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Curiosity and a passion for learning,

The desire to improve ourselves,

Are the driving forces that lead us

Toward a more advanced civilization and technology—

Whether for better or for worse.

But as long as we continue along the straight path,

We will not forget what is important

Or why we want to learn in the first place.

I believe that we learn to live,

And we live to learn.

Thus, once we stop learning,

It is the moment we truly cease to exist.

Never stop learning.

Inna Y. Khairani

Golm, 26.06.2025




Abstract

Hydrogen technology, specifically green hydrogen, holds an irreplaceable role in achieving
net zero carbon by 2050. Capacity increase (higher hydrogen production volume), longer
stack lifetime, and cost reduction of electrolysers are some of the key strategies to lower the
green hydrogen production costs, which will accelerate the industrial implementation of this
technology. One approach to lower green hydrogen production costs is to use abundant and
affordable catalysts, free of rare and precious elements, to facilitate water splitting in the
electrolyser. Among the abundant elements catalysts being investigated, FeNi alloys are
believed to be the key due to the reported high catalytic activity for the kinetically more
sluggish OER in the water-splitting process. To further enhance the catalytic activity of FeNi-
based catalysts, size reduction is a common strategy to increase the surface area of the
catalyst, leading to more active sites for the reactions to take place.

The key global goal of achieving net zero carbon by 2050 through the production of cost-
effective and catalytically active FeNi-based nanocatalysts on a large scale should be
accompanied by a production method that also complies with the green chemistry principle.
Pulsed laser ablation in liquid (PLAL) is a straightforward and versatile green synthesis
method to produce nanoparticles (NPs). It employs a high-power pulsed laser to ablate a
target immersed in a liquid media. The liquid in PLAL, although mainly used to capture and
carry the generated NPs, plays a significant role in the NPs' properties. The liquid defines the
composition, particle size, oxidation, and morphology of the generated NPs, affecting the
catalytic activity. Moreover, liquid properties also influence NPs production rate, which is an
important parameter for our goal of industrial-scale production of catalysts. Hence, it is
crucial to investigate which liquid is the most fitting for our application.

In this dissertation, three different ablation liquids, namely water, acetone, and dried
acetone (acetone with reduced water impurity), which are economically viable for the
industrial-scale production of FeNi NPs via the PLAL method, were explored. Key properties
such as morphology, oxidation, catalytic activity, and productivity were examined through
analytical methods, namely transmission electron microscopy (TEM), energy dispersive X-
ray (EDX), X-ray diffraction (XRD), and electrochemical analysis, resulting in a smaller NPs
size, less oxidation, and slightly more active catalytic activity of FeNi in dried acetone
compared to FeNi in water and acetone. However, the productivity of FeNi in dried acetone
was only one-third compared to water. Considering the sustainability issue, hazard risk, and
marginal improvement when using dried acetone as an ablation liquid, water was chosen as
the ablation liquid to produce FeNi NPs through PLAL as it complies with green chemistry
principles and has higher productivity.

Nonetheless, PLAL suffers from low productivity, inhibiting its industrial use. PLAL
productivity ranges from tens to a few hundred milligrams per hour depending on various
experimental conditions. Scaling up the production of FeNi NPs through PLAL is therefore
crucial to fulfilling the industrial need for abundant and catalytically active nanocatalysts for
the water-splitting process. In this dissertation, a cost-effective approach using static
diffractive optical elements (DOE) is introduced to achieve parallel ablation, termed multi-
beam PLAL (MB-PLAL). With this method, a higher interpulse distance was achieved,
increasing nanoparticle productivity without the need to increase the scanning speed. The




larger interpulse distance is a direct consequence of pulse frequency adjustment to
compensate for pulse energy splitting by the DOE. MB-PLAL with 11 beams improved the
productivity of FeNi NPs in water by a factor 4 compared to the single beam PLAL (0.4 g/h to
1.6 g/h). MB-PLAL scalability, efficiency, and versatility were confirmed by the ablation of Au
and FesoNiso targets using 1, 6, and 11 beams, resulting in a linear productivity increase.

Implementing our laser-generated FeNi NPs as OER catalysts was the final objective of this
work. The goal is to produce catalysts completely free of precious and rare elements on a
large scale and with high catalytic activity. The MB-PLAL-produced FeNi NPs in water were
deposited on the surface of rGO, resulting in smaller particle sizes. An investigation of
different supporting methods, i.e., downstream and in situ PLAL, was performed to find the
most efficient one-step production method to generate FeNi-rGO composites. Downstream
PLAL produces FeNi-rGO with similar properties as the in situ PLAL but offers higher
efficiency and productivity. The produced FeNi-rGO were then sprayed on FeNi layered
double hydroxide (FeNi LDH) grown on Ni foam substrate to produce a hybrid catalyst, FeNi-
rGO/FeNi/Nifoam, for oxygen evolution reaction (OER) in alkaline media. The prepared hybrid
catalyst requires an overpotential of only 234 mV at a current density of 10 mA/cm?, which is
37 mV lower than the tested commercial RuO, catalyst on Ni foam substrate. Besides, the
hybrid catalyst is extremely robust; it stands 10,000 cycles of accelerated deterioration and
runs for more than 1,300 h at a current density of 10 mA/cm? without performance decay.

In summary, the investigations presented in this dissertation significantly contribute to the
advancement of both PLAL and OER catalyst fields. It offers insights related to the influence
of the ablation liquid on FeNi NPs properties, a newly proposed MB-PLAL method to upscale
productivity to the industrial requirements, and the combination of both approaches for the
production of a hybrid catalyst free of rare and precious elements with low overpotential and
long-term stability.

Keywords: green chemistry, water-splitting catalyst, laser processing, optical diffraction, iron
nickel equimolar




Zusammenfassung

Die Wasserstofftechnologie, insbesondere der griine Wasserstoff, spielt eine unersetzliche
Rolle bei der Verwirklichung der Kohlenstofffreiheit bis 2050. Kapazitatssteigerung (hdheres
Wasserstoffproduktionsvolumen), langere Stack-Lebensdauer und Kostensenkung bei
Elektrolyseuren sind einige der Schlusselstrategien zur Senkung der Produktionskosten fir
grinen Wasserstoff, was die industrielle Umsetzung dieser Technologie beschleunigen wird.
Ein Ansatz zur Senkung der Wasserstoffproduktionskosten besteht darin, reichlich
vorhandene und erschwingliche Katalysatoren, die frei von seltenen und wertvollen
Elementen sind, zu verwenden, um die Wasserspaltung im Elektrolyseur zu erleichtern.
Unter den untersuchten Katalysatoren mit reichlich vorhandenen Elementen gelten FeNi-
Legierungen aufgrund ihrer hohen katalytischen Aktivitat im Wasserspaltungsprozess als der
Schlussel. Um die katalytische Aktivitdt von Katalysatoren auf FeNi-Basis weiter zu
verbessern, ist die Verkleinerung eine gangige Strategie, um die Oberflache des Katalysators
zu vergroBern, was zu mehr aktiven Stellen fur die stattfindenden Reaktionen fuhrt.

Das wichtige globale Ziel, bis 2050 durch die Herstellung kostengunstiger und katalytisch
aktiver Nanokatalysatoren auf FeNi-Basis in groBem MaBstab eine kohlenstofffreie
Atmosphare zu erreichen, sollte mit einer Produktionsmethode einhergehen, die auch dem
Prinzip der grinen Chemie entspricht. Die gepulste Laserablation in Flussigkeit (PLAL) ist
eine unkomplizierte und vielseitige grine Synthesemethode zur Herstellung von
Nanopartikeln (NP). Dabei wird ein gepulster Hochleistungslaser verwendet, um ein in ein
flissiges Medium eingetauchtes Ziel abzutragen. Obwohl die Flussigkeit bei PLAL
hauptsachlich dazu dient, die erzeugten NP einzufangen und zu transportieren, spielt sie eine
wichtige Rolle fur die Eigenschaften der NP. Die Flussigkeit bestimmt die Zusammensetzung,
die PartikelgréBe, die Oxidation und die Morphologie der erzeugten NPs und wirkt sich auf die
katalytische Aktivitat aus. Darlber hinaus beeinflussen die Flissigkeitseigenschaften auch
die NP-Produktionsrate, die ein wichtiger Parameter fur die angestrebte groBtechnische
Produktion von Katalysatoren ist. Daher ist es von entscheidender Bedeutung, zu
untersuchen, welche Flussigkeit fur unsere Anwendung am besten geeignet ist.

In dieser Dissertation wurden drei verschiedene Tragermedien fur die Ablation untersucht,
namlich Wasser, Aceton und getrocknetes Aceton (Aceton mit reduzierter
Wasserverunreinigung), die fur die groBtechnische Herstellung von FeNi NPs mittels der
PLAL-Methode wirtschaftlich sind. Schlusseleigenschaften wie Morphologie, Oxidation,
katalytische Aktivitdt und Produktivitdt wurden mit Hilfe von Analysemethoden wie
Transmissionselektronenmikroskopie (TEM), energiedispersiver Rontgenstrahlung (EDX),
Roéntgendiffraktometrie (XRD) und elektrochemischer Analyse untersucht. Das Ergebnis war,
dass FeNi in getrocknetem Aceton im Vergleich zu FeNi in Wasser und Aceton eine kleinere
NP-GroBe, weniger Oxidation und eine etwas aktivere katalytische Aktivitat aufweist. Die
Produktivitat von FeNi in getrocknetem Aceton betrug jedoch nur ein Drittel im Vergleich zu
Wasser. In Anbetracht der Nachhaltigkeitsproblematik, des Gefahrenrisikos und der
geringfugigen Verbesserung bei der Verwendung von getrocknetem Aceton als
Ablationsflussigkeit wurde Wasser als Ablationsflissigkeit fur die Herstellung von FeNi-NP
durch PLAL gewahlt, da es mit den Prinzipien der grinen Chemie Ubereinstimmt und eine
hoéhere Produktivitdt aufweist.




Dennoch leidet die PLAL unter ihrer geringen Produktivitat, was ihre industrielle Nutzung
behindert. Die PLAL-Produktivitat reicht von einigen Dutzend bis zu einigen hundert
Milligramm pro Stunde, je nach den verschiedenen Versuchsbedingungen. Die Steigerung
der Produktion von FeNi NPs durch PLAL ist daher von entscheidender Bedeutung, um den
industriellen Bedarf an reichlich vorhandenen und katalytisch aktiven Nanokatalysatoren fur
den Wasserspaltungsprozess zu decken. In dieser Dissertation wird ein kosteneffizienter
Ansatz unter Verwendung statischer diffraktiver optischer Elemente (DOE) vorgestellt, um
eine parallele Ablation zu erreichen, die als Multi-Beam PLAL (MB-PLAL) bezeichnet wird. Mit
dieser Methode wurde ein groBerer Interpulsabstand erreicht, der die Produktivitat der
Nanopartikel erhdht, ohne dass die Scangeschwindigkeit erhéht werden muss. Der groBere
Impulsabstand ist eine direkte Folge der Anpassung der Impulsfrequenz, um die Aufteilung
der Impulsenergie durch die DOE zu kompensieren. MB-PLAL mit 11 Strahlen verbesserte die
Produktivitat von FeNi NPs in Wasser um den Faktor 4 im Vergleich zu PLAL mit einem Strahl
(0,4 g/h bis 1,6 g/h). Die Skalierbarkeit, Effizienz und Vielseitigkeit von MB-PLAL wurde durch
die Ablation von Au- und FesoNiso-Targets mit 1, 6 und 11 Strahlen bestatigt, was zu einer
linearen Produktivitatssteigerung fuhrte.

Die Umsetzung unserer lasergenerierten FeNi NPs als Katalysatoren war das letzte Ziel dieser
Arbeit. Ziel ist es, Katalysatoren in groBem MaBstab und mit hoher katalytischer Aktivitat
herzustellen, die vollig frei von wertvollen und seltenen Elementen sind. Die mit MB-PLAL in
Wasser hergestellten FeNi NPs wurden auf der Oberflache von rGO abgeschieden, was zu
kleineren PartikelgroBen fuhrte. Um die effizienteste einstufige Produktionsmethode zur
Herstellung von FeNi-rGO-Verbundwerkstoffen zu finden, wurden verschiedene
unterstiutzende Methoden untersucht, d. h. nachgeschaltete und in situ PLAL. Die
nachgeschaltete PLAL produziert FeNi-rGO mit ahnlichen Eigenschaften wie die in situ PLAL,
bietet aber eine hdhere Effizienz und Produktivitat. Die hergestellten FeNi-rGO wurden dann
auf FeNi-Doppelschichthydroxid (FeNi LDH) aufgespriht, das auf einem Ni-Schaumsubstrat
gewachsen ist, um einen Hybridkatalysator, FeNi-rGO/FeNi/Ni-Schaum, fur die
Sauerstoffentwicklungsreaktion (OER) in alkalischen Medien herzustellen. Der hergestellte
Hybridkatalysator benétigt eine Uberspannung von nur 234 mV bei einer Stromdichte von 10
mA/cm?, was 37 mV niedriger ist als der getestete kommerzielle RuO,-Katalysator auf Ni-
Schaumsubstrat. AuBerdem ist der Hybridkatalysator extrem robust; er Ubersteht 10.000
Zyklen beschleunigter Verschlechterung und lauft mehr als 1.300 Stunden bei einer
Stromdichte von 10 mA/cm? ohne Leistungsabfall.

Zusammenfassend lasst sich sagen, dass die in dieser Dissertation vorgestellten
Untersuchungen einen bedeutenden Beitrag zur Weiterentwicklung der Bereiche PLAL und
Katalysatoren leisten. Sie bietet Einblicke in den Einfluss der Ablationsflussigkeit auf die
Eigenschaften von FeNi NPs, eine neu vorgeschlagene MB-PLAL-Methode, um die
Produktivitat auf die industriellen Anforderungen hochzuschrauben, und die Kombination
beider Ansatze fur die Herstellung eines Hybridkatalysators, der frei von seltenen und
wertvollen Elementen ist, eine niedrige Uberspannung aufweist und langfristig stabil ist.

Schlusselworter: Grine Chemie, Katalysator fur Wasserspaltung, Laserprozessierung,
Optische Beugung, Aquimolares Eisen-Nickel
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1 General Introduction

This section introduces the topics of the thesis, including the background of the study (1.1),
a short review of relevant literatures on the topics (1.2), and the thesis framework (1.3),
including the aim (1.3.1), the scope (1.3.2), as well as the research questions (1.3.3).

1.1 Background

Achieving net zero emissions by 2050 is a key global goal to avoid the impacts of climate
change and preserve a habitable planet (United Nations, 2023). Many countries are now
taking measures to achieve this goal (Donohoo-Vallett et al., 2023; European Commission,
2021; Ministry of Economy Trade and Industry Japan, n.d.; Office of the Federal Chief
Sustainability, n.d.), including the European Union which pledged to reduce greenhouse
emissions to at least 55% by 2030 through the European Green Deal (European Commission,
2021), the United States to reduce emission by 50-52% compared to 2005 level before 2030
(Office of the Federal Chief Sustainability, n.d.) and achieve the clean electricity by 2035
(Donohoo-Vallett et al., 2023), and Japan to reduce emission by 26% from the 2013 level
before 2030 and retroactively reduce CO, emission through the Beyond Zero initiative
(Ministry of Economy Trade and Industry Japan, n.d.). Through the 28™ United Nations
Climate Change Conference (COP28) where 198 nations gathered in Dubai to discuss the
world’s climate trajectory, the importance of transitioning away from fossil fuel was
highlighted as a primary element to achieve net zero emissions by 2050, to avoid the increase
of global temperature of more than 1.5°C which can subsequently lead to climate change
and extreme weather events (United Nations, 2023).

Hydrogen, in particular green hydrogen, is projected as one of the key solutions to substitute
carbon-based energy sources. However, producing green hydrogen is still comparably
expensive, at approximately 4-6 USD per kg, which is 2-3 times higher than the grey hydrogen
production (Miranda et al., 2021) through methane reformation (Arcos & Santos, 2023; Incer-
Valverde et al., 2023; Pani¢ et al., 2022). Reducing green hydrogen production cost to 2 USD
per kg requires the decrease of renewable electricity price to 20 USD per MWh and the
electrolyser cost to 130 USD per kW (Miranda et al., 2021). Fortunately, the cost to produce
renewable energy steadily decreases, thanks to the global efforts to increase installations
and enhance production efficiency (IRENA, 2022b). Henceforth, the strategy to lower green
hydrogen prices should be focused on suppressing electrolyser prices and expanding its
capacity (IRENA, 2020, 2022a). One of the main cost drivers of an electrolyser originates from
its stacks (IRENA, 2020). The electrodes in the stacks are covered by precious metals or rare
elements belonging to the platinum-group metals (PGM) which act as catalysts for the water-
splitting process. Some of the most studied catalysts include ruthenium (Ru) and iridium (Ir)-
based catalysts, as they show excellent catalytic performances for both oxygen evolution
reaction (OER) and hydrogen evolution reaction (HER) (Y. Lee et al., 2012; C. Li & Baek, 2020;
C.C.L.L.McCroryetal.,2015; C.Wangetal., 2023;S. Wangetal.,2021;Y.Zhao etal., 2011).
Platinum is also highly considered as HER catalyst due to its exceptionally low overpotential
(C. Li &Baek, 2020; C. C. L. L. McCrory et al., 2015; L. Zhang et al., 2019; F. Zhou et al., 2021).
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The employment of precious or rare elements as water-splitting catalysts for green hydrogen
significantly increases electrolyser cost. Hence, abundant and affordable catalysts with high
catalytic performance comparable to the PGM elements are necessary to facilitate large
production of electrolysers at a lower cost (IRENA, 2020).

The research direction to obtain more affordable catalysts for OER, which is a considerably
slower reaction than HER due to the four electrons transfer, focuses on finding catalysts from
abundant and non-precious elements, such as manganese (C. Hu et al., 2019; Zaharieva et
al., 2012; Z. Zhao et al., 2022), cobalt (Kanan & Nocera, 2008; Liang et al., 2011; Meng et al.,
2018), nickel (Y. Chen et al., 2019; Kauffman et al., 2016; Y. Li et al., 2020; Vij et al., 2017),
and iron (Bai et al., 2019; Bandal et al., 2018; Feng et al., 2020; Han et al., 2018; Y. Wei et al.,
2020). Among these materials, nickel (Ni)-based catalysts are deemed the most promising
alternative to PGM catalysts for OER reaction (Tsubonouchi et al., 2024). Ni-based catalysts
for OER in the water-splitting process earned their popularity thanks to their low
overpotentials (Y. Chen et al., 2019; C. C. L. McCrory et al., 2013; Roger et al., 2017), in
addition to their high conductivity, thermal stability, and multivalent property (-1 to +4) to
undertake various electronic transitions (Vij et al., 2017; J. Zhang et al., 2024). In particular,
adding a smallamount of iron to nickel-based catalysts is found to increase the OER catalytic
activity in alkaline conditions (Corrigan, 1987; Klaus et al., 2015; Ros et al., 2021; Trotochaud
et al., 2014; Twight et al., 2024). This phenomenon is attributed to the modification of
electronic structure, possible additional active sites, conductivity increase, and Ni’s higher
oxidation state stabilization (J. S. Kim et al., 2018; N. Li et al., 2017; Salmanion & Najafpouir,
2023; Smith et al., 2013; Spanos et al., 2021; Trotochaud et al., 2014). Using Fe and Ni-based
catalysts for OER is a key strategy to overcome price and availability issues associated with
precious and rare element catalysts, not only due to FeNi's high catalytic activity but also to
the abundance of these elements on earth (Cui et al., 2018; Frey & Reed, 2012). In particular,
the equiatomic FesoNiso alloy catalysts gained popularity for the OER, thanks to their low
overpotential (Acharya et al., 2019; Corrigan, 1987; Friebel et al., 2015; J. Jiang et al., 2016),
and better OER catalytic performance at higher current densities (Acharya et al., 2019), which
is related to the purpose of industrial application. It is therefore crucial to concentrate on
developing FeNi-based OER electrocatalyst, specifically the equiatomic FeNi, to accelerate
the hydrogen transition and achieve net zero emission by 2050.

In general, the development of catalysts mostly focuses on increasing the number of active
sites, and areas on the surface of catalysts where reactions take place. One way to increase
the number of active sites is by increasing catalysts’ specific surface area, for example
through the particle size reduction to nano dimension (X. Zhang et al., 2016). There are two
approaches to producing nanosized materials: top-down and bottom-up. The top-down
approach is done through the breaking of bulk material into smaller particles until
nanomaterials are produced. Some methods such as mechanical grinding, ball-milling, and
lithography are included in this approach. Meanwhile, the bottom-up approach involves
building nanomaterials through the joining of their atoms, for example through chemical
vapor deposition and chemical synthesis, such as hydrothermal, co-precipitation, and sol-
gel.
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Nanomaterials’ synthesis method plays a significant role in their catalytic performance,
since catalysts’ purity, specific surface area, and active sites are the main aspects that
determine catalysts’ activity. Pulsed laser ablation in liquid (PLAL) generates nanosized
particles that fulfil these aspects, allowing the synthesis of various types of nanomaterials
(Frias Batista et al., 2022; Khairani, Minguez-Vega, et al., 2023; Nag et al., 2023) dispersed in
a wide variety of solvents depending on the intended application (Frias Batista et al., 2023;
Fromme et al., 2024). Firstly introduced in 1987 by Patil et al. (Patil et al., 1987) and in 1993
by Fojtik and Henglein (Anton Fojtik and Arnim Henglein, 1993; Henglein, 1993), it is
considered a modern technique to produce nanoparticles (NPs) and is mostly classified as a
top-down approach, due to its principle of ablating bulk materials using a high-intensity laser
(>10°W/cm?) to create NPs. PLAL can be performed simply by shooting the pulsed laser beam
onto a target which isimmersed in a liquid media. The ablated matters in the form of NPs are
collected by the liquid instead of dispersed in air, avoiding inhalation and health risks. This
method gained popularity in terms of catalyst production, due to the reported high catalytic
activity (Forsythe et al., 2021; Hunter et al., 2014; Reichenberger et al., 2019; D. Zhang, Liu,
et al., 2017) which outperforms NPs produced through wet chemical synthesis (Blakemore
et al., 2013; Hunter et al., 2014). The excellent catalytic activity of PLAL-generated NPs is
attributed to the bare-surface NPs due to the absence of ligand or capping agent and defect-
rich (Manshina et al., 2024) property as a result of a rapid quenching, offering more active
sites (Shankar Naik et al., 2023; G. W. Yang, 2007). PLAL can also produce complex
structures which are difficult to obtain in other methods (Jia et al., 2014; J. Zeng et al., 2007),
such as hollow NPs (Alheshibri et al., 2021; Desarkar et al., 2013) and core-shell NPs
(Khairani, Lin, et al., 2023; Tymoczko et al., 2019). This technique also works at ambient
temperature and atmosphere, uses no hazardous chemicals, and generates no or only a
small fraction of waste, proving its compliance with the green chemistry principle (Amendola
etal., 2020).

One of the most important parameters in PLAL which directly affects the generated NPs is
the liquid media. By changing the liquid employed for PLAL, properties such as the
composition, size, morphology, and phase of the produced NPs can be modified (D. Zhang &
Wada, 2021a). As an example of phase modification, a study by Choi’s group found that the
PLAL of Ni in water produces NiO and FCC Ni, while only FCC Ni is produced in methanol.
Changing the liquid to hexane and acetonitrile increased the complexity of the phases found,
where the HCP phase was also present in addition to FCC Ni and NiO (Jung & Choi, 2014).
The structure or morphology of the generated NPs also changes depending on the liquid, as
the liquid reacts differently with different targets. For example, PLAL of Pt, Ag, and Pd in
acetone tend to form core-shell of their metals with an outer carbon layer, while Ti, Mo, and
Nb produce metal carbide with carbon encapsulation (D. Zhang et al., 2019). The oxidation
level of the generated NPs is also an interesting property which is affected by the liquid (D.
Zhang & Wada, 2021a) and the target material (M.-R. Kalus et al., 2019). Due to NPs’ large
surface area, they are susceptible to oxidation upon exposure to oxidizing agents. For
example, PLAL of Ti in water generates almost 100% of TiOx, meanwhile, gold’s surface is
oxidized less than 5% (M.-R. Kalus et al., 2019). Oxidation of PLAL-generated NPs might be
intentionally done depending on the application, such as the production of TiO, from the
PLAL of Ti target in water. But when oxidation is not desired, organic solvents can be used to
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reduce the oxidation of PLAL-generated NPs (D. Zhang et al., 2019). These reports tell us how
versatile PLAL is to produce NPs of a certain target material with different properties, simply
by changing the liquid.

Despite PLAL’s versatility, straightforward procedure, and compliance with the green
chemistry principle, its practical use in industry barely exists. One critical drawback of PLAL
is the low production rate (productivity) of the generated NPs which cannot fulfil the demand
of industrial applications. The productivity of PLAL using an oxide target is typically measured
in milligrams per hour range (Amendola et al., 2020; Chemin et al., 2019; Schmitz et al., 2017).
Recent advances in strategies to achieve g/h productivity have been reported for metallic
(Streubel, Bendt, et al., 2016) and ceramic NPs (Sajti et al., 2010), with a world record of 8 g/h
for Pt NPs (Waag et al., 2021). In comparison to chemical methods to produce iron oxide NPs
which have achieved a yield value of 40 g per batch (Park et al., 2004), PLAL is far from
achieving this number. Although indeed a direct comparison between these two methods is
not possible, as each of them has its own advantages and disadvantages, increasing PLAL
productivity to gram per hour will reduce the production cost, lowering the NPs’ market price
and possibly increasing market demand for PLAL for industry (Jendrzej et al., 2017). Hence, it
is necessary to find strategies to increase the productivity of PLAL.

1.2 Literature Review

In this sub-chapter, the influence of various factors on productivity will be discussed. The aim
is to critically review the state-of-the-art of PLAL productivity and provide strategies to
continue upscaling the process. Following the productivity discussion, liquid influence on
the properties of the generated NPs will be elaborated. It is aimed to give better
understanding of how different liquids in PLAL greatly affect the structure, phase,
composition, oxidation, morphology, size, and stability of the generated NPs. It is important
to consider the best liquid in PLAL to achieve the desired macroscopic properties of the NPs,
thus potential applications. At the end of this sub-chapter, the fundamentals of water-
splitting and FeNi-based OER catalyst will also be elaborated to lay the groundwork of the
OER catalysis part, which is the main application of this study.

1.2.1 The Fundamentals of PLAL

Pulsed laser is used in the PLAL as the energy source to ablate the target material and
produce NPs. It sends its laser energy in packages (pulses) with a certain pulse duration or
pulse width (T,yse)- The peak power is inversely proportional to the pulse width, hence, the
shorter the laser pulse duration the larger the peak power. In comparison to continuous wave
lasers, pulsed lasers with the same average power can reach a significantly higher peak
power, making laser ablation with pulsed laser more efficient by reducing material heating.

The process of material removal and nanoparticle formation in PLAL involves a series of
complex physical and chemical interactions between the material, the laser, and the liquid
(Barcikowski, S., Amendola, V., Lau, M., Marzun, G., Rehbock, C., Reichenberger, S., Zhang,
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D., Gokce, 2019; Chaudhary et al., 2016; Lahaye et al., 2013; X. Li & Guan, 2020; C.-Y. Shih et
al., 2018). The interaction between the laser beam and the target induces a fast phase
transition between the target-liquid boundary, leading to the formation of high pressure,
temperature, and density plasma containing ionized and atomized species (Dell’Aglio et al.,
2015; Kanitz et al., 2019; D. Zhang, Gokce, et al., 2017). As the plasma decays at a fast-
cooling rate, the surrounding liquid absorbs the energy and it is transformed into a layer of
supercritical vapor containing the evaporated and dissociated species from the liquid,
namely the cavitation bubble (J. Long et al., 2020). The cavitation bubble is presumed to be
the reservoir of solid crystallization, i.e., the formation of the atomic cluster, and primary and
secondary particles (Ibrahimkutty et al., 2015; Jendrzej et al., 2016; C.-Y. Shih et al., 2017).
The cavitation bubble might undergo expansion and shrinkage (lbrahimkutty et al., 2015)
before its final collapse, which releases the NPs to the surrounding liquid (C.-Y. Shih et al.,
2018).

Depending on the operating laser pulse duration T,use, the ablation mechanism differs (Kanitz
et al., 2019). When a nanosecond laser is employed, the bulk target absorbs the energy and
transfers it to the lattice, inducing energy release by heating the target, which causes melting,
vaporization, bond-breaking, or defects formation that leads to material removal. All these
processes take place while the laser is still irradiating the target. Meanwhile, when ultrashort
pulses are employed (in pico- or femtosecond regime), the heating, melting, and material
removal occur at a different time frame due to the electron-phonon coupling time being
longer than the laser pulse duration. These differences due to the pulse duration influence
the lifetime and cooling rate of the plasma, which leads to a unique plasma-liquid interaction
(Kanitz et al., 2019), thus influencing nanoparticle phase, size, composition, as well as
productivity.

1.2.2 Defining Nanoparticle Productivity

The amount of NPs produced within a certain period of time is defined as the production rate
or productivity. Its value commonly lies within the milligrams per hour range, meanwhile, itis
important to achieve NPs productivity in gram per hour scale to popularize this technology,
reduce cost and move toward industrial applications. There are several strategies that can
be employed to measure the ablated mass as gravimetric, optical extinction, or the use of
analytical chemistry techniques approaches (Haiss et al., 2007). In the gravimetric approach,
the mass difference of a target before and after PLAL is measured to be the total mass of NPs
produced. The advantage of this approach is the easy and undemanding labor, but is not
suitable for low productivities below the balance detection range, and the target mass
difference can differ from the amount of colloidal nanoparticles produced if larger fractions
of the target are ablated. This is especially relevant for powder-pressed targets where the
compactness and porosity facilitate the detachment of larger particles by the laser action.
The optical extinction approach employs a spectrophotometer to measure the intensity
difference of light passed through the liquid used as a reference compared to the colloidal
NPs. Based on the Lamber-Beer law, the absorbance of a dissolved substance is correlated
with the colloid concentration (Hendel et al., 2014). It should be noted, however, that the
concentration determination could only be applied if extinction (which consists of

18




absorbance and scattering) is dominated by absorbance and the scattering effect is
insignificant. If the scattering effect is significant, for example, in the case of big NPs sizes,
the absorbance and scattering elements should be separated before one can determine the
concentration through the extinction method. The drawback of this approach is the
unreliability for colloids at extreme concentrations (too high or too low) and materials which
easily agglomerate and sediment, such as magnetic NPs (Golas et al., 2010; Phenrat et al.,
2007;Yeapetal., 2017). In the case of highly concentrated colloids where the high absorption
obscures the characterization, dilution of the colloid can be employed to reduce
agglomeration effects and increase colloidal stability while bringing the absorption value to
the linear regime of the concentration calibration curve without reducing the resolution of the
concentration determination. The use of analytical chemistry techniques approach, for
instance, as the inductively coupled plasma mass spectrometry (ICP-MS) usually requires a
dilution of the sample, as the system is well suited for very low concentrations. These
techniques can be used to provide the calibration curve required for optical extinction
spectroscopy. The drawback of this approach comes from the high price of the equipment
and the possible inaccuracies in the dilution process.

1.2.3 Strategies to Increase PLAL Productivity

Afirstthought on the possibilities for increasing productivity in PLAL immediately leads to the
study of laser-matter interaction. The first approach that can come to mind is to optimize
laser parameters by increasing laser power and repetition rate, and find the optimum
irradiation wavelength for the employed material. Nowadays, there exist commercial laser
systems operating at wavelengths from the UV to the IR able to achieve mean power values
of hundreds of Watts that allow obtaining huge fluence values at the focal spot even
operating at repetition rates in the order of the MHz. However, above a fluence threshold,
limitations that depend on the scanning velocity (Streubel, Bendt, et al., 2016), repetition rate
(Sajti et al., 2010), pulse width (C. Y. Shih et al., 2020), focusing conditions (Menéndez-
Manjon et al., 2011), interaction with the liquid media (Dofiate-Buendia et al., 2019), and
target geometry appear (Kohsakowski et al., 2016). Consequently, several parameters are
involved, and their optimization turns into a difficult task that even varies depending on the
material, liquid, and pulse duration.

1.2.3.1 Choosing the Laser Pulse Duration

Depending on the pulse duration, the ablation mechanism differs. In the case where pulse
duration is shorter than the electron cooling time, typically pulses shorter than 1 ps, the
strong evaporation regime is produced and material removal is associated with the direct
solid-vapor or solid-plasma transition, avoiding melting of the material. If the pulse duration
exceeds the electron cooling time, the released heat causes first the melting of the material
surface and its posterior vaporization or solidification. This results in some energy being used
for melting rather than material removal.

Based on the above discussion, we might consider using ultrashort pulse lasers
(femtosecond lasers) over picosecond and nanosecond lasers for a higher production rate.
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Nevertheless, the influence of pulse width on NP productivity by PLAL is not only the ablation
threshold reduction as in air, but also peak power and intensity-dependent interaction of the
pulses with the liquid (S. Kudryashov et al., 2019; Nastulyavichus, Kudryashov, et al., 2022;
Nastulyavichus, Smirnov, et al., 2022; Smirnov et al., 2022). Picosecond lasers are found to
provide a suitable subcritical peak pulse power for the ablation process in the liquid medium,
thus, generating the highest NPs yield per pulse and per unit energy (Nastulyavichus, Smirnov,
et al., 2022). The ultrashort femtosecond lasers, on the other hand, trigger non-linear optical
absorption, self-focusing, and filamentation effects in the liquid medium as it reaches
supercritical peak pulse power, which affects the beam spatial profile and generates energy
losses, decreasing the overall productivity (Barcikowski et al., 2007; Nastulyavichus,
Smirnov, et al., 2022). The same trend is also observed for longer pulse duration in the
nanosecond regime, in which plasma screening is attributed to be the main cause of
productivity reduction, besides the energy loss from thermal processes such as localized
heating and melting (Nastulyavichus, Smirnov, et al., 2022). It has been suggested that the
use of picosecond lasers is advantageous compared to femtosecond lasers if the generated
thermal energy can be redistributed, i.e., by using a liquid flow ablation chamber
(Barcikowski et al., 2007).

1.2.3.2 Laser Wavelength Selection

Another important laser parameter which influences both target and liquid is the laser
wavelength. Linear interactions such as absorption, reflection, and scattering occurring both
in the liquid and the target need to be accounted for to maximize PLAL NPs yield. The laser
wavelength defines these processes, as each material’s absorption, reflectance, and
scattering depend on the wavelength of the incident light (Berkmanns & Faerber, 2008;
Bunaziv et al., 2021; Nakano, 2021). Higher absorption of the target at the laser wavelength
leads to a higherenergy density delivered to the sample and so the ablated volume increases.
For example, for laser ablation in air, if a material has a low absorptivity at 1064 nm, the
amount of ablated material with an Nd:YAG 1064 nm laser will be lower (Berkmanns &
Faerber, 2008).

The optimum processing wavelength of the material can be determined by
spectrophotometry, hence defining the most suitable wavelength for laser ablation in air.
Nevertheless, the absorption of the liquid and generated nanoparticles in the laser ablation
in liquid produce energy losses, requiring a laser wavelength with low liquid absorption and
high material absorption (Tsuji, 2002; Tsuji et al., 2001). This key difference with ablation in
air is shown in materials such as Au and Ag where the laser wavelength with maximum
ablation efficiency differs from ablation in air (Mafuné et al., 2001; Tsuji et al., 2008).
Scattering and inter- and intra-pulse absorption are commonly found as the main hurdles to
increasing PLAL productivity. Intra-pulse absorptionis related to the laser pulse width, which
is found for longer pulses in the ns regime and above, as the pulse tail can be absorbed by
the generated NPs and plasma plume from the pulse front (Tsuji et al., 2001). The scattering
and inter-pulse absorption, on the other hand, are associated with the extinction coefficient
of the liquid and the generated colloidal NPs, which affect the laser energy delivered to the
target.
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As reported by Intartaglia et al. (2014) (Intartaglia et al., 2014), the ablation of Si in water using
a UV laser (355 nm) resulted in lower productivity compared to the ablation using a NIR laser
(1064 nm). They observed two differentregimes in the UV laser ablation, termed transient and
steady-state regimes, where the productivity is higher during the transient regime (smaller
number of pulses, shorter ablation time) compared to the steady-state regime (larger number
of pulses, longer ablation time). TEM analysis shows that the smaller Si NPs size is obtained
with increasing ablation time, proving the photo-fragmentation phenomenon (Intartaglia et
al., 2014). Meanwhile, the ablation using a NIR laser shows a steady ablation yield and the
particle size is also bigger than the UV-ablated Si NPs. These effects are especially prominent
if a batch chamber is used in PLAL, where the generated NPs stay in the chamber after
generation and shield the laser beam. The employment of a flow chamber is thus
recommended to reduce scattering and absorption related to the generated NPs and to
improve productivity. Selecting the laser wavelength with minimum absorption and
scattering by the generated NPs is crucial to maximizing the laser energy delivered to the
target. While UV laser is more beneficial to produce smaller NPs due to the fragmentation
effect, the NIR laser is the most ideal choice to obtain high ablation yield due to the low
absorption by generated NPs.

1.2.3.3 Bypassing the Cavitation Bubble

The optical phenomena occurring in the liquid are not the only difference between laser
ablation in air and PLAL. The presence of the liquid and the laser interaction promotes the
formation of a cavitation bubble for each pulse interacting with the target. This vapor bubble
is formed when the local pressure drops below the liquid’s vapor pressure; hence, the inside
of the bubble is filled with vapor. The cavitation bubble in PLAL is formed due to the instant
vaporization of the liquid exposed to the heat of the plasma plume. After the cavitation
bubble formation and expansion up to the maximum height, the cavitation bubble undergoes
a shrinkage process and finally collapses, releasing a shockwave to the surrounding liquid.
The cavitation bubble’s lifetime and size strongly constrain PLAL productivity. In continuous
ablation PLAL, the first bubble generated by the first laser pulse can shield the subsequent
pulses, hindering the laser energy that reaches the target material. Two strategies have been
proposed to bypass the cavitation bubble. The first one is to temporally bypass the cavitation
bubble, which means that the subsequent pulse is sent when the previous cavitation bubble
already collapsed (Wagener et al., 2010). This approach is only suitable for low repetition rate
laser sources, for example, if the lifetime of the cavitation bubble is 100 ps, the maximum
repetition rate that can be employed is 10 kHz to temporally bypass the cavitation bubble
(Donate-Buendia et al., 2023). Nevertheless, high repetition rate lasers with high pulse energy
are desired to increase PLAL productivity. Hence, the second proposed mechanism, i.e.,
spatially bypassing the cavitation bubble, represents a more feasible way to achieve
industrial-scale PLAL production.

Spatial bypassing of the cavitation bubble can be achieved by a high scanning speed of the
processing pattern. The distance between pulses has to be at least equal to the cavitation
bubble radius so the subsequent pulse does not interact with the bubble formed by the
previous pulse. In a real NP production scenario, the laser power and repetition rates are
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maximized while keeping the optimum fluence in order to deliver the larger number of pulses
and maximize the ablated volume. In this scenario, a fast-scanning system is required to
increase the inter-pulse distance and increase the ablated area to ensure that the target has
enough time between successive scanning patterns to cool down. The scanning speed
becomes a fundamental parameter together with the repetition rate and the cavitation
bubble size for each specific system to ensure cavitation bubble bypass. As an example, for
a cavitation bubble with an average radius of 100 pm produced with a laser source operating
at a 100 kHz repetition rate, the minimum scanning speed required to completely bypass the
cavitation bubble is 10 m/s. The galvanometer scanner technology can reach 10 m/s.
Nevertheless, if the repetition rate is further increased to the MHz range, scanning speeds of
at least 100 m/s are required. As the number of delivered pulses per second is critical for
PLAL productivity, the required scanning speeds reach the current technological limitations.
In 2013, De Loor introduced a new scanning technology based on the rotation of mirrors fixed
on a polygon wheel (De Loor, 2013). This polygon scanning technology offers a beam
deflection speed of up to ~1000 m/s (De Loor, 2013; Schille et al., 2016). However, since the
corner of the polygon wheel will deflect the beam at uncontrolled angles, the laser beam is
shut off during this time and the laser beam only irradiates the target within a certain
percentage of the duty cycle. This effect is more pronounced for small processing patterns,
requiring large patterns with lower spatial resolution than the galvanometric scanners (Franz
etal., 2022).

In conclusion, PLAL upscaling requires faster scanning technologies. Using high-speed
polygon scanners is one of the easiest ways to enhance NPs production (S. Kudryashov et al.,
2021). However, their high prices, low precision demanding large scanning patterns, and
their duty cycle that reduces the initial laser power employed in the target processing by a 50%
factor, make it difficult the implementation of this technology in every PLAL system.
Consequently, generally galvanometric scanners still represent are more economical and
repost alternative for PLAL, especially when fast galvanometric scanners reaching 30 m/s are
employed.

1.2.3.4 Avoiding Persistent Microbubbles

The productivity of PLAL can be adversely affected not only by cavitation bubbles and NPs in
the laser path but also by the formation of so-called persistent microbubbles during the
process. Persistent microbubbles are spherical and stable gas bubbles, generated from the
collapse of the cavitation bubbles. While a cavitation bubble lifetime is approximately 0.1-1
ms (M. R. Kalus et al., 2017), persistent microbubbles can stay even as long as seconds
(Sasaki & Takada, 2010). Consequently, it is critical to understand the liquid, target, and laser
processing parameters related to the lifetime of the persistent microbubbles in order to avoid
their presence that shields the laser beam and can even become a safety issue when they
stick to the chamber window, increasing reflectivity and even leading to glass breakage by
the high-intensity laser source. Unlike cavitation bubbles, which can be spatially and
temporally located, allowing the implementation of bypassing strategies, persistent
microbubbles exhibit an unpredictable evolution that limits their bypass. Consequently,
liquid flow strategies such as a high flow rate and good laminar flow represent the best
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approach to remove the detached persistent bubbles. Controlling the liquid flow by the
chamber design becomes a fundamental factor for PLAL upscaling since turbulence would
extend the retention time of these shielding bubbles inside the chamber, resulting in a
reduction of the process efficiency.

1.2.3.5 Optimizing the Ablation Chamber Design

The simplest ablation chamber design in PLAL is a glass beaker or a cuvette where the target
is placed either laying or standing depending on the direction of the incoming beam. This
setup is sufficient for the production of NPs in a small batch, but for larger production, the
employment of these chambers is no longer feasible. Due to the limited volume of the
chamber, the colloid becomes concentrated more rapidly, which hinders the ability of the
incoming laser beam to reach the target. In addition, the NPs and persistent bubbles that are
formed scatter the incoming laser beam since there is no liquid flow to remove them. (Charee
et al., 2015). Hence, different chamber designs have been proposed to improve the PLAL
production rate. Barcikowski et al. (2007) (Barcikowski et al., 2007) presented a type of batch
chamber with a magnetic stirrer to make the liquid flow inside the chamber. The liquid flow
inside the chamber is aimed to induce target cooling during ablation and displace the
generated NPs away from the target to reduce laser shielding.

A different approach includes the liquid flow within the chamber produced by the rotation of

the cylindrical target attached to a brushless motor (Resano-Garcia et al., 2016). At the same

time, the rotating target drives away the generated NPs from the vicinity of the target and

increases the inter-pulse distance reducing cavitation bubble shielding (Resano-Garcia et al.,
2016). The influence of the rotation speed on the ablation rate was evaluated by the colloidal
optical extinction approach. The highest PLAL productivity was found at the lowest rotation

speed (300 rpm), decreasing with the increasing rotation speed. Based on the flow simulation

results, increasing the rotation speed leads to the formation of unsteady flows and vortices

in front of the target’s surface, which traps the bubbles produced during PLAL increasing

laser shielding (Resano-Garcia et al., 2016).

The next evolution in chamber design is a flow-through chamber that allows PLAL with a
continuous feed of fresh liquid and collection of the generated colloid (Marzun, Levish, et al.,
2017). The liquid is pumped through the chamber where ablation takes place, and the
generated NPs are carried out of the ablation chamber so that laser shielding is avoided. An
optimum liquid flow rate is achieved when the generated NPs are completely removed from
the ablation area, confirmed by monitoring the productivity with increasing flow rates (Sajti
et al., 2010). An advantage of this chamber is the capacity to extend PLAL without a colloid
concentration saturation and is only limited by the target drilling which allows processing
times of several hours even for thin (1 mm) targets (Streubel, Bendt, et al., 2016).

Many ablation chamber designs are proposed to increase productivity and improve the
efficiency of the PLAL process, nevertheless, the discussion related to the fluid dynamics
inside the chamber is limited. As the design of the chamber strongly influences the liquid flow,
an ineffective chamber produces fluid turbulences which increases the retention time of the
NPs inside the chamber, giving rise to the NPs shielding effect of the incoming laser beam.
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Producing ablation chambers with a laminar flow is needed in order to increase ablation
efficiency and productivity. To produce a laminar flow, a fluid dynamic simulation of the
newly designed chamber should be done prior to the production step, to analyze the
formation of turbulences and vortices. Studying different liquid viscosities and the influence
of species and effects generated by the PLAL process, including the persistent gas,
nanoparticles, heat transfer, and the collapse of the cavitation bubbles, are some further
stages that can be done in this regard. In summary, the design of an ablation chamber should
be accompanied by an engineering approach of fluid mechanical design, which addresses
the shortcomings of the inefficient chamber in order to produce laminar flow with minimum
turbulence and vortices.

1.2.4 Liquid Influence on Properties of PLAL-Generated NPs

In previous chapters, the fundamentals of PLAL, the definition of productivity, and the
strategies to increase productivity have been discussed. The influence of liquid on
productivity has also been reviewed, such as viscosity, where bubble dwell time is longer
during the PLAL in a more viscous liquid, reducing productivity. Yet, the influence of liquid in
PLAL is broader than that, as the ablated matters undergo chemical reactions with the liquid
vapour inside the cavitation bubble (D. Zhang, Gokce, et al., 2017). In this sub-section, we
discuss the liquid’s role in the properties of the generated NPs, such as the morphology,
structure, size, and phase.

1.2.4.1 Atomic Composition and Oxidation

In most cases, PLAL generates NPs with atomic compositions that are almost identical to the
target materials (D. Zhang, Gokce, et al., 2017). This is indeed true for noble metals such as
Au, Ag, and Pt, as they possess higher resistance to oxidation, or alloys with miscible
constituting elements which can form monophase crystalline structures, such as AgAu
(Neumeister et al., 2014). However, metals or alloys composed of easily oxidized elements,
typically characterized by their negative standard reduction potential, E°, may produce
unidentical atomic composition to the target materials, and form nonstoichiometric and
segregated alloys (Jakobi et al., 2010; Wagener et al., 2016), for example, PLAL of Cu (Marzun,
Bonnemann, et al., 2017), AgCu (Malviya & Chattopadhyay, 2014), and FePt (Ishikawa et al.,
2006) in water. Alloys consisting of elements with a large difference in reduction potential
may produce doped oxides through a one-step synthesis method, such as the PLAL of AgTi
alloy in Dl water, generating Ag-TiO, (Hamad, Li, Liu, et al., 2015). If stoichiometric alloying is
desired for these types of metals and alloys, the use of water as the liquid in PLAL is
unfavourable, as its decomposition produces oxygen species which react with the non-noble
metals (D. Zhang, Gokce, et al., 2017), organic solvents can be used instead to reduce the
oxidation and segregation effect (Jakobi et al., 2010; T. B. Nguyen et al., 2015; Wagener et al.,
2016). However, the formation of carbides, instead of oxides, can be observed while
performing PLAL in organic solvents, such as in the PLAL of Cr in toluene and acetone that
produce CrsCr... In addition, some organic solvents still contain molecular oxygen in their
structures, which can be transformed into reactive oxygen species during the ablation
process and contribute to oxidation, for example in the case of Al@AL,O; core-shell formation
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in Hx-purged ethanol (Viau et al., 2011). The exact control of atomic composition and
oxidation of the generated NPs requires a deeper understanding of the chemical reactions,
kinetics, and thermodynamics during the whole process of PLAL, from the laser pulses
reaching the liquid and target to the storing of the NPs themselves. Although tuning the
oxidation degree of the generated NPs remains a challenge, PLAL is capable of producing
these diverse oxides with interesting properties, which may potentially be useful for specific
applications. Hence, it all comes back to the final application of the generated NPs
themselves; if oxide NPs are desired as they provide interesting properties, then PLAL of
metals in water can be done, for example, the PLAL of Ti in water has been reported to form
defect rich TiO, showing ferromagnetism at room temperature (S. C. Singh et al., 2015) and
TiOx with smaller bandgap (C. N. Huang et al., 2010). Therefore, a thorough understanding of
the liquid influence to the oxidation and atomic composition should be done to achieve the
best possible results of the desired NPs.

1.2.4.2 Morphology

Nanomaterials that are produced through PLAL are mostly spherical, as this form offers the
smallest surface area to volume ratio and, thus the lowest surface tension, as compared to
other shapes. However, other shapes such as core-shell, nanosheets, spindle-like, hollow,
and flower-like, can actually be formed during PLAL of some materials by changing liquid
parameters (D. Zhang, Gokce, et al., 2017), for example, the formation of nanorods Co050,
and nanosheets Co(OH); in aqueous KOH solution at pH 14 (S. Hu et al.,, 2014), or the
formation nanosheets and flower-like morphology of a-Ni(OH). doped with Mn in the PLAL of
Mn in NiCl; solution (H. Zhang et al., 2013). The liquid used in PLAL can vary from water,
solution of salts, surfactants, or polymers, and organic solvents (D. Zhang, Gokce, et al.,
2017), but PLAL in different polymers or surfactants can still generate different shapes of NPs,
as they react differently with the atoms of the target material. For example, PLAL of Ag in
polyvinylpyrrolidone (PVP) (Tsuiji et al., 2008) and sodium dodecyl sulfate (SDS) (Mafuné et
al., 2001) solutions result in Ag nanospheres, but PLAL of Ag in polysorbate 80 (Tween 80)
aqueous solution generates Ag,O nanocubes and nanorods, in addition to Ag nanospheres
(Z. Yan et al.,, 2011). Adding ethanol to the aqueous polysorbate 80 produces Ag
nanonetworks (Z. Yan et al., 2011). These results show us that changing the liquid in PLAL
could completely change the morphology of the generated NPs.

1.2.4.3 Phase

Phase and shape (morphology) occasionally correlate to each other, as different phases tend
to grow into a certain shape, as in the case of nanorods Co3;0,4 and nanosheets Co(OH), (S.
Hu et al., 2014) and nanocubes Ag,O and nanosphere Ag, discussed in the above section.
However, in this section, the discussion is heightened to the distinct, metastable phases that
can be generated straightforwardly in the PLAL than in other methods.

In the formation of NPs, the nucleated atoms and ions from the plasma come into contact
with the liquid at the liquid-plasma interface, which results in the formation of a cavitation
bubble due to the evaporation of the surrounding liquid, indicating that chemical reactions
that drive the formation of NPs’ phases may take place in this time scale (nanosecond). Due

25




to the rapid quenching after the ions and atoms encounter the comparatively colder liquid,
“freezing” of metastable phases is sometimes observed in PLAL. Nanomaterials consisting
of metastable phases are one of the most remarkable outcomes of PLAL, as they can bring
forth these metastable phases to ambient conditions, which are difficult or even impossible
to be synthetically produced in the laboratory. For example, a method called diamond anvil
cell (DAC) produces metastable phases by applying extremely high pressure to the material
using two colliding diamonds (Boehler, 2005). However, after the pressure is released, the
metastable phase cannot be preserved. PLAL, on the other hand, keeps these metastable
phases at ambient conditions after the synthesis without the use of external pressure or
temperature.

The liquid, including the dissolved gas in the liquid, plays an important role in the formation
of these metastable phases, for example in the formation of metastable Cr;C,« phase in the
PLAL of Cr in ethanol, acetone, and toluene (Semaltianos et al., 2014), B-Co(OH), phase in
the PLAL of Co in N2-purged water where most of the dissolved O, gas were removed (S. Hu
etal., 2014), and HCP Ni in the PLAL of Ni in acetonitrile and hexane (Jung & Choi, 2014). The
mechanism, as to why certain liquid produces certain metastable phases, is not yet fully
understood, other than the postulated high temperature, high pressure, and high density
(HTHPHD) condition which is formed at the interface between the plasma plume and the
liquid (P. Liu et al., 2008). Finding metastable phases in PLAL at the present moment is purely
coincidental, as we cannot predict which metastable phases will be formed in a certain
experimental condition. Tuning the amount or ratio of these metastable phases also remains
a challenge. Understanding how the liquid influences the formation of metastable phases in
the PLAL will contribute tremendously to the advancement of materials science.

1.2.4.4 Ageing and Stability

Oxides in the laser-generated NPs are formed due to the reaction of ablated matter with
reactive oxygen species from the evaporated liquid (Lam et al., 2014). Nevertheless,
prolonged storage of NPs in the liquid, especially water, may cause further oxidation and
ripening (growth) effects, termed ageing. Ageing was observed in the prolonged storage of Al
NPs in water, as observed in the shift of surface plasmon resonance peak from 225 nm to 264
nm just 2 hours after storage, indicating the formation of an Al.Os shell (R. Singh & Soni, 2014).
Ripening and growth of the NPs are also observed after prolonged storage, for example in the
PLAL of Ag in water, where the peak size distribution is shifted to a larger size within 4 months
of storage (Oseguera-Galindo et al., 2012). Meanwhile, PLAL of Ag in propanol does not show
this trend of size increase (Oseguera-Galindo et al., 2012). The use of diluted electrolytes,
such as sodium hydroxide, phosphate and carbonate buffers, at low concentrations was also
found to increase colloidal stability of Pd NPs to 14 days, as compared to 1 day only in water
(Marzun et al., 2015). This phenomenon is attributed to the change of surface charge afterion
adsorption on the surface of NPs, increasing their electrostatic stability (Rehbock et al., 2013;
Sylvestre et al., 2004). Nevertheless, not all electrolytes have the same effect. A study found
thationic kosmotropes, ions that promote water-to-water bonding, result in lower stability of
the NPs in an aqueous solution, as they hydrate and interact with water molecules (Merk et
al., 2014). Meanwhile, chaotropes, ions that are large and have a low charge, increase the
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stability after their adsorption onto the NPs surface (Merk et al., 2014). However, this effect
should be further investigated, as different types of NPs, depending on their oxidation
potential, react differently with these electrolytes. For example, Pd NPs, which are more
prone to oxidation than Au NPs, show that the stabilization effect from electrolytes is less
pronounced, as Pd’s surface is readily more oxidized than Au (Marzun et al., 2015).

1.2.4.5 Size distribution

The size distribution of NPs generated through PLAL is directly influenced by the liquid.
Although the target material, laser parameters, chamber design, and storage time also affect
the size distribution, one can adjust the NPs’ size and prevent agglomeration by changing the
liquid. PLAL of Ag in acetone and propanol result in average NPs’ sizes of less than 10 nm,
while in water, ethanol, and methanol NPs generated have an average size of more than 10
nm (Oseguera-Galindo et al., 2012). Meanwhile, Ag ablation in PVP results in a lower average
size compared to water, but varying PVP concentration from 2 mM to 18 mM does not change
the size nor the particle distribution much (Tsuji et al., 2008). Another report, however, found
that increasing SDS concentration from 3 mM to 50 mM offers a size-quenching effect on Ag
NPs (Mafuné et al., 2001). The use of 1TmM of phosphate buffer as a liquid in the PLAL of Pd
avoids the bimodality and lowers the polydispersity index (PDI) compared to water from 1.03
t0 0.36 (Marzun et al., 2015). Meanwhile, the influence of kosmotropes and chaotropes is not
only limited to the stability as discussed in the previous section but also to the size
distribution, since these two properties are usually related to each other, as bigger NPs and
more agglomeration reduce the stability of NPs in the liquid. Rehbock et al. (Rehbock et al.,
2013) found that chaotropes ions, i.e., Br-and I~ lead to the reduction of NPs size, due to the
electrostatic stability provided by these large ions after their adsorption to the Au NPs’
surface.

Size distribution, as well as atomic composition, morphology, and phase of the generated
NPs, are strongly influenced by the liquid in PLAL. However, these NPs’ properties also play
importantroles inthe NPs’ final applications. For example, smaller NPs are usually proposed
in catalysis, but they are also more prone to oxidation. Finding the balance between an
affordable, environmentally friendly, and safe liquid to produce NPs with the best catalytic
performance is therefore important.

1.2.5 OER in Water Splitting Process

In the previous chapter, we have discussed PLAL to a great extent, as to how productivity in
PLAL can be defined, measured, and improved, and how liquid in PLAL influences NPs’
properties. All of this information provides the groundwork needed to underline the aim of
this work, whichis to produce OER nanocatalysts from a green synthesis method and to scale
up the production rate in order to fulfil industrial demand. In this sub-chapter, the discussion
is more focused on the PGM-free FeNi-based catalyst for OER reaction in the water splitting
process, which is envisioned to lower the production cost of green hydrogen by lowering
electrolysers price, accelerating the hydrogen energy transition and net zero emission by
2050.
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1.2.5.1 Mechanism

In the water-splitting process, two reactions happen, hydrogen evolution reaction (HER) in
the cathode, and oxygen evolution reaction (OER) in the anode. Both of these processes
require the transfer of electrons to produce the respective molecules, but generating one
molecule O, g requires the transfer of 4 e', meanwhile, only 2 e are needed to generate H .
Due to this, the water-splitting process is usually limited by the kinetically more sluggish OER
than HER, therefore, a significant amount of research in this field is focused on the
development of OER catalyst (Kawashima et al., 2023). Ruthenium and iridium oxide
catalysts are usually used for OER catalysts due to their low overpotentials (~ 200-300 mV
for thin films) and ability to work in a wide range of pH (F. Song et al., 2018), but they are
scarce and expensive, rendering them impractical for large-scale applications (Kawashima
et al., 2023). Hence, the focus has shifted to developing and improving the performance of
abundant and cheap catalysts with high catalytic activity, such as transition metal catalysts.
Nevertheless, transition metals are easily dissolved in acidic solutions, thus, most research
on transition metal OER catalysts is focused on alkaline conditions (F. Song et al., 2018).
These different pH values result in different half-reactions, influencing the standard
reduction potential, E°, of each half-reaction, as shown in Table 1 (Hunter et al., 2016).
Nevertheless, the overall cell potential needed for the water-splitting process remains the
same, which is 1.23 V.

Table 1. Water splitting reactions in different pH conditions (F. Song et al., 2018).

In acid condition
2H,0 (D) > 0,(9)+4H " +4e” E®=-1.23V
AHY +4e” - 2H,(g9) E°=0V
2 H,0 (D) - 0,(9) +2H,(9) E®=-1.23V
In basic condition
40H~ - 0,(g9)+2H,0()+4e” E®=-040V
4H,0()+4e~ - 2H,(g9g)+40H" E°=-083V
2 H,0 (1) - 0,(9)+2H, (9) E®=-123V

In the alkaline condition, the electron transfer process for OER on a catalyst with active site
M may happen under these mechanisms (S. Chen et al., 2023):

OH™ +M - MOH + e~ (1)
MOH + OH™ —» MO + H,0 + e (2)
MO + OH™ - MOOH + e (3)
MOOH + OH- > M + 0, + H,0 +e (4)

It should be noted that this mechanism is a step-by-step single electron transfer route, hence,
MO and MO cannot be combined to produce O,. Each step is influenced by the activation
energy to bind and release the intermediate to and from the active site M (S. Chen et al., 2023).
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1.2.5.2 Electrochemical Analysis

The equilibrium potential needed to drive the overall water-splitting reaction is 1.23 V, Table
1. Nevertheless, the experimental value cannot be as ideal as the theoretical value, due to
reactant transport limitation, bubble formation, resistance, kinetic barriers, etc. The
additional potential required to start the reaction is termed overpotential (n, unit mV). Lower
overpotential means higher catalytic activity, as only smaller additional energy is needed to
drive the reaction spontaneously. The overpotential needed to reach a specific current
density, i.e., at 10 mA/cm?, is commonly used to compare the electrical performance of
different catalysts.

In general, the performance of a catalyst is mainly controlled by four factors: (1) intrinsic
activity, (2) mass loading (thus active sites), (3) surface structure (thus area), and (4)
synergistic effect between the catalyst and the substrate (Kawashima et al., 2023). Intrinsic
activity is the chemistry of the catalyst itself, independent of the number of active sites and
surface area, yet many reports define the intrinsic activity based on the overpotential to reach
10 mA/cm?. This overpotential value, however, does not reflect the intrinsic activity of the
catalystitself, since itis not normalized to the surface area and active sites of the catalyst (C.
Wei & Xu, 2018). It means that two catalysts with the same loading mass may have different
surface areas or active sites, making them less or more catalytically active. It is therefore
important to avoid using the overpotential value to define the intrinsic activity of a catalyst.
Alternatively, intrinsic activity can be analyzed using turnover frequency (TOF), where the
number of electrons transferred per active site every second is measured. Yet, quantifying
active sites is a difficult task, making it hard to accurately measure TOF (Kawashima et al.,
2023; C. Wei & Xu, 2018). Using the value of overpotential to reach current density at 10
mA/cm?is fine, as long as it is not used to define the intrinsic activity and instead the overall
performance of the electrode (catalyst and substrate).

Overpotential is measured through cyclic voltammetry (CV) or linear sweep voltammetry
(LSV) which can be done in a three-electrode system. The three-electrode system consists
of:

(1) A working electrode: an electrode where the catalysts are deposited and reactions
occur. Some examples include glassy carbon electrodes (GCE), carbon paper, and
metal foams (Fe or Ni foams).

(2) A reference electrode: an electrode that is used as a reference throughout the
catalysis process, hence, it must remain stable (by reading the potential before and
after the experiment). Commonly employed reference electrodes are Ag/AgCl,
Hg/HgO, and Hg/Hg,Cl, (saturated calomel electrode), and should be chosen based
on the electrolyte.

(3) Acounterelectrode: an electrode which is used to balance the current in the working
electrode and does not affect the electrochemical reaction. This type of electrode is
commonly made out of inert materials, such as graphite, glassy carbon, Pt, and Au.

The kinetics of a catalyst can be defined by the Tafel slope (unit mV/dec) from the Tafel
equation, n =a+ b log(j), where n is overpotential, a is an equilibrium constant, b is the Tafel

29




slope, andjis the current density. Tafel slope simplified definition is the overpotential (in mV)
needed to increase the current density by an order of magnitude, hence, smaller Tafel slopes
indicate better catalyst performance (van der Heijden et al., 2024). In addition, Tafel slope
values can also be used to determine the slowest step in the mechanism, meaning the rate-
determining step (RDS). Tafel slope ~118 mV/dec indicates that the first single-electron
transfer, for example as shown in Equation (1), is the RDS. Tafel slope at ~59 mV/dec signifies
the RDS to be the chemical reaction after the single electron transfer, while ~29.5 mV/dec
implies that the third electron transfer is the RDS (D. Li et al., 2020). Another measurement
of reaction kinetic can be performed using electrochemical impedance spectroscopy (EIS).
A Nyquist plot can be obtained from the EIS and its diameter represents the charge transfer
resistance (R.:) value (Lazanas & Prodromidis, 2023). R is the resistance value against
electron transfer from one phase to another, i.e., from the electrode to the electrolyte (D. Li
etal., 2020). Asmaller R represents a faster electron transfer, thus, a faster reaction kinetic.

Catalyst stability is an important parameter for long-term applications such as electrolysers.
Electrochemical approaches to measure catalyst stability can be done via dynamic and/or
steady-state approaches (D. Li et al., 2020). Dynamic stability is measured by CV at a high
scan rate, i.e., accelerated degradation test (ADT), and the plot before and after certain
cycles are compared. A current density lower than 20 mA is recommended, as a higher
current density produces a lot of gas which can hinder mass transfer, i.e., reactants cannot
diffuse or reach the electrode (D. Li et al., 2020). Meanwhile, steady-state stability can be
performed through chronoamperometry (current density as a function of time) or
chronopotentiometry (potential as a function of time). Catalysts that show stable
performance after a long duration of applied current density or potential have good stability
(Kawashima et al., 2023).

1.2.5.3 FeNi-based OER Catalyst

FeNi-based OER catalysts are promising candidate to replace PGM catalysts for the water-
splitting process in alkaline conditions due to their high electrocatalytic activity (Corrigan,
1987; Klaus et al., 2015; Ros et al., 2021; Trotochaud et al., 2014; Twight et al., 2024). It is
reported that the combination of Fe and Ni forms a synergistic effect, due to the change of
electronic structure, more active sites available, and stabilization of higher oxidation states
(J. S. Kim et al., 2018; N. Li et al., 2017; Salmanion & Najafpour, 2023; Smith et al., 2013;
Spanos et al., 2021; Trotochaud et al., 2014; Xiao et al., 2018). At first, Ni oxyhydroxides (y-
NiOOH phase) was known as the phase responsible for the high activity of Ni for OER.
Nevertheless, further studies reported that the removal of Fe impurities in the electrolyte
lowers NiOOH catalytic activity (Trotochaud et al., 2014) while adding Fe increases NiOOH
catalytic activity (Stevens et al., 2017). Following this observation, Xiao et al. (Xiao et al., 2018)
found that the responsible steps for OER are the formation of O radicals and the O-O coupling,
but NiOOH is poor at generating O radicals. Using quantum mechanics methods, they
discovered that the high spin in the d* orbital of Fe(IV) stabilizes the O radical via exchange
interaction while the d® Ni(lV) catalyzes the coupling of O-O. This phenomenon results in a
lower Tafel slope as the O-O coupling precedes the steps for two-electron transfer (Xiao et
al., 2018).
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Other forms of FeNi catalysts are also explored, such as FeNi-layered double hydroxides
(LDH). This structure exhibits exceptional OER performance (Gong et al., 2013; Z. Lu et al.,
2014) than other PGM-free catalysts (Y. Liu et al., 2018). The reason behind its high
performance is most likely due to the increased surface area, the multivalence states (S.
Jiangetal., 2024), and Fe atoms integration into a-Ni(OH)./y-NiOOH lattice (Tangetal., 2015).
Growing FeNi LDH on the Ni foam substrate via the hydrothermal method to produce FeNi
LDH/Ni foam produces a catalyst with a lower overpotential to reach a current density of 30
mA/cm?than Ir/C catalysts, requiring only 280 mV, while commercial Ir/C requires 390 mV (Z.
Lu et al., 2014). FeNi LDH on the Ni foam increases the electrode’s surface area by factor 4
from 0.06 m?*/cm? to 0.24 m%*cm? (Z. Lu et al., 2014). In Table 2, the electrochemical
performances of various FeNi-based catalysts, especially those with LDH structures and/or
Ni foam supports as substrate material, are presented, showing the possibility of producing
PGM-free catalysts with overpotential lower than 300 mV and stability even up to 6000 h.
Indeed, among the explored non-PGM oxide (Burke et al., 2015) and hydroxide (X. Li et al.,
2011) species, Fe-Ni is the most active catalyst for OER in alkaline media.

Table 2. Literature review of FeNi-based catalysts for OER

Tafel
Electrol . Stabili | |
Catalyst Support n(mv) | j(mA/cm?) slope j(mA/cm?) Ref
yte ty (h)
(mV/dec)
NiFe- . .
Ni foam | 1 M KOH 150 10 35 24 10 (C. Lietal, 2019)
LDH/rGO
FeNi- . 1™ (X. Longetal.,
Ni foam 195 10 40 8 10
LDH/rGO NaOH 2014)
. (Y.Liuetal.,
FeNi-LDH Fe foam | 1 MKOH 300 500 n/a 6000 1000 2018)
. (Y.Liuetal.,
FeNi-LDH Fe plate | 1 MKOH 269 10 48 100 100
2018)
FeNi-
. . ™ (Q.Yanetal.,
LDH/Phospid | Nifoam 224 10 72 20 20
NaOH 2018)
e NPs
NiFe20.@N- ) (L. Caoetal.,
Ni foam 1 M KOH 252 20 49.7 12 20
doped/rGO 2021)
flat
NiFe-LDH pyrolyti
) (Hunter et al.,
intercalated c 1 MKOH 280 10 47.6 5 2 2014)
NO; & H20 graphit
e
. Glassy
NiFe (F. Song & Hu,
carbon 1 MKOH 300 10 40 13 10
Nanosheets . 2014)
disk
. (J. Wang & Lian,
rGO Nifoam | 1 MKOH 350 10 170 n/a n/a
2023)
Sulfated Glassy
NiFe LDH carbon 1 MKOH 219 10 39.5 24 10 (Qiao et al., 2021)
nanosheet disk
FeNi-LDH
. . (Y.Chenetal.,
with carboxyl | Nifoam | 1 MKOH 273 500 34.8 1000 1000 2024)
ligands
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1.3 Thesis Framework

1.3.1 Aim

This dissertation addresses the property analysis and production of NPs through the PLAL
method and their use as OER catalysis. Particularly, the dissertation is focused on the
generation of abundant and catalytically active FeNi-based catalysts for OER as an
alternative to precious and rare catalysts. The use of abundant elements such as Fe and Ni
as catalysts is crucial to lower the cost of the catalyst needed to accelerate sluggish OER
reaction in the water-splitting process. In addition, the NPs production method, PLAL,
complies with the green chemistry principle as it avoids the use of hazardous chemicals and
operates in an ambient atmosphere. The knowledge gained from this dissertation is therefore
hoped to bring PLAL into the industry as a green synthesis method to produce abundant and
catalytically active FeNi NPs, lowering the catalysts cost and accelerating the production of
green hydrogen to achieve net zero carbon by 2050.

1.3.2 Scope of the Thesis

The solvent influence and the production rate of the PLAL method are evaluated and the
optimum strategies to maximize productivity while controlling the composition and reducing
the oxidation are proposed. The schematic illustration of the dissertation’s scope is
presented in Figure 1. First of all, a general introduction to the topic in Chapter 1, including
the state-of-the-art, specifically on the scaling-up strategies in PLAL, liquid influence on the
generated NPs, and OER catalyst in water splitting, is elaborated. The scope of the
dissertation and the research questions are also provided at the end of the introduction
section. After building the foundation, results and discussions related to the experimental
investigations and results are presented in Chapters 2 and 3.

The results of the first study, presented in Chapter 2.1, is related to the liquid media influence
on PLAL. PLAL is a method that requires a liquid media to capture and carry the generated
NPs, thus, the selected liquid affects the properties of the produced FeNi NPs. In addition, it
is important to find a balance between the cost-effectiveness of the liquid and the properties
of the generated FeNi NPs. As our goalisto produce catalysts on a large scale for the industry,
the investigated liquids are limited to affordable and abundant solvents which are more
economically viable, such as water and acetone. Nevertheless, water is a liquid that can
oxidize the produced FeNi NPs, hence, organic solvents such as acetone are usually used to
lower the oxidation. Yet, acetone contains some water impurities, which contribute to the
oxidation of the NPs. To reduce the water content in acetone, cheap and reusable molecular
sieves can be used to capture the water molecules, producing “dried” acetone (acetone with
reduced water content, obtained after treatment with molecular sieves). Hence, we
investigate these liquids, namely water, acetone, and dried acetone, and their influence on
key properties of FeNi NPs for the catalytic performance such as morphology, phase, size
distribution, and catalytic activity. Due to the importance of high throughput production to
aim for the industrial application, it is also crucial to consider a balance between high
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catalytic activity and production rate. Therefore, FeNi NPs productivity measurements as a
function of the solvent employed were also conducted in this chapter, in addition to the
property analysis of the produced FeNi NPs.

General Introduction
Background, Literature Review, and Thesis Framework
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Figure 1. Schematic illustration of the scope of the dissertation. Chapter 1 introduces the topic, state-of-the-art,
scope, and research questions. Chapter 2 summarizes the results from Study |, Study Il, and Study lll. Chapter 3
discussed the results presented in Chapter 2. Chapter 4 concludes the dissertation and Chapter 5 elaborates the

outlook for further studies.

Chapter 2.2 highlights a proposed new method to increase the productivity of FeNi NPs
through PLAL, termed MB-PLAL. This novel method promotes the use of PLAL as a green
synthesis method to produce NPs in industry, as MB-PLAL addresses one critical drawback
of PLAL’s low productivity. MB-PLAL integrates a beam splitter DOE in the PLAL system,
resulting in a jump in productivity during the production of FeNi NPs without the need to
increase the scanning speed requiring more expensive scanners. The use of beam splitter
DOE is significantly more cost-effective, power-efficient, and could be easily implemented in
existing PLAL systems. Beam splitter DOE with configurations of 1:6 and 1:11 are used to
generate 6 and 11 beams, respectively. The selected liquid is water after considering the
results and discussion in Chapter 2 (the sustainability, the compliance to green chemistry
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principle, and high productivity compared to other liquids). Productivity measurements
through the gravimetric method, followed by a discussion on the principle and mechanism
to explain the productivity jump of FeNi NPs through MB-PLAL are systematically discussed
in this chapter. Besides, a comparative study of MB-PLAL on Au target as benchmark material
highlights the differences compared to FeNi. A literature comparison to the world-record
PLAL productivity to emphasize MB-PLAL cost-effectiveness is performed, in addition to
CAPEX, OPEX, and production costs to evaluate the economical perspectives for the
implementation of PLAL as a standard catalysts production technique in the industry.

After investigating the solvents in Chapter 2.1 and increasing the production rate in Chapter
2.2, the final application of FeNi NPs as OER catalysts is presented in Chapter 2.3. Our goal
is to produce catalysts that are abundant, free from precious and rare elements, and
catalytically active. In order to achieve this goal, a hybrid catalyst consisting of the produced
FeNi NPs dispersed on rGO microflakes and deposited on FeNi LDH/Ni foam substrate is
assembled and investigated. Here, the highly conductive rGO microflakes are used at low
amounts to quench the size of the generated FeNi NPs, act as supporting materials to
disperse the NPs, and increase conductivity. There are two approaches to directly synthesis
and support FeNi NPs on supporting materials, namely downstream and in situ PLAL, and
both are compared to find the most efficient one-step synthesis and supporting method to
produce FeNi-rGO composite. The FeNi LDH/Ni foam serves as both a substrate for the
deposition of FeNi-rGO and as an electrode for electrochemical analysis. Ruthenium oxide,
RuO,, is chosen as a benchmark catalyst to compare the electrocatalytic activity with our
hybrid catalyst.

Chapter 4 condenses the dissertation into a few pages summary of the advances achieved in
bringing laser-generated FeNi NPs with high production rates for the practical application as
abundant and catalytically active OER catalysts. Finally, Chapter 5 concludes the
dissertation with an outlook and further studies that can be done to develop the knowledge
gained from this dissertation and achieve a better understanding of various topics related to
this work. The complete work in a form of published articles can be found in the Appendix.

1.3.3 Research Questions

Overall, the dissertation and its related work are aimed to answer the following research
questions:

1. What are the strategies to increase the productivity of PLAL?

2. How do different liquids affect the productivity, properties, and catalytic
performance of the PLAL-generated FeNi NPs?

3. Can PLAL NPs productivity be increased through optical methods to reduce
nanoparticle catalysts production costs?

4. CanPLAL-produced FeNiNPs be usedto produce an FeNi-based OER electrocatalyst
with high catalytic activity?
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1.3.4 Studies

The thesis contains four peer-reviewed articles published in international scientific journals,
including three original research papers and one perspective paper (short review paper).
Each of the studies focuses on different but relevant topics, as extensively explained in
subchapter 1.3.1. Aim. The studies were specifically designed to achieve our ultimate goal to
produce green hydrogen at large scale and lower its production cost.

(V) Khairani, I. Y., Lin, Q., Landers, J., Salamon, S., Dofate-Buendia, C., Karapetrova, E.,
Wende, H., Zangari, G., & Gokce, B. (2023). Solvent Influence on the Magnetization and
Phase of Fe-Ni Alloy Nanoparticles Generated by Laser Ablation in Liquids.
Nanomaterials, 13(2), 227. https://doi.org/10.3390/nano13020227

(VI)  Khairani, I. Y., Spellauge, M., Riahi, F., Huber, H. P., Gokce, B., & Dofiate-Buendia, C.
(2024). Parallel Diffractive Multi-Beam Pulsed-Laser Ablation in Liquids Toward Cost-
Effective Gram Per Hour Nanoparticle Productivity. Advanced Photonics Research,
5(5), 2300290. https://doi.org/10.1002/adpr.202300290

(vll) Khairani, I. Y., Jin, B., Palardonio, S. M., Hagemann, U., Alonso, B., Ortega, A., Dofate-
Buendia, C., Martorell, J., Ros, C., Kallio, T., & Gokce, B. (2024). FeNi nanoparticle-
modified reduced graphene oxide as a durable electrocatalyst for oxygen evolution.
Journal of Catalysis, 439(September), 115771.
https://doi.org/10.1016/j.jcat.2024.115771

(V) Khairani, I. Y., Minguez-Vega, G., Donate-Buendia, C., & Gokce, B. (2023). Green
nanoparticle synthesis at scale: a perspective on overcoming the limits of pulsed laser
ablation in liquids for high-throughput production. Physical Chemistry Chemical
Physics, 25(29), 19380-19408. https://doi.org/10.1039/D3CP01214)

The authors’ contributions are explained in each articles in a format of CRediT Authorship
Contributions. In the first study published in Nanomaterials, 1, Inna Yusnila Khairani (IYK),
conceptualized the research idea and planned for the methodology together with my
supervisors, Carlos Donate-Buendia (CDB) and Bilal Gokce (BG). Sample production,
investigation, data collection, visualization of the data were mostly done by IYK, with small
parts of the data collection and visualization using instruments that were available in the
project partners were done by our project partners. The writing of original draft were done by
IYK, while review and editing part was done by most authors.

In the second study published in Advanced Photonics Research, IYK worked closely with
supervisors, CDB and BG, to generate research idea and plan for the methodology. Sample
production, data collection, investigation, and writing of the original draft were conducted by
IYK. Review and editing of the draft were done by all authors.

In the third study published in the Journal of Catalysis, IYK, supervised by CDB and BG,
generated research idea and planned for the methodology. Sample production, data
collection, investigation, and writing of the original draft were mostly done by IYK, with some
parts of investigation and data collection done by project partners who provide a certain
analytical method. Original draft was written by IYK with some small parts written by the
respective project partners. Review and editing of the draft were done by all authors.
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https://doi.org/10.1039/D3CP01214J

In the fourth study (perspective paper), published in the Physical Chemistry Chemical
Physics, IYK prepared the original draft, investigated the literatures, and prepared the
visualizations almost solely by herself, while CDB and GMV contributed to a short subchapter
and the conclusion part of the original draft, respectively. All authors contributed to the
review and editing of the final draft before submission.
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2 Summary of the Studies

2.1 Studyl

Khairani, . Y.; Lin, Q.; Landers, J.; Salamon, S.; Donate-Buendia, C.; Karapetrova, E.; Wende,
H.; Zangari, G.; Gokce, B. Solvent Influence on the Magnetization and Phase of Fe-Ni Alloy
Nanoparticles Generated by Laser Ablation in Liquids. Nanomaterials 2023, 13 (2), 227,
doi:10.3390/nan013020227.

CRediT Authorship Contribution of 1.Y.K.: Conceptualization, methodology, investigation,
visualization, writing — original draft preparation, writing — review and editing.

211 Aim

In the previous chapter, we have discussed the importance of NPs produced via PLAL, the
mechanisms involved, the definition of productivity, and how to increase productivity via
target geometry, scanning and laser parameters. The influence of liquid on productivity was
also discussed, for example, how viscosity affects the formation and dwell time of persistent
microbubbles, which scatter the incoming laser pulses and lowers the productivity.

However, the influence of the liquid is not only limited to the productivity, but also to the
properties of the generated NPs, including oxidation, carbonization, elemental ratio, shape,
and size (D. Zhang et al.,, 2021). These microscopic properties greatly impact the
macroscopic properties of NPs, such as the catalytic activity, and it is therefore important to
control them in parallel to upscaling productivity.

In this chapter, we investigated the influence of several ablation liquids, namely water,
acetone, and dried acetone (acetone with lower water content) on the properties and
productivity of FesoNiso NPs. The liquids were chosen based on the economic viability and
abundance for large-scale production. Similarly, the reason for choosing FesoNis lies in the
elemental abundance of Fe and Ni, in addition to its high performance as an OER catalyst in
the alkaline electrolysers among non-PGM elements. Not only that, FesoNiso might be the key
to finding the L1o-phase FeNi, which is sought for its high coercivity and potential application
as arare-earth-free permanent magnet. Accordingly, the magnetic properties of this material
were also studied on top of electrocatalytic performance, productivity, and general NPs
properties, such as crystalline phase, morphology, particle size, elemental composition, and
oxidation level.

2.1.2 Method

A picosecond laser Nd:YAG with a wavelength of 1064 nm, a pulse duration of 10 ps, a power
of 8 W, a repetition rate of 100 kHz, a raw beam diameter of 2 mm, and a pulse energy of 80
pJ was employed to produce nanoparticles by PLAL. The laser beam was focused on the
immersed equiatomic FeNi alloy target by a galvanometric scanner coupled with an f-theta
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lens (focal length of 100 mm) following an Archimedean spiral pattern (6 mm diameter) with
a speed of 2 m/s. The beam radius and peak fluence were calculated to be 65 pm at the focal
length (based on the Gaussian beam profile) and 1.2 J/cm?, respectively. A FesoNiso (FeNi)
alloy target was fixed in a flow chamber, where the liquid of interest was pumped using a
peristaltic pump at a flow rate of 150 mL/min (calibrated before the experiments of each
liquid). The investigated liquids are distilled water, acetone, and “dried” acetone (obtained
by immersing molecular sieves type 3 Afor24hto capture water molecules in acetone). The
FeNi samples ablated in different liquids will be further referred to as FeNi in water, FeNi in
acetone, and FeNi in dried acetone, respectively. To dry the colloids and obtain nanopowders
suitable for characterization, we performed magnetic separation using a permanent magnet
(NdFeB) followed by liquid evaporation using an exhaust fan.

2.1.3 Results

The FeNi NPs generated in water, show the diffraction peaks of the face-centered cubic (FCC)
FeNi and the spinel NiFe,O, structure. Meanwhile, the FeNi NPs generated in acetone and
dried acetone consist of the hexagonal closed-packed (HCP) FeNi phase in addition to the
FCC FeNi phases and the spinel NiFe,O,4 phases. The NPs in dried acetone consist of 35.2 =
1.0 wt% of the HCP phase, while the NPs in acetone account for 38.4 = 0.2 wt% of the HCP
phase, and the NPs in water contain no HCP phase.

For the FeNi in dried acetone, morphology observed through TEM indicates the formation of
core-shell structures with two layers of shell, independent of the particle size. The thickness
of the first layer (inner shell) ranges from 1.5to 2.9 nm and has an average of 1.9 nm, whereas
the average thickness of the second layer (outmost shell) was measured to be 2.4 nm, with a
size range of 1.1-4.2 nm. The core part shows a darker contrast in comparison to the shell,
which can be explained as the change of electron scattering due to the electron density.

Contrarily to the FeNi NPs in dried acetone, which exhibit the same core-shell structure for
both small and large nanoparticle sizes, the sample in acetone has two types of core-shell
structures. Large NPs (d > 50 nm) form a core-shell structure, and the small NPs (d ~20 nm)
lean towards the formation of a core with outer graphitic carbon layers. Regarding the
ablation of FeNi NPs in water, the formation of a core and a single shell structure for all NPs
sizes was found. The formation of a single layer (without the carbon layer) is expected as
water decomposes to H, and O, (M. R. Kalus et al., 2017). Based on the standard reduction
potential, O, acts as an oxidizing agent in the reaction with Fe and Ni, hence, the shell is most
likely to be composed of oxides as supported by the XRD data.

The particle size distribution of each sample was measured for at least 400 particles. All the
histograms of the particle size distribution fit the log-normal distribution, which is common
in PLAL-produced NPs. The average particle size of the sample is defined based on the center
value of the log-normal fitting curve (x.) and the polydispersity index (PDI) is calculated from
the square of standard deviation divided by the square of the mean value (g%/p?). The PDl is
used to define whether the NPs are monodisperse or polydisperse, where a value of less than
0.3 is considered monodisperse (Barcikowski, S., Amendola, V., Lau, M., Marzun, G.,
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Rehbock, C., Reichenberger, S., Zhang, D., Gokce, 2019). The NPs size in dried acetone
shows the lowest average particle size (x;) of 10.2 £ 0.3 nm, followed by NPs in acetone (12.0
+(0.2nm), and NPs in water (17.7 £ 0.6 nm). The PDIl values of NPs in dried acetone, acetone,
and water are found to be 0.28, 0.28, and 0.91, respectively.

To determine the elemental composition of the NPs’ core and shell, elemental scans using
EDX-TEM were performed. The EDX line scans show that the Fe intensity is generally higher
than the Niintensity on the NPs surface. This signal difference between Ni and Fe represents
the composition of the shell, where Fe is present in a higher percentage compared to Ni. The
oxygen intensity in all samples increases from the start of the shell where Fe is detected, then
the value is constant throughout the particle. This shows that oxidation only occurs on the
surface of the particle but not in the core, where the FesoNiso composition of the initial target
is preserved.

Mossbauer spectroscopy was employed to quantify the total oxide fraction of the FeNi NPs
and their aging behavior for longer oxidation times. From the spectrum at 5 K, where the sub-
spectra can be wellresolved, 26% of the spectral area is assignhed to the oxide fraction, which
would suggest that further oxidation of this sample takes place following drying and storage
before the measurement was completed. For the dried acetone colloid 4 months after
production, the NiFe,O, sub-spectra contains roughly 27% of the spectral area. To evaluate
the effect of reducing water content on the total oxide fraction as well as the stability of the
prepared nanoparticles, the oxide spectral area in aged, and dried acetone colloid is
compared to fresh dried acetone (14%) and fresh acetone colloid (22%). The results clearly
show a lower oxide fraction after preparation in dried acetone and minor ongoing oxidation
upon a longer aging time.

Clear differences are apparent when regarding the 1 T magnetization values. When
comparingthe acetone and dried acetone samples, the effect of the drying process becomes
clear, as the dried acetone sample has a higher magnetization of ca. 59 Am?%/kg compared to
the 52 Am?%/kg of the untreated acetone sample, which can presumably be attributed to the
lower oxidation of the former. However, the sample produced in water shows an even higher
magnetization at 68 Am?/kg. Additional magnetometry measurements were performed, up to
higher fields of 9 T and in a wide range of temperatures from 4.3 K up to 300 K, for the dried
acetone and water-based samples. Here, two aspects can be discussed: on the one hand,
the low temperature and high field measurements show that the water-based sample still
retains a slightly higher magnetization value at 9 T of 82 Am?/kg compared to 76 Am?/kg for
the dried acetone sample.

The following subsections related to the OER catalytic activity and productivity in different
solvents are unpublished results.

The abundance, affordability, and high OER catalytic performance of FeNi catalysts increase
the popularity of this material as an alternative to precious and rare element catalysts such
as RuO,. An initial evaluation of the performance of the prepared FeNi NPs in different
solvents is discussed in this chapter to select the best-performing samples for the
productivity study in Chapter 2.2 and the developed electrode in Chapter 2.3. The PLAL-
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generated FeNi NPs in different ablation liquids, along with commercial RuO, NPs as a
benchmark OER catalyst, were prepared and tested for the OER catalytic activity according
to reference (Jin et al., 2024). All 4 samples were deposited on carbon nanotubes (CNTs) as
a support material and were tested in a standard three-electrode cell using a rotating disk
electrode (RDE) at room temperature. The electrolyte used was 0.1 M KOH, while the
reference and the counter electrodes were commercial Hg/HgO electrode and a graphite rod,
respectively.
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Figure 2. Electrochemical performances of FeNi NPs catalyst in different ablation liquids as compared to
commercial RuO:. (a) Linear sweep voltammetry, (b) required overpotential at a current density of 10 mA/cm?, (c)
Tafel slopes, and (d) Nyquist plot from electrochemical impedance spectroscopy.

The onset potential of a catalyst is the voltage where there is a sudden increase of measured
current. Itindicates the initially required potential to start the reaction. Lower onset potential
means that the catalyst works at a smaller overpotential to start the reaction and is usually
important if the catalyst is used at low current density applications. Based on the results in
Figure 2 (a), commercial RuO, NPs have a lower onset potential at 1.49 Vgue compared to the
laser-generated FeNi NPs in the investigated ablation liquids, 1.54 Vgrye. Nevertheless, the
overpotentials needed for laser-generated FeNi NPs catalysts to reach a current density of
10 mA/cm? are similar to or even smaller than the tested commercial RuO, NPs, which are at
around 390-400 mV, except for FeNi in dried acetone with only 363 mV, Figure 2 (b). In
industrial applications, electrolyzers operating at a larger current density are preferred as
they have a higher production rate (the amount of gas produced from the water splitting
processin an electrolyzer per unit of time) (IRENA, 2020), indicating that a lower overpotential
at a larger current density value is preferred in a big scale system. Thereby, FeNi in dried
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acetone/CNTs catalyst is preferred for industrial applications compared to RuO, NPs/CNTs.
In addition, the Tafel slopes of FeNi in water/CNTs at 45.7 mV/dec, FeNiin acetone/CNTs at
59.3 mV/dec, and FeNi in dried acetone/CNTs at 87.4 mV/dec are smaller than commercial
RuO./CNTs at 113 mV/dec, Figure 2 (c), indicating a faster kinetics with smaller overpotential.
The Nyquist plot from the electrochemical impedance spectroscopy (EIS) represents the
charge-transfer resistance (R.) between the electrode and the electrolyte. The value is
obtained from the diameter of the semicircle plot, Figure 2 (d). The smaller the R value, the
faster the kinetics of the charge-transfer. From Figure 2 (d), it can be seen that the
commercial RuO,/CNTs have the biggest R.: value at approximately 62 Q, followed by FeNi in
water/CNTs at 49 Q, FeNiin acetone/CNTs at 47 Q, and FeNi in dried acetone/CNTs at 27 Q.
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Figure 3. Productivity of laser-generated FeNi NPs in different ablation liquids (water, dried acetone, and acetone)
with error bar from three repetitions.

The NPs productivity in PLAL is not only dependent on the properties of the target itself, but
also the properties of the ablation liquid (Khairani, Minguez-Vega, et al., 2023). PLAL in
organic solvents typically has lower productivity than in water due to the formation of bigger
and persistent bubbles (M. R. Kalus et al., 2021), which shield the incoming laser pulses. The
same phenomenon is observed in the studied ablation liquids, i.e., water, acetone, and dried
acetone. The PLAL of FeNi target in water resulted in a production rate of 307 mg/h, which is
almost 3 times higher compared to the PLAL in dried acetone and acetone with 108 mg/h and
98 mg/h, respectively, Figure 3. During the experiment, bubble formation was indeed more
pronounced in the case of acetone and dried acetone compared to water, because the C-C
bond (3.6 eV)in acetoneis considerably weakerthan the H-O bond (4.8 eV) in water. Arelated
study reported that the gas formation in acetone is 30 times more efficient than in water (M.
R. Kalus et al., 2021). Therefore, itis not surprising that the productivity values in acetone and
dried acetone are much lower than the productivity in water.
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2.2 Studyll

Khairani, I. Y.; Spellauge, M.; Riahi, F.; Huber, H. P.; Gokce, B.; Dofate-Buendia, C. Parallel
Diffractive Multi-Beam Pulsed-Laser Ablation in Liquids Toward Cost-Effective Gram Per
Hour Nanoparticle Productivity. Adv. Photonics Res. 2024, 5 (5), 2300290,
doi:10.1002/adpr.202300290.

CRediT Authorship Contribution of I.Y.K.: Conceptualization, methodology, investigation,
visualization, writing — original draft preparation, writing — review and editing.
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Study | in chapter 2.1 discusses how different ablation liquids, namely water, acetone, and
dried acetone, influence the properties of the generated FeNi NPs by PLAL. Based on the
results, FeNi in dried acetone performs slightly better than FeNi in water; yet its productivity
is only one-third of the productivity in water. Moreover, acetone possesses higher health,
hazard, and environmental risks compared to water, making it less safe and less sustainable
in large-scale production. Due to these reasons, our investigation to increase the productivity
of PLAL is performed in water.

Increasing NPs productivity in the PLAL to gram-per-hour range represents a demand for
industrial applications of the NPs. Using a high-power picosecond laser with high scanning
speed and a liquid flow ablation chamber is up to now the best approach to achieve gram-
per-hour productivity. Nevertheless, not all PLAL systems can offer such sophisticated
specifications due to the large capital investment and unavailability of those lasers and
scanning equipment (including inaccessibility to custom-made products). It is therefore
important to study approaches to achieve gram-per-hour productivity with simpler and more
affordable approaches that could be easily installed in the already established PLAL systems.

In this chapter, we propose an optical approach to increase productivity in most PLAL
systems. The approach is based on the addition of a beam-splitter diffractive optical element
(DOE) to a picosecond laser to generate several beams and perform a parallel, multi-beam
PLAL process, which is abbreviated as MB-PLAL. Despite the constant scanning speed of our
galvanometer scanner, we were able to improve the productivity of FeNi NPs by factor 4 (an
increase of 300 %), from 400 mg/h to 1.6 g/h, achieving gram-per-hour productivity.

2.2.2 Methods

A 10 picosecond Nd:YAG laser with a wavelength of 1064 nm, an average power of 120 W, a
tunable repetition rate of 400-4000 kHz, a raw beam diameter (1/e?criteria) of 5 mm, and a
beam quality of 1.11 was employed. The laser beam was directed on the FesoNiso (FeNi) or Au
target by a galvanometer scanner coupled with an f-theta lens (focal length of 167 mm)
describing an Archimedean spiral pattern (10 mm diameter) with a marking speed of 20 m/s.
Distilled water (18.2 MQecm at 25 °C ultrapure Mili-Q water) was used as the liquid source
and pumped by a peristaltic pump at 500 mL/min. A quartz window (2 mm thickness) with an

42




anti-reflective coating at laser wavelength (R < 0.25%) was employed, and the liquid layer
thickness, defined as the distance between the inner side of the glass and the surface of the
target, was approximately 6 mm. The splitting of the initial laser beam into 6 and 11 equivalent
beams is achieved by the use of beam-splitting diffractive optical elements (DOEs), a 1:6
beam splitter DOE (HOLOEYE Photonics AG) and a 1:11 beam splitter DOE (LIMO
Lissotschenko Mikrooptik GmbH), respectively. To simplify the naming, standard single-
beam PLAL without any DOE will be further addressed as “standard PLAL”, while the PLAL
process with 1:6 and 1:11 beam splitter DOE will be referred to as “6-beam MB-PLAL” and
“11-beam MB-PLAL”, respectively. Parameters such as repetition rate and working distance
were independently optimized for each material and the number of beams produced by the
DOE. The DOE is placed after the f-theta lens of the scanner to accommodate the use of a
large scanning pattern. The characterizations of the generated FeNi and Au colloidal
nanoparticles were performed by a high-resolution transmission electron microscopy (HR-
TEM, JEOL JEM-2200FS, 200 kV, ZrO,/W emitter) and powder X-ray diffraction (PXRD, Bruker
D8 Advance Powder Diffractometer, Bragg-Brentano geometry, CuKa radiation 1.5418 A, 40
kV, and 40 mA).

2.2.3 Results

The FeNi NP productivity using the standard PLAL configuration was 0.4 g/h. After placing the
6-beam DOE, the repetition rate was reduced to 500 kHz (one-sixth of the repetition rate of
standard PLAL) to employ a similar pulse energy value. With the 6-beam splitter, we obtained
a productivity jump from 0.4 g/h to 1.24 g/h, which represents a factor 3 increase. The 11-
beam MB-PLAL, on the other hand, was performed at 400 kHz due to the impossibility of
further reducing the repetition rate of our laser source, hence, the pulse energy and fluence
in this setup was half of the standard PLAL and 6-beam MB-PLAL. Nevertheless, the increase
in productivity is still observed, obtaining productivity as high as 1.6 g/h with an increasing
factor of 4 compared to the standard PLAL. To the best of our knowledge, this is the first time
a productivity value of 1.6 g/h has been reported for PLAL of FesoNiso in water. The power-
specific productivities of 6-beam and 11-beam MB-PLAL were increased 3.5 and 4 times
compared to the standard PLAL, respectively. The increasing trend of power-specific
productivity is also similar to the trend of mass productivity, which confirms the enhanced
laser power delivery to the target for the MB-PLAL configuration. We further measured the
productivity of the FeNi target at the same fluence and repetition rate by changing the laser
power. From the standard PLAL to 6-beam and 11-beam MB-PLAL, the productivity increase
factors are 3.6 and 6.4, respectively.

The particle size distribution of the generated FeNi NPs was measured to investigate the
influence of MB-PLAL setup on the morphology and size of the resulting nanoparticles. Based
on the TEM analysis, FeNi NPs are formed as core-shell. The median values (x;) of the log-
normal fitting of all the samples are similar, 14.3 £ 7.3 nm for the standard PLAL (1 beam),
11.5 £ 9.1 nm for the 6-beam MB-PLAL, and 14.4 =+ 13.0 nm for the 11-beam MB-PLAL. The
polydispersity index (PDI) shows a value of 0.26 for the single-beam ablation, whichis smaller
than the samples with beam splitting with respective values of 0.44 and 0.53 for 6 and 11
beam processing.
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Based on the XRD results, two phases are formed in the standard PLAL of FeNi in water: face-
centered cubic (FCC) FeNi and spinel NiFe,O,. The FCC FeNi occupies the core part of the
NPs, while spinel nickel ferrite (NiFe.O,4) can be found in the shell part as a result of oxidation
(Khairani, Lin, et al., 2023). Based on the diffractograms of FeNi NPs generated with different
number of beams, there is no formation of new peaks or disappearance of peaks as
compared to the single beam diffractogram, which indicates the crystalline structure of the
FeNi NPs remains constant for MB-PLAL, finding the FCC and spinel nickel ferrite
composition.

The productivity comparison of FeNi with a benchmark material such as Au is essential to
help us understand the influence of the material’s property on the MB-PLAL productivity. The
standard PLAL productivity of Au and FeNi is similar, 0.32 and 0.40 g/h, respectively. The
productivity increase factors of Au from the standard PLAL to 6-beam and 11-beam MB-
PLALs are found to be 2.1 and 3, which is lower than FeNi increase factors of 3.1 and 4,
respectively.

With an aim to upscale and introduce MB-PLAL to the industry, we present the economical
perspective of Au NPs production using MB-PLAL. We performed a cost-benefit analysis
related to the labour and electricity costs that are needed to produce 1 k g of Au NPs, as well
as the daily and yearly production rate. The calculations of labour and electricity costs to
produce Au NPs are based on the highest Au productivity achieved in our laser system.
Several assumptions are considered, such as the gross salary assumption of the working
staff at 21 €/h and the labour time which considers 2 hours daily initial set up and adjustment
for every 8 hours ablation. The electricity consumption is measured for the whole PLAL
system, which is approximately 3 kWh.

Based on the calculation, using the 11-beam MB-PLAL, the total labour working hours are
reduced by one-third compared to the standard PLAL, which saves approximately 54,000 €
of labour cost for every 1 kg of Au NPs produced. In addition, the electricity consumption
could be trimmed down by 66% and it is possible to save around 2,500 € per 1 kg of Au NPs
when using the 11-beam splitter. As also calculated by Jendrzej et al. (2017) in their cost
comparisonto produce one gram of Au NPs (Jendrzej et al., 2017), the energy cost (electricity)
to produce the Au NPs is much smaller compared to the labour cost to operate the laser.
Hence, the main advantage of using the MB-PLAL is the labour cost reduction.

Meanwhile, for the time-based production rate, we focus on the daily and annual production
as well as the percentage increase of production when using the DOE compared to the
standard PLAL. By assuming the 16 hours daily ablation time and 350 days of annual working
days, the percentage increase of the daily and annual production rate using the 11-beam MB-
PLAL comparedto the standard PLAL is almost 200%, where the daily productionisincreased
from 3 g to 8 g per day, and the annual production is increased from 640 g to 1,800 g per year.
The most important point based on these calculations is that we can achieve this jump in
production and cost reduction just by increasing the capital investment by 1.3% to acquire
the 11-beam splitting DOE. As for the case of the 6-beam DOE, the price is more affordable
and the increase in capital investment is only 0.5%. The minuscule addition of capital
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investment and the low implementation time of the DOE in the PLAL setup are insignificant
compared to the benefits achieved by the proposed MB-PLAL system.

2.3 Study lll
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Buendia, C.; Martorell, J.; Ros, C.; Kallio, T.; Gokce, B. FeNi Nanoparticle-Modified Reduced
Graphene Oxide as a Durable Electrocatalyst for Oxygen Evolution. J. Catal. 2024, 439
(September), 115771, DOI: 10.1016/j.jcat.2024.115771.
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visualization, writing — original draft preparation, writing — review and editing.

2.3.1 Aim

In Chapter 2.2, we discuss how MB-PLAL increases FeNi NPs productivity by a 300 % factor
while retaining the properties of the generated NPs. As PLAL generally suffers from low
productivity, MB-PLAL helps to overcome the barrier of implementing this method in the
industry. Specifically, we have shown that MB-PLAL pushes forward the large-scale
production of FeNi NPs catalysts for OER via this green synthesis method. Despite the
possibility of increasing PLAL productivity, MB-PLAL still cannot address the issue of the
broad size distribution of NPs produced via the PLAL method.

In catalysis, size distribution is one of the most important factors determining the catalytic
activity. It is generally accepted that smaller particle sizes and larger surface areas result in
more active sites for the catalytic reaction to take place, hence, a higher catalytic activity. To
better control the particle size in PLAL, a surfactant or capping agent is usually added to the
ablation liquid. Yet, these additional functional groups or layers hinder the attachment of
reactants to the catalyst’ active sites. Another method to quench NPs size in PLAL is to use
supporting materials, such as high surface area materials with high conductivity that are
used to support the catalysts, by mixing them directly in the ablation liquid used for PLAL.
This is a one-step catalyst synthesis and supporting process that promotes the size
quenching of the produced NPs. Nevertheless, the presence of these supporting materials in
the ablation liquid scatters and/or absorbs the incoming laser pulses, hindering the ablation
of the target material and reducing productivity. Hence, in this chapter, we propose
downstream PLAL, where the support materials are mixed with the PLAL-produced NPs
directly after the synthesis procedure. The catalysts employed are FeNi NPs generated
through the MB-PLAL method, and the support materials are reduced graphene oxide (rGO)
microflakes. In our study, we chose Fe:Ni ratio of 50:50 due to several reasons: (1) former
reports of its low overpotential (Acharya et al., 2019; Corrigan, 1987; Friebel et al., 2015; J.
Jiang et al., 2016), (2) PLAL of FesoNiso in water forms minor NiFe,O, phase (Khairani, Lin, et
al., 2023), which is presumed to improve OER catalytic activity (J. Jiang et al., 2016; Landon
etal., 2012), and (3) better OER performance at higher current densities (100 and 150 mA/cm?)
(Acharya et al., 2019), which is essentially related to our purpose for industrial application.
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rGO is chosen due to its high conductivity, large surface area, and the formerly reported size-
quenching effect on the PLAL-generated NPs (Haxhiaj et al., 2019; Torres-Mendieta et al.,
2016). The produced FeNi-rGO composite is deposited on the substrate material, an FeNi
LDH/Ni foam, to build a hybrid catalyst, where we observe exceptional stability and low
overpotential values under OER tests.

2.3.2 Methods

A 1064 nm Nd:YAG laser with a pulse width of 10 ps, repetition rate of 400 kHz, and average
power of 100 W was employed for the PLAL of a FesoNiso target. A galvanometer scanner with
a scanning speed of 20 m/s was coupled with an f-theta lens (focal length 167 mm) to focus
and steer the laser beam into the desired pattern. A static diffractive optical element (DOE)
with a 1:11 matrix was placed closely in front of the f-theta lens to split the laser beam into
11 and increase the production rate of the FeNi NPs (Khairani et al., 2024). PLAL was
performed in a flow chamber where the liquid was pumped through with a flow rate of 400
mL/min.

We investigated two different techniques for the direct synthesis and support of FeNi NPs on
rGO. In the in situ PLAL, rGO powder was dispersed in distilled MiliQ water with a
concentration of 15 mg/L and then pumped through the chamber where PLAL happens. In
this setup, the supporting of FeNi NPs on the rGO surface took place inside the ablation
chamber directly after the NPs formation. The produced sample is further referred to as “in
situ FeNi-rGO”. Meanwhile, in the second method, downstream PLAL, distilled MiliQ water
was used as NPs carrier and was pumped through the ablation chamber. The rGO dispersion
with a concentration of 30 mg/L was placed in the collecting reservoir at the end of the system.
In this method, the supporting process was delayed by several seconds until the FeNi NPs
colloid reached the collecting reservoir (where rGO was present). The sample is further
denoted as “downstream FeNi-rGO”. Note that we kept the final concentration of rGO at 15
mg/L and the final colloid volume of 2 L for both samples. A comparative study with graphene
oxide (GO), as the support material was also performed in the downstream PLAL to
investigate the influence of supporting materials on this process. The sample will be further
referenced as “downstream FeNi-GO”.

The preparation of the iron nickel-layered double hydroxide (FeNi-LDH) nanoplates on Ni
foam followed the hydrothermal procedure previously reported (P. Li et al., 2020; Z. Lu et al.,
2014). The reactants Ni(NO3),-6H,0 (0.67 mmol), Fe(NO3)3-9H,0 (0.33 mmol), and CO(NH,),
(5 mmol) were mixed with 35-38 mL of distilled water and stirred until a clear solution was
formed. The Nifoam electrode with a dimension of 3 cm x 4 cm was cleaned in an ultrasound
bath for 5 min using HCl solution (32 wt%) to remove the oxidized surface layer. It was later
rinsed with deionized water. The Nifoam was then placed in the 40 mL Teflon-lined stainless-
steel autoclave and the as-prepared aqueous solution was added. The autoclave was sealed
and heated at 120 °C for 12 h and subsequently cooled down naturally. The formation of a
thin film on the Ni foam was observed and the substrate was rinsed subsequently with
distilled water and absolute ethanol in the ultrasonic bath for 5 min each. The prepared FeNi-
LDH/Ni foam was dried naturally and stored in a plastic container.
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The FeNi-rGO/FeNi/Ni foam electrode was prepared according to a typical procedure. 24 L
of FeNi-rGO suspension with a concentration of 68 mg/mL were mixed with 16 pL Nafion (5
wt% Nafion-117 solution, purchased from Aldrich). The mixture was stirred overnight and
sprayed on the FeNi LDH/Nifoam electrode with an area of 1 cm? using an airbrush. Then, the
samples were transferred into a tube furnace and calcinated at 400 °C for 2 h under N, flow.
The FeNi-rGO/FeNi/Ni foam was obtained after cooling down to room temperature. The
benchmark OER catalyst, RuO,, was also spray-coated on Ni foam as a comparative study to
our FeNi-based catalyst. In a typical procedure (D. Wang et al., 2019), 1.6 mg of commercial
RuO, (25-30 nm, purchased from Sigma) was dissolved in 24 pL isopropanol with sonication
and 16 pL Nafion (5 wt%) was added into the solution. The mixture was sprayed on Ni foam
with an area of 1 cm? using an airbrush. The RuO,/Ni foam was obtained after drying in air.

Transmission electron microscopy (TEM) and energy dispersive X-ray (EDX) measurements
were performed to analyse the morphology, size distribution, and elemental distribution of
the generated FeNi NPs supported on the rGO (HR-TEM, JEOL JEM-2200FS, 200 kV, ZrO./W
emitter). The nanoparticle size distribution was characterized using Imagel software
(Rasband, 1997). X-ray diffraction (XRD) analysis was done to confirm the crystalline
structure of the FeNi-rGO/FeNi/Ni foam hybrid catalyst before and after the 1300 h stability
test. XRD patterns were captured by PANalytical X™ Pert Powder XRD operating at the voltage
of 40 kV and the current of 40 mA with Cu K& radiation. The scanning electron microscopes
(SEM) were obtained by Tescan Mira3.

The electrochemical experiments were conducted at room temperature. A commercial
Hg/HgO electrode and a graphite rod were used as a reference and counter electrode,
respectively. The Ni foam-based samples were used as work electrodes directly and the
electrolyte is 0.1 M KOH. The measured potentials were calibrated to a reversible hydrogen
electrode (RHE) by the following equation: Egue = Enghgo + 0.098 V + 0.059 x pH (pH=13). The
accelerated durability tests (ADT) of the catalysts were assessed by cyclic voltammetry (CV)
at a scan rate of 100 mVs™' between 1.2 V and 1.65 V vs RHE for 10,000 continuous cycles.
The electrochemical experiments were performed in a standard three-electrode cell using an
Autolab potentiostat (PGSTAT128N, Metrohm Autolab B.V.). The electrochemicalimpedance
spectroscopy (EIS) was performed at 1.64 V vs RHE with an amplitude of 8 mV from 100 kHz
to 0.1 Hz.

Raman spectroscopy was performed on 30 pL of FeNi-rGO suspension dropcast on 4 mm
cavity glass slides and then dried at 60° C vacuum oven to prevent oxidation in air. Raman
spectra of the dried samples were obtained by Renishaw inVia spectrometer, using a 532 nm
wavelength laser and 50x objective. To avoid laser-induced reduction (Mehta et al., 2017),
the laser was limited to 0.5% power, 1 s exposure time, and 30 acquisitions. The intensities
of Raman scattering were corrected by taking the fluorescence as the baseline and then fitted
to sums of functions using peak-o-mat 1.2.9 software, using three pseudo-Voigt functions
(for D, G and D’ bands) and two Gaussian functions (for D* and D’ bands) (Claramunt et al.,
2015; Pinilla-Sanchez et al., 2022).

XPS measurements were performed on a VersaProbe Il system. The commercial rGO powder
and FeNi-rGO/FeNi/Ni foam sample were put on carbon tape, and the colloidal solutions of
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in situ and downstream FeNi-rGO were dropcast on Si substrates. All samples did not
undergo the sputtering step. Secondary x-ray-induced electron imaging (SXI) was used to
make sure the X-ray beam was properly focused on the particles. Data evaluation was done
using CasaXPS (Fairley et al., 2021).

2.3.3 Results

Priorto the assembly of the hybrid catalyst, we explored how different supporting techniques,
i.e., in situ and downstream PLAL, influence the supporting efficiency and properties of the
FeNi-rGO composite. Based on our investigation, a reduction of the FeNi NPs productivity
from 909 mg/h in the downstream FeNi-rGO to 854.4 mg/h in the in situ PLAL is observed. At
larger rGO concentrations, the productivity of in-situ PLAL suffers even more. To reduce the
laser shielding effect observed in the in situ PLAL, we propose another approach which is
termed downstream PLAL. We compared the influence of downstream and in situ PLAL
methods on the supporting of FeNi NPs on rGO and studied the properties of the produced
composites, including the FeNi NPs dispersion on the rGO surface, the FeNi NPs’ size
distribution, the OER catalytic activity, the oxidation state of Fe and Ni, and the defect state
of the rGO. The aim is to find the most efficient method to directly synthesise and support the
produced FeNi NPs on the rGO while achieving high catalytic activity.

Based on the TEM images, the in situ PLAL shows a more uniform dispersion of small
nanoparticles (d £ 10 nm) throughout the surface of the rGO sheet. Meanwhile, more
clustered and agglomerated particles can be seen in the downstream PLAL sample. Similar
dispersion results were also observed through EDX-mapping and high-angle annular dark-
field imaging (HAADF).

The particle size distributions (PSD) of the supported NPs are compared. While in situ PLAL
is known to produce smaller nanoparticles due to the size-quenching effect of the support
materials (Haxhiaj et al., 2019; Torres-Mendieta et al., 2016), we observed only a slight
difference between in-situ and downstream FeNi-rGO. The centre value (x.) of the particle
diameter in the log-normal distribution shows that the downstream FeNi-rGO (x;,=11.3+ 6.9
nm) exhibits a similar size distribution compared to the in situ FENi-rGO (x. =10.6 £ 9.2 nm).
Meanwhile, downstream FeNi-GO has a smaller peak value (x. = 7.9 = 5.0 nm) compared to
downstream FeNi-rGO (x. = 11.3 = 6.9 nm) despite the same supporting technique used. It
can be assumed that GO facilitates NP support due to its good dispersibility in water and less
wrinkling structure than rGO, making smaller NPs more easily dispersed on the surface of
GO.

If no support material is employed, the peak size of unsupported FeNi NPs in water by PLAL
is found to be x; = 14.4 = 13.0 nm (Khairani et al., 2024). Compared to this value, we observe
a particle size shifttowards smallervalues by 3.1 nm, 3.8 nm, and 6.5 nm for in situ FeNi-rGO,
downstream FeNi-rGO, and downstream FeNi-GO, respectively. Meanwhile, the
polydispersity index (PDI) (Khairani, Lin, et al., 2023) values of each sample are 0.50 (in situ
FeNi-rGO), 0.30 (downstream FeNi-rGO), and 0.30 (downstream FeNi-GO), which are smaller
than the PDI of unsupported FeNi NPs (PDI = 0.53) (Khairani et al., 2024). It confirms that both
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in situ and downstream PLAL could provide a size quenching effect compared to the ex situ
and standard PLAL methods.

The OER electrocatalytic activities of in situ FeNi-rGO, downstream FeNi-rGO, and
downstream FeNi-GO with the same NPs loading were investigated using CV in 0.1 M KOH.
The CVs of in situ FeNi-rGO and downstream FeNi-rGO are almost overlapping, indicating
that they have similar OER activity, meanwhile, the activity of downstream FeNi-GO is much
lower than the FeNi-rGO samples. Extracting these overpotential data at 10 mA/cm? shows
that downstream FeNi-rGO has the lowest overpotential at approximately 418 mV, followed
closely by in situ FeNi-rGO at 432 mV, and downstream FeNi-GO with the highest
overpotential of almost 500 mV.

Meanwhile, the corresponding Tafel slopes of these samples are all lower than 120 mV/dec,
indicating that the rate-determining step happens after one-electron transfer reaction
(Shinagawa et al., 2015). Electrochemical impedance spectroscopy (EIS) was evaluated to
assess the charge transfer rate for the three electrodes. The diameter of the semicircle EIS
plot represents the resistance of charge transfer (R.:), whereas the smaller diameter shows a
higher charge diffusion rate. The in situ FeNi-rGO and downstream FeNi-rGO have similar Rc;
values, which are smaller than that of downstream FeNi-GO.

Surface elemental analysis of as-prepared FeNi-rGO is important to unveil their catalytic
response and to elucidate the influence of supporting techniques. The XPS results of pristine
commercial rGO show the carbon and oxygen 1s spectra, which are the only detectable
elements (90 at% C, 10 at% O). The carbon signal is then best described by an asymmetric
graphitic C-C peak (asymmetry parameters in CasaxXPS LA(0.95,1.9,50)) and a minor
contribution of non-graphitic carbon (about 10% of the carbon signal), which possibly can be
attributed to carbon contaminations on the surface of the rGO. Meanwhile, the XPS results
of the dropcast in situ FeNi-rGO and downstream FeNi-rGO samples show that the atomic
ratio of Fe to Ni is roughly 2:1 for both in situ and downstream FeNi-rGO, which might verify
the formation of the NiFe,O, layer on the surface of FeNi NPs (Khairani, Lin, et al., 2023).
Nevertheless, in situ FeNi-rGO shows a higher oxygen content than the downstream FeNi-
rGO (35 at% to 29 at%), presumably due to the presence of rGO during the PLAL process
leading to further oxidation and higher O content, or due to surface contamination.

Comparing the C 1s signals of in situ FeNi-rGO and downstream FeNi-rGO to that of pristine
rGO, the main difference is that both samples, especially the in situ FeNi-rGO, show a slightly
higher non-graphitic C-C and also C-O content compared to that of pristine rGO. The
contribution to the total C 1s spectrum increases from 25% in pristine rGO to about 45% for
the in situ FeNi-rGO. This could be an effect of the laser interaction with the rGO during the
synthesis in the in situ setup, inducing pyrolysis and the formation of non-graphitic carbon,
or carbon contamination during the PLAL process.

Raman spectroscopy is employed as an effective tool to quantify the structural changes in
the carbon network of the rGO. Raman spectra of all samples show a similar peak profile, the
presence of the rGO. After baseline correction and performing peak-fitting, the signature D
and G bands were deconvoluted into five interbands (Ciammaruchi et al., 2019; Delfino et al.,
2024; Pinilla-Sanchez et al., 2022). The D peak (~1350 cm™) is correlated to the breathing
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mode of the hexagonal sp? carbon lattice of the rGO. The broad and faint D* (~1200 cm™) is
related to the breathing of the lattice disorder by sp?-sp® bonds and, consequently, interlayer
distance. The G peak signature (~1600 cm™), associated with the vibration of graphitic sp?
domains, shows a D’ peak shoulder (~1625 cm™) originating from structurally defective
graphene, and another D” peak shoulder (~1550 cm™) attributed to the amorphization of the
rGO. These peaks can shift in intensity and position depending on the structure and
functionalization (Claramunt et al., 2015).

The produced downstream FeNi-rGO was chosen as the constituent of the Ni foam-based
electrode. The FeNi LDH grown on Ni-foam was found to lose its LDH structure after
undergoing calcination at 400 °C. For the downstream FeNi-rGO spray-coated on FeNi
LDH/Ni foam substrate, we could not confirm whether the LDH is ruptured or sustained after
the calcination as the LDH is notvisible behind the FeNi NPs-rGO. Hence, we conducted XRD
measurements of FeNi LDH/Ni foam and FeNi-rGO/FeNi LDH/Ni foam before and after
calcination. FeNi LDH peaks (Trotochaud et al., 2014; Y. Wang et al., 2023) in our XRD data
are located at 26 = 34.86° (012), 39.17° (015), 46.05° (018), 60.07° (110), and 61.31° (113),
which are visible in both FeNi LDH/Ni foam and FeNi-rGO/FeNi LDH/Ni foam before the
calcination step, confirming the presence of FeNi LDH. After the calcination, however, we
found those peaks diminishing from the XRD data and there was the formation of new peaks
at28=29.24°,44.13°,47.31°, and 63.20° which might correspond to oxides of iron and nickel,
such as NiFe,O4, NiO, and Fe;0,4. Thereby we suppress the descriptor of “LDH” in the FeNi
LDH/Ni-foam and FeNi-rGO/FeNi LDH/Ni foam and will further refer to them as FeNi/Ni foam
and FeNi-rGO/FeNi/Ni foam, respectively.

In this part onward, we are focusing on the electrocatalytic activity results of 3 samples: (1)
calcinated downstream FeNi-rGO spray-coated on the FeNi LDH grown on Ni foam, referred
to as FeNi-rGO/FeNi/Ni foam, (2) calcinated FeNi LDH/Ni-foam electrode substrate, referred
to as FeNi/Ni-foam, and (3) commercial ruthenium oxide spray-coated on Ni-foam as the
benchmark electrocatalyst, referred to as RuO,/Ni-foam.

The resulting linear sweep voltammetry (LSV) polarization curves performed in O,-saturated
0.1 M KOH of the aforementioned samples shows that the OER polarization curves of the
FeNi-rGO/FeNi/Ni foam exhibit smaller onset potentials and higher current densities at a
fixed potential compared to RuO./Nifoam and FeNi/Ni foam, suggesting a better OER activity.
FeNi/Nifoam requires the highest overpotential of 330 mV, presumably due to the rupture of
the FeNi LDH structure by calcination, thus less active surface area is available for the OER.
Meanwhile, an overpotential of only 234 mV was required for FeNi-rGO/FeNi/Ni foam, which
is lower than the benchmark material RuO,/Ni foam at 271 mV. The Tafel slopes of FeNi-
rGO/FeNi/Ni foam (76.0 mV/dec), RuO./Ni foam (237.7 mV/dec), and FeNi/Ni foam (377.5
mV/dec) explain several things. FeNi/Ni foam and RuO./Ni foam with Tafel slope values
higher than 120 mV/dec indicate that surface species are formed just before the rate-
determining step (RDS) is predominant (Shinagawa et al., 2015), which is similar to a single
electron transfer reaction. Meanwhile, FeNi NPs-rGO/FeNi/Ni foam results in a Tafel slope
lowerthan 120 mV/dec, at approximately 70-80 mV/dec, indicating thatthe adsorbed surface
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species are produced in the earlier stage of the predominant OER step (Shinagawa et al.,
2015), hence the rate-determining step happens after one-electron transfer reaction.

The stability of the OER catalyst is critical from a practical viewpoint. The electrochemical
durability was investigated by ADT and chronopotentiometry in N,-saturated 0.1 M KOH. The
degradation of OER activity is negligible after running 10,000 cycles, indicating its superior
durability. The chronopotentiometry result, indicating the potential required to achieve a
current density of 10 mA/cm?, remains relatively constant even after 1300 h of testing.
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3 General Discussion

3.1 Liquid Influence on the Properties of PLAL-generated FeNi NPs

Variation of ablation liquid in the generation of FesNiso nanoalloys by PLAL influences the
phases, core-shell structure, oxidation, magnetic and electrocatalytic properties, as well as
the productivity of the produced NPs. Hereby we discuss how water, acetone, and dried
acetone liquids impact the aforementioned characteristics of the FeNi NPs and the
underlying hypotheses and reasonings.

3.1.1 Phase, Oxidation, and Morphology

Itis interesting to observe that the ablation in acetone and dried acetone produced a mixture
of the metastable HCP and stable FCC phases in the NP core, while only the FCC phase was
formed in water. Different arguments were postulated regarding the formation of stable and
metastable phases during PLAL: (i) The specific heat capacity of the solvent, which
influences the cooling rate of the ablation plasma plume generated during PLAL (Jung & Choi,
2014), (ii) Shorter cavitation bubble lifetime compared to the theoretical lifetime according
to the Rayleigh-Plesset theory (S. J. Lee et al., 2022), and (iii) the confinement of the cavitation
bubble by the surrounding liquid, which induces the high temperature, high pressure, and
high density (HTHPHD) state and shorter quenching time of the plasma plume in the liquid (P.
Liu et al.,, 2008). The above-mentioned hypotheses all pointed to the freezing of the
metastable phase during the cooling (quenching), which preserves the metastable phases.

For FeNi alloy, the formation of metastable FeNi HCP phase is usually associated with high
pressure and high-temperature conditions, such as in the earth’s core (E. Huang et al., 1988;
J.-F. Lin et al., 2002; Shen et al., 1998; Tateno et al., 2012; Torchio et al., 2020). It has been
produced synthetically using a diamond anvil cell (DAC) from the bulk FeNi with face-
centered cubic (FCC) phase (E. Huang et al., 1988; Komabayashi et al., 2012; Kuwayama et
al., 2008). Laser ablation in liquid also a provides high-pressure and high-temperature state
to the nuclei inside the cavitation bubble (CB) and its collapse (Soliman et al., 2010). The
bubble pressure during laser ablation might provide a suitable environment for the formation
of the HCP phase, however, this cannot be the sole reason since the ablation in water does
not produce HCP phases. The cavitation bubble dynamic study from the Choi group also
showed that the cavitation bubble size was larger for hexane and acetonitrile compared to
water (S. J. Lee et al., 2022). The larger cavitation bubble and longer lifetime indicate lower
pressure inside the bubble, as formerly reported from the laser ablation of aluminium oxide
in ethanol, water, and isopropanol (Lam et al., 2016). Hence, the pressure effect related to
the cavitation bubble geometry would favour the HCP formation in water, however, it is only
observed in organic solvents. Consequently, the liquid composition seems to be a significant
factor influencing the FeNi NP’s phase. We have observed that the HCP phase does not scale
with the fraction of water content in the organic solvent, consequently, this factor can be
ruled out. However, the fact that the ablation in acetone (and dried acetone) produced an
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HCP phase, while the ablation in water only provided the FCC phase, suggests that the
carbon-based solvent plays a significant role in the HCP phase formation. During PLAL, the
presence of carbon species in the cavitation bubble generated from the interaction of the
high-intensity laser with the organic solvent can influence the nucleation kinetics of the HCP
and FCC phases. Hence, not only the FCC phase forms but also the HCP phase. When the
cavitation bubble finally collapses, the fast temperature quenching freezes this metastable
phase. Nevertheless, many factors related to the liquid and the laser ablation dynamics
might form a complex system that contributes to the formation of the HCP phase in the FeNi
NPs.

Besides HCP and FCC phases, some surface oxidation is also observed. Oxidation of NPs,
either partially or completely, changes the NP properties such as catalytic activity (Cuenya,
2010) and magnetization (Rebodos & Vikesland, 2010). Controlling the oxidation level of
laser-generated NPs is therefore important to produce NPs with the desired functionality.
Based on the XRD results, formations of minor amounts of spinel iron-nickel oxide NiFe,O,
(ICSD No. 241661) are observed in all studied samples, which shows that oxidation occurs
even in dried acetone where most of the water molecules are captured by molecular sieves.
Nevertheless, the amount of crystalline oxides in all samples is significantly low,
approximately 0.7 wt% for FeNi in water, while the quantities are lower than the
quantification error of the measurement/device for FeNi synthesized in acetone and dried
acetone, hence, the values are not of significance. Based on the study by Marzun et al., the
ablation of a Cu target in water with an inert Ar atmosphere still resulted in oxidized species,
due to the splitting of water molecules to reactive OH species. To avoid water impurities in
acetone, we used molecular sieves. It was formerly reported that using the molecular sieve
with the size of 4 A for 21 hours reduced the water content from 0.45% to 0.001% (w/w)
(Meeker et al., 1962). Meanwhile, the water molecule has a diameter of 2.8 A, hence,
molecular sieves with a pore size of 3 A were used to capture the water molecules in acetone
and produce the “dried acetone”. Nadarajah et al. have investigated the influence of 3 A
molecular sieves to capture water molecules in acetone and reduce the oxidation level of the
laser-ablated FeRh NPs. They reported that the use of molecular sieves resulted in less
nanoparticle oxidation compared to NPs produced in untreated acetone (Nadarajah, Tahir,
et al., 2020) and they suggest that the bound oxygen atoms in acetone contribute to NP
oxidation. The dissolved oxygen gas in the liquid is also found to partially oxidize NPs due to
aging (Marzun, Bobnnemann, et al., 2017), which means that the oxidation occurs also due to
the possibly prolonged NPs storage in the liquid before the analysis. Hence, the surface
oxidation of FeNi NPs into spinel NiFe,O, was likely caused by the NPs’ exposure to the
oxygen species generated from the pyrolysis of the ablation liquid and later followed by the
dissolved gas due to aging.

Based on the TEM results, the FeNi NPs in dried acetone and acetone can be considered
monodisperse, while the FeNi NPs produced in water are polydisperse. The FeNi NPs in dried
acetone and acetone are smaller than the FeNiin water due to the carbon coating on the NPs
surface, which prevent the growth and coalescence of the NPs (Amendola et al., 2011). This
layer was formed due to the pyrolysis of organic solvent by the high-intensity pulses (D. Zhang
et al., 2019), which then become the building block of the outer NP layer. Nevertheless, it
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should be noted that further growth and oxidation during storage cannot be completely ruled
out (D. Zhang et al., 2018). The reduced oxidation of the sample is lost again after extended
storage time, and results in a similar oxide fraction as the fresh colloid made from the
commercial, untreated acetone. This means that the carbon shell and the NiFe,O, shell on
the NPs did not completely stop further oxidation of the NPs during longer storage time.
Oxidation might occur from the presence of molecularly bound O atoms in acetone or the
dissolved O, gas. Therefore, it is important to use fresh colloids in the posterior intended
catalysis or magnetic application to avoid further oxidation that can detriment the produced
FeNi NPs performance.

3.1.2 Magnetic and Electrocatalytic Properties

M(H) curves comparison of three different samples shows that the FeNi in water exhibits the
highest magnetization. It would be prudent to assume that this difference stems from the fact
that the particle size of the water-based sample is significantly higher than that of the two
acetone-based ones, which would lead to a lower surface-to-volume ratio and thus a
reduced amount of surface spin canting. To discern this difference, M(H) curves were also
taken at a lower temperature and a higher magnetic field. Interestingly, the slightly more
pronounced shape of the M(H) curves for the water-based sample indicates that full
saturation has not yet been reached at 9 T, which would suggest that the higher
magnetization value compared to the acetone-based samples is not solely due to a reduced
occurrence of spin canting due to the larger average particle size. An explanation can be
provided by the paramagnetic HCP phase being present in the acetone-based samples, but
not in the water-based one, leading to a reduction of the overall measured magnetization.
Additionally, the previously mentioned carbon shell formation can also contribute to this
effect. However, despite this slight decrease relative to the water-based sample, the
difference in magnetization visible between the sample formed in dried and regular acetone
clearly shows the viability of the method presented here to prevent undesired oxidation of the
FeNi NPs.

Based on the electrochemical performance results, FeNi in dried acetone/CNTs is the best
catalyst among the studied materials, even better than the commercial RuO, NPs/CNTs. This
might be due to the fact that FeNi NPs produced in dried acetone have the smallest average
particle size and, thus a larger surface area, which increases the number of active sites for
the reaction to occur. Nevertheless, NPs size should not be the sole reason for this high
catalytic activity, since FeNi in water and FeNi in acetone have similar overpotential despite
the 5 nm difference in average particle size. In addition, although it was reported that HCP
NiFe encapsulated in N-doped carbon has a superior OER electrocatalytic activity compared
tothe FCC one (C. Wang et al., 2019), the overpotential of FeNi in acetone and dried acetone,
with similar HCP content, is different by almost 30 mV. This could mean that the smaller
particle size, along with the reduced oxidation as reported by Mdssbauer spectroscopy, of
FeNiin dried acetone might explain the higher OER catalytic activity.
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3.1.3 PLAL Productivity in Different Liquids

PLAL in water shows the highest productivity, which is a factor of 3, compared to PLAL in
acetone and dried acetone. High NPs production rates are needed to fulfil the demand for
catalysts for industrial use. PLAL in water is therefore better in terms of scalability, despite
the catalytic activity being slightly lower than dried acetone. In addition, the use of organic
solvents such as acetone as an ablation liquid, especially in a large quantity, does not comply
with the green chemistry principles (Anastas & Eghbali, 2010), apart from the safety and
health hazards it possesses such as fire and inhalation risks. It is, therefore, more
advantageous to use water as an ablation liquid for industrial applications, where
productivity in the scale of gram per hour is crucial for large-scale production. Hence, water
is the selected liquid for the following chapters related to the further increase of the NPs
production rate and the application of FeNi NPs as an OER catalyst.

3.2 Productivity Increase through Multi-Beam PLAL (MB-PLAL)

MB-PLAL has been shown as a feasible and practical technique to increase nanoparticle
productivity by only integrating a static DOE into the PLAL system, improving the efficiency
and economic viability of colloidal NPs production. Hereby we discuss how the proposed
MB-PLAL increases PLAL productivity, how the NPs properties are effected, and the
comparative study to MB-PLAL of gold and its economical perspective.

3.2.1 Principle of Productivity Increase in MB-PLAL

The employed 6-beam and 11-beam DOE increased the productivity of FeNi PLAL in water
by factors 3 and 4, respectively, with a maximum FeNi NPs productivity of 1.6 g/h. The
underlying reason for this lies in the achieved interpulse distance increase from
approximately 7 um (single beam) to 50 um (11-beam) due to the repetition rate reduction.
The larger interpulse distance reduces the laser beam interaction with the cavitation bubble
generated by the previous laser pulse. The advantage of using the beam splitter is the ability
toincrease the interpulse distance while keeping the same number of pulses delivered to the
target. In the standard PLAL system without the beam splitter (and a fixed scanning speed),
one might need to reduce the repetition rate value to achieve the desired interpulse distance.
However, the reduction of the number of pulses irradiating the target would highly reduce
productivity. Besides, the cavitation bubble would be enlarged due to the increase of the
pulse energy (Reich et al., 2017; Tomko et al., 2015) resulting in the subsequent increase of
the laser pulse shielding. If the repetition rate and fluence are kept constant, the compromise
would be to lower the laser power, which means that the maximum outcome of the laser
source is not fully utilized to achieve the highest productivity. Productivity measurement at
the same fluence and repetition rate was also done by adjusting the laser power according
to the number of beams. Even though the laser power is increased, the productivity is not
increased 6 and 11 times. The non-linear scale-up is probably due to the energy lost as shock
waves (Z. Yang et al., 2023), in addition to turbulences and backflow inside the ablation
chamber, promoting laser shielding by the NPs, cavitation bubbles, and persistent
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microbubbles. Based on the linear fitting, it is possible to infer that increasing the number of
beams with other DOEs could result in even higher productivity if a laser with a higher power
and higher repetition rate is used.

The energy splitting into multiple beams achieved by the DOEs has been shown to require
the reduction of the repetition rate by a factor equal to the number of beams generated in
order to keep the same optimum processing fluence per beam produced by the DOE
compared to the single beam PLAL. This fact allows us to increase the interpulse distance
from 7 um to 50 um without the use of expensive high-speed scanners, reducing the beam
shielding by the cavitation bubble, while the number of pulses delivered to the target is not
affected. In the case of reducing the repetition rate without the use of the DOEs, the high
pulse energy promotes nonlinear interactions with the liquid and induces optical
breakdown, lowering the productivity due to the extra energy losses. The proposed MB-
PLAL system thus enables us to employ the optimal pulse energy and fluence to achieve
the highest productivity while increasing the interpulse distance without modifying the
scanning parameters. This is further confirmed by the trend observed for increasing power-
specific productivity as well as mass productivity, indicating that the MB-PLAL system
causes a reduction of the factors affecting the energy delivery to the target as pulse
shielding due to the cavitation bubble.

3.2.2 Properties of the MB-PLAL-Generated NPs

Ensuring consistent properties of the produced NPs in the MB-PLAL is a crucial consideration
for the scalability of the process and the prospective industrial use. The properties of the
produced NPs, including FeNi and Au, do not change for MB-PLAL compared to single beam
PLAL, based on the HR-TEM, XRD, and UV-Vis results, indicating that the MB-PLAL with
repetition rate compensation to keep the same processing fluence as single beam PLAL
does not modify the ablation mechanism or chemical processes during the NPs generation.
The only parameter modified from the standard PLAL to the MB-PLAL is the interpulse
distance (due to the repetition rate compensation), while the pulse energy, delivered
number of pulses to the target’s surface, and pulse width are kept approximately the same.
The increase in the interpulse distance reduces cavitation bubble shielding, thus
increasing NP productivity. Meanwhile, pulse energy and the number of delivered pulses in
our setup are kept approximately constant, which is only possible due to the use of the DOE
and repetition rate compensation. Hence, the properties of the generated NPs in the MB-
PLAL are not modified compared to the single-beam PLAL system.

3.2.3 Comparative Study to MB-PLAL of Gold and its Economical Perspective

A comparative study with Au productivity was also performed to investigate the material’s
influence on the MB-PLAL system and the possibility of extending the MB-PLAL technique
to any material processable by PLAL. Productivity increase factors of 2.1 and 3 were
observed for the 6-beam and 11-beam MB-PLAL of Au in water, respectively, with a
maximum productivity value of 0.94 g/h for the 11-beam MB-PLAL. Although usually
material-dependent productivity has been reported to be linked to the trend of material
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density (M.-R. Kalus et al., 2019), other underlying reasons might have influenced the
productivity differences observed between FeNi and Au in our case. (1) Larger bubble half-
width of Au than FeNi, which contributes to a larger pulse shielding. The temporal distance
between two pulses in the 11-beam MB-PLAL of Au and FeNi is 2.5 s, as the employed
repetition rate was 400 kHz. At this time range, the cavitation bubble half-width of Auis larger
than FeNi, resulting in a larger energy shielding. Hence, even for the achieved larger
interpulse distance, pulse shielding from the cavitation bubble is expected to further
influence Au nanoparticle production. (2) The steady-state optical absorptance of Au at our
laser wavelength (1064 nm) is 3% (G. Zhu et al., 2019), lower compared to the FeNi which is
35%. The higher the optical absorptance of the material at the irradiation laser wavelength,
the higher the energy absorbed by the target material (Berkmanns & Faerber, 2008; Bunaziv
et al., 2021; Nakano, 2021), leading to a higher ablation volume. (3) The intrinsic chemical
disorder of alloy materials as FeNi (He et al., 2019) contributes to a stronger electron-phonon
coupling and lower thermal conductivity (He et al., 2019), resulting in a lower threshold
fluence than elemental materials, such as Au. Hence, Au’s higher threshold fluence, the
weaker electron-phonon coupling, and higher conductivity of Au compared to FeNi, leading
to energy thermal dissipation, which lower productivity.

A comparison of MB-PLAL and PLAL employing the same laser source allows us to
conclude that MB-PLAL can achieve an annual production of approximately 1800 g of
colloidal Au NPs, which is almost a 200% production increase compared with the PLAL
system. A decreased labour cost and electricity consumption of 54,000 € and 20,000 kWh
are expected for every 1000 g of Au NPs produced with the 11-beam MB-PLAL compared to
the PLAL using the same laser source and scanning system. Prospectively, the proposed
MB-PLAL system can be integrated into the current high-productivity PLAL systems
available worldwide to further boost achievable productivity with a minimum cost and low
experimental effort. Furthermore, the employment of the MB-PLAL system with higher laser
power systems with repetition rates in the MHz range or higher would allow to employ beam
splitters to generate a larger number of beams. Consequently, the repetition rate reduction
factor would be higher and so the increase of the interpulse distance, further lowering pulse
shielding and reaching even higher production rates, enhancing the efficiency and
economic viability of PLAL for industrial applications.

3.3 MB-PLAL-Generated FeNi NPs as Electrocatalyst

A hybrid catalyst completely free of precious metals or rare elements has been synthesized
and investigated as an OER catalystin the alkaline water splitting process. The hybrid catalyst
consisting of laser-generated FeNi NPs dispersed on rGO microflakes and spray-coated on a
FeNi/Ni foam substrate, FeNi-rGO/FeNi/Ni foam, shows an outstanding performance in
terms of catalytic activity and stability. Hereby we discuss the preparation process, the
characterization, and hypothesis of the resulting properties of the hybrid catalyst.
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3.3.1 FeNi-rGO Composite Formation

To produce FeNi-rGO/FeNi/Ni foam catalyst, FeNi-rGO composites were first generated and
supported on rGO sheets through the PLAL method. Two techniques to directly synthesise
and support the FeNi NPs to rGO were compared, namely in situ and downstream PLAL. NPs
dispersion is more uniform in the case of in situ FeNi-rGO than in downstream FeNi-rGO.
Based on these results, it seems that the in situ PLAL offers a benefit, where rGO flakes in the
liquid carrier act as a capping agent, thus NPs are more easily anchored within the wrinkles
of rGO and their growth and coalescence are avoided (Torres-Mendieta et al., 2016). On the
other hand, downstream FeNi-rGO shows a less uniform distribution as the wrinkling
structure of rGO prevents the NPs from reaching the central area, and the NPs accumulate
on the perimeter of rGO microflakes. A previous study also reported a similar phenomenon
where more Au NPs are found at the wrinkles of GO compared to rGO, suggesting that the
higher defect density, electrostatic interactions such as van der Waals, and overlapping of
GO'’s m-orbitals with metal NPs’ d-orbitals promote the accrued NPs at the wrinkles (Rance
etal., 2010; Torres-Mendieta et al., 2016). In our case, however, replacing the rGO with GO in
the downstream PLAL resulted in a more uniform distribution of FeNi NPs; probably due to a
lower wrinkling structure observed in our pristine GO. It proves the possibility of getting a
uniform distribution of NPs via the downstream PLAL by changing the support material. The
difference in the NPs dispersion on the rGO surface compared to the GO in the downstream
PLAL in our case could be caused by (1) the higher wrinkling morphology of rGO, causing NPs
to be accumulated already at the perimeter area during the mixing, and (2) the loss of some
oxygen functional groups in rGO compared to GO, resulting in a more hydrophobic and less
dispersible support material. The distribution of the nanoparticles on the rGO or GO
microflakes is therefore not only related to the technique but also to the property of the
supporting materials, i.e. morphology and electronic structure.

As for the size quenching effect, both in situ and downstream PLAL show a size-quenching
effect on the generated FeNi NPs, resulting in size reductions of approximately 3-4 nm
compared to unsupported FeNi NPs. But the presence of light-absorbing or light-scattering
matters in the liquid carrier during in situ PLAL results in lower production rate; which was 50
mg/h productivity reduction in this study at rGO concentration of only 15 mg/L. At a higher
concentration of rGO, FeNi NPs productivity will be reduced even further due to laser
shielding by rGO microflakes. Hence, downstream PLAL was investigated as a more
productive approach to synthesizing and supporting FeNi NPs on rGO without the optical
shielding effect.

Based on these electrochemical performances, FeNi-rGO prepared by in situ and
downstream PLAL have higher OER catalytic activities and charge transfer rates than the
downstream FeNi-GO. Despite the more uniform distribution of the FeNi NPs on the surface
of GO flakes, GO has more oxygen functional groups which leads to increasing defects and
the sp® carbon hybridization (Qiu et al., 2023). This reduces the m electrons conjugation and
hinders the electron transfer process, lowering its electrical conductivity (Qiu et al., 2023).
Hence, the performance of FeNi-GO is significantly worse than the FeNi-rGO samples.
Similar performance between in situ and downstream FeNi-rGO shows that the supporting
mechanism of FeNi on the rGO does not significantly influence its electrochemical
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performance. In addition, Raman spectroscopy reveals ten-fold increases of Ip-/lc and Ip+/lg
of in situ FeNi-rGO compared to downstream FeNi-rGO, implying to loss of crystallinity and
an increase in rGO sheets’ interlayer spacing in the case of in situ FeNi-rGO. Consequently,
due to the higher FeNi NP productivity achievable by downstream PLAL, the downstream
FeNi-rGO sample is selected for further testing.

3.3.2 FeNi-rGO/FeNi/Nifoam Electrode

Combining the downstream FeNi-rGO composite with FeNi/Ni foam substrate, the hybrid
FeNi-rGO/FeNi/Ni foam catalyst achieved high OER catalytic activity which requires an
overpotential of only 234 mV at a current density of 10 mA/cm?, in addition to exceptional
durability and stability, depicted from the stable chronopotentiometry results for over 1300
h at a current density of 10 mA/cm?.

The high catalytic activity of the hybrid catalyst may be attributed to the formation of a thin
oxidized layer of NiFe,O, on the surface of laser-generated FeNi NPs (Khairani, Lin, et al.,
2023), which was found to enhance the OER activity (Dalai et al., 2019; Gong & Dai, 2014; J.
Jiang et al., 2016; Landon et al., 2012). In addition, the dispersion of these FeNi NPs on
FeNi/Nifoam may form a synergistic effect between the NiFe,O, layer, FeNi core, and FeNi/Ni
foam, as the metal-oxide surface could host reaction intermediates, which then may migrate
to the more active area for the reaction to complete (Chang et al., 2018; Pan et al., 2017).
Besides the aforementioned hypothesis, the high catalytic activity of FeNi-rGO/FeNi/Ni foam
may also be attributed to the following factors, (1) the high conductivity of rGO as support
material, (2) dispersion of FeNi NPs on rGO surface, reducing NPs overlapping and
obstruction or shielding of the active sites, (3) synergistic interaction between FeNi and rGO
which induces charge redistribution and electron transfer between the metal-support at the
interface (Pan et al., 2017), and (4) hybrid catalyst providing more cations’ valence state
suitable for wide range bonding with intermediate species (Chang et al., 2018). In addition,
while we cannot completely rule out the contribution of the ruptured FeNi LDH to the
increased surface area and overall current, and it complicates direct comparisons of intrinsic
catalytic activity between FeNi-rGO alone and RuO,, our primary goal was to develop a
catalyst using only abundant elements—specifically Fe and Ni—without relying on rare
elements. We achieved this by combining FeNi-rGO with FeNi LDH (which is ruptured after
calcination) and utilizing Ni foam. This hybrid catalyst system, referred to as FeNi-
rGO/FeNi/Nifoam, demonstrates promising performance with low overpotential for the OER.

The hybrid FeNi NPs, rGO, and FeNi/Ni foam catalysts are confirmed to have outstanding
stability. XRD results before and after 1300 h of testing show no considerable structural
changes in the hybrid catalyst. Based on the electrocatalytic performance, the FeNi-
rGO/FeNi/Ni foam hybrid catalyst is proven as a high-performance catalyst in both activity
and stability.
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4 Conclusion

Pulsed laser ablation in liquid is a green synthesis method to produce various types of NPs
such as oxides, alloys, and composites. However, despite its versatility and sustainability in
producing NPs, PLAL is rarely found in industrial applications, mainly due to its low
productivity compared to conventional chemical synthesis methods. Various parameters
play big roles in the productivity of PLAL, including the laser, scanner, ablation chamber,
liquid, and the target material itself, hence, optimizing these parameters will greatly improve
PLAL productivity. Several key strategies to optimize them and to answer our first research
question, “What are the strategies to increase the productivity of PLAL?” are as follow:

1. Low productivity in PLAL is commonly caused by species that scatter or absorb the
incoming laser pulses, including cavitation bubbles, persistent microbubbles, and
the generated NPs themselves, which hinder the incoming laser pulses from reaching
the target material. By-passing the cavitation bubbles, changing the laser wavelength
to reduce the interaction with the NPs, as well as fast removal of persistent
microbubbles and NPs from the ablation area, are keys to boosting productivity.
Several methods such as designing a laminar flow chamber, employing a high-speed
scanner, integrating a beam-splitter, and using a liquid with low viscosity and/or low
vapor pressure, can improve productivity.

2. Finding the optimal fluence is crucial, as each target material has its optimal fluence
value. To reach the optimal fluence, fine adjustments of laser power, repetition rate,
focal length, and working distance are needed.

3. A shorter pulse duration (ps or fs) is usually preferred to avoid energy dissipation
through heating, such as in the case of ns and continuous-wave lasers. Nevertheless,
fs-lasers trigger non-linear, self-focusing, and filamentation effects in the liquid,
resulting in energy losses and lower productivity. Hence, ps-lasers are usually the
first choice to reach high productivity in PLAL.

4. Target morphology such as a wire tip can increase productivity due to the spring-like
movement that reduces the cavitation bubble lifetime. Nevertheless, precise laser
positioning to such a small area is difficult, prolonging the adjustment time and
reducing productivity. Therefore, the use of plate targets is still preferred.

5. Ablation chamber design with flow mechanisms, less turbulence, a thin liquid layer,
and fast removal of shielding species is expected to increase productivity. The
utilization of fluid dynamics simulation coupled with iterative design is believed to be
the fastest way to obtain the desired ablation chamber design.

6. Automatization and continuous production are critical for industrial applications to
reduce laseridle time and human error during the adjustment process, increasing the
production rate.

These key strategies can increase PLAL productivity and will surely drive forward its potential
use in the industry as a greener alternative to conventional chemical synthesis methods. Itis
especially important to push PLAL into a larger scale production, particularly to supply
nanocatalysts, as PLAL is known to produce NPs with a higher defect density, which can act
as active sites for catalytic reactions. One of the most popular ideas regarding PLAL is the
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capability of producing “bare surface” NPs, meaning that the outer layer of the NPs is free
from surfactant or capping agents. Nevertheless, this is mostly true only for noble metals
such as Pd, Pt, and Au, which are generally more resistant to oxidation. Materials such as Mn
and Cu, when ablated in the presence of water or oxygen-containing liquid, i.e., acetone, will
form oxide counterparts in addition to the metal parts, for example, Mn and MnO during
ablation of Mn in acetone (D. Zhang et al., 2019), and Cu, CuO, and Cu,0 during ablation of
Cu in water (Marzun, Bbnnemann, et al., 2017).

Our material of interest for the OER catalyst is composed of Fe and Ni, elements that could
be easily oxidized, hence, it is important to first examine the phases of generated FeNi NPs in
different liquids before working on increasing the productivity of this catalyst. Organic
solvents usually pose hazards, health, and environmental risks, yet they are commonly used
as ablation liquid in PLAL if oxidation is not desired. For this work, we investigated acetone as
an option for the PLAL of FeNi due to its affordability and availability. However, acetone
contains water impurities which may oxidize the produced FeNi NPs, thus a prior treatment
of the commercial acetone with molecular sieves to capture water molecules and produce
dried acetone is needed. The PLAL of FeNi in dried acetone and commercial acetone are
compared. In addition, we also perform PLAL of FeNi in a green and sustainable solvent,
water, as a comparison to acetone. Based on our results, our second research question,
“How do different liquids affect the productivity, properties, and catalytic performance of the
PLAL-generated FeNi NPs?”, can be answered as follows:

1. Thethree investigated liquids produce FeNi NPs with different phases and core-shell
structures: FCC/HCP FeNi@NiFe,O, and FCC/HCP FeNi@graphitic carbon in
commercial acetone, FCC/HCP FeNi@NiFe,O,@amorphous carbon in dried acetone,
and FCC FeNi@NiFe,O, in water.

2. Alower total oxide fraction of 8 % is measured by Mdssbauer spectroscopy for FeNi
in dried acetone compared to FeNi in acetone.

3. The average NPs size of FeNi in water is 17 nm, larger than FeNi in acetone (12 nm)
and FeNi in dried acetone (10 nm).

4. The magnetization value of the dried acetone sample (59 Am?/kg) is higher than the
acetone sample (52 Am?%/kg) due to the lower degree of oxidation. While FeNi in water
exhibits the highest magnetization (68 Am?/kg) as the largest average NPs size.

5. FeNiindried acetone requires the lowest overpotential (363 mV) than FeNiin acetone,
FeNiin water, and benchmark catalyst RuO, (390 — 400 mV) at a current density of 10
mA/cm?.

6. FeNi in water has the highest productivity at 307 mg/h compared to FeNi in dried
acetone at 108 mg/h and FeNi in acetone at 98 mg/h.

Although FeNi in dried acetone offers better OER catalytic activity and smaller particle size,
its productivity is only one-third of FeNi in water. Hence, considering the sustainability,
compliance to the green synthesis method, lower hazard and health risks, and our aim to
produce large-scale FeNi NPs for OER catalyst, water is chosen as the ablation liquid and for
the study of productivity and hybrid catalyst formation.
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The decision to use water to generate FeNi NPs via PLAL leads to the next investigation on
productivity study. An approach by integrating a static DOE into the PLAL system, termed
multi-beam PLAL (MB-PLAL), has been done to answer our third research question, “Can
PLAL NPs productivity be increased through optical methods to reduce nanoparticle
catalysts production costs?”. Our MB-PLAL approach using a DOE to obtain spatial beam
splitting is found to improve the efficiency and economic feasibility of NPs production via
the PLAL method without altering NPs properties. MB-PLAL is a practical technique which
can be easily installed in existing PLAL systems. DOE with beam-splitting configurations of
1:6 and 1:11 increase the productivity of FeNi PLAL in water by factors 3 and 4, respectively,
with the highest FeNi NPs productivity of 1.6 g/h. By adjusting the repetition rate according
to the splitting number, to keep the same pulse energy and fluence to the single beam PLAL,
allows us to improve the interpulse distance by factor 7 (from 7 pm to 50 pm), without the
use of expensive high-speed scanners. As the interpulse distance increases, shielding by
the cavitation bubble decreases, while the number of pulses delivered to the target is kept
almost constant. Other interesting key findings of MB-PLAL are as follows:

1. Productivity increase factors using 6-beam and 11-beam for the FeNi target in water
are 3 and 4, while they are slightly lower for the Au target, at 2.1 and 3.

2. The properties of the generated FeNi and Au NPs via MB-PLAL are similar to single
beam PLAL, according to HR-TEM, XRD, and UV-Vis results.

3. Compared to the world record PLAL productivity using a 500-W ps-laser coupled
with a polygon scanner, MB-PLAL offers higher power-specific productivity at 9.5
mg/(h-W), in addition to the capability of reaching the same 50-pm interpulse
distance despite only using a galvanometer scanner, and requires only one-third of
the initial investment.

In summary, MB-PLAL enables us to use the optimal pulse energy and fluence to reach the
highest productivity while increasing the interpulse distance without using a sophisticated
PLAL system, reducing the capital expenditure and improving the affordability and
accessibility of this method.

With the success of increasing the productivity of PLAL via MB-PLAL, the work continued to
the final application of FeNi NPs as OER catalysts in the alkaline water splitting process to
answer our final research question, “Can PLAL-produced FeNi NPs be used to produce an
FeNi-based OER electrocatalyst with high catalytic activity?”. We have assembled a hybrid
catalyst, completely free of precious metals or rare elements, and have investigated its
properties. The hybrid catalyst, consisting of FeNi NPs dispersed on rGO and sprayed on a
FeNi/Ni foam substrate, named FeNi-rGO/FeNi/Ni foam, performs satisfactorily in terms of
catalytic activity and stability. Before constructing our hybrid catalyst, we also investigated
one-step techniques to synthesise FeNi NPs and directly support them on rGO microflakes,
namely in situ PLAL and downstream PLAL, and compared the properties of produced NPs.
Several key findings of this study include:

1. Bothinsituand downstream PLAL successfully quench the size of the generated FeNi
NPs by approximately 3-4 nm compared to unsupported FeNi NPs.
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2. Based on Raman spectroscopy results, loss of crystallinity and an increase in rGO
sheets’ interlayer spacing are observed in the in situ FeNi-rGO.

3. FeNiNPs from the in situ PLAL are more uniformly dispersed on the rGO surface than
downstream FeNi-rGO, however, both samples show similar average particle size (10
nm) and overpotential (400 mV at 10 mA/cm?). As there is not much difference
between in situ and downstream FeNi-rGO in terms of catalytic activity, downstream
FeNi-rGO is chosen for the hybrid catalyst as it has higher productivity.

4. The hybrid FeNi-rGO/FeNi/Ni foam catalyst shows promising catalytic activity,
requiring an overpotential of only 234 mV and exceptional durability and stability for
over 1300 h at a current density of 10 mA/cm?.

With this final work of investigating and applying the laser-generated FeNi NPs as a catalyst,
the dissertation is concluded. This dissertation covers the production of FeNi NPs in different
ablation liquids via the PLAL method, increasing productivity through a newly proposed MB-
PLAL, and finally producing a hybrid catalyst, FeNi-rGO/FeNi/Ni foam; all with the hope of this
knowledge being further used toward the advancement of science: (1) Fostering the
utilization and advancement of PLAL, a method to produce NPs that complies with green
chemistry principle, (2) increasing PLAL productivity to push this method into the industry,
thereby improving the sustainability of NPs production on a large scale, and (3) the
construction of hybrid catalyst free of precious and rare elements for OER, with high stability
and low overpotential, to suppress the production cost and increase the lifetime of alkaline
electrolysers, accelerating the transitioning towards hydrogen energy to reach net zero
carbon by 2050.
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5 Outlook

The dissertation has been summarized in the previous chapter, where advances, discoveries,
and knowledge obtained through the course of this study are envisioned to open new
pathways and potentials in PLAL, catalyst, and hydrogen technology. Nevertheless, there are
limitations in this study which can be further studied and explored, especially related to
methodological and data limitations that could not be addressed due to constraints.

Firstly, in terms of solvent influence on the properties of the PLAL-generated FeNi NPs, water
content analysis using Karl Fischer titration can be sought to accurately determine the water
content in acetone. If Karl Fischer titration is available, the water content in the acetone can
also be varied depending on the duration of treatment using molecular sieves. Changing to
other organic solvents with varying carbon chain length, i.e., methanol, ethanol, propanol,
butanol, type of carbon bonds, i.e., hexane, hexene, hexyne, or functional groups, i.e.,
hexene, hexanol, hexanoic acid, hexanal, can also be done to find the reason of metastable
phase formation. The synthesis of metastable NPs via PLAL will surely unlock many
potentials related to unexplored materials, which are not possible to be characterized except
they stay in high-temperature and high-pressure conditions. Using artificial intelligence
through machine learning by feeding reactions of metals with different solvents at various
temperatures (up to the temperature achievable by PLAL) will also give an interesting
perspective of possible phases which could be formed. This method reduces the number of
experiments needed to find the most suitable solvent for PLAL of a certain target material to
obtain the desired NPs.

The second work on the productivity increase via MB-PLAL offers valuable insight into further
tuning laser parameters after the integration of an additional optical element, increasing
PLAL productivity. Constraints related to the laser and scanner parameters, as well as
chamber design were faced. For example, the lowest repetition rate value of our laser is at
400 kHz. Nevertheless, the highest productivity obtained without the DOE at 100 % laser
power uses a repetition rate of 3000 kHz. With our 11-beam setup, a repetition rate of 270
kHz should have been employed to get the optimal pulse energy, instead of 400 kHz. Hence,
further study using a high-power laser (>100 W) set at a low repetition rate and coupled with
DOE with a high beam-splitting number can be sought. For industrial applications, it is also
important to consider a ps laser system with a low repetition rate, instead of a high repetition
rate, when building an MB-PLAL system. During the experiment, we also limit the scanning
pattern to the Archimedean spiral. Studying the scanning pattern's influence on PLAL
productivity may provide insight into the most productive scanning pattern that is synergistic
with the galvanometer scanner’s working principle. In addition, the scanning pattern used in
this work is limited to approximately 10 mm in diameter due to the size of the DOE, which
limits the scanning speed to only 20 m/s. A scanning speed of 50 m/s can be performed when
the scanning pattern occupies approximately 75% of the lens area, approximately a spiral
with a diameter of 150 mm. But to do PLAL in such a large area, a new flow chamber should
be built and an extremely large DOE should be custom-produced. For a long-term investment,
this might be worth pursuing, but to suppress the capital investment and avoid time delay,
purchasing readily available products is more efficient. In terms of target material influence
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on MB-PLAL, it is important to find the right laser parameters for each target. For example,
our laser system (10 ps 1064 nm laser) is more suitable for the FeNi target instead of Au, thus
a higher FeNi productivity is observed despite Au’s higher density. Deciding which NPs are
desired before building the laser system is important for large-scale production.

Our last work on the assembly of FeNi-rGO/FeNi/Ni foam for the OER catalyst investigates
the downstream and in situ PLAL where we observe the influence of the supporting materials
on the produced composite. For further study, it might be interesting to change the
supporting materials, for example to monomers that polymerize in certain laser wavelength,
and compare the downstream and in situ PLAL. There is a possibility that NPs are trapped
inside the polymer structure instead of just mixed or attached on the surface through weak
interactions. These might reduce the leaching of NPs for example in the anti-bacterial
packaging or membrane for water purification. The concentration of the supporting materials
can also be varied to see the changes in the ratio of NPs to supporting materials, morphology,
elemental ratio, and size distribution of the PLAL-generated NPs, which might influence the
OER catalytic activity. It might also be interesting to find a way where FeNi LDH structure can
be maintained after the calcination step, which will surely increase the surface area and
catalytic activity. The OER performance of the hybrid catalyst presented in this study is
exceptional, with an overpotential required of only 234 mV and stability of more than 1300 h,
but the exact mechanism of the interactions between materials, i.e., FeNi NPs, rGO, FeNi
layer, and Ni foam, is not yet fully understood. Finding this mechanism may open pathways
in building hybrid catalysts with an even lower overpotential and longer stability. Testing
hybrid catalysts’ performance and durability at higher current densities (0.5-2 A/cm?) is
crucial to match industrial needs for stacks with lower energy demand and longer lifetime.
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Abstract: The synthesis of bimetallic iron-nickel nanoparticles with control over the synthesized
phases, particle size, surface chemistry, and oxidation level remains a challenge that limits the
application of these nanoparticles. Pulsed laser ablation in liquid allows the properties tuning of
the generated nanoparticles by changing the ablation solvent. Organic solvents such as acetone can
minimize nanoparticle oxidation. Yet, economical laboratory and technical grade solvents that allow
cost-effective production of FeNi nanoparticles contain water impurities, which are a potential source
of oxidation. Here, we investigated the influence of water impurities in acetone on the properties of
FeNi nanoparticles generated by pulsed laser ablation in liquids. To remove water impurities and
produce “dried acetone”, cost-effective and reusable molecular sieves (3 A) are employed. The results
show that the FesyNisy nanoparticles’ properties are influenced by the water content of the solvent.
The metastable HCP FeNi phase is found in NPs prepared in acetone, while only the FCC phase
is observed in NPs formed in water. Mossbauer spectroscopy revealed that the FeNi nanoparticles
oxidation in dried acetone is reduced by 8% compared to acetone. The high-field magnetization of
FesoNisg nanoparticles in water is the highest, 68 Am?/kg, followed by the nanoparticles obtained
after ablation in acetone without water impurities, 59 Am?2/ kg, and acetone, 52 Am?2/ kg. The core-
shell structures formed in these three liquids are also distinctive, demonstrating that a core-shell
structure with an outer oxide layer is formed in water, while carbon external layers are obtained in
acetone without water impurity. The results confirm that the size, structure, phase, and oxidation of
FeNi nanoparticles produced by pulsed laser ablation in liquids can be modified by changing the
solvent or just reducing the water impurities in the organic solvent.

Keywords: iron-nickel alloy; core-shell nanoalloys; nickel ferrite; hexagonal closed packed phase;
carbon shell; laser synthesis of colloids

1. Introduction

Iron nickel alloys are one of the most studied magnetic materials due to the abun-
dance of their constituting elements on Earth [1,2] and owing to the interesting properties
exhibited depending on their atomic ratio. For example, Invar (FegsNizg) exhibits very
little thermal expansion (almost zero) over a wide temperature variation, while Permalloy
(FepoNigg) offers a notably high magnetic permeability, low coercivity, and small mag-
netostriction [3-5]. Due to these interesting properties, iron-nickel alloys are employed
in various key technologies such as transformers [6], magnetic actuators [7], magnetic
sensors [8], electromagnetic shielding [9], spintronics [4,10], and catalysis [11-13]. The
equiatomic iron-nickel alloy (FesoNisp), in particular, gained popularity as an electrocat-
alyst for the oxygen evolution reaction (OER) [12,14] and as a potential candidate for a
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permanent magnet after the discovery of the high-coercive tetrataenite mineral with L1
structure found in a meteorite [2,15]. In both cases, the high material abundance of the
alloy constituent elements on Earth represents a fundamental advantage, envisioned to
overcome the price and supply chain problems associated with the current rare-earth-based
OER catalysts (RuO; and IrO;) and permanent magnets (NdFeB) in strategic technologies,
such as electric mobility and energy storage. Other than the atomic ratio, the iron-nickel
alloy particle size is also a crucial parameter defining their properties and performance
in certain applications, especially for the catalytic activity of FesoNisg alloy in the OER
process [13], where nanosized materials are desired. By reducing the size to the nanometer
range, especially below 10 nm, the specific surface area of the FesoNisg catalyst is signifi-
cantly increased, thus exposing more of its active sites for the reactions to take place. In
addition, the recent report on the non-cubic symmetry in FesyNisy nanoparticles [16] sparks
the possibility of employing nanosized FesgNis( as a rare-earth-free alternative to perma-
nent magnets. These findings highlight the relevance of understanding and controlling
the formation of FesoNisy nanoparticles and explore novel synthesis techniques that allow
FesgNisp nanoparticles” phase control.

Conventional fabrication methods of Fes5oNi5y nanoparticles (NPs) include chemical
reduction and gas condensation routes. The chemical reduction of the iron and nickel salts
with hydrazine in the presence of polyvinylpyrrolidone (PVP) resulted in face-centered
cubic (FCC) FesgNisg with an average diameter of 29 nm [17], and 96 nm without PVP [18].
Gas condensation of iron-nickel alloy in a helium atmosphere was sought, but oxidation
took place on the surface of the particle after exposure to oxygen, resulting in the formation
of core-shell NPs with FeNi y-phase and oxides of y-Fe,O3 or Fe30,. These two methods,
unfortunately, do not follow the green chemistry principles [19] due to the multi-step pro-
cesses and the use of hazardous materials and inert gases to reduce oxidation. Meanwhile,
pulsed laser ablation in liquid (PLAL) offers a one-step method to produce NPs directly in
the desired liquid and avoids the generation of by-products, hence removing purification
steps and the generation of extra chemical waste [20]. This technique does not require
high vacuum or temperature conditions, making it easily implementable and transferable
to industrial environments [21]. PLAL is based on the ablation of the bulk target in the
desired liquid providing the versatility to tune the laser parameters and the ablation liquid
to influence the temperature, pressure, and surrounding media [22]. By changing the liquid
employed for PLAL, properties such as the composition and phase of the produced NPs
can be modified [23].

Another NP property that is influenced by the liquid employed in the PLAL is the
NP oxidation. Due to their small size and large surface area, NPs are prone to oxidation
upon exposure to oxygen or oxidizing agents. In the PLAL, it is reported that the NP
oxidation is influenced by the redox activity of the target material [24] and the choice of
the ablation liquid [23]. For example, almost 100% of the surface of laser-generated Ti in
water is oxidized, while less than 5% of the gold surface is oxidized [24]. For the ablation
liquid, complete or partial oxidation of the NPs is observed in the ablation of Ti and Mn in
water, which results in the generation of TiO; [25] and Mn3O4 [26] NPs, respectively. NP
oxidation might be purposely performed in some contexts where oxide NPs are desired,
such as the generation of TiO; by ablating Ti target immersed in water. However, in the
cases where oxidation needs to be avoided, organic solvents such as acetone are known to
reduce the oxidation of laser-generated NPs [27]. However, the oxidation itself is caused by
the exposure of NPs inside the cavitation bubble to the oxygen species generated from the
breakdown of liquid or gas in the nearby vicinity of the ablation spot; hence, all species with
oxygen atoms might contribute to the oxidation of the NPs, including dissolved oxygen gas.
To investigate this matter, Marzun et al. [28] ablated Cu in different ablation liquids, i.e.,
H,0O (H2O4ir), HoO purged with Ar gas (H,Oar), and acetone. They reported the formation
of Cu oxides in both H,O,;; and HyOj, with HyO,i;, having a higher oxidation level and
amorphous phase in acetone. This indicates that not only the dissolved oxygen gases in
the water contribute to the Cu oxidation, but also the water itself. Meanwhile, acetone
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with technical grade or laboratory grade, even with ACS reagent and HPLC grades, still
contains water impurity to some extent (<0.5%) [29,30], which contributes to the oxidation
of the produced NPs.

In this study, the influence of water removal in acetone using molecular sieves on
the oxidation level of the laser-generated FesoNisy NPs is investigated. A molecular sieve
is an adsorbent with three-dimensional frameworks of alumina-silicate, which is capable
of reducing the water content down to 0.001% [31,32]. The molecular sieves provide
an inexpensive and easy way to remove water from acetone, complying with the green
chemistry principle due to its reusability. The removal of water in the organic solvents
is not only intended to reduce the oxidation but also to directly encapsulate the NPs in a
carbon shell during the PLAL synthesis that enhances their catalytic activity [33,34]. In
addition to reducing the oxidation level and altering the shell formation, the generation
of the non-cubic metastable hexagonal closed packed (HCP) in the organic solvents was
investigated. It has been proposed that non-cubic phases might be used as a precursor
to generating FeNi with L1 structure [35], but the suggested methods to fabricate the
non-cubic FeNi involve the use of high-pressure and high-temperature conditions such as
in the diamond anvil cell (DAC) [36] or high-strain process [35]. Here, we propose PLAL as
a method to produce the non-cubic HCP FeNi phase at room conditions, taking advantage
of the locally high-pressure and -temperature conditions achieved by the high-intensity
laser interaction with the target surface and surrounding liquid.

2. Materials and Methods
2.1. Fes5gNisg Colloidal Nanoparticles Production

A picosecond laser Nd:YAG with a wavelength of 1064 nm, a pulse duration of 10 ps,
a power of 8 W, a repetition rate of 100 kHz, a raw beam diameter of 2 mm, and a pulse
energy of 80 pJ was employed to produce nanoparticles by PLAL (Figure 1). The laser
beam was focused on the immersed (6 mm liquid layer) equiatomic FeNi alloy target by
a galvanometric scanner coupled with an f-theta lens (focal length of 100 mm) following
an Archimedean spiral pattern (6 mm diameter) with a speed of 2 m/s. The beam radius
and peak fluence at the processing plane were 65 um and 1.2 ] /cm?, respectively. To avoid
shielding of the laser beam by the produced nanoparticles, the liquid was pumped by
a peristaltic pump at a flow rate of 150 mL/min (calibrated before the experiments of
each liquid). The investigated liquids are distilled water, acetone, and “dried” acetone
(obtained by immersing molecular sieves type 3 A for 24 h to capture water molecules
in acetone). The FeNi samples ablated in different liquids will be further referred to as
FeNi in water, FeNi in acetone, and FeNi in dried acetone, respectively. All colloids have a
similar absorbance value at the laser wavelength as shown in Figure S1. To dry the colloids
and obtain nanopowders suitable for characterization, we performed magnetic separation
using a permanent magnet (NdFeB) followed by liquid evaporation using an exhaust fan.

2.2. Analytical Methods

The generated FeNi NPs colloids were analyzed by transmission electron microscopy
(TEM, JEOL JEM-2200FS, 200 kV, ZrO, /W emitter) and energy dispersive X-ray spec-
troscopy (EDX) to determine the size distribution, morphology, elemental composition,
and oxide formation of the NPs. The sample was drop-casted on a copper grid with lacey
carbon coating and was measured within one week after production to ensure minimum
particle growth and oxidation due to aging.

Synchrotron X-ray diffraction (SXRD) was used to analyze the phase of the produced
NPs qualitatively (using the peak matching technique) and quantitively (using the Rietveld
refinement technique). Measurements were carried out at the 33-BM-C beamline of the
Advanced Photon Source (APS) at the Argonne National Laboratory, United States with a
beam wavelength of 0.77 A. Since a wavelength of 0.77 A was employed, the 26 value is
shifted to a lower degree compared to the standard 1.54 A wavelength. The measurements
were performed using the transmission (i.e., Debye-Scherrer) geometry. The colloids were
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sealed in Special Glass 10 capillaries (Hampton Research Corp.) by Beeswax (Hampton
Research Corp.). The NPs generated in water were transferred to dried acetone to mitigate
post-synthesis particle aging (i.e., oxidation and particle growth) before being loaded into
capillaries for SXRD measurements.

FeNi NPs
colloids
Scanner
andlens Liquid out
Chamberand

FesoNis, target

Laser beam Liquid in

) Pump
ps laser Optics “Al Liquid
10 ps source
100 kHz, 8 W

Figure 1. Schematic illustration of pulsed laser ablation in liquid using a flow chamber. The selected
liquid flowed through the ablation chamber from the bottom to the top by a pump while the ablation
took place. A FesoNisg target was placed perpendicular to the incoming laser beam.

Mossbauer spectroscopy was employed to determine the oxidation level and magnetic
structure of the FeNi samples in acetone and dried acetone. Spectra of both powder and
colloid samples were recorded in transmission geometry, with the latter being placed in an
airtight sample container of appropriate geometry. A % Co(Rh) radiation source was used,
mounted on a constant-acceleration driving unit (WissEl GmbH), with low temperatures
down to 4.3 K being achieved via a closed-cycle cryostat (Lake Shore Cryotronics). Spectra
measured in external magnetic fields up to 8 T were recorded using a magnet cryostat (Ox-
ford Instruments). Subspectra of magnetically ordered phases have been reproduced using
hyperfine field distributions; isomer shifts are given relative to x-Fe at room temperature.

Nanoparticle magnetic behavior was studied using vibrating sample magnetometry
(PPMS DynaCool, Quantum Design). Field-dependent magnetization loops M(H) were
recorded at temperatures between 4.3-300 K and a magnetic field range of £9 T.

3. Results and Discussion
3.1. Crystallographic Phases

To determine the influence of different liquids on the phase formation of FeNi NPs,
XRD phase analysis was performed. The SXRD profiles of FeNi NPs in dried acetone,
acetone, and water are presented in Figure 2, and the complete indexing can be found
in the supplementary (Figure S2). The FeNi NPs generated in water (Figure 2) show the
diffraction peaks of the face-centered cubic (FCC) FeNi and the spinel NiFe; Oy structure.
Meanwhile, the FeNi NPs generated in acetone and dried acetone (Figure 2) consist of the
hexagonal closed-packed (HCP) FeNi phase in addition to the FCC FeNi phases and the
spinel NiFe,O4 phases. To quantify the weight fraction (wt%) of the HCP phase, Rietveld
refinement was performed (Figure S3) and the results are presented in Table 1.



Nanomaterials 2023, 13, 227

50f18

*Fcc
#HCP
* § Spinel NiFe,0,

Dried acetone

>
LS
Py
g " i Acetone
2 .
£
\ *
~33_NN 8 J‘L HJ\\:‘¥ T _\N?ter-
I v T v 1 v L] b 1] b 1 b 1 i
10 20 30 40 50 60 70 80

26 (°)

Figure 2. Synchrotron XRD profiles of the FeNi NPs ablated in different liquids. The ablation in
acetone or dried acetone produced the FCC phase and the HCP phase, with a small volume of spinel
NiFe;O4 phases (barely visible in this graph). Meanwhile, the ablation in water produced the FCC
phase and NiFe;Oy4 phase. The complete indexing is presented in the supplementary information
(Figure S2).

Table 1. The crystalline phase composition of FeNi NPs synthesized in different ablation liquids. The
weight fraction of the HCP FeNi phase was extracted from the SXRD profile by Rietveld refinement.

Ablation liquid Crystalline Phase Composition HCP Content (wt%) *
Dried acetone FCC FeNi, HCP FeNi, NiFe,O4 352 +1.0
Acetone FCC FeNi, HCP FeNi, NiFe,O4 384+02
Water FCC FeNi, NiFe,Oy4 0

* The HCP content reported here is the weight fraction of the FeNi HCP phase with respect to the weight of the
nanoparticle core. The Rietveld refinement was performed on a structure model of the nanoparticle core that
consisted of the FCC FeNi phase(s) and the HCP FeNi phase if existing. The NiFe;O4 phase in the particle shell
was not included in the structure model being refined.

All peaks corresponding to FCC and HCP phases were taken into account, while the
NiFe,O4 peaks are excluded since the contribution of crystalline oxides in the XRD results
is significantly low compared to the other phases. The NPs in dried acetone consist of
35.2 + 1.0 wt% of the HCP phase, while the NPs in acetone account for 38.4 £ 0.2 wt% of
the HCP phase, and the NPs in water contain no HCP phase (Table 1). It is interesting to
observe that the ablation in acetone and dried acetone produces a mixture of the metastable
HCP and stable FCC phases in the NP core, while only the FCC phase was formed in
water. Meta- and stable phase mixtures in NPs produced by PLAL of different targets
were previously reported. The formation of metastable zinc-blende and the stable diamond
structures in silicon NPs [37], metastable hexagonal and stable cubic structures in diamond
nanocrystals [38], the metastable y-Fe and stable cubic FeO and «-Fe phases [39], and
Ni NPs with stable FCC and metastable HCP phases [40,41]. Different arguments were
postulated regarding the formation of stable and metastable phases during PLAL. (i) The
specific heat capacity of the solvent, which influences the cooling rate of the ablation plasma
plume generated during PLAL [40]. (ii) Shorter cavitation bubble lifetime compared to the
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theoretical lifetime according to the Rayleigh—Plesset theory [41], and (iii) the confinement
of the cavitation bubble by the surrounding liquid, which induces the high temperature,
high pressure, and high density (HTHPHD) state and shorter quenching time of the plasma
plume in the liquid [37]. The above-mentioned hypotheses all pointed to the freezing of the
metastable phase during the cooling (quenching), which preserves the metastable phases.

For FeNi alloy, the formation of a metastable FeNi HCP phase is usually associated
with high-pressure and high-temperature conditions, such as in the Earth’s core [42—46]. It
has been produced synthetically using a diamond anvil cell (DAC) from the bulk FeNi with
a face-centered cubic (FCC) phase [36,46,47], where the sample is placed in a tiny space
(3-4 mm) between two diamonds, which are pressed to each other [48]. Laser ablation in
liquid also provides a high-pressure and high-temperature state to the nuclei inside the
cavitation bubble (CB) and its collapse [49]. The bubble pressure during laser ablation
might provide a suitable environment for the formation of the HCP phase; however, this
cannot be the sole reason since the ablation in water does not produce HCP phases. The
cavitation bubble dynamic study from the Choi group also showed that the cavitation
bubble size was larger for hexane and acetonitrile compared to water [41]. The larger
cavitation bubble and longer lifetime indicate lower pressure inside the bubble, as formerly
reported from the laser ablation of aluminum oxide in ethanol, water, and isopropanol [50].
Hence, the pressure difference due to the cavitation bubble geometry would favor the HCP
formation in water; however, it is only observed in organic solvents. Consequently, the
liquid composition seems to be a significant factor influencing the FeNi NP’s phase.

Based on the results in Table 1, we have observed that the HCP phase does not scale
with the fraction of water content in the organic solvent, consequently, this factor can be
ruled out. However, the fact that the ablation in acetone (and dried acetone) produced an
HCP phase, while the ablation in water only provided the FCC phase, suggests that the
carbon-based solvent plays a significant role in the HCP phase formation. During PLAL,
the presence of carbon species in the cavitation bubble generated from the interaction of
the high-intensity laser with the organic solvent can influence the nucleation kinetics of
the HCP and FCC phases. Hence, not only the FCC phase forms but also the HCP phase.
When the cavitation bubble finally collapses, the fast temperature quenching freezes this
metastable phase. Nevertheless, many factors related to the liquid and the laser ablation
dynamics might form a complex system that contributes to the formation of the HCP phase
in the FeNi NPs.

3.2. Oxide Formation

Oxidation of NPs, either partially or completely, changes the NP properties such
as catalytic activity [51] and magnetization [52]. Controlling the oxidation level of laser-
generated NPs is therefore important to produce NPs with the desired functionality. In this
section, the influence of water impurity in acetone on the oxidation of laser-generated FeNi
NPs is studied. Based on the XRD results (Figure 2), formations of minor amounts of spinel
iron-nickel oxide NiFe,O4 (ICSD No. 241661) are observed in all studied samples, which
shows that oxidation occurs even in dried acetone where most of the water molecules
are captured by molecular sieves. Nevertheless, the amount of crystalline oxides in all of
the samples is significantly low, approximately 0.7 wt% for FeNi in water, while for FeNi
synthesized in acetone and dried acetone, the quantities are lower than the quantification
error of the measurement/device, hence, the values are not of significance. Based on the
study by Marzun et al., the ablation of a Cu target in water with an inert Ar atmosphere still
resulted in oxidized species, due to the splitting of water molecules to reactive OH species.
To avoid water impurities in acetone, we used molecular sieves. It was formerly reported
that using the molecular sieve with the size of 4 A for 21 h reduced the water content
from 0.45% to 0.001% (w/w) [31]. Meanwhile, the water molecule has a diameter of 2.8 A,
hence, molecular sieves with a pore size of 3 A were used to capture the water molecules in
acetone and produce the “dried acetone”. Nadarajah et al. have investigated the influence
of 3 A molecular sieves to capture water molecules in acetone and reduce the oxidation
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level of the laser-ablated FeRh NPs. They reported that the use of molecular sieves resulted
in less nanoparticle oxidation compared to NPs produced in untreated acetone [53] and
they suggest that the bound oxygen atoms in acetone contribute to NP oxidation. The
dissolved oxygen gas in the liquid is also found to partially oxidize NPs due to aging [28],
which means that the oxidation occurs also due to the possibly prolonged NPs storage in
the liquid before the analysis. Hence, the surface oxidation of FeNi NPs into spinel NiFe;Oy4
was likely caused by the NPs’ exposure to the oxygen species generated from the pyrolysis
of the ablation liquid and later followed by the dissolved gas due to aging.

3.3. Morphology and Particle Size Distribution

The morphologies of the NPs ablated in dried acetone, water, and acetone are pre-
sented in Figure 3. Based on the bright field images of NPs in dried acetone (Figure 3a—),
core-shell structures with a core and two layers are formed, independently of the particle
size. The thickness of the first layer (inner shell) ranges from 1.5 to 2.9 nm and has an
average of 1.9 nm, whereas the average thickness of the second layer (outmost shell) was
measured to be 2.4 nm, with a size range of 1.1-4.2 nm (Table 2). The core part shows
a darker contrast in comparison to the shell, which can be explained as the change of
electron scattering due to the electron density. The high electron density of the core part
can be associated with the high material density, and in our case, it is FesoNi5y with a
density of approximately 8.4 g/cm?3. For the inner shell, the formation of a carbide or oxide
layer is likely, as the ablation was performed in a solvent with molecularly bound carbon
and oxygen atoms. The density of iron and nickel carbide are approximately 4.93 and
7.99 g/cm?, respectively, while iron, nickel, and iron-nickel oxide densities are between
5-7 g/cm?, which explains the lower contrast of the inner shell compared to the core. The
formation of iron and nickel carbides and oxides after the ablation of NisgFes, in acetone
was previously reported, but there were still unidentified peaks around 52°, 71°, and
between 75-90° despite efforts from the authors [33], which are identified as FCC and HCP
peaks of FeNi in this study (Figure 2). XRD results in Figure 2 and the lattice distance
observed in Figure 3c confirm that the inner shell of this sample is constituted by spinel
iron-nickel oxide (NiFe;O4). Meanwhile, the outmost layer with the brightest contrast can
be attributed to a carbon layer, which was formed due to the pyrolysis of organic solvent by
the high-intensity pulses [27]. The laser radiation pyrolyzes the organic solvent and yields
carbon species [54], which then become the building block of the outer NP layer. A small
part of graphitic carbon is observed in this sample (Figure 54), but most of the observed
carbon layers are amorphous.

Table 2. FeNi NPs in dried acetone, acetone, and water shell thicknesses as obtained by TEM.

Average Particle

Shell Thickness (nm)

Ablation Liquid . Core Phase Shell Phase Range
Size (x¢, nm) Average (Mean) (Min to Max)
NiFe, Oy 24 1.1-4.2
Dried acetone 102+ 0.3 HCP/FCC FeNi
Amorphous 1.9 1.5-2.9
carbon
NiFe, Oy 2.3 1.4-3.5
Acetone 120+ 0.2 HCP/FCC FeNi —
Graphitic carbon 1.2 0.7-1.9
Water 17.7 £ 0.6 FCC FeNi NiFe, Oy 49 24-9.8
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Figure 3. Morphology of FeNi NPs ablated in dried acetone (a—c), acetone (d—f), and water (g—i).
(a,d,g) show the core-shell structure and the shell thickness of larger NPs, while (b,e,h) represent
the smaller NPs. (c,f,i) confirm the phases observed in the XRD by measuring the lattice distance
between the core and the shell.

Contrarily to the FeNi NPs in dried acetone, which exhibit the same core-shell structure
for both small and large nanoparticle sizes, the sample in acetone (Figure 3) has two types
of core-shell structures. Large NPs (d > 50 nm) form a core-shell structure, and the small
NPs (d~20 nm) lean towards the formation of a core with outer graphitic carbon layers. The
formation of a graphitic carbon layer was formerly reported after PLAL of metal targets in
organic solvents, where the metal acts as a catalyst for the graphitization of the pyrolyzed
carbon-based solvent [27,33]. Regarding the ablation of FeNi NPs in water, the formation
of a core and a single shell structure for all NPs sizes was found. The formation of a single
layer (without the carbon layer) is expected as water decomposes to Hp and O, [54]. Based
on the standard reduction potential, O; acts as an oxidizing agent in the reaction with Fe
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and Ni, hence, the shell is most likely to be composed of oxides as supported by the XRD
data (Figure 2).

The particle size distribution of each sample was measured for at least 400 particles
(Figure 4). All the histograms of the particle size distribution fit the log-normal distribution,
which is common in PLAL-produced NPs. Meanwhile, the NPs produced through chemical
synthesis methods, such as coprecipitation, hydrothermal, and sol-gel methods, usually
have a Gaussian-type size distribution [18,55-57]. The average particle size of the sample is
defined based on the center value of the log-normal fitting curve (x.) and the polydispersity
index (PDI) is calculated from the square of standard deviation divided by the square of
the mean value (02/p?). The PDI is used to define whether the NPs are monodisperse or
polydisperse, where a value of less than 0.3 is considered monodisperse [58]. The NPs size
in dried acetone shows the lowest average particle size (x.) of 10.2 & 0.3 nm, followed by
NPs in acetone (12.0 + 0.2 nm), and NPs in water (17.7 + 0.6 nm). The PDI values of NPs in
dried acetone, acetone and water are found to be 0.28, 0.28, and 0.91, respectively. Based on
these results, the FeNi NPs in dried acetone and acetone can be considered monodisperse,
while the FeNi NPs produced in water are polydisperse. The FeNi NPs in dried acetone and
acetone are smaller than the FeNi in water due to the carbon coating on the NPs surface, which
prevent the growth and coalescence of the NPs [59]. Nevertheless, it should be noted that
further growth during storage cannot be completely ruled out even with carbon coating [60].
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Figure 4. Number-weighted particle size distribution of FeNi NPs in (a) dried acetone, (b) acetone,
and (c) water. FeNi NPs produced in dried acetone have the smallest median size and PDI, followed
by FeNi produced in acetone, and FeNi produced in water. The number of counted particles (n) is
denoted in the figures.

3.4. Elemental Composition

To determine the elemental composition of the NPs’ core and shell, elemental scans
using EDX-TEM were performed (Figure 5). A particle size of around 50 nm was selected
as representative since the NPs generally have a distinct core-shell structure. Smaller NPs
(10-20 nm) show distinct core-shell structures as well, but the oxygen signal from the
environment sometimes provides a stronger contribution than the actual oxygen level
on the NPs, hindering the oxidation analysis of the shell part (Figure S5). Hence, the
discussion related to the EDX line scanning is limited to the larger NPs with a diameter of
approximately 50 nm.

The EDX line scans (Figure 5) show that the Fe intensity is generally higher than the Ni
intensity on the nanoparticle’s surface. This signal difference between Ni and Fe represents
the composition of the shell, where Fe is present in a higher percentage compared to Ni.
The oxygen intensity in all samples increases from the start of the shell where Fe is detected,
then the value is constant throughout the particle. This shows that oxidation only occurs
on the surface of the particle, but not in the core, where the Fes59Nisy composition of the
initial target is preserved. By assuming that all O atomic % (at%) belongs to the shell with a
composition of NiFe, Oy, the approximate Fe and Ni at% in the core part were calculated, as
shown in Table 3. Note that the drop-casting was not performed in a glovebox; hence, it is
likely that some oxygen adsorbs to the grid during the sample preparation prior to the TEM
analysis. In addition, the accuracy of the device is around 1 at%, which might influence the
estimation of the core composition. The at% of Fe and Ni in the core part of dried acetone,
acetone, and water samples show almost similar values with a difference of around 1-3 at%,
which means that the bulk composition is maintained. Jakobi et al. argued that similar heat
of evaporation and density of Pt and Ir during the ablation of Pty;Irg in acetone produced
NPs with similar stoichiometry as the target material [61]. The heat of evaporation of Ni
and Fe are 370.4 kJ /mol and 349.6 kJ/mol, while the densities are 8.9 g/ cm? and 7.9 g/ cm?,
respectively. These similar values of heat of evaporation and density (1.06 and 1.13-factor
difference, respectively) induce the simultaneous evaporation and condensation of the
FeNi NPs alloy, which preserves the target’s elemental ratio. However, the oxidation level
of the sample in dried acetone showed an unexpectedly high O at% value, which is even
higher than water and twice the value of the sample in acetone. We have also measured
the elemental composition using the EDX map scanning, which represents a larger area
covering a larger number of NPs and also different NP sizes. As shown in Figure S6 and
Table S1, the O at% of the dried acetone sample is the lowest, with a 15 at% difference
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compared to the acetone sample. There is also an anomalous trend where O at% of the
water sample is slightly lower by almost 3 at% compared to the acetone sample. Therefore,
we believe that the measurement of O at% from EDX-TEM fails to provide a complete
representative value for the whole sample and includes the contribution of all the NP
sizes, leading to a variation of the O at% values obtained for different NPs or analyzed
areas. Thus, we sought another measurement, i.e., Mdssbauer spectroscopy, to define the
oxidation level of the whole sample with higher statistical confidence.
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Figure 5. EDX-line scans of FeNi NPs ablated in (a) dried acetone, (b) acetone, and (c) water. The
constant oxygen signals, which do not follow the Fe and Ni signals, indicate that oxidation only

occurs on the NP surface.

Table 3. Elemental composition (in at%) of the NPs shown in Figure 5 and the estimation of Fe and
Ni at% in the core part, assuming that all oxygen at% belongs to the NiFe,Oy shell.

Whole Particle Composition Shell Composition * Core Composition **
Ablation Liquid
Fe at% Ni at% O at% Ni at% Fe, at% Oy at% Fe at% Ni at%
Dried acetone 29.3 35.6 8.9 17.8 35.6 17.3 204
Acetone 38.1 18.2 4.6 9.1 18.2 345 33.6
Water 33.6 27.7 6.9 13.9 27.7 249 26.7

* with the assumption that all O at% of the particle comes from the NiFe,Oy4 shell, ** subtracting the whole particle
composition with the shell composition.
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Mossbauer spectroscopy was employed to quantify the total oxide fraction of the
FeNi NPs and their aging behavior for longer oxidation times. The measurements were
performed in transmission geometry, providing a measurement signal averaged over the
total sample volume, thus, giving a comprehensive overview of the composition of Fe-
bearing phases in the nanoparticles as well as their general magnetic structure. Due to
different hyperfine interactions of the Fe nuclei with their surroundings, metallic and
oxidic Fe-bearing phases result in distinctively different sub-spectra, as visible in Figure 6a.
At ca. 4.3 K, two broadened sextet distributions can be identified for the aged, dried
acetone sample: a larger one with moderate hyperfine magnetic fields By¢ and an average
isomer shift of ca. 0.30 mm/s (green) assigned to metallic FeNi, and a second one with a
larger By¢ and an isomer shift of ca. 0.47 mm/s. The latter is usually indicative of ferric
oxides [62,63], whereby this distribution is assigned to iron atoms in the NiFe,Oy, shell.
Due to the very broad structure of the metallic FeNi subspectrum, a resolution of HCP- and
FCC-components was not feasible.
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Figure 6. Mossbauer spectra of FeNi NP colloids: Prepared from dried acetone, aged for four months
measured at 4.3 K (a) and 80 K (b), from dried acetone in the initial state at 80 K (c¢) and acetone in the
initial state at 80 K (d). Spectra consist of an outer sextet distribution (orange) assigned to NiFe,Oy,
an inner sextet distribution corresponding to metallic FeNi (grey), and a doublet contribution (green)
assigned to oxide material in the para- or superparamagnetic state.

Studying the spectrum at 80 K in Figure 6b in comparison, we observe only minor
changes in the metallic FeNi subspectrum, while the oxidic sextet almost vanished, now
manifesting mainly in a para- or superparamagnetic doublet state (green), both being
mainly identical in spectral intensity and isomer shift. A more detailed analysis can be
found in Figure S7, showing the dried acetone FeNi nanopowder spectra between 5 K and
room temperature without an external magnetic field. This was done to study whether
complete evaporation of the liquid to produce a powdered sample resulted in an oxidation
increase due to the exposure to air, and the possibility of storing the colloids as a powder
without influencing the oxidation level.

From the spectrum at 5 K, where the sub-spectra can be well resolved, 26% of the
spectral area is assigned to the oxide fraction, which would suggest that further oxidation
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of this sample takes place following drying and storage before the measurement was
completed. This proves our earlier point, that it is important to use freshly produced
colloids without extended storage time, either in their original liquid or as dried NP
powder. To further reduce the oxidation level, it is also possible to use an organic solvent
with no molecularly bound oxygen, such as acetonitrile, or H; as a reducing gas. However,
the reduced price and the reusability of the molecular sieves employed in this work,
which could be re-activated by heat treatment at around 300 °C, offer a beneficial option
for the oxidation control of PLAL-generated NPs and the cost-effective upscaling of the
production as required for catalysis applications. At higher temperatures, it is found that
the sextet to doublet transition of the NiFe,O4 component mainly takes place between 30
and 60 K. No considerable changes in the spectral structure are visible above ca. 100 K.
Corresponding measurements up to room temperature were not attainable for the colloidal
samples since Brownian nanoparticle motion leads to severe line broadening, hindering a
detailed analysis [64,65].

For the dried acetone colloid 4 months after production shown in Figure 6a,b, the
NiFe,O4 sub-spectra contains roughly 27% of the spectral area. Assuming the oxide shell
consists of stoichiometric NiFe,O4 based on the previous XRD results (Figure 2) and expect-
ing similar Debye-Waller factors for metallic FeNi and NiFe,Oy at cryogenic temperatures,
relative spectral areas represent a simple approximation of the weight percentage (wt%)
of the corresponding phase due to very similar atomic Fe fractions per mass. To evaluate
the effect of reducing water content on the total oxide fraction as well as the stability of
the prepared nanoparticles, the oxide spectral area in aged, and dried acetone colloid is
compared to fresh dried acetone (14%) and fresh acetone colloid (22%) shown in Figure 6¢,d.
The results clearly show a lower oxide fraction after preparation in mole-sieved acetone
and minor ongoing oxidation upon a longer aging time. It can be concluded that while the
drying process is effective, the reduced oxidation of the sample is lost again after extended
storage time, and results in a similar oxide fraction as the fresh colloid made from the
commercial, untreated acetone. This also means that the carbon shell and the NiFe,;Oy shell
on the NPs did not completely stop further oxidation of the NPs during longer storage
time. Oxidation might occur from the presence of molecularly bound O atoms in acetone
or the dissolved O, gas. Therefore, it is important to use fresh colloids in the posterior
intended catalysis or magnetic application to avoid further oxidation that can detriment
the produced FeNi NPs performance.

3.5. Magnetic Properties

The magnetic field-dependent magnetization M(H) curves of FeNi NPs formed in
different liquids are shown in Figure 7, recorded at 300 K up to a maximum magnetic
field of 1 T. A similar saturation alignment for the three samples can be observed, with
the overall character of the M(H) curves being comparable, reaching high magnetization
values already at ca. 0.4 T and showing a gradual further increase in the high-field region.
Based on Mossbauer spectroscopy in-field experiments as shown in Figure S8, this M(H)
shape can be explained as follows: A distinctively reduced intensity of lines 2 and 5
of the FeNi subspectrum can be observed already at a magnetic field of 1 T visible in
Figure S8b, revealing a state of almost complete magnetic alignment for the metallic core
of the nanoparticles [66]. The NiFe,Oy shell, on the other hand, displays high intensities
of lines 2 and 5 even up to 8 T (Figure S8¢), proving that magnetic moments here are
still relatively random in their orientation, resulting in a limited oxide contribution to
magnetization, slowly increasing when going to higher fields. The incomplete magnetic
alignment of the oxide shell is also clearly evident by the only partial resolution of the
contributions from A- and B-spinel lattice positions at 8 T.
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Figure 7. M(H) curves of FeNi nanoparticle powders from colloids prepared in different liquids at
room temperature (300 K). FeNi in acetone data reproduced from [67].

Clear differences are apparent when regarding the 1 T magnetization values. When
comparing the acetone and dried acetone samples, the effect of the drying process becomes
clear, as the mole-sieved sample has a higher magnetization of ca. 59 Am?/kg compared to
the 52 Am? /kg of the non-sieved sample, which can presumably be attributed to the lower
oxidation of the former. However, the sample produced in water shows an even higher
magnetization at 68 Am?/kg. It would be prudent to assume that this difference stems
from the fact that the particle size of the water-based sample is significantly higher than
that of the two acetone-based ones, which would lead to a lower surface-to-volume ratio
and thus a reduced amount of surface spin canting. To discern this difference, additional
magnetometry measurements were performed, up to higher fields of 9 T and in a wide
range of temperatures from 4.3 K up to 300 K, as shown in Figure S9 for the dried acetone
and water-based samples. Here, two aspects can be discussed: on the one hand, the low
temperature, and high field measurements show that the water-based sample still retains a
slightly higher magnetization value at 9 T of 82 Am?/kg compared to 76 Am?/kg for the
dried acetone sample. Interestingly, the slightly more pronounced shape of the M(H) curves
for the water-based sample indicates that full saturation has not yet been reached at 9 T,
which would suggest that the higher magnetization value compared to the acetone-based
samples is not solely due to a reduced occurrence of spin canting due to the larger average
particle size. An explanation can be provided by the paramagnetic HCP phase being
present in the acetone-based samples, but not in the water-based one, leading to a reduction
of the overall measured magnetization. Additionally, the previously mentioned carbon
shell formation can also contribute to this effect. However, despite this slight decrease
relative to the water-based sample, the difference in magnetization visible between the
sample formed in dried and regular acetone clearly shows the viability of the method
presented here to prevent undesired oxidation of the FeNi NPs.

4. Conclusions

Reducing water impurities in acetone for the generation of Fe59Nisp nanoalloys by
PLAL influences the phases, core-shell structure, oxidation, and magnetic property of
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the produced NPs. FeNi NPs in dried acetone with reduced water impurity exhibit FCC
and HCP phases in the core, an inner NiFe,Oy4 shell, and an outer amorphous carbon
shell (FCC/HCP FeNi@NiFe,O4@amorphous carbon). The NPs in commercial, untreated
acetone (water impurity of 0.3-0.5%) produced a mixture of FCC and HCP phases in
the core with either NiFe,O4 shell or graphitic carbon (FCC/HCP FeNi@NiFe,O4 and
FCC/HCP FeNi@graphitic carbon). Meanwhile, ablating FeNi alloy in water produced
FCC core and NiFe;O4 shell (FCC FeNi@ NiFe,O4) NPs without any traces of the HCP
phase or carbon shell. Reducing water impurity in acetone was found to lower the oxidation
level by 8% (total oxide fraction, as measured by Mossbauer spectroscopy) compared to
the NPs in untreated acetone. The magnetization of the dried acetone sample (59 Am? /kg)
was higher than the acetone sample (52 Am?/kg) due to the lower degree of oxidation.
The NPs produced in water exhibit a higher magnetization of 68 Am?/kg. The higher
magnetization in the water sample is due to the larger average NPs size (17 nm), compared
to the NPs in dried acetone (10 nm) and acetone (12 nm). The smaller average size of NPs
in acetone-based liquid is related to the carbon layer formed in the ablation plume, which
constrains the particle growth. The diverse core-shell structure and the modified FeNi
NPs properties observed in this study show that FeNi NPs with different phase and shell
structures can be generated just by reducing the amount of water impurity in the organic
solvent or modifying the solvent employed in PLAL. This opens up a straightforward
synthesis approach of different core-shell FeNi NPs that can be adapted to the broad
fields where FeNi NPs are applied, such as sensors and actuators development, catalysis,
magnetism, or biomedicine.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/nano13020227/s1, Figure S1: The normalized absorption spectra
of Fe50Ni50 nanoparticles generated in dried acetone (black), acetone (red), and water (blue) within
the wavelength of 400-1100 nm; Figure S2: Phase identification of FeNi NPs in dried acetone, acetone,
and water based on the Synchrotron XRD results; Figure S3: Rietveld refinement of the synchrotron
XRD results without the contribution of the oxide phase; Figure S4: HR-TEM image of NP in dried
acetone which shows the formation of graphitic carbon; Figure S5: Line scanning EDX-TEM of small
NP (d = 16 nm) of FeNi ablated in acetone (top) and in dried acetone (bottom); Figure S6: EDX map
scanning of the FeNi NPs in different ablation liquids. Figure S7: Mossbauer spectra of the dried
acetone colloid powder sample recorded between 5 K and room temperature. Figure S8: Mossbauer
spectra of an aged dried acetone powder sample recorded at ca. 4.3 K in external magnetic fields of (a)
0T, (b) 1T, and (c) 8 T parallel to y-ray incidence direction. Figure S9: Field-dependent magnetization
of FeNi nanoparticle powder from the (a) dried acetone and (b) the water-based sample recorded at
4.3 K to 300 K in magnetic fields up to 9 T. Table S1: The elemental composition of the whole area
(in at%) obtained by map scanning as shown in Figure S5 and the estimation of Fe and Ni at% in
the core part, assuming that all O at% belongs to the NiFe,Oy shell. Reference [68] is cited in the
supplementary materials.
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Parallel Diffractive Multi-Beam Pulsed-Laser Ablation in
Liquids Toward Cost-Effective Gram Per Hour Nanoparticle

Productivity

Inna Y. Khairani, Maximilian Spellauge, Farbod Riahi, Heinz P. Huber, Bilal Gokce,*

and Carlos DorAate-Buendia

Nanoparticles (NPs) generated by pulsed-laser ablation in liquids (PLAL) have
benefited many key applications due to their versatility, enlarged surface area, and
high purity. However, scaling up NPs production represents one of the main
requisites to commercialize this technology. The established upscaling strategy
demands high power and repetition rate laser source with fast scanning systems,
which are not widely available and costly. Herein, a cost-effective alternative is
proposed, the addition of static diffractive optical elements to achieve parallel
processing through the multi-beam PLAL (MB-PLAL). In MB-PLAL, the optimum
repetition rate is reduced to compensate laser energy splitting, hence achieving a
higher interpulse distance, reducing pulse shielding, and increasing NPs produc-
tivity. MB-PLAL with 11 beams reached a factor 4 productivity increase for iron—
nickel alloy (FesoNiso) NPs compared to the single-beam setup (0.4-1.6gh '), and
afactor 3 increase for gold (Au) NPs (0.32-0.94 g h™"). The scalability of the pro-
posed MB-PLAL technique setup is confirmed by Au and FesoNiso NPs productivity
experiments using 1, 6, and 11 beams, showing a linear increase in productivity.

1. Introduction

Pulsed-laser ablation in liquid (PLAL) is a versatile technique to
synthesize a wide variety of colloidal nanoparticles (NPs) by abla-
tion with a high-intensity pulsed laser of a bulk target immersed
in the desired liquid.! When a high-intensity laser pulse
(>10° W cm %) reaches the target material, the surface of the
material is evaporated, forming a hot plasma plume containing
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ions and atoms of both the target and the
liquid. Once the plasma plume collapses
and the cavitation bubble is formed from
the evaporation of the surrounding liquid,
the ions and atoms of the bulk target are
released to the liquid media due to the
rapid release of vapor,”®! while larger drop-
lets are ejected through the photomechani-
cal spallation.” The process is followed by
the condensation due to the rapid quench-
ing by the liquid (evaporation—condensation
mechanism®). Subsequently, primary NPs
are formed in the liquid media through con-
densation nucleation,® while coalescence
and growth contribute to the formation of
larger secondary particle.”~* The production
of NPs by PLAL offers several advantages,
including the synthesis of surfactant-free
NPs;% the versatility of the process!***?!
that allows the generation of metallic;**!
alloyed metal,® oxide,"® ceramic,'”! and
organic NPs;™® and the ability to produce NPs with complex
structures and compositions that poses a challenge for standard
chemical methods,'*?* such as metastable bimetallic
alloys,>%! or high-entropy alloy NPs.[??! Producing NPs with
a surfactant-free surface is a highly desirable property in the
field of biomedicine and catalysis!*”! as the surface composition
of the NPs strongly influences the biocompatibility and the cyto-
toxicity of the NPs,*® the specific surface area of the nano-
catalysts,[>1%%93% and generally the active surface sites for light
conversion, harvesting, and sensing.*’**! In addition, PLAL
complies with the green chemistry principlesl®*! compared to
chemical synthesis routes as it is performed in an ambient
atmosphere, requires less or no hazardous solvents and chem-
icals, produces less waste, and favors efficient reactant employ-
ment (atom economy).ps]

Despite the advantages offered by PLAL, its industrial use is
still limited due to the low production rate compared to the chem-
ical synthesis routes.’® The productivity of PLAL ranges from
several milligrams to several grams per hour depending on
the experimental parameters, with the highest mass productivity
at 8 gh™! achieved for the ablation of Pt in water using a high-
power laser and high scanning speed system that requires a huge
initial investment.*®*”! Increasing PLAL productivity represents
nowadays one of the main challenges of this technique.***
Several approaches to improve and study the deciding factors

© 2024 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH
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of PLAL productivity have been discussed,?® including

target-related parameters such as geometry,?®*% feeding
method,?**% porosity,*!! and composition;***? liquid-related
parameters such as liquid dynamics,**** layer thickness,****!
and viscosity;[*~*¥! as well as laser- and scanner-related param-
eters such as laser fluence,*! pulse duration,?>*" and scanning
speed.”***) One of the most successful approaches up to date to
increase PLAL productivity is employing a high repetition rate
(MHz) and high power (hundreds of watts) picosecond laser®”
coupled with a high-speed (hundreds of meter per second) beam
steering system to maximize the number of pulses ablating the
target (high repetition rate) while keeping the fluence of each
pulse above the threshold fluence, ideally at approximately
F=¢ - Fy,,’" where F is the fluence (on the target during the
experiment) and Fy, is the threshold fluence. This approach
allows to maximize the inter-pulse distance on the target to avoid
cavitation bubble shielding by utilizing high scanning speed.”**!
Furthermore, the use of picosecond pulses effectively avoids non-
linear energy losses in the liquid associated with femtosecond
lasers, while also reducing energy losses by thermal diffusion
in the target and shielding by the bubble evolving in the early
nanosecond time domain,®>°® which are relevant concerns
when using nanosecond laser pulses.’’>% Further increasing
the repetition rate and power of the picosecond laser sources
required for high productivity PLAL is limited by the technologi-
cal advances in the laser manufacturing industry, finding already
in the literature PLAL experiments with 3ps, 500 W, and
10 MHz.5* The most common laser-steering technology, galva-
nometer scanner, provides speeds up to 50m s~ ' byt
assuming a cavitation bubble size of 100 pm,[52] this speed can
only avoid beam shielding for a repetition rate of 350 kHz.>*!
Thus, a scanning speed higher than 100ms™" is essential to
accommodate a high-power and high-repetition-rate laser in
the PLAL process. Barcikowski and coworkers utilized a polygon
scanner which can reach a scanning speed of 484ms™' to
achieve a productivity of 8 gh ™ for the ablation of Pt in water®®!
and 3.8 gh ™! for the ablation of Au in water.’?*3 Nevertheless,
to avoid uncontrolled beam deflection due to the edges between
the rectangular mirrors of the polygon scanner, a duty cycle is
required, limiting the effective laser power to 50%.0¢°%33
Furthermore, the high price of the polygon scanner compared
to the galvanometer scanner increases the capital investment
and so the NP production cost in PLAL,*”) disrupting its prospec-
tive use in industrial applications. Consequently, even though a
maximum PLAL productivity of 8 gh~" has been achieved for Pt
NPs, the specific laser source and scanning systems require a
large initial investment and cannot be acquired extensively in
other research labs and industrial facilities to widen the
employment of PLAL for large-scale NP production. Hence,
alternative approaches that can be implemented with standard
commercial laser sources and galvanometric scanners should
be explored to deliver pulses with energies above the ablation
threshold of the material with megahertz repetition rates while
achieving a sufficient interpulse distance to bypass the cavita-
tion bubble and achieve production rates in the gram per
hour scale.

In this work, we propose an approach to increase PLAL pro-
ductivity by adapting the successful strategy of parallel multi-beam
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processing employed in laser material processing in air to
PLAL. Diffractive beam splitting has allowed to increase in the
efficiency of laser processing in air, achieving multiple and
homogenous surface patterns.”®%! The employed beam-
splitting strategies distribute the laser beam into an array of
M x N spots or lines!®” with a pulse energy reduction of a factor
M x N, where M and N are natural numbers. If the initial laser
pulse has enough energy to maintain the desired fluence in the
individual spots, beam splitting allows the production of defined
patterns on the target with a single shot instead of requiring
M x N individual laser exposures, hence highly reducing
the processing time in the optimum case by afactor of
M x N.[**%7) In addition to that, beam splitting enables to operate
at the optimal material processing fluence (~e€? - Fy,) for high
energy and power laser sources.’®! There exist different
approaches to split the laser beam,®® including the employment
of static diffractive optical elements (DOEs), spatial light modu-
lators (SLMs), and acousto-optic or electro-optic modulators
(AOM/EOM). Each of the methods has a different working
principle and advantages: 1) DOEs consist of static optical ele-
ments with periodic microstructures that modify the beam’s
phase and amplitude, 2) SLMs dynamically modulate the beam’s
phase, amplitude, and/or polarization applying electrical signals
to electrically anisotropic liquid-crystal molecules, 3) AOMs use a
piezoelectric transducer to generate standing sound waves which
modify the refractive index of a crystal, while EOMs employ vari-
able electric voltage signals to modulate the refractive index of
an electro-optic crystal. Nevertheless, SLM’s diffraction exhibits
an efficiency of ~40%,°”) while AOM/EOM requires a large ini-
tial investment and can be limited by the achievable pattern
size. In addition, specific SLMs and AOMs/EOMs are required
for high power and repetition rate picosecond laser sources due
to their damage threshold and cooling requirements, hence sig-
nificantly increasing the price.*® In this study, DOEs are cho-
sen due to their high damage threshold;"® high efficiency
(typically in a range of 80-95%);/°®7%”! high pattern homoge-
neity;[® robustness against beam parameters modification
such as beam size, beam quality, and lateral displacement;®*
and lower price and easy implementation in any optical setup
compared to SLMs and AOM/EOMs, allowing to easily adapt
and transfer the proposed MB-PLAL system to any PLAL system
available worldwide. The MB-PLAL is envisioned to provide the
benefits of parallel multi-beam laser processing as higher
material removal and efficient employment of high-power laser
sources. In addition, an improvement of the essential factor
required to increase the productivity of PLAL method is
expected: the increase of the interpulse distance by reducing
the repetition rate needed to achieve the optimum processing
fluence, hence reducing the PLAL demand for faster scanning
systems to avoid cavitation bubble pulse shielding and scale up
NP production rate. This report highlights the use of MB-PLAL
to successfully increase the productivity of iron nickel alloy by
factor 4 (1.6 gh™") through the integration of 11-beam splitter
DOE. Morphology, particle size, and phase of the produced NPs
were also analyzed, proving uniform and consistent properties
of the generated particles as a function of beam-splitting num-
ber, rendering suitable use of MB-PLAL in the upscaling pro-
cess and industrial outlook.

© 2024 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH
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2. Experimental Section

2.1. Material Selection, Productivity Determination, and NP
Characterization

The targets employed to investigate the MB-PLAL production
upscale were Au (1 x 20 x 70mm?®, 99.99%, EVOCHEM
Advanced Materials GmbH) and FesoNisp (1 % 20 x 70 mm?,
99.95%, Sindlhauser Materials GmbH). Au was employed as the
reference material in PLAL productivity. On the other side, FeNi
was selected as an example of a technologically relevant nanoma-
terial required in large amounts. One of the primary benefits of
FeNi NPs was in the field of electrolyzer technology, where the
material was proven as an economic and abundant alternative cata-
lyst to ruthenium oxide (RuO,) to accelerate oxygen evolution reac-
tion for water splitting.”>”* As green hydrogen would play a key
role in decarbonization,”! the production of this type of renewable
energy through electrolysis represents a major goal to address the
UNESCO sustainable development goals.”® Hence, supplying
abundant and efficient FeNi NPs catalysts to meet the demand
for electrolyzers is critical. All the obtained productivity values were
measured by the gravimetric method after 5 min of PLAL, weighing
the target before and after ablation with an analytical balance. The
splitting of the beam to generate the multiple beams was done
using DOEs and 6-beam DOE and 11-beam DOE were used.
The productivity measurements from the PLAL experiments using
a single-beam DOE, 6-beam DOE, and 11-beam DOE were
repeated three times to ensure reproducibility. The characteriza-
tions of the generated FeNi and Au colloidal NPs were performed
by a high-resolution transmission electron microscopy (HR-TEM,
JEOL JEM-2200FS, 200 kV, ZrO,/W emitter) and powder X-ray dif-
fraction (XRD) (Bruker D8 Advance Powder Diffractometer, Bragg-
Brentano geometry, CuKa radiation 1.5418 A, 40kV, and 40 maA).
To simplify the naming, standard single-beam PLAL without any
DOE will be further addressed as “standard PLAL”, while the PLAL
process with 1:6- and 1:11-beam-splitter DOE will be referred to as
“6-beam MB-PLAL” and “11-beam MB-PLAL”, respectively.

2.2. Single-Beam PLAL

A 10 ps neodymium-doped yttrium aluminum garnet (Nd:YAG)
laser with a wavelength of 1064 nm, an average power of 120 W, a
tunable repetition rate of 400-4000kHz, a raw beam diameter
(1/€? criteria) of 5 mm, and a beam quality of 1.11 was employed.
The laser beam was directed on the FesoNis, (FeNi) or Au target
by a galvanometer scanner coupled with an f-theta lens (focal
length of 167 mm) describing an Archimedean spiral pattern
(10 mm diameter) with a marking speed of 20ms™". Several
parameters such as repetition rate, working distance, and liquid
flow rate were optimized to accommodate the highest productiv-
ity achieved in the setup. The laser parameters such as laser
power, repetition rate, beam area at plane, and pulse energy
are presented in Table S1, Supporting Information. The highest
laser power achievable for the employed repetition rate was
employed to ensure productivity maximization. Distilled water
(18.2MQcm at 25°C ultrapure Mili-Q water, Synergy Water
Purification System) was used as the liquid source and pumped
by a peristaltic pump at 500 mLmin~". A quartz window (2 mm
thickness) with an antireflective coating at laser wavelength
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(R<0.25%) was employed, and the liquid layer thickness,
defined as the distance between the inner side of the glass and
the surface of the target, was approximately 6 mm.

2.3. MB-PLAL Process (Multiple Beams)

The splitting of the initial laser beam into 6 and 11 equivalent
beams was achieved by the use of beam-splitting DOEs, a
1:6-beam-splitter DOE (HOLOEYE Photonics AG) and a
1:11-beam-splitter DOE (LIMO Lissotschenko Mikrooptik GmbH),
respectively. Parameters such as repetition rate and working dis-
tance were independently optimized for each material and the
number of beams produced by the DOE. The DOE was placed
after the f~0 lens of the scanner to accommodate the use of a
large scanning pattern, Figure 1. Placing the DOE before the

(a) 09
o]

>

(b)

Laser”
output

Mirror

F-theta‘. lens
167 mm

Diffractiv-g-n

optital
element

Figure 1. a) Schematic illustrations of the MB-PLAL process in a flow
chamber with a 1:11-beam-splitter DOE and b) real setup of the experi-
mental procedure with top and side views. Note that the beam splitter
DOE is placed close to the f~0 lens to avoid the focused beam damaging
the DOE.
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scanner limits the length of the array of spots. In addition, sepa-
rating the beam before the scanner may induce larger position-
ing uncertainty for the beams at the edge of the f-0 lens.*® The
average power of the laser before adding the DOE was measured
to be approx. 100 W at 400 kHz. After implementing 11- and 6-
beam DOEs, the power was slightly reduced to ~98.8 and 99.3 W,
respectively, suggesting only minor power losses well below 2%.
The beam splitters reduced the pulse energy of each individual
beam after the 6-beam and 11-beam DOEs by a factor of 6 and 11,
respectively.

To explain the effect of the DOE on the MB-PLAL processing
conditions, a schematic representation is shown in Figure 2. A
standard PLAL without beam splitting is represented in
Figure 2a, where the laser beam with a certain power P and rep-
etition rate f,., results in a pulse energy |, as described by

Equation (1):
P

E=———
P frerN

(1)

where P is the average laser power (W); f,, is the repetition rate
(Hz); and N is the number of beams. The normalized pulse

(a) Standard PLAL

Undiffracted beam
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energy in the standard PLAL setup as a function of time and posi-
tion on the target is depicted in the graphs in Figure 2a. As a
representative example, a twofold beam splitting is illustrated,
the beam from the laser with a certain repetition rate f,., and
pulse energy E,, was split into two beam parts, halving the pulse
energy for each beam to (E,/2) (see Figure 2b). Hence, to obtain
the same pulse energy E,, as in the standard PLAL, see Figure 2a,
the laser power had to be doubled (2P) while keeping the same
repetition rate f,; this way, the delivered number of pulses was
twice the standard PLAL, while the pulse energy was the same. In
the case where power cannot be doubled, the repetition rate
needed to be halved (f.,/2) to obtain, the same pulse energy
Figure 2c; this way, the pulse energy for each of the beams gen-
erated after the DOE was the same as the initial standard PLAL
system as shown in Figure 2a and, as a positive side effect, the
spot distance on the target was increased by two times, reducing
bubble shielding.

In our case, the goal is to upscale NP productivity, thus, the
laser power employed in every experiment was the one that our
laser source could deliver. To adjust the fluence employed and
maximize productivity, the approach followed was to adjust

Undiffracted beam
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Figure 2. Schematic diagram of the PLAL process to illustrate the relation between pulse energy E;, and repetition rate f ., in a) a standard PLAL without
beam splitting, b) an MB-PLAL setup generating two beams without repetition rate compensation (using the same repetition rate f ., as the standard
PLAL), and c) an MB-PLAL setup generating two beams and with repetition rate compensation (repetition rate value is reduced by a factor of 2 (f ., /2)
according to the number of beams generated, leading to a two times larger spot spacing on the target). Please note that the normalized pulsed energy of
the undiffracted beam in (c) is twice (2E;) of the normalized pulsed energy of diffracted beam (E;). The term “a.u.” is an abbreviation from “arbitrary
unit,” indicating a comparative unit for a relative quantification.
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the repetition rate. The optimum repetition rate for the standard
PLAL of FeNi in water was 3000 kHz (Figure S1, Supporting
Information). When the beam was split into 6 and 11 beams,
in the case of 6-beam and 11-beam DOE PLAL, the repetition
rate was reduced to 500 and 400 kHz, respectively, trying to reach
the optimum value that would be dividing the repetition rate of
the maximum productivity achieved with the standard PLAL sys-
tem by 6 and 11. However, 400 kHz was the lowest repetition rate
achievable in our laser system.

3. Results and Discussion
3.1. PLAL and MB-PLAL FeNi NPs Productivity

To study the influence of beam splitting on PLAL productivity
and investigate the advantages and limitations of the proposed
MB-PLAL configuration, we compared the mass productivity val-
ues of the standard PLAL and the MB-PLAL setups. As shown in
Figure 3a, the FeNi NP productivity using the standard PLAL
configuration was 0.4gh™'. After placing the 6-beam DOE,
the repetition rate was reduced to 500 kHz (one-sixth of the rep-
etition rate of standard PLAL) to employ a similar pulse energy
value, as explained in Section 2.3. With the 6-beam splitter, we
obtained a productivity jump from 0.4 to 1.24 gh ™', which rep-
resents a factor 3 increase (Figure 3a). The 11-beam MB-PLAL, in
contrast, was performed at 400 kHz due to the impossibility of
further reducing the repetition rate of our laser source, hence,
the pulse energy and fluence in this setup was lower than the
standard PLAL and 6-beam MB-PLAL. Nevertheless, the increase
in productivity is still observed, obtaining productivity as high as
1.6 gh ™! with an increasing factor of 4 compared to the standard
PLAL. To the best of our knowledge, this is the first time a pro-
ductivity value of 1.6gh™" has been reported for PLAL of
FesoNiso in water. The power-specific productivity (Figure 3b)
was calculated by dividing the mass productivity by the employed
laser power. This comparison of power-specific productivities
using different beam splitters is important to evaluate the power
efficiency of the laser system after the DOE addition. As shown in

(@ 18
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1.4+ 1.24 glh
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£ 1.24 JE
2
> 1.0
=
5 0.8
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o 0.6
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Figure 3b, the power-specific productivities of 6-beam and 11-
beam MB-PLAL were increased 3.5 and 4 times compared to
the standard PLAL, respectively. The increasing trend of
power-specific productivity is also similar to the trend of mass
productivity, which confirms the enhanced laser power delivery
to the target for the MB-PLAL configuration.

The underlying reason for this improved delivery of laser
power and hence productivity rise lies in the achieved interpulse
distance increase from approximately 7 pm (single beam) to
50 pm (11 beams) due to the repetition rate reduction. The larger
interpulse distance reduces the laser beam interaction with the
cavitation bubble generated by the previous laser pulse (Table 1).
The advantage of using the beam splitter is the ability to increase
the interpulse distance while keeping the same number of pulses
delivered to the target. In the standard PLAL system without the
beam splitter (and a fixed scanning speed), one might need to
reduce the repetition rate value to achieve the desired interpulse
distance. However, the reduction of the number of pulses irra-
diating the target would highly reduce productivity. In addition,
the cavitation bubble would be enlarged due to the increase of the
pulse energy’””® resulting in the subsequent increase of the
laser pulse shielding. If the repetition rate and fluence are kept
constant, the compromise would be to lower the laser power,
which means that the maximum outcome of the laser source is
not fully utilized to achieve the highest productivity. Meanwhile,
if we want to keep the same pulse energy, fluence, repetition rate,
and power while increasing the interpulse distance, the scanning

Table 1. The influence of the proposed repetition rate compensation in
MB-PLAL depending on the number of generated beams by the DOE
and the effect on the interpulse distances.

Number of Rep. rate  Power Pulse Scanning Interpulse
beams [N] [MHz] [W] energy [u)] speed [ms~'] distance [um]
1 3 111.2 37.1 20 7
6 0.5 99.3 331 20 40
1 0.4 98.8 22.5 20 50
(0) 18— . —18
B Mass productivity
161 o Power-specific productivity LB :I 16 g
2777 <
—~ 1.4 77 F14 ©
£ e £
E 1.2 //E F12 §
> =
B 1.0 L10 3
= P ]
2 / o
5 0.8 e =
@ 7 =
S 0.6 v L6 ©
= 7 3
044 = L4 B
L 2
o
0.2 L2 o
0.0 T T T 0
1 6 11

Number of beams (n)

Figure 3. a) FeNi NP productivity in water values at the optimized parameters. b) Productivity and power-specific productivity comparison as a function of

the number of beams.
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speed has to be increased to at least 150 m s~ ! to achieve an inter-
pulse distance of 50 pm with 3000 kHz repetition rate (maximum
FeNi NP productivity for the standard PLAL system). This high
scanning speed can be achieved by a polygon scanner, but the
polygon technology requires the laser shutter to be closed when
the beam pathway is nearing the corner of the polygon mirrors to
avoid uncontrollable beam pathways which can damage the scan-
ner.® Depending on the duty cycle, the delivered laser power
could be cut by half®® and the power efficiency is therefore
reduced.® In addition to that, the capital investment to purchase
a polygon scanning system®”! is significantly greater than the
price of a galvanometer system combined with the DOE. Based
on these considerations, we propose the MB-PLAL system as an
economical alternative to boost the productivity of PLAL-
generated NPs by increasing the interpulse distance and
efficiently delivering pulses at MHz repetition rates without con-
siderable power losses or the necessity to use cutting-edge high-
speed scanning systems.

We further measured the productivity of the FeNi target at the
same fluence and repetition rate by changing the laser power
(Figure S2, Supporting Information). In this measurement,
we aim to calculate the productivity increase factor as a function
of the number of beam(s) at the same fluence value, as the flu-
ences presented in Figure 3 could not be kept constant due to the
laser’s technical limitations not allowing to reduce the repetition
rate below 400 kHz. The measurement parameters of this study
are presented in Table S2, Supporting Information. From the
standard PLAL to 6-beam and 11-beam MB-PLAL, the productiv-
ity increase factors are 3.6 and 6.4, respectively (Figure S2,
Supporting Information). Even though the laser power is
increased according to the number of beams, the productivity
is not increased 6 and 11 times. The nonlinear scale-up is proba-
bly due to the energy lost as shock waves,”®! in addition to tur-
bulences and backflow inside the ablation chamber, promoting
laser shielding by the NPs, cavitation bubbles, and persistent
microbubbles. Based on the linear fitting, it is possible to infer
that increasing the number of beams with other DOEs could

www.adpr-journal.com

result in even higher productivity if a laser with a higher power
and higher repetition rate is used. The inset in Figure S2,
Supporting Information, shows the ablation area of the FeNi tar-
get after the 11-beam MB-PLAL process, confirming an increase
of seven times compared to the single-beam ablation. The influ-
ence of the ablation area and spatial beam overlapping on
productivity have not been evaluated; however, the 11-beam
MB-PLAL shows the highest productivity with the largest abla-
tion area, pointing out the possibility of a future further produc-
tivity increase by avoiding beam overlap.

Ensuring consistent properties, i.e., morphology, particle size,
and crystalline structure, of the produced NPs in the MB-PLAL is
a crucial consideration for the scalability of the process and the
prospective industrial use. The particle size distribution of the
generated FeNi NPs was measured to investigate the influence
of MB-PLAL setup to the morphology and size of the resulting
NPs, Figure 4a. Based on the TEM images in Figure 4a, FeNi NPs
are formed as core—shell, which is in agreement with the struc-
ture reported in previous FeNi PLAL experiments.'” The
median values (x.) of the log-normal fitting of all the samples are
similar, 14 & 7 nm for the standard PLAL (1 beam), 11+ 9nm
for the 6-beam MB-PLAL, and 14 4+ 13nm for the 11-beam
MB-PLAL. The x. is slightly smaller for the 6-beam MB-PLAL,
but the difference is not significant and within the standard devi-
ation. The polydispersity index (PDI), obtained from ¢*/u” where
o represents the standard deviation and p indicates the mean
value, shows a value of 0.26 for the single-beam ablation, which
is smaller than the samples with beam splitting with respective
values of 0.44 and 0.53 for 6- and 11-beam processing. Although
there seems to be a trend of increasing PDI and standard devia-
tion values with the increasing number of beams, a more thor-
ough investigation should be performed to confirm this trend.

Based on our current observations, as shown in the inset of

Figure 4a as well as the HR-TEM images of FeNi and Au NPs
generated in different number of beams and repetition rates
in Figure S3, Supporting Information, we do not observe any sig-
nificant changes in the morphology or particle size as a function

(@) (b) g * FCC FeNi
0.304 1 beam = T
X, = 143 + 7.3 nm R § Spinel NiFe,O,
PDI = 0.26 ¢ s g g s g
_ 0.254 5, § 3 gs, g
I —_
ol 6 beams 3
e 0:201 X, =115+ 9.1 nm &
E PDI=0.44 | =
o 4 7]
1;_) 0.154 pf; 6 beam
2 I 11 beams £ i A\
§ 010 X, =144 +13.0 nm
PDI =0.53
0.05
| l \ijthT“ ~ 11 beam
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Figure 4. a) Particle size distribution and b) XRD diffractogram of standard PLAL (1 beam) and MB-PLAL (6 beams and 11 beams) of FeNi NPs. The
measurements of particle size in (a) were done using Image) software of more than 400 particles. The insets in (a) show the HR-TEM images of FeNi NPs

generated using different numbers of beams.
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of the number of beams. Analysis of the crystalline structure was
also sought to ensure consistent phase of the produced NPs,
Figure 4b. Two phases are formed in the standard 1-beam
PLAL of FeNi in water: face-centered cubic (FCC) FeNi and spi-
nel NiFe,04.The FCC FeNi occupies the core part of the NPs,
while spinel nickel ferrite (NiFe,O4) can be found in the shell
part as a result of oxidation.'! Based on the diffractograms of
FeNi NPs generated with different number of beams, Figure 4b,
there is no formation of new peaks or disappearance of peaks as
compared to the single-beam diffractogram, which indicates that
the crystalline structure of the FeNi NPs remains constant for
MB-PLAL, finding the FCC and spinel nickel ferrite composition.
It can be concluded that the MB-PLAL does not influence the
properties of the generated FeNi NPs and it is therefore suitable
for direct PLAL NP production upscaling without influencing the
composition, phase, or size of the produced NPs.

3.2. PLAL and MB-PLAL Au NPs Productivity

The productivity comparison of FeNi with a benchmark material
such as Au is essential to help us understand the influence of the
material’s property on the MB-PLAL productivity value and the
possibility of generally extending the results. Colloidal gold NPs
are chosen due to their practical versatility in various applica-
tions, such as air and water purification, immunotherapy, cancer
treatment, sensor, biomarker, and drug delivery,®**% and their
high-value increase compared to their bulk counterpart.®*! The
standard PLAL and MB-PLAL mass productivity of FeNi and Au
NPs are compared in Figure 5. The results shown were per-
formed at the optimized processing parameters for each material
(Table S1, Supporting Information), as each material has a dif-
ferent ablation fluence threshold. The standard PLAL productiv-
ity of Au and FeNi is similar, 0.32 and 0.40 gh™", respectively.
The productivity increase factors of Au from the standard PLAL
to 6-beam and 11-beam MB-PLAL are found to be 2.1 and 3,
which is lower than FeNi increase factors of 3.1 and 4, respec-
tively (Figure 5).

1.8
1.60 g/h [ ]standard PLAL
1.6 [ ] 6-beam MB-PLAL
I 11-beam MB-PLAL

= 144 1.24 g/h
)
‘; 1.2 1
2 1.0 0.94 g/h
)
8 0.8 0.68 g/h
o —
»n 0.6
@
S 4] 0400 03291

0.2

0.0 T T

FeNi ' Au
Materials

Figure 5. Mass productivity comparison between FeNi and Au ablation in
water for PLAL and MB-PLAL NP production experiments.
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Although usually material-dependent productivity has been
reported to be linked to the trend of material density,®* other
underlying reasons might have influenced the productivity dif-
ferences observed between FeNi and Au in our case. 1) Larger
bubble half-width of Au than FeNi, Figure S5, Supporting
Information, which contributes to a larger pulse shielding.
The temporal distance between two pulses in the 11-beam
MB-PLAL of Au and FeNi is 2.5 ps, as the employed repetition
rate was 400 kHz. At this time range, the cavitation bubble half-
width of Au is larger than FeNi, Figure S5, Supporting
Information, resulting in a larger energy shielding. 2) The
steady-state optical absorptance of Au at our laser wavelength
(1064 nm) is 3%,%) lower compared to the FeNi which is 35%.
The higher the optical absorptance of the material at the irradia-
tion laser wavelength, the higher the energy absorbed by the tar-
get material,®*®® leading to a higher ablation volume. 3) The
intrinsic chemical disorder of alloy materials as FeNi®" contrib-
utes to a stronger electron-phonon coupling and lower thermal
conductivity,®” resulting in a lower threshold fluence than the
corresponding elemental materials. The HR-TEM images of
FeNi and Au NPs generated by different numbers of beams
are presented in Figure S3, Supporting Information, where no
change in particle morphology and size could be observed.
While the FeNi NPs show mostly spherical morphology, the
Au NPs seem to melt forming necks between the NPs.

3.3. Economical Perspective of MB-PLAL for
High-Throughput NPs

The definition of productivity in PLAL does not solely revolve
around mass productivity, but also power-specific productivity
and investment-specific productivity. The power-specific produc-
tivity tells us the efficiency of the available laser power used for
PLAL. It is important to make this distinction because high pro-
ductivity values do not always imply high power-specific produc-
tivity. The laser power can be partially wasted due to the
cavitation bubble pulse shielding, laser-liquid interaction, or
the beam steering method such as in the case of polygon scan-
ners.**! We have discussed in the previous section the power-
specific productivity of FeNi and how it follows a similar trend
as mass productivity. A similar trend is also observed for Au
(Figure 6a), although the values are smaller than FeNi due to
the aforementioned reasons. As we are aiming to scale up
PLAL productivity by proposing the MB-PLAL configuration suit-
able for any PLAL setup, the value of power-specific productivity
can give a hint of how efficiently the MB-PLAL can be imple-
mented in other labs worldwide to upgrade their PLAL system
to produce larger amounts of NPs.

However, another definition of productivity is needed to eval-
uate NP productivity as a function of capital investment, which is
related to the price to procure the instruments and units required
to start ablation. Capital investment budgeting is a vital part of
management policy formulation because it correlates with many
business factors such as growth, expansion, budget diversifica-
tion, modernization, and long-term planning.”® The value of
investment-specific productivity tells us the hourly produced
amount of NPs for every 1000 € of capital investment poured into
the PLAL system. The higher the value, the more efficient the
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Figure 6. a) Investment-specific productivity and b) power-specific pro-
ductivity of FeNi and Au NPs for PLAL and MB-PLAL as a function of
the number of beams. The shown error bars define the standard deviations
calculated from three measurements.

production is in terms of the required investment. Here, we
define the PLAL system as the combination of the laser system,
the optical table, the scanning system (including the software and
the f~0 lens), the water pumping system, and the DOE if appli-
cable. From the results presented in Figure 6b, the investment-
specific productivity of Au and FeNi with 11-beam MB-PLAL are
4.6 and 7.9 mg (hk€) ', respectively. A linear increasing trend,
similar to the mass- and power-specific productivities, is also
observed for the investment-specific productivity. This is because
the price of the beam-splitter DOE is marginal compared to the
laser and scanning systems, thus, the DOE does not significantly
increase the total capital investment of the PLAL system. Hence,
another advantage of MB-PLAL is the possibility to increase pro-
ductivity without significantly increasing capital investment.
An intriguing question arises, whether the performance of the
MB-PLAL system is more suitable and beneficial for industry
compared to the world-record PLAL productivity system pro-
posed by Streubel et al.*?! Here, we present Table 2, where we
compare our experimental parameters and productivity results of
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Table 2. Comparison of experimental parameters and the resulting mass-,
power-, and investment-specific productivities from ref.[52] and our
experiment for the ablation of Au in water. The initial investment covers
the price of purchasing the laser, the scanning system (including the f~0
lens), the optical table, the pumping system, and the DOE (if applicable).

Parameters Streubel This work
etal®™ Ty Without
DOE DOE
Laser power [W] 500.0 98.9 109.7
Scanning speed [ms ™| 484 20
Pulse width [ps] 3 10
Repetition rate (laser) [MHz] 10.1 0.4 2.0
Delivered pulses (on the target) 10.1 x 10° 4.4 x 10° 2.0 x 10°
[pulses s™]
Pulse energy [p]] 42.0 22.5 54.9
Interpulse distance [pm] 48 50 10
Mass productivity (Au) [gh™] 3.80 0.94 0.32
Power-specific productivity (Au) 7.60 9.50 292
[mg (W) ']
Initial investment [€] 671,800.00 203,700.00 201,100.00
Investment-specific productivity 5.66 4.61 1.59

(Au) [mg (hke) ']

Au PLAL to ref. [52]. The first and the most striking comparison
is the scanning speed. A high-speed polygon scanner with a
speed of 484 ms™! is employed in ref.[52] employed to achieve
an interpulse distance of 48 pm at a repetition rate of 10.1 MHz.
Meanwhile, our beam-splitting system could achieve an inter-
pulse distance of 50 pm using a galvanometer scanner with a
scanning speed of 20ms™!, which is 24 times slower than
the polygon scanner.*?) The number of delivered pulses onto
the target’s surface is also another point worth comparing. In our
case, we reduced the repetition rate to the lowest value in our
system to compensate for the pulse energy splitting by the
DOE and achieved a 50 um interpulse distance. Nevertheless,
we could still deliver 4.4 x 10° pulsess™ due to the splitting
by the 11-beam DOE. In addition, as the pulse energy is reduced
in the MB-PLAL setup, we can avoid the formation of a large cav-
itation bubble.®Y Although the number of delivered pulses,
4.4 x 10° pulses s ', is still lower than in ref. [52] (10’ pulses s ?),
we were able to deliver the equivalent number of pulses to a laser
operating in the megahertz regime even using a lower repetition
rate of 400 kHz. The number of delivered pulses by the 11-beam
MB-PLAL system at 400 kHz also exceeds the maximum number
of pulses achievable with our laser in the standard PLAL configu-
ration, operating at 4 MHz. Hence, beam splitting is advantageous
for a laser system with high pulse energy but a low repetition rate,
as the number of delivered pulses can be adjusted externally by
selecting the optimum DOE.

Another point we would like to emphasize is power-specific
productivity. The power-specific productivity is trimmed down
to 7.6 mghW ™', which is lower than our value at 9.5 mghW ™!
even when we only used an average power of 100 W. Lastly, the
investment-specific productivity of our system reached almost a
similar value at 4.6 mg (hk€) ' despite requiring only one-third
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of the capital investment compared to ref. [52]. The price differ-
ence comes mostly from the laser and scanning system, as a cus-
tom high-power picosecond laser (500 W) and a high-speed
polygon scanner are employed in ref. [52]. A lower initial capital
investment, in addition to the commercially available laser and
DOE employed in this work, could increase the likelihood for the
industry to invest and utilize the MB-PLAL configuration espe-
cially for small to medium-sized companies, and also to facilitate
access to PLAL to research institutions and universities requiring
a versatile NP production technique.

With an aim to upscale and introduce MB-PLAL to the indus-
try, we present the economical perspective of Au NPs production
using MB-PLAL. We performed a cost-benefit analysis related to
the labor and electricity costs that are needed to produce 1kg of
Au NPs (Table 3) and the daily and yearly production rate
(Table 4). The calculations of labor and electricity costs to pro-
duce Au NPs are based on the highest Au productivity achieved
in our laser system. Several assumptions are considered, such as
the gross salary assumption of the working staff at 21 €h™" and
the labor time which considers 2 h daily initial set up and adjust-
ment for every 8 h ablation. The electricity consumption is mea-
sured for the whole PLAL system, which is approximately 3 kWh.

Based on the calculation, using the 11-beam MB-PLAL, the
total labor working hours are reduced by one-third compared
to the standard PLAL, which saves approximately 54 000 € of
labor cost for every 1kg of Au NPs produced. In addition, the
electricity consumption could be trimmed down by 66% and
it is possible to save around 2500 € per 1kg of Au NPs when
using the 11-beam splitter. As also calculated by Jendrzej et al.
in their cost comparison to produce 1 g of Au NPs,®*l the energy
cost (electricity) to produce the Au NPs is much smaller com-
pared to the labor cost to operate the laser. Hence, the main
advantage of using the MB-PLAL is the labor cost reduction.

Meanwhile, for the time-based production rate, as shown in
Table 4, we focus on the daily and annual production as well
as the percentage increase of production when using the DOE
compared to the standard PLAL. By assuming the 16 h daily abla-
tion time and 350 days of annual working days, the percentage
increase of the daily and annual production rate using the
11-beam MB-PLAL compared to the standard PLAL is almost
200%, where the daily production is increased from 3 to 8¢g
per day, and the annual production is increased from 640 to
1800 g per year. The most important point based on these calcu-
lations is that we can achieve this jump in production and cost
reduction just by increasing the capital investment by 1.3% to
acquire the 11-beam splitting DOE. As for the case of the 6-beam
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Table 4. Calculation of the annual production rate of Au NPs using
different numbers of beam(s). Please note that the electricity and labor
costs are the same as the installment of DOE does not change the
production costs.

DOE  Productivity Daily Annual Annual production
[gh™ production [g])  production [g]”) increase [%)]

1 0.32 5 1792 -

6 0.68 1 3808 113%

11 0.94 15 5264 194%

JAssuming daily ablation time of 16 h. ®Assuming 1year production is equal to
350 days.

DOE, the price is more affordable and the increase in capital
investment is only 0.5%. The minuscule addition of capital
investment and the low implementation time of the DOE in
the PLAL setup are insignificant compared to the benefits
achieved by the proposed MB-PLAL system.

Further calculations of the capital expenditure (CAPEX), oper-
ational expenditure (OPEX), and production cost per kilogram of
the NPs have been done as both are crucial factors in deciding to
start a new investment. In the CAPEX calculation, we consider
the equipment needed to produce colloidal NPs. For the OPEX
calculation, we measured the electricity consumption of the devi-
ces and the operational cost, which includes the labor cost to
operate and maintain the system. Please note that for these cal-
culations, we do not include the expenditure related to the land
acquisition, building and infrastructure establishment, charac-
terization of the produced NPs, and other parameters that are
commonly included. Our focus is on the PLAL setup. Hence,
the calculated values of CAPEX, OPEX, and production cost
per kilogram are still less than the actual expenditure.

The calculated CAPEX of the 11-beam MB-PLAL is
267,000.00 € with 25% of contingency. Meanwhile, the total
OPEX is 95,500.00 € consisted of total direct cost of 39,300.00 €
(electricity and material cost) and total indirect cost (operational
and services) of 56,200.00 €. The calculated production cost per
kilogram of Au NPs is approximately 22,400.00 €. As for the stan-
dard PLAL and 6-beam MB-PLAL, the CAPEX is only slightly
different from the 11-beam MB-PLAL as the DOE is the only
changed element and the price is only approximately 1% of the
total CAPEX. The CAPEX of standard PLAL is 263,900.00 € while
6-beam MB-PLAL is at 265,200.00 €. The OPEX of the standard
PLAL is the lowest as fewer gold targets are required in

Table 3. Calculation of labor and electricity cost to produce 1kg of Au NPs using different numbers of beam(s).

Number of Productivity Ablation Labor working Labor cost Labor cost Electricity consumption  Electricity price Electricity cost
beam(s) eh time [h] hours [h]? € saving [€] [kWh]® G reduction [%]
1 0.32 3125 3906 82031 - 9375 3750 -

6 0.68 1471 1838 38603 43428 4412 1765 53%

11 0.94 1064 1330 27926 54106 3191 1277 66%

2 Assuming daily initial setup and manual adjustment of the working distance (+2 h for every 8 h). ®Estimation of the average gross salary of a chemical laboratory assistant of
21 €h~". 9Measured value of electricity consumption of the PLAL system of 3 kWh. 9Electricity price for medium size industry by February 2023 (source: BDEW 01/2023)

0.40 € (kWh) .
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production. Nevertheless, production cost is the highest at
52,200.00 €kg™'. The OPEX of 6-beam MB-PLAL is approxi-
mately 81,400.00 € and the production cost is 26,900.00 € kg™
of Au NPs. Based on this calculation, 11-beam MB-PLAL offers
the lowest production cost per kilogram of Au NPs, which is half
of the standard PLAL.

Comparison of the PLAL and chemical procedure has been
thoroughly investigated by Jendrzej et al.®* The break-even point
of the PLAL method compared to the chemical reduction method
to produce Au NPs is at NPs productivity of 550 mgh™.%
Hence, 11-beam and 6-beam MB-PLAL already surpassed the
cost effectiveness of reduction method and are more economi-
cally viable. An interesting discussion of the sustainability foot-
print of PLAL technique compared to the chemical reduction
method can be found in recent publication by Havelka et al.,*?
emphasizing the importance to shift the NPs production method
to PLAL as a green chemistry method.

4, Conclusion

MB-PLAL has been shown as a feasible and practical technique to
increase NP productivity by only integrating a static DOE into the
PLAL system, improving the efficiency and economic viability of
colloidal NPs production. The employed 6-beam and 11-beam
DOE increased the productivity of FeNi PLAL in water by factors
3 and 4, respectively, with a maximum FeNi NPs productivity of
1.6 gh™'. The energy splitting into multiple beams achieved by
the DOEs has been shown to require the reduction of the repeti-
tion rate by a factor equal to the number of beams generated to
keep the same optimum processing fluence per beam produced
by the DOE compared to the single-beam PLAL. This fact allows
us to increase the interpulse distance from 7 to 50 pm without
the use of expensive high-speed scanners, reducing the beam
shielding by the cavitation bubble, while the number of pulses
delivered to the target is not affected. In the case of reducing
the repetition rate without the use of the DOEs, the high pulse
energy promotes nonlinear interactions with the liquid and indu-
ces optical breakdown, lowering the productivity due to the extra
energy losses. The proposed MB-PLAL system thus enables us to
employ the optimal pulse energy and fluence to achieve the high-
est productivity while increasing the interpulse distance without
modifying the scanning parameters. This is further confirmed by
the trend observed for increasing power-specific productivity as
well as mass productivity, indicating that the MB-PLAL system
causes a reduction of the factors affecting the energy delivery
to the target as pulse shielding due to the cavitation bubble.
The properties of the produced NPs do not change for MB-
PLAL compared to single-beam PLAL, based on the HR-TEM,
XRD, and UV-vis results, indicating that the MB-PLAL with rep-
etition rate compensation to keep the same processing fluence as
single-beam PLAL does not modify the ablation mechanism or
chemical processes during the NPs generation. The only param-
eter modified from the standard PLAL to the MB-PLAL is the
interpulse distance (due to the repetition rate compensation),
while the pulse energy, delivered number of pulses to the target’s
surface, and pulse width are kept approximately the same. The
increase of the interpulse distance reduces cavitation bubble
shielding, thus increasing NP productivity. Meanwhile, pulse
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energy and the number of delivered pulses in our setup are kept
approximately constant, which is only possible due to the use of
the DOE and repetition rate compensation. Hence, the properties
of the generated NPs in the MB-PLAL are not modified compared
to the single-beam PLAL system.

A comparative study with Au productivity was also performed
to investigate the material’s influence on the MB-PLAL system
and the possibility of extending the MB-PLAL technique to
any material processable by PLAL. Productivity increase factors
of 2.1 and 3 were observed for the 6-beam and 11-beam MB-
PLAL of Au in water, respectively, with a maximum productivity
value of 0.94 gh ™" for the 11-beam MB-PLAL. The lower produc-
tivity increase factor of Au compared to FeNi can be caused by the
typically larger cavitation bubble observed for Au. Hence, even
for the achieved larger interpulse distance, pulse shielding from
the cavitation bubble is expected to further influence Au NP
production. In addition, the lower optical absorptance of
Au at the 1064 nm employed laser wavelength results in
lower energy absorbed by the target material. Further material
properties affecting productivity are Au’s higher threshold
fluence, the weaker electron—phonon coupling, and higher
conductivity of Au compared to FeNi, leading to energy ther-
mal dissipation.

With the aim to introduce the MB-PLAL system as a cost-
effective NP production system, the MB-PLAL system proposed
is compared with the current most productive PLAL system
worldwide based on a high-speed polygon scanner configuration
proposed by Streubel et al.P***! With a laser power five times
lower than the polygon—-PLAL system, higher power-specific pro-
ductivity was achieved for the MB-PLAL system, 9.50 mg (hW)~".
Meanwhile, the MB-PLAL allowed to reach a similar interpulse
distance, 50 pm, using a typical galvanometer scanner with a
speed of 20ms™*, which is 24 times slower than the polygon
scanner employed by Streubel et al.P*** A further benefit of
the MB-PLAL system lies in the lower initial capital investment,
which is approximately one-third of the polygon-PLAL configu-
ration, easing the access of PLAL to research institutions and
industries that require colloidal NPs.

A comparison of MB-PLAL and PLAL employing the same
laser source allows us to conclude that MB-PLAL can achieve
an annual production of approximately 1800 g of colloidal Au
NPs, which is almost a 200% production increase compared with
the PLAL system. A decreased labor cost and electricity consump-
tion of 54 000 € and 20 000 kWh are expected for every 1000 g of
Au NPs produced with the 11-beam MB-PLAL compared to the
PLAL using the same laser source and scanning system.
Prospectively, the proposed MB-PLAL system can be integrated
into the current high-productivity PLAL systems available world-
wide to further boost achievable productivity with a minimum
cost and low experimental effort. Furthermore, the employment
of the MB-PLAL system with higher laser power systems with
repetition rates in the MHz range or higher would allow to
employ beam splitters to generate a larger number of beams.
Integration of such systems with a faster scanning speed will
increase the interpulse distance, further lowering pulse shield-
ing and reaching even higher production rates, enhancing the
efficiency and economic viability of PLAL for industrial
applications.
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ARTICLE INFO ABSTRACT

Keywords: Clean energy transition and decarbonization through hydrogen technology hold a crucial role in revitalizing a
Iron-nickel catalyst sustainable world. The development of catalysts free of precious elements to facilitate the water splitting process
PLAL

in an electrolyser represents a key sustainable goal to lower the production cost of green hydrogen fuel, therefore
improving its accessibility and affordability. Here we report a hybrid electrocatalyst for oxygen evolution re-
action (OER) in alkaline media with high stability and low overpotential, free of precious metals and rare ele-
ments. The hybrid catalyst is composed of laser-generated FesoNiso nanoparticles (FeNi NPs) dispersed on
reduced graphene oxide (rGO) and deposited on FeNi layered double hydroxide (FeNi LDH) grown on Ni foam
substrate. The prepared FeNi-rGO/FeNi/Ni foam hybrid catalyst requires an overpotential of only 234 mV at a
current density of 10 mA/cm?, which is 37 mV lower than the tested commercial RuO, catalyst on Ni foam
substrate. Besides, the hybrid catalyst is extremely robust; it stands 10,000 cycles of accelerated deterioration

Rare element free
Precious metal free
Electrode fabrication
Green hydrogen

and runs for more than 1,300 h at a current density of 10 mA/cm? without performance decay.

1. Introduction

The urge to decarbonize and achieve net zero carbon emissions
represents a goal of the United Nations to avert the worst impacts of
climate change and preserve a livable planet [1]. Hydrogen, specifically
green hydrogen, is envisioned as one of the green solutions to replace
carbon-based fuels. However, the production cost of green hydrogen is
approximately 4-6 USD per kg, still 2-3 times higher than the prevailing
method of grey hydrogen [2] production [3] via steam methane refor-
mation [4-6] from natural gas (methane). To reduce the production cost
of green hydrogen to the ambitioned fossil fuel-based value of 2 USD per
kg, the renewable electricity price has to be decreased to 20 USD per
MWh, while the electrolyser cost should be reduced to 130 USD per kW

* Corresponding author.
E-mail address: goekce@uni-wuppertal.de (B. Gokce).
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at 5 TW installed capacity [2]. Renewable energy prices are decreasing
every year due to the global efforts to enhance their production effi-
ciency and the increasing number of installations [7], hence, the focus to
produce cost-effective green hydrogen lies in reducing the price of the
electrolyser and scaling up its capacity [8,9]. One of the primary costs of
an electrolyser comes from its stacks [9]. The electrodes within the cells
are coated with catalysts made of precious metals or rare elements such
as platinum-group metals (PGM) due to their high catalytic activity for
water-splitting. Some of the most studied materials include ruthenium
and iridium-based catalysts which exhibit a high catalytic activity for
both hydrogen evolution reaction (HER) and oxygen evolution reaction
(OER) [10-15]. Platinum itself is a highly active catalyst for HER with
exceptionally low overpotential [13,14,16,17]. The required use of
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precious metals or rare elements as catalysts for green Hy production
highly increases the cost of the electrolysers. Hence, abundant and non-
precious elements with similar catalytic activity as the PGM elements
are desired to facilitate electrolyser serial production at a lower cost [9].

The current efforts to achieve new catalysts for OER, which is
kinetically more sluggish than HER, focus on the development of metal
oxide and metal alloy catalysts from non-precious and relatively abun-
dant elements, such as cobalt [18-20], manganese [21-23], iron
[24-28], and nickel [29-32]. Among these elements, nickel-based cat-
alysts are considered the most promising candidates as PGM-free OER
catalysts [33]. Ni-based OER-catalysts gained popularity due to their
low overpotentials [32,34,35] along with their high thermal stability,
high conductivity, and multivalent nature (—1 to +4), which makes it
possible to undergo different electronic transitions [30,36]. Specifically,
the addition of iron to nickel-based catalysts has been reported to
improve the electrocatalytic activity in alkaline conditions [37-41] due
to the additional active sites, change of electronic structure, stabilization
of Ni’s higher oxidation state, and conductivity increase [39,42-46].
During a test of a Ni oxyhydroxides catalyst, it was reported that the
absence of Fe impurities in the KOH electrolyte resulted in poor activity
[39] and the addition of Fe increased the catalytic activity [47].
Following this observation, it was confirmed that iron-nickel catalysts in
the form of layered double hydroxides (LDH) exhibit high OER activity
[48,49] compared to commercial Ir/C catalysts and other bimetal LDH
containing Mn?*, Co?*, or Mg?* ions [50]. Its high performance is most
likely due to the multivalence states [51] and the incorporation of the Fe
atoms into the a-Ni(OH)y/y-NiOOH lattice [52]. Indeed, Fe-Ni is the
most active OER catalyst for alkaline electrolytes among the investi-
gated non-PGM metal and bimetal oxyhydroxide [53] and hydroxide
[54] species, indicating that the combination of Fe and Ni has a syner-
gistic effect that outperforms other non-PGM catalysts for OER in alka-
line condition.

Catalysts based on nanoparticles (NPs) exhibit superior performance
compared to bulk catalysts as they provide a larger surface area and a
higher number of active sites [55,56]. The synthesis method of NPs plays
a key role in catalytic efficiency since high purity and maximization of
the active surface and defects are the main factors that determine the
catalyst efficiency. Pulsed laser ablation in liquid (PLAL) produces cat-
alysts that fulfil these requirements and allow the synthesis of a wide
library of nanomaterials [57-59], including low dimensional materials
[60], and PLAL in different types of solvents [61,62]. Laser-generated
NPs excel as catalysts [63-66] and often outperform NPs made by wet
chemical methods [63,67], thanks to the surfactant-free and defect-rich
[68] properties as a result of a rapid quenching effect, which provides
additional active sites [69,70]. In addition, laser ablation of FeNi in
water is reported to lead to the formation of the NiFe,O4 phase [71],
which is found to improve OER activity of FeNi-based catalyst [72-75]
presumably due to its spinel structures providing higher Fe coordination
in both octahedral and tetrahedral sites [72].

Nevertheless, the size distribution of NPs generated by the PLAL
method tends to be broad [117], especially for oxidation-prone elements
such as iron and nickel. In addition, FeNi NPs tend to agglomerate due to
their intrinsic magnetic properties [71], thereby reducing their exposed
active sites and adversely influencing their catalytic activity [76]. To
achieve bare-surface FeNi NPs with reduced agglomeration and smaller
particle size, direct size quenching and support on a layered material
have been studied [77]. Reduced graphene oxide (rGO) is a suitable
support material for catalytic applications due to its high conductivity
and large surface area [78]. The use of rGO as a size quencher and
support material in PLAL has been previously reported for the direct
synthesis and supporting of Pt-rGO [79], where a slight average size
reduction of Pt NPs is observed. Another report on the PLAL of Au NPs in
the presence of graphene oxide (GO) in the liquid carrier shows
decreased average particle size from 6 nm to 3 nm in addition to NPs
immobilization and homogeneous distribution on the GO’s surface [77].
This one-step procedure called in situ PLAL offers direct synthesis, size
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quenching, and supporting of the NPs on the desired support materials.

As catalyst NPs are employed to cover the surface of an electrode in
an electrolyser, achieving a larger support surface area for the catalyst
NPs on the electrode is important. Hence, the use of 3D porous elec-
trodes such as nickel foam is beneficial to maximize the interacting
surface. Nickel foam electrodes not only improve the surface area but
also promote electrolyte infiltration and facilitate electron pathways
[48,80,81]. Iron nickel LDH can be directly grown on this conductive 3D
architecture. The combination of FeNi LDH and Ni foam has been re-
ported to require an overpotential for OER of only 280 mV to reach a
current density of 30 mA/cm? (5, 280mV), which is significantly lower
than commercial Ir/C catalysts with 73, 390mV [48]. This hydrother-
mally grown FeNi LDH provides an even larger surface area, improving
it 4 times compared to the pure nickel foam (0.06 m%/cm? to 0.24 m?/
em?) [48].

In this study, we synthesized a hybrid FeNi catalyst completely free
of precious metals, consisting of laser-generated FeNi NPs deposited on
rGO flakes and supported on FeNi-layered double hydroxide (LDH)
coated Ni foam. The hybrid catalyst structure was chosen based on the
aforementioned advantages of each material to construct an OER cata-
lyst with low overpotential and high stability as required for an alkaline
electrolyser. The hybrid catalyst’s OER catalytic activity along with the
PLAL synthesis mechanism to produce FeNi NPs-rGO composite were
investigated.

2. Methods
2.1. Laser-generated FesgNiso nanoparticles on reduced graphene oxide

In our study, we chose a Fe:Ni ratio of 50:50 due to several reasons:
(1) former reports of its low overpotential [37,74,82,83], (2) PLAL of
FesoNisg in water forms minor NiFe;O4 phase [71], which is presumed
to improve OER catalytic activity [72,74], and (3) better OER perfor-
mance at higher current densities (100 and 150 mA/cm?) [83], which is
essentially related to our purpose for industrial application.

A 1064 nm Nd:YAG laser with a pulse width of 10 ps, repetition rate
of 400 kHz, and average power of 100 W was employed for the PLAL of a
FesoNiso target (99.95 % purity, Sindlhauser Materials GmbH). A
galvanometer scanner with a scanning speed of 20 m/s was coupled with
an f-theta lens (focal length 167 mm) to focus and steer the laser beam
into the desired pattern. A static diffractive optical element (DOE) with a
1:11 matrix was placed closely in front of the f-theta lens to split the
laser beam into 11 and increase the production rate of the FeNi NPs [84].
PLAL was performed in a flow chamber where the liquid was pumped
through with a flow rate of 400 mL/min, Fig. 1.

We investigated two different techniques for the direct synthesis and
support of FeNi NPs on rGO, as shown in Fig. 1. The in situ PLAL, Fig. 1
(a), where rGO powder provided by Graphenea (further information can
be found in Table S1 and Figure S1) was dispersed in distilled MiliQ
water (18.2 MQecm at 25 °C) with a concentration of 15 mg/L and then
pumped through the chamber where PLAL happens. In this setup, the
supporting of FeNi NPs on the rGO surface took place inside the ablation
chamber directly after the NPs formation. The produced sample is
further referred to as “in situ FeNi-rGO”. Meanwhile, in the second
method, downstream PLAL, Fig. 1 (b), distilled MiliQ water was used as
NPs carrier and was pumped through the ablation chamber. The rGO
dispersion with a concentration of 30 mg/L was placed in the collecting
reservoir at the end of the system. In this method, the supporting process
was delayed by several seconds until the FeNi NPs colloid reached the
collecting reservoir (where rGO was present). The sample is further
denoted as “downstream FeNi-rGO”. Note that we kept the final con-
centration of rGO at 15 mg/L and the final colloid volume of 2 L for both
samples. A comparative study with graphene oxide (GO), also provided
by Graphenea (Spain), as the support material was also performed in the
downstream PLAL to investigate the influence of supporting materials
on this process. The sample will be further referenced as “downstream
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Fig. 1. Schematic illustration of the PLAL flow chamber setup to produce FeNi-rGO in water. Two techniques are compared, (a) in situ PLAL, in which the rGO
dispersion in water is used as the NPs carrier for the PLAL and the FeNi NPs supporting directly takes place inside the ablation chamber, and (b) downstream PLAL,
where water is used as NPs carrier, thus, the supporting of the FeNi NPs on the rGO surface occurs when FeNi NPs reach the collecting reservoir in which the rGO

dispersion in water is present.

FeNi-GO”.

2.2. Synthesis of the FeNi-LDH on Ni foam electrode

The preparation of the iron nickel-layered double hydroxide (FeNi-
LDH) nanoplates on Ni foam followed the hydrothermal procedure
previously reported [48,85]. To successfully form an LDH phase, the
ratio of trivalent cations (M3, in our case Fe>t) and divalent (M%, in
our case Ni2+) should be between 1:1.5 and 1:4.8 [86]. The reactants Ni
(NO3)2:6H50 (0.67 mmol), Fe(NO3)3-9H,0 (0.33 mmol), and CO(NH3),
(5 mmol) were mixed with 35-38 mL of distilled water and stirred until
a clear solution was formed. The Ni foam electrode with a dimension of
3 cm x 4 cm was cleaned in an ultrasound bath for 5 min using HCI
solution (32 wt%) to remove the oxidized surface layer. It was later
rinsed with deionized water. The Ni foam was then placed in the 40 mL
Teflon-lined stainless-steel autoclave and the as-prepared aqueous so-
lution was added. The autoclave was sealed and heated at 120 °C for 12

Bare Ni foam FeNi LDH/

Hydrothermal

Spraying
FeNi-rGO

h and subsequently cooled down naturally. The formation of a thin film
on the Ni foam was observed and the substrate was rinsed subsequently
with distilled water and absolute ethanol in the ultrasonic bath for 5 min
each. The prepared FeNi-LDH/Ni foam was dried naturally and stored in
a plastic container.

2.3. Preparation of FeNi-rGO/FeNi/Ni foam and RuO2/Ni foam
electrodes

The FeNi-rGO/FeNi/Ni foam electrode was prepared according to
the schematic diagram as shown in Fig. 2. In a typical procedure, 24 pL
of FeNi-rGO suspension with a concentration of 68 mg/mL were mixed
with 16 pL Nafion (5 wt% Nafion-117 solution, purchased from Aldrich).
The mixture was stirred overnight and sprayed on the FeNi LDH/Ni
foam electrode with an area of 1 cm? using an airbrush. Then, the
samples were transferred into a tube furnace and calcinated at 400 °C for
2 h under N, flow. The FeNi-rGO/FeNi/Ni foam was obtained after

FeNi-rGO/
FeNi LDH/

FeNi-rGO/
FeNi/
Ni foam

Calcination
Ni foam

Fig. 2. Schematic procedure of FeNi-rGO/FeNi/Ni foam and each representative SEM image of (a) bare Ni foam, (b) FeNi LDH/Ni foam, (c) FeNi-rGO/FeNi LDH/Ni

foam, and (d) FeNi-rGO/FeNi/Ni foam.
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cooling down to room temperature and its crystalline structures before
and after calcination are shown in Figure S2.

The benchmark OER catalyst, RuO,, was also spray-coated on Ni
foam as a comparative study to our FeNi-based catalyst. In a typical
procedure [87], 1.6 mg of commercial RuO, (25-30 nm, purchased from
Sigma) was dissolved in 24 pL isopropanol with sonication and 16 pL
Nafion (5 wt%) was added into the solution. The mixture was sprayed on
Ni foam with an area of 1 cm? using an airbrush. The RuO,/Ni foam was
obtained after drying in air.

2.4. Characterization

Transmission electron microscopy (TEM) and energy dispersive X-
ray (EDX) measurements were performed to analyse the morphology,
size distribution, and elemental distribution of the generated FeNi NPs
supported on the rGO (HR-TEM, JEOL JEM-2200FS, 200 kV, ZrOy/W
emitter). The nanoparticle size distribution was characterized using
ImageJ software [88]. X-ray diffraction (XRD) analysis was done to
confirm the crystalline structure of the FeNi-rGO/FeNi/Ni foam hybrid
catalyst before and after the 1300 h stability test. XRD patterns were
captured by PANalytical X‘Pert Powder XRD operating at the voltage of
40 kV and the current of 40 mA with Cu Ko radiation. The scanning
electron microscopes (SEM) were obtained by Tescan Mira3.

The electrochemical experiments were conducted at room tempera-
ture. A commercial Hg/HgO electrode and a graphite rod were used as a
reference and counter electrode, respectively. The Ni foam-based sam-
ples were used as work electrodes directly and the electrolyte is 0.1 M
KOH. The measured potentials were calibrated to a reversible hydrogen
electrode (RHE) by the following equation: Eryg = Eng/ngo + 0.098 V +
0.059 x pH (pH = 13). The accelerated durability tests (ADT) of the
catalysts were assessed by cyclic voltammetry (CV) at a scan rate of 100
mVs~! between 1.2 V and 1.65 V vs RHE for 10,000 continuous cycles.
The electrochemical experiments were performed in a standard three-
electrode cell using an Autolab potentiostat (PGSTAT128N, Metrohm
Autolab B.V.). The electrochemical impedance spectroscopy (EIS) was
performed at 1.64 V vs RHE with an amplitude of 8 mV from 100 kHz to
0.1 Hz.

The calculation of our Tafel slopes was obtained from a linear po-
tential region. The LSVs exhibit three regions: (1) A low current density
region (kinetic control), (2) A linear region (charge transfer control),
and (3) A high current density region (mass transport limitations). As
bubble formation usually happens in the high current density region, the
Tafel slope should be determined from the linear region of the LSV curve
[89], where the overpotential () increases with the logarithm of the
current density (log j), which typically occurs at moderate over-
potentials before mass transport limitations start to dominate. Unless
specifically indicated, all electrochemical data (CVs and Tafel plots) are
iR corrected.

Raman spectroscopy was performed on 30 pL of FeNi-rGO suspension
dropcast on 4 mm cavity glass slides and then dried at 60 °C vacuum
oven to prevent oxidation in air. Raman spectra of the dried samples
were obtained by Renishaw inVia spectrometer, using a 532 nm wave-
length laser and 50x objective. To avoid laser-induced reduction [90],
the laser was limited to 0.5 % power, 1 s exposure time, and 30 acqui-
sitions. The intensities of Raman scattering were corrected by taking the
fluorescence as the baseline and then fitted to sums of functions using
peak-o-mat 1.2.9 software, using three pseudo-Voigt functions (for D, G
and D’ bands) and two Gaussian functions (for D* and D’ bands)
[91,92].

XPS measurements were performed on a VersaProbe II system (Ulvac
Phi, monochromatic Al-Ka at hv = 1486.6 eV, dual charge compensa-
tion). The commercial rGO powder and FeNi-rGO/FeNi/Ni foam sample
were put on carbon tape, and the colloidal solutions of in situ and
downstream FeNi-rGO were dropcast on Si substrates. All samples did
not undergo the sputtering step. Secondary x-ray-induced electron im-
aging (SXI) was used to make sure the X-ray beam was properly focused
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on the particles. Data evaluation was done using CasaXPS [93].
3. Results and discussion
3.1. Direct synthesis and support of FeNi NPs on rGO

Prior to the assembly of the hybrid catalyst, we explored how
different supporting techniques, i.e., in situ and downstream PLAL,
Fig. 1, influence the supporting efficiency and properties of the FeNi-
rGO composite. In situ PLAL has been proposed to induce the size
quenching effect of the laser-generated NPs in liquid [77,79] and avoids
NPs growth, resulting in smaller NPs towards improving the catalytic
activity. Nevertheless, the dispersion of light-absorbing matter, such as
rGO microflakes, between the laser beam and the target reduces PLAL
NP productivity [94], which is crucial to bringing this production
technique to the industry [57]. Based on our investigation, a reduction
of the FeNi NPs productivity from 909 mg/h in the downstream FeNi-
rGO to 854.4 mg/h in the in situ PLAL is observed. At larger rGO con-
centrations, the productivity of in-situ PLAL suffers even more.

To reduce the laser shielding effect observed in the in situ PLAL, we
propose another approach which is termed downstream PLAL, Fig. 1 (b),
in which the support material is placed in the collecting reservoir after
PLAL, thus the NPs will be supported directly after production. Down-
stream PLAL avoids fragmentation and ablation of the support material,
maximizing FeNi NPs productivity as most of the laser energy reaches
the target [94]. Despite the above-stated advantages of downstream
PLAL, there is still one open question whether the sole advantage of the
in situ PLAL, the size quenching effect, is still observed in the down-
stream PLAL. Thereby, we compared the influence of downstream and in
situ PLAL methods on the supporting of FeNi NPs on rGO and studied the
properties of the produced composites, including the FeNi NPs disper-
sion on the rGO surface, the FeNi NPs’ size distribution, the OER cata-
lytic activity, the oxidation state of Fe and Ni, and the defect state of the
rGO. The aim is to find the most efficient method to directly synthesise
and support the produced FeNi NPs on the rGO while achieving high
catalytic activity.

3.1.1. Nanoparticle dispersion on rGO

The TEM images of the PLAL-generated FeNi NPs on the rGO sheets
through in situ and downstream PLAL are shown in Fig. 3 (a-f). The in
situ PLAL shows a more uniform dispersion of small nanoparticles (d <
10 nm) throughout the surface of the rGO sheet, Fig. 3 (a-c). Meanwhile,
more clustered and agglomerated particles can be seen in the down-
stream PLAL sample, Fig. 3 (d-f). Similar dispersion results were also
observed through EDX-mapping, Figure S3, and high-angle annular
dark-field imaging (HAADF), Figure S4. Based on these results, it seems
that the in situ PLAL offers a benefit, where rGO flakes in the liquid
carrier act as a capping agent, thus NPs are more easily anchored within
the wrinkles of rGO and their growth and coalescence are avoided [77].
On the other hand, downstream FeNi-rGO shows a less uniform distri-
bution as the wrinkling structure of rGO prevents the NPs from reaching
the central area, and the NPs accumulate on the perimeter of rGO
microflakes, Fig. 3 (d-f) and Figure S4. A previous study also reported a
similar phenomenon where more Au NPs are found at the wrinkles of GO
compared to rGO, suggesting that the higher defect density, electrostatic
interactions such as van der Waals, and overlapping of GO’s n-orbitals
with metal NPs’ d-orbitals promote the accrued NPs at the wrinkles
[77,95]. In our case, however, replacing the rGO with GO in the
downstream PLAL resulted in a more uniform distribution of FeNi NPs,
Fig. 3 (g-1), probably due to a lower wrinkling structure observed in our
pristine GO. It proves the possibility of getting a uniform distribution of
NPs via the downstream PLAL by changing the support material. The
difference in the NPs dispersion on the rGO surface compared to the GO
in the downstream PLAL in our case could be caused by (1) the higher
wrinkling morphology of rGO, causing NPs to be accumulated already at
the perimeter area during the mixing, and (2) the loss of some oxygen
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Downstream FeNi-GO

Fig. 3. HR-TEM images of FeNi NPs directly synthesized and supported on support materials. (a-c) In situ FeNi-rGO, (d-f) downstream FeNi-rGO, and (g-i)

downstream FeNi-GO.

functional groups in rGO compared to GO, resulting in a more hydro-
phobic and less dispersible support material. The distribution of the
nanoparticles on the rGO or GO microflakes is therefore not only related
to the technique but also to the property of the supporting materials, i.e.
morphology and electronic structure.

3.1.2. Particle size distribution

The particle size distributions (PSD) of the supported NPs are
compared in Fig. 4. While in situ PLAL is known to produce smaller
nanoparticles due to the size-quenching effect of the support materials
[77,79], we observed only a slight difference between in-situ and
downstream FeNi-rGO, Fig. 4. The centre value (x.) of the particle
diameter in the log-normal distribution shows that the downstream
FeNi-rGO (x. = 11.3 + 6.9 nm) exhibits a similar size distribution
compared to the in situ FeNi-rGO (x, = 10.6 + 9.2 nm). Meanwhile,
downstream FeNi-GO has a smaller peak value (x. = 7.9 + 5.0 nm)
compared to downstream FeNi-rGO (x. = 11.3 £+ 6.9 nm) despite the
same supporting technique used. It can be assumed that GO facilitates
NP support due to its good dispersibility in water and less wrinkling
structure than rGO, making smaller NPs more easily dispersed on the
surface of GO.

If no support material is employed, the peak size of unsupported FeNi
NPs in water by PLAL is found to be x. = 14.4 + 13.0 nm [84].

0.6
n > 500 particles |l I situ FeNi-rGO
X, =10.6+9.2 nm, PDI = 0.50
. I Downstream FeNi-rGO
X X, = 11.3£6.9 nm, PDI = 0.30
3 0.4 Il Downstream FeNi-GO
‘:lc> X, =7.945.0 nm, PDI = 0.30
=
o
o
y—
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[0)
o
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Fig. 4. Histograms of the particle size distribution of in situ FeNi-rGO (blue),
downstream FeNi-rGO (red), and downstream FeNi-GO (black). The x. value
corresponds to the median (centre) value of the log-normal distribution, while
the polydispersity index (PDI) defines the size dispersity of the NPs.
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Compared to this value, we observe a particle size shift towards smaller
values by 3.1 nm, 3.8 nm, and 6.5 nm for in situ FeNi-rGO, downstream
FeNi-rGO, and downstream FeNi-GO, respectively. Meanwhile, the
polydispersity index (PDI) [71] values of each sample, Fig. 4, are 0.50
(in situ FeNi-rGO), 0.30 (downstream FeNi-rGO), and 0.30 (downstream
FeNi-GO), which are smaller than the PDI of unsupported FeNi NPs (PDI
= 0.53) [84]. Similar average size reductions were also found in the case
of in situ PLAL of Pt and Au NPs on rGO and GO, respectively, when
compared with the unsupported or ex situ supporting [77,79]. It con-
firms that both in situ and downstream PLAL could provide a size
quenching effect compared to the ex situ and standard PLAL methods.

3.1.3. Electrocatalytic activity

The OER electrocatalytic activities of in situ FeNi-rGO, downstream
FeNi-rGO, and downstream FeNi-GO with the same NPs loading were
investigated using CV in 0.1 M KOH, Fig. 5 (a). The CVs of in situ FeNi-
rGO and downstream FeNi-rGO are almost overlapping, indicating that
they have similar OER activity, meanwhile, the activity of downstream
FeNi-GO is much lower than the FeNi-rGO samples. Extracting these
overpotential data at 10 mA/cm? shows that downstream FeNi-rGO has
the lowest overpotential at approximately 418 mV, followed closely by
in situ FeNi-rGO at 432 mV, and downstream FeNi-GO with the highest
overpotential of almost 500 mV, Fig. 5 (b). Despite the more uniform
distribution of the FeNi NPs on the surface of GO flakes, GO has more
oxygen functional groups which leads to increasing defects and the sp®
carbon hybridization [96]. This reduces the © electrons conjugation and
hinders the electron transfer process, lowering its electrical conductivity
[96]. Hence, the performance of FeNi-GO is significantly worse than the
FeNi-rGO samples. Meanwhile, the corresponding Tafel slopes of these
samples, as shown in Fig. 5 (c), are all lower than 120 mV/dec, indi-
cating that the rate-determining step happens after one-electron transfer
reaction [97]. Electrochemical impedance spectroscopy (EIS) was
evaluated to assess the charge transfer rate for the three electrodes,
Figure S5. The diameter of the semicircle EIS plot represents the resis-
tance of charge transfer (R.t), whereas the smaller diameter shows a
higher charge diffusion rate. The in situ FeNi-rGO and downstream
FeNi-rGO have similar R. values, which are smaller than that of
downstream FeNi-GO. Based on these electrochemical performances,
FeNi-rGO prepared by in situ and downstream PLAL have higher OER
catalytic activities and charge transfer rates than the downstream FeNi-
GO. In addition, similar performance between in situ and downstream
FeNi-rGO shows that the supporting mechanism of FeNi on the rGO does
not significantly influence its electrochemical performance. Conse-
quently, due to the higher FeNi NPs productivity achievable by down-
stream PLAL, the downstream FeNi-rGO sample is selected for further
testing.

3.1.4. Surface elemental analysis
The influence of different supporting mechanisms, in situ and
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downstream PLAL, on the FeNi NPs’ surface oxidation and rGO micro-
flakes’ carbon structures are further investigated. The presence of car-
bon and residual oxygen functional groups in rGO may contribute to the
formation of oxide, hydroxide, or carbon layer in the FeNi NPs due to
pyrolysis of rGO. Furthermore, FeNi NPs produced during in situ PLAL
might be attached and anchored in the intercalation of the carbon layers,
possibly increasing the interlayer distance of rGO sheets. Hereby, we
performed XPS and Raman spectroscopy measurements of in situ and
downstream FeNi-rGO to confirm the elements and phases of dispersed
FeNi NPs and the carbon network structures of the rGO.

Surface elemental analysis of as-prepared FeNi-rGO is important to
unveil their catalytic response and to elucidate the influence of sup-
porting techniques. The XPS results of pristine commercial rGO,
Figure S6, show the carbon and oxygen 1 s spectra, which are the only
detectable elements (90 at% C, 10 at% O). The carbon was fitted using
the oxygen intensities as loose constraints on the intensity of the
oxidized carbon species (C-O, C=0 and COOH) [98]. The carbon signal
is then best described by an asymmetric graphitic C-C peak (asymmetry
parameters in CasaXPS LA(0.95,1.9,50)) and a minor contribution of
non-graphitic carbon (about 10 % of the carbon signal), which possibly
can be attributed to carbon contaminations on the surface of the rGO.
Meanwhile, the XPS results of the dropcast in situ FeNi-rGO and
downstream FeNi-rGO samples are shown in Fig. 6. The determined
atomic concentrations of the elements are given in Table 1. The atomic
ratio of Fe to Ni is roughly 2:1 for both in situ and downstream FeNi-
rGO, which might verify the formation of the NiFe;O4 layer on the
surface of FeNi NPs [71]. Nevertheless, in situ FeNi-rGO shows a higher
oxygen content than the downstream FeNi-rGO (35 at% to 29 at%),
presumably due to the presence of rGO during the PLAL process leading
to further oxidation and higher O content, or due to surface
contamination.

The best fitting results for Ni 2p3 spectra, Fig. 6 (b), were achieved by
assuming the existence of three Ni species: NiFe;04, metallic Ni, and Ni
oxide/hydroxide [99]. The intensity of the NiFe;O4 was constrained to
the corresponding metal oxide signal in the respective O 1 s spectrum.
The same was done for the Fe 2p3 signal, Fig. 6 (a). Due to the small
signal intensity and low signal/noise ratio, the results of the fitting
procedure have a large uncertainty. However, the amount of metallic Ni
is significantly smaller for the in situ FeNi-rGO (9 % of the total Ni
signal) than for the downstream FeNi-rGO (16 % of the total Ni signal).
Meanwhile, the ratio of the Ni oxide/hydroxide to the NiFe,O4 contri-
bution is, within the error, the same for both FeNi-rGO samples. The Fe
2ps spectrum for the downstream FeNi-rGO shows the typical Fe;O3
satellite at around 720 eV binding energy, Fig. 6 (a). Pure NiFe;O4 does
not seem to show this satellite [99] and this satellite is not visible for the
in situ FeNi-rGO. It can be deduced, that the Fe;Os3-like configuration of
the Fe is smaller for in situ FeNi-rGO than downstream FeNi-rGO.
Nevertheless, the signal intensity of this Fe;O3 satellite is low and no
influence on the electrocatalytic performance is observed. As for the
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Fig. 5. (a) cyclic voltammetry curves in O, saturated 0.1 M KOH at a scan rate of 5 mV/s, (b) its respective overpotential at a current density of 10 mA/cm?, and (c)

the corresponding Tafel slope.
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Fig. 6. High-resolution XPS spectra of (a) Fe 2ps, (b) Ni 2p3, (c) O 1 s, and (d) C1s for in situ FeNi-rGO (top) and downstream FeNi-rGO (bottom).
Comparing the C 1 s signals of in situ FeNi-rGO and downstream
Tablell . . FeNi-rGO, Fig. 6 (d), to that of pristine rGO, Figure S6, the main dif-
Determined elemental concentrations in the sample surface using the XPS data. X . s .
ference is that both samples, especially the in situ FeNi-rGO, show a
Sample Fe Ni o C Si slightly higher non-graphitic C-C and also C-O content compared to that
Pristine rGO - - 10 at% 90 at% - of pristine rGO. The contribution to the total C 1 s spectrum increases
In situ FeNi-rGO 8 at% 3 at% 35 at% 54 at% <1lat% from 25 % in pristine rGO to about 45 % for the in situ FeNi-rGO. This
Downstream FeNi-rGO 6 at% 3 at% 29 at% 62 at% <1 at%

contribution of metallic Fe, it is less pronounced and thus omitted from
the fitting. Yet, the 707 eV binding energy can be attributed to metallic
Fe and it is slightly larger for the downstream FeNi-rGO than in situ
FeNi-rGO. A more detailed deconvolution of the metal oxide/hydroxide
species for Ni and Fe is not possible due to the small signal intensities.
The O 1 s peaks for both in situ FeNi-rGO and downstream FeNi-rGO,
Fig. 6 (c), show the strongest signal at slightly below 530 eV binding
energy, which can be attributed to the existence of metal oxides [99].
Aside from the expected organic oxygen species from the rGO, some
contributions of metal hydroxide at around 531.5 eV and a minor
contribution of oxygen from the SiO, substrate are detected.
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could be an effect of the laser interaction with the rGO during the syn-
thesis in the in situ setup, inducing pyrolysis and the formation of non-
graphitic carbon, or carbon contamination during the PLAL process.

3.1.5. Structural analysis of reduced graphene oxide

Raman spectroscopy is employed as an effective tool to quantify the
structural changes in the carbon network of the rGO. Raman spectra of
all samples, Fig. 7 (a), show a similar peak profile, the presence of the
rGO. After baseline correction and performing peak-fitting, the signa-
ture D and G bands were deconvoluted into five interbands
[92,100,101], Fig. 7 (b) and Table 2. The D peak (~1350 em’) is
correlated to the breathing mode of the hexagonal sp? carbon lattice of
the rGO. The broad and faint D* (~1200 cm'l) isrelated to the breathing
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Fig. 7. (a) Raman scattering of pristine rGO, in situ FeNi-rGO, and downstream FeNi-rGO with the same D and G band profile. (b) Representative deconvolution of
Raman spectra of pristine rGO, in situ FeNi-rGO, and downstream FeNi-rGO highlighting the D*, D’, and D” interbands at the shoulders of D and G peaks.
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Table 2
Relevant peak parameters were calculated for pristine rGO and FeNi-rGOs.

Sample Ip/Ig Ip«/Ig Ip«/Ig D position, D”
cm™?! position,
cm™?!

Pristine rGO 1.49 0.014 0.306 1347.7 + 1531 +1
+ 0.02 =+ 0.008 + 0.008 0.2

In situ FeNi- 1.41 0.102 0.324 1350.1 + 1506 + 5
GO =+ 0.05 +0.018 + 0.020 0.5

Downstream 1.49 0.038 0.303 1348.9 + 1526 +1
FeNi-rGO + 0.02 =+ 0.008 + 0.008 0.5

of the lattice disorder by sp?-sp> bonds and, consequently, interlayer
distance. The G peak signature (~1600 cm'l), associated with the vi-
bration of graphitic sp?> domains, shows a D’ peak shoulder (~1625 cm’
1) originating from structurally defective graphene, and another D” peak
shoulder (~1550 cm™) attributed to the amorphization of the rGO.
These peaks can shift in intensity and position depending on the struc-
ture and functionalization [91].

The intensity ratios, sensitive to the formation of defects and mate-
rial functionalization, depict the interaction of rGO with the FeNi NPs. In
Table 2, the Ip/Ig values are consistent for pristine rGO and downstream
FeNi-rGO, which rule out the possibilities of (1) further growth of sp2
clusters and (2) any structurally damaging effect of laser and/or FeNi NP
to the rGO hexagonal sp? lattice. Only in situ FeNi-rGO registered a
slight decrease in Ip/Ig value. In addition, in situ FeNi-rGO shows a
higher Ip-/Ig and Ip+/Ig which correlates to the loss of crystallinity and
increase in interlayer distance between rGO sheets. As evidenced by
TEM, Fig. 3, and HAADF images, Figure S4, in situ FeNi-rGO achieved
better FeNi NPs dispersion on rGO sheets compared to downstream
FeNi-rGO. This homogenous distribution of FeNi NPs may explain the
expanded interlayer distance of rGO sheets, increasing the Ip+/Ig
tenfold, Table 2, while the intercalation of polydisperse FeNi NPs be-
tween rGO sheets can prevent intimate and regular stacking of layers (i.
e., amorphization), generating a higher Ip/Ig.

As the rGO sheets wrap around FeNi NPs, structures in the curvature
suffer from a biaxial strain that shifts the phonon dispersion to higher
frequencies [102,103]. The position of the D peak, sensitive to structural
stress and doping [104-106], registers a blueshift (~3 cm™Y) in the in
situ FeNi-rGO sample. The oxygen content of the rGO sheets can be
estimated using the peak position of the D” peak [91]. The D” peak of in
situ FeNi-rGO shifts to a much lower frequency suggesting laser-induced
removal of oxygen functional groups, Table 2, further reducing rGO.

3.2. Electrocatalytic activity of a Ni foam-based electrode

The produced downstream FeNi-rGO was chosen as the constituent
of the Ni foam-based electrode. As discussed in Section 3.1, no signifi-
cant difference can be observed in the influence of supporting tech-
niques on the FeNi particle size, Fig. 4. Although in situ FeNi-rGO has a
more uniform dispersion, Fig. 3, and a larger expansion of rGO sheets’
interlayer spacings, Table 2, there is no evidence that it improves the
OER catalytic activity, Fig. 5. Since the in situ FeNi-rGO does not offer
higher electrocatalytic performance, we further tested the downstream
FeNi-rGO for the larger electrode (with FeNi LDH/Ni-foam substrate) as
the productivity of the downstream PLAL is higher, facilitating a pro-
spective transfer to industrial fabrication of electrodes.

The produced downstream FeNi-rGO was spray-coated on a FeNi
LDH/Ni foam substrate, Fig. 2. Ni foam was used instead of planar
electrodes since the porous 3D structures promote electron transport and
provide a larger active surface area for the water and electrolytes to be
exposed to the catalyst [48]. The FeNi layered double hydroxides (LDH)
were grown on the surface of the Ni foam Fig. 2 to further increase the
surface area and help the attachment of the FeNi-rGO to the Ni foam
[107]. LDH could enhance the attachment of FeNi-rGO composites on
the Ni foam due to the electrostatic attraction [107], and its extremely
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high stability [50] makes it suitable as a component of the hybrid
catalyst. Nevertheless, the FeNi LDH grown on Ni-foam was found to
lose its LDH structure after undergoing calcination at 400 °C, Figure S7.
For the downstream FeNi-rGO spray-coated on FeNi LDH/Ni foam
substrate, we could not confirm whether the LDH is ruptured or sus-
tained after the calcination as the LDH is not visible behind the FeNi
NPs-rGO, Fig. 8. Hence, we conducted XRD measurements of FeNi LDH/
Ni foam and FeNi-rGO/FeNi LDH/Ni foam before and after calcination,
Figure S8. FeNi LDH peaks [39,108] in our XRD data are located at 20 =
34.86° (012), 39.17° (015), 46.05° (018), 60.07° (110), and 61.31°
(113), which are visible in both FeNi LDH/Ni foam and FeNi-rGO/FeNi
LDH/Ni foam before the calcination step, confirming the presence of
FeNi LDH. After the calcination, however, we found those peaks
diminishing from the XRD data and there was the formation of new
peaks at 20 = 29.24°, 44.13°, 47.31°, and 63.20° which might corre-
spond to oxides of iron and nickel, such as NiFe30O4, NiO, and Fe3Oj4.
Thereby we suppress the descriptor of “LDH” in the FeNi LDH/Ni-foam
and FeNi-rGO/FeNi LDH/Ni foam and will further refer to them as FeNi/
Ni foam and FeNi-rGO/FeNi/Ni foam, respectively.

The XPS data of FeNi-rGO/FeNi/Ni foam, Figure S9, is very similar to
that of the downstream FeNi-rGO, except for two visible features. The
electrode shows a higher non-graphitic C~-C/C-H contribution without
an increase in the relative C-O content. Secondly, more Ni oxide/hy-
droxide is found, which is represented by the higher Ni/Fe ratio, which
is close to 1. Both findings can be explained by a non-complete coverage
of the foam by the particles. Hence, the foam surface might contain
higher carbon contamination than the FeNi-rGO.

Meanwhile, the Raman spectroscopy result of FeNi-rGO/FeNi/Ni
foam shows higher graphitic C content and lower oxygen functional
group (OFG) content as seen in lower Ip/Ig and Ip+/Ig values, respec-
tively, Figure S10. These two observations are synergistic since during
calcination unstable OFGs are released [109] and the graphitic lattice is
restored, thus lowering the Ip/Ig. Furthermore, the elimination of OFGs
produces CO and CO, gases which may have reacted with the nickel
foam and produced more nickel oxide, as observed in XPS.

In this part onward, we are focusing on the electrocatalytic activity
results of 3 samples: (1) calcinated downstream FeNi-rGO spray-coated
on the FeNi LDH grown on Ni foam, referred to as FeNi-rGO/FeNi/Ni
foam, (2) calcinated FeNi LDH/Ni-foam electrode substrate, referred
to as FeNi/Ni-foam, and (3) commercial ruthenium oxide spray-coated
on Ni-foam as the benchmark electrocatalyst, referred to as RuO2/Ni-
foam.

The resulting linear sweep voltammetry (LSV) polarization curves
performed in Og-saturated 0.1 M KOH of the aforementioned samples
are shown in Fig. 9 (a). The OER polarization curves of the FeNi-rGO/
FeNi/Ni foam exhibit smaller onset potentials and higher current den-
sities at a fixed potential compared to RuOy/Ni foam and FeNi/Ni foam,
suggesting a better OER activity. The required overpotentials at a cur-
rent density of 10 mA/cm? are shown in Fig. 9 (b). FeNi/Ni foam re-
quires the highest overpotential of 330 mV, presumably due to the
rupture of the FeNi LDH structure by calcination, Figure S7, thus less
active surface area is available for the OER. Meanwhile, an overpotential
of only 234 mV was required for FeNi-rGO/FeNi/Ni foam, which is
lower than the benchmark material RuO5/Ni foam at 271 mV. The Tafel
slopes of FeNi-rGO/FeNi/Ni foam (76.0 mV/dec), RuOy/Ni foam (237.7
mV/dec), and FeNi/Ni foam (377.5 mV/dec) are presented in Fig. 9 (c).
FeNi/Ni foam and RuO,/Ni foam with Tafel slope values higher than
120 mV/dec indicate that surface species are formed just before the rate-
determining step (RDS) is predominant [97], which is similar to a single
electron transfer reaction. Meanwhile, FeNi NPs-rGO/FeNi/Ni foam
results in a Tafel slope lower than 120 mV/dec, at approximately 70-80
mV/dec, indicating that the adsorbed surface species are produced in
the earlier stage of the predominant OER step [97], hence the rate-
determining step happens after one-electron transfer reaction.

The high catalytic activity of the hybrid catalyst may be attributed to
the formation of a thin oxidized layer of NiFe;O4 on the surface of laser-
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Fig. 8. SEM images of FeNi-rGO/FeNi/Ni foam after calcination at 400 °C, taken in different magnifications (magnified areas are indicated by the yellow rectangles).
Figure (c) shows FeNi NPs (yellow arrow) which are dispersed on the surface of rGO sheets (white arrow).

generated FeNi NPs [71], which was found to enhance the OER activity
[72-75]. In addition, the dispersion of these FeNi NPs on FeNi/Ni foam
may form a synergistic effect between the NiFe;O4 layer, FeNi core, and
FeNi/Ni foam, as the metal-oxide surface could host reaction in-
termediates, which then may migrate to the more active area for the
reaction to complete [110,111]. Besides the aforementioned hypothesis,
the high catalytic activity of FeNi-rGO/FeNi/Ni foam may also be
attributed to the following factors, (1) the high conductivity of rGO as
support material, Table S1, (2) dispersion of FeNi NPs on rGO surface,
Fig. 3, reducing NPs overlapping and obstruction or shielding of the
active sites, (3) synergistic interaction between FeNi and rGO which
induces charge redistribution and electron transfer between the metal-
support at the interface [111], and (4) hybrid catalyst providing more
cations’ valence state suitable for wide range bonding with intermediate
species [110]. In addition, while we cannot completely rule out the
contribution of the ruptured FeNi LDH to the increased surface area and
overall current, and it complicates direct comparisons of intrinsic cata-
lytic activity between FeNi-rGO alone and RuOs, our primary goal was
to develop a catalyst using only abundant elements—specifically Fe and
Ni—without relying on rare elements. We achieved this by combining
FeNi-rGO with FeNi LDH (which is ruptured after calcination) and uti-
lizing Ni foam. This hybrid catalyst system, referred to as FeNi-rGO/
FeNi/Ni foam, demonstrates promising performance with low over-
potential for the OER.

The stability of the OER catalyst is critical from a practical viewpoint.
The electrochemical durability was investigated by ADT and chro-
nopotentiometry in Ny-saturated 0.1 M KOH. As shown in Fig. 9 (d), the
degradation of OER activity is negligible after running 10,000 cycles,
indicating its superior durability. Fig. 9 (e) also shows the chro-
nopotentiometry result where the potential required to achieve a current
density of 10 mA/cm? remains relatively constant even after 1300 h of
testing. The hybrid FeNi NPs, rGO, and FeNi/Ni foam catalysts are
confirmed to have outstanding stability. XRD results before and after
1300 h of testing, Fig. 9 (f), show no considerable structural changes in
the hybrid catalyst. Based on the electrocatalytic performance presented
in Fig. 9, the FeNi-rGO/FeNi/Ni foam hybrid catalyst is proven as a high-
performance catalyst in both activity and stability.

Economic analysis is performed to compare the production cost of
FeNi-rGO/FeNi/Ni foam to the benchmark catalyst, RuOy/Ni foam
(calculation constraints can be found in the Supporting Materials).
Based on our calculation, the production cost of FeNi-rGO/FeNi/Ni foam
is approximately 2,393 €/kg, with Ni foam as the highest mass and cost
contributor. Meanwhile, the production cost of RuOy/Ni foam is
approximately 4,763 €/kg, with RuO; being the highest cost contributor
despite the small quantity used. The production cost of RuO5/Ni foam is
twice as high as that of FeNi-rGO/FeNi/Ni foam due to the significantly
higher price of RuO2 NPs at 400 €/g [112]. Comparing the prices of bulk

material, Ru is sold at 13,000 €/kg (purity 99.90 %) [113] and is priced
at 11,700 €/kg (purity 99.95 %) according to Shanghai Metals Market
[114]. Meanwhile, Ni with a purity of 99.90 % is priced at 17 €/kg
[115]. As for iron, a direct comparison is difficult as it is usually traded
as ores, steel, or other alloy forms, hence, we could only consider the
price of bulk steel (iron content > 97 %), which is 0.8 €/kg [116]. The
estimated cost difference between RuO5/Ni foam to FeNi-rGO/FeNi/Ni
foam is extremely large, with RuOy/Ni requiring an additional 2,370
€/kg. It is therefore important to use abundant elements such as Fe and
Ni for large-scale applications.

4. Conclusion

A hybrid catalyst free of precious metals or rare elements has been
synthesized and investigated as an OER catalyst in the alkaline water
splitting process. The hybrid catalyst consisting of laser-generated FeNi
NPs dispersed on rGO microflakes and spray-coated on a FeNi/Ni foam
substrate, FeNi-rGO/FeNi/Ni foam, shows an outstanding performance
in terms of catalytic activity and stability. To produce FeNi-rGO/FeNi/
Ni foam catalyst, FeNi-rGO composites were first generated and sup-
ported on rGO sheets through the PLAL method. Two techniques to
directly synthesise and support the FeNi NPs to rGO were compared,
namely in situ and downstream PLAL. In situ PLAL is known to quench
produced NPs, resulting in smaller size and theoretically higher catalytic
activity, but the presence of light-absorbing or light-scattering matters
in the liquid carrier during PLAL results in lower production rate, which
was 50 mg/h productivity reduction in this study at rGO concentration
of only 15 mg/L. At a higher concentration of rGO, FeNi NPs produc-
tivity will be reduced even further due to laser shielding by rGO
microflakes. Hence, downstream PLAL was investigated as a more pro-
ductive approach to synthesizing and supporting FeNi NPs on rGO
without the optical shielding effect.

Based on our investigation, both in situ and downstream PLAL show
a size-quenching effect on the generated FeNi NPs, resulting in size re-
ductions of approximately 3—-4 nm compared to unsupported FeNi NPs.
Although NPs dispersion is more uniform in the case of in situ FeNi-rGO
than in downstream FeNi-rGO, both samples show similar results in
terms of particle size and overpotential (at 10 mA/cm?) of approxi-
mately 10 nm and 400 mV, respectively. In addition, Raman spectros-
copy reveals ten-fold increases of Ip-/Ig and Ip+/Ig of in situ FeNi-rGO
compared to downstream FeNi-rGO, implying to loss of crystallinity
and an increase in rGO sheets’ interlayer spacing in the case of in situ
FeNi-rGO. As we aim to produce a catalyst free of precious metals or rare
elements with high activity and production rate, downstream PLAL has
clear advantages over in situ PLAL to produce FeNi-rGO composites.
Combining the downstream FeNi-rGO composite with FeNi/Ni foam
substrate, the hybrid FeNi-rGO/FeNi/Ni foam catalyst achieved high
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Fig. 9. Electrocatalytic performance of FeNi-rGO/FeNi/Ni foam, FeNi/Ni foam (substrate), and RuO,/Ni foam. (a) The LSV results in 0.1 M KOH, (b) the over-
potential at a current density of 10 mA/cm?, and (c) the corresponding Tafel slope. Stability test of our hybrid FeNi-rGO,/FeNi/Ni foam catalyst: (d) ADT test of FeNi-
rGO/FeNi/Ni foam, (e) chronopotentiometry results at a current density of 10 mA/cm? for more than 1300 h, and (f) XRD diffractogram of the hybrid catalyst after

more than 1300 h durability test compared to the initial state.
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OER catalytic activity which requires an overpotential of only 234 mV at
a current density of 10 mA/cm?, in addition to exceptional durability
and stability, depicted from the stable chronopotentiometry results for
over 1300 h at a current density of 10 mA/cm?.
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Green nanoparticle synthesis at scale: a
perspective on overcoming the limits of pulsed
laser ablation in liquids for high-

throughput production
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Nanoparticles have become increasingly important for a variety of applications, including medical
diagnosis and treatment, energy harvesting and storage, catalysis, and additive manufacturing. The
development of nanoparticles with different compositions, sizes, and surface properties is essential to
optimize their performance for specific applications. Pulsed laser ablation in liquid is a green chemistry
approach that allows for the production of ligand-free nanoparticles with diverse shapes and phases.
Despite these numerous advantages, the current production rate of this method remains limited, with
typical rates in the milligram per hour range. To unlock the full potential of this technique for various
applications, researchers have dedicated efforts to scaling up production rates to the gram-per-hour
range. Achieving this goal necessitates a thorough understanding of the factors that limit pulsed laser
ablation in liquid (PLAL) productivity, including laser, target, liquid, chamber, and scanner parameters.
This perspective article explores these factors and provides a roadmap for increasing PLAL productivity
that can be adapted to specific applications. By carefully controlling these parameters and developing
new strategies for scaling up production, researchers can unlock the full potential of pulsed laser
ablation in liquids.
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1. Introduction

Nanoparticles have been utilized by humans for centuries, with
early examples dating back to the Roman Empire. The Lycurgus
cup, a piece of Roman glassware from the 4th century AD,
contains gold nanoparticles that provide a striking optical dichro-
ism effect. The cup appears green when lit from the front but red
when illuminated from the back, due to the interaction of light
with the gold nanoparticles. This ancient artifact provides a
remarkable testament to the unique properties of nanoparticles
and their potential applications.” Since then, the field of nano-
technology has undergone tremendous growth. Nanoparticles,
with sizes typically ranging from 1 to 100 nanometers, exhibit
unique electronic, optical, and mechanical properties that differ
from their bulk counterparts. Applications of NPs stretch from
drug delivery and contrast agents for magnetic resonance in the
biomedical field,>® catalysts for the development of renewable
energy systems and environment remediation,” " for the photo-
and electrocatalytic application,"* such as the water-splitting
process,'? fabrication of solar nanofluids,"® properties enhance-
ment and smart materials printing by additive manufacturing,'**
to the development of food packaging with antibacterial effects in
the food industry."®*® The broad application spectrum that
nanotechnology has reached during the last decades has been
possible due to the unique physicochemical properties of the NP
compared to bulk materials. The increased surface area-to-volume
ratio, which exposes more active sites, is key to enhancing
catalysts’ response. The possibility of tuning the optical, thermal,
and conductivity properties depending on the particle size, surface
functionalization, and doping has given rise to the sensors’
development,'®>' advanced materials,”> and optoelectronic
devices.?"****

The dependence of the NPs’ properties on their physico-
chemical parameters represents a key advantage in many
applications. However, in the previous century, the synthesis
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of NPs with controlled characteristics represented a major
challenge, limiting application development. Even nowadays,
with the appearance of novel materials and the continuous
innovation of the current nanomaterials’ functionalities, synth-
esis techniques represent a central pillar of nanotechnology
development, requiring green methods that offer material
versatility, size control, NP purity, controlled surface doping,
and in many cases, high productivity to address the industrial
demands.”

Nanoparticle synthesis techniques can be divided into two
groups, top-down and bottom-up approaches. The top-down
methods are based on the breaking of bulk material to achieve
nanometer-sized particles, including methods such as ball-milling,
sputtering, and thermal evaporation. Meanwhile, the bottom-up
approaches involve building NPs through the joint of their atomic
constituents, usually performed by chemical synthesis methods,
such as co-precipitation, sol-gel, hydrothermal, and chemical vapor
deposition methods. Laser ablation is typically considered a top-
down approach to the synthesis of nanoparticles since it involves
the use of laser energy to ablate bulk materials and create nano-
particles. Nevertheless, this method can also be considered a
bottom-up approach due to the subsequent NPs formation through
nucleation and growth processes of the material constituents
generated by the high-intensity pulsed laser interaction.

Laser ablation can be performed within a vacuum, gas, or
liquid medium."" The production of nanomaterials by laser
ablation in a vacuum is mostly known as pulsed laser deposi-
tion (PLD), where the ablated nanomaterials are deposited onto
a substrate after ablation.>® This technique offers the versatility
to produce thin films with controlled elemental composition by
combining the ablation of different targets.”® Besides, the film
thickness can be controlled within the nano- to micrometer
range.”” Laser ablation can also be performed in a gas environ-
ment, either with a certain gas flow or in the air. In this case,
the method is usually aimed to modify the target material to
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achieve the desired structure and properties, since the NPs will
be re-deposited onto the surface of the target at a very fast rate.>®

The production of nanomaterials using a laser in liquid is
usually named laser ablation in liquid (LAL). It is based on the
irradiation with a high-intensity laser beam (>10° W cm™?) of a
bulk target immersed in a liquid.>® In LAL, two situations are
generally differentiated depending on the laser source
employed. When a continuous laser is employed, the technique
is known as continuous wave laser ablation in liquid (CLAL),
while the methodology is known as pulsed laser ablation in
liquids (PLAL) if the source is a pulsed laser. Generally, the
research field has evolved towards the standard employment of
pulsed lasers, as the constant emission of light from the
continuous wave laser heats the target and induces the boiling
of the surrounding liquid. The boiling liquid scatters the
incoming laser beam to the target, making CLAL unfeasible
for continuous or large-scale NP production.

PLAL was first introduced in 1987 by Patil et al.*® through
the ablation of iron foils in water using a nanosecond laser and in
1993 by Fojtik and Henglein®"** for their work on laser
synthesized-colloidal nanoparticles dispersed in a liquid. The
operational steps of PLAL are relatively straightforward; the laser
is directly shot onto a target fixed inside a liquid medium (Fig. 1).
The ablated material is collected in the surrounding liquid media,
avoiding user inhalation and safety risks, and directly producing
colloidal nanoparticles of the desired material in the selected
solvent. This technique gained popularity due to the possibility of
producing bare-surface - ligand-free NPs, which offer improved
catalytic activity, efficient conjugation, and higher affinity to
biomolecules.>*** Furthermore, it is also possible to produce
complex structures through PLAL, such as hollow NPs**?” and
core-shell NPs,*®*° which might require multiple steps in other
synthesis methods.*>*' Moreover, PLAL complies with green

View Article Online
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chemistry principles.*> Most synthesis techniques require surfac-
tants, certain solvents, gas atmospheres, and pre-and post-
processing, such as stirring, heating, centrifugation, filtration,
and annealing, to produce NPs.**™**> Meanwhile, PLAL is usually
performed in an ambient atmosphere, pressure, and temperature
conditions, without the use of surfactants and hazardous sub-
stances, and with no or limited side products or waste
generation.’® Nevertheless, one critical drawback of this method
is the low nanoparticle production rate. With the increase in the
global population and its demands, the need for a more efficient
way to synthesize PLAL nanomaterials will grow. Production rates
achievable for oxide nanoparticles through the standard PLAL
processes using an oxide target, typically on the order of milli-
grams per hour,”*° may be adequate for certain nanoparticle
applications in bioimaging, biomedicine, and sensing, where only
small amounts of nanoparticles are needed. However, increasing
productivity to the grams per hour scale for the variety of
nanomaterials produced by PLAL will reduce the synthesis cost,
and possibly lower the market price and increase the interest of
the NPs produced by this method.”® As an example of PLAL
productivity compared to high-yield chemical methods, the ther-
molysis of a metal oleate precursor has achieved a yield value of
40 grams of iron oxide NPs per batch.”* Meanwhile, PLAL
produces NPs in a scale of tens to hundreds of milligrams, which
has been extended achieving g h™' productivities for other
metallic®® and ceramic NPs,> and with a record of 8 grams per
hour for Pt NPs produced by Waag et al.”* in 2021.

The aim of this perspective article is to critically review the
current status of PLAL productivity and provide strategies to
continue upscaling the process. To understand the factors that
limit PLAL productivity and provide a clear roadmap to over-
come them, first, the PLAL technique principles will be
described. Besides, to avoid ambiguities, the production rate

Pulsed Laser Ablation in Liquid
Factors affecting NP productivity
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Fig. 1 A schematic illustration of PLAL depicting the laser-irradiated target immersed in a liquid and the factors affecting nanoparticle productivity

categorized by its respective scientific field.
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or productivity will be defined. Afterward, the perspective aim
will be to enlighten the reader by providing responses to the
following fundamental questions defining PLAL productivity.
How does the employed laser source influence the productivity
in LAL? What physicochemical factors of the target and the
solvent are influencing PLAL productivity? How do those fac-
tors correlate? What are the current and upcoming strategies to
increase PLAL productivity to the demanded g h™" scale?

2. The fundamentals of PLAL

The main tool of PLAL is a pulsed laser, that sends its laser
energy in packages (pulses) with a certain pulse duration or
pulse width (tpyse). The average power and peak power of a
pulsed laser can be calculated with eqn (1) and (2), respectively.

P(W) = Ey(1)xf(Hz) (1)

- P(W) _ E(0)
Poear (W)  f(Hz) X Tpuie(s) Tpuie(s) ¥

where P is the average power of the laser, Ppeax is the peak power, f
is the repetition rate or number of pulses in one second, Ty is
the pulse width or pulse duration, and Ej, is the pulse energy. The
peak power is inversely proportional to the pulse width, hence, the
shorter the laser pulse duration the larger the peak power. In
comparison to continuous wave lasers, pulsed lasers with the same
average power can reach a significantly higher peak power, making
laser ablation more efficient by reducing material heating.

Liquid

View Article Online
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The process of material removal and nanoparticle formation
in PLAL involves a series of complex physical and chemical
interactions between the material, the laser, and the liquid.>>™>°
The interaction between the laser beam and the target induces
a fast phase transition between the target-liquid boundary,
leading to the formation of high pressure, temperature, and
density plasma containing ionized and atomized species.*****
As the plasma decays at a fast-cooling rate, the surrounding
liquid absorbs the energy and it is transformed into a layer of
supercritical vapor containing the evaporated and dissociated
species from the liquid, namely the cavitation bubble.®” The
cavitation bubble is presumed to be the reservoir of solid
crystallization, ie., the formation of the atomic cluster, and
primary and secondary particles.®*® The cavitation bubble
might undergo expansion and shrinkage® before its final
collapse, which releases the NPs to the surrounding liquid.’®

Depending on the operating laser pulse duration tpyse, the
ablation mechanism differs as shown in Fig. 2.°" When a
nanosecond laser is employed, the bulk target absorbs the
energy and transfers it to the lattice, inducing energy release
by heating the target, which causes melting, vaporization,
bond-breaking, or defects formation that leads to material
removal. All these processes take place while the laser is still
irradiating the target. Meanwhile, when ultrashort pulses are
employed (in pico- or femtosecond regime), the heating, melt-
ing, and material removal occur at a different time frame due to
the electron-phonon coupling time being longer than the laser
pulse duration. These differences due to the pulse duration
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nanosecond (bottom) PLAL. Reproduced from ref. 61 with permission from IOP Publishing Ltd, copyright 2019.
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influence the lifetime and cooling rate of the plasma, which
leads to a unique plasma-liquid interaction, and thus, nano-
particle phase, size, and composition.®*

A deeper understanding of the processes occurring at the
time scale that goes from the pulse interaction with the
material until NP ejection would help to select the optimum
experimental parameters for every material and liquid.®®®®
This fact could lead to the desired nanoparticle’s size, shape,
composition, and surface coating, for example, the formation
of CoFe layered double hydroxide from the sequential ablation
of Co and Fe target in low concentration of (NH,),CO3,%° which
unlocks potential applications of laser-generated NPs in
catalysis,”® medicine,”" additive manufacturing,”> and energy
generation and storage.”® Nonetheless, productivity has been
always one of the main limitations of the application of laser-
synthesized NPs. Their outstanding properties have been
mainly directed to applications demanding reduced NPs quan-
tities due to the low yield. Consequently, the search for novel
configurations and laser sources that permit an improved
efficiency of the process, as well as productivity increase, has
been one of the main research lines in the past years.>*>*7477¢
Nowadays, it still represents a major goal of the field.

3. Definition and measurement of
nanoparticle productivity

The amount of NPs produced within a certain period of time is
defined as the production rate or productivity. Its value com-
monly lies within the milligrams per hour range, meanwhile, it
is important to achieve NPs productivity in gram per hour scale
to popularize this technology, reduce cost and move toward
industrial applications.

There are several strategies that can be employed to measure
the ablated mass: (1) gravimetric, (2) optical extinction, and (3)
analytical chemistry approaches.”” In the gravimetric approach,
the mass difference of a target before and after PLAL is measured
to be the total mass of NPs produced. A high precision balance is
usually employed, and the target should be dried from the liquid
beforehand to reduce artifacts in the measurement due to the
extra weight from the remaining liquid. The advantage of this
approach is the easy and undemanding labor, but is not suitable
for low productivities below the balance detection range, and the
target mass difference can differ from the amount of colloidal
nanoparticles produced if larger fractions of the target are
ablated. This is especially relevant for powder-pressed targets
where the compactness and porosity facilitate the detachment of
larger particles by the laser action. The second approach, optical
extinction, employs a spectrophotometer at the wavelength
range between 200-1000 nm to measure the intensity difference
of light passed through the liquid used as a reference compared
to the colloidal NPs. Based on the Lamber-Beer law, the absor-
bance of a dissolved substance is correlated with the colloid
concentration.”® Hence, the absorbance of the dispersed NPs in
the liquid can be linearly correlated to its concentration after a
calibration of the spectrophotometer for the given material and

This journal is © the Owner Societies 2023
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solvent. It should be noted, however, that the concentration
determination could only be applied if extinction (which consists
of absorbance and scattering) is dominated by absorbance and
the scattering effect is insignificant. If the scattering effect is
significant, for example, in the case of big NPs sizes, the
absorbance and scattering elements should be separated before
one can determine the concentration through the extinction
method. In addition, size-dependent effects due to plasmonic
absorption cause a wavelength shift depending on the particle
size which may affect the calibration.”® Therefore, it is suggested
to build two types of calibration curves: (1) at the peak wave-
length of the surface plasmon resonance as a function of
nanoparticle size®* to estimate the size and simulate by Mie
theory if the scattering should be considered or can be avoided,
and (2) at a wavelength outside of the plasmon of resonance
where we have a linear dependence of the absorbance with the
concentration. Once the calibration curves are obtained, this
approach is more efficient than the gravimetric method since
the target does not need to be removed and placed for each
measurement. The drawback of this approach is the unreliability
for colloids at extreme concentrations (too high or too low) and
materials which easily agglomerate and sediment, such as
magnetic NPs.*’"®* In the case of highly concentrated colloids
where the high absorption obscures the characterization, dilu-
tion of the colloid can be employed to reduce agglomeration
effects. Furthermore dilution increases colloidal stability while
bringing the absorption value to the linear regime of the
concentration calibration curve without reducing the resolution
of the concentration determination. Meanwhile, the approach to
use analytical chemistry techniques usually requires a dilution of
the sample, for instance, the inductively coupled plasma mass
spectrometry (ICP-MS), as the system is well suited for very low
concentrations. These techniques can be used to provide the
calibration curve required for optical extinction spectroscopy.
The drawback of this approach comes from the high price of the
equipment and the possible inaccuracies in the dilution process.

To obtain a reliable value of the gram per hour productivity
in an experimental procedure, long irradiation times of 1 hour
could be required to showcase the robustness and reliability.
Nevertheless, the productivity is commonly obtained by extra-
polating the ablated mass in minutes to one hour. Please note
that in this situation some factors that may affect the produc-
tivity, ie., nanoparticle shielding, permanent bubbles, and
successive irradiation of the same area of the target, maybe
neglected in the extrapolation. For this reason, the minimum
ablation duration of 5 minutes is required to obtain a reliable
gram per-hour value while also accounting for the effect of
nanoparticle shielding,”® target depth variation, persistent
microbubbles,* and scanning and repetition rate effects.>* It
has been shown that there is no major discrepancy in the
productivity between 5, 10, 15, and 30 minute ablation time
when using a flow chamber.>® Please note that depending on the
ablation chamber, an extrapolation from 5 minutes of ablation
to 1 hour ablation might not be accurate. For example, colloidal
concentration saturation (indicated by low transparency) will be
reached faster if the ablation is done in a batch chamber with a
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smaller liquid volume, leading to an ineffective ablation and
lower productivity overtime, thus, inaccurate results when extra-
polating from shorter ablation time to long term ablation.
Therefore, it is recommended to use a flow chamber with an
optimum flow rate and a constant feed of fresh liquid to avoid
colloidal concentration variation over time.

Other than the aforementioned mass per time unit (mass
productivity), we can also define productivity by the laser
parameters or material properties, such as laser power and
material density. Dividing the value of mass productivity by the
laser power results in “power-specific productivity’” with a unit
of mg h™" W', which defines the efficiency independent of the
laser power used to produce the NPs. Since the laser sources
employed in PLAL differ from one lab to another, it represents a
comparable value to facilitate the repeatability of the process,
however, other key laser parameters such as the pulse duration,
repetition rate, and scanning speed have to be considered when
transferring results to a new setup.®® The density-dependent
productivity is obtained by dividing the mass productivity by
the material density. Therefore, it is also called ‘volume
productivity” (usually provided as mm?® h™"). This approach is
useful to compare the productivity of different materials with
different densities since high-density materials usually show
higher mass productivity compared to low-density materials.®®
Another way to define productivity is the “molar productivity”,
obtained by dividing the ablated mass by the molar mass of the
material, which gives out the final units of mmol h™". Since the
unit is in mole (defining a number of 6.022 x 10> ions, atoms,
molecules, etc.) instead of molar (mole per liter), the terminology
of “mole productivity’” would be more appropriate. This termi-
nology describes the number of atoms ablated from a target
within a period of time, which might be useful in the field of
reactive laser ablation in liquid to determine the stoichiometric
reactant amount and study its influence on the generated phase
of the NPs or the gas composition.

Despite many terminologies used to evaluate and define the
productivity of a PLAL system, there are too many factors
influencing this complex system. It is therefore implausible
to define only one measurement technique and one unit as a
standard in PLAL. The chosen measurement technique and the
unit will then depend on the feasibility of the experimental
procedure in the laboratory and the focus of the research itself,
whether it is to compare the productivity of different materials
or to compare a common material irradiated with different
laser systems. For the goal to scale-up PLAL and reach an
industry-relevant production, the simplest way to define the
productivity is the gravimetric approach combined with well-
calibrated optical spectrophotometry characterization of the
colloids to confirm the absence of large fractions of the target.
This way, it is possible to achieve good repeatability and
accuracy of the method, especially for large production of NPs.

Once the PLAL principles have been introduced, and the
productivity has been defined, the influence of the laser and
material parameters on productivity and strategies to increase
productivity will be discussed. In order to achieve the gram per
hour productivity, approaches such as developing new types of
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chambers,”**"7% bypassing the cavitation bubble,
reducing the liquid layer thickness,®*®' have been sought. In
the following chapter, we will discuss the parameters related to
the NPs productivity starting from the laser fundamentals, ie.,
laser fluence, pulse width, and laser wavelength, to the practical

point of view including the chamber design and target geometry.

4. Strategies to increase nanoparticle
production

The benefits from employing laser-synthesized nanomaterials
for catalysis,'®"*°>7° biocidal elements,’>*® bioimaging,”* and
modification of material properties such as the absorption for
additive manufacturing® has already been proven. Nevertheless,
these processes demand not only large amounts of nanoparticles
but also cost-effective production processes. As lasers are easily
integrated into the production chain and their industrial use is
widely extended, the incorporation of PLAL is straightforward.’®
The development of higher production and cost-effective pro-
cesses to boost the employment of laser-generated nanomater-
ials at a large scale represents one major challenge that
researchers working in this field are facing nowadays.®”

A first thought on the possibilities for increasing productivity
in PLAL immediately leads to the study of laser-matter inter-
action. The first approach that can come to mind is to optimize
laser parameters by increasing laser power and repetition rate,
and find the optimum irradiation wavelength for the employed
material. Nowadays, there exist commercial laser systems oper-
ating at wavelengths from the UV to the IR able to achieve mean
power values of hundreds of Watts that allow obtaining huge
fluence values at the focal spot even operating at repetition rates
in the order of the MHz. However, above a fluence threshold,
limitations that depend on the scanning velocity,”” repetition
rate,> pulse width,®® focusing conditions,’® interaction with the
liquid media,”® and target geometry appear.'® Consequently,
several parameters are involved, and their optimization turns
into a difficult task that even varies depending on the material,
liquid, and pulse duration.

4.1. Finding the optimal laser fluence and pulse duration

A fundamental parameter for nanoparticle production is laser
fluence. Its influence can be explained starting from the well-
established model for material processing in air.'*"'°> Depending
on the pulse duration, the ablation mechanism differs. In the case
where pulse duration is shorter than the electron cooling time,
typically pulses shorter than 1 ps, the strong evaporation regime is
produced and material removal is associated with the direct solid-
vapor or solid-plasma transition, avoiding melting of the mate-
rial. If the pulse duration exceeds the electron cooling time, the
released heat causes first the melting of the material surface and
its posterior vaporization or solidification. Following the results
obtained by this model,"® ™% the ablation depth (L) can be
described in terms of the fluence:

L—6-In (‘f;) ()

th
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Here, ¢ is the effective penetration depth, ¢in. is the incident
fluence on the target (which can be calculated by eqn (4)), ¢y, is the
threshold fluence, Ej, is the pulse energy, and wy is the beam half-
waist (spot radius). This model of laser ablation in air can be used
to explain the relationship between ablated volume per pulse and
fluence by assuming a Gaussian-shaped laser intensity profile.
Integrating eqn (3), then substituting beam waist w, with inci-
dence fluence ¢;,. based on eqn (4), to get eqn (5). The derivation
of this equation can be found in the ref. 104 and 105. Please note
that this equation cannot be directly implemented for PLAL, as the
presence of the liquid causes non-linear interactions, absorption,
as well as scattering, and shielding due to the cavitation bubble
and generated NPs. Nevertheless, this equation will help to under-
stand the relationship between ablated volume and incident
fluence, which is an important parameter in PLAL.

_ EP .S, ¢inc ?
Viz(xbinc 0 ln((/)lh> (5)

From eqn (5), the ablated volume per pulse exhibits a logarithmic
relationship with the incident fluence; the higher the fluence, the
larger the ablated volume per pulse. The incident fluence can be
increased by focusing the laser beam, increasing the laser power,
and reducing the repetition rate (to increase the pulse energy).
The fundamental parameter defining the ablation process regime
is the threshold fluence (Fig. 3). When the incident fluence
is below the ablation threshold, the NP yield is negligible.
When the incidence fluence reaches the ablation threshold,
the ejection of matter increases significantly by more than one
order of magnitude.'®® After overcoming the ablation thresh-
old, increasing the incident fluence has a lower effect on the
ablation yield, and the ablation volume is determined by the
effective penetration depth.'®

Above the ablation threshold, the effective penetration depth is
a key parameter to increasing the ablation volume. The penetra-
tion depth of a material is influenced by the pulse width and the
materials’ properties, such as reflectivity, absorbed wavelength,
and surface structure. An increasing pulse width results in a
decrease in the penetration depth.'®”*°® The penetration depth
can be classified into optical penetration depth and thermal
penetration depth. The optical penetration depth dominates in
the low fluence, ultrashort pulsed lasers (<1 ps) regime because
the pulse duration is shorter than the electron cooling time,
avoiding energy dissipation through heat transfer to the target
materials. Reduction of target heating results in a more efficient
ablation. Meanwhile, the thermal penetration depth is the
dominating factor for longer pulses (=20 ps). When the pulse
duration is longer than the electron-phonon relaxation time,
usually a few picoseconds for metals,” the energy received by the
material will be dissipated to the atom lattice of the material as
heat and subsequent melting, leading to a lower process yield.

In addition to the penetration depth, the ablation threshold
is also affected by the pulse width. A simulation for a 150 ps
laser versus a 15 ps laser (Fig. 3),'° found that the ablation
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Fig. 3 Simulation of laser ablation of organic solids at different fluences
using two different pulse widths. Hollow data points represent the ablation
regime below the ablation threshold and the filled data points denote the
ablation at or above the ablation threshold. The graphs show that the
ablation using a shorter pulse width resulted in a lower ablation threshold
fluence. Reproduced from ref. 106 with the permission from AIP Publishing,
copyright 2000.

threshold is ~20% higher for the longer pulse width (35 ] m >
at 150 ps) than the shorter pulse width (29 ] m > at 15 ps). It is also
reported that the ablation yield of the 15 ps laser pulse is constantly
higher at all fluences above the ablation threshold compared to the
150 ps laser. Meanwhile, if the ablation is performed at a fluence
lower than the ablation threshold, the pulse duration does not
change the yield of the ejected species.'”® Experimental results
confirm the ablation threshold variation with the pulse width
(100-4500 fs) for copper, aluminum, and steel.'®®

Based on the above discussion, we might consider using
ultrashort pulse lasers (femtosecond lasers) over picosecond and
nanosecond lasers for a higher production rate. Nevertheless, the
influence of pulse width on NP productivity by PLAL is not only
the ablation threshold reduction as in air, but also peak power
and intensity-dependent interaction of the pulses with the
liquid."***" Picosecond lasers are found to provide a suitable
subcritical peak pulse power for the ablation process in the liquid
medium, thus, generating the highest NPs yield per pulse and
per unit energy.'’> The ultrashort femtosecond lasers, on the
other hand, trigger non-linear optical absorption, self-focusing,
and filamentation effects in the liquid medium as it reaches
supercritical peak pulse power, which affects the beam spatial
profile and generates energy losses, decreasing the overall
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productivity.''>'**
pulse duration in the nanosecond regime, in which plasma
screening is attributed to be the main cause of productivity
reduction, besides the energy loss from thermal processes such
"2 It has been suggested that the
use of picosecond lasers is advantageous compared to femtose-

The same trend is also observed for longer

as localized heating and melting.

cond lasers if the generated thermal energy can be redistributed,
i.e., by using a liquid flow ablation chamber.'**

Regarding the efficiency of ns and ps PLAL, a study by
Kohsakowski et al. (2018)""® compared the mass-, power-, and
investment-specific productivities of three different laser systems
for the ablation of gold, platinum, silver, and nickel in water. In
terms of absolute productivity depicted as mass per unit time,
(Fig. 4a), the picosecond laser system supported by the 500 m s~*
scanning speed polygon scanner®® achieved the highest value
compared to the nanosecond laser system. Nevertheless, as the
use of a polygon scanner reduced the laser power reaching the
target by half, thus the power-specific productivity is also reduced
by half, making clear that the scanning technology is one of the
main limits to overcome the barrier of PLAL productivity. For gold
and silver, the power-specific productivity is lower for the picose-
cond laser compared to the 10 ns-laser, while it is almost similar
for platinum and nickel (Fig. 4b). In addition, the investment-
specific productivity, which defines the mass of generated NPs
divided by time and investment cost (Fig. 4c), showed that the
10 ns-laser performed better than the 3 ps-laser for gold and silver
NP production by 11% and 15% in every 1000 € investment,
respectively. The absolute power and investment-specific produc-
tivities confirm that longer pulses, 40 ns laser source, lead to
lower productivity due to thermal interactions and plasma shield-
ing. Although the investment-specific productivity depends on the
target material, from the economic point of view, the considera-
tion of laser power and investment cost is crucial as even a small
difference can turn into a significant profit in the long run. In
addition, the lower initial investment cost of the 10 ns-laser at
around 100 000 €, compared to the approx. 500 000 € for the 3 ps-
laser, enables small-scale industries to begin investing in this
green method to produce NPs. Furthermore, both ns and ps lasers
can be complementary in terms of producing different material
phases, core-shell structures, or composites, making productivity
upscaling relevant in both cases.

The fluence defines the ablation regime, and the pulse
duration has been proved to play a key role by influencing
the threshold fluence of the material and the intensity that
determines the interactions with the liquid. However, the pulse
duration is not the only important factor to define the intensity
and fluence of the laser beam interacting with the liquid and
the target. The spatial focusing conditions define the incident
fluence and laser intensity during propagation, influencing
PLAL productivity. Placing the focal spot in front of the target,
i.e., in the liquid, leads to the laser mainly interacting with the
liquid in front of the target, inducing liquid breakdown and
scattering of the incoming laser beam. Depending on the laser
wavelength, focusing the laser beam in the liquid may also
induce fragmentation of the generated NPs that shield the laser
beam energy from reaching the target.”® Placing the focal spot
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Fig. 4 Productivity comparison of three different laser systems for the
ablation of Au, Pt, Ag, and Ni in water, adapted from ref. 115 with
permission from author, licensed under CC BY 4.0, copyright 2018. Each
figure indicates a different productivity calculation approach: (a) mass
productivity, (b) power-specific productivity, and (c) investment-specific
productivity. The asterisk (*) indicates that the data is reproduced from
ref. 52 with permission from IOP Publishing Ltd, copyright 2016.

on the target surface is usually preferred to maximize the laser
fluence and get the maximum ablated volume. Nevertheless,
Waag et al.”® suggested that placing the focal spot slightly
behind the target (0.7-4.7 mm) increases NP productivity
compared to placing the focal spot on the surface of the target
(0 mm) (Fig. 5). The authors argue that the highest productivity
does not occur at the focal spot due to the minimized spot area
of the laser, which would be equivalent to performing the
process with a longer focal length or smaller diameter of the
laser beam before the lens. Thermal analysis of the liquid and
the target revealed that the target reached the minimum heating
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while the colloid reached the highest temperature under the
experimental conditions proposed. The temperature distribution
in the liquid and target is explained by the reduction of heating
effects by the proposed laser defocusing. The high temperature
of the liquid is caused by the heat released from the larger
number of generated NPs.”®> Later results confirmed that the
material removal rate can be maximized by changing the focus-
ing conditions and varying the size of the beam waist."**

Overall, the spatial focusing conditions influence PLAL
productivity by affecting the fluence and intensity profile of the
beam at the focal spot and propagation through the liquid. The
focal length and beam diameter, directly affect the numerical
aperture and focal spot size, which completely modifies the laser
intensity during propagation as well as the fluence. The optimum
focal length and beam diameter depend on the target due to the
differences in the threshold fluence between materials, the liquid
due to the nonlinear threshold fluence and intensity, and the
pulse duration. The modification of the focal length within a PLAL
system is many times unfeasible since fast galvanometric scan-
ners are employed, and the f-theta lens exchange requires an
economical investment and sometimes difficult modification of
the chamber positioning. Consequently, for PLAL systems with
fixed optics, defocusing the beam appears as a straightforward
solution to achieve the optimum processing fluence.

4.2. Taking into account the nonlinear effects

The impact of pulse duration on the primary mechanism of laser
material removal has been previously discussed. Furthermore,
the width of the laser pulse, which affects peak power and

This journal is © the Owner Societies 2023

intensity, has been shown to have an impact on PLAL through
its influence on parameters such as cavitation bubble properties,
absorption, scattering, and target temperature. For example,
experiments on the laser ablation of metal targets in air showed
that material removal efficiency is increased as the employed
laser pulse width is shorter,"*®'"” due to the reduced thermal
interaction and more efficient use of the energy for material
removal process.''*''®11% This evidence points towards femto-
second lasers as an ideal tool for efficient material removal.
However, the nonlinear interactions that dominate the
ablation process at the femtosecond time scale also represent
a source of energy losses due to the generation of these phenom-
ena in the liquid prior to the interaction with the target.'*
Besides, nonlinear effects like filamentation and self-focusing
not only produce energy losses but also modify the divergence of
the beam and so the focal spot position.’® This variation alters
the ablation fluence if the target is not conveniently realigned
and complicates the reproducibility of the experiment.”® This
fact is even more critical considering that the modification of the
focal spot position is power dependent, and so a variation of
the laser energy turns into a shift in the focal spot location."**
It should be noted that the appearance of this phenomenon is
not only related to the laser pulse width but also to the laser peak
power and intensity."'® The frontier between linear and non-
linear effects predominance is generally assumed to be in the
limit between ps and fs timescales.''*'*> Nevertheless, para-
meters related to the material and laser properties should be
considered for every specific situation to obtain the threshold
value and evaluate the optimum experimental conditions.”

Phys. Chem. Chem. Phys.
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The limitations related to the presence of a liquid medium
and energy losses due to the generation of nonlinear effects
restrict the application of fs lasers for nanoparticle production
upscaling.’*® Then, as an intermediate solution to decrease
thermal interaction while avoiding strong nonlinear inter-
actions, ps lasers are commonly employed when production
upscaling is desired.”* Nevertheless, effective control of non-
linear effects produced in the liquid media is a promising path
towards PLAL production increase by the employment of high
power and high repetition rate femtosecond lasers. Recently,
the Simultaneous Spatial and Temporal Focusing (SSTF) tech-
nique has been proposed in PLAL as an alternative to conven-
tional single-lens focusing to address the problem of energy
losses due to the nonlinear effects interaction of femtosecond
pulses propagation through the liquid layer. The key idea of the
SSTF system is that a diffractive grating provides a spatial chirp
to the femtosecond beam, so the different spectral components
are separated and only recombine at the spatial focus of the
objective lens (Fig. 6a). This produces a significant increase in
the pulse width during its propagation in the liquid and,
consequently, the reduction of the nonlinear losses. However,
thanks that the grating is imaged into the sample by means of
an optical setup, the original femtosecond pulse width is
recovered over the target so keeping the desired high-
efficiency ablation of femtosecond pulses. This strategy for
beam delivery allows a reduction of a 70% factor of the non-
linear energy losses compared to the standard fs PLAL system,
resulting in a productivity increase of 2.4%° (Fig. 6b).

4.3. Reducing liquid and nanoparticles absorption and
scattering via laser wavelength selection

Nonlinear effects are not the only interaction with the liquid
that influences productivity, linear interactions such as absorp-
tion, reflection, and scattering occurring both in the liquid and
the target need to be accounted for to maximize PLAL NPs yield.
The laser wavelength defines these processes, as each material’s
absorption, reflectance, and scattering depend on the wavelength
Higher absorption of the target at the

124-126

of the incident light.

Fig. 6
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laser wavelength leads to a higher energy density delivered to the
sample and so the ablated volume increases. For example, for
laser ablation in air, if a material has a low absorptivity at
1064 nm, the amount of ablated material with an Nd:YAG
1064 nm laser will be lower.'*®

The optimum processing wavelength of the material can be
determined by spectrophotometry, hence defining the most
suitable wavelength for laser ablation in air. Nevertheless, the
absorption of the liquid and generated nanoparticles in the
laser ablation in liquid produce energy losses, requiring a laser
wavelength with low liquid absorption and high material
absorption.'*”"*® This key difference with ablation in air is
shown in materials such as Au and Ag where the maximum
ablation efficiency laser wavelength differs from ablation in
air.'?>13° Scattering and inter- and intra-pulse absorption are
commonly found as the main hurdles to increasing PLAL
productivity. Intra-pulse absorption is related to the laser pulse
width, which is found for longer pulses in the ns regime and
above, as the pulse tail can be absorbed by the generated NPs
and plasma plume from the pulse front.">” The scattering and
inter-pulse absorption, on the other hand, are associated with
the extinction coefficient of the liquid and the generated colloi-
dal NPs, which affect the laser energy delivered to the target.

As reported by Intartaglia et al. (2014),"** the ablation of Si in
water using a UV laser (355 nm) resulted in lower productivity
compared to the ablation using a NIR laser (1064 nm) as shown
in Fig. 7. They observed two different regimes in the UV laser
ablation, termed transient and steady-state regimes, where the
productivity is higher during the transient regime (smaller
number of pulses, shorter ablation time) compared to the
steady-state regime (larger number of pulses, longer ablation
time) (Fig. 7b). TEM analysis shows that the smaller Si NPs size
is obtained with increasing ablation time, proving the photo-
fragmentation phenomenon.’*' Meanwhile, the ablation using
a NIR laser (Fig. 7a) shows a steady ablation yield and the
particle size is also bigger than the UV-ablated Si NPs. These
effects are especially prominent if a batch chamber is used in
PLAL, where the generated NPs stay in the chamber after the
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(a) Experimental setup of the fs SSTF-PLAL system based on the spatial separation of the spectral components of an fs pulse that is only

recombined at the focal spot, returning to the initial fs pulse duration. (b) NP productivity as a function of the pulse energy for the fs SSTF-PLAL, standard
fs PLAL (COS), and analogous system to fs SSTF-PLAL without spatial separation of the spectral components (IOS). Reproduced from ref. 99 with

permission from Chinese Laser Press, copyright 2019.
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generation and shield the laser beam. The employment of a
flow chamber is thus recommended to reduce scattering and
absorption related to the generated NPs and to improve the
productivity. Selecting the laser wavelength with minimum
absorption and scattering by the generated NPs is crucial to
maximizing the laser energy delivered to the target. While UV
laser is more beneficial to produce smaller NPs due to the
fragmentation effect, the NIR laser is the most ideal choice to
obtain high ablation yield due to the low absorption by
generated NPs.

4.4. Bypassing the cavitation bubble

The optical phenomena occurring in the liquid are not the only
difference between laser ablation in air and PLAL. The presence
of the liquid and the laser interaction promotes the formation
of a cavitation bubble for each pulse interacting with the target.
This vapor bubble is formed when the local pressure drops
below the liquid’s vapor pressure; hence, the inside of the
bubble is filled with vapor. The cavitation bubble in PLAL is
formed due to the instant vaporization of the liquid exposed to
the heat of the plasma plume. The temperature of the plasma
plume was measured experimentally by capturing the optical
emission intensity of the plasma during the ablation of a target
using an ICCD camera with a resolution of 50 ns.®®**>™*> The
obtained continuum spectra are fitted to the Planck equation to
obtain the plasma plume temperature."**'*” The ablation of
materials in water is reported to generate plasma plumes with a
temperature in the range of 4000-8000 K."*>"**13>137 Meanwhile,
another study of graphite ablation in water with a 5 ns resolution
shows a maximum plasma temperature of 25000 K, which

No photo-fragmentation

View Article Online
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reached 20 ns after the laser pulse interaction.*® After the
cavitation bubble formation and expansion up to the maximum
height, the cavitation bubble undergoes a shrinkage process and
finally collapses, releasing a shockwave to the surrounding liquid.
The lifetime and maximum height of a cavitation bubble depend
on many factors, including laser fluence,”® pulse width,”®'3%'4°
number of irradiated pulses at the same spot,"*"'** liquid
density,"”* the thickness of liquid layer,'** liquid viscosity,'*®
target geometry,' and liquid compressibility.**® Its maximum
height varies strongly with the pulse width, ranging from tens of
pm as in femtosecond tissue ablation,’*® to several mm in
nanosecond ablation of alumina."*’

The cavitation bubble’s lifetime and size strongly constrain
PLAL productivity. In continuous ablation PLAL, the first bubble
generated by the first laser pulse can shield the subsequent
pulses, hindering the laser energy that reaches the target mate-
rial. Two strategies have been proposed to bypass the cavitation
bubble (Fig. 8a). The first one is to temporally bypass the
cavitation bubble, which means that the subsequent pulse is
sent when the previous cavitation bubble already collapsed.’
This approach is only suitable for low repetition rate laser
sources, for example, if the lifetime of the cavitation bubble is
100 ps, the maximum repetition rate that can be employed is 10
kHz to temporally bypass the cavitation bubble.'*” Nevertheless,
high repetition rate lasers with high pulse energy are desired to
increase PLAL productivity. Hence, the second proposed mecha-
nism, i.e., spatially bypassing the cavitation bubble, represents a
more feasible way to achieve industrial-scale PLAL production.
Spatial bypassing of the cavitation bubble can be achieved by a
high scanning speed of the processing pattern. The distance
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Fig. 7 Laser wavelength influence on the productivity and particle size of Si ablation in water. (a) Ablation using a 1064 nm NIR laser shows steady
ablated mass as a function of a number of pulses (ablation time) in different fluences. The inset, indicated by the green arrow, shows the TEM image and
particle size distribution of Si ablated using a 1064 nm NIR laser. (b) Ablation using a 355 nm UV laser produces smaller Si NPs with increasing ablation
time due to photo-fragmentation. Insets, indicated by the blue arrows of the respective data point, show the TEM image and particle size distribution of
Si ablated using a 355 nm UV laser. Adapted from ref. 131 with permission from The Optical Society, copyright 2014.
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Fig. 8 Bypassing the cavitation bubbles. (a) Schematic representation of temporal and spatial bypassing of the cavitation bubble (reproduced from ref.
74 with permission from The Optical Society, copyright 2016) and (b) ablation per-pulse of Zn in tetrahydrofuran as a function of the interpulse distance,
depending on the bypassing mechanism. Filled data points are temporal bypassing by using a low repetition rate (1 kHz), while hollow data points
represent spatial bypassing (repetition rate of 10 kHz). The inset shows the ablation per pulse of the Zn target in air. Adapted from ref. 90 with permission

from American Chemical Society, copyright 2010.

between pulses has to be at least equal to the cavitation bubble
radius so the subsequent pulse does not interact with the bubble
formed by the previous pulse. The suitability of this approach for
PLAL production upscale was confirmed by Wagener et al
(2010),”° comparing the productivity of Zn ablation in tetrahy-
drofuran (THF) varying the inter-pulse distance and repetition
rate to study the influence of temporal and spatial bypassing of
the cavitation bubble in picosecond PLAL.”® In their setup, the
inter-pulse distance was kept constant for different repetition
rates, maintaining the number of pulses irradiation of the
sample (10° pulses) to obtain comparable productivity values.
At 10 kHz, increasing the inter-pulse distance up to 125 um
enhanced the ablation efficiency. Then, a gradual decay of the
ablation rate is observed (Fig. 8b, hollow data points). The initial
productivity increase is related to the spatial bypassing of the
cavitation bubble combined with the incomplete thermal relaxa-
tion of the material irradiated by the previous pulse, leading to
trapped heat and a phase explosion as the dominant ablation
mechanism. Contrarily, for inter-pulse distance larger than
125 microns, the irradiated area has not experienced heat
accumulation due to the previous pulse, being thermal ablation
as the main mechanism instead of phase explosion, and gradu-
ally lowering the ablation rate.’® Temporal bypassing is achieved
at 1 kHz, with a low productivity variation for lower repetition
rates (Fig. 8b, filled data points). It is important to critically note
that when evaluating the size and lifetime of cavitation bubbles
with respect to productivity, the dimensions of a bubble induced
by a single pulse are being considered. Nevertheless, it is known
that these dimensions vary when multiple pulses hit a target."**

In a real NP production scenario, the laser power and
repetition rates are maximized while keeping the optimum
fluence in order to deliver the larger amount of pulses and
maximize the ablated volume. In this scenario, a fast-scanning
system is required to increase the inter-pulse distance and
increase the ablated area to ensure that the target has enough
time between successive scanning patterns to cool down. The
scanning speed becomes a fundamental parameter together

Phys. Chem. Chem. Phys.

with the repetition rate and the cavitation bubble size for each
specific system to ensure cavitation bubble bypass. As an example,
for a cavitation bubble with an average radius of 100 um produced
with a laser source operating at a 100 kHz repetition rate, the
minimum scanning speed required to completely bypass the
cavitation bubble is 10 m s™". The galvanometer scanner technol-
ogy can reach 10 m s . Nevertheless, if the repetition rate is
further increased to the MHz range, scanning speeds of at least
100 m s ' are required. As the number of delivered pulses
per second is critical for PLAL productivity, the required scanning
speeds reach the current technological limitations.

The galvanometer scanners are based on the mirror(s)
revolved with rotary motor(s) that deflect the input beam into
a designed pattern with micrometric precision.*® This working
principle limits the maximum speed that can be achieved by this
technology due to the inertia from the mass of the mirror(s) and
other moving parts.'*® The fastest reachable speed of a galvan-
ometer scanner is less than 200 rad s~ *.">*'*" If the scanner is
paired with an f-theta lens with a focal length of 167 mm, the
maximum scanning speed at the working field is approximately
35 m s "2 In 2013, De Loor introduced a new scanning
technology based on the rotation of mirrors fixed on a polygon
wheel.’*® The wheel rotates at a constant speed and the incom-
ing beam is deflected on the flat facet of the mirrors (Fig. 9a).
This polygon scanning technology offers a beam deflection
speed of up to ~1000 m s~ ~.">>"* However, since the corner
of the polygon wheel will deflect the beam at uncontrolled
angles, the laser beam is shut off during this time and the laser
beam only irradiates the target within a certain percentage of the
duty cycle. This effect is more pronounced for small processing
patterns, requiring large patterns with lower spatial resolution
than the galvanometric scanners.'*® Streubel et al (2016)"*
proposed for the first time the employment of a unidimensional
polygon scanner (500 m s ') together with a galvanometric
scanner to achieve a 2D scanning of the target sample
(Fig. 9a). The fast scanning system was employed with a
500 W, 10 MHz, 3 ps laser source to maximize the number of

This journal is © the Owner Societies 2023
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Fig. 9 (a) Schematic illustration of the ablation set-up using a polygon scanner (reproduced from ref. 74 with permission from The Optical Society,

copyright 2016) and (b) power-specific ablation rate comparison of a galvanometer scanner (red) to the polygon scanner (black) for different materials

(reproduced from ref. 54 licensed under CC BY 4.0, copyright 2021).

pulses per second by processing the target at 10 MHz achieving
fluences above the threshold fluence thanks to the high power
delivered.”* The fast scanning speed allows the bypass of the
cavitation bubble, reaching productivities as high as 4 g h™" for
PLAL of Pt. A direct comparison of PLAL with a galvanometric
scanner (5 m s~ ') compared to the polygon scanner (484 m s~ )
resulted in a difference up to 16, 7, and 11 times for the ablation
of Au, Pt, and Auy,Pt,, targets, respectively (Fig. 9b).

In conclusion, PLAL upscaling requires faster scanning
technologies. Using high-speed polygon scanners is one of
the easiest ways to enhance NPs production.'>* However, their
high prices, low precision demanding large scanning patterns,
and their duty cycle that reduces the initial laser power
employed in the target processing by a 50% factor, make it
difficult the implementation of this technology in every PLAL
system. Consequently, galvanometric scanners generally still
represent more economical and repost alternative for PLAL,
especially when fast galvanometric scanners reaching 30 m s™*
are employed.

4.5. Avoiding persistent microbubbles

The productivity of PLAL can be adversely affected not only
by cavitation bubbles and NPs in the laser path but also by
the formation of so-called persistent microbubbles during the
ablation process. Persistent microbubbles are spherical and
stable gas bubbles, generated from the collapse of the cavita-
tion bubbles. While a cavitation bubble lifetime is approxi-
mately 0.1-1 ms,"*> persistent microbubbles can stay even as
long as seconds."*® Consequently, it is critical to understand the
liquid, target, and laser processing parameters related to the
lifetime of the persistent microbubbles in order to avoid their
presence that shields the laser beam and can even become a
safety issue when they stick to the chamber window, increasing
reflectivity and even leading to glass breakage by the high-
intensity laser source. Kalus et al (2017)'*® investigated the
formation of persistent microbubbles during the ablation of
gold in 11 different liquids with various viscosity, as shown in
Fig. 10a and b. The influence of the liquid viscosity over the
amount, cross-sectional area, size, dwell time, and ascending
speed of the persistent bubbles was evaluated. It was found that

This journal is © the Owner Societies 2023

higher liquid viscosities increased the size and dwell time of the
generated persistent microbubbles."** As shown in Fig. 10b, the
ablation yield difference based on the liquid viscosity shows
a factor 3 reduction when the ablation is done in liquids with a
viscosity higher than 20 mPa s compared to liquids with a
viscosity lower than 1 mPa s. A different study®® revealed the
influence of the target material over persistent bubbles genera-
tion. Different targets were irradiated in water and the gas
formation (H, and O,) was measured. The results show that
less-noble metal such as Al produces the largest gas volume,
followed by titanium, iron, and copper, respectively, while less
oxidation-sensitive metals such as Au, Pt, and Ag produce the
lowest gas formation (Fig. 10c). The authors suggest that the
standard reduction potential (E°) of these elements influences
the volume of gas formed. In the PLAL system, the elements with
negative E° values readily react with water vapor to form oxides
and molecular hydrogen as a side product.®® The formation of
more gas bubbles for these types of elements results in a lower
ablation yield due to the shielding of the incoming laser beam
(Fig. 10d).%® Meanwhile, noble metals such as Au and Pt are less
prone to oxidation, thus, the gasses formed during the PLAL of
these elements are associated with the laser-induced breakdown
of the liquid molecules.®®*>*>">°

Unlike cavitation bubbles, which can be spatially and tem-
porally located, thus allowing the implementation of bypassing
strategies, persistent microbubbles exhibit an unpredictable
evolution that limits their bypass. Consequently, liquid flow
strategies such as a high flow rate and good laminar flow represent
the best approach to remove the detached persistent bubbles.
Controlling the liquid flow by the chamber design becomes a
fundamental factor for PLAL upscaling since turbulences would
extend the retention time of these shielding bubbles inside the
chamber, resulting in a reduction of the process efficiency.

4.6. Knowing the effect of target morphology

The morphology of the target influences PLAL productivity
due to the different shapes, lifetimes, and dynamics of the
produced bubbles. These bubble dynamics influence NP for-
mation. Kohsakowski et al. (2016)'%° studied 3 different target
geometries: wire tip, clamped wire, and bulk target, in relation

Phys. Chem. Chem. Phys.
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Fig. 10 The influence of persistent microbubbles on the productivity. (a) The formation of persistent microbubbles and (b) the influence of liquid
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2017. (c) The formation of persistent microbubbles in the ablation of different elements and (d) NPs productivity and power specific productivity for
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to their bubble formation and dynamics for a single pulse
experiment (Fig. 11). Ablation at the tip of the wire results in a
23% shorter bubble lifetime compared to the ablation in a bulk
target, due to the springboard movement, which allows a larger
displacement of the bubble, as shown in Fig. 11b. This spring-
board movement also provides a larger displacement of the
bubble rebound from the target, compared to the clamped wire
and the bulk target (Fig. 11a and c, respectively), which showed
a longer duration of the bubble rebound attachment to the
target. Multi-pulse experiments were also performed to evaluate
PLAL productivity for these three geometries. Wire-type targets
(clamped wire and wire tip) showed a productivity increase
of up to 2.5 times higher compared to the bulk target. The
productivity increase is associated with the elasticity of the wires,
which can provide better bubble movement. Nevertheless, the
spring-like movement of the wire tip target does not increase
the productivity compared to the clamped wire target, due to the
limitation in the ablation set-up where the incident laser is
shielded by the bubbles rising upward. The authors suggest that
the productivity could be improved if the liquid flow is perpendi-
cular to the target which helps to transport the bubbles away
from the ablation area.

In a different study, the influence of the wire diameter on
PLAL productivity was evaluated for a silver wire target ablated
by a 10 ns laser. The highest ablation efficiency is found for a
wire diameter of 750 pm, resulting in a 2 times higher ablation
rate than the wire diameter of 1500 um.?® Based on these two
reports, a wire target is an interesting target geometry to
increase PLAL productivity due to the changes in bubble
dynamics. The modification of the silver target geometry (wire
or bulk) does not influence the NP size distribution.*’

Phys. Chem. Chem. Phys.

Nevertheless, a wire target requires precise laser beam position-
ing to get the correct focalization of the beam on the wire
surface, and not all materials are available as wire shapes.
Hence, conventional targets in a form of a bulk plate or a
compressed powder pellet are still chosen over the wire shape
for easier beam positioning and availability.

Not only the shape but also the texture'®” of the target’s
surface affect how the laser beam interacts with the target.
Nadarajah et al. (2020)"*® studied the correlation between the
change of surface microstructure during picosecond PLAL with
the productivity of some metals and alloys, such as Fe, Au, Ag,
and their binary alloys. In the study, the formation of laser-
induced periodic surface structures (LIPSS) was observed on the
ablated surface of Au and Fe targets and their binary alloys,
while Ag does not show the formation of LIPSS (Fig. 12a).
Regarding the productivity, it is suggested that the formation of
LIPSS on the surface of some alloys affects the reflectivity, as
measured for the reflectivity of AgsoAus, without LIPSS formation
that is 20% lower compared to the surface with LIPSS."”® Since
LIPSS stem from the linear polarization of the laser, using a
quarter wave plate to convert the linear polarization to circular
polarization was found to reduce LIPSS formation and increase
the productivity of the metal alloys tested (Fig. 12b). Nevertheless,
LIPSS is a material specific and fluence-specific phenomenon,
and the correlation of LIPSS to the PLAL productivity is still newly
explored, hence, further studies are required.

The compactness (degree of porosity) of the target should
also be considered to avoid biased results of the productivity
due to the removal of large parts of the target not contributing
to NP formation. Schmitz et al. (2016)*® compared the gravime-
trical and optical (extinction) techniques to measure the

7

This journal is © the Owner Societies 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cp01214j

A
=
b
(=)
=
=
[ag]
o
=
a
g
N
N
q
=
=
S
<
3
<
S
4
E
2
<
A
o
o
o
Q
>
=
E;
I
©
S
=
S
<
Q
=
wi
=
=
=
&
<
2
Q
2
>
<
w)
@
93
Q
Q
<
=
9]
3
o

o
z
U
3>
@

This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

PCCP

d wire ablation

[X&direction

(a) Two-side clampe

(b) Wire tip ablation

-y-drecl on

(C) Bulk target ablation

i i y-cwcﬂ i i

target

View Article Online

Perspective

Fig. 11 Bubble morphology depending on the target geometry of (a) wire target clamped on both ends, (b) wire target clamped on one end, and (c) bulk
target. Adapted from ref. 100 with permission from the PCCP Owner Societies, copyright 2016.

productivity of targets with different porosity, namely micro-
powder-pressed targets (69, 76, and 87% density), a nano-
powder-pressed target (99% density), and a bulk target (100%
density).*® The micro-powder-pressed targets showed the highest
productivity in the gravimetrical approach compared to the
nanopowder-pressed and bulk targets. The absorption measure-
ments indicated that the absorbance values remained fairly
consistent across the three samples. However, the apparent
contradiction can be attributed to the formation of larger particles
in the micro- and millimeter range from the low-density targets,
which led to higher productivity values in gravimetric measure-
ments. The absorbance values, on the other hand, only represent
smaller particles, which were stable in the colloid during the
measurement. The bigger particles already settled at the bottom
in less than one minute, thus, did not increase the concentration
of the colloid. Hence, it is important to use densely packed
pressed powder or bulk targets to avoid biased result especially
when PLAL productivity is characterized by the gravimetrical
approach.

There is a significant correlation between the target mor-
phology and the productivity of the PLAL system due to its
influence on the bubble formation and the laser interaction
with the target and liquid. Cylindrical target such as wire is

—~
Q
N

FegAug,

Linearly polarized
laser beam

Circularly polarized
laser beam

shown to improve the productivity due to the spring-like movement
which reduces the bubble lifetime, but the small area makes it
difficult to align the beam. Moreover, the curved shape changes the
focusing condition within the ablated area, thus resulting in
uneven fluences. The plate and sheet types are the most commonly
used targets for ablation due to their flat surface and accessibility
from the manufacturing company. Employing the flat target is thus
recommended. Compact targets such as pressed powder with high
density and low porosity, or bulk metal and alloy targets should be
used in order to avoid the removal of larger particles.

4.7. Optimizing the ablation chamber design

The simplest ablation chamber design in PLAL is a glass beaker
or a cuvette where the target is placed either laying or standing
depending on the direction of the incoming beam (Fig. 13a).
This setup is sufficient for the production of NPs in a small batch,
but for larger production, the employment of these chambers is
no longer feasible. Due to the limited volume of the chamber, the
colloid becomes concentrated rapidly, which hinders the incom-
ing laser beam to reach the target. In addition, the NPs and
persistent bubbles that are formed scatter the incoming laser
beam since there is no liquid flow to remove them." Hence,
different chamber designs have been proposed to improve the
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Fig. 12 The influence of laser polarization on the laser-induced periodic surface structures (LIPSS) formation for picosecond PLAL of different targets.
(@) SEM images and (b) productivity increase with different laser polarization. Adapted from ref. 158 with permission from The Optical Society,

copyright 2020.
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Fig. 13 Type of ablation chambers in the LAL: (a) stationary batch chamber, (b) batch chamber with the liquid flow (reproduced from ref. 114 with
permission of AIP Publishing, copyright 2007), (c) batch chamber with rotating target (adapted from ref. 87 with permission from the PCCP Owner
Societies, copyright 2016), (d) flow chamber with a rotating target (adapted from ref. 160 with permission from SNCSC, copyright 2017), (e) flow-through
chamber (adapted from ref. 161 with permission from Elsevier, copyright 2017), (f) liquid jet with wire feeder (reproduced from ref. 88 with permission

from Elsevier, copyright 2017).

PLAL production rate. Barcikowski et al. (2007)"** presented a type
of batch chamber with a magnetic stirrer to make the liquid flow
inside the chamber (Fig. 13b). The liquid flow inside the chamber
is aimed to induce target cooling during ablation and displace the
generated NPs away from the target to reduce laser shielding.
With this setup, the productivity of femtosecond laser ablation
is increased from 0.79 + 0.36 mg h™' (stationary) to 3.0 =+
0.4 mg h™" (liquid flow). The authors also compared ablation
using a picosecond laser with higher pulse energy and repetition
rate, resulting in an NP production rate of 31.0 & 0.4 mg h™"
(liquid flow).

A different approach includes the liquid flow within the
chamber produced by the rotation of the cylindrical target
attached to a brushless motor, as shown in Fig. 13¢.*” At the
same time, the rotating target drives away the generated NPs
from the vicinity of the target and increases the inter-pulse
distance reducing cavitation bubble shielding.?” The influence
of the rotation speed on the ablation rate was evaluated by the
colloidal optical extinction approach. The highest PLAL pro-
ductivity was found at the lowest rotation speed (300 rpm),
decreasing with the increasing rotation speed. Based on the
flow simulation results as shown in Fig. 14, increasing the
rotation speed leads to the formation of unsteady flows and
vortices in front of the target’s surface, which traps the bubbles
produced during PLAL increasing laser shielding.®” A similar
result, reporting lower ablation efficiency with the increasing
speed of the rotating target was reported for the ablation of
NiTi in water.'® In this case, the target rotated while the liquid
was poured on the ablation spot instead of rotating the target
immersed in the liquid, as shown in Fig. 13d. The authors

Phys. Chem. Chem. Phys.

suggest that the high ablation rate with lower rotation speeds is
due to close pulse proximity and overlapping effects, which
might improve laser absorption of the next pulse."®

The next evolution in chamber design is a flow-through
chamber that allows PLAL with a continuous feed of fresh
liquid and collection of the generated colloid"®" (Fig. 13e).
The liquid is pumped through the chamber where ablation takes
place, and the generated NPs are carried out of the ablation
chamber so that laser shielding is avoided. An optimum liquid
flow rate is achieved when the generated NPs are completely
removed from the ablation area, confirmed by monitoring the
productivity with increasing flow rates.®> An advantage of this
chamber is the capacity to extend PLAL without a colloid concen-
tration saturation and is only limited by the target drilling which
allows processing times of several hours even for thin (1 mm)
targets.>

Alternative flow chamber designs include a nozzle and a
wire feeder (Fig. 13f) to reduce the liquid layer thickness and
achieve long-term ablation by continuously feeding the target
material into the system.®® This novel system avoids the batch
chamber’s main limitation for PLAL large productivity, which is
the need to replace the liquid frequentlz as NPs concentration
reaches a saturation value that does not allow the laser beam to
reach the target. The flow chamber is more efficient than the
batch chamber, but focus readjustment is still needed due to the
depletion of the target’s thickness. Meanwhile, a wire target feeder
in a liquid jet setup provides the option to feed continuously the
target material while keeping the advantages of a continuous
liquid flow (Fig. 13f). Prospectively, this setup is proposed to be
more efficient, as there is no need to stop the ablation to change

This journal is © the Owner Societies 2023
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Fig. 14 Numerical simulation of the liquid dynamics inside the rotating target chamber at different rotating speeds. The bottom panels show the
magnification of the region on the target surface and the grey rectangles represent the groves produced by the laser. Adapted from ref. 87 with

permission from the PCCP Owner Societies, copyright 2016.

the target and/or the liquid. Nevertheless, due to the small wire
size, the beam alignment takes longer and represents a major
challenge compared to the flow chamber bulk targets. In addition,
the stability of the wire feed system represents a challenge for
long-term ablation, as well as control of the incident laser fluence.
The advantages described and the easier handling and alignment
turn the flow through chamber design into the current standard
for PLAL upscaling.

Even though the wire feed setup presents some challenges, it
highlights another approach to increase PLAL production:
liquid layer reduction. It has been reported that decreasing
the liquid layer thickness from 8 to 2.5 mm improves the
PLAL productivity of an o-Al,O; pressed target from 172 to
592 mg h™'.>® The authors suggest that absorption and scattering
of the laser energy by the generated NPs reduce the laser energy
deposition on the target’s surface. In a different work, it was
reported an optimum liquid layer thickness of 1.2 mm to get the
highest yield of Ge NPs in water, based on absorbance
characterization.'®> The liquid layer thickness effect was also
evaluated in a flow chamber with a silver wire target. Different
nozzles were employed to create various liquid layer thicknesses.
The optimum productivity was obtained for a liquid layer thick-
ness of 0.5 mm (243 mg h™"). For a liquid layer thickness below
0.3 mm, the ablation showed low reproducibility, which is sug-
gested to stem from partial ablation in air and liquid ejection.

Following this idea, Monsa et al. (2020)°" proposed a strategy
to increase NP productivity by focusing the beam at the
meniscus interface of a tilted target, as shown in Fig. 15a. An
order of magnitude larger concentration of the Pd, Cu, and Ag
colloids in ethanol was reported.”’ The comparison of the
colloids generated after 5 minute ablation at the meniscus
interface and 4 mm liquid layer thickness is shown in

This journal is © the Owner Societies 2023

Fig. 15b. It should be noted, however, that the optimum liquid
layer thickness depends on the material and the experimental
set-up (laser parameters, ablation chamber, target and liquid
properties, and focusing method) since higher intensities can
lead to vaporization of a thicker liquid layer and strong scatter-
ing of the beam.

The flow chamber reduced the liquid layer by a closed
chamber design and irradiation of the target through a glass
window. In this case, extra precautions must be taken to avoid
damage to the window glass. The high-temperature plasma
plume, shockwave, cavitation bubble, and nanoparticle ejection
can cause damage to the window glass if the distance between
the target and the window glass is too narrow. It is usually
recommended to have a distance of at least 3 mm to avoid
damaging the window; naturally, this value depends on other
parameters, such as pulse energy, pulse width, and focusing
condition. For the ablation without a window (open chamber),
the liquid layer thickness could be much lower, but keeping the
linear flow represents a major challenge if a large liquid flow
rate is employed. These turbulences in the liquid surface affect
the laser focusing on the target. Removing the liquid flow
allows a stable and thinner liquid layer, however, the effect of
the NP shielding due to the rapidly growing colloid concen-
tration represents a larger limitation for PLAL upscaling.

Many ablation chamber designs are proposed to increase
the productivity and improve the efficiency of the PLAL process,
nevertheless, the discussion related to the fluid dynamics
inside the chamber is limited. As the design of the chamber
strongly influences the liquid flow, an ineffective chamber
produces fluid turbulences which increases the retention time
of the NPs inside the chamber, giving rise to the NPs shielding
effect of the incoming laser beam. Producing ablation

Phys. Chem. Chem. Phys.


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cp01214j

A
=
b
(=)
=
=
[ag]
o
=
a
g
N
N
d
=
=
S
<
3
<
S
4
E
2
<
a
o
o
o
Q
>
=
E;
I
©
S
=
S
<
Q
=
wi
=
=
=
&
<
2
Q
2
>
<
w)
@
93
Q
Q
<
=
9]
3
o

o
r4
U
>
@

This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Perspective

View Article Online

PCCP

(a)

quartz
window

At the meniscus

4 mm liquid layer
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Fig. 15 Proposed strategy to increase productivity by ablating at the meniscus interface of the liquid layer and tilted target. (a) Schematic illustration of
the experimental set-up and the enlarged view of the beam at the interface of liquid-target, (b) the colloidal dispersions of Pd, Cu, and Ag NPs produced
at the meniscus interface (top) and liquid thickness of 4 mm (bottom). The production of NPs at the meniscus resulted in an order of magnitude higher
concentrations compared to the ablation at 4 mm liquid layer thickness. Adapted from ref. 91 with permission from IOP Publishing Ltd, copyright 2020.

chambers with a laminar flow is needed to increase ablation
efficiency and the productivity. To produce a laminar flow, a
fluid dynamic simulation of the newly designed chamber should
be done prior to the production step, to analyze the formation of
turbulences and vortices. Studying different liquid viscosities
and the influence of species and effects generated by the PLAL
process, including the persistent gas, nanoparticles, heat trans-
fer, and the collapse of the cavitation bubbles, are some further
stages that can be done in this regard. In summary, the design of
an ablation chamber should be accompanied by an engineering
approach of fluid mechanical design, which addresses the short-
comings of the inefficient chamber in order to produce laminar
flow with minimum turbulence and vortices.

4.8. Continuous production, automatization, remote
monitoring, and control of the ablation process

One of the advantages of the PLAL process to produce NPs is
the option to perform continuous production. Unlike the wet
chemical synthesis methods where the NPs production is
commonly done in batches using a certain recipe with tight
control over reactants amount and synthesis conditions, con-
tinuous production in PLAL can be performed simply by using
a flow chamber, either with or without the recirculation of
liquid (loop) as shown in ref. 163 for the ablation of a gold
target using a nanosecond laser. The continuous production of
NPs in the industry is critical to reducing the cost, yet scaling
up the batches of chemical synthesis procedure is not as easy as
multiplying the amount of the reagents and increasing the
reactor’s volume. Various parameters such as the reactants
concentration, amount of catalyst and stabilizer, heating tem-
perature, stirring speed, and the duration of each process
should be optimized accordingly.'®* Moreover, the properties
of NPs could possibly change during the scaling up, as the
nanoscale control is difficult at larger reactants quantity."®*
To ensure both safety and economic efficiency, it would be
ideal for the implementation of PLAL in the industry to include

Phys. Chem. Chem. Phys.

an automated system for controlling and remotely monitoring
the ablation process.'®'®® As the PLAL process only requires
the operator for the first setup and periodical monitoring of the
status,'®® the required automatization and remote controlling
include maintaining the optimum working distance,"®>"®” reg-
ulating the liquid flow,"®*'°® and controlling the laser."®®

In terms of the automatic control of the working distance, the
utilization of acoustic emission as the input data to control the
working distance has been proposed. The acoustic emission is
considered more practical than the gravimetric approach where
the target has to be periodically removed, and it is also applicable
in a wide range of material composition, colloid concentration,
particle size, and shape,'®® which prove its advantage compared to
the extinction approach discussed in Section 3. Definition and
measurement of nanoparticle productivity. A prior study by Zhu
et al. (2001)'° proved the correlation between material productiv-
ity in PLAL and the produced intensity of the audible acoustic
waves (sounds) measured by a wideband microphone. Afterward,
the following studies to use acoustic emission not only to monitor
the production rate of a PLAL process but also to control the
system were performed by another group.'®>'®” The system uses a
piezoelectric sensor to record the acoustic emission waveforms
during the PLAL process and the data is forwarded to a Field
Programmable Gate Array (FPGA)-based system coupled by
Discrete Wavelet Transform (DWT), which is able to perform an
online, real-time processing of the acoustic emission while redu-
cing the noise and accelerating the processing time (Fig. 16a). To
find and maintain the ideal working distance, an iterative search
algorithm is employed by finding the maximum acoustic wave
energy (amplitude) at various working distances. The system is
thus connected to a stepper motor, which can automatically
position the ablation chamber based on the received acoustic
emission data.’®>'®” Based on the comparative study with the
UV-Vis spectra, this system shows similar results as shown in
Fig. 16b,'®>'%” offering a reliable option for the automatic adjust-
ment of the working distance.
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Fig. 16 Real-time monitoring and automatic control of the working distance in the PLAL system, where (a) shows the experimental set-up and (b) shows the
comparison between the acoustic emission (AE) signal and UV-Vis spectra over time. Adapted from ref. 167 with permission from Elsevier, copyright 2019.

The automatization of the liquid flow is proposed by Free-
land et al. (2020)"°® in order to produce NP colloids with a high
concentration using a semi-batch recirculatory flow system. The
common production step of NP colloids with high concentration
requires a separate post-processing step, such as magnetic decan-
tation, centrifugation, destabilization, or vaporization of the
liquid, which is time-consuming. By recirculating the liquid flow,
the concentration of NP colloid can be increased until the desired
value. The liquid flow control is operated through a LabVIEW
program which is connected to an automatic valve and peristaltic
pump.'®® Unfortunately, there is no discussion on how the
automatization of liquid flow using the automatic valve is done.

Complete remote monitoring and controlling of a PLAL
system were built using the combination of a LabVIEW program
and a TeamViewer program (Fig. 17a).®® The LabVIEW program
is used to control the instruments by connecting them to the on-
site PC using a serial connector and several devices are controlled
by the PC, namely the laser, the pump, the interlock webcam, the
camera, and the XY-stage (Fig. 17b). Meanwhile, the TeamViewer
program is used to remotely access the on-site PC, either from a
smartphone or an off-site PC (Fig. 17b). With this online, remotely
controlled setup, the PLAL system can be accessed from any place
with an internet connection having bandwidth larger than 1-
0.1 Mbytes s™',"* and the response time for shutting off the laser

(f) Teamviewer
(in site)

(b)

(a) Camera (b) Interlock (c) Pump (d) Laser (e) XY stage

|
- N | A |
= © ©C
N o & t © C -
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peristaltic pump, (h) power supply, ( i) liquid L H
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o), webcam/interiock, () webcam, (m) laptop PC,
(n) multiport USB interface, and (o) RS232 to
L USB converter. The dashed box encloses §
< components at the remote location: (p) PC or -

(q) smariphone.

Fig. 17 Remote monitoring and controlling system. (a) Schematic representation of the system configuration, (b) controlled devices with in-site PC and
the screenshot of off-site controlling devices. Adapted from ref. 166 with permission from AIP Publishing, copyright 2019.
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is of 10* 5."%° In case of the automatization, the system offers an
automatic shutdown when the colloid concentration, measured
by the interlock webcam coupled with color analysis software,
reaches the desired threshold value. The interlock webcam is also
used to gauge the liquid amount in the bottle, thus preventing
liquid spillover and running out of liquid.'®® The set-up presents a
solution to the industrial needs where off-site controlling is
required, for example in the ablation process of dangerous
substances, such as radioactive materials. In addition to that,
it provides a more efficient and practical way to control the
PLAL process from anywhere, while the automatization
allows us to produce colloidal NPs with certain concentrations
and prevent undesired lab accidents, even without constant
human supervision.

The development of automatization, remote monitoring,
and off-site controlling of the PLAL process is necessary to open
the pathway of PLAL usage in the industry. Automatization offers
a faster task execution based on feedback systems, which results
in a more efficient and economical way compared to the manual
adjustment by labor workers. It also reduces the chance of
human error during the process, thus avoiding the chance of
laboratory and industrial accidents. The automatization to pro-
duce certain colloid concentrations and automatically stop the
laser system means that the expenses for labor workers could be
minimized. The remote monitoring and off-site controlling
provide us with the ability to control on-site experiments from
anywhere, which means that the operator does not need to be
continuously present nearby the PLAL system. The shown
configuration in this subchapter is still limited to a laboratory
experiment with a small production batch, but the system is
potentially applicable for the production of large batches of NP
colloids such as in tens or hundreds of liters. Coupled with an
injectable manufacturing process, the use of a high-power laser,
a fast scanner, a large and efficient ablation chamber, a con-
tinuous liquid flow, automatization, and a remotely controlled
system, the production of colloidal nanoparticles for industrial
application could surely be achieved.

5. Conclusion and outlook

We have conducted a thorough re-examination of the factors
that influence the productivity of PLAL. Based on the discussion
of the laser and target properties, it should be noted that several
parameters such as laser fluence and wavelength, the target
properties, and the focal length, among others, should be taken
into account in each experiment to comprehensively evaluate the
productivity of PLAL. Although it appears that productivity is
strongly linked to the material and architecture of the ablation
system, the PLAL method still holds high potential to be used
widely in industry. The advantages offered by PLAL over the
chemical synthesis method lies in the possibility to produce
various type of nanoparticles from bulk materials in a straight-
forward manner as it only requires a laser, a scanner, a chamber,
a liquid, and a target. To produce a different type of nanoparticle
composition, one can simply change the target, which varies

Phys. Chem. Chem. Phys.
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from metal, ceramics, and alloy to organic compounds. Meanwhile,
in the conventional synthesis method, each type of desired
nanoparticles requires new ingredients, reagents, catalysts, and
optimization of each physical treatment step (stirring, heating,
exposure to certain gas). The challenge with the low production
rate can be overcome by other means which are not directly
related to the material properties or laser parameters, such as
using a high scanning speed, a chamber with laminar flow and
small liquid layer thickness, and the use of additional optical
elements to change the beam profile. Besides, the gram-per-
hour production rate of NPs has been achieved for different
materials by increasing the interpulse distance and bypassing
the cavitation bubble.>>”>*7417°

As a general guideline, higher productivities of PLAL can be
obtained by the utilization of high power and repetition rate
picosecond laser sources, which can mitigate nonlinear inter-
actions, in conjunction with a fast-scanning strategy to circum-
vent the cavitation bubble spatially. In addition to the laminar
liquid flow with a reduced layer, when feasible, it is advised to
use low-viscosity liquid to prevent the shielding of nano-
particles and eliminate persistent bubbles.

As we have shown, considerable efforts have been devoted to
enhancing productivity over the course of this century, resulting
in remarkable advancements of up to three orders of magnitude,
leading to outputs in the range of grams per hour. Nevertheless,
certain unresolved issues remain that require attention to facil-
itate further improvements.

e The automatization of the PLAL process. Automated
processes perform tasks much faster than humans and the
use of feedback systems allows for adjustments to be made on
the fly of the fabrication. By removing human intervention
from certain tasks, such as the focalization of the beam over the
target, the refill of the liquid, and the cleaning of the compo-
nents, variations due to human error can be minimized.
Furthermore, this decrease in the labor-intensive nature of
PLAL can save time in situations where production would
otherwise need to be halted and, as a result, potentially
reduced. Although some preliminary studies have been con-
ducted on monitoring and managing off-site fabrication,"®®
greater levels of automation will be necessary to enable the
broader commercialization of this technology.

e Enhance productivity across various pulse duration
regimes. Laser pulse width impacts the mechanism of synthesis
of the nanomaterial at multiple stages, as evidenced by large-
scale atomistic simulation,®® thereby influencing the nanomaterials
properties such as the morphology,'”" the composition,*® the
atomic redistribution of metal domains,'”* the oxidation and aging
effects,'”® the shape,'’* and the crystalline size domains'”
among others. Using pulse widths in the femtosecond and
nanosecond range represents an approach to synthesizing
different nanomaterial properties without additional post-
production steps, which is interesting for industrial setup. As
an example, lattice heating and prolonged plasma exposure
from the nanosecond pulses can stimulate the phase transition
of the NPs, such as the reversible transformation between
nanodiamond and carbon-onion structure,'’® the restructuring

This journal is © the Owner Societies 2023
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and surface decoration of RuO, nanoparticles to RuO,@Ru/
RuO,,"”” and the formation of carbon-based quantum dots with
either graphene or amorphous structure.’”®'”® The use of a
thermosetting polymer solution as the ablation liquid for
nanosecond PLAL can promote different core-shell
38,180,181 1) addition, femtosecond lasers allow to obtain
the atomic redistribution in bimetallic Au-Pd nanorods'’> and
reshape gold nanorods with ultranarrow surface plasmon

74 Consequently, to achieve precise control of PLAL

structures.

resonances.
nanomaterials, it is essential to improve productivity across
different pulse width regimes and not settle for high production
solely with picosecond pulses. Furthermore, it should be noted
that extreme pulse durations in the attosecond range have yet to
be utilized for generating nanoparticles in PLAL.

o The utilization of temporal pulse tailoring strategies. The
ability to manipulate the temporal profile of the laser pulse
enables the energy rate to be tailored to the specific material
reaction. Although various techniques have been used for tem-
poral beam manipulation, such as double-pulse laser
irradiation,'*”'#*# or irradiation with a burst of pulses,'®* there
is still room for improvement to maximize productivity. Some of
these techniques require further study, while others can be
introduced for the first time in PLAL, such as the conformation
of the temporal pulse envelope of ultrashort pulses.

e To use fluid mechanics simulations (CFD) to optimize the
nanomaterial ablation. Although different strategies related to
fluid dynamics have been developed to increase production
rate, as explained in the variations of the ablation chamber (4.7.
Optimizing the ablation chamber design), there is still room
for improvement. In this direction, CFD simulations can help
to optimize not only the chamber geometry but also the control
of turbulence, bubble removal, reduction of areas of nanopar-
ticle accumulation, and selection of suitable liquids based on
viscosity, density, and refractive index, among others.

e The implementation of smart beam delivery optical sys-
tems for controlling pulse the spatial distribution of the energy
over a target. Galvanometric scanners and polygonal wheels are
commonly used for beam delivery in PLAL. However, the focal
length of these setups is typically fixed, and this determines key
parameters, such as the numerical aperture, the fluence, and
the spot size that constrains the flexibility of the ablation
processes. Therefore, some flexibility in the beam delivery must
be considered for further improvements in productivity. Our
recommendation is to integrate advanced smart beam delivery
devices, such as the SSTF system that mitigates non-linearities,
into high-speed scanners. Additionally, dynamic (spatial light
modulators) or static (diffractive optical elements or freeform
optics) beam-shaping elements can be utilized. Given that the
current high-power laser used in PLAL exceeds the required
optimum energy for laser ablation by several orders of magni-
tude, parallel processing presents an efficient alternative to
reduce processing time.'®> Furthermore, different spatial pro-
files at the focus can be designed'®® to study how they affect the
laser-matter interaction and influence the ablated mass.
Finally, it is crucial for the PLAL scientific community to keep
abreast of the research that emerged in the last few years

This journal is © the Owner Societies 2023
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regarding the use of smart beam delivery systems for focusing
through turbid media,'®” as some of the devices developed for
other disciplines may be adapted for its use in PLAL.

e Artificial intelligence (AI) has the potential to enhance
productivity by optimizing the various parameters involved in
the PLAL process. Through the analysis of vast amounts of data
on target material properties, laser parameters, and liquid
media, Al algorithms can identify optimal conditions for nano-
particle synthesis, resulting in a more efficient, reproducible,
and productive PLAL process. Moreover, this advanced knowl-
edge of the optimal PLAL conditions can facilitate the rapid
scaling-up of production by minimizing trial-and-error experi-
mentation and will help to generate large-scale production to
meet the market demands.

e Although laser power and repetition rates have been
increasing, scanner technology remains a bottleneck in achieving
high ablation rates. Therefore, there is a need for improvements
in the current laser and scanning technology. All the improve-
ments in the laser technology or the high-speed scanning systems
will have a direct impact on PLAL productivity.

To conclude, as the global population continues to increase
alongside its corresponding demands, the imperative for more
efficient methods to synthesize nanomaterials will undoubtedly
intensify. In this regard, PLAL has emerged as a promising
approach with a myriad of applications, supported by a large
community of researchers who are actively pursuing the develop-
ment of eco-friendly technology. Continuously striving to enhance
PLAL productivity represents a crucial endeavor, as it has the
potential to make the green fabrication of nanomaterials more
affordable and accessible to a wider range of consumers, research-
ers, and industries. Moreover, such advancements will undoubt-
edly broaden the horizons of its potential applications.
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