changing the distance between the focusing lens and target (see sketches in Fig. 26C) the

highest laser fluence and the focal plane, respectively, are either located inside the liquid
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medium or on the target surface. In the case of the focal plane shift, a maximal intensity of
about 230 GW/cm? and, in the case of pulse energy variation, a maximal intensity of
approximately 460 GW/cm2 were reached in these experiments. Although the lower
thresholds of colloids compared to pure water are likely to be exceeded in our experimental
conditions, the calculation of these complex concentration- and size-dependent effects are
out of the scope of the present application-oriented study and will not be discussed further.

Moreover, clear trends related to pulse energy and focal distance variation were observed.
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Fig. 26: Influence of the applied laser fluence due to the change in the focal plane position on (A) the

overall productivity (orange squares) and the productivity of the mass fraction of platinum
particles smaller than 10 nm (gray circles) and (B) the mass fraction of NP <20 nm (blue
squares) and <10 nm (light blue circles). (C) The sketches are related to the three different
focal positions and indicate the change of laser ablation in liquid (LAL) and laser
fragmentation in liquid (LFL) during focal plane shift.

When the laser spot lied inside the liquid (Fig. 26C, #1), the effective laser fluence on the
platinum target surface was low. Shifting the focal plane towards the target surface increased
the laser fluence on the surface, reaching its maximum when the focal plane was located
directly on the target surface (Fig. 26C, #2). Note that a maximum laser fluence does not
naturally coincide with a maximum in nanoparticle productivity, as theoretically predicted by
Neuenschwander et al. [198] and experimentally proven by Streubel et al. [68], while
maximum productivity correlates with an optimal laser fluence on the target surface [68, 198].
Further reduction of the distance between the lens and target virtually shifted the spot behind
the target, so that the fluence on the target surface decreased again (Fig. 26C, #3).

Interestingly, although the laser fluences of points #1 and #3 were nominally equal, the
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overall ablation rate was higher when the laser spot was virtually located behind the target.
Waag et al. recently observed similar results for the picosecond laser ablation of nickel in
water and found a decrease of the target temperature and an increased nanopatrticle yield
(ablation-cooling) in a similar case to that of position #3 and vice versa in the case of position
#1 [156]. Complementing the discussion of Waag et al., in our study, we additionally suggest
that a fragmentation process occurred in the case of #1. This is supported by the significantly
increased mass fraction of particles <10 nm at #1 and consequently higher productivity of the
mass fraction <10 nm, reaching more than 0.8 g/h (see Fig. 26B). In turn, in the case of #3,
the relative yield and absolute productivity of small particles were significantly lower. Here,
the laser-induced fragmentation was strongly reduced as the fluence inside the liquid layer
was the smallest for #3 (see Fig. 26A, C). Post-irradiation effects of nanoparticles generated
by previous pulses are likely since the average residence time of the nanoparticles inside the
flow chamber is in the range of 1.5 s, which equals 7.5-10° laser pulses per volume element
at the given repetition rate of 5 MHz. Hence, laser fragmentation is as expected more
pronounced when the laser spot is located inside the liquid (#1). In turn, due to the
fragmentation process, less laser energy reaches the target so that the overall platinum
nanoparticle productivity is lower in #1 compared to #3 although similar nominal laser
fluences are being applied.

For the ablation of the Pty gsPdg 33 target, the same trend in the productivity of total mass as
well as the catalytically relevant nanopatrticle size fraction below 10 nm was found (Fig. S 9).
Interestingly, when comparing the maximal ablation rate for Pt and Pty esPdg .33, the ablation
rate correlates with the material density [91] so that a similar volume-related ablation rate of
about 0.27 cm3/h was found for both (see Fig. 26 and Fig. S 9).

To verify the beneficial effect of in-process laser fragmentation on the productivity of smaller
particle size fractions, the applied laser fluence was held constant, while the mean residence
time of NPs in the irradiated volume was varied from 0.7-2.6 s by varying the liquid flow rate
and using the Pt ssPdg 33 ablation target. By increasing the flow rate, a lower mean residence
time of the NPs in the ablation chamber and, thus, a lower in-process laser fragmentation
effect should be expected. In other words, a higher fraction of particle sizes below 10 nm is
expected when the flow rate is decreased, as the mean residence time and number of post-
irradiating laser pulses are increased (from 3.7-10° to 12.8-10° pulses per volume element).
The experiments were conducted at position #1 (Fig. 26C) where high fluences were applied
into the liquid and laser fragmentation was expectedly pronounced. As indicated in Fig. 27,
the NP mass fractions (<10 nm and <20 nm) in the liquid correlate with the residence time,
validating that in-process laser fragmentation triggered a significant increase in size
selectivity of the laser synthesis process, although absorption cross-section and absorption

efficiency of the platinum nanoparticles were low at infrared laser wavelengths [355].
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With the previously described effect of focal distance and residence time on the size-selected
nanoparticle productivity, the following question arises: how do the laser fluence (proportional
to pulse energy at constant spot diameter) and the repetition rate affect the size fraction
<10 nm? For the given laser system, due to P = Ej - f, the repetition rate (fz) and laser
pulse energies (Ep) are anti-proportional at a constant mean laser power (P). Again, the
working distance at position #1 was chosen as the highest productivity of the mass fraction
<10 nm found at this position (see Fig. 26A). The total productivity change as well as the
size-selective productivity of mass fractions of <10 nm and <20 nm particles with increasing
pulse energy (laser fluence) are summarized in Fig. 28, respectively. Note that the overall
ablation rate decreases although the ablation rate per pulse increases (Fig. S 10A). In
contrast to the initial expectation, the productivity of NPs <10 nm (Fig. S 10B) remained
constant at about 1.2 g/h, while the overall productivity decreased with increasing laser
fluence and decreasing repetition rate (Fig. 28). The latter observation agrees well with
results from Streubel et al., where the optimal laser fluence for high repetition rate (10 MHz)
is in the range of 0.3-0.4 J/cm?, similar to the fluence used at 10 MHz in this study
(0.37 J/cm?) [68]. In turn, for the lowest repetition rate and highest fluence (1 MHz and
~2.4 J/cm?®) in Fig. 28, the fluence is about two times higher than the optimal value found by
Streubel et al. for the same repetition rate (~1.2 J/cm?) [68]. Although the absolute production
rate of the Pt NPs <10 nm did not change (compare Fig. S 10B), their relative mass fraction
in Fig. 28 significantly increased with laser fluence by a factor of more than two (compared to
the same conditions at #1 in Fig. 26B).

Apart from the effect of laser fluence discussed, the decrease in the repetition rate also
comes along with an increase of the lateral interpulse distance so that the pulse overlap is
lowered [152]. When calculating the lateral pulse overlap from the repetition rate, focal
diameter, and scan velocity, subsequent pulses obtained an overlap of about 65% for the
highest repetition rate of 10 MHz at a fluence of 0.4 J/cm?2. For the smallest repetition rate of
1.5 MHz at 2.3 J/cm?, no overlapping of consecutive pulses is expected. This difference in

pulse overlap is sketched in Fig. 28.
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Moreover, the interpulse delay (sketched in Fig. 28), which is the time between two
consecutive pulses, changed from 100 ns at 0.4 J/cm?2 to 700 ns at 2.3 J/cm2. Due to these
short time scales and the high scanning speed, the interaction of subsequent laser pulses
with the cavitation bubble is unlikely. Our results indicate that a short temporal delay between
two subsequent laser fragmentation pulses is beneficial to increase the vyield of
fragmentation. Note that fluence and interpulse delay are directly proportional so that one
laser pulse fired every 700 ns with 2.3 J/cm? nominally delivers the same cumulative energy
to nanoparticles present in the laser's pathway as seven pulses every 100 ns with 0.4 J/cm?.
These observations emphasize that both the repetition rate and laser pulse energy are
determinants for NP size control, particularly for MHz lasers with hundreds of nanosecond
pulse delays. It is worth mentioning in this context that Plech et al. recently investigated the
structural kinetics of picosecond laser fragmentation of colloidal nanoparticles in situ at time-
resolved 80 ps resolution X-ray scattering. The authors reported that 54 nm Au spheres were
fragmented into significantly lower particle sizes of 2—3 nm and were detected within 30 ns.
Growth of the fragmented particles was observed during the first hundreds of nanoseconds,
being arrested on the microsecond time scale if anions were added before laser
fragmentation [356]. This indicates that the LFL process (at least of 54 nm Au) could take
hundreds of nanoseconds to be completed. In other words, the interpulse delays should be
long enough to allow conversion of the educt NPs into fragmented products, avoiding energy
input into particles that are about to downsize from the previous pulse. Looking beyond these
short time scales, barrier-less growth of the resulting ultra-small primary fragments has been
observed for Pt nanoparticles after laser fragmentation, which could be suppressed (or at
least slowed down) by the addition of anions [160]. Both studies [160, 356] point out that
particle growth quenching by anions is a perspective to further increase the yield of small
particles and that the interpulse delay effects need further investigation, especially for the
MHz repetition rate LFL.

Moreover, further study is also suggested for the variation of the fluence by changing the
repetition rate and the pulse energy and whether high productivity of the desired mass
fraction (high fluences) or high overall productivity (low fluences) is more reasonable for the
application in mind. As has been systematically shown here, both can be optimized by
adjusting the focal distance (located slightly in front of the target) and the laser fluence at
maximum power, enabling g/h productivity. Our findings show that for the used high power
(400 W) MHz-ps-laser system, the mean productivity for the catalytically important size
fraction of Pt NPs <10 nm was found to be about 1.2 g/h, while the mass fraction selectivity
towards small particles was freely adjustable between 5% and 40%. This size selectivity was
realized by balancing between the in-process fragmentation (downsizing) and ablation

(overall productivity) particle formation pathway. Further improvement of the mass fraction
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under a g/h-scale premise, e.g., via wavelength adaption and anion concentration variation,

may be subject to follow-up studies.

Examination of the Catalytic Activity of Laser-Generated PtPd Nanoparticles

To evaluate the catalytic activity of nanoparticles synthesized under these established
conditions and tested in an industrial environment, laser-generated alloy PtygsPdp33 NPs
were synthesized with 2.7 g/h overall and 0.9 g/h <10 nm productivity. The laser-generated
nanoparticles were synthesized with the focal plane in the liquid, resulting in about 32 wt.%
of <10 nm particles (see Fig. S 9). Through centrifugation, both fractions were separated at a
10 nm cut-off diameter to prepare catalysts containing only particles <10 nm, >10 nm, or the
initial mixture of both before centrifugation (see Fig. S 11 to Fig. S 13 for more information on
the NPs). In this way, NP size effects on the catalytic activity of nanoparticles stemming from
the same process may be studied in addition to benchmarking with chemically prepared
particles. Subsequently, the NP were supported on y-Al,O3; with 3 wt.% load. Additionally, a
reference catalyst was prepared by a wet-chemical approach. Fig. 29A shows the number-
weighted particle size distribution of the heterogeneous catalyst after the supporting step, as
measured by TEM. The wet-chemical reference catalyst obtained a mean patrticle size of
2.5 nm (“reference”), whereas the laser-generated catalyst based on the raw colloid without
post-processing steps achieved an average particle size of 8.1 nm (“raw colloid”). In
comparison to the raw colloid, the catalysts generated with the optimized laser-generated
monodisperse small particle fraction (“supernatant”, after centrifugation) and the separated
big particle fraction (“re-dispersed”, after centrifugation) resulted in sizes of 4.4 and 18 nm,
respectively.

The catalytic test results for the CO oxidation are shown in Fig. 29B. Tab. 7 summarizes the
temperatures at which 50% of the CO was converted during the temperature increase
(temperature of 50% conversion, T5,CO) for fresh and aged states. The fresh laser-based
catalyst bearing the small particle fraction showed the best performance of all catalysts with
a T50CO of 97 °C, compared to 117 °C for the wet-chemically synthesized reference. Due to
the larger NP size, the catalyst made of the raw colloid delivered comparable activities in the
first (T5oCO value around 168 °C) and the second runs, indicating good stability.
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Fig. 29: (A) Size distribution of the alumina-supported PtPd NPs, where the bars are the result of the
transmission electron microscope (TEM) image analysis, and solid lines are the resulting log-
normal fits; temperature-dependent (B) CO and (C) NO oxidation of the different PtPd
catalysts. Solid lines present the first conversion run, the dashed lines are the conversion
after hydrothermal aging, and the horizontal, black dotted-dashed line are the conversion at
50% and 20%, respectively. In B, the conversion rate change after aging is marked by two
arrows, where the trend indicated by the solid arrow is valid for all curves, and the trend

marked by the dotted arrow is only found for the small-sized catalysts.

The T5CO for the reference and laser-generated small particle fraction catalysts exhibited
increases by 20K and 41K in the run after hydrothermal aging, respectively. The
disappearance of the shoulder in the first run possibly indicated absence of defects on the
NP surface. For both larger-sized catalysts, the shoulder in the first catalytic run cannot be
seen, which agrees with [181] that surface defects especially occur on small NPs. Note that it
has recently been reported that laser-generated (palladium) nanoparticles have a higher
catalytic activity than chemically prepared ones due to high defect densities caused by the
kinetic-controlled nature of the synthesis process [351], at least before aging. Despite this
increase in the T5,CO and catalytic activity, the laser-based and reference catalysts revealed
a similar activity after aging. Therefore, both catalysts appear to converge into similar final
states. Grunwaldt et al. compared the CO/NO oxidation performance and hydrothermal aging
of Pt/Al,O3 catalyst from five different preparation methods, where a superior hydrothermal
resistance of the laser-generated catalyst at 500 °C was shown. However, due to small initial
interparticle distances, the particle size distribution increased considerably at high
temperatures [324].

Fig. 29C displays the plot of NO oxidation with maximal possible NO, formation of 100%, the
temperature at 20% conversion (T,NO), as well as the maximal conversation of NO. For the
NO oxidation, the chemically prepared catalyst showed the strongest aging behavior with an
increase in the T,oNO of about 11 K. The activity of the small particle size catalyst
(supernatant) on the other side was resistant to hydrothermal treatment, displaying the best
overall activity of the tested catalysts with a T,oNO of about 183 °C after aging. All size-

dependent catalytic activities after aging are illustrated in Fig. 30. Additionally, the catalytic
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results from other studies with comparable synthesis methods, reaction gas composition, and
catalyst loading are described below and in Fig. 30.

Although an optimal NP size could be determined for CO and NO oxidation from Fig. 30, it
should be noted that the aging behavior of the different catalysts is not presented. In some of
the presented studies, e.g. [329], aging has been used to alter the particle sizes. By
comparing the size dependency of the NO, formation for the different studies, it can be
suggested that laser-generated particles perform equally well in CO and NO oxidation,
similar to chemically prepared catalysts. When comparing the maximal conversion after
aging, all laser-generated samples showed a higher maximal conversion of NO and yield of
NO,. Thus, these catalysts possess a significantly higher selectivity in NO conversion, which
is hypothetically linked to the particular defect-rich surface of the laser-generated PtPd
nanoparticles [181, 346]. The influence of different crystal structures of laser-generated
Pd catalysts was experimentally demonstrated and theoretically explained by density
functional theory calculations [351]. In our work, for the first time, the results in Fig. 30
indicate benchmark performance of the laser-generated catalysts in both CO and NO
oxidation. Yet, it should be noted that the potential contribution of the crystal structures or
defect density of laser-generated compared to chemically synthesized catalysts requires
further study.

In summary, the performance of a chemically prepared reference catalyst and three different
laser-generated catalysts during NO and CO oxidation were examined and compared with
literature. Results reveal that small-sized catalysts are prone to aging during CO oxidation
but the small-sized laser-generated catalysts show comparable conversion rates with the
reference catalyst. During NO oxidation, laser-generated catalysts, although larger than the
reference catalyst, display higher conversion rates, even after hydrothermal aging. The

reason for the higher activity of laser-generated NPs will be investigated in a future work.

Tab. 7: Comparison of the T50CO and T20NO for the fresh and aged catalysts.

maximal NO
Ts0CO (°C) T20NO (°C) .
conversion (%)

fresh aged fresh aged fresh aged

reference, 2.5 nm 117 137 219 230 55 51
supernatant, 4.4 nm 97 138 188 183 80 74
raw colloid, 8.1 nm 168 153 198 200 73 66
re-dispersed, 18 nm 163 188 222 223 52 54
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Fig. 30: Size dependency of the (A) CO and (B) NO conversion of laser-generated catalysts; the
orange triangles represent the conversion temperatures determined in this work and the blue
data points are taken from the literature [19, 324, 329, 357].

Conclusion

The development of automotive diesel oxidation catalysts in an industrial environment
requires syntheses which deliver supported alloy nanoparticle wash coats, e.g. PtPd/Al,Os, in
kg-scale. Coating honeycomb cordierite carriers with the wash coats allows catalytic testing
under standard exhaust gas treatment conditions. The employed nanoparticle syntheses
need to operate at the g/h-scale to meet the demanded quantities of heterogeneous
catalysts. For example, 1 kg of 3 wt.% PtPd supported on alumina requires about a week
(30 h of 1 g/h) laser synthesis. Considering that nanoparticle sizes below 10 nm are required
to enable high catalytic activity, the operation conditions that allow the g/h-scale laser
synthesis of colloidal Pt nanoparticles <10 nm were investigated by tuning the size selectivity
of the continuous high-power laser ablation method. It was determined that the tuning of in-
process fragmentation during laser ablation is the main parameter to meet the requirements
for industrial catalyst screening studies.

When shifting the focal plane of the laser beam into the liquid layer slightly above (1 mm) the

ablation target, the mass yield of NP sizes <10 nm and the absolute productivity of this
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fraction significantly increased. This downsizing effect can be explained by an increased
mean laser energy deposited in the liquid volume containing nanoparticles produced by
previous laser pulses. Consequently, when the laser beam focus was located within the
liquid, a higher fragmentation rate of the undesired larger Pt nanoparticle size fraction
occurred, which increased the mass yield of nanoparticles below 10 nm. By increasing the
laser fluence while maintaining the laser spot slightly in front of the target, the mass fraction
of the small-size NP fraction increased. Moreover, reducing the volume flow rate or, in other
words increasing the residence time by a factor of five, improved the mass-share of Pt
nanoparticles <10 nm by more than 25%. Under these conditions, the laser fragmentation
also appeared to benefit from increased temporal pulse delay, at least for the investigated
MHz repetition rate scale, supported by recent literature findings on the structural kinetics of
laser fragmentation. This interesting temporal effect on pulsed laser fragmentation deserves
further dedicated studies. Overall, the optimized parameters allowed a continuous laser
synthesis of 1.2 g/h Pt and 0.9 g/h Pty ¢sPdo .33 Nanoparticles <10 nm, respectively, referring to
the mass of particles below 10 nm. This equals to about 2.4 kg of 0.3 wt.% alumina-
supported catalyst in an 8 hour shift. After colloidal deposition of laser-generated PtPd alloy
particles on alumina and coating of cordierite carriers with the former, CO/NO oxidation
performance tests were conducted under conditions relevant for applications. The
performance of the laser-generated catalysts was equal to that of the industrial reference and
results from the literature. The laser-generated NPs even showed superior NO conversion
behavior with better resistance against hydrothermal aging compared to the chemically
prepared reference catalyst. The origin of the higher resistance and conversion rate may be
related to the reported higher compressive strains found in laser-generated Pd nanoparticles,
but this estimation requires a deeper defect-based investigation of the catalyst before and

after aging as well as by analytical operando studies in the future.
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4.2.2. Influence of ~2 ns laser ablation in liquid process parameters on

the nanopatrticle properties for gold, silver, and platinum

Wholesome parameter studies for ~ 2 ns laser are missing in the literature, although this
laser pulse duration promises high-efficiency LAL. Therefore, the influence of the focal
position and the liquid flow rate on the productivity are examined. Subsequently, the laser
beam focusing, the pulse energy, and the liquid flow rate are combined to the volume-
specific energy dose, and its influence on the NP size is analyzed. Lastly, the impact of
ablation time and storage time on the NP properties is examined.

Focal position and target thickness

In laser ablation in liquid, the productivity increase has been one of the main challenges in
recent years [273], which was successfully addressed by increasing the laser power [32, 68].
However, the laser power usually scales with the purchase price of the laser system [358]. A
more cost-efficient approach for increasing productivity is the decreasing of the laser spot
size in the target surface and, thus, and increasing the fluence on the target surface [206,
359]. The fluence increase can be realized by applying stronger focusing conditions or
varying the target position relative to the focal plane [360]. However, this shifting of the focal
plane does influence not only the productivity but also the NP size. When shifting the focal
plane from behind the target into the liquid layer, the NP size decreases [294, 295], which is
attributed to an increased fragmentation rate due to the point of highest fluence in the liquid
layer [225] and often at the expense of NP productivity [225]. The optic chosen for focusing
the laser beam determines the minimal achievable spot diameter for a Gaussian beam
according to Eq. 10, and the Rayleigh length according to Eq. 11 [361]. Here, w, is the beam
waist, 1 the laser wavelength, and f the lens’ focal length. The former determines the
maximal fluence and, consequently, the maximal productivity, and the latter the divergence
of the laser beam waist around the focal plane. For larger Rayleigh lengths, the deviation of
the laser beam diameter from the optimal diameter is lower. Thus, the fluence change due to

a focal plane shift is weaker.

wo' = A-f-m w7t Eq. 10

zh = wy'? w271 Eq. 11

For the studied automated LAL device, based on a compact ~ 2 ns laser, the maximal laser
power is limited to 500 mW. The distance between the focusing optic and the ablation

chamber is kept constant during the ablation process. Consequently, material removal leads
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to an increased distance between the lenses and the target surface. This distance is
measured between the lenses’ center and the ablation target surface and will be referred to
as lens-target distance in the following. When choosing and adjusting the focusing optic for
the automated device, two aspects need to be considered. On the one hand, the laser spot
should be as small as possible to enable high NP productivity. On the other hand, the
Rayleigh length should be as large as possible to ensure minimal productivity drift for
increasing lens-target distances. This time-dependent productivity drift was demonstrated by
Labusch et al. [360]. In this study, the productivity decreased to zero after 412 min but
remained constant when the target position was adjusted during the experiment.

For the automated LAL device, possible lens-target distance is determined by the range
where at least 90 % of the maximal productivity is reached. This range then determines the
maximal possible target thickness. Thus, a large Rayleigh length of the lenses allows thicker
targets and enables longer production times with the same target. However, according to Eq.
10 and Eg. 11, smaller spot sizes are achieved using lenses with a short focal length, leading
to a shorter Rayleigh length. Consequently, for the automated device, aiming at several
hours of continuous LAL, a compromise between intense focusing and long ablation times
needs to be found.

In a preliminary study (appendix 8.2.3), a combination of two lenses with a focal length of
100 mm each and combined 50 mm shows the best result regarding productivity, target
thickness, and price. This setup is adapted to the eMOPA1064-500 laser system (CryLaS
GmbH, Berlin, Germany). Additionally, the NP size and colloid stability in dependency on the
focal distance are examined to set the optimal target thickness and lens-target distance of
the device. The thickness and distance are determined by measuring the extinction for Ag,
Au, and Pt colloids at different lens-target distances and normalizing the results to the
maximal extinction.

The colloids' maximal extinction is found for a lens-target distance of 52.0 — 52.5 mm for all
three materials (Fig. 31), which is larger than the theoretical focal distance of 50 mm of the
lenses. This deviation can be explained considering the refraction difference in air and water
and the lens setup. A focal distance for ablation in air is shifted to larger distances due to
laser beam refraction. Calculations result in a distance of the center of the lenses and target
surface of 51.9 mm in air and 53.1 mm in water to achieve the highest laser fluence (see
appendix Fig. S 16), which agrees well with the experimental determination of the laser
fluence (see inset in Fig. 31 A). However, this distance is different from the distance of
highest productivity, which can be explained by the optimal material-specific laser fluence for
material removal [198]. Also, the variation of the optimal focusing distance for Ag, Au, and Pt
is connected to their different ablation thresholds, which gives the optimal fluence for ablation

according to F,,, = F,-e? [198]. Similar ablation threshold fluences for Ag and Au of

3.7 J/cm? for single pulses and 9 ns pulse duration are reported [107]. Since multiple pulses
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and short pulse durations are applied in this case, the threshold fluence is expected to be
significantly lower [114, 362]. Moreover, the thermal conductivity of Pt is about 4.5 times
lower than of Au, leading to a lower threshold fluence than for Au and Ag [107].

In Fig. 31, the concentrations of at least 90 % of the maximal concentration are marked by
the horizontal, green areas. The respective lens-target distances are marked (vertical green
lines in Fig. 31 B). Subsequently, the maximal target thickness is the difference between the
maximal and minimal marked lens-target distance. Especially for Pt, the lens-target distance
covers a broad range from 51.3 — 52.8 mm. Generally, the limits are chosen to be identical
for all three materials, whereby Au reveals the smallest range and limits the target thickness
to 0.5 mm. The initial lens-target distance is set to 52.0 mm for the automated device and
approaches 52.5 mm due to material removal during the ablation process.
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Fig. 31: Influence of the lens-target distance on the colloid extinction for Ag (A), Au (B), and Pt (C).
The maximal extinction for each material is marked by the light green vertical line, and the
green shaded areas mark extinctions of at least 90 % of the maximal extinction; the gray-
shaded area in A is analyzed concerning the laser fluence for the distance in Fig. 33; the
dark green vertical lines mark the determined minimal and maximal lens-target distances for
the automated LAL device; the circles symbolize results obtained with the final setup,

whereas squares mark results from preliminary studies.
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For the ablations with a fully automated device, the targets need to be positioned in
capsules. Their dimensions are set to 10 x 5 x 0.5 mm (length x width x thickness) so that the
maximal material for ablation with one capsule is fixed. The resulting capsule capacities are
summarized in Tab. S 9 in the appendix.

The NP hydrodynamic mass-weighted size distribution is analyzed within the chosen lens-
target distance since a constant colloid quality, i.e., NP size, should be ensured throughout a
target capsule lifetime. For comparison, the colloid quality, the fractions of NPs <10 nm and
<20 nm, and the NP diameter of the size distribution peak are extracted from the size
distribution (see appendix section 8.1). As shown in Fig. 32, the mass fraction <10 nm and
<20 nm (A-C), as well as the mass-weighted peak maximum (D-F), only vary within the
standard deviation of the measurement between 52.0 and 52.5 mm, proving high robustness
of the automated LAL. The inset in Fig. 31 shows that the focal plane of the laser lies behind
the target surface in this range. Thus, the interaction between the laser beam and the
emerging NPs is minimized [225]. The laser fluence on the target surface changes from 5.8
to 7.5 J/cm? within the 0.5 mm range (see section 4.1.2). In the same range, the mean
fluence in the liquid layer ranges from 0.77 to 0.93 J/cm?, and the fluence at the chamber
entrance measures less than 0.1 J/cm2. The difference between the fluence on the target

surface and the mean fluence are explained in the appendix (section 8.1).
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Fig. 32: Influence of the lens-target distance on the mass fractions (A-C) <10 nm (triangles) and

<20 nm (squares), and the peak maximum (D-F) for Ag (A, D), Au (B, E), and Pt (C, F); the

green shaded areas mark the maximal size variation for lens-target distances between 52.0

and 52.5 mm, which are marked by the green vertical lines.
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In [298], the threshold fluence for the NP size-dependent fragmentation of Au NPs with ns
laser pulses is calculated. Accordingly, for a particle radius of approximately 5 nm (see Fig. S
17), a fluence of more than 0.03 J/cm2 is required. In Fig. 33, the spatially mean fluence
profiles for focal distances of 52.0 and 52.5 mm are shown. Although the mean fluence for
52.0 mm is lower than for 52.5 mm, a broader beam area exceeds the threshold fluence. For
52.5 mm, this area is decreased by 25 %. Moreover, the flow velocity in these experiments
was set to 600 um/ms and a repetition rate of 1000 Hz, i.e., an interpulse duration of 1 ms,
was applied. Thus, except for a small fraction of particles sticking to the stationary layer in
front of the target [82], most particles are probably not re-irradiated by the subsequent laser
pulse so that the NP size remained independent of the lens-target distance.

As shown in section 4.2.1, the size decrease of NP by adjusting the focal distance in the
liquid layer is possible. However, the productivity drops to about 66 % of its maximum [70].
Since the automated device's absolute productivity is already lower compared to other lasers
used for LAL, NP downsizing by variation of the laser parameters is not recommended in this
case. If the size needs to be adjusted for a specific application, centrifugation [293], laser
fragmentation [149], or variation of the stabilizer concentration [173] should be chosen.
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Fig. 33: Variation of the ablation rate in dependence of the lens-target distance and the resulting
fluence on the target surface change caused by the distance variation (A). The schemes in B
and C show the focal plane position regarding the target surface for two distances. The
spatial beam profiles for these positions are indicated by the scheme in D. Fluences refer to
the mean fluence in the liquid layer. The blue line marks the threshold fluence for

fragmentation of Au NPs.

In conclusion, a target of 0.5 mm thickness provides the best compromise between constant
productivity, NP size, and a long capsule lifetime for the automated device. Moreover, the
initial lens-target distance should be set to 52.0 mm for Ag, Au, and Pt. Thus, at least 90 % of
the maximal colloid productivity is ensured for all metals. This distance is validated with the
final setup (see circles in Fig. 31). The same target distance for all three materials allows
using the same capsule and can decrease production costs. Measurements of the

hydrodynamic diameter show that the particle sizes for the three metals do not change
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significantly, which means that it is possible to provide a constant particle quality during the

capsule lifetime.

Liquid flow rate

For the production of NPs via laser ablation in liquids, the most simple experimental setup is
the ablation in a beaker or other vessel where the target is positioned at its bottom and
covered by the liquid [240]. However, during the ablation process, the NP concentration
increases, leading to shielding of the laser beam by the NPs [363, 364] by absorption,
scattering, and reflection. Consequently, less laser energy reaches the target surface leading
to decreased NP productivity. Since laser beam shielding is caused by the laser beam
interaction with the NPs, their properties depend on the ablation time [37, 187].
Consequently, the colloid throughput for these batch chambers is limited and their capacity is
lower than for liquid flow chambers [187]. A deceive factor for achieving a high NP
productivity m within the flow chamber is the flow rate V. When the flow rate increases, the
productivity increases [365] to the cost of lower NP concentration ¢ [32]. At low flow rates, on
the other side, the laser beam is shielded by the high NP concentration [363, 364] and
persistent micrometer-sized bubbles (PBs) [91, 93]. In the following, a model for the flow-
dependent concentration and productivity is introduced, and screening effects are discussed.
The NP concentration in dependence of the flow rate is expected to approach zero for an
infinitely high flow rate. The NP concentration increases continuously for a decreasing flow
rate and reaching a maximal finite concentration when the flow rate, in turn, is zero. The
maximal concentration is mainly determined by the laser power and the material-specific
ablation rate. Therefore an exponential decay with the general form of Eq. 12 is chosen as a

fit function.

C(V) =cp exp(—s : V) Eq. 12
where

Co:  concentration at zero flow [%]

& shielding factor [

In turn, the productivity is expected to approach zero for a flow rate of zero since the high NP
concentration shield the laser beam. At the beginning of the ablation process, NPs are
formed until the final concentration is reached. Here, the productivity and concentration at
steady-state conditions are discussed. The productivity reaches its maximum, which is
determined by the laser power and the material-specific ablation rate, for an infinitely high
flow rate. Therefore, the productivity is fit by the integral [c-dV, where the integration

constant is the maximal productivity (see Eq. 13).
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m(V) = Cg_o_ exp(—e : V) + Mo Eqg. 13
where

Me  maximal productivity at an infinite flow rate [%]

The experimental results and fits are shown in Fig. 34 and summarized in Tab. 8. It can be
seen that for the concentration fit, good correlations (R? ~ 0.9) are obtained. However, the
productivity deviated for the calculated fit, especially for flow rates higher than 1 mL/min. This
behavior was not observed in literature so far [32, 365]. For comparing the flow condition in
different ablation chambers, it is necessary to compare the flow velocity. In the presented
study, the flow velocity ranged from (0.133 —16.7)-10° m/s. In contrast, Streubel et al. [32]
examined the productivity at 1.9 — 4.8 m/s. In any liquid flow LAL chambers published so far,
small Reynolds numbers (Re) results indicate laminar flow conditions. By putting the internal,
molecular momentum, and the external flow momentum in relation, the Reynolds number
reflects the flow's hydrodynamic stability. A smaller number indicates that induced vortices
can be calmed down again by the molecular momentum so that the flow conditions remain
laminar. Since the Bodenstein number (Bo) of the given setup is high (>1-10°), back-mixing
of the NPs in the ablation chamber is unlikely, and the stationary concentration layer [82] is
50 — 90 nm thick (see appendix section 8.2.4). Moreover, the Fourier number (Fo) is close to
zero (Fo <2-10%), indicating flow conditions close to an ideal plug flow.

However, the tube length necessary to develop the final flow profile z;,, exceeds the chamber
length by one order of magnitude, indicating that the core flow is turbulent. For the presented
study, a tube length of 10 mm before the ablation zone allows the development of the final
flow condition (z;;, = 0.2 mm). With a Reynolds number of 1 — 52, full laminar flow conditions
are assumed with low NP back mixing (Bo >1-10°, Fo <2-10®). The stationary concentration
layer thickness is one order of magnitude larger (1 — 15 um) than at flow conditions reported
by Streubel et al. [32]. Within the stationary concentration layer, the NP concentration is
higher than in the bulk liquid and the particle can only escape this layer by diffusion [366].
The thicker layer for the presented study could lead to a higher amount of laser beam
shielding [82, 204], resulting in a deviation of the expected and determined productivity.
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Fig. 34: Flow rate dependent concentration (right, red axis) and productivity (left, green axis) for Ag

(A), Au (B), and Pt (C) NPs, where the horizontal dotted gray line mark a concentration of

100 mg/L, the vertical line the respective flow rate and the insets give the final colloidal

concentration at the determined flow rate.

Tab. 8: Summary of the flow rate dependent concentration and productivity fit parameter and the
determined flow rate for the automated, compact LAL device
L maximal .
concentration shielding flow rate to achieve a
roductivity at .
at zero flow factor P y R? concentration of 100 mg/L
. infinite flow rate [1]
[@ min mL
L mL [@ min
h
Ag 260 0.6 25 0.91 1.1
Au 220 0.3 39 0.93 2.1
Pt 320 0.4 50 0.88 3.1

However, these considerations only explain the difference between literature results and the

presented study, but not the increasing deviation of measured and calculated productivity in

Fig. 34. For the calculated values, the interaction of the CB is not taken into account.

Therefore, the influence of the fast expansion and induced pressure changes of the CB on

the flow conditions shall be discussed. Initial CB expansion velocities of up to 40 m/s were

reported in the literature [134]. In section 4.1.2, an expansion velocity of 25 m/s was found in

the first 20 us. When assuming that the CB accelerates the surrounding fluid during its
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expansion and taking the CB expansion velocity instead of the liquid flow rate, Reynolds
numbers larger than 10° are calculated, indicating highly turbulent flow conditions.

Linear stability analysis provides a semi-empirical attempt to predict the transition from
laminar to turbulent flow. However, the developed models often require knowledge of, e.g.,
the wave propagation velocity, which is not easy to determine. For the discussion, if CB can
induce turbulent flow in the ablation chamber, a model introduced by Jordinson for flow over
a flat plate [367] is taken. Here, with the help of an indifference curve (see Fig. 35), it can be
estimated if a stable (white area in Fig. 35) or unstable (blue area in Fig. 35) regime is
reached for a given flow condition (Reynolds number) and momentum of a disturbance
(fr * 0;/vs). For the latter case the flow condition will change to turbulent flow. For the case of
CB in an ablation chamber, the wave frequency f is assumed to be equal to the repetition
rate (1000 Hz) since this represents the frequency of possibly newly induced vortexes. The
displacement thickness §; is the amount to which streamlines are displaced by the boundary
layer to the direction of the flow core. For turbulent flow it is hardly calculateable, therefore,
the CB height at the respective time is taken (250 um). Since the CB additionally provides a
phase boundary layer, this assumption gives the lower limit of §;. Lastly, the free stream
velocity v, is set to the CB expansion velocity of 25 m/s. With an impact of the disruption of
0.01 and a Reynolds number around the CB of 120 000, an instable regime is reached due
to the CB expansion and collapses. Assuming a smaller CB height for ps pulses of Streubel
et al. of maximal 100 um [68], a repetition rate of 10 MHz and a CB expansion velocity of
25 m/s results in an impact of the disruption of 40 and a Reynolds number around the CB of
120 000, corresponding to the stable regime in Fig. 35. The vortexes induced by CB lead to
back mixing and longer residence time of NP in the chamber. Thus, higher laser beam
shielding leads to an increasing deviation of productivity from the ideal productivity for
increased flow rates.

Due to the ultra-fast CB expansion (100 — 200 ms [131, 136]), the fast processes' influence
on the flow condition due to inertia remains elusive. There are only a few simulations, which
calculate the pressure and temperature change in the surrounding of the CB [368]. Dabir-
Moghaddam et al. also calculated the velocity change of the fluid surrounding a CB induced
in calm water, which exceeds 100 m/s in this case [368] and equals an acceleration of more
than 1.10° m/s2. For a more in-depth insight into the highly dynamic and complex flow
conditions during laser ablation, computational fluid dynamic (CFD) simulations are
recommended. For laser ablation-induced CB, CFD simulation results published so far are
not sufficient. However, CFD simulations of CBs induced in water close to a solid boundary
can provide a first insight into the dynamic of laser ablation-induced CB: Lechner et al.
demonstrated that the CB collapse influences locally high flow velocities (here ~ 800 m/s),

which influence the surrounding flow dynamics [369]. Also, pressures of >100 bar were
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calculated [369], even at a distance of 400 um from the bubble center [370]. Consequently,
also for LAL, the flow behavior in the ablation chamber cross-section could be entirely
turbulent. Additionally, imaging of persistent bubbles (PB) shows that PB and NP quickly mix
within the complete liquid layer above the target. Therefore, the simple film theory and

laminar flow assumptions need to be advanced for laser ablation under liquid flow [82, 93].

10? 10° 10 10° 108
Reynolds number [1]

Fig. 35: Indifference curve determined by Jordinson for liquid flow over a flat plate, adapted from
[367]. The blue area marks the regime where small disruptions induce the transition from
laminar to turbulent flow. The red dot depicts the momentum of disturbance for the Reynolds

number achieved in this section's ablation experiments.

In summary, for the desired concentration of 100 mg/L, productivities of around 10, 13, and
20 mg/h are measured for Ag, Au, and Pt NPs at flow rates of 1.1, 2.1, and 3.1 mL/min,
respectively. Consequently, power-specific productivities of 20, 26, and 40 mg/(W-h) are
reached, which is higher than 10, 18, and 13 mg/(W-h) for Ag, Au, and Pt NPs at a flow rate
of 100 mL/min achieved by Kohsakowski et al. [293]. The higher power-specific productivity
in this study indicates a higher ablation efficiency compared to former studies.

Non-laminar flow conditions caused by CB induced vortexes limit the productivity of LAL. The
momenta of disturbance increase for higher flow rates so that vortex formation is more
prone. This observation means that for higher flow rates, the deviation between the expected

and measured productivity increases.

Volume-specific energy dose

The previous sections discussed the influences of the focal plane shift, the pulse energy, and
the liquid flow rate individually. Here, these parameters are evaluated and combined into one
parameter. Therefore, the mean laser fluence through the liquid layer at different focal
distances is calculated by the mean value theorem (see appendix, section 8.1 and Eq. 14)
and divided by the fluid's average flow velocity. This parameter gives the energy dose per
liquid volume and is referred to as volume-specific energy dose. Since the particle size

distribution differs for ps and ns laser ablation [137, 371], the NP size produced with the
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Amphos flex 500 (see section 4.2.1) and the eMOPA1064-500 for different relative volume-
specific energy doses are compared. A kinetic approach is chosen to describe the influence

of the volume-specific energy doses on the NP size <10 nm w,, (Eqg. 15 and Eq. 16).

1 F(z) — F(z)
IO,spec = 5 7 — Z_O Eg. 14
dw;g
=l-wh Eq. 15
dlo,spec a
1/(1—n)
Wio0 = ((C =1 IO,spec) ! (n - 1)) Eq. 16

Iospec:  volume-specific energy dose [G] /cm3]

e average flow velocity ["/]

wyo:  mass fraction of particles <10 nm [%]

[: reaction rate constant
n: order of reaction [1]
c: integration constant

Usually, the NP size distribution is broader for fs and ps laser pulses than for ns pulses [371,
372]. For all volume-specific energy doses, the ns laser ablation produces a larger size
fraction of NP <10 nm (Fig. 36). For both fits (Eg. 17 and Eq. 18, summarized in Tab. 9), a
reaction order of -3 is determined, where the negative sign indicates that particles <10 nm
are formed due to the laser irradiation. Moreover, this shows that the initial particle volume,
and not the number of particles, influence the degree of fragmentation, as reported in the
literature [299]. Here, a fragmentation threshold is given in dependence of the initial NP
radius [188]. The reaction rate for the ns size adjustment is about seven times larger than for
ps pulses, indicating a more efficient size decrease. Coulomb explosion [373] and a heating-
melting-evaporation [356] are mechanisms discussed for NP size fragmentation. The former
is mostly assigned to ps pulses and the latter to ns fragmentation [374].

However, each mechanism’s contribution to fragmentation, especially for different pulse
duration, is not yet fully understood [149]. Consequently, the cause of the higher in-process
fragmentation efficiency for ns pulse in Fig. 33 cannot be fully explained. One hypothesis is
that the size decrease for ns pulse is more efficient and starts for lower volume-specific
energy doses since the fragmentation threshold for Au NP for ns is in the range of tens of

MW/cm?2 [188]. In contrast, the threshold is one order of magnitude larger for ps pulses [188].
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Aggravatingly, for the initial colloid, the larger NP size fraction produced with ns pulse is

smaller than for ps, further decreasing the fragmentation threshold for ns pulses [371, 372].
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Fig. 36: Dependency of the mass fraction of NP <10 nm on the volume-specific energy dose and the
resulting pseudo-kinetic fit for Pt for (A) ps laser ablation and (B) ns laser ablation, for
comparison, the ns fit is added in A.

Wy for ps laser ablation:

wio(Iospec) = (~195 103 + 15.6 - 10315 g ) Eq. 17
wyo for ns laser ablation:
- 3 3 025
wio(Iospec) = (—391-10% + 115 1031y g, ) Eq. 18

Tab. 9: Fit parameter of the pseudo kinetic approach for the volume-specific energy dose-dependent

particle size of Pt for a ps and a ns laser system

ps laser ablation  ns laser ablation
order of reaction -3 -3
reaction rate constant 3895 28 700
integration constant 48 730 97 230
R2 0.8 04

Ablation time

For the NP production in batch processes, the NP concentration and the NP size depend on
the production time [187]. Since the NP concentration increases with the ablation time, the
probability of reirradiation increases fragmentation [363, 364]. For the continuous flow
process, however, the ablated mass increases linearly with the production time, i.e., the
productivity remains constant [32, 360], resulting in a concentration independent of the
process duration. Regarding the NP size during the continuous process, research mainly
focused on the size evolution during the NP formation process [127, 137, 352]. However,

Waag et al. observed an ongoing increase in the colloidal temperature [156], which
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influences the particle motion, stability, and size. Additionally, for the high power laser
irradiation, it needs to be considered that the reflectivity of the emerging critical water layer
and plume drastically differ from the bulk properties [100, 107]. For the automated LAL, a
constant colloidal concentration, size, and stability should be guaranteed over the whole
production process, even at prolonged ablation times. Therefore, the difference in
productivity and colloid quality of an unablated and a, e.g., by LAL, roughened target needs
to be determined. Additionally, long term effects, such as the temperature increase, must be
analyzed. Lastly, the change of the NP properties after storage is examined.

The productivity difference for new and roughened targets for a five-minute ablation is shown
in Fig. 37 A and the particle size change in Fig. S 18 (appendix, section 8.2.5). Regarding the
particle size for ablation with a new and used target, no notable change within the first 300 s
can be detected (see Fig. S 18). Also, no significant productivity difference is found for Ag
and Pt. In contrast, the productivity drops from 18 + 2.7 mg/h, when using a roughened
target, to 9.9 + 1.2 mg/h for a new Au target. The continuous extinction measurement during
the ablation of a new target (in Fig. 37 B), as a measure of productivity, shows that after
about 500 s, the level of a roughened target is reached. The target surface is scanned about
3 — 4 times within 500 s. The question arises why the difference is highest for Au, where the
bulk medium's reflectivity is highest for Ag. Since the optical properties can drastically
change under laser irradiation, the reflected laser power for the three materials in
dependence of the applied laser pulses per spot is measured with the eMOPA1064-500
under an incidence angle of 45° (see Fig. 38). Here, an initial reflectivity of 45, 22, and 34 %
are detected for Ag, Au, and Pt, respectively. After the target is irradiated for the first time, Au
reflectivity is decreased to 7 %, whereas for Pt two, and Ag four runs are necessary. The
literature reported that micro- and nanostructures formation enhances absorption of light for
Au after ~ 100 shots/spot [259]. Therefore, scanning electron microscopy (SEM) images of
the unirradiated and irradiated surfaced of the three metals are taken (see appendix section
8.2.5, Fig. S 11). However, no significant structural difference between the metals can be
observed. It was also reported that the cavitation bubble size depends on the number of
laser pulses per target spot [260]. Here, it is shown that for 7 ns pulses, about 20 pulses on
Ag and only about three pulses on Au are necessary to reach the final cavitation bubble size.
However, for 12 ps pulses after only two pulses for both materials, the final CB size is
reached. For multi-pulse fs laser ablation, increased absorption due to laser-induced periodic
surface structures (LIPSS)/ripple formation [375, 376] appearance in dependence of the
applied laser fluence [259, 377] and also a decreased reflectance due to the surface
structuring [378, 379]. Au shows a lower theoretical threshold fluence of 5.2 J/cm? and, thus,
at the given fluence of 12 J/cm?, a lower ablation rate than Ag (Fy, = 2.7 J/cm2, Fy(Pt) =
3.3 J/cm?) [260, 380]. However, due to its lower ultimate tensile stress (100 MPa for Au [381],

170 MPa for Ag [381] and 125 —-150 MPa for Pt [382]), incubation effects in water are
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stronger for Au [383], so that the ablation rate increases strongest within the first 3 — 4 pulses

per spot.
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Fig. 37: Productivity of Ag, Au, and Pt when ablating new (blue) or previously used (gray) targets (o
= 0.05) with a fluence of 12 J/cm2 (A). The time-dependent extinction for the ablation with a
new Au target is shown (B). The horizontal blue line marks the initial extinction of a new
target, and the gray line the extinction of a previously used target. The shaded areas

correspond to the standard deviation determined in A.

For the automated device, the previous results mean that whether a new or roughened target
is used for an ablation does not make a significant difference for Ag and Pt. For Au, however,
the target either needs to be roughened before the first usage, or the Au colloid produced
within the first 500 s needs to be discarded, or a minimal production time needs to be set for
the first usage. For the latter case, the mean productivity in dependence of the total
production time with a new target is shown in Fig. 39. A minimal first production time with a
new target of 23 min is required to reach at least 90 % of a roughened target's productivity on
average.

In summary, a new Au target shows significantly (>40 %) lower productivity compared to a
roughened target, presumably due to the strong incubation of Au. The lower productivity of
new Au targets can be solved by putting a roughened Au target in the capsule, discard the
Au colloid produced within the first 500 s, or setting a minimal ablation time to 23 minutes for

the first ablation with a new Au capsule.
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Fig. 38: Reflectivity change at a wavelength of 1064 nm depending on the number of scan runs (A)
for Ag (yellow triangles), Au (red squares), and Pt (brown circles). Photographs of a new Au
target (B) and an Au target after four runs (C).
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Fig. 39: Calculated mean productivity of an Au colloid produced with a new ablation capsule
dependent on the respective production time (solid blue line). The green shaded area marks
the productivity between 90 % of the productivity reached with a roughened target and

maximal productivity.

As shown in Fig. 37 and Fig. S 20 (appendix), the target surface quality only influences the
first 500 s of ablation. When considering a longer ablation time (see Fig. 40), a decrease in
productivity is observed within the first 1.5 h of ablation for Ag and Pt. Additionally, a slight
drift to lower productivities observed between 1.5 — 8 h for Ag, Au, and Pt. However, this drift
lies within the confidence band of the respective flow rate. As shown in section 0, productivity
increases to a maximum and decreases again for increasing lens-target distances. For the
ablations in Fig. 40, new targets are used in all cases, and the initial target-lens distance was
set to 52.0 mm. Therefore, productivity is expected to increase with the beginning of material
removal until the distance of maximal productivity is reached, i.e., when half of the target is
ablated. The shift of the ablation plane does not explain the long-term productivity trend. In
the previous part, the flow rates required for 100 mg/L were determined for each material
(Fig. 34) and are applied for these experiments. The confidence intervals for the respective
fits show the fluctuation of the concentration for the chosen flow rate and are marked in Fig.

40 (green area). The extinction tends to exceed the upper confidence band initially, whereas
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it tends to fall below the lower confidence band in the second half of the long-term ablation of
Ag, Au, and, Pt.
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Fig. 40: Extinction of Ag (A), Au (B), and Pt (C) during 8 h ablation. Separate fit for the time range of
0 - 15h and 1.5 — 8 h are depicted as solid green lines. The shaded areas mark the
confidence bandwidth at the set flow rate (Fig. 34). The insets in each penal show the mean

concentration and productivity determined gravimetrically after 8 h of ablation.

Additionally, the target temperature change during the ablation is measured to explain the
time-dependent extinction decrease. Waag et al. reported that the target and colloid
temperature increase continuously over the ablation time, influencing the NP size and
colloidal stability [156]. Additionally, it is hypothesized that heat accumulation in the target
can favor the material removal process, especially for high repetition rate ps laser ablation
[384, 385]. Fig. 41 shows the increase of temperature at the ablation target backside from
21.5°C to 25.2 °C within the first 1.5 h resulting in a mean heat flux of 2.5 °C/h and to
26.5 °C within 8 h. The final mean heat flux between 4 h and 8 h measures 0.2 °C/h.

Moreover, the target temperature continuously increases and does not reach a steady-state
within 8 h. Therefore, the time-dependent heat flux is calculated according to Q = %. The

detailed calculation is explained in the appendix (section 8.2.5). In summary, the Ag target at
the front size is less than 1 °C warmer than the measured temperatures at the target
backside. A mean liquid temperature of 20°C at the chamber inlet and 22 °C at the chamber
outlet is measured. The heat flux through the Ag target is less than 1.6 mW and about
0.5 mW from the target surface into the liquid layer. The heat transfer coefficient is low
(5.6 W-m2K™" due to the low flow velocity (0.36-10° m-s™ for Ag) (see appendix 8.2.5

“Calculation of Ag target heating”). Therefore, the highest temperature is found at the target
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frontside and the NPs caught in the stationary laminar layer are affected by this temperature

increase.
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Fig. 41: Increase in the target temperature measured on the ablation target backside over an 8 h
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Electrokinetic potential and the pH value of the citrate stabilized Ag (A), Au (B), and Pt (C)
colloids during 8 h of continuous ablation. For the calculation of the electrokinetic potential, a
temperature of 25°C is assumed. Since the temperature development during the ablation is
measured for Ag (see Fig. 41), the electrokinetic potential is also calculated with the current

colloid temperature in this case (light blue data points and fit in A)

A slight shift in the temperature could potentially affect NP stability, i.e., increase their kinetic
potential (Fig. 42), and thus favor aggregation and agglomeration (Fig. 43). Neither the
electrokinetic potential of the NPs nor the colloid’s pH value change during the 8 h ablation.
For all three samples, the electronic repulsion overweighs their kinetic potential by a factor of

more than two, even when the temperature increase during the ablation is considered (see
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Fig. 42 A), which indicates stability. Due to the formation of OH" surface adsorbates on the
NPs [173], a low pH value of 4.6 is measured for the Ag colloids indicating an insufficient
amount of the stabilizer sodium citrate. The stabilization of Ag colloid will be examined in

more detail in section 4.2.3.
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Fig. 43: The size variation of Ag stabilized with citrate (A), Au (B), and Pt (C) during long time
ablation of 8 h is characterized by the NP mass fraction <10 nm (green squared) and
different characteristic diameters (purple symbols). These diameters are the peak diameter
of the size distribution (triangle) and the diameters marking the 50 (open square) and 90 %

(solid square) cut-off. The lines are the result of a constant fit between 1.5 h -8 h.

Regarding the NP size, fluctuations of up to 45 % are observed for all materials within the
first 1.5 h. The influence of the temperature on the NP size can be seen in detail when the
size change within the first minutes of the ablation is determined (see Fig. S 18, appendix).
For Ag and Au, the NP size increases, whereas it remains constant for Pt. Between 1.5 —
8 h, regardless of the increasing temperature, NP size remains constant.

Fig. 44 depicts the difference in the colloidal quality, i.e., NP concentration, size, and stability,
for the first 1.5 h and between 1.5 and 8 h of ablation. For all three materials, the NP
concentration for the first 1.5 h of ablation is significantly higher than for the following 6.5 h

(Fig. 44 A). For Ag and Au, the size fraction <10 nm decreases after 1.5h by 10 %,
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respectively (Fig. 44 B), and for Au also the larger NPs are increased from 15 to 16 nm,
resulting in a larger dgg diameter (Fig. 44 C). The size distribution of Pt is not affected by the
ablation time. Regarding the Zeta potential, no significant difference for the first 1.5 h of
ablation and afterward is found for any material (Fig. 44 D). Additionally, with a zeta potential
of ~-60 mV, all colloids are very stable (Fig. 44 D).

NP properties for material data sheets are determined for the particles obtained after 1.5 h of
ablation. In the following, the first 1.5 h of ablation will be called run-in time since variations in
the concentration and NP size are high in this time range. For the automated device, the run-
in time of 1.5h would mean that 100, 190, and 280 mL of Ag, Au, and Pt colloid are
discarded per production process if a high reproducibility is desired. There is no clear hint
whether a heated stationary liquid layer or a heated target material is responsible for the run-
in behavior of the ablation process. Experiments with heated targets or targets cooled
throughout the experiment (e.g., with a Peletier element) could be performed to elucidate the
temperature-effect on the NP quality.
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Fig. 44: Comparison of the mean concentration determined via extinction measurement (A) and the
number-weighted particle fraction <10 nm (B), the dyg diameter (C), and the Zeta potential for
Ag (yellow), Au (red), and Pt (brown) for different time intervals during 8 h ablation (o =
0.05).

Moreover, the storage stability of the produced colloids is analyzed. Therefore, the colloid is
stored for 28 days at 25 °C. As a thermodynamically meta-stable system, NPs will continue
to grow until a uniform NP size is reached. A kinetic approach describes the particle growth.
The time shortly after production has been fit by kinetic equations of barrierless coalescence
of particles and the long time ripening by a combination of barrierless coalescence and
Ostwald ripening [160, 167].

After 28 days at 25 °C, no aggregations are found for Ag, Au, and Pt. Fig. 45 shows how the
hydrodynamic particle size, the zeta potential, and the optical properties change within the
storage time. The NP concentration, determined by optical spectroscopy, decreased after 28

days (Fig. 45 A), although no material precipitated over time. Since the extinction within the
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interband absorption is proportional to the number frequency of the NPs, the decrease in the
concentration is a sign that the number concentration decreases. This increase in the particle
size can be seen by the SPR peak shift, from 400 to 410 nm, towards a higher wavelength
for Ag (Fig. 45 B) and the increase in the characteristic diameters (Fig. 45 E). On the other
hand, Au and Pt NP size do not significantly differ before and after the storage time.

Assuming van’'t Hoff conditions, i.e., a doubling of reaction rate per 10 K increase, the
produced Au and Pt colloids are expected to be stable for four months at 5 °C. The stability

for Ag will be further examined in the next section (4.2.3).
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In summary, the time effect concerning the target condition, production time, and colloid
storage are investigated. First, only for the usage of a new Au target, but not for Pt or Ag, a
significant decrease in productivity is observed, which can be explained by the incubation
effect. It is recommended to use pre-roughened Au targets for the automated LAL device.
Second, a productivity decrease within the first 1.5 h of ablation is observed. Within the time
frame, also the NP size fluctuates stronger than afterward. For Ag ablation, a heating rate of
2.5 °C/h is found for the first 1.5 h and decreases to 0.2 °C/h. The first 1.5 h of produced
colloid should be discarded to ensure constant colloid properties and high reproducibility over
the ablation time. In future investigations, the influence of preheating or cooling the ablation

target on NP productivity can be investigated. Third, initial tests on the long-term stability of
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the produced Ag colloids indicate that a further in-depth study is necessary to thoroughly

estimate their shelf life. Au and Pt colloids were stable for 28 days stored at 25 °C, indicating

a shelf life of four months at 5 °C.

102



Results and discussion

4.2.3. Increasing the long-term stability of silver colloid

As demonstrated in the previous chapter and reported in the literature, Ag NPs are prone to
ripening [167]. Since, e.g., the production of 100 mL with the automated LAL device of Ag
takes more than 1.5 h, the particle size should not change on this short time scale. The user
might also store residual colloids, produce the colloid ahead, or need even higher amounts,
which might take one workday in production. Therefore, also on a longer time scale, the NP
size must not change. Here, the short term, i.e., 18 h, size consistency of Ag NP ablated in
0.1 mmol/L sodium citrated and tetraethylammonium hydroxide (TEAH) is discussed.
Furthermore, the long term stability over 28 days is determined for sodium citrate solutions of
0.1, 0.25, 0.5, and 1.0 mmol/L.

For short-term stability, the NP size is analyzed from the production start to 18 h, mimicking
the storing overnight (see Fig. 46). For citrate, a peak diameter of 6 nm is found. In contrast,
the TEAH-stabilized Ag NP peak diameter rapidly increases from 7 to 13 nm after 1 h and
27 nm after 18 h, indicating an insufficient stabilization. TEM images of the TEAH-stabilized
sample reveal a distinct bimodality of the colloid, favoring fast Ostwald ripening [386].
Moreover, irregular, non-spherical NP shapes like triangles are observed. The formation of
triangle- or polygon-shaped particles was found during the reduction of silver nitrate at low
reduction rates [387]. Ostwald ripening is the dominant mechanism in the presence of ions or
dissolved crystals [388], which explains the strong influence of Ostwald ripening on the Ag
NP growth. Since TEAH-stabilized NPs already change significantly on a short time scale,
further shelf-life tests are not conducted.
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Fig. 46: Size-dependent normalized number frequency (A) and change in the number fraction of
nanoparticles <10 nm (B) in dependence of the time passed since the ablation process.
Results are shown for citrate- (blue) and TEAH-stabilized (gray) colloids. For the TEAH-
stabilized colloid 18 h after production, the Feret diameter and an exemplary TEM image are
depicted (C).

Although the short-term measurement for citrate-stabilized Ag NPs shows no changes, the

peak diameter increases from 6 to 19 nm within 28 days (see Fig. 45). Therefore, the long-

103



Results and discussion

term stabilization with three higher citrate concentrations is analyzed (see Fig. 47). The size
distribution for NP produced in 0.1 mmol/L citrate solution show a broad (PDI of 2) but no
distinct bimodal size distribution, which explains the slower aging compared to TEAH (Fig.
47A and C). Additionally, TEM images reveal that the size fraction >20 nm decreases with
higher citrate concentration (Fig. 47 C — F). Therefore, the NP growth over 28 days is slowed

down for higher citrate concentrations (Fig. 47 B).
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Fig. 47: Comparison of the log-normal fitted Feret (A) and hydrodynamic (B) number-weighted size
distribution for Ag NPs produced with different citrate concentrations of 0.1, 0.25, 0.5, and
1.0 mmol/L and exemplary TEM images (C — F). For all experiments, the flow rate was set to
1.1 mL/min, samples were taken after 15 min of ablation, and measured 18 h after the

ablation process.

In summary, significant post-processing growth of TEAH-stabilized Ag NPs is observed
already 1 h after production. The production of 100 mL Ag colloid takes about 1.5 h resulting
in a broad and strongly time-dependent NP size distribution. Therefore, TEAH is an
unsuitable additive for the automated LAL device. With increasing citrate concentration from
0.1 to 1.0 mmol/L, the peak diameter shift over 28 days is reduced from 17 to 2 nm. A
concentration of 0.25 mmol/L is sufficient to reduce the peak diameter shift to 4 nm for the
time of 28 days. Therefore, a minimal citrate concentration for the automated device of
0.25 mmol/L is recommended for Ag. However, for possible applications of Ag NPs, it needs
to be kept in mind that 0.25 mmol/L citrate already leads to surface coverage
>5.10" molecules (ligand)/m2 (NP), which could have a negative influence on the application

[179].
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4.2.4. Reproducibility and robustness of the automated laser ablation

process

The temporal consistency of the process, as examined in section 4.2.2.4, and low batch-to-
batch variability are required for a reliable device. Therefore, the long-term ablations (section
4.2.2) and five additional reproducibility tests are executed for each material and taken to
determine the expected values and specification ranges for the material data sheets (MDS)
(appendix sections 8.2.6.2, 8.2.6.3, and 8.2.6.4). Ten experiments per material with process
times ranging from 15 min to 4 h are performed for data validation in the next step. These
results are compared to the expected values and specification ranges from the MDS to
validate these.

In Fig. 48, the MDS values (shaded area and circle) are compared with the data validation
experiments (box plot) for Ag, Au, and Pt, respectively. The results from the validation
experiments meet the specification of the MDS. The colloid quality is further assessed by
comparing the reached specification to commercially available colloids. Therefore,
commercially available chemically and laser-generated colloids of about the same NP size
are chosen. For the comparison, the specifications from the MDS of the commercial colloids
are taken. The results are presented in Tab. 10. The PDI for Au is larger for the automated
device than for commercial colloids. One possible solution may be to increase the stabilizer
concentration since it was shown that the size of Au NPs can be adjusted freely from 7 to
25 nm by adjusting the stabilizer concentration [173]. As discussed in section 4.2.2, the size
adjustment by flow rate variation is only possible to the cost of productivity losses and longer
production times. Moreover, since higher NP concentrations will be achieved in this case, the
probability of agglomeration increases and demands higher stabilizer concentrations.

In summary, the automatically produced Ag and Au colloid qualities are within the set data
sheet specifications and, except for the polydispersity index, match the specifications of
commercially available colloids given in their MDS. The stabilizer concentration can be
adjusted to achieve more narrow NP size distributions. For the Pt colloids, excellent colloid

qualities are met, which even meet commercial distributors' specifications.
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Fig. 48: Diagrams for Ag colloid stabilized with 0.25 mmol/L citrate (A), Au (B), and Pt (C) depict the
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data ranges (shaded areas) and mean values (red circles) determined by the long-term and
reproducibility studies. The boxplot represents the results of ten LAL runs (15 min — 4h) with
the mean values (black circles) and medians (horizontal lines in the boxes). In (i), the star
represents the gravimetrically measured concentration and the circle the concentration base
on extinction measurements. In (iv — vii), the green dataset (left) refers to the mass-weighted
and the blue dataset (right) to the number-weighted size distribution.
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Tab. 10: Traffic light system for evaluating the colloid quality produced by the automated device. For
this comparison, the mean values shown in Fig. 48 are taken. The flow rate was set to 1.1,
2.1, and 3.1 mL/min for Ag, Au, and Pt, respectively. Ag is stabilized with 0.25 mmol/L

sodium citrate and Au and Pt with 0.1 mmol/L sodium chloride.
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Ag * * [389-391]
Au [392-395]
Pt * O [396, 397]

O: no evaluation possible, ®: out of the MDS specification, ®: meet specification in MDS but should
be improved to compete with commercial colloids, ®: meet MDS specification and can compete with

commercial colloids, *: no specification was given for commercial colloids
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4.3. Validation of the process safety and stability

The realization of a safe and reliable process is essential to construct a user-friendly device
and meet the customers' demands. Therefore, in the first section of this chapter, possible
hazards for the user and consistent product quality are identified by a preliminary hazard
analysis, and counter-measures are determined. Afterward, a proof of principle for the
chosen sensors is presented, and each sensor's threshold values are given in the second
section. In the third section, a decision chart illustrates the malfunction determination and

user-device interaction.

Chapter 4.3.1 Chapter 4.3.2 Chapter 4.3.3
M % Would you like to start Finished production.
r Q@J// Q ° ne;:o?:reosdsl-l’?cum Please collect the
L E _ @ ‘E‘ Ag colloid.
Y S, RO
g L \\\../// %Jy start end

Fig. 49: Overview of process safety measures. Possible hazardous scenarios are determined with
the help of a preliminary hazard analysis in chapter 4.3.1. Sensors are selected and
implemented in chapter 4.3.2 to avoid these scenarios. A decision chart describing the user-

device interaction is presented in chapter 4.3.3.
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4.3.1. Preliminary hazard analysis of the automated ablation process

The piping and instrumentation diagram (PID) is designed to show the interaction between
the different items of the device, determine necessary safety measures and prepare an
equipment list. The PID (Fig. 50) is constructed following the DIN EN ISO 10628 and
ISO 3511, with the exception that control units (labeled with “E” for electronics) are included
[398, 399]. Including the control units, ensure a complete safety evaluation of the device, as
explained later in this section. The equipment list can be found in the appendix (Tab. S 12).
In Fig. 50, all items in contact with liquids are colored blue, electronic control units are yellow,
and beam guiding items are green colored. The tanks B-1, B-2, and B-3 contain stabilizer
solutions, which will be the solvent for the produced colloid. The fluids are pumped from the
lower to the upper level of the device using a piezoelectric micropump (P-1, P-2, P-3). One-
way check valves (V-4, V-5, V-6) are installed behind each pump so that reflux and
intermixing of the different fluids due to the cross valve V-1 is prevented. The removable
ablation chamber B-5 is connected to the device’s fluid system by a valved quick-coupling
(V-2), which ensures liquid hold back in the ablation chamber when the chamber is removed,
protecting the user and device from dripping liquids. The ablation chamber's outlet is a 3d
printed nozzle (V-3), from which the liquid flows into the collection vessel (B-4). The
containers B-6 and B-7 are collecting trays for liquids. The irradiation for the ablation process
is emitted by the laser (O-1). The two mirrors (O-2, O-3) are positioned perpendicular and
moved to realize beam movement on the ablation target. Before entering the ablation
chamber, the laser beam is focused by two lenses (0O-4). The device's central control unit is a
microcomputer (E-1) responsible for controlling, and processing the user input. Further sub-
control units are responsible for communication with the micropumps (E-2), laser control (E-
3), and movements of the mirrors (E-4).

A preliminary hazard analysis (PHA) is performed to identify malfunctions and possible
hazards for the user. For example, if the fluid tanks (B-1 B-2, or B-3) is empty and without
any safety measures, air would be pumped through the tubes and the ablation chamber.
Consequently, no colloid is produced, and the laser damages the ablation capsule.
Implementing a liquid level sensor can prevent the process from starting if the liquid level is
insufficient. For the full analysis, see Tab. S 13 (appendix). The results leading to the
implementation of sensors into the device’s setup are presented in the following. In total, five
different kinds of sensors are applied in the device: liquid level sensors (L-01 to L-04), a
humidity sensor (M-01), two optical sensors (O-01, O-02), a contact sensor (I-01), and a
temperature sensor (T-01).

The liquid level sensors L-01 to L-03 are responsible for registering the current state of the
sensor attached to the liquid tanks B-1 to B-3 and the process is stopped when a threshold

for the lower liquid level in the tank is reached. Simultaneously, the user is informed by an
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alarm on the display. Moreover, the sensors detect if a liquid tank is not in place, avoiding
ablation in air and thus ensuring a safe process and constant process quality. The next liquid
level sensor (L-04) stops the process when an upper liquid level is exceeded. This sensor is
attached to the collecting tray B-7, which collects rinse water and spilled colloids, thereby
protecting the device interior from water damage. Contrary to L-01 to L-04, the humidity
sensor (M-01) is meant to detect minimal amounts of liquid and sets of an alarm if a critical
signal intensity is reached. This sensor is positioned in the collecting tray B-6, into which
water from leaks at the pump and valve connections drips. This tray is also slightly tilted so
that the liquid is collected in one corner. The detection of small amounts of liquid is crucial at
this position for two reasons. First, leakage at the pumps leads to a reduced liquid flow rate
and changes the NP quality. Second, liquid, especially NaCl in the device’s interior, can
corrode the device case. Damaging of the electronic components is avoided by placing all
control units above the liquid tanks and tubing.

The optical sensor (O-01) is placed behind the ablation target, initiates an alarm, and
interrupts the process if the IR irradiation threshold is exceeded. Increased IR irradiation
would indicate that either no target is inserted in the ablation chamber or the target is
damaged. In the former case, irradiation can lead to damages at the ablation chamber or the
device interior, and in the latter case, constant colloidal quality is no longer guaranteed. The
other optical sensor (O-02) measures the colloidal extinction at the chamber’s exit. Thus,
possible malfunctions of the laser source, scanner, or fluid system can be determined. The
contact sensor (I-01) is responsible for detecting if the ablation capsule is inserted correctly
and be realized by Electrically Erasable Programmable Read-Only Memories (EEPROMS).
EEPROMSs can also save information about the material within the capsule and the number
of left ablations. Finally, the laser temperature is monitored by the temperature sensor (T-01)
to avoid overheating of the laser source.

For optimizing the device setup, the tubing between V-1 and V-2 should be minimized and
ideally eliminated to avoid contamination with a different stabilizer leading to colloidal
impurity and decreased stability. An ablation chamber with three different fluid inlets is
designed to overcome this insufficiency (Fig. 51 A). Depending on the material within the
chamber, one of the three inlets will be closed. For example, for Au, the entrances for water
and the sodium chloride solution are opened and connected to the respective socket
mounted in the device. This design makes V-1 and V-4 — V-6 obsolete but requires three
quick coupling valves like V-2 and an altered ablation chamber design.

For the prototype, the liquid tanks B-01 — B-03 are inserted by the user, and, thus, he or she
is responsible for positioning the tubing in the fluid tank correctly. To avoid user mistakes, the
tanks, including the tubing, could permanently be placed in the trays. Next to the tubing inlet,
a second cap at the top of the tank enables the user to refill the vessels without moving them

or removing the tubing (Fig. 51 B).
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Fig. 50: PID of the automated device. Components in contact with the liquid are depicted in blue,

electrical components in yellow, and optical equipment in green.
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fluid  fluid
2 3

colloid

Fig. 51: Scheme for an optimized fluid entrance into the ablation chamber, to avoid contamination of
colloids with other stabilizer solution (A), of an optimized fluid tank with a removable cap for
fluid refilling (B), and an outlet modification to allow automated flushing and colloid collection

(side blende is removed to enable insight into the device’s interior) (C)

Moreover, the fluid outlet, flushing process, and the necessity for a run-in period of the
ablation can be optimized. When the users wish to start the colloid production process, they
insert the capsule and start the process. Then, the fluid system (Fig. 50, blue components) is
flushed with the stabilizer collected by B-7. During the following run-in period of ablation, the
produced colloid is also collected by B-7. For the product collection, the user is finally
prompted to provide the colloid collection vessel B-4. However, if the necessity for the run-in
time is due to the temperature increase of the ablation target (see section 4.2.2), the ablation
process should only stop for a short time. About 1.5 h after starting the process, the user
must be present at the device to insert vessel B-4. If the user is distracted from this step,
either all colloid goes to waste, i.e., flows into B-7. If the process does not automatically stop
or if the process is automatically stopped after the run-in time, the user would have to start
the process again. Both scenarios are user-unfriendly, and an automated vessel change
after the run-in time can achieve a higher convenience. Since V-3 and the outlet nozzle are
permanently connected to the capsule, it is impossible to add an automated valve at the
outlet. Another possibility would be using an automated stage above B-7 (see Fig. 51 C).
Here B-4 would be positioned by the user before the process is started. The electric stage
moves so that the fluid flows into B-7. After the flushing process and the run-in period, if it
cannot be avoided (see section 4.2.2), the stage moves again, and the fluid is collected in B-
4 without the user’s interference.
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In summary, a PID of the device is created, and a PHA is performed. Thus, the necessity of

different sensors is determined. The optimization for the fluid movement, the liquid tank

handling, and the sample collection are also proposed.
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4.3.2.  Selection and adjustment of sensors

The sensors to avoid critical malfunctions identified in the previous section will be introduced
and tested for their effectiveness in the following.

The concentration sensor O-02 consists of a light-emitting diode (LED) emitting 470 nm and
a corresponding detector (photoresistor) positioned on the opposite of the LED. The colloid
containing tube is positioned in between (Fig. 52) so that the emitted light is partially
extincted by the colloid. Since the emitted light intensity of LEDs varies with their operating

temperature, it is necessary to provide a run-in period of 60 min (appendix, Fig. S 22).

eject target
button capsule Cc

eject
button
photo
cover e i ._
collection
tray

Fig. 52: The target inset and colloid outlet (A) and a close up of the capsule mounting with the
concentration sensor positioned at its outlet is shown. Panel C shows the composition of the

colloid concentration measurement.

For evaluation of the sensor's usability, the sensitivity, i.e., the sharpness between the
colloids, water, and air signals, the response to concentration changes, and temporal
consistency, is analyzed. The detector signal distribution for Ag, Au, Pt, water, and air are
shown in Fig. 53. The mean signals of the colloids (0.260 — 0.285), water (0.220), and air
(0.245) can be distinguished from one another. However, although the mean values for the
colloids are significantly different (0.285 for Ag, 0.275 for Au, and 0.260 for Pt), the data
range overlaps for Ag (0.235 — 0.330), Au (0.225 — 0.310), and Pt (0.240 — 0.290) is large. In
conclusion, the sensor can detect if water, air, or colloid, in general, flows through the tube.
For the differentiation between Ag, Au, and Pt, many data points or, i.e., a long measuring
period is necessary. The best concentration-signal dependency is found for Au (Fig. 54).
With a central emitted wavelength of 470 nm, this is the transitioning region between inter-
and intraband absorption for Au, but the particle size-dependent intraband absorption for Ag,
which could explain the strong fluctuation for the Ag calibration (Fig. 54 A). However, Pt does
not show an interband absorption and a comparably weak intraband absorption at 470 nm,

which leads to strongly fluctuating signals (Fig. 54 C). Considering the time-dependent
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sensor signal over 6 h (Fig. 55), the values for Ag, Au, and Pt often overlap and do not reach
a constant level.

Since the sensor O-02 should determine process-related concentration deviation, e.g., due to
laser or pump damage, and respond within minutes, the selected concentration
measurement is not suitable. Changing to a diode with a different wavelength does not lead
to an improvement, as the spectra of at least two of the colloids overlap for most of the
wavelength range from 200 to 900 nm (Fig. S 23). Instead of determining the concentration

by a single wavelength, a broadband emitter and a corresponding detector can be used.
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Fig. 53: Sensor signal distributions for Ag (yellow), Au (red), Pt (brown), water (light blue), and air
(dark blue) are shown as bars. The corresponding boxplots are depicted in a diamond shape
and the mean value as a circle. The whiskers of the boxplot range from 1 % to 99 % of the
detected values.

3 A Silver s B 8 .S

—_— T T T T T —_— . T L] 1 T L] L —_— . T T T T T T T

8 =0-147 y=(7+06)-10% 1 8=009]y=(+9-10%-10% ] 8= y=(3£02)-10%

g —g12d R*=08 J g —.08d R?=09 g =0.051 R?=08 g
[ £m £®

= 5010 c 5,007 c 5,004 ]

Q5 7 0.06 1 [ [

® %008 g {1 0 o n

= o E'—0.0S- ELO.UB:- A

ZL006] "av= ] 2 0.04 Z =

ke - == 1 8% BT 0021 ] ]

¢30.04- . . 1 m?o.os- CDB :

o%T Eal 0 T 0.02 OB 01 ]

c So02d® 4 c c . L}

) @© o @ 0.01 o ©

m 0-00 T T T T T w 000 T T T 1 1 T w OUO T L] L] T T 1 T

% 0 25 50 75 100 125 150 % 0 50 100 150 200 250 300 % 0 25 50 75100125150175200

concentration [mg/L] concentration [mg/L] concentration [mg/L]

Calibration of the concentration sensor O-02 for Ag (A), Au (B), and Pt (C). A linear fit is

il
Q@
Ul
A

depicted as a red line with a 95 % confidence interval (red shaded area). The expected
differences between the colloid and water signal for a concentration of 100 mg/L are shown
as horizontal green lines and the corresponding error range according to the confidence

interval of the fit as the green shaded area.

In conclusion, sensor O-02 can distinguish between water, air, and colloid in general. Bubbes
produced during the ablation process do not disturb the sensor signal (compare Fig. 53 and

Fig. 55). The sensitivity regarding leakage detection is dependent on the measuring interval.
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With the interval set to 2 s, a minimal amount of approximately 0.1 mL of air is required until
the sensor detects the leakage. However, the sensor is not sufficient for determining and
monitoring the concentration of the colloids. The setup can verify the target monitoring O-01
and the liquid level detection L-01 — L-03. In the former case, no target can be ablated, and
thus, only water is detected by O-02, and in the latter case, no water, and consequently no
colloid, is pumped so that O-02 detects air.
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Fig. 55: Sensor signals for Ag (yellow), Au (red), and Pt (brown) colloids over more than 6 h (A). The
respective mean signal is depicted as a horizontal dotted line. The inlay of panel A shows an
exemplary run where the colloid production is started at 0 min and stopped at 100 min for

Au. Influence of the tubes (left: extensively used, right: new) on the sensor signal (B).

The liquid level sensor ensures that air does not enter the fluid system and negatively
influences the colloidal quality by detecting a minimal amount of liquid within in tank and
stopping the process if there is a risk of draining. A contactless capacitive sensor is selected
for this measurement since sensors positioned inside the fluid tank potentially contaminate
the fluid and vice versa. The contamination occurs if particles from the sensor diffuse into the
liquid or from another liquid if the sensor is not cleaned correctly in-between. As shown in
Fig. 56 B and C, the sensor is positioned on the outside of the fluid tank at the height
corresponding to the minimal amount of fluid for one ablation process.

Fig. 56 shows that if the sensor patch is at the same height or lower than the liquid level, its
signal is maximal (Fig. 56 B) and decreases to zero if the liquid level falls below the sensor
patch (Fig. 56 C). When the user initiates the ablation process, the liquid level sensor signal
should be maximal. If its signal is below, not enough liquid for the process is left in the fluid
tank and the user is advised to refill the tank. If the user can select between different colloid
amounts, further liquid level sensors must be put at the corresponding position. The liquid
level sensor signal should be higher than 75 % of the maximal signal, i.e., >1.2, to account
for transitioning liquid levels.

Next to detecting a lower liquid level in B-1 — B-3, the sensor is used to monitor an upper

liquid level in B-7. Before the production, the residual collection tray volume should be
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sufficient to collect the cleaning water before and after the process and the colloid if the
vessel is broken, missing, or knocked over. Since the dripping tray for the prototype is
produced of metal, the sensor cannot adhere to the vessel wall. For the final device, it is
recommended to select a plastic collection tray, e.g., made of PE. Thus, the sensor can be
positioned at the inner slot wall. In contrary to the detection of a liquid level, in this case, the
initial sensor value should be at the minimum when the user initiates the process, i.e., the
sensor signal must not be higher than 0.1. Otherwise, the user will be warned and requested
to empty the tray.

All in all, the chosen capacitive sensor enables the contactless monitoring of the liquid level
in the fluid tanks and the collection tray. It was shown that the sensor responds fast to a
change in the liquid level. If the collection tray is made of plastic, the same sensor can detect

the liquid level in the collection tray B-7.
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Fig. 56: Time-dependent signal of the liquid level sensor (A) when the liquid level fluctuates between
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o

a height above (B) and below (C) the sensor patch. These states correspond to the

photographs in B and C, where the blue line marks the current liquid level in the tanks.

An initial analysis of the weak points reveals that connections between different fluid
components are likely to break and leak liquid in the device housing. Therefore, a collecting
tray (B-6) equipped with a leakage sensor M-01 is positioned underneath the pumps and
valves. Dripping liquid is collected in one corner of the tray, where the leakage sensor is
placed by tilting the collecting tray. This setup is capable of detecting leakage of already
10 pL (Fig. 57). For higher amounts of liquid, the signal increases steadily. Note that the
signal is not proportional to the liquid volume, as can be seen at 60 s when spreading the
fluid over the sensor leads to a signal increase. Since the sensor is positioned in one corner
of the tray, the leaking liquid is not necessarily detected immediately, and small amounts
could not be detected at all. Therefore, the sensor must give a warning when already a signal
of 0.05 is reached. Further conductive sensors can be positioned in the trays. In theory,
leakage detection by a capacitive sensor is also possible. In this case, the metal tray must be
electrically insulated from the rest of the device and connected to the sensor patch. The

conductive tray works as an enlargement of the sensor patch. It is shown that a conductivity
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sensor capable of detecting microliters of liquid. A threshold of 0.05 of the process abortion is

determined to prevent the device’s interior from damage.
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Fig. 57: The humidity sensor signal over time (A). The black arrows indicate the points where
additional 10 pL of Milli Q water is dipped on the sensor, and the blue arrow where the liquid
already on the sensor is spread over its surface. The photographs B-D show the sensor with

none, one, and three droplets corresponding to the marked arrows in A.

An intact target is crucial for achieving the desired concentration. Also, parts of the capsule
are ablated by scattered irradiation if the target is broken, leading to precipitation of the NPs
and an unreliable colloid quality. Thus, target integrity is essential for reliable colloid
production. During multiple ablation processes with one capsule, the passed ablation time of
the target is determined by electrical sensor I-01. Thereby, the device estimates if enough
target material is left to complete the process before the ablation process starts. Additionally,
an IR detecting diode detects the scattered irradiation behind the ablation target.

For detecting a target breakdown, the IR diode is positioned in the capsule behind the target
(see Fig. 58 A). The ablation chamber backside consists of an optical window with high
transmissibility in the infrared spectrum. Thus, low amounts of the laser irradiation passing
through the target are absorbed or scattered by the chamber backside, and a sensitive
measurement can be assured. An example of the IR signal measurement is when the target
is damaged during ablation (Fig. 58 B). At the beginning of the ablation, the detected amount
of IR irradiation fluctuates around 800. As shown by the inset, the target is still intact at this
point so that the detected signal is assigned to scattered irradiation passing by the target’s
sides. Between 18 — 22 s, the signal decreases to 150 due to the increased conductivity of
the diode. The inset in Fig. 58 B shows that the first holes can be observed in the target. A
signal threshold of 200 is selected to enable an early breakdown detection of the target. All in
all, an IR diode positioned behind the target allows reliable detection of the target
breakdown. A minimal threshold value of 200 is identified for aborting the ablation process to

prevent damaging the automated device during the ablation process.
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Fig. 58: Scheme of the ablation chamber cross-section shows the setup for target breakdown
monitoring (A). Time-dependent IR sensor signal (B). A 100 um Ag foil is used, starting with
an un-irradiated foil. The photographs show the target condition after 5 s and 32 s of laser
irradiation; the picture after 32 s is shot with transmitted light to make the holes visible (red

circle).

A summary of all chosen sensors, as well as evaluations, are given in Tab. 11. The majority
of selected sensors ensure the desired function of the device. However, minor insufficiencies
are identified (orange dot in Tab. 11) and discussed. The leakage detection sensor M-01 can
detect drops of 10 pL. However, it needs to be examined if the fluid, dripping into the
collection tray B-6, reaches the sensor with sufficient velocity. If not, it is recommended to
use more leakage sensors at different positions in the collection tray B-6 or to use a
capacitive sensor or a combination of both. The concentration measurement O-02 can only
distinguish between air, water, and a colloid in general. For quality control of the device, a
time-dependent concentration measurement for Ag, Au, and Pt is essential. A measurement
with multiple wavelengths may be suitable for the concentration measurement while also

providing the option of monitoring the NP size.
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Tab. 11: Summary of the selected sensors by task and principle of measurement, their threshold

values for detection of malfunctions, and an evaluation of the eligibility of the chosen sensor

No. in physical principle of evalu-
_ sensor task threshold values _
Fig. 50 the measurement ation
L-01 — | ensure a minimal fluid level capacity difference 519
L-03 in liquid tank B-1 — B-3 for air and water ’
L-04 ensure that a maximal fluid capacity difference <0.1
level B-7 is not exceeded for air and water ’
M-01 | check of leakage conductivity >0.05
0-01 detection of target inner photoelectrical <200
breakdown effect
water: 0.215 - 0.225
differentiate water, air, and . N air: 0.230 — 0.250
O02 1 colloid light extinction colloid: 0.250 —
0.290
differentiate between Ag, . .
- °
Au. and Pt light extinction
enable determination of the . o
. . light extinction - °
colloid concentration

®: the sensor is not suitable for the task

achieve higher reliability
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4.3.3. Decision chart for process monitoring and handling of

malfunctions

After the device setup and possible hazardous scenarios are discussed in section 4.3.1, and
the suitability of different sensors are tested individually in section 4.3.2, the interaction of the
individual sensors and the user's interaction with the device is presented in the following.

The ablation process is shown in Fig. 59 as a decision chart and starts when the user
initializes a new ablation process. When the user is asked to select the desired colloid
material, the capsule contact sensor checks if the correct capsule is inserted and otherwise
requests the user to remove the capsule and insert the correct one. Afterward, the user is
asked to choose the required colloid volume, and the sensor signals are checked (Fig. 60). If
all sensors signals are within specifications, the user confirms the selection and starts the
automated process. If errors occur during the sensor check, an error message is displayed,
and the user is requested to act accordingly, e.g., refill the fluid tank if the amount of liquid in
B-1 is insufficient for the process. After the user’s confirmation, the sensors are rechecked. If
all sensor signals meet the specification, the user is informed about the ablation start and the
remaining process time is shown on the display.

The laser is now turned on and the 10 min warm-up phase is initiated, after which the
flushing process with the respective stabilizer solution starts. As determined in section 4.2,
the current process setup needs 1.5 h to reach steady-state conditions. If this can be solved
in the future, the following process part is obsolete and is therefore marked gray in Fig. 59. At
the beginning of the run-in period, the laser starts emitting, however, the initial colloid is
discarded. During the run-in time, sensors are checked every 10 s and the process continues
if all signals match the specifications. After 1.5 h, the electrical stage is moved so that the
vessel B-4 collects the colloid. After the final process time is reached, the laser is shut off,
the stage is moved, and the flushing process with water is initiated for 5 min during which the

user can collect the colloid.
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Fig. 59: Decision chart for automated colloid production. The black boxes represent possible
messages for user-interaction. The gray shaded area is the process part for a run-in period.
It is obsolete (dashed line as an alternative path) if future investigations can eliminate the
run-in period. The variables K, L, T are used for monitoring time steps and the number of

loops. The “check sensors” routine is explained in detail in Fig. 60.
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Fig. 60: Decision chart of the sensor checking routing. If a sensor signal is not within specification,

the ablation process is aborted and an error message is shown (see Tab. 11). The blue

shaded area shows the optimal path, where the measurements meet all criteria.
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The sensor check routine is shown in Fig. 60. At first, the leakage sensor checks if the signal
is out of the specification and then aborts the process and displays an error message. The
leakage of the fluid system requires maintenance by a technician and the user cannot
operate the device anymore. If the value is within specification, the temperature of the laser
is checked. When an upper temperature limit is detected, the process is aborted. However, if
the device is heated, e.g., by incoming sunlight or a blocked fan, the user received the
message that the device should be put in a colder environment and blocking of the fan
should be checked and removed. After an hour, the user is allowed to restart the process if
the laser's temperature has dropped. However, if the temperature could not be decreased
after the third attempt, maintenance by a technician is required since the laser might be
damaged.

Next, all liquid levels are checked. The fluid vessels are only checked at the first checking
routine since both levels are adjusted for the worst case. The IR diode checks for a target
breakdown and ends the production if necessary. The user is informed that the process was
aborted ahead of schedule but that the colloid quality is unaffected. Afterward, the
concentration sensor checks if the specifications are met. Before the beginning of ablation,
the signal for water is expected. If this criterium is not met, the pumps might be damaged.
During the ablation process, the signal for colloids is expected and a deviation from the
specification indicates defects of the scanning system or laser.

Due to several sensors, a reliable and automated process can be realized. Moreover,
specific malfunctions can be identified depending on the sensor, not meeting the
specifications (Tab. 12). This cause analysis allows preliminary diagnoses and reduces

maintenance service.
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Tab. 12: Overview of possible error messages, where the number corresponds to the error message

number in Fig. 60.

No. | Sensor Explanation Cause
1 | M-01 (leakage Leakage in collection tray Tube connection came off or
detection) B-6 detected damage at pump or valve
2 | T-01 Temperature of the laser is Cooling is insufficient, e.g., due to
(temperature too high damage of the fans or the laser is
sensor) damaged
3 | L-01-L-03 Liquid level is too low for The tank was not refilled or
(liquid level in ablation or cannot be positioned by the user
fluid tank B-1 — detected The sensor is damaged
B-3)
4 | L-04 (liquid level  Liquid level is too high The user did not empty the collection
in collection tray tray
B-6) The sensor is damaged
5-1 | M-02 (extinction  During flushing or colloid Air is sucked into the fluid system
measurement) production, the detected
signal is 0.230 — 0.250
5-2 | M-02 (extinction During flushing, the Colloid flows through the system,
measurement) detected signal is >0.250 possible malfunction of the laser
controller
5-3 | M-02 (extinction During flushing or colloid Extinction sensor is damaged
measurement) production, the detected
signal is <0.215
5-4 | M-02 (extinction During colloid production, No colloid is produced, laser or
measurement) the detected signal is scanner could be damaged
<0.225
5-5 | M-02 (extinction During colloid production, Extinction sensor is damaged, or the

measurement)

the detected signal is >0.29

flow rate is too low so that colloid
concentration is higher than specified
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4.4. The transition from the development phase to the technology

transfer phase

This section discusses the perspectives and potentials of the automated laser ablation in
liquids using compact lasers. In the first section, the final device price and the capsule prices
are estimated and costs for the automated ablation, commercial colloids, and chemical
synthesis are compared. Moreover, the possible production capacities of different
applications are calculated in section two. Therefore, exemplary catalysts, functionalized
micro powders, and bio-inks are produced. Section three shows that, especially for larger-
scale testings, the current device capacity reaches its limit, and a further increase in
productivity might be necessary. Therefore, the beam splitting is tested for productivity and

device capacity improvement.
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Fig. 61: Overview of measures to perform the step from development to technology transfer phase of
the automated LAL device. First, the device price is estimated and its economic feasibility
compared to chemically synthesized and commercially available colloids. In chapter 4.4.2,
the production capacity and quality of different downstream products are determined and, in

chapter 4.4.3, beam splitting as a measure of capacity increase is presented.
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4.4.1. Economic feasibility of the automated laser ablation

The automated device based on a 500 mW and 1 ns laser can produce about 480 mL of Ag,
960 mL Au, and 1440 mL of Pt colloid with a concentration of 100 mg/L per workday, i.e.,
within 8 h. The automated colloid production can be useful for researchers, who either
frequently purchase colloids from a commercial distributor or self-synthesized them. The
advantages of an automated synthesis are the on-demand on-site-production compared to
the purchasing and the time-saving compared to the self-synthesis. Additionally, the
economic benefit of the automated device is important. In the following, the possible maximal
sales price for the device, as well as the running costs, will be estimated. The resulting costs
for the automatically produced colloids are compared to the purchase and chemical
synthesis of Ag, Au, and Pt colloids, respectively.

First, the material costs for the device and the target capsule are estimated. The material list
for the device is based on the flow chart depicted in Fig. 50. The distribution of the material
costs amongst different categories and the total charges are shown in Fig. 62. A detailed
overview of the material price composition (Tab. S 15), the variable costs (Tab. S 16), fixed
costs (Tab. S 17), and overhead costs (Tab. S 18) can be found in the appendix. More than
two-thirds of the total material costs (13500 €) consists of the laser price, followed by the
case with less than 15 % and 2600 € in total. Since the laser is not yet a series model, it is
expected that the laser price decreases within the next years [358]. Both the laser and case
prices can be reduced if the number of sold devices increases. Additionally, the variable
manufacturing costs, which are costs for logistics, packaging, and shipping, need to be
considered to determine the device sales price. Lastly, fixed and overhead costs need to be
considered.

For a first calculation, an annual sale of ten devices and 50 Au capsules is assumed. Since
the sales of devices and capsules are only estimations and the capsule price is strongly
influenced by the added amount of fixed and overhead costs, for a first calculation, the fixed
and overhead costs will not be split but contribute entirely to the device price. The effect of
possible changes in the fixed and overhead cost distribution will be discussed at the end of
this section. The minimal net sales price and the net and gross price for the device and the
capsules are summarized in Tab. 13. For this calculation, profit margins of 90 and 40 % with
regard to the minimal net purchasing price are assumed so that the net sales price is the
sum of both. For an exemplary calculation of the automated LAL device manufacturer’s
earnings, the device's and capsuled’s calculated gross price are rounded up and shown in
Tab. 14. The cost distribution of the final gross sales price for both the device and the

capsules are shown in Fig. 63.
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A total material costs: 19 800 € B total material costs: 120 €
3d printing

mechanics

valve
8%

optics electronics _ IR sensor
laser 1% (incl. sensors) optical glass 3%
69 % 2% 51 %

Fig. 62: Material costs divided by functional categories and the total material costs of the device (A,
based on Tab. S 12) and the capsule (B, based on Tab. S 17). The target price is not
included in the capsule price here.

Tab. 13: Price composition of the net minimal purchasing price of the automated device and the

different capsules.*

capsule capsule capsule

device
(Ag) (Au) (P1)

material costs per piece 19 758.35 122.84 195.44  193.44 €/piece
+ variable manufacturing costs +603.35 +16.60 +16.60 +16.60 €/piece
+ fixed costs + 14 720.00 +0.00 +0.00 +0.00 €/piece
+ overhead costs + 1540.00 + 0.00 + 0.00 +0.00 €/piece
= minimal net purchasing price =36621.70 =139.44 =212.04 =210.04 €/piece
+ profit margin 90 % 40 % 40 % 40 %
= price (net) 69 581.22 195.22 296.86 294.06 €/piece
= price (gross) 82 801.65 232.31 353.28 349.93 €l/piece
= sales price 85000.00 235.00 360.00 350.00 €/piece

* supplementary information: material and manufacturing costs for the device in Tab. S 12 and Fig. S
17, the material and manufacturing costs for the capsule in Tab. S 17 and Tab. S 18, the fixed and
overhead costs in Tab. S 14 and Tab. S 16

128



Results and discussion

Tab. 14: Earnings according to the price composition for the device and capsules with an estimated

sales of 10 devices and 50 Au capsules. The trade tax rate of Essen in 2018 (480 %) is

taken for calculation and a corporation is assumed as a legal business form.

total device capsule
[€lyear] [€/piece] [€/piece]
price (gross) [€/piece] 82 800 350
sales price [€/piece] 85 000 360
earnings before taxes and interests [€] | = 326 000 32200 80
Design licence [3% of earnings] [€] - 9780
Patent licence [2% of earnings] [€] - 6 520
earnings before taxes, after interests [€] | = 309 700
trade tax [€] - 54 770
corporate tax [€] - 48 900
solidarity surcharge [€] - 2 690
earnings after taxes and interests [€] = 203 340

A device price: 85 000 € B capsule price: 360 €
pggg:it variable
° manufacturing profit
overhead 22%
costs
2%
axes
19%
fixed
costs
17%
variable material costs
manufacturing 23% .
costs material costs

54%

1%
Fig. 63: Price composition of the device (A) and an Au capsule (B). The percent values represent the

cost distribution of the categories among the sales price (see Tab. 13).

The colloid prices of representative information from distributors are summarized in Fig. 64.
For most Ag, Au, and Pt colloids, an exponential decrease in the price per gram of NPs can
be observed with the batch size, even though colloids with different stabilizers and sizes are
compared. An exception from this trend is the comparatively cheap “Econix” Ag and Au
colloid from nanoComposix, which has a high concentration of 5 000 mg/L and is stabilized
with polyvinylpyrrolidone (PVP). For the economic comparison of the commercial and
automatically produced colloid, a typical batch size of 100 mL is selected so that Ag, Au, and
Pt a mean purchase price of 292, 356, and 421 €/100 mL, respectively, are determined (Fig.

64, blue shaded area). Contrary to the metal prices (Tab. 13), commercial Pt colloid is more
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expensive than Au colloid, presumably, because Au colloids are more commonly used in
research (Fig. 1).

The device's investment and running costs (listed in Tab. S 19 in the appendix) are
compared to the purchase price of 100 mL of colloids (Fig. 65) or produced once per week.
The shipping costs for commercial colloids are neglected. Next to the colloids' mean
purchase price, the minimal and maximal prices in Fig. 64 are marked. The amortization time
is reached when the device's cumulated costs fall below the purchase or synthesized colloid
costs. For Ag, Au, and Pt, the automated production is economically more feasible than

colloid purchase after 6, 5, and 4 years.
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Fig. 64: Commercially available Ag (A), Au (B), and Pt (C) colloid prices for different distributors in
dependency of the batch size [400—406]. NPs of different mean diameters and with various
additives are included. The blue shade marks the 100 mL price window. The colloids marked
by a black square are provided with a concentration of 5 mg/mL, which lead to the low
material price, but are also stabilized with PVP (product line “Econix”) and are not

considered for the calculation of the mean batch price (exchange rate from US$ to € is 0.9).
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Fig. 65: Time-dependent cumulated costs for the automated device and purchased colloids for Ag

(A), Au (B), and Pt (C), assuming a colloid demand of 100 mL per week. The blue shaded

area depicts the total price range for all commercially available colloids and the black dotted

line the break-even point.
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Generally, the colloid price decreases for larger orders (Fig. 64). The amortization time and
the cumulated costs for the colloids are shown in dependence of different weekly required
amounts in Fig. 66 A for Au colloid. The maximal production time of the automated device for
one workweek is about 7 L. In this case, the amortization time is a function of the batch size
(Fig. 66 B). The typical depreciation time for laser machinery is five years [407]. Within this

time, the LAL device needs to meet its economic break-even, which is 95 mL of Au colloid

per week.
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Fig. 66: Cumulated costs for Au colloids produced with the automated device (orange surface) and
purchased (blue surface) in dependency of the depreciation time and the required mean
weekly batch size of colloid (A). The intersection between both surfaces represents the

amortization time of the automated device, dependent on the required amount of colloid (B).

Next to the colloid purchase, the device's economic feasibility is compared to the reduction-
based colloid synthesis. Based on the cost calculation presented for Au colloid in [65], the
time and batch size-dependent cumulated costs for automatically produced Au is given in
Fig. 67. In all cases, the in-house chemical synthesis of NP is economically favorable. Both
the investment and variable costs are lower for the chemical synthesis than the automated
device. The net purchasing price of the device and the capsules determine the lowest
possible selling price (Tab. 13). Lower running costs can be achieved with the automated
device for Au and Pt if the capsule selling price is lowered (Tab. 15). Additionally, for a high
demand of colloids, the laser-based synthesis can be economically more favorable (Fig. S
24). However, it is only possible to make a profit of about 30 € per capsule for Au. An
alternative attempt is the reduction of the ablation chamber costs. The material costs make
up the largest part of the capsule price, whereby more than half consists of the chamber
printing costs (Fig. 63 B). If e.g., a recycling system of the capsules can be established, the
printing costs can be minimized, and residual metal may be recycled. A subsequent market
investigation must determine if the advantages of the laser-based NP synthesis and the time

saving by an automated synthesis outweigh the economic disadvantage compared to the
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chemical synthesis of NP. Besides, most colloid users do not have access to chemical
laboratories, and chemical synthesis poses safety issues. The automated LAL deceive

operates wholly sealed. Therefore, it enables colloid production in any laboratory and for
untrained users.

T

Fig. 67: Cumulated costs for Au colloids produced with the automated device (orange surface) and

chemical synthesis with 100 mg/L [65] (green surface) in dependency of the depreciation
time and the required mean weekly batch size.

Tab. 15: Calculation of the colloid price based on the NP synthesis by precipitation. For the laboratory

and energy costs, the values determined in [65] are taken. Additional information is given in
the appendix in Tab. S 20 to Tab. S 22.

automated laser-based synthesis chemical synthesis
colloidal investment variable costs  variable costs investment variable costs
material costs [€] [€/g] * [€E/g] ** costs [€] [€/a]
Ag 85 000 1194.79 708.94 39 258 407.96
Au 85 000 994.81 585.95 39 258 671.56
Pt 85 000 870.24 522.24 39 258 703.09

contains only the capsule price as determined in Tab. 13

**

based on the minimal net purchasing price in Tab. 13

This chapter demonstrated that the automated device can be sold for 85 000 € and the Ag.
Au, and Pt capsules for 235, 360, and 350 €, respectively. Compared to purchased colloids,
an amortization period below 6 years for all metals is estimated for a weekly colloid demand
of 100 mL. For demands greater than 480 mL/week, the amortization time even decreases
below one year. Compared to the chemical synthesis of colloids, the automated device is
economically less favorable. However, the NPs are of higher purity, alloy NPs are easily

produced, and time-saving for the laboratory employees is achieved. Moreover, the device
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can be operated by untrained users and in non-chemical laboratories. Compared to the
chemical synthesis of colloids, no waste or side products are produced by the automated
LAL device. A subsequent market research study must investigate if the automated device is

a considerable alternative for research groups or companies working with metal colloids.
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4.4.2. Downstream production of functional materials with the

automated device

Laser ablation in liquids enables the production of ligand-free NPs [275] with a broad variety
of material-liquid combinations [240, 274, 408] including alloys such as AuPt [305, 308],
AuAg [274, 306], and PtPd [225, 309]. Laser-generated NPs are of high interest in the field of
catalysis [17], biomedicine [276], cancer therapy [277], 3d printing [226, 243, 245], and
analytical chemistry [232, 233], with each field having different demands for NP
characteristics and amounts. The NP quality, i.e., the size and the reproducibility of the
process, has been addressed in section 4.2. The focus of this section lies in the testing of
further material-liquid combinations and downstream processing of the NPs. Additionally, the
current production rate of different colloids and downstream products are investigated in the
following. An overview of the versatile NP materials and applications is depicted in Fig. 68.

Fig. 68: Fields of application and variety of material-liquid combinations, which can be addressed

with the automated device for LAL. The material-liquid variety (upper left) is wide for LAL. In
contrast, the production of noble metal NPs in water or ethanol is most common and the
synthesis of alloy NPs (here AuAg is indicated) is possible. In catalysis (upper right), NPs are
used for reduction reactions, water splitting, or as active materials in fuel cells. The support
of (polymer) micro-powders with NPs enables the development of functional materials for
additive manufacturing (lower right). Examples of biological applications (lower left) are the
embedding of NPs in a bio-matrix to produce wound patches or the NP functionalization to

develop lateral flow assays.
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In the field of additive manufacturing, micro powders are decorated with NPs. This decorating
allows to either alter the powder characteristics, e.g., the laser beam absorption [409] or
color [226], or the properties of 3d printed objects, like the increase the compression strength
[245] or avoid solidification shrinkage [410]. The use of laser-generated Ag [226], yttrium-iron
garnet (YIG) [245], or Zr [410] NPs is reported in the literature to achieve the desired
property modification. With the automated device, the process-coupled decoration of
polyamide 12 (PA12) powder with Ag (Fig. 69) and YIG (Fig. 70) NPs is performed. From
previous experiments, it is known that Ag and YIG colloids can be produced with a
productivity of 10 and 22 mg/h, respectively. The PA12 powder is dissolved and continuously
stirred while the produced colloid flows into the powder solution until 0.1 and 1.0 wt.% for Ag
or YIG, respectively, with respect to PA12, is reached. The experimental setup is shown in
Fig. S 25. After the ablation process is finished, the solution is stirred for additional 5 min,
then filtered and dried as described in [243]. The extinctions of a sample and supernatant are
measured to determine the support efficiency, i.e., the reduction of the extinction at the SPR
peak in the supernatant (Fig. 69 A and Fig. 70 A). For the decoration of PA12 with Ag, a
support efficiency of more than 99 % and with YIG of 95 % are determined. The
homogeneous deposition of NPs [226] is validated by SEM images (Fig. 69 D and Fig. 70 D).
A mass load of Ag on PA12 of 0.11 wt.% is determined with energy-dispersive X-ray
spectroscopy (EDX), which agrees well with the desired load of 0.1 wt.%.
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Fig. 69: Extinction spectra of the Ag colloid (yellow) and the supernatant after supporting of PA12
powder (blue) (A). Photographs of the PA12 powder before (B) and after the supporting step
(C). NP distribution PA12 is examined by SEM (D). The red circles mark exemplary NPs.
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Fig. 70: Extinction spectra of the YIG colloid (brown) and the supernatant after supporting of PA12
powder (blue) (A). Photographs of the PA12 powder before (B) and after the supporting step
(C). NP distribution on PA12 is examined by SEM (D). The red circles mark exemplary NPs.

Similar to the preparation of 3d printing material, catalysts can be prepared. Typical support
micro powders are oxides like Al,O3[411], TiO,. [412], and CeO, [413], and carbon [17]. The
catalytic properties of these materials are determined by the selected NP material [322] and
the support powder [414, 415]. In this section, TiO, decorated with Au NPs (Fig. 71) and TiO,
with Pt NPs (Fig. 72) is prepared, which can be applied as photocatalysts [416, 417].

The production and analysis are similar to the preparation of the 3d printing powders. As
shown by UV-Vis extinction spectroscopy, support efficiencies >98 % are achieved (Fig. 71 A
and Fig. 72 A). For both catalysts, it was aimed for a mass load of 1 wt.% of NP. EDX
measurements show that for Au/TiO, 1.1 wt.% and PtTiO, 0.9 wt.% are reached. SEM
images reveal that particles are aggregated for the Au NP on the TiO2, whereas a
homogeneous NP distribution is achieved for Pt/TiO,. The UV-Vis spectrum of the Au colloid
used for the catalyst preparation reveals a primary particle index >8 and does not indicate
the NP aggregation [172]. The pH value needs to be adjusted between the isoelectric point of
Au (pH < 1.5 [418]) and TiO, (pH > 4.0 [418]) to obtain quantitative support. As shown in
[226] for the supporting of Ag on PA12 powder, there is a regime of unstable colloid for an
intermediate zeta potential, i.e., when the pH value is not reduced fast enough. In this

intermediate regime, agglomeration of Au NP might occur during the catalyst preparation.
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Fig. 71: Extinction spectra of the Au colloid (red) and the supernatant after supporting of TiO, (blue)
(A). Photographs of TiO, powder before (B) and after the supporting step (C). NP distribution
on TiO, is examined by SEM (D). The red circles mark exemplary NPs.
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Fig. 72: Extinction spectra of the Pt colloid (brown) and the supernatant after supporting of TiO,
(blue) (A). Photographs of TiO, powder before (B) and after the supporting step (C). NP
distribution on TiO, is examined by SEM (D). The red circles mark exemplary NPs.

In contrary to the decoration of carriers with NPs for catalysts and 3d printing, NPs can also
be embedded in matrices such as poly(methyl methacrylate) (PMMA) [419], thermoplastic
polyurethane (TPU) [420], and alginate [421]. Especially, TPU and alginate are of interest for
biomedical applications for the production of implants intended for long-term use [422] or the
usage as tissue healing patches [423, 424]. The addition of Au or Pt NPs improves the cell
adhesion on the nanocomposite so that foreign body reactions to the implants are reduced
[8, 425]. Here, the continuous laser ablation of Au in an alginate solution is conducted. The
colloid is gelated and the patch is analyzed by confocal microscopy images (Fig. 73). A
homogeneous NP distribution and concentration of 1.4 wt./vol.% in the alginate patch are
obtained.
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Fig. 73: Continous laser ablation of Au is performed with a 1.5 wt./vol. % alginate solution. Afterward,
the colloid is gelated using 25 mg/mL CaCl, solution to obtain an alginate patch (A). 3d (B)
and 2d (C, D) confocal dark-field microscopy images showing the distribution of Au NPs (red

dots) in the alginate matrix.

Next to Au NPs, particles with wound healing or antibiotic effects [426, 427] can be added to
the alginate matrix. Primarily Ag® ions released by Ag NPs are known for their cytotoxicity [5],
scaling with increasing NP concentration. However, the viability of human cells is also
reduced and only allows a very narrow concentration range [428]. An alternative attempt for
an Ag® ion release reduction is the alloying with Au [311]. As expected for AuspAgs, alloys
[274], the SPR peak shifted proportionally to the metal content (Fig. 74). Moreover, the alloy

formation is confirmed by high-resolution-TEM images.
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Fig. 74: Extinction spectra of the Ag (yellow), AuAg-alloy (1:1, orange), and Au (red) colloid and the
inlays show photographs of the colloids (A). The SPR peak shifts proportional to the molar
metal content (B). EDX image of the AuAg-alloy NPs (C), as well as the Au and Ag
distribution in the alloy particles, are shown in D and E, respectively.

Contrary to the previously discussed noble metals, copper is cheaper by a factor of 50 000.
Therefore, Cu has attracted attention as a catalytic material [429, 430] and for the
development of biosensors [431, 432]. With a low standard electrode potential of less than
0.52 V [380], up to 80 % of Cu is oxidized during the ablation in water due to formed reactive
oxygen species [433]. For Cu ablated in ethanol, the UV-Vis spectrum is shown in Fig. 75.
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The peak at 590 nm is assigned to the formation of elemental Cu NPs [434, 435]. When
ablating in organic solvents, the NP surface is covered with an amorphous carbon layer
[435]. When CuO is formed, the SPR peak broadens and shifts to higher wavelengths [436,
437]. In consequence, the ablation of Cu in ethanol leads to the formation of elemental Cu
NPs.
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Fig. 75: Extinction spectra of copper ablated in ethanol.

An overview of the downstream NP products with the respective productivity with the
automated device is presented in Tab. 16. The determination of tensile properties, the
examination of the powder melting, and flow behavior have proven to be a standard testing
procedure in additive manufacturing. For the tensile properties testing, standardized samples
are required with an approximate volume of 2000 mm3. With an estimated powder density of
0.5 g/cm3, 16 samples can be printed within a working day of Ag/PA12 powder production.
For differential scanning calorimetry and thermogravimetric analysis, less than 0.1 g of
powder is sufficient. The analysis of the flow behavior and rheological properties, up to 30 g
powder, i.e., 3 h of production, are required per measurement. To conclude, for rough
screening of possible additive manufacturing materials, the automated device's productivity is
sufficient.

In catalysis, a preliminary catalyst screening sample amount is strongly dependent on the
considered reaction. For electrochemical reactions, loadings of <6 pgne/CMZiectiode [343] are
required resulting in a demand of <0.1 mg (unsupported) NPs for an electrode surface of
14 cm2. The needed amount can be synthesized with the device within a few minutes and,
thus, enables the testing of multiple different samples. In the case of a fuel cell catalyst,
testing cells with an electrode area of 16 cm? are available, so that 3 mg of NP and 15 mg of
supported powder are required [17], which can be realized with the device within is less than
15 min. Third, the micro powders decorated with NPs are used to impregnate carriers,
where, for example, the PtPd/Al,O3 load per carrier was about 3 wt.%. With a carrier mass of
about 500 g, 15 g of supporting material is needed, requiring nearly three working days for

one sample.

139



Results and discussion

Tab. 16: Summary of possible NP application and the reached NP and modified material productivity

with the automated device

NP Productivity
Field of downstream roduc- Amount of NP of the
application material ptivit additivation modified
y material
Ag supported on PA12 10 mg/h 0.1 wt. % [226] 10.0 g/h
additive YIG supported on PA12 22 mg/h 1.0wt. % 2.2 g/h
manu- YIG supported on oxide- 22mg/h  0.08 wt. % [245] 27.5g/h
facturing dispersion strengthened
alloys *
Au supported on TiO, 13 mg/h 1 wt. % [418] 1.3 g/h
_ Pt supported on TiO, 20 mg/h 1 wt. % [353] 2.0 g/h
catalysis
Pt supported on Al,O3 20 mg/h 3 wt. % [225] 0.7 g/h
Pt supported on C 20 mg/h 20 wt. % [17] 0.1 g/h
biomedical | AU embedded in alginate 8.2mg/h 1.5 wt./vol.% [421] 60 mL/h
application | Au embedded in TPU * 2.0 mg/h? 1.5 wt./vol.% 10— 15 mL/h
material production of AuAg NPs 13 mg/h >100 mgnp/Lruig 60 mL/h
variation Cu ablated in EtOH 6.1 mg/h >100 mgnp/Lrig 60 mL/h

not conducted within this thesis

based on at least four times lower productivity for ablation of Au in TPU [420]

For the production of wound patches based on alginate, the NP productivities are sufficient
and enable the production of about 600 cm? of Au doped alginate per working day. For TPU,
more than 100 cm of tubings (assuming 4 mm diameter and 0.5 mm wall thickness) per
working day can be produced within one hour, assuming the four times lower productivities
than alginate [420].

In summary, the automated device can produce downstream products for additive
manufacturing, catalysis, and biomedicine. It was also shown that the synthesis of NPs in
organic liquids is possible. An estimation of the required material demands for different
application showed that testings on a laboratory scale are possible in all considered cases.
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4.4.3. Increasing the ablation efficiency and productivity by beam-
splitting

The current productivity of the automated LAL device with a compact laser is not sufficient for
an industrial scale testing of downstream materials. One possibility would be using a laser
with a higher power, which, however, leads to an increased device sales price. Another
option would be to make better use of the available laser power. As demonstrated in section
4.1.1 and the literature [68, 198], the most efficient ablation is reached at F,,, = e?-Fyp,
however, most high power lasers reach higher fluences, therefore, operate at fluences higher
than the optimal fluence and do not reach their maximal possible efficiency. Therefore, the
further increase of the laser fluence in the automated device is not efficient. In the field of
laser surface structuring, beam splitters are applied, since high laser powers lead to
decreased material quality and in addition the process throughput is increased [229, 230,
438, 439]. It is examined if the laser beam splitting can improve overall NP productivity when
lasers operating at their maximal power would run at fluences higher than the optimal
fluence.

The setups for the regular ablation and ablation using a beam splitter are shown in Fig. 76 A
and B. A two-parted beam is achieved using a 50:50 beam splitter, whereas multiple, in this
case 11, beams are obtained using a diffractive optical element.

When ablating using one laser beam, the productivity m and power-specific productivity

Mspec = 7‘h/l3 can be calculated according to Eq. 6 (Fig. 76 C, D). The expected productivity

and efficiency can be calculated with the determined fluence on the target surface F;. Here,
the x-axis is labeled total fluence since this value refers to the cumulated fluence in each
ablation process. For the ablation with one laser beam, this coincides with the fluence
determined on the target surface. In contrast, for the ablation with multiple beams, this is the
sum of all individual fluences, i.e., for a two-parted beam, the laser power and laser fluence
on the target surface for each beam are halved (F,). Since the ablation fluence is changed,
the fluence-productivity dependency changed so that Eq. 6 can be written in a more general
form, namely Eq. 19 and Eqg. 20. The number of beams required to reach the maximal
productivity is dependent on the cumulated laser fluence of the ablation process (Fig. 76 C).
The power-specific productivity curve is independent of the number of beams since it refers
to the cumulated fluence and evaluates the efficiency of the overall ablation process (Fig.
76 D). The experimentally determined productivity shows that for laser fluences until
10 J/cmz, the highest productivity is reached when operating with the unsplit beam. For laser
fluences until 18 J/cm?, the highest productivity is achieved with two beams. The ns laser
Rofin Powerline E20 (9 W) reaches a fluence of 9 J/cm?, i.e., the maximal productivity for Au
ablation is reached with only one laser beam. The same applies to the compact laser

currently used in the automated LAL device, running at ~5 J/cm?2.
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where

Fp totar:

F P,single*

N:

fluence [J/cm?]

Schematic setup for ablation without (A) and with a beam split in two (B). With the laser
power P, of the incident laser beam and the spot size on the target surface, the fluence
plotted in schemes C and D is calculated. The fluence-dependent productivity for both
setups is shown in C. Here, the productivity m, can either be calculated by considering the
halved productivity when determining the curve (light green curve) and calculate with the
original fluence F; or by taking the initial curve (dark green) and calculate with the halve
fluence F,. The overall productivity is twice what is calculated for one ablation process. Since
the power-specific productivity (D) refers to the incident laser power, the curve is identical for
both setups. However, the efficiency is determined at the fluences F; and F, at the target
surface. Au productivity curves are calculated with the fluence on the target surface to
illustrate the range of maximal productivity in dependence of the number of split beams in E
(following the light-green curve in C). Moreover, the fluence ranges where the respective
number of beams reached the highest productivity are marked.

FP,total/N>2 N

Eq. 19
Fip

1
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Fptotat = Fpsingte " N Eqg. 20

cumulated fluence []/sz]

fluence determined on the target surface []/sz]

number of beams [1]

According to F,, = e?-Fy, [198], the fluence at which the higher productivity is reached

using a beam splitter is a function of the material-dependent threshold fluence. For a more

general form of Fig. 76 E, the productivity lines' intersections are calculated according to Eq.

21. For a given maximal laser fluence and a given material threshold fluence, the optimal

number of laser beams can be determined (Fig. 77 A). As already mentioned, Au productivity

is highest for ablation with one laser beam., which is also valid for Pt due to its higher
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threshold fluence. The threshold fluence for Ag is the lowest (0.54 J/cm2) and ablation with
two beams yields increased productivity. These hypotheses are supported by experimental
results (Fig. 77 C). The Innolas SpitLight DPSS 250-100 laser reaches a fluence of 66 J/cm?2.
With a threshold fluence of Au of 0.3 J/icm3, ablation with eleven beams leads to a

productivity increase of 60 % compared to ablation with one beam (Fig. 77 B).
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Fig. 77: Dependency of the number of laser beams leading to maximal productivity on the maximal
laser fluence and material-dependent threshold fluence (A). Areas of different colors mark
the ranges for different optimal numbers of laser beams. The difference in the overall
productivity for the Innolas SpitLight DPSS 250-100 (blue) with one and eleven beams (B)
and the Rofin Powerline E20 (gray) for ablation with one and two beams (C) for Ag (yellow),

Au (red), and Pt (brown).
My = My4q Eq. 21

For materials with low threshold fluences or lasers reaching high fluences, beam splitting can
significantly increase ablation efficiency. In these cases, the splitting of the laser beam also
leads to increased overall productivity. For Ag, Au, and Pt, laser fluences of 6.0, 10, and
13 J/lcm?, respectively, are necessary to improve laser ablation in liquids by laser beam
splitting. For future investigations, the laser power-specific prices of different commercially
available laser systems should be considered to determine the most economical setup for

multiple-beam laser ablation in liquid.
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5.  Summary and conclusion

Commonly, colloids are either purchased or chemically synthesized, which come with certain
drawbacks. For example, for the purchase of colloids, delivery times reach up to several
weeks and costs easily exceed 30 €/mL of colloid. In turn, chemical colloid synthesis has the
drawback of being time-consuming, produce waste, require well-trained personnel, and
colloids require cleaning before usage. Moreover, certain alloys or material-liquid
combinations are not offered by distributors or cannot be chemically synthesized. The NP
production via LAL enables the generation of solid-solution alloy NPs even when the bulk
materials exhibit a broad immiscibility gap. Also, the synthesis of, e.g., ignoble metal NPs in
unoxidized form is possible. However, the costs of laser-generated NPs are strongly
influenced by labor costs determined by the material’s productivity. Especially for materials
with low mass productivity but required in large amounts, e.g., oxides, LAL is economically
often not favorable. Lowering the labor costs by automating the ablation process and
increasing productivity presents a solution to this challenge.

For the development of an automated desktop-sized device for NP production via LAL, the
laser pulse duration-dependency of the productivity is examined and a suitable laser for the
device is selected in the first step. Second, the process parameters are adapted for the
automated device and the reproducibility of the method is evaluated. In the third step, the
process is developed and potential hazards are eliminated. Lastly, the perspectives of the
device are illuminated.

In the first chapter, a dependence of the ablation efficiency on the pulse duration is observed.
Since plasma shielding is assumed to cause this difference, the energy distribution for
ablation with ns lasers is compared and the first 10 ns of ablation are analyzed. The ablation
efficiency and productivity of lasers with 3 ps, 1 ns, and 7 ns laser pulse durations are
analyzed. Although the reflection and absorption of the laser energy by the water are taken
into account, the ablation rate in air is higher than in water for all three lasers. Partially, this
effect can be correlated to a shielding effect by the produced NPs. Also, shielding due to the
plasma plume and non-linear effects must be taken into account. The former is assigned to
longer ns laser pulses and the latter to fs and ps laser pulses. The highest efficiency for LAL
is reached for an intermediate pulse duration of ~2 ns laser.

For a further investigation of the shielding phenomena during the ~2 ns laser ablation,
cavitation bubbles imaging is used. A significantly larger cavitation bubble for longer pulse
durations is observed, presumably due to an enhanced laser-plasma-interaction. Longer
pulse durations sustain the ablation plume, which gains more energy, which in turn is
released in larger CBs. However, the ablation efficiency is decreased for higher ns pulse
durations as less energy reaches the target surface. Next to the temporal energy release, the

spatial energy distribution in the liquid is varied by changing the focal distance. Surprisingly,
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the point of highest fluence and maximal bubble volume do not coincide. A succession of
bubbles and a decreased NP size are observed in a regime where the focal point is slightly
above the target surface. The resulting energy loss leads to reduced productivity. Lastly,
evidence is found that NPs are enriched in a stationary layer on the target surface, potentially
leading to satellite bubbles during ns laser ablation.

The early phase (10 ns) of the ablation process is analyzed by pump-probe microscopy.
Comparing the processes in air and water reveals vapor formation in the liquid about 2 ns
after the laser pulse. This comparison provides evidence that vapor shielding is negligible for
laser pulses shorter than this critical duration, resulting in the increased ablation efficiency for
intermediate (several hundred ps to ~2 ns) pulse durations. Therefore, a laser within this
pulse duration range is selected for the development of the automated device.

In the second chapter, the influence of the process parameters on both the NP productivity
and size is determined. Based on this, the process parameters for the automated LAL device
are adjusted to reach maximal productivity and the reproducibility of the ablation process is
evaluated.

Shifting the focal plane of the laser beam into the liquid layer increases the mass yield of Pt
NP sizes <10 nm and the total productivity of this fraction significantly. This downsizing effect
can be explained by increased mean laser energy deposited in the liquid volume containing
nanoparticles produced by previous laser pulses. Consequently, when the laser beam focus
was located within the liquid, a higher fragmentation rate of the undesired larger Pt
nanoparticle size fraction occurred, which increased the mass yield of nanoparticles below
10 nm. Increasing the laser fluence while keeping the focal position in the liquid layer, the
mass fraction of the small-size NP fraction increases. Reducing the volume flow rate or, i.e.,
increasing the residence time, improves the mass-share of Pt nanoparticles <10 nm.

This NP productivity-property linkage is transferred to the automated device. First, the
distance between the lenses and the unablated target surface should be set to 52.0 mm for
Ag, Au, and Pt. A target of 0.5 mm thickness is the best compromise between a constant
colloid quality and a long capsule lifetime for the automated device. Additionally,
hydrodynamic diameter measurements show that the particle sizes for the three metals do
not change significantly within this focal range. As a colloid concentration of 100 mg/L is
desired, the flow rate must be adequately determined for each material. Finally, productivities
of around 10, 13, and 20 mg/h are measured for Ag, Au, and Pt at flow rates of 1.1, 2.1, and
3.1 mL/min, respectively, comprising the desired concentration. Power-specific productivities
of 20 — 40 mg/(W-h) are reached with the compact laser, which is twice as high as reported in
the literature. Analysis for the ablation chamber flow conditions indicated that cavitation
bubble-induced vortexes cause nonlinear flow conditions. These turbulences limit

productivity at high flow rates. The influence of the focal distance, liquid flow rate, and laser
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energy on the NP size are summarized by the volume-specific energy dose, which a pseudo-
kinetic model describes.

Lastly, the time effect concerning the target condition, production time, and colloid storage
are considered for the automated device. First, only for the usage of a new Au target, a
significant decrease in productivity is observed, which is connected to the incubation effect of
Au. For Ag and Pt, this effect is not observed. It is recommended to use pre-roughened Au
targets for the automated device. Second, a productivity decrease within the first 1.5 h of
ablation is observed. Within the time frame, also the NP size fluctuates stronger than
afterward. During Ag ablation, a heating rate of 2.5 °C/h is found for the first 1.5 h. Either
colloid produced within the first 1.5 h should be discarded to ensure a consistent colloid
quality and reproducibility, or target cooling could be applied. Third, at a storage temperature
of 25 °C, Au and Pt, each stabilized with 0.1 mmol/L NaCl, and Ag colloids, stabilized with
0.25 mmol/L sodium citrate, are at least stable for 28 days.

Reproducibility tests of the automated device demonstrated low batch-to-batch variability
regarding the concentration and properties of the colloids. Also, the colloids meet the typical
specifications set by international colloid distributors.

In the third chapter, the process is developed, the implementation of sensors eliminates
potential hazards and assures process stability. The different kinds of sensors are tested and
threshold values are set. The determination of malfunctions and user interaction of the
device is presented in a decision chart to ensure a safe and user-friendly process.

In the fourth chapter, the perspectives of the device are discussed. Therefore, the device
price is estimated and compared to the costs for other colloids. With the final setup, the
productivities of possible downstream products are determined, and productivity increase is
presented.

A device price of 85 000 € is determined and the running costs are dominated by the capsule
prices, which are 235, 360, and 350 € for Ag, Au, and Pt. Compared to the purchase of
colloids, the device's amortization period lies below 6 years for all metals at a production rate
of 100 mL/week. For demands greater than 480 mL/week, the amortization time even
decreases below one year. Compared to the chemical synthesis of colloids, the automated
device is economically less favorable. However, the NPs are of higher purity, alloy NPs are
easily produced by untrained users in any laboratory, and reproducibility is guaranteed.
Potential customers of the device can be research facilities in additive manufacturing,
catalysis, and biomedicine. It is essential that the device produce the required amounts for
these applications. Exemplary downstream products from each field are produced, and it is
shown that the synthesis of alloys and NPs in organic liquids is possible. An estimation of the
required material demands for different applications showed that testing on a laboratory

scale is possible in all considered fields.

147



Summary and conclusion

For users in an industrial environment, an increase in NP productivity may be demanded.
Due to the penetration depth-limited fluence-productivity dependency, the increase of laser
fluence is only feasible until the optimal fluence is reached. Therefore, for lasers reaching

fluences far higher than e?-F, splitting of the laser beam leads to increased overall

productivity.

148



Outlook

6. Outlook

Future investigations from a fundamental perspective and an economic point of view are
recommended.

From a fundamental point of view, the flow conditions during the ablation process require
further consideration. They are presumably at least in part turbulent due to cavitation
bubbles. CFD simulations can provide a more profound knowledge of the flow conditions
during LAL. Moreover, film theory predicts a stationary liquid layer on top of the target
surface, which was confirmed in this thesis and where temperature and NPs accumulate. To
this date, less is known about how this layer influences the ablation mechanism and the NP
properties. The heat distribution in the stationary and bulk liquid, in general, can be simulated
by CFD simulations coupled with heat equations.

The automated device can be improved by eliminating the run-in time. This period is
presumably connected to heat effects so that preheating or cooling of the ablation target can
potentially eliminate this period. Also, the production of variable NP sizes is not possible yet,
but desired, e.g., for catalyst synthesis. At the low laser power of the current laser
(< 500 mW), a significant size reduction by variation of the laser parameters is not possible
with the device. Here, three different solutions can be tested to realize an in-process size
adjustment. First, the laser can be substituted with a laser exhibiting higher power. Compact
lasers are available at four times higher powers today. Second, a different laser for
fragmentation can be added to the device with 355 or 532 nm wavelength increasing its
dimensions. However, a desktop-sized setup would still be possible. Third, the stabilizer
concentration adjustment would provide a possibility that does not require changes in the
device setup and is therefore easily tested. However, stabilizer (concentration) changes
should always be done concerning the NP application. The next development steps should
be discussed with research institutions to achieve a user-friendly device and meet the
customers’ needs. The thriving questions are the mean expected colloid consumption,
required quality of NPs, preferred liquid, as well as the desired downstream applications. The
device's further development should focus on either upscaling of the device, adapting the
device to organic liquids and ablation of, e.g., ceramic materials, or developing modules for
the device enabling automated downstream processes, for example, the addivation of
micropowders.

Lastly, the economic efficiency of the device could be increased with another laser system.
Tab. 2 summarizes possible alternative laser systems with pulse durations in the range of
500 ps to 2 ns. For a follow-up study, it is recommended to take the prices of different
commercially available laser systems into account and determine the most economical setup

for laser ablation in liquid for optimized ablation parameters, including beam splitting.
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8. Appendix

In the appendix, the first section provides general experimental information such as used
devices and chemicals. The supplementary results for some experiments, as well as material
data sheets, are presented in the second section. Additionally, the acknowledgments (8.3),
curriculum vitae (8.4), contributions (8.5), and declarations (8.6) can be found in this section.

8.1. Methods and materials

In the following general information about the methods, applied lasers, and analytical devices
are given. Detailed information about the methods and materials can be found in each
section. The general data evaluation for each method is explained in the following.

UV-Vis extinction measurement

A UV-Vis spectrometer is used to obtain information about the quality and concentration of a
colloid. Therefore, a 10 mm thick Quartz glass cuvette is used, and the baseline is
determined with the respective solvent. Colloids are ultrasonicated for 1 min and diluted
before the measurement so that a maximal extinction of 1.5 is not exceeded. The usual
measurement range is 190 to 900 nm. For the concentration determination, the extinction at
270 nm, 380 nm, and the integrated extinction between 300 and 600 nm are used for Ag, Au,

and Pt, respectively.

ADC measurement

The hydrodynamic particle size is determined with an analytical disc centrifuge rotating with
24000 min™. The gradient is built with a sucrose solution, and a PVP standard solution is
used. Due to the density difference, the lower detection limit of the device is 5, 4, and 4 nm
for Ag, Au, and Pt. For the evaluation, both number- and mass-weighted, the area under the
curve is normalized to 1. Then, the diameter of the maximum d., the diameter where 50
and 90 % of the particles are smaller dso and dgy, and the mass/number fractions of particles

smaller than 10 and 20 nm are determined.

TEM analysis
For TEM analysis, samples are dripped on carbon-coated copper meshed immediately after
their preparation and dried. No ligands or stabilizers are added. The images are analyzed

automatically with the ImageJ add-on “ParticleSizer”.

Determination of the laser fluence
According to [290], the spot diameter for different laser energies is measured at the same

focusing condition. Then, the squared spot diameter is plotted in dependence of the
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logarithm of the pulse energy. The laser spot diameter can be derived from the resulting slop
and the damage threshold fluence from the x-axis interception. With the laser spot diameter,
the laser fluence in the target surface can be calculated according to Eq. S 1. If the focal

distance is varied, e.g., in section 0, the spot diameter is determined for each distance.

F= > Eq.S1

F: fluence [J/cm?]
Ep: pulse energy [J]
W laser spot radius [cm]

For the mean laser fluence in the liquid layer, the laser beam diameter before the lenses is
determined by the knife-edge method and measures 4.4 mm. By using geometrical optics
and the laser spot diameter, the fluence for each position in the liquid layer can be calculated
(Fig. S 1). The mean laser fluences are then calculated by the mean value theorem.

unfocused air glass Ttarget

beam
diameter

Fig. S 1: Scheme of the beam path for determination of the fluences in the liquid layer of the ablation
chamber; the diameter of the unfocused beam and the focus diameter are known so that the

beam diameter at each position within the liquid layer (dashed arrow) can be calculated.

Tab. S 1: Lasers and analytical instruments used in the thesis at hand

devices information
ICCD camera Andor Solis iStar, serial number DH334T-18H-13
xenon flash lamp Hamamatsu, serial number L4633-01
lasers Amphos, 500flex, A, = 1030 nm,tp = 3ps/5ps, P =500 W, fr =
2—10MHz
CryLaS, eMOPA1064-500, A, = 1064 nm, tp = 1ns, P =
500 mW, fr =1 — 1000 Hz
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CryLaS, DSS1064-Q4, 4; = 1064 nm,tp = 1 ns, P = 150 mW/, fr =
1—-1000Hz

InnoLas, picolo AOT, 4, = 1064 nm,tp = 600 ps, Ep = 60 yf

InnoLas, Spitlight DPSS-250-100, A, = 1064 nm,tp =9 ns, Ep =
610 pJ

Rofin PowerlineE20 1, = 1064 nm,7p =5ns,P =9 W, fr = 20 —
15000Hz

Teledyne Technologies, WaveAce2034

Thermo Scientific, Evolution 201, 10 mm quarz cuvette

CPS instruments, DC2400; used at 24 000 rpm and a laser
wavelength of 405 nm

Coherent, Field Max II-Top

Ismatec ISM 321 C

Zeiss, EM 910, 120 kV
PSS Nicomp, 380 ZLS, 635 nm laser
NanoFocus, psurf custom

Olympus Deutschland, CX 40, 5x magnification
PCE, PCE-PHD 1
PESA Waagen, Precisa 300-9234/H

Tab. S 2: Chemicals used in the experiments

substance supplier, information

Ag plate Alfa Aesar,99.99 %, thickness of 0.5 mm

Au plate Allgemeine Gold- und Silberscheideanstalt, 99.99 %, thickness of
0.5 mm

PtPd plate Allgemeine Gold- und Silberscheideanstalt AG, PtyesPdoss (molar
composition)

Pt plate Alfa Aesar, 99.99 %, thickness of 0.5 mm

PVP solution CPS instruments, for analysis, p=1.385,d =237nm, FWHM=23nm

sodium chlorine

sucrose

tetraethylammonium
hydroxide

trisodium citrate

VWR International, 99.9 %
AppliChem, for analysis, D(+)

Alfa Aesar, agueous solution 35 wt.%

AppliChem GmbH, high purity
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Tab. S 3: Physical properties used for calculation in this thesis, the values refer to 20 °C

property symbol  value unit reference
refractive index, water at 20 °C, 1064 nm n, 1.326 1 [261]
refractive index, optical glass at 1064 nm ng 1.5066 1 [440]
refractive index, air at 1064 nm ny 1.0003 1 [262]
density, silver Pag 10.49 g/cms [380]
density, gold Pau 19.3 g/cm3 [380]
density, platinum Ppt 21.45 g/cm3 [380]
density, water Pw 1 g/cm3 [380]
molar weight, silver Myg 107.87  g/mol [380]
molar weight, gold My, 196.97 g/mol [380]
molar weight, platinum Mp; 195.08 g/mol [380]
dynamic viscosity, water Nw 0.001 Pa-s [380]
specific heat capacity, water Cp 4190  J/(kg-K) [380]
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8.2. Results and discussion
If available, supplementary results, as figures or calculations, for the experiments presented
in this thesis are given in the following.

8.2.1.  Cauvitation bubble investigation at 1 ns pulse duration

0.4 J/cm? 0.6 J/cmz? 2.0 J/cm? 2.9 J/cm?2 14 J/cm?2

r | r
L 22 us L 43 us 46 ps

Fig. S 2: Maximal cavitation bubble extensions observed with a 1 ns laser system at the respective

laser fluences; the scale bar equals 250 um. The respective delay time is given in each

image.
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Fig. S 3: Exemplary cavitation bubbles at different distances between the target surface and the
focusing lenses, i.e., different focal distances, during the expansion, the maximal extension,
and the shrinking phase; the scale bar equals 250 um. All images are obtained with a
fluence of 14 J/cm?2. The respective delay time is given in each image.
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c(Ag) = 91 mg/L c(Ag) = 91 mg/L c(Ag) = 0 mg/L
| =53.5 mm [ =53.5 mm | =54.5 mm
F

= 14 J/icm? F =14 J/cm? F =14 J/cm?

b

c(Ag) =5 mg/L |

| =53.5 mm

F =14 J/cm?

Fig. S 4: Bubble cascade images; the scale bars equal 250 um. The experimental settings for each
image are given below the respective image, where c(Ag) is the concentration of Ag NPs in

the liquid, | is the focal distance, and F the fluence.

c(Ag) =5 mg/L c(Ag) = 0 mg/L c(Ag) = 2.3 mg/L

| =53.5 mm | =545 mm | =53.5 mm
F =14 J/cm?2 F =14 J/cm2 F =14 J/cm?2

Fig. S 5: Cavitation bubble images, where spike- and ripple-like structures instead of hemispheres
are observed; the scale bars equal 250 pm. The experimental settings for each image are
given below the respective image, where c(Ag) is the concentration of Ag NPs in the liquid, |
is the focal distance, and F the fluence.
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Calculation of flow parameter

Tab. S 4: Process and material (water) parameters for estimation of the flow condition in the ablation

chamber
title symbol value unit
flow velocity v 20 cm/min
fluid density p 1.0 g/cm3
fluid dynamic viscosity n 1.0 m(Pa s)
characteristic diameter d 0.80 cm
hydrodynamic NP radius r 15 nm

Calculation of the Reynolds number Re results in laminar flow behavior

d-v
Re = P =17
n
Estimation of the diffusion coefficient of the NP Dyp
kB -T 2
Dyp = ————=15-10"11™M

Estimation of the mass transfer coefficient g for a spherical particle by the empirical equation
[441]:
Sh=1.6-Re%>*

Dyp (2-V-T-p 0.54
=16 5—- = 5.4-107°™M
A 6 2'r ( n ) > 0 /s
Calculation of the stationary layer thickness &,
Dyp
5C = T =2.7 um

Since the NP distribution in the stationary layer is unknown, only the NP concentration in the
completely mixed flow layer can be determined. With the values given in Tab. S 5, a
concentration of about 3 pg/L, is calculated. It is assumed that the main part of the NP is
trapped in the stationary layer after the cavitation bubble collapse, which means that the local
NP concentration in the stationary layer is to an unknown extend higher than 3 pg/L.

Tab. S 5: Process parameters for calculation of the NP concentration in the mixed flow layer

title value unit
productivity per pulse 1 ng/pulse
repetition rate 0.5 Hz
flow rate 10 mL/min
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Fig. S 6: Cavitation bubble height at a delay time of 11 us in dependency on the number of applied
number of pulse on the same spot, the purple line presents the fit between 25 and 100

pulses

0.15 T
n focal distance
g — 52.5 mm

hai ——54.5 mm

_E > 0104 ——55.3 mm
O C
N o
=35
O T

0.05 4 -
EQ
o Y
cC

0.00 T |

10 100
hydrodynamic particle
diameter [nm]

Fig. S 7: Mass-weighted, hydrodynamic size distribution measured by analytical disc centrifugation for
Ag NPs at a focal distance of 52.5, 54.5, and 55.3 mm. The data are normalized so that the

area under the curve equals 1.
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8.2.2. Influence of the process parameters on both the NP productivity

and size

Calculation of the laser fluence when varying the distance between the target and
focusing lens

The angle of incidence of the laser beam on the target surface was calculated using
geometric considerations. The refraction at the phase boundaries was calculated using
Snell’'s law. The parameters used for the calculation via Eq. S 2 and Eqg. S 3 are given in
Tab. S 6. Note that this calculation results in the nominal laser fluence (the incident fluence
that reaches the target immersed in the liquid assuming plain water), whereas exact
calculation of the effective fluence (the energy that is deposited in the target) would require to
determine the laser attenuation in the colloid volume of the beam path reaching the target
(with the attenuation depending on nanoparticle concentration, nanoparticle size distribution
and eventually self-focusing effects) as well as the temperature-dependent target reflectivity
at the given wavelength.

F= j fv% Eq. S 2
1= j:’% Eq.S3
F: fluence [J/cm?]
Ep: pulse energy [J]
Wi 1/e2-beam radius [cm]
I: laser intensity [W/cm?]
Pp: pulse power [W]

Tab. S 6: Laser beam parameters for calculation of the laser beam fluence

parameter value
spot diameter on the target surface at the focal
distance of maximal productivity [70]

69 um

experimentally determined focal distance between
the lens and the target surface at the point of 124.4 mm
maximal productivity

width of the ablation chamber window 2.2 mm

refractive index of the ablation chamber window (N-
BK7), taken from data sheets provided by SCHOTT 1.5071
North America, Inc.

width of the liquid layer over the ablation target 5 mm

refractive index of water [261] 1.3265
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Fig. S 8: ICP-OES measurement of the laser-generated PtPd particles supported on Al,O3

Tab. S 7: NP composition of the different PtPd/Al,O; catalysts, obtained by ICP-OES measurements

Pt Pd
raw 3.69 1
supernatant | 3.30 1
redispersed | 445 1
reference 366 1

intensity [GW/cm?]
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Fig. S 9: Influence of the change in the distance between the focal length and the ablation target

position on the nanoparticle size distribution (A), the overall productivity (B), and the relative

mass fraction of particle smaller than 20 and 10 nm (C) for a target made of 2:1 alloy of
platinum and palladium
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Fig. S 10: (A) Dependency of the pulse-specific productivity on the laser pulse energy and

repetition rate, (B) change in the mass productivity of NPs <10 nm and <20 nm as a function
of the laser pulse energy
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Fig. S 11: Mass-weighted particle size distribution (A) and particle size fractions <10 nm and <20

nm (B) as well as the specific surface area (C) of the PtPd/Al,O5 catalysts compared in Fig.
29
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Fig. S 12: TEM histogram of the raw colloid (PtPd/Al,O3), fitted with a log-normal distribution
(blue line), moreover the cumulative number frequency (green line) and an exemplary TEM

image are shown

198



Appendix
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Fig. S 13:

TEM picture and EDX line scans of the raw laser-generated colloid validating NP alloy
formation
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8.2.3.  Focal position and target thickness

Selection of a suitable focusing optic

In Tab. S 8, possible lenses and lens combinations for the automated device are listed. Since
the investment costs for f-theta lenses are more than 100 times higher than for plano-convex
lenses, they are not suitable for the device. The combination of two lenses with a focal
distance of 60 mm is neglected in the following consideration due to the Rayleigh length of
<0.1 mm. For the 60 mm lens (1xf60) and the combination of two 100 mm lenses (2f100), the
maximal image radius (Fig. S 14) and maximal effective Rayleigh length (Fig. S 15) are
determined. Due to the stronger beam focusing of the 2f100 combination, higher ablation
yields were achieved than the 1f60 system. Consequently, the 2100 combination is chosen

for focusing the laser beam of the automated device.

Tab. S 8: Different possible lenses and lens combination for the automated device, where the CryLaS
GmbH did the calculation for the Rayleigh length and the maximal image radius; the gray

shaded columns were examined further

o focal length | Rayleigh length | max. image radius
lens combination
[mm] [mm] [mm]
f-theta lens 100 3.2 35*
f-theta lens 63 1.3 36*
one plano convex lens 60 1.2 5
two plano convex lenses
30 0.054 4.5
each f = 60 mm
two plano convex lenses
50 0.259 8.5
each f = 100 mm
*: information from Sill optics
228/ ) 228/
\\\\ \\\\\
\\\\
6.4™8/, 42™8/, =
f=100 mm f=60mm
f|0|a|=50mm :
Fig. S 14: Determination of the effective maximal image radius by analyzing the maximal

productivity at different incident angles for Au
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Determination of the effective Rayleigh length by analyzing the maximal extinction at

Calculation of the beam diameter in air and water with the software WinLens3D Basic

in dependence of the relative focal distance. Further physical parameters are given in Tab. S

3.
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Fig. S 17:

Tab. S 9: Capacities of an ablation capsule assuming complete target ablation

Number-weighted peak diameter for Au in dependence of the focal distance

Silver  Gold Platinum
metal price* per capsule (target
_ p. P P (targ 0.13 22.73 13.50
dimensions: 5 x 10 x 0.5 mm) [€]
workdays per capsule [d] 3.9 4.6 3.1
volume of colloid produced per capsule [L] 2.6 4.8 54

* the mean value from 29.07.2019 to 29.07.2020 is taken for the calculation
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8.2.4. Liquid flow rate

An exemplary calculation of the stationary layer thickness

The process parameters for experiments with the Amphos flex500 [32] and eMOPA1064-500

(Tab. S 10) are used to calculate different dimensionless characteristic numbers, the

diffusion coefficient of the NPs, and the concentration boundary layer thickness.

Tab. S 10: Process parameters for calculation of characteristic numbers for the Amphos flex500
and eMOPA1064-500
Amphos flex500 eMOPA1064-500 unit
flow rate, V 26000 1 cms3/min
chamber cross section, 4 0.9 0.5 cm?2
flow velocity, v 28889 2 cm/min
liquid layer height, d 0.5 0.5 cm
chamber length, [ 10 10 cm
exemplary particle size, r 15 15 nm
Calculation of the Reynolds number, Re
prv-d
Regmphos = " = 23900 Eq.S4
prv-d
ReeMOPA == 17 == 17 Eq S 5
Calculation of the diffusion coefficient, D
kg T 2
=BT 14102 Eq.S6
6'm'nr s
Calculation of the Bodenstein number, Bo
vl 9
BOAmphos = T =34-10 Eq.S7
v-l
Booyopa = - = 230-103 Eq.S8
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Calculation of the mass transfer coefficient, g, assuming adsorption of particles onto solids
[441]

ve2'rep
n

0.54
D . m
BAmphos:1-6'< ) '2_r=0.26'103? Eq.S9

v-2-r-p 054 p .m
Bemora = 16+ - ) =150 Eq. S 10
Calculation of the concentration boundary layer thickness, §
D
Samphos = E =54nm Eg.S 11
D

6eMOPA = E =9.400 um Eq S12
8.2.5. Ablation time
Tab. S 11: SEM images for Ag, Au, Pt targets showing unirradiated target spot and such target

spot which are irradiated with one laser pulse (1 ns, 1064 nm, 15 J/cm?)
Ag Au Pt

unirradiated

irradiated, after 1st
run

AceV SpotMagn Dt WD e | 10,40
200KV 30 3500x SE 110
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Fig. S 18: Time-dependent change in the mass fraction <10 nm and <20 nm of the Au (A), Ag

(B), and Pt (C) and peak maximum for Au (D), Ag (E), and Pt (F); the green shaded area
mark the variance due to a change in the focal plane shift as determined in Fig. 32

Calculation of Ag target heating

The calculation needs to consider the heat transfer from the liquid through the stationary
layer to the Ag surface and the heat conduction through the Ag target. The temperature at
the backside of the Ag target is measured (see Fig. 41), and the heat flux is given by the
derivative of the temperature of the time (see Fig. S 19). The temperature at the Ag front side

is calculated by Eq. S 13, and the result is given below.

T T r 1.600 - 373 r T
3004 A _ 41598 8. B
— — - a —_— c T
X 299 - - 1-2333 qu‘c_; 47.2] i
m ” N . m .
£ 2084 \/~ Jise E EEG
-— r > © ‘.ﬂ-)' O‘_.
© 2974 / 1190 5 0 o5 371 ’
TR J1s88 = 553
o ' - 2TT
€ 296 /[—temperature at the | {1.586 § WL @
I3 targetback side | 11584 & © @ 37.0 1 7
2951 temperature atthe | 1, gg, Q-qg’ ©
target front side : EZo
294 T T r 1.580 Lo 369 ' r
0 10000 20000 30000 — 0 10000 20000 30000
time [s] time [s]
Fig. S 19: Temperature and heat flux through the Ag target over 8 h ablation, calculated with

fitted data shown in Fig. 41 and the calculated temperature at the target front phase (A).
Moreover, the overall temperature difference between the target front and backside is

calculated (B).
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d:
Tfront:

Thack:
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. A-A
Q= d ’ (Tfront - Tback) Eg. 513

aT

heat flux [W], calculated according to Q = T

thermal conductivity of Ag [%] 429 % [380]

irradiated target area[m?], 10 mm x 5 mm

target thickness [m], 5 mm

temperature of the target surface in contact with the liquid phase [K], calculated

temperature of the target surface in contact with air [K], measured and fit

For the calculation of the heat transfer, first, the heat transfer coefficient needs to be

estimated by the following empiric equation for forced convection:

where:

Re:
Pr:

y) w
a=0.021-~-Re8. pr043.1-005=55¢ Eq. S 14
l m?-K
v-d
Re=——=18 Eq. S 15
v
C ]
Prszn=4.9 Eq. S 16
r= Lo 2 Eq. S 17
=5= qg.

coefficient of heat transfer [mvzv_K]

thermal conductivity [%] 429 % for Ag and 0.87 % for water [380]

pipe length [m], here the length of the irradiated area, 10 mm
Reynolds number
Prandtl number

dimensionless geometry number

flow velocity [%] 3.7 10‘4?

inner tube diameter [m], 5 mm

kinematic viscosity of the liquid (water) ["-], 1.0 10-6™ [380]
specific heat capacity of water [QLK] 4.2 ;—K [380]

dynamic viscosity of water [Pa - s], 1.0 mPa - s [380]
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Q=a-A-(Ty, — Typy) = 0.5mW Eq. S 18

T;,:  liquid temperature at the ablation chamber entrance after 8 h ablation [K], 293 K
(measured)
T,ue: liquid temperature at the ablation chamber outlet after 8 h ablation [K], 295 K

(measured)
:1'50 -I""I""I""I""I""l""l""l""I""I'"'I""I""I""I""I""
S'Ems u b n .
Q o m Y ]
0.75 R — e
co ® B fresh target
= 00 0.50 -
X @® fresh target
0 o 025 used target g
©0'00I'"'I""I""I""I""I""I """""""" [rerrryrrrrprrrrprrerprrrryreeT
00 05 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
time [min]
Fig. S 20: Time-dependent extinction of gold during long time ablation of 8 h with two fresh and

one previously used target
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‘ number fraction <10 nm[%] O ds[nm] m dg [nm] A peak diameter [nm] |

Fig. S 21: Number weighted size variation of silver stabilized with citrate (A), gold (B), and
platinum (C) during long time ablation of 8 h, the lines are the result of a constant fit between
15h-75h

8.2.6. Reproducibility and robustness of the automated laser ablation

process

8.2.6.1.  Safety data sheet for silver, gold, and platinum colloids
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Sicherheitsdatenblatt - Silberkolloid gemar Verordnung (EG) Nr. 1907/2006

Erstellt am: 03.03.2020

Uberarbeitet am : 22.07.2020

Gultig ab:

Version: 1.0 Ersetzt Version: -

Abschnitt _1: Bezeichnung des Stoffs beziehungsweise des Gemischs und des

Unternehmens

1.1 Produktidentifikator

Stoffname / Handelsname: Silbernanopartikel

Index-Nr.:
EG-Nr.: 231-131-3
CAS-Nr.: 7440-22-4

REACH-Registrierungsnr.: Eine Registriernummer fur diesen Stoff ist nicht vorhanden, da der Stoff oder
seine Verwendung von der Registrierung ausgenommen sind, die jahrliche
Tonnage keine Registrierung erfordert oder die Registrierung fir einen spateren
Zeitpunkt vorgesehen ist.
Andere Bezeichnungen: kolloidales Silber, Nanosilber, Silberkolloid

1.2 Relevante identifizierte Verwendungen des Stoffs oder Gemischs und Verwendungen, von
denen abgeraten wird

Relevante identifizierte Verwendungen: Laborchemikalien, Herstellung von Stoffen

Verwendungen, von denen abgeraten wird:  Nicht fur  Haushaltsanwendungen, als

Nahrungsergéanzungsmittel oder Medikament verwenden

1.3 Einzelheiten zum Lieferanten, der das Sicherheitsdatenblatt bereitstellt

Hersteller / Lieferant

Universitéat Duisburg-Essen

StralRe/Postfach

Universitaetsstr. 7

Nat.-Kenn./PLZ/Ort
D-45141 Essen

Kontaktstelle fir technische Information

Telefon
+49 (0)201-183-6173

1.4 Notrufnummer
0800 181 7059 (CHEMTREC Deutschland)
+49 696 43508409 (CHEMTREC weltweit)
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Sicherheitsdatenblatt - Silberkolloid gemar Verordnung (EG) Nr. 1907/2006

Erstellt am: 03.03.2020

Uberarbeitet am : 22.07.2020

Gultig ab:

Version: 1.0 Ersetzt Version: -

Abschnitt 2: Mogliche Gefahren

2.1 Einstufung des Stoffs oder Gemischs
Einstufung gemaR der Verordnung (EG) Nr. 1272/2008.

Langfristig (chronisch) gewéassergefahrdend (Kategorie 1), H411
Den Volltext der in diesem Abschnitt aufgefiihrten Gefahrenhinweise finden Sie unter Abschnitt 16.

2.2 Kennzeichnungselemente
Kein gefahrlicher Stoff oder gefahrliches Gemisch geman der Verordnung (EG) Nr. 1272/2008.

Piktogramm:

Signalwort: keins

Gefahrenbestimmende Komponenten fir die Etikettierung enthalt:

Gefahrenhinweise:

H411 Giftig fir Wasserorganismen, mit langfristiger Wirkung.

Sicherheitshinweise:

pP273 Freisetzung in die Umwelt vermeiden.

Weitere Kennzeichnungselemente

keine

2.3 Sonstige Gefahren
Dieser Stoff/diese Mischung enthalt keine Komponenten in Konzentrationen von 0,1 % oder hoher, die
entweder als persistent, bioakkumulierbar und toxisch (PBT) oder sehr persistent und sehr

bioakkumulierbar (vPvB) eingestuft sind.

Abschnitt 3: Zusammensetzung/Angaben zu Bestandteilen

3.1 Stoffe

Bei diesem Produkt handelt es sich um ein Gemisch.

3.2 Gemische
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Sicherheitsdatenblatt - Silberkolloid gemar Verordnung (EG) Nr. 1907/2006

Erstellt am: 03.03.2020

Uberarbeitet am : 22.07.2020

Gultig ab:

Version: 1.0 Ersetzt Version: -

Stoffname: Ag Nanopartikel
EG-Nr.: 231-131-3 CAS-Nr. : 7440-22-4 Index-Nr.: - REACH-Registrierungsnr.: -
Einstufung gemaf Verordnung (EG) Nr. 1272/2008:
Aquatic Acute 1;
Aquatic Chronic 1;
H400, H410
M-Faktor - Aquatic Acute: 100 - Aquatic Chronic: 100

In Ubereinstimmung mit den maRgeblichen Rechtsvorschriften miissen keine Komponenten mitgeteilt

werden.

Abschnitt 4: Erste-Hilfe-MalRnahmen

4.1 Beschreibung der Erste-Hilfe-MaBhahme
Arzt konsultieren. Dem behandelnden Arzt dieses Sicherheitsdatenblatt vorzeigen.
Nach Einatmen
Bei Einatmen, betroffene Person an die frische Luft bringen. Bei Atemstillstand, kiinstlich beatmen.
Nach Hautkontakt

Mit Seife und viel Wasser abwaschen.

Nach Augenkontakt
Augen vorsorglich mit Wasser ausspulen.
Nach Verschlucken

Nie einer onnméachtigen Person etwas durch den Mund einfléRen. Mund mit Wasser ausspilen.

4.2 Wichtigste akute und verzdgert auftretende Symptome und Wirkungen
Die wichtigsten bekannten Symptome und Wirkungen sind auf dem Kennzeichnungsetikett (siehe Abschnitt
2.2) und/oder in Kapitel 11 beschrieben

4.3 Hinweise auf arztliche Soforthilfe oder Spezialbehandlung

Keine Daten verfluigbar

Abschnitt 5: MaRnahmen zur Brandbekampfung

5.1 Loschmittel

Geeignet: Wasserspruhnebel, alkoholbestédndigen Schaum, Trockenldschmittel oder Kohlendioxid

verwenden.
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5.2 Besondere vom Stoff oder Gemisch ausgehende Gefahren
Keine giftigen Zersetzungsprodukte bekannt.

Nicht brennbar.

5.3 Hinweise fiir die Brandbekampfung

Im Brandfall, wenn nétig, umgebungsluftunabhangiges Atemschutzgerat tragen.

Abschnitt 6: MaRnahmen bei unbeabsichtigter Freisetzung

6.1 Personenbezogene VorsichtsmalBhahmen, Schutzausristungen und
anzuwendende Verfahren
Dampfe/Nebel/Gas nicht einatmen.
Fir angemessene Liftung sorgen.
Persoénliche Schutzausriistung siehe unter Abschnitt 8.

6.2 UmweltschutzmalBnahmen
Weiteres Auslaufen oder Verschitten verhindern, wenn dies ohne Gefahr mdglich ist.

Nicht in die Kanalisation gelangen lassen. Ein Eintrag in die Umwelt ist zu vermeiden.

6.3 Methoden und Material fir Rickhaltung und Reinigung

Zur Entsorgung in geeignete und verschlossene Behélter geben.

6.4 Verweis auf andere Abschnitte
Entsorgung: siehe Abschnitt 13

Notfallen

Abschnitt 7: Handhabung und Lagerung

7.1 SchutzmaBBnahmen zur sicheren Handhabung

Informationen lber SchutzmalRnahmen befinden sich im Abschnitt 8.
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7.2 Bedingungen zur sicheren Lagerung unter Berlicksichtigung von Unvertraglichkeiten
Angaben zu den Lagerbedingungen
Behalter dicht verschlossen an einem trockenen, gut bellfteten Ort aufbewahren. Geoffnete Behalter
sorgféltig verschlieBen und aufrecht lagern um jegliches Auslaufen zu verhindern. An einem kihlen Ort

aufbewahren. Vor Gebrauch gut schitteln.

Empfohlene Lagerungstemperatur 2 - 8 °C

Lichtempfindlich. In Dunkelheit lagern.

Nicht einfrieren.
Anforderungen an Lagerraume und Behaélter

Lagerklasse: 12 Nicht brennbare Flussigkeiten

73 Spezifische Endanwendungen

AuBBer den in Abschnitt 1.2 genannten Verwendungen sind keine weiteren spezifischen Verwendungen
vorgesehen.

Abschnitt 8: Begrenzung und Uberwachung der Exposition / Persdnliche Schutzausriistung

8.1 Zu Uberwachende Parameter

Grenzwerte fur die Exposition am Arbeitsplatz und/oder biologische Grenzwerte
Arbeitsplatzgrenzwerte (AGW) Deutschland

Stoffname: Silber : CAS-Nr. : 7440-22-4

Nicht notwendig.

8.2 Begrenzung und Uberwachung der Exposition
Geeignete technische Steuerungseinrichtungen
Allgemein Ubliche ArbeitshygienemafRhahmen.
Die beim Umgang mit Chemikalien tblichen VorsichtsmalRnahmen sind zu beachten. Vor den Pausen und
bei Arbeitsende Hande waschen.
Individuelle SchutzmaRnahmen - persénliche Schutzausristung
Augen- / Gesichtsschutz
Verwenden Sie zum Augenschutz nur Equipment, dass nach behérdlichen Standards, wie NIOSH (US)

oder EN 166 (EU), getestet und zugelassen wurde.
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Hautschutz
Handschuhe

Mit Handschuhen arbeiten. Handschuhe missen vor Gebrauch untersucht werden. Benutzen Sie eine
geeignete Ausziehmethode (ohne die duRere Handschuhoberflache zu beriihren), um Hautkontakt mit
diesem Produkt zu vermeiden. Entsorgung der kontaminierten Handschuhe nach Benutzung im

Rahmen gesetzlicher Bestimmungen und der guten Laborpraxis. Waschen und Trocknen der Hande.

Die ausgewdhlten Schutzhandschuhe missen die Spezifikationen der EG-Richtlinie 2016/425 und die
davon abgeleitete Norm EN 374 erfillen.
Anderer Hautschutz
Undurchlassige Schutzkleidung. Die Art der Schutzausrustung muss je nach Konzentration und Menge
des gefahrlichen Stoffes am Arbeitsplatz ausgewahlt werden.
Atemschutz
Kein Atemschutz notwendig. Bei stérenden Emissionen Atemschutzmaske Typ OV/AG (US) oder ABEK
(EU EN 14387) verwenden! Atemschutzgerdte und Komponenten missen nach entsprechenden
staatlichen Standards (beispielsweise NIOSH (US) oder CEN (EU)) zugelassen sein.
Begrenzung und Uberwachung der Umweltexposition
Weiteres Auslaufen oder Verschitten verhindern, wenn dies ohne Gefahr mdglich ist. Nicht in die

Kanalisation gelangen lassen. Ein Eintrag in die Umwelt ist zu vermeiden.

9.1
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Abschnitt 9: Physikalische und chemische Eigenschaften

Angaben zu den grundlegenden physikalischen und chemischen Eigenschaften

Aussehen

- Aggregatzustand: Flussig, Suspension

- Farbe : gelb
Geruch : Keine Daten verflugbar
Geruchsschwelle : Keine Daten verflugbar
pH-Wert : 6,0 bis 8,0
Schmelzpunkt/Gefrierpunkt : 0°C
Siedebeginn und Siedebereich: 100 °C
Flammpunkt : Nicht anwendbar
Verdampfungsgeschwindigkeit:  Keine Daten verfugbar

Entziindbarkeit (fest, gasformig) : Keine Daten verfugbar
obere/untere Entziindbarkeits- oderKeine Daten verfugbar
Explosionsgrenzen :

Dampfdruck : 23 hPa

Dampfdichte : Keine Daten verflgbar
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relative Dichte : 1,0 g/lcm?
Léslichkeit(en) : in Wasser vollstandig mischbar
Verteilungskoeffizient: Keine Daten verfluigbar

n-Octanol/Wasser :

Selbstentziindungstemperatur : Keine Daten verfiigbar
Zersetzungstemperatur : Keine Daten verfluigbar
Viskositat : 1 mPas

explosive Eigenschaften : Keine Daten verfligbar
oxidierende Eigenschaften : Keine Daten verflgbar

9.2 Sonstige Angaben

Keine Daten verfiigbar

Abschnitt 10: Stabilitat und Reaktivitét

10.1 Reaktivitat

Keine Daten verfluigbar

10.2 Chemische Stabilitat

Stabil unter angegebenen Lagerungsbedingungen.

10.3 Moglichkeit gefahrlicher Reaktionen

Keine Daten verfluigbar

10.4 Zu vermeidende Bedingungen

Temperaturen unterhalb von 2 °C und oberhalb von 30 °C

Unvertragliche Materialien
10.5  starke Oxidationsmittel
Salze

Sauren
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Gefahrliche Zersetzungsprodukte
10.6 Weitere Zersetzungsprodukte-Keine Daten verfiigbar
Im Brandfall kénnen gefahrliche Zersetzungsprodukte entstehen (Kohlenstoffoxide, Natriumoxide).

Im Brandfall: siehe Kapitel 5

Abschnitt 11: Toxikologische Angaben

11.1 Angaben zu toxikologischen Wirkungen

akute Toxizitéat

Keine Daten verfluigbar

Atz-/Reizwirkung auf die Haut

Keine Daten verfiigbar

schwere Augenschéadigung/-reizung

Keine Daten verfluigbar

Sensibilisierung der Atemwege/Haut

Keine Daten verfiigbar

Keimzell-Mutagenitat

Keine Daten verfiigbar

Karzinogenitat

IARC: Kein Bestandteil dieses Produkts, der in einer Konzentration von gleich oder mehr als 0.1%
vorhanden ist, wird durch das IARC als voraussichtliches, mdgliches oder erwiesenes
krebserzeugendes Produkt fir den Menschen identifiziert.

Reproduktionstoxizitat

Keine Daten verfligbar

spezifische Zielorgan-Toxizitat bei einmaliger Exposition

Keine Daten verfligbar

spezifische Zielorgan-Toxizitat bei wiederholter Exposition

Keine Daten verfiigbar

Aspirationsgefahr

Keine Daten verfiigbar

Symptome und Wirkungen (verzoégerte und chronische) mit Angaben der Expositionswege
auch: Informationen Uber Toxikokinetik, Stoffwechsel und Verteilung

Keine Daten verfiigbar

Kann bei wiederholter oraler Aufnahme Argyrie hervorrufen (eine schiefergraue oder blaue Verfarbung der

Haut und des tieferliegenden Gewebes durch die Einlagerung unldslichen Silberalbuminats).
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Abschnitt 12: Umweltbezogene Angaben

12.1 Toxizitat

Keine Daten verfligbar

12.2 Persistenz und Abbaubarkeit

Keine Daten verflgbar

12.3 Bioakkumulationspotenzial

Keine Daten verflgbar

12.4 Mobilitat im Boden

Keine Daten verflgbar

12.5 Ergebnis der PBT- und vPvB-Beurteilung
Dieser Stoff/diese Mischung enthalt keine Komponenten in Konzentrationen von 0,1 % oder hoher, die
entweder als persistent, bioakkumulierbar und toxisch (PBT) oder sehr persistent und sehr bioakkumulierbar
(vPvB) eingestuft sind.

12.6 Andere schadliche Wirkungen

Giftig fur Wasserorganismen, mit langfristiger Wirkung.

Abschnitt 13: Hinweise zur Entsorqung

13.1 Verfahren der Abfallbehandlung

Behandlung verunreinigter Verpackungen

Wie ungebrauchtes Produkt entsorgen.

Abfallschlissel gemaf Abfallverzeichnis-Verordnung (AVV)

06 Abfélle aus anorganisch-chemischen Prozessen (06 03 13*)

Besondere VorsichtsmalRnahmen
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Restmengen und nicht wieder verwertbare Ldsungen einem anerkannten Entsorgungsunternehmen

zufuhren.

Abschnitt 14: Angaben zum Transport

14.1 UN-Nummer
ADR/RID: 3082 IMDG: 3082 IATA: 3082

14.2 OrdnungsgemaéaRe UN-Versandbezeichnung
ADR/RID
ADR/RID: UMWELTGEFAHRDENDER STOFF, FLUSSIG, N.A.G. (Silver)

IMDG-Code / ICAO-TI / IATA-DGR
IMDG: ENVIRONMENTALLY HAZARDOUS SUBSTANCE, LIQUID, N.O.S. (Silver)
IATA: Environmentally hazardous substance, liquid, n.o.s. (Silver)

14.3 Transportgefahrenklassen

ADR/RID: 9 IMDG: 9 IATA: 9

14.4 Verpackungsgruppe
ADR/RID: Il IMDG: Il IATA: I

14.5 Umweltgefahren
Kennzeichen umweltgefahrdende Stoffe
ADR/RID / IMDG-Code / ICAO-TI / IATA-DGR: x ja / [] nein
Marine Pollutant: []ja / x nein

14.6 Besondere Vorsichtshinweise fur den Verwender
EHS-Kennzeichnung erforderlich (ADR 2.2.9.1.10, IMDG Code 2.10.3) fir Einzelverpackungen und
kombinierte Verpackungen mit Innenverpackung mit Gefahrstoffen > 5L fir FlUssigkeiten und > 5 kg fir

Feststoffe.

14.7 Massengutbeforderung gemaR Anhang Il des MARPOL- Ubereinkommens und gemafR IBC-
Code

Keine Daten verfluigbar
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Abschnitt 15: Rechtsvorschriften

15.1 Vorschriften zu Sicherheit, Gesundheits- und Umweltschutz/spezifische Rechtsvorschriften
fur den Stoff oder das Gemisch
Dieses Sicherheitsdatenblatt erfillt die Anforderungen der Verordnung (EG) Nr. 1907/2006.

REACH - Beschrankungen der Herstellung, des Inverkehrbringens und der Verwendung bestimmter

geféhrlicher Stoffe, Zubereitungen und Erzeugnisse (Anhang XVII)

15.2 Stoffsicherheitsbeurteilung

Fur dieses Produkt wurde keine Stoffsicherheitsbeurteilung durchgefihrt.

Abschnitt 16: Sonstige Angaben

Anderungen gegeniiber der letzten Version

Abklrzungen

TWG:

AGW: Arbeitsplatzgrenzwert
Literaturangaben und Datenquellen
https://echa.europa.eu, 03.03.2020

Methoden gemaR Artikel 9 der Verordnung (EG) Nr. 1272/2008 zur Bewertung der
Informationen zum Zwecke der Einstufung verwendet wurden

Wortlaut der Gefahrenhinweise und/oder Sicherheitshinweise auf die in Abschnitt 2 bis 15

Bezug genommen wird

H411 Giftig fur Wasserorganismen, mit langfristiger Wirkung.

Schulungen fur Arbeithnehmer
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Weitere Informationen
Copyright (2020): Universitat Duisburg-Essen. Es durfen nur Papierkopien fir den internen Gebrauch
angefertigt werden.
Die vorliegenden Informationen sind nach unserem besten Wissen zusammengestellt, sie erheben aber
keinen Anspruch auf Vollstandigkeit und sollten vom Benutzer nur als Leitfaden verstanden werden. Die
Universitat Duisburg-Essen schlief3t jegliche Haftung fir Schaden aus, die beim Umgang oder im Kontakt
mit diesen Chemikalien auftreten kdnnen. Fir allgemeine Geschéaftsbedingungen und zusétzliche

Informationen siehe die Rickseite unserer Rechnungen oder Lieferscheine.
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Abschnitt _1: Bezeichnung des Stoffs beziehungsweise des Gemischs und des

Unternehmens

1.1 Produktidentifikator

Stoffname / Handelsname: Goldnanopartikel

Index-Nr.:
EG-Nr.: 231-165-9
CAS-Nr.: 7440-57-5

REACH-Registrierungsnr.: Eine Registriernummer fur diesen Stoff ist nicht vorhanden, da der Stoff oder
seine Verwendung von der Registrierung ausgenommen sind, die jahrliche
Tonnage keine Registrierung erfordert oder die Registrierung fir einen spateren
Zeitpunkt vorgesehen ist.
Andere Bezeichnungen: kolloidales Gold, Nanogold, Goldkolloid

1.2 Relevante identifizierte Verwendungen des Stoffs oder Gemischs und Verwendungen, von
denen abgeraten wird

Relevante identifizierte Verwendungen: Laborchemikalien, Herstellung von Stoffen

Verwendungen, von denen abgeraten wird:  Nicht fur  Haushaltsanwendungen, als

Nahrungsergéanzungsmittel oder Medikament verwenden

1.3 Einzelheiten zum Lieferanten, der das Sicherheitsdatenblatt bereitstellt

Hersteller / Lieferant

Universitéat Duisburg-Essen

StralRe/Postfach

Universitaetsstr. 7

Nat.-Kenn./PLZ/Ort
D-45141 Essen

Kontaktstelle fir technische Information

Telefon
+49 (0)201-183-6173

1.4 Notrufnummer
0800 181 7059 (CHEMTREC Deutschland)
+49 696 43508409 (CHEMTREC weltweit)
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Abschnitt 2: Mogliche Gefahren

2.1 Einstufung des Stoffs oder Gemischs
Kein gefahrlicher Stoff oder gefahrliches Gemisch geman der Verordnung (EG) Nr. 1272/2008.

2.2 Kennzeichnungselemente
Kein geféhrlicher Stoff oder geféhrliches Gemisch gem&n der Verordnung (EG) Nr. 1272/2008.

2.3 Sonstige Gefahren

keine

Abschnitt 3: Zusammensetzung/Angaben zu Bestandteilen

3.1 Stoffe

Bei diesem Produkt handelt es sich um ein Gemisch.

3.2 Gemische

Stoffname: Au Nanopartikel
EG-Nr.: 231-165-9 CAS-Nr. : 7440-57-5 Index-Nr.: REACH-Registrierungsnr.: -
Einstufung gemaR Verordnung (EG) Nr. 1272/2008: Kein geféahrlicher Stoff oder gefahrliches Gemisch

In Ubereinstimmung mit den maRgeblichen Rechtsvorschriften missen keine Komponenten mitgeteilt

werden.

Abschnitt 4: Erste-Hilfe-MalBnahmen

4.1 Beschreibung der Erste-Hilfe-MaRnahme
Arzt konsultieren. Dem behandelnden Arzt dieses Sicherheitsdatenblatt vorzeigen.
Nach Einatmen
Bei Einatmen, betroffene Person an die frische Luft bringen. Bei Atemstillstand, kiinstlich beatmen.
Nach Hautkontakt

Mit Seife und viel Wasser abwaschen.

Nach Augenkontakt
Augen vorsorglich mit Wasser ausspulen.
Nach Verschlucken

Nie einer onnméchtigen Person etwas durch den Mund einfléen. Mund mit Wasser ausspulen.
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4.2 Wichtigste akute und verzégert auftretende Symptome und Wirkungen
Die wichtigsten bekannten Symptome und Wirkungen sind auf dem Kennzeichnungsetikett (siehe Abschnitt
2.2) und/oder in Kapitel 11 beschrieben

4.3 Hinweise auf arztliche Soforthilfe oder Spezialbehandlung

Keine Daten verfligbar

Abschnitt 5: MaRnahmen zur Brandbekampfung

5.1 Ldéschmittel
Geeignet: Wassersprihnebel, alkoholbestandigen Schaum, Trockenléschmittel oder Kohlendioxid

verwenden.

5.2 Besondere vom Stoff oder Gemisch ausgehende Gefahren

Keine giftigen Zersetzungsprodukte bekannt.

5.3 Hinweise fir die Brandbek&dmpfung

Im Brandfall, wenn nétig, umgebungsluftunabhéngiges Atemschutzgerat tragen.

Abschnitt 6: MaRnahmen bei unbeabsichtigter Freisetzung

6.1 Personenbezogene VorsichtsmalBnahmen, Schutzausristungen und in Notfallen
anzuwendende Verfahren
Dampfe/Nebel/Gas nicht einatmen.
Fur angemessene Liftung sorgen.

Persoénliche Schutzausriistung siehe unter Abschnitt 8.

6.2 UmweltschutzmalRnahmen

Keine besonderen Umweltschutzmalnahmen erforderlich.

6.3 Methoden und Material fir Rickhaltung und Reinigung

Zur Entsorgung in geeignete und verschlossene Behélter geben.
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6.4 Verweis auf andere Abschnitte
Entsorgung: siehe Abschnitt 13

Abschnitt 7: Handhabung und Lagerung

7.1 SchutzmalBnhahmen zur sicheren Handhabung

Informationen Uiber SchutzmaBnahmen befinden sich im Abschnitt 8.

7.2 Bedingungen zur sicheren Lagerung unter Berticksichtigung von Unvertréaglichkeiten
Angaben zu den Lagerbedingungen
Behélter dicht verschlossen an einem trockenen, gut bellfteten Ort aufbewahren. Gedffnete Behéalter
sorgfaltig verschlieBen und aufrecht lagern um jegliches Auslaufen zu verhindern. An einem kihlen Ort
aufbewahren. Vor Gebrauch gut schitteln.

Empfohlene Lagerungstemperatur 2 - 8 °C

Nicht einfrieren.

Anforderungen an Lagerraume und Behalter

Lagerklasse: 12 Nicht brennbare Flussigkeiten

73 Spezifische Endanwendungen

AuBBer den in Abschnitt 1.2 genannten Verwendungen sind keine weiteren spezifischen Verwendungen
vorgesehen.

Abschnitt 8: Begrenzung und Uberwachung der Exposition / Persénliche Schutzausriistung

8.1 Zu Uberwachende Parameter

Grenzwerte fur die Exposition am Arbeitsplatz und/oder biologische Grenzwerte
Arbeitsplatzgrenzwerte (AGW) Deutschland

Enthélt keine Stoffe mit Arbeitsplatzgrenzwerten.
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8.2 Begrenzung und Uberwachung der Exposition
Geeignete technische Steuerungseinrichtungen
Allgemein Ubliche ArbeitshygienemalRnahmen.
Die beim Umgang mit Chemikalien Ublichen VorsichtsmafRnahmen sind zu beachten. Vor den Pausen und
bei Arbeitsende Hande waschen.
Individuelle SchutzmaRnahmen - persénliche Schutzausristung

Augen- / Gesichtsschutz
Verwenden Sie zum Augenschutz nur Equipment, dass nach behdrdlichen Standards, wie NIOSH (US)
oder EN 166 (EU), getestet und zugelassen wurde.
Hautschutz
Handschuhe
Mit Handschuhen arbeiten. Handschuhe missen vor Gebrauch untersucht werden. Benutzen Sie eine
geeignete Ausziehmethode (ohne die &uRere Handschuhoberflaiche zu beriihren), um Hautkontakt mit
diesem Produkt zu vermeiden. Entsorgung der kontaminierten Handschuhe nach Benutzung im
Rahmen gesetzlicher Bestimmungen und der guten Laborpraxis. Waschen und Trocknen der Hande.

Die ausgewahlten Schutzhandschuhe missen die Spezifikationen der EG-Richtlinie 2016/425 und die
davon abgeleitete Norm EN 374 erfullen.
Anderer Hautschutz
Undurchlassige Schutzkleidung. Die Art der Schutzausrustung muss je nach Konzentration und Menge
des gefahrlichen Stoffes am Arbeitsplatz ausgewahlt werden.
Atemschutz
Kein Atemschutz notwendig. Bei stérenden Emissionen Atemschutzmaske Typ OV/AG (US) oder ABEK
(EU EN 14387) verwenden! Atemschutzgerdte und Komponenten missen nach entsprechenden
staatlichen Standards (beispielsweise NIOSH (US) oder CEN (EU)) zugelassen sein.
Begrenzung und Uberwachung der Umweltexposition
Weiteres Auslaufen oder Verschitten verhindern, wenn dies ohne Gefahr mdglich ist. Nicht in die

Kanalisation gelangen lassen. Ein Eintrag in die Umwelt ist zu vermeiden.

Abschnitt 9: Physikalische und chemische Eigenschaften

9.1 Angaben zu den grundlegenden physikalischen und chemischen Eigenschaften

Aussehen

- Aggregatzustand: Suspension

- Farbe : rot
Geruch : Keine Daten verflgbar
Geruchsschwelle : Keine Daten verflugbar
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pH-Wert : 6,0 bis 8,0
Schmelzpunkt/Gefrierpunkt : 0°C
Siedebeginn und Siedebereich: 100 °C
Flammpunkt : Nicht anwendbar

Verdampfungsgeschwindigkeit:  Keine Daten verflgbar
Entziindbarkeit (fest, gasformig) : Keine Daten verfugbar
obere/untere Entzundbarkeits- oderKeine Daten verfugbar

Explosionsgrenzen :

Dampfdruck : 23 hPa

Dampfdichte : Keine Daten verflgbar

relative Dichte : 1,0 g/cm3

Loslichkeit(en) : in Wasser vollsténdig mischbar
Verteilungskoeffizient: Keine Daten verflgbar

n-Octanol/Wasser :

Selbstentziindungstemperatur : Keine Daten verfligbar
Zersetzungstemperatur : Keine Daten verflgbar
Viskositat : 1 mPas

explosive Eigenschaften : Keine Daten verfligbar
oxidierende Eigenschaften : Keine Daten verflgbar

9.2 Sonstige Angaben

Keine Daten verfligbar

Abschnitt 10: Stabilitat und Reaktivitat

10.1 Reaktivitat

Keine Daten verfugbar

10.2 Chemische Stabilitat

Stabil unter angegebenen Lagerungsbedingungen.

10.3 Mdoglichkeit gefahrlicher Reaktionen

Keine Daten verfuigbar

10.4 Zu vermeidende Bedingungen
Temperaturen unterhalb von 2 °C und oberhalb von 30 °C
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10.5 Unvertragliche Materialien
Salze

Sauren

10.6 Geféhrliche Zersetzungsprodukte
Weitere Zersetzungsprodukte-Keine Daten verflugbar
Im Brandfall kdnnen gefahrliche Zersetzungsprodukte entstehen, Art der Zersetzungsprodukte unbekannt.
Im Brandfall: siehe Kapitel 5

Abschnitt 11: Toxikologische Angaben

11.1 Angaben zu toxikologischen Wirkungen

akute Toxizitéat

Keine Daten verfiigbar

Atz-/Reizwirkung auf die Haut

Keine Daten verfugbar

schwere Augenschéadigung/-reizung

Keine Daten verfiigbar

Sensibilisierung der Atemwege/Haut

Keine Daten verfiigbar

Keimzell-Mutagenitat

Keine Daten verfiigbar

Karzinogenitat

IARC: Kein Bestandteil dieses Produkts, der in einer Konzentration von gleich oder mehr als 0.1%
vorhanden ist, wird durch das IARC als voraussichtliches, mdgliches oder erwiesenes
krebserzeugendes Produkt fir den Menschen identifiziert.

Reproduktionstoxizitéat

Keine Daten verfiigbar

spezifische Zielorgan-Toxizitat bei einmaliger Exposition

Keine Daten verfiigbar

spezifische Zielorgan-Toxizitat bei wiederholter Exposition

Keine Daten verfiigbar

Aspirationsgefahr

Keine Daten verfiigbar
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Symptome und Wirkungen (verzdgerte und chronische) mit Angaben der Expositionswege
auch: Informationen tber Toxikokinetik, Stoffwechsel und Verteilung

Keine Daten verfiigbar

Abschnitt 12: Umweltbezogene Angaben

12.1 Toxizitat

Keine Daten verfligbar

12.2 Persistenz und Abbaubarkeit

Keine Daten verfligbar

12.3 Bioakkumulationspotenzial

Keine Daten verfiigbar

12.4 Mobilitat im Boden

Keine Daten verfligbar

12.5 Ergebnis der PBT- und vPvB-Beurteilung

Eine PBT/vPvB Beurteilung ist nicht verfigbar, da eine Stoffsicherheitsbeurteilung nichterforderlich/nicht

durchgefihrt wurde.

12.6 Andere schéadliche Wirkungen

Keine Daten verfugbar

Abschnitt 13: Hinweise zur Entsorgung

13.1 Verfahren der Abfallbehandlung
Behandlung verunreinigter Verpackungen

Wie ungebrauchtes Produkt entsorgen.
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Abfallschlissel gemaR Abfallverzeichnis-Verordnung (AVV)

06 Abfalle aus anorganisch-chemischen Prozessen (06 03 13*)

Besondere VorsichtsmalRnahmen

Restmengen und nicht wieder verwertbare Ldsungen einem anerkannten Entsorgungsunternehmen

zufihren.

Abschnitt 14: Angaben zum Transport

14.1 UN-Nummer
ADR/RID: - IMDG: - IATA: -

14.2 Ordnungsgemale UN-Versandbezeichnung
ADR/RID
kein Gefahrgut

IMDG-Code / ICAO-TI / IATA-DGR

Not dangerous goods

14.3 Transportgefahrenklassen

ADR/RID: - IMDG: - IATA: -

14.4 Verpackungsgruppe
ADR/RID: - IMDG: - IATA: -

14.5 Umweltgefahren
Kennzeichen umweltgefahrdende Stoffe
ADR/RID / IMDG-Code / ICAO-TI / IATA-DGR: []ja / x nein
Marine Pollutant: []ja / x nein

14.6 Besondere Vorsichtshinweise fiir den Verwender

Keine Daten verfiigbar
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14.7 Massengutbeférderung gemal Anhang Il des MARPOL- Ubereinkommens und gemaR IBC-
Code

Keine Daten verfligbar

Abschnitt 15: Rechtsvorschriften

15.1 Vorschriften zu Sicherheit, Gesundheits- und Umweltschutz/spezifische Rechtsvorschriften
far den Stoff oder das Gemisch

Dieses Sicherheitsdatenblatt erfillt die Anforderungen der Verordnung (EG) Nr. 1907/2006.

15.2 Stoffsicherheitsbeurteilung

Fur dieses Produkt wurde keine Stoffsicherheitsbeurteilung durchgefihrt.

Abschnitt 16: Sonstige Angaben

Anderungen gegeniiber der letzten Version

Abklrzungen

Literaturangaben und Datenquellen
https://echa.europa.eu, 03.03.2020

Methoden gemdaR Artikel 9 der Verordnung (EG) Nr. 1272/2008 zur Bewertung der
Informationen zum Zwecke der Einstufung verwendet wurden

Wortlaut der Gefahrenhinweise und/oder Sicherheitshinweise auf die in Abschnitt 2 bis 15

Bezug genommen wird

Schulungen fur Arbeitnehmer
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Weitere Informationen
Copyright (2020): Universitat Duisburg-Essen. Es durfen nur Papierkopien fir den internen Gebrauch
angefertigt werden.
Die vorliegenden Informationen sind nach unserem besten Wissen zusammengestellt, sie erheben aber
keinen Anspruch auf Vollstandigkeit und sollten vom Benutzer nur als Leitfaden verstanden werden. Die
Universitat Duisburg-Essen schlief3t jegliche Haftung fir Schaden aus, die beim Umgang oder im Kontakt
mit diesen Chemikalien auftreten kdnnen. Fir allgemeine Geschéaftsbedingungen und zusatzliche

Informationen siehe die Rickseite unserer Rechnungen oder Lieferscheine.
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Abschnitt 1: Bezeichnung des Stoffs beziehungsweise des Gemischs und des

Unternehmens

1.1 Produktidentifikator

Stoffname / Handelsname: Platinnanopartikel

Index-Nr.:
EG-Nr.: 231-116-1
CAS-Nr.: 7440-06-4

REACH-Registrierungsnr.: Eine Registriernummer fur diesen Stoff ist nicht vorhanden, da der Stoff oder
seine Verwendung von der Registrierung ausgenommen sind, die jahrliche
Tonnage keine Registrierung erfordert oder die Registrierung fir einen spateren
Zeitpunkt vorgesehen ist.
Andere Bezeichnungen: kolloidales Platin, Nanoplatin, Platinkolloid

1.2 Relevante identifizierte Verwendungen des Stoffs oder Gemischs und Verwendungen, von
denen abgeraten wird

Relevante identifizierte Verwendungen: Laborchemikalien, Herstellung von Stoffen

Verwendungen, von denen abgeraten wird: Nicht fur  Haushaltsanwendungen, als

Nahrungserganzungsmittel oder Medikament verwenden

1.3 Einzelheiten zum Lieferanten, der das Sicherheitsdatenblatt bereitstellt

Hersteller / Lieferant

Universitat Duisburg-Essen

StralRe/Postfach

Universitaetsstr. 7

Nat.-Kenn./PLZ/Ort
D-45141 Essen

Kontaktstelle fir technische Information

Telefon
+49 (0)201-183-6173

1.4 Notrufnummer
0800 181 7059 (CHEMTREC Deutschland)
+49 696 43508409 (CHEMTREC weltweit)
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Abschnitt 2: Mégliche Gefahren

2.1 Einstufung des Stoffs oder Gemischs
Kein gefahrlicher Stoff oder gefahrliches Gemisch geman der Verordnung (EG) Nr. 1272/2008.

2.2 Kennzeichnungselemente
Kein gefahrlicher Stoff oder geféhrliches Gemisch gemaf der Verordnung (EG) Nr. 1272/2008.

2.3 Sonstige Gefahren

keine

Abschnitt 3: Zusammensetzung/Angaben zu Bestandteilen

3.1 Stoffe

Bei diesem Produkt handelt es sich um ein Gemisch.

3.2 Gemische

Stoffname: Pt Nanopartikel
EG-Nr.: 231-116-1 CAS-Nr. : 7440-06-4 Index-Nr.: REACH-Registrierungsnr.: -

Einstufung gemanR Verordnung (EG) Nr. 1272/2008: Kein geféhrlicher Stoff oder geféhrliches Gemisch

In Ubereinstimmung mit den maRgeblichen Rechtsvorschriften miissen keine Komponenten mitgeteilt

werden.

Abschnitt 4: Erste-Hilfe-MalRnahmen

4.1 Beschreibung der Erste-Hilfe-MaBhahme
Arzt konsultieren. Dem behandelnden Arzt dieses Sicherheitsdatenblatt vorzeigen.
Nach Einatmen
Bei Einatmen, betroffene Person an die frische Luft bringen. Bei Atemstillstand, kiinstlich beatmen.
Nach Hautkontakt

Mit Seife und viel Wasser abwaschen.

Nach Augenkontakt
Augen vorsorglich mit Wasser ausspulen.
Nach Verschlucken

Nie einer onnméachtigen Person etwas durch den Mund einfléRen. Mund mit Wasser ausspulen.
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4.2 Wichtigste akute und verzégert auftretende Symptome und Wirkungen
Die wichtigsten bekannten Symptome und Wirkungen sind auf dem Kennzeichnungsetikett (siehe Abschnitt
2.2) und/oder in Kapitel 11 beschrieben

4.3 Hinweise auf arztliche Soforthilfe oder Spezialbehandlung

Keine Daten verfligbar

Abschnitt 5: MaRnahmen zur Brandbekdmpfung

5.1 Ldéschmittel
Geeignet: Wassersprihnebel, alkoholbestédndigen Schaum, Trockenldschmittel oder Kohlendioxid

verwenden.

5.2 Besondere vom Stoff oder Gemisch ausgehende Gefahren

Keine giftigen Zersetzungsprodukte bekannt.

5.3 Hinweise fur die Brandbekdmpfung

Im Brandfall, wenn nétig, umgebungsluftunabhéngiges Atemschutzgerat tragen.

Abschnitt 6: MaRnahmen bei unbeabsichtigter Freisetzung

6.1 Personenbezogene VorsichtsmalBnahmen, Schutzausristungen wund in Notfallen
anzuwendende Verfahren
Dampfe/Nebel/Gas nicht einatmen.
Fur angemessene Liftung sorgen.

Persoénliche Schutzausriistung siehe unter Abschnitt 8.

6.2 UmweltschutzmalBnahmen

Keine besonderen Umweltschutzmalnahmen erforderlich.

6.3 Methoden und Material fir Riickhaltung und Reinigung

Zur Entsorgung in geeignete und verschlossene Behélter geben.
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6.4 Verweis auf andere Abschnitte

Entsorgung: siehe Abschnitt 13

7.1

7.2

7.3

Abschnitt 7: Handhabung und Lagerung

Schutzmanahmen zur sicheren Handhabung

Informationen Uber SchutzmaRnahmen befinden sich im Abschnitt 8.

Bedingungen zur sicheren Lagerung unter Berlicksichtigung von Unvertraglichkeiten
Angaben zu den Lagerbedingungen
Behélter dicht verschlossen an einem trockenen, gut beliifteten Ort aufbewahren. Geodffnete Behdlter
sorgfaltig verschlieBen und aufrecht lagern um jegliches Auslaufen zu verhindern. An einem kiihlen Ort
aufbewahren. Vor Gebrauch gut schtteln.

Empfohlene Lagerungstemperatur 2 - 8 °C

Nicht einfrieren.
Anforderungen an Lagerraume und Behaélter

Lagerklasse: 12 Nicht brennbare Flussigkeiten

Spezifische Endanwendungen
AuBer den in Abschnitt 1.2 genannten Verwendungen sind keine weiteren spezifischen Verwendungen
vorgesehen.

8.1

Abschnitt 8: Begrenzung und Uberwachung der Exposition / Persdnliche Schutzausriistung

Zu uberwachende Parameter

Grenzwerte fur die Exposition am Arbeitsplatz und/oder biologische Grenzwerte
Arbeitsplatzgrenzwerte (AGW) Deutschland

Enthalt keine Stoffe mit Arbeitsplatzgrenzwerten.
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8.2 Begrenzung und Uberwachung der Exposition

Geeignete technische Steuerungseinrichtungen

Allgemein Ubliche ArbeitshygienemalRnahmen.

Die beim Umgang mit Chemikalien Gblichen VorsichtsmafZnahmen sind zu beachten. Vor den Pausen und
bei Arbeitsende Hande waschen.

Individuelle SchutzmalRnahmen - persénliche Schutzausriistung

Augen- / Gesichtsschutz
Verwenden Sie zum Augenschutz nur Equipment, dass nach behdrdlichen Standards, wie NIOSH (US)
oder EN 166 (EU), getestet und zugelassen wurde.
Hautschutz
Handschuhe
Mit Handschuhen arbeiten. Handschuhe missen vor Gebrauch untersucht werden. Benutzen Sie eine
geeignete Ausziehmethode (ohne die &uRere Handschuhoberflaiche zu beriihren), um Hautkontakt mit
diesem Produkt zu vermeiden. Entsorgung der kontaminierten Handschuhe nach Benutzung im
Rahmen gesetzlicher Bestimmungen und der guten Laborpraxis. Waschen und Trocknen der Hande.

Die ausgewdhlten Schutzhandschuhe missen die Spezifikationen der EG-Richtlinie 2016/425 und die
davon abgeleitete Norm EN 374 erfillen.
Anderer Hautschutz
Undurchlassige Schutzkleidung. Die Art der Schutzausrustung muss je nach Konzentration und Menge
des gefahrlichen Stoffes am Arbeitsplatz ausgewahlt werden.
Atemschutz
Kein Atemschutz notwendig. Bei stérenden Emissionen Atemschutzmaske Typ OV/AG (US) oder ABEK
(EU EN 14387) verwenden! Atemschutzgerdte und Komponenten missen nach entsprechenden
staatlichen Standards (beispielsweise NIOSH (US) oder CEN (EU)) zugelassen sein.
Begrenzung und Uberwachung der Umweltexposition
Weiteres Auslaufen oder Verschitten verhindern, wenn dies ohne Gefahr mdglich ist. Nicht in die

Kanalisation gelangen lassen. Ein Eintrag in die Umwelt ist zu vermeiden.

9.1
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Abschnitt 9: Physikalische und chemische Eigenschaften

Angaben zu den grundlegenden physikalischen und chemischen Eigenschaften

Aussehen

- Aggregatzustand: Suspension

- Farbe : braunlich
Geruch : Keine Daten verflgbar
Geruchsschwelle : Keine Daten verflugbar
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pH-Wert : 6,0 bis 8,0
Schmelzpunkt/Gefrierpunkt : 0°C
Siedebeginn und Siedebereich: 100 °C
Flammpunkt : Nicht anwendbar

Verdampfungsgeschwindigkeit:  Keine Daten verflgbar
Entziindbarkeit (fest, gasformig) : Keine Daten verfugbar
obere/untere Entzundbarkeits- oderKeine Daten verfugbar

Explosionsgrenzen :

Dampfdruck : 23 hPa

Dampfdichte : Keine Daten verflgbar

relative Dichte : 1,0 g/cm3

Loslichkeit(en) : in Wasser vollsténdig mischbar
Verteilungskoeffizient: Keine Daten verflgbar

n-Octanol/Wasser :

Selbstentziindungstemperatur : Keine Daten verfiigbar
Zersetzungstemperatur : Keine Daten verflgbar
Viskositat : 1 mPas

explosive Eigenschaften : Keine Daten verfligbar
oxidierende Eigenschaften : Keine Daten verflgbar

9.2 Sonstige Angaben

Keine Daten verfiigbar

Abschnitt 10: Stabilitat und Reaktivitét

10.1 Reaktivitat

Keine Daten verfluigbar

10.2 Chemische Stabilitat

Stabil unter angegebenen Lagerungsbedingungen.

10.3 Mdglichkeit gefahrlicher Reaktionen

Keine Daten verfligbar

10.4 Zu vermeidende Bedingungen
Temperaturen unterhalb von 2 °C und oberhalb von 30 °C
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10.5 Unvertragliche Materialien
Salze

Sauren

10.6 Geféhrliche Zersetzungsprodukte
Weitere Zersetzungsprodukte-Keine Daten verflugbar
Im Brandfall kénnen gefahrliche Zersetzungsprodukte entstehen, Art der Zersetzungsprodukte unbekannt.
Im Brandfall: siehe Kapitel 5

Abschnitt 11: Toxikologische Angaben

11.1 Angaben zu toxikologischen Wirkungen

akute Toxizitéat

Keine Daten verfiigbar

Atz-/Reizwirkung auf die Haut

Keine Daten verfligbar

schwere Augenschéadigung/-reizung

Keine Daten verfiigbar

Sensibilisierung der Atemwege/Haut

Keine Daten verfiigbar

Keimzell-Mutagenitat

Keine Daten verfiigbar

Karzinogenitat

IARC: Kein Bestandteil dieses Produkts, der in einer Konzentration von gleich oder mehr als 0.1%
vorhanden ist, wird durch das IARC als voraussichtliches, mégliches oder erwiesenes
krebserzeugendes Produkt fir den Menschen identifiziert.

Reproduktionstoxizitéat

Keine Daten verfligbar

spezifische Zielorgan-Toxizitat bei einmaliger Exposition

Keine Daten verfiigbar

spezifische Zielorgan-Toxizitat bei wiederholter Exposition

Keine Daten verfiigbar

Aspirationsgefahr

Keine Daten verfligbar
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Symptome und Wirkungen (verzdgerte und chronische) mit Angaben der Expositionswege
auch: Informationen tber Toxikokinetik, Stoffwechsel und Verteilung

Keine Daten verfiigbar

Abschnitt 12: Umweltbezogene Angaben

12.1 Toxizitat

Keine Daten verfiigbar

12.2 Persistenz und Abbaubarkeit

Keine Daten verfiigbar

12.3 Bioakkumulationspotenzial

Keine Daten verfligbar

12.4 Mobilitat im Boden

Keine Daten verfligbar

12.5 Ergebnis der PBT- und vPvB-Beurteilung
Eine PBT/VPvB Beurteilung ist nicht verflgbar, da eine Stoffsicherheitsbeurteilung nichterforderlich/nicht

durchgefihrt wurde.

12.6 Andere schadliche Wirkungen

Keine Daten verfluigbar

Abschnitt 13: Hinweise zur Entsorgung

13.1 Verfahren der Abfallbehandlung
Behandlung verunreinigter Verpackungen

Wie ungebrauchtes Produkt entsorgen.
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Abfallschliissel gemaR Abfallverzeichnis-Verordnung (AVV)

06 Abfalle aus anorganisch-chemischen Prozessen (06 03 13%)

Besondere VorsichtsmalRnahmen

Restmengen und nicht wieder verwertbare Ldsungen einem anerkannten Entsorgungsunternehmen

zufiihren.

Abschnitt 14: Angaben zum Transport

14.1 UN-Nummer
ADR/RID: - IMDG: - IATA: -

14.2 Ordnungsgemaéale UN-Versandbezeichnung
ADR/RID
kein Gefahrgut

IMDG-Code / ICAO-TI / IATA-DGR

Not dangerous goods

14.3 Transportgefahrenklassen

ADR/RID: - IMDG: - IATA: -

14.4 Verpackungsgruppe
ADR/RID: - IMDG: - IATA: -

14.5 Umweltgefahren
Kennzeichen umweltgefahrdende Stoffe
ADR/RID / IMDG-Code / ICAO-TI / IATA-DGR: []ja / x nein
Marine Pollutant: []ja / x nein

14.6 Besondere Vorsichtshinweise fiir den Verwender

Keine Daten verfligbar
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14.7 Massengutbeférderung gemaR Anhang Il des MARPOL- Ubereinkommens und gemaR IBC-
Code

Keine Daten verfligbar

Abschnitt 15: Rechtsvorschriften

15.1 Vorschriften zu Sicherheit, Gesundheits- und Umweltschutz/spezifische Rechtsvorschriften
fur den Stoff oder das Gemisch

Dieses Sicherheitsdatenblatt erfillt die Anforderungen der Verordnung (EG) Nr. 1907/2006.

15.2 Stoffsicherheitsbeurteilung

Fur dieses Produkt wurde keine Stoffsicherheitsbeurteilung durchgefihrt.

Abschnitt 16: Sonstige Angaben

Anderungen gegeniiber der letzten Version

Abklrzungen

Literaturangaben und Datenquellen
https://echa.europa.eu, 03.03.2020

Methoden gemalR Artikel 9 der Verordnung (EG) Nr. 1272/2008 zur Bewertung der
Informationen zum Zwecke der Einstufung verwendet wurden

Wortlaut der Gefahrenhinweise und/oder Sicherheitshinweise auf die in Abschnitt 2 bis 15

Bezug genommen wird

Schulungen fur Arbeitnehmer
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Weitere Informationen
Copyright (2020): Universitat Duisburg-Essen. Es durfen nur Papierkopien fir den internen Gebrauch
angefertigt werden.
Die vorliegenden Informationen sind nach unserem besten Wissen zusammengestellt, sie erheben aber
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8.2.6.2.

General information:
Formula:

Formula Weight:
Nanoparticle purity:
Appearance, color:

Mass concentration:
Particle concentration*:

Stability:

Storage Temperature:
Shelf life:

Solvent:

Zeta potential:
pH value:

Size properties:
Primary peak diameter (TEM):

Hydrodynamic peak diameter (humb, ADC):
Hydrodynamic peak diameter (mass, ADC):

Surface (TEM):

Aspect ratio:

Polydispersity Index (TEM):
Polydispersity Index (ADC):

Optical properties:

Absorption Max/SPR-Peak:

Optical density (OD) @SPR:

Molar extinction coefficient @ 270 nm:

Molar extinction coefficient SPR peak:
* calculated by primary particle diameter

Exemplary hydrodynamic size

Material data sheet for silver colloid

Normal value

Ag

107.87 g/mol

99.99 %

colloid, yellow

99 mg/L

9.3 - 10" particle/L

2-8°C
6 months

0.25 mmol/L sodium

citrate
-63 mV
8

7 nm
7 nm
10 nm
68 m2/g
1.3
0.1
0.3

400 nm
4
13 L/(mol cm)
53 L/(mol cm)

Exemplary TEM image

Appendix

Specification after
automated synthesis

>99 %

55 — 190 mg/L
(2 -17) - 10" particle/L

<10 nm
<11 nm
<13 nm
>60 m3/g
<1.5
<0.3
<0.4

<405 nm
>2
> 8 L/(mol cm)
> 39 L/(mol cm)

Exemplary UV-Vis

distribution
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8.2.6.3. Material data sheet for gold colloid

Specification after

Normal value :
automated synthesis

General information:

Formula: Au

Formula Weight: 196.97 g/mol

Nanoparticle purity: 99.99 % >99 %
Appearance, color: colloid, red

Mass concentration: 93 mg/L 55 — 130 mg/L
Particle concentration*: 13.8 - 10™ particle/L (12 — 71) - 10*° particle/L

Colloidal stability:

Storage Temperature: 2-8°C

Shelf life: 6 months

Solvent: 0.1 mmol/L NaCl

Zeta potential: -63 mV <-30 mV
pH value: 6 5-7

Size properties:

Primary peak diameter (TEM): 9 nm <12 nm
Hydrodynamic peak diameter (humb, ADC): 9 nm <12 nm
Hydrodynamic peak diameter (mass, ADC): 11 nm <15 nm
Specific surface (TEM): 40 m3/g > 30 m/g
Aspect ratio: 1.3 <14
Polydispersity Index (TEM): 0.12 <0.2
Polydispersity Index (ADC): 0.3 <04

Optical properties:

Absorption Max/SPR-Peak: 520 nm <525 nm
Optical density (OD): 1.3 >0.6
Molar extinction coefficient @ 380 nm: 211 L/(mol cm) > 195 L/(mol cm)
Molar extinction coefficient SPR peak: 282 L/(mol cm) > 210 L/(mol cm)
* calculated by primary particle diameter

Exemplary hydrodynamic . Exemplary UV-Vis

If_3 y. y_ .y Exemplary TEM image plary
size distribution spectrum

. 0.30 =r=rrrr—-r—r-rrrror— 400 3 . . . . 2.0 —TrT T
T =025 - i 350 4 o 3
L3 = : — 15
c 2 1 1 =3004 Q’J i ="
% 3 0.20 - 1 25501 4 f -
= o 1 3 25mm % .0
= g 0154 - 82001 — 1" i {104
o = 1 o150 =9 J £
9 >0.10 - 4 © i~
g 5 . { £ 1004 © 05 -
c § 005~ 4 8 503

© 0.00 - . 01 0.0

RS MY 0 10 20 30 40 50 ' T et ar
10 100 : 200 400 600 800
diameter [nm] diameter [nm] wavelength [nm]
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8.2.6.4.

General information:
Formula:

Formula Weight:
Nanoparticle purity:
Appearance, color:

Mass concentration:
Particle concentration*:

Stability:

Storage Temperature:
Shelf life:

Solvent:

Zeta potential:

pH value:

Size properties:
Primary peak diameter (TEM):

Hydrodynamic peak diameter (humb, ADC):
Hydrodynamic peak diameter (mass, ADC):

Surface (TEM):

Aspect ratio:

Polydispersity Index (TEM):
Polydispersity Index (ADC):

Optical properties:
Optical density (OD) @ 300 nm:

Molar extinction coefficient @ 300 nm:
* calculated by primary particle diameter

Exemplary hydrodynamic size

distribution
045- T T T T
=, 0.40 =
T — ] —
D = 035 4 — 8001
= O -
< c ] 2
D g 0307 € 600
o o ] =
2 o 025 2
< 2 0204 0400
o+ Q@ ]
.g > 0.15 i)
S5 @ 0104 1ézoo-
c 2 005 4
] 0" T T T
0.00 =
10 100 0 10 20 30 40 50

diameter [nm]

Normal value

Pt
195.08 g/mol
99.99 %
colloid, brown

96 mg/L
14 - 10" particle/L

2-8°C
6 months
0.1 mmol/L NaCl
-65 mV
6

4 nm
5nm
7nm
70 m3/g
1.4
0.2
0.1

0.8
214 L/(mol cm)

Exemplary TEM image

diameter [nm]
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Material data sheet for platinum colloid

Specification after
automated synthesis

>99 %

68 — 124 mg/L
(10 — 19) - 10"° particle/L

<-30 mV

<4.5nm
<7nm
<9nm

> 65 m2/g
<15
<0.3
<0.2

>0.4
> 195 L/(mol cm)

Exemplary UV-Vis

spectrum

1.8 ~—r—p——T——1
-
—12- -
c
RS
©
=
£ 0.6 -
(]

0.0 F————T—

200 400 600 800

wavelength [nm]
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8.2.7. Preliminary hazardous analysis of the automated ablation
process
Tab. S 12: Equipment list for the device, with the number corresponding to the items in Fig. 50
No. | Description |Manufacturer | Material | Modell comment
B-1 | 2L fluid tank |VWR HDPE 215-3013
B-2 | 2L fluid tank |VWR HDPE 215-3013
B-3 | 2L fluid tank |VWR HDPE 215-3013
B.4 | collecting i i ) chosen and provided by
vessel user
3D printed
ablation smooth
chamber with !
fine
B-5 1 target, 2 Shapeways detail
optical (3D print) X
) plastic,
windows, and PAL2
valves V-2
and V-3
.| CryLaS
E-1 |raspberry pi GmbH - 3B
control unit Bartels
E-2 Mikrotechnik | - mp6-QuadKEY
for P-1 to P-3
GmbH
E-3 Ias_er control | CryLaS i eMOPA1064-500
unit GmbH
circuit board
E-4 | for O-2 and g%t;‘f i
0-3
CryLaS
O-1 |laser GmbH - eMOPA1064-500
galvanometric | CryLaS N-BK7, -
0-2 . C
mirrow GmbH
coated
0.3 | galvanometric | CryLaS (N:'BK7’ i
mirror GmbH
coated
. N-BK7, - .
04| [0S | rhoravs | s 00T
coated |LA1251-C
PPSU
piezoelectric Bartels (material
double- X . in
P-1 Mikrotechnik mp6-hyb
membrane contact
) GmbH X
micro pump with
fluid)
PPSU
piezoelectric (material
double- Bartels .
pP-2 Mikrotechnik mp6-hyb
membrane contact
: GmbH X
micro pump with
fluid)
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PPSU
gl(;auzkc))lzl_ectrlc Bartels i(rr]naterlal
P-3 Mikrotechnik mp6-hyb
membrane contact
) GmbH X
micro pump with
fluid)
4-wav hose https://de.vwr.com/store/
V-1 YN VWR POM ISMCISM536 product/7829830/
connection .
tubing-connectors
Industrial "
v-2 |9 . Mfg. & IS POM 1/8" hose barb S
coupling as a counterpart, is fixed
MED valued plug . .
- in the chamber holding
Specialties
smooth
: Shapeways |fine ,
V-3 | outlet nozzle (3D print) detail CAD file
plastic
PP-Miniatur-
one-wa Ruckschlagventil,
278 iiind Cole-Parmer |PP 1/8"-
Schlauchverbinder,
Membran
PP-Miniatur-
one-wa Ruckschlagventil,
V-5 oo Cole-Parmer |PP 1/8"-
Schlauchverbinder,
Membran
PP-Miniatur-
one-wa Ruckschlagventil,
V-6 y Cole-Parmer |PP 1/8"-
valve

Schlauchverbinder,
Membran
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Preliminary hazard analysis of the device with the equipment numbers based on Fig.

Tab. S 13:

50 and Tab. S 12
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Tab. S 14: Overview of the selected sensors

usage in device sensor type description

Vis sensor Vis emitting diode “Cree LED C503B-BAS/BAN”, 470 nm,
angle of half intensity + 15°, diameter 5 mm,

Vis sensor Vis detecting diode Light Dependent Resistor Module (SE012),
Iduino, 25.0 x 15.0 mm

IR sensor IR emitting diode »Vishay TSAL 6200“ peak wavelength 940
nm, angle of half intensity + 17°, diameter
5 mm, GaAlAs

IR sensor IR detecting diode ‘lduino Flame Sensor Module, SE060”,

highest irradiance responsivity from 760 to
1100 nm, detection angle ~60 °, size 30.0 x
15.0 mm

liquid level senor

capacitive sensor

“SparkFun Single Button Capacitive Touch
Breakout - AT42QT1011”, maximal panel

thickness up to 12 mm glass/ 6 mm plastic

humidity/leakage

sensor

conductivity sensor

“Waveshare Liquid Level Sensor Water”

dimension 19.0 mm x 63.0 mm

temperatur sensor

temperatur sensor

“Iduino 1485330 Temperatursensor”, -55 °C
to +125 °C

target monitoring

IR detecting diode

“Iduino Flame Sensor Module, SE060”,
wavelength 760 to 1100 nm, detection angle
~60 °, size 30.0 x 15.0 mm

8.2.8.

Selection and adjustment of sensors

For the determination of the run-in period, water is continuously pumped through the setup,
and the detector data in dependence of the run time is collected. The data are evaluated in
terms of the signal-time correlation, which should approach zero. Since the sensor signal
over time is not normally distributed, Spearman’s rank-order correlation is chosen to
determine the correlation coefficient. As depicted in Fig. S 22, no significant change in the
sensor signal over time is reached after 60 minutes, which concludes that a minimal run-in

period of 60 min is required after the diode was switched off.
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Fig. S 22:

IR LED used for the target monitoring (B)

Fig. S 23

8.2.9.

Tab. S 15:

95 % J
S|gn|f|cance
Ievel

VIS-sensor 4

] ) 40 50 60
run-in period [min]

Appendix
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correlation coefficient
time-signal [1]
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0.1
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run-in period [min]
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Exemplary UV-Vis spectra of Ag, Au, and Pt

Run-in period for the LED used for the concentration measurement O-02 (A) and the

Economic feasibility of colloids from automated laser ablation

Material costs of the device per piece for calculation of the short- and long-term break-

even price, the letters in brackets show the item’s category (L: laser, C: case, M: mechanics,

F: fluidics, E: electronics, O: optics)

Sum [€/piece] 19758.35

Item €/piece Item €/piece
laser, eMOPA (L) 13500.00 controller Scanner (E) 100.00
scanner (O) 150.00 controler Pumpe (E) 0.00
lenses (O) 68.84 sensor, concentration (E) 3.29
flow chamber (F) 267.84 tubes (F) 10.00
mounting mechanism for electronical interlock,

flow chamber (M) 400.00 laser (E) 000
Touch display (M) 32.10 sensor, temperature (E) 14.32
check valve (F) 17.46 sensor, liquid level (E) 6.20
laser controler (OEM) (E) 0.00 sensor, liquid level (E) 6.20
assembly plate (M) 2000.00 sensor, liquid level (E) 6.20
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cooler (M) 0.00 sensor, leakage (E) 11.92
overall controller (E) 38.65 sensor, liquid level (E) 6.20
case fan (M) 0.00 power supply laser (E) 67.38
fluid tank (F) 1.50 power supply PC (E) 0.00
fluid tank (F) 1.50 controler scanner (E) 0.00
fluid tank (F) 1.50 power supply scanner (E) 0.00
pump (F) 329.00 sensor, IR (E) 4.07
4-way-valve (F) 1.81 case for scanner (M) 0.00
vessel (F) 1.50 case (C) 2600.00
vessel (F) 1.50 electronic components
collection basin (F) 0.00 (e.g., wires, socket) (E) 100.00
quick coupling (F) 9.37

Tab. S 16: Variable manufacturing costs for the device

Sum [€/piece] 603.35

Iltem €lyear | €/piece |comment

Logistic (shipping

costs Eckstein)

0 purchase of equipment of 2 devices simultaneous

Logistic (Bartels)

18 can be reduced by purchasing

package (DHL) + 27 € bulky item + 3 € collection

Logistic (CryLaS) 47.49

of package
Logistic (Shapeways) 6.27
Logistic 7 6 0.76 Cross connectors are shipped in packaging units
(ColeParmer) ' ' of 10 additionally ordering of 10 checking valves;

o shipment value for one device over the limit for

Logistic (Conrad) 0 .

free shipment
Logistic (VWR) 10

Logistic (Projekter)

20.49 |package (DHL) + 3 € package collection

Logistic
(NordsonMedical)

packaging units of 25 pieces; ordering 3x per year

3.33 0.33 |to cover demand for capsules (shipping costs are

split by annually produced pieces)

package material and
shipping costs for the

device

500
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Tab. S 17: Fixes costs for the device; personnel costs according to the “Tarifvertrag fur den
Offentlichen Dienst”

Sum [€lyear] 147200
ltem €lyear
employee costs, founder 80000
employee costs, technician 60000
employee costs, temporal assistant 7200
Tab. S 18: Overhead costs for the device and the capsules
Sum [€lyear] 77000
Iltem €lyear
rent 30000
travel costs 1000
costs for advertisement 20000
office supplies 20000
insurance 3000
legal assistance 3000
Tab. S 19: Material costs of the capsule per piece for calculation of the short- and long-term

break-even price

Sum [€/piece], Ag/Au/Pt 122.84 195.44 193.44

Item €/piece

printing costs for the flow chamber 45.00

optical window 60.00

IR sensor 4.07

metall target (0.05x0.5x1 cm3) Ag/Au/Pt 5.00 77.00 75.00

Quickcoupling 9.37

Tab. S 20: Variable manufacturing costs for the capsule

Sum 16.6033

Item €lyear | €/piece |comment

Logistic (Shapeways) 6.27

Logistic (Conrad) 0

package material and

shipping costs for the 10

capsule

Logistic packaging units of 25 pieces; orde_:rin_g 3x per year

(NordsonMedical) 16.67 | 0.3333 |to cover demand for capsule_s (shipping costs are
split by annually produces pieces)
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Tab. S 21:

production of 100 mL per week, if not marked in the description, the costs are valid

Fixed and running costs of the automated colloid production considering the

independently of the produced colloid material

costs

fixed costs purchase price of the device 85000 €

running costs | capsule price per piece 215 €/piece
produced colloid per capsule (75% of material used) 2.0 L/piece
capsules (AQ) 568.40 €/year
capsule price per piece 360 €/piece
produced colloid per capsule (75% of material used) 3.6 L/piece
capsules (Au) 517.31 €lyear
capsule price per piece 350 €/piece
produced colloid per capsule (75% of material used) 4.0 L/piece
capsules (Pt) 452.53 €/year
hourly wage of one laboratory chemist [442] 20.77 €/h
time for device handling 0.25 h/100mL
personnel costs 270.01 €lyear
device power consumption 200 W
power costs [443] 0.29 €/(kWh)
productivity (Ag) 10 mg/h
productivity (Au) 13 mg/h
productivity (Pt) 20 mg/h
energy costs (Ag) 3.01 €/year
energy costs (Au) 2.32 €/year
energy costs (Pt) 1.51 €/year
water for flushing 2.6 L/year
stabilizer solution for flushing and synthesis 7.8 Llyear
costs for water and stabilizer solutions (0.1 mmol/L 10.21 €/year
NaCl or 0.25 mmol/L trisodium citrate) [444—446]
costs for, e.g., vessels, gloves [447-449] 43.47 €lyear
expendable materials 53.68 €/year
total (Ag) 895.10 €/year
total (Au) 843.32 €/year
total (Pt) 777.73 €lyear
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Tab. S 22: Overview of the distributor prices for precursor salts and metal foils for the calculation
of the ablation capsule price; the lowest price (green) and highest price (orange) are marked

for each metal and each synthesis method

distributor prices for Silver prices for K,PtCls  prices for H,PtClg silver platinum
nitrate > 99 % >90 % >90 % 99.99% 99.99%
purity, purity, 0.5
[US$/g(AgNO3)]  [USS/g(K,PtClg)]  [US$/g(H,PtCle)] 0.5 mm mm thick
(price for (price for (price for thick [US$/g]
precipitated silver precipitated precipitated [US$/g] 9
[US$/g]) platinum [US$/g])  platinum [US$/g]) 9
Sigma- 2.74 45.94 363.00 27.39
Aldrich, 236.96
Germany (4.28) (114.86) (957.00) 19.69
Alfa Aesar, 1.42 75.70 52.21
11.76 138.99
Germany (2.21) (189.24) (137.40)
Goodfellow - - - 6.31 37.23
1.82 96.9
Carl Roth - - -
(2.84) (257.24)
1.99 £ 0.55 126.75 = 119.50
mean value 16+8 138+ 82
(3.11+0.87 (331.15 + 316.74)
Tab. S 23: Costs determined in [65] for the chemical synthesis of Au NPs
laboratory assistant 23.97 €/h
energy 0.20 €/h
investment costs 3926 €

Tab. S 24:  Calculation of the variable costs for the chemical synthesis of colloids with a
concentration of 100 mg/L and data from Tab. S 20 and Tab. S 21.

Ag Au Pt
batch | produc- production working personnel energy |variable variable variable
size | tivity time time costs costs costs costs costs
[mg] | [mg/h] [h/batch] [h/batch] [€/batch] [€/batch]| [€/g] [€/q] [€/q]
1 3.5 0.29 0.12 2.80 0.02 |2821.99 3085.60 3117.10
3 8.32 0.36 0.15 3.60 0.03 |1211.03 1474.63 1506.13
10 16.2 0.62 0.27 6.39 0.05 647.19 910.79 942.29
100 25.4 3.94 1.77 42.35 0.34 429.71 693.31 724.81
500 26.8 18.64 8.43 202.14 1.64 410.37 673.98 705.48
1000 | 27 37.04 16.77 401.89 3.27 407.96 671.56 703.09
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Fig. S 24:

The cumulated costs for gold colloids produced with the automated device (orange
surface) and chemically (green surface) in dependency of the depreciation time and the
required mean weekly batch size (A) is shown. The intersection line between both surfaces

represents the amortization time of the automated device, which is a function of the required
amount of colloid and is shown in (B).
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8.2.10. Downstream production of functional materials with the

automated device

Fig. S 25: Setup for the ablation-coupled downstream supporting of PA12 powder with Ag, where
a dissolver is used to distribute the powder in the liquid, which would otherwise float on the
liquid surface (A). Before the ablation process is started, PA12 powder is mixed in water to
achieve a milky-white dispersion (A). After the ablation process is finished, the dispersion’s

color has changed to yellow.
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