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MEPIAHWH

Ta petaAAkd vavoowuatidia €xouv Bpetl MOAAEG xproelg TNV Teheutaia dekaetia o SLadopoug ToUELS,
OTWG , N GWTOVIKA, N KATAAUON, N QVAVEWOLUN EVEPYELA, N NAEKTPOVLKY, N LATELKN, QKON KAl Ta
KOAAUVTIKG. H Ttepattépw avantuén autwy Twv epappoywy Ba amoltrosL LoxupEg Texvoloyieg cuvBeong
VOVOOWHATLS WV IKAVEG Va TTapAyoUuV GNAVTLIKA TTOGOTNTA UALKOU LE T EMOUUNTA XapOKTNPLOTIKA. Ot
teXvoloyieg Tou Bacilovtal oTo MAACUA, OTIWG Ol EKKEVWOELG oTivOnpa, elval Wolaitepa eAmidodopeg
eTELON ETUTPEMOUV CNUOVTIKEG QUENOELG OTOUCG pUBUOUG TTaPAYWYNC KAl HELWOELG KOOTOUC. O £Aeyyog
aQUTWV Twv Sladlkaolwy, wWotdoo, TopPapéveL €va SUOKOAO €pyo TOU XPelAletol €peuvd, TOOO
TELPAMATIKN 600 Kot Bswpntikn. H ekkévwon omwvBnpa epsuvartat Ste€odika otnv mapovoa epyacia. O
TIPWTAPXLKOG OTOXOC €lval n Katavonon tTng BepeAlwSou HNXOVIKAG TIOW Ao TIG EKKEVWOELS omvOnpa
ME HETOAALKGA NAEKTPOSLO, TTOU AMEXOUV ULKPN ATOoTacn UETAEU TOug, 0f atpoodalplkr Tmieon. Itn
OUVEXELD, XPNOLLOTIOLWVTIAG TA avtioTolo TElpapaTikd OSeSopéva, HeEAETATal O aplOpog Twv
VOVOOWUATLS WV TIoU Ttapdyovtal, N KATAVOUN Twv UeyeBwv Toug Kal n evamobecr Toug o€ TOLKIAQ
umootpwpata. H mapovuoa epyacia e€etalel tnv enidpaon tng LETABOAAC TTOANATMAWY TAPAUETPWVY OTNV
napaywyr cwpatidiwv péow tou Spark Discharge Generator (SDG). EmumAéov, Slepguvatal o TpOmoG Le
Tov omnoio Ta vavoowpatibia aAAnAsmiidpolv kal evamnotiBevtal o motkila vwdn umootpwpata. TEAOG,
KATIOLEG Ao TLG SOMPEC UTOOTPWHATOS - cwHatdiwy atlodoyolvral yla mibaveg ebapuoyeg yia 3D
aviyveuon pakpopopiwv péow Surface-enhanced Raman spectroscopy (SERS), yla avtiBaktnplakr Kot ylo

avtukn 6paon.



ABSTRACT

Metallic nanoparticles have found several uses over the past decade in a variety of fields, including optics,
photonics, catalysis, material manufacture, renewable energy, electronics, medicine, and even cosmetics.
Further development of these applications will need robust nanoparticle synthesis technologies capable
of producing a significant quantity of nanoparticles with the desired characteristics. Plasma-based
technologies, such as spark and arc discharges, are particularly promising because they enable significant
increases in production rates and cost reductions. Controlling these processes, however, remains a
difficult task that needs research, both experimental and theoretical. Spark discharge is thoroughly
researched in this thesis. The primary goal is to get a better understanding of the fundamental mechanics
behind spark discharges between electrodes that are a small distance apart, at atmospheric pressure.
Then, using the corresponding experimental data, the number of nanoparticles generated, their size
distribution, and their deposition on diverse surfaces are studied. The current thesis examines the effect
of varying several parameters on Spark Discharge Generation. Furthermore, the way nanoparticles
interact with and deposit on various fibrous substrates is investigated. Finally, some of the particle-
substrate structures are evaluated for potential applications for 3D molecule detection via Surface-

enhanced Raman spectroscopy (SERS), for antibacterial and antiviral activity.
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1. INTRODUCTION
1.1 Aims and Objectives of the Present Work

e Understanding of how a Spark Discharge Generator works.

® Investigation of how fixed and control parameters affect nanoparticle (NP) production, in terms
of concentration and size.

e Comparison between Cu, Au, Pt and Pd electrodes.

e Study of electrode erosion after spark.

e Characterization of size and morphology of the produced nanoparticles.

e Study of how nanoparticles (NPs) are deposited on various substrates.

® Possible applications of produced NPs on the different tested substrates (borosilicate microfiber

filters, surgical masks).

1.2 What is Nanotechnology

Engineering and manipulating materials and devices in the nanoscale (dimensional range between 1 and
100 nm) is known as "nanotechnology." Research and development of architectures of systems, devices
and materials with unique characteristics and functionalities due to their nanoscale components and
dimensions are all part of nanotechnology!. Nanotechnology is the study of how to make, develop,
characterize and use structures at the nanoscale level’. One, two, and three-dimensional materials, in
macroscale, have all been created using this technology. There is a huge amount of current technological
applications based on nanomaterials and nanotechnology. As a result, nanotechnology is by its very
nature a multidisciplinary field. Engineers and nanoscientists alike have agreed that nanotechnology
focuses on functional materials in the vast area of laboratory and industry applications. This includes the
creation of nanoscale materials, the study of these materials' electronic and photonic properties, as well

as the development of appropriate devices and circuits for these materials.

1.2.1 SIGNIFICANCE OF THE NANOSCALE
One nanometer is one billionth of a meter. To put this in perspective, a human hair's diameter is 100,000

nm. Human blood cells are between 7500 and 8700 nm in diameter [1]; DNA is 2.5 nm in diameter [2];
and 10 hydrogen atoms in a line span 1 nm in length [3]. For the first time, scientists have the capability
to comprehend and arrange matter down to the nanoscale level, allowing them to manipulate life and

matter at their most fundamental levels.

! The National Nanotechnology Initiative at Five Years: Assessment and Recommendations of the National
Nanotechnology Advisory Panel, President’s Council of Advisors on Science and Technology, Washington D.C., May
2005, p. 7

ZNanoscience and Nanotechnologies: Opportunities and Uncertainties, Royal Society and The Royal Academy of
Engineering, UK, July 2004, p. 5.
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1.2.2 HISTORY OF NANOTECHNOLOGY
Nanoscience and nanotechnology have blossomed over the past three decades. Miniaturization has risen

in importance across a wide range of scientific fields over the past thirty years, including biomedical and
chemical engineering; computers; electrical/optical sensors; electronics/mechanics; as well as
nanotechnology. While there have been significant improvements in materials science, nanoscience is
mostly dependent on the capability to make nanodevices from a variety of materials in smaller and more
complicated forms, including sphere-shaped particles and wire-and-rod-and-sphere nanoprism
structures. Currently, the production of nanoparticles and nanostructures is established and the
manipulation of materials with submicron or nanoscale dimensions has been going on for far longer than

anybody could have thought.

1.3 Nanoscale Structures and Functions

The primary benefit of the nanoscale regime is that nanomaterials have a high surface area to volume
ratio. As a result, nanomaterials' surfaces exhibit very high surface reactivity, making them excellent for
catalytic and sensing applications [4]. Additionally, the systematic structuring of nanomaterials containing
biosystem-like proteins enables the development of materials that may be used as artificial components
to treat illnesses, combat diseases, viruses, and superficial deficiencies (e.g., artificial muscles) [5].
Furthermore, the capacity to alter basic characteristics of nanomaterials, such as optical and magnetic
properties, melting point, and hardness, without modifying their chemical composition is a significant
advantage of the nanoscale regime [4]. Nanotechnologists and chemists have mostly concentrated on
"bottom-up" techniques for the creation of self-assembling nanomaterials. At the same time, attempts
have been undertaken both in theory and in practice to fabricate nanoscale devices and building blocks
by "top-down" methods by material engineers using improved etching, lithography, and ablation
techniques [4]. To this end, nanoscale entities may be considered "meso atomic" or "meso molecular,"
that is, aggregates of smaller atomic/molecular components. There are two primary kinds of nanoscale
building blocks utilized in the manufacture and implementation of nanodevices: a) zero-dimensional (e.g.,
nanocrystals, nanoparticles, nanoclusters, quantum dots); and b) one-dimensional (e.g. nanowires,
nanotubes, nanofibers). Additionally, these nanostructures may be directly integrated into current
devices/materials to impart enhanced capabilities, a process referred to as incremental nanotechnology.
Additionally, self-assembly of these nanoscale structures into 2D and 3D building blocks may result in the

formation of totally new objects and functions; this process is referred to as evolutionary nanotechnology.

1.3.1 ZERO-DIMENSIONAL NANOMATERIALS
It is widely perceived that a "zero-dimensional" (0OD) structure is the most elementary building block in

the design and fabrication of nanomaterials [6], [7]. In contradiction, Mori et al. (2005) said that
nanoclusters are suitably defined as semi-crystalline or amorphous nanostructures with diameters less
than 10 nm (i.e. 1-10 nm) with a comparably narrow size distribution [8]. This distinction is a

straightforward extension of the term "cluster," which is typically used in organometallic/inorganic
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chemistry to refer to tiny molecular cages of constant size. As with bulk materials, nanocrystalline

nanostructural subunit aggregations are readily expressed as nanopowders [8].

The term nanoparticles/nanoclusters should not be confused with conventional colloid structures which
date to the early 1860s. As is well known, the word colloid refers to solid/liquid or solid/gas suspensions
such as paints, milk, butter, smog, and smoke, among others. While both types of substances have
nanoscale sizes, the ability to control the structure and composition of the matter is the key difference.
As several researchers have noted, stabilizing chemicals must be used to prevent the agglomeration of
nanoscale metal formations into larger scale powders [9]. Additionally, colloids may include eight
polydisperse organic polymers and other ionic species that cling to the colloid's surface. The type of the
stabilizing agents determines the overall shape and other features of colloids [9]. To create nanostructures
by "bottom-up" design, the production process and resulting attributes must be repeatable. This is done
by encapsulating compounds with well-established structures that do not react with surfaces but
deactivate entrained nanoscale regime organization (e.g. dendrites and fractals). This discussion has thus
far concentrated on the terminology for amorphous OD nanostructures [8]. As with bulk materials, any
crystalline nanoscale item should be referred to as a nanocrystal. The phrase is applied to substances that
are only partially crystalline; if a particle exhibits just patches of crystallinity, it is best described as a
nanocluster or nanoparticles supported by its dimensions. Any nanoscale material's crystallinity may be
determined easily using a transmitting electron microscope (TEM) equipped with parallel electron
diffraction. Mori et al. (2004) coined the term "quantum dots'" to refer to semiconductor nanocrystals. In
concept, these nanoscale objects have architectures ranging from 1 to 30 nm in diameter [8]. These
guantum dots have found uses as light emitting diodes (LEDs), lasers, and sensors during the last few
decades. Additionally, established high-density disc formats, such as HD-DVD or blu-ray DVD, are created
using quantum dots. Solar cells with high efficiency and optical computing devices are examples of
materials with lasting nanostructures as well. In general, the word "nanocluster" should be used to refer
to zero-dimensional nanostructures with a uniform size distribution [8], [10]. Conversely, those
nanostructures which exhibit relatively larger size distribution should be described as nanoparticles
[11][12]. Nanocrystals should be categorized by the existence of well-ordered lattice arrays of constituent
subunits, as exemplified by single nanocrystals of cadmium selenide [13], [14]. In contrast to nanocrystal,
a nanosized regime structure is characterized as nanopowder when it is composed of microscopic grains,
each consisting of nanoscale amorphous units [15]. Material structures and devices with intermediate
sizes between the nano- and micro-regimes (10°-10® m) are better expressed as submicron. However,

the bulk powder scale is generally referred to as 200 um and above [10].

1.3.2 ONE-DIMENSIONAL NANOSTRUCTURES
Another class of nanoscale building blocks is referred to as 1D nanoscale architectures, which are

structures with nanoscale dimensions comparable in all directions except one. As previously stated, 0D

structures have a length equal to their width, but 1D structures have a length greater than their breadth.
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The phrases nanorods, nanowires, nanotubes, and nanofibers are considered to be synonymous with 1D
nanostructures in the literature due to their imprecise application to a variety of nanostructures without
proper explanations. With similar bulk materials (without the suffix "nano"), there is no misunderstanding
in the application of this terminology. However, a frequent criterion for "nano" descriptors is that the
diameters of the particles/structures stay in the nanoscale range (i.e. 1-100 nm), although the lengths are
often in the micro (or greater) size range. A nanotube is a one-dimensional structure with a hollow core,
whereas the other three nano-architectures are completely solid. The word "nanofiber" refers to
amorphous and often nonconductive one-dimensional nanostructures made of polymers and other non-
graphitized carbonaceous materials. In comparison, a nanowire is a crystalline one-dimensional
nanostructure with either metallic or semiconducting electrical characteristics. A nanorod is a crystalline
one-dimensional nanostructure with a width of 1-100 nm and aspect ratios greater than 1/1 but less than
20/1. The crystalline nanorods appear to take on the overall form of needle-like bulk crystals. Additionally,
the name "nanocrystal" or more conceivably "rod-like nanocrystals" may be more accurate for these
nanostructures. These nanofibers, nanotubes, and nanowires can be used to define an interwoven array;
nanorods have a full linear shape. Indeed, nanorods can stack on top of one another to form intriguing 2D
and 3D structures, however this is not always easy to do with "spaghetti-like" morphologies of some 1D

nanostructure materials [10].

1.3.3 SOME SPECIFIC TYPES OF NANOSCALE STRUCTURES AND THEIR USES
It is well acknowledged that nanoparticle synthesis does not require merely a tiny size of precursors.

Controlling the processing conditions is necessary for any practical application to ensure that the resultant
nanoparticles exhibit the following characteristics: (i) identical particle size, i.e. monosized or with a
uniform size distribution; (ii) identical morphology or shape; (iii) identical crystalline structure and
chemical composition (surface and core compositions should remain identical); and (iv) particles must
remain monodispersed or individually dispersed, i.e. without agglomeration. In the following table (Table

1) some typical applications of various nanostructured materials are presented.

Nanostructure materials Applications
Nanoparticles/Nanoclusters Catalysis

Quantum dots Sensors

Nano films/ Ultra-thin layers Adhesives and coatings
Nanostructure interfaces and layers Paints, dyes and cosmetics

DNA or any biological structures Medicines/Drug delivery systems
Nanocomposite hybrid materials Materials ceramics
Nanoactuators Optics
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Nano/Meso porous materials Information storage

Magnetic, electrical, optical devices and switches and electronics

Nanowires

(quantum computers)
Nanoreactors Energy (batteries, fuel cells, solar cells)
Nanotubes Separation technologies

1.4 Nanoparticle Synthesis

Nanotechnology is without a doubt one of the most vital sectors of science and technology in the modern
era. The majority of people have seen "nano" as one of those odd technologies that will both save and
destroy humanity. As is customary, reality resides somewhere in the middle of these two extremes. The
ability to manipulate materials on the nanoscale undoubtedly enabled the development of such machines
in a plethora of sectors of life that were unthinkable just a few decades ago. The potential for focused on
conveyance and controlled discharge of drugs inside the human body [16], the storage of hydrogen [17],
the enhance of vitality, nutrition, and water supply [18], the development of biosensors [19] and antiviral
surfaces [20], the fabrication of lightweight yet durable materials [21], or the efficiency-increase of solar-

based cells and batteries [22] are fair some cases that nanotechnology can offer.

Although several advancements in nanotechnology and nanoscience have already reached the industrial
level and have become a part of everyday life, numerous ground-breaking applications continue to exist
solely inside the confines of research institutions. A few requirements must be satisfied before a new
technology may emerge from the laboratory, including the availability of appropriate base material. The
essential building blocks of nanotechnology are nanostructures, which can be layers, nanorods, or
nanowires, or nanoparticles, which are together referred to as 2D, 1D, and OD nanostructures [23]. The
natural and inexpensive mass manufacturing of such nanostructures may be a critical technical hurdle if
nanotechnology-based product innovation is to continue. The present thesis is focused on a few of the
elemental angles of the spark discharge nanoparticle era, one of the foremost promising strategies which

are capable of creating nanoparticles (NPs) with controlled properties indeed on the industrial level.

When reviewing all of the ways for producing nanoparticles, the most profitable strategy may be to start
with those processes that do not produce NPs. Even though this remark is a little exaggerated, it is
undeniable that NPs may be made in a variety of ways. In reality, the ambient air is continually surrounded
by many forms of aerosol "NP generators" in the form of gasoline engines in automobiles [44], almost any
sort of combustion source [45], constructions and demolitions, and even smoking cigarettes [46], to
mention a few. Furthermore, regardless of anthropogenic sources, NPs have always existed in the
environment due to natural production mechanisms [47]. In the cases shown above, NPs are commonly
synthesized inadvertently, uncontrollably, and with little control over the final physical and chemical
properties. As a result, they are clearly minor “techniques” in industrial and laboratory applications that

frequently demand NPs with well-regulated properties. To avoid ambiguity, NPs that are purposefully
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created with the intent of manipulating their composition, shape, size, surface function, and so on, are
frequently referred to as engineered nanoparticles (ENPs) [48]. ENPs can be synthesized in a variety of
ways, which can be roughly distinguished according to the direction in which they are synthesized (top-
down or bottom-up techniques) (Figure 1), the phase in which they are synthesized (gas, liquid, or solid

phase processes), or the nature of the underlying mechanisms (physical, chemical, biological synthesis).

(" ] ( )

Bulk Fragments

Nanoscale
Structures

Top-down Bottom-up

Chemical production of NPs dates back to the 4th-century Roman glass cage cup (Lycurgus cup) made of
a dichroic glass, where the dichroic effect was achieved by making the glass with tiny proportions of
nanoparticles of gold and silver dispersed in colloidal form throughout the glass material. After that,
during the eighteenth century, Faraday created metal NPs by reducing metal salts with a phosphorous-
carbon disulfide combination [49]. Chemical methods, regardless of their composition, invariably involve
chemical precursors, reagents, and frequently large amounts of solvents, all of which inherently increase
the possibility of contamination, which can act as a diversion executor at the nanoscale, as impurities can
significantly alter the properties of nanostructures [26]. Physical approaches are a viable alternative to
chemical means since they demonstrate inherent advantages over competing tactics, such as nonstop
generation, high NP quality, lower waste, and more obvious flexibility [27]. The most well known among
physical production methods is Flame Spray Pyrolysis (FSP) (Figure 2). FSP is an established and attainable
strategy for mechanical scale generation of metal-oxide particles [28], but unsuitable for the generation
of unadulterated metal particles. Metal NPs are often formed by material evaporation in a carrier gas
followed by subsequent nucleation and condensation [29]. Evaporation can be achieved in several ways,
e.g. using a conventional furnace [30], glowing wires [31], or laser ablation [32]. The most energy efficient
and demonstrably up-scalable method for the evaporation of conducting materials is Spark Discharge

Generation [33] (Figure 3).
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The spark discharge generator (SDG) is a simple device that consists of a leak-tight chamber that contains
two electrodes separated by a small spacing. To generate a spark between the rods, a self-pulsed circuit
is frequently utilized. This circuit consists of a capacitor energized by a high voltage DC control supply
connected to the electrode distance. Each spark is initiated when the gaseous ambience between the
electrodes decomposes, i.e. when a conducting channel (spark channel) is formed between the two rods.
The spark plasma disintegrates the electrode material, resulting in the creation of an aerosol. Due to
adiabatic extension and mixing with the carrier gas, the molecules cool down and inevitably frame
nanoparticles, aggregates and agglomerates after nucleation, condensation, coalescence and coagulation
(Figure 3) [35]. The potential for mass production of NPs using spark discharge is predicated on its relative
ease of use. More importantly, the same technique may be easily and precisely scaled up by connecting a

few electrode sets in parallel at a low cost and with no environmental impact.
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In spite of the fact that the most standards of the SDG have been around us since the innovation of the
spark plug of a gasoline motor, the primary use as a NP generator dates back to 1988 [33], when Andreas
Schmidt-Ott and his colleagues began to see results. Although SDG is presently commercially accessible
and utilized by several groups [37] — [42], its products and their distribution on the depositions is not
completely understood. One explanation for this knowledge gap is the difficulty of researching the phases
of the inherently multiscale nanoparticle organization process, particularly its early stages. The solution
to this has taken two distinct techniques to characterize gas-borne particles. Typically, NP collection (e.g.,
investigation on various substrates) is followed by off-line electron microscopic analysis. In the alternative
technique, aerosol instrumentation capable of performing in-line estimates is used, such as a checking
mobility particle sizer (SMPS), a condensation particle counter (CPC), and so on. Another difficulty
inherent in the analysis of nanoparticle arrangement on deposited air filters (substrates) is the method's
multi-scale character. Particle arrangement occurs at the point at which the agglomerates make contact
with the substrate for the first time and is mostly determined by the size of each individual aerosol mass
[43]. Each spark, however, exhibits an identifiable temporal evolution characterized by remarkable

physical miracles, which affects electrode erosion and hence the synthesis and deposition of NPs [43].

However, the structure of a SDG imposes some constraints on the appropriate test methodologies. The
standard SDG design cannot be altered much for the sake of testing on plasma, as this would undoubtedly
alter the NP formation handle as well. This prevents possible estimating procedures to those capable of

gathering important data, on the forms included inside the SDG, without causing them the least
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disruption. Keeping these constraints in mind, the research presented in this thesis focuses on non-
invasive in situ strategies, specifically temporally changing electrical circuit and control parameters,
complemented by persistent estimation of the discharge's electrical signals (i.e. voltage and frequency
from an oscilloscope) for data collection when the spark occurs; SMPS is also used to detect and quantify
the results. These methodologies enable the examination and prediction of the mean size and
concentration of the nanoparticles generated. These techniques are supplemented by the
characterization of the generated particles and the ex-situ characterization of the shape of the electrode
surfaces, with scanning electron microscope (SEM). These experimental methodologies enabled a close
approach to the problem of comprehending the peculiarities of the spark-based NP arrangement from a
variety of different angles. Each technique was employed to get knowledge and portray the plasma spark's
effect on the electrode material, and the subsequent production and deposition of nanoparticles,
aggregates and agglomerates on various substrates (air filters). The careful examination of the data gained
enabled the understanding of a deeper knowledge of the spark, and ultimately the acquisition of more
control over the nanoparticle creation in SDGs. Finally, nothing is more important than utilizing each
experiment and technique. Thus, in trying to put the findings into action, efforts have begun to embody

possible applications for both antibacterial and antiviral surfaces as well as aerosol detection biosensors.

1.5 Spark Discharge Fundamentals

One of the first scientific explanations for the observed spark discharges extend back to the 18th century,
when B. Franklin established empirically that laboratory spark discharges and lightning originate from the
same source. When it was found that short circuiting between the wires of high-voltage transmission lines
was caused by sparks, the field expanded rapidly. The event was named the "breakdown" of air insulation
[62]. The term "gas discharge" refers to the process by which a capacitor in a circuit with a gas-filled
electrode gap is discharged. When the voltage between the electrodes is sufficiently high, the space
between them becomes conductive owing to the formation of ions and electrons, thereby shutting the
circuit and discharging the capacitor. The term "discharge" refers to any process in which an electric field

ionizes a gas and then conducts an electric current through the ionized gas [62].

Cosmic rays or natural radioactivity-generated charge carriers always initiate the gas breakdown process.
When an electric field is present, such as when a voltage is applied to electrodes, electrons and ions with
opposing polarities are pulled in the direction of the electrodes, and current begins to flow. When the
voltage is increased over a certain point, the current rises substantially and visible light emission occurs.
These occurrences are caused by the breakdown process. The avalanche of electrons that occurs when
they gain enough energy from the electric field to ionize the gas atoms and therefore generate further
electrons is the basis for breakdown. The features of the electric circuit and the surrounding gas
environment have an effect on how the discharge proceeds following breakdown. The most frequent
types of discharges include glow, arc, spark, and corona [62]. Gas discharges produce plasma, which is an

ionized gas that is macroscopically neutral [62]. It should be underlined that Langmuir invented the term
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plasma, which was initially used for gas discharges. Originally, it was used to refer to the region of a gas

discharge that is untouched by the electrodes or discharge tube walls [63].

Glow discharges are frequently generated at low pressure and are characterized by a relatively high
voltage, low current, and extremely weakly ionized plasma. Due to the fact that the electron temperature
is significantly higher than the gas species' temperature, glow discharge plasmas are not in a
thermodynamic equilibrium. The most prevalent form of gas discharge plasma in thermodynamic
equilibrium is the arc discharge. Arcs develop when a large current is allowed to pass across a relatively
small voltage difference between two electrodes. At atmospheric pressure, the gas temperature is about
equal to the electron temperature, showing that the arc plasma is in (local) thermodynamic equilibrium
[62]. Arc plasma creates heat as a result of the high current, which may cause the electrodes to melt. In
contrast to arcs and glows, which are quasi-steady and self-sustaining discharges, sparks are temporary
phenomena. When the voltage between two electrodes reaches the electrode gap's breakdown voltage,
a conducting channel forms between the electrodes, resulting in sparking. Due to the high conductivity of
the spark plasma, the voltage rapidly decreases and the discharge terminates. The colloquial idiom "a
spark leaps" from one electrode to the next is an apt description of this spontaneous, transient action
[62]. Spark generation is a complex phenomenon that may be represented by a variety of processes
depending on the discharge conditions. At small distances and/or low pressures, the breakdown
mechanism can be represented by the multiplication of corona discharges, or the so-called Townsend

mechanism (approximately 1 cm at atmospheric pressure) [64].

The characteristics of a spark discharge can be quite variable, depending on the characteristics of the
discharge circuit [65]. The existence or absence of thermodynamic equilibrium in the discharge plasma
allows for the differentiation of several types of sparks [66]. The spark plasma might be non-thermal or
thermal, depending on the type of sparks employed. Transition sparks are a type of discharge that is
associated with non-thermal plasmas. By repeatedly discharging a pF capacitance in a high-resistance
(megaohms) circuit, transition sparks are generated, culminating in a train of 100 ns long sparks that are
far from thermodynamic equilibrium [67]. In contrast to transition sparks, which often have a very small
discharge gap and a very short characteristic length, sparks may also be generated over electrodes
separated by a great distance (several meters) and with a much longer characteristic duration. On the
other hand, these prolonged sparks are believed to be non-thermal, that is, they are not in
thermodynamic equilibrium [63]. It is also possible to build spark plasmas capable of achieving local
thermodynamic equilibrium. Under atmospheric pressure, such spark discharges can be produced by
discharging a capacitor (capacitance typically between 1 and 20 nF) in a discharge loop with a small
electrode distance (often on the order of millimeters) and low resistance and inductance. The resulting
sparks are several microseconds in duration, carry a large current (in the hundreds of amps range), and

have a bipolar, oscillating character [68].
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1.6 Spark Discharge Nanoparticle Generator

Since 1907, electrical discharges have been known to produce aerosols [69], and the first source of spark
discharge was produced in 1988 [33]. It was initially utilized in magnetic field-based mass spectrometry

research and, more recently, for PIV (particle image velocimetry).

1.6.1 PRINCIPLE OF THE METHOD
The technique is based on the generation of plasma between two conducting elements to which a voltage

is applied while a carrier gas flows [64]. Metal particles are evaporated in this procedure and then cooled
in the carrier gas to form nanoparticles [64]. These initial particles have a diameter of a few nanometers

and can form agglomerates with one another depending on their environment and concentration [43].

1.6.2 TYPES OF SPARK DISCHARGE SOURCE
The spark discharge ionization source was one of the earliest ionization sources to be utilized in magnetic

field-based mass spectrometry experiments [70]. According to Alfred et al. (2015) spark discharge
ionization generates periodic discharges by applying a high voltage (> 20 kV) RF sinusoidal waveform at
frequencies of 1 MHz or larger between two conductive cells. Both the gas and the conductive substance
that is evaporated and enters the gas phase are ionized, and the mass of ions generated is determined
using a magnet. Due to the low precision provided by the vast range of starting ion kinetic energy, this

type of ionization source was limited in use [70].

There are two types of spark discharge sources: those in which the spark is generated by a carrier gas flow
(He, Ar, dry air, N;) and those in which the spark is generated by a solution of ethanol (CHs-CH,-OH) or
water (H,0). In the first case, there are at least five distinct production configurations for nanoparticles,
with some of them producing primary particles of varying sizes [71]. There are sources with electrodes
that are a) both rods (rod-to-rod), b) and two wires (wire-to-wire), c) one rod and the other wire (rod-to-
wire), but also combinations such as d) one end of a rod and the other plate (pin-to-plate) and e) wire-to-
plate [71] (Figure 4). Additionally, there are devices with three ionization sources connected in series,
which create far more nanoparticles and consume less energy than devices with a single source [72]. In
the second case, nanoparticles are synthesized in a solution of ethanol or distilled water, and the resulting

particles are either deposited on cloth or settle to the bottom of the container [73].
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Figure 4. Four types of spark sources with electrodes (a) rod-to-rod (b) pin-to-plate (c) wire-in-hole (d) wire-to-plate [75].

1.6.3 COMPARISON OF OTHER METHODS WITH THE SPARK DISCHARGE SOURCE
In comparison with other nanoparticle manufacturing methods, the spark discharge generator is a

straightforward and affordable approach since it does not need sophisticated procedures, expensive
consumables (e.g., reagents), or safety equipment. Additionally, the absence of liquid solvents in the
reactants, contributes to the purer formed nanoparticles. It is a continuous process, as manufacturing is
continuous and not batch-based, and it enables the manufacture of even bimetallic materials, as electrode
alloys may be employed. Finally, it is eco-friendly because it generates no waste for decomposition. The
deficiencies of this method include the difficulty of depositing particles on surfaces and the inability to

utilize non-metallic electrodes to produce a spark.
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2. EXPERIMENTAL SETUP

During the present thesis, a rod-to-rod SDG from Fasmatech was used. According to the operating
principle, two elongated electrodes are positioned a few millimeters apartin the spark discharge chamber,
with the carrier gas flow oriented perpendicular to the electrodes' axis. The electrodes are linked in
parallel with a capacitor that is charged continuously by a steady current source, therefore raising the
voltage between the two electrodes. When the breakdown voltage is achieved, a spark discharge occurs,
causing some of the electrode material to evaporate. The evaporated material, which contains ions,
electrons, and neutral elements, is cooled by the carrier gas flow passing through the sample tube,
allowing the nanoparticles to aggregate and form. Due to their rapid reaction time and subsequent ability
to properly follow complicated flow fields, these so-called nanostructured inert particles flow and deposit
on any fibrous substrate the user wishes to. A schematic representation of a spark discharge source is

shown in Figure 5.
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2.1 Setup of SDG

Figure 6 depicts the spark discharge chamber made by Fasmatech [76]. The individual source pieces were
positioned using a five-fold NW50 cross, which is briefly discussed. A 1/4 1/4 'exterior diameter tube is
linked to the bottom of the NW50 flange through a perforated 1/4 NPT screw and brought close to the
aluminum electrodes. Nitrogen gas is provided at a flow rate of 2-6 L / min, which is adequate for
measurements with a differential mobility analyzer (DMA) and also corresponds to the mass
spectrometer's capillary input sampling flow. On opposing ends of the electrodes are attached a 15 kV
feedthrough with two pins and a feedthrough with axial displacement capability. A pure Teflon support
base (PTFE) has been physically adjusted to screw into one of the high voltage feedthrough's pins and to
retain the numerous electrodes used in the tests. The distance between the electrodes is measured using

the distance meter attached to the axial displacement unit that contains the second electrode. Between
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the discharge region and the outlet port, an extra Teflon section is inserted to guide the gas and improve

the efficiency of sampling the nanoparticles from the output pipe.

Figure 6. a) Photo of the spark discharge source highlighting the optical access door available through a plexiglass window and b) Overview
graphical representation of the assembled spark discharge source (chamber) [76].

2.1.1 ELECTRICAL CIRCUIT
2.1.1.1 Initial circuit

Two subcircuits are required to charge and discharge the capacitor, as well as a DC voltage source, a
capacitor, a resistor, and a coil (Figure 7). The procedure for creating a spark discharge was as follows: the
source charges the capacitor (left circuit-charge circuit), and when the voltage reaches the breakdown

voltage, a spark occurs, which discharges the capacitor. The process is then repeated.
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Figure 7. Schematic diagram of the electrical circuit for spark discharge [35].
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However, as a result of the foregoing, the breakdown voltage Vgis is uneven (Figure 8), resulting in an
irregular energy per spark. Thus, the use of a power source eliminates fluctuations in the decay voltage

and spark repetition rate (SRR) and maintains the uniformity of the nanoparticles' characteristics.

2.1.1.2 Breakdown Voltage

As previously stated, a large electric field is required to ionize the gas molecules caused by the speeding
electrons and ions, therefore creating the conductive plasma between the electrodes. Additionally, this
process creates X-rays with energy less than 10 keV, referred to as soft X-rays [77]. These X-rays are not
powerful enough to penetrate the chamber walls, and no radiation has been reported from any of the
setups tested [77]. The breakdown of the isolating gas is governed by Paschen's law. The breakdown

voltage V is given by Equation (1):

Bpd
In (Apd) (1)

In [in (1+ %)]

Vb:

where p is the pressure in pascals, d is the gap distance in meters, y is the secondary-electron-emission
coefficient (the number of secondary electrons produced per incident positive ion), A is the saturation
ionization in the gas at a particular E/p (electric field/pressure), and B is related to the excitation and

ionization energies [43].
2.1.1.3 Capacity, frequency (SRR) and energy

The capacitor's capacitance has a significant effect on both the spark frequency and the discharge energy.
This device is capable of selecting capacities of 0.47 nF, 0.94 nF, 1.47 nF, and 1.94 nF. The following
equation (2) calculates the spark frequency (SRR):
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f (2)

=C*Vd

where Cis the capacitance, Vq is the discharge voltage and | is the charging current [43]. Vg is not equal to
V} and there is a voltage V, for which V4=V, + V,, applies. Since V, is unpredictable, the frequency (SRR) is
often easier to measure than to calculate [78]. The energy of the capacitor and the discharge is given by

Equation (3):
1 2
E= > *CxVi (3)

Increasing the concentration of nanoparticles is possible by increasing the frequency of electrical
discharges (SRR) and by placing the electrodes further apart, thereby increasing the breakdown voltage
and thus the energy released during the discharge, which results in a greater amount of material in the

gaseous phase [43].

2.1.2 CARRIER GAS

The type and flow rate of the carrier gas have a significant effect on the number and size of nanoparticles
produced. For instance, the presence of electronegative molecules enhances the breakdown voltage,
since they bind electrons that would otherwise flow between the electrodes, thus creating a current flow.
As seen above, the breakdown voltage is proportional to the breakdown energy and hence to the amount
of material created. Additionally, the gas flow has an effect on both the aggregation of the nanoparticles

and the initial cooling.

2.1.3 PARAMETERS THAT AFFECT THE SIZE AND MASS OF THE PRODUCED NPs
The particle mobility size dm as determined using a SMPS is the diameter of a sphere with the same

mobility as the actual particles. The particles coming from the spark generator are not spherical, however.
Due to the high concentration of particles in the spark generator, small primary particles agglomerate to
form so-called fractal-like agglomerates. A fractal-like agglomerate with a mobility particle size dm made

up of primary particles with size dp, can be characterized by the following scaling law [79], [80]
D
d f
Npp = Ay <d—m> 4
pp

where ng, is the total number of primary particles making up the agglomerate, and A is a constant of the
order of unity [80], [81], here it is assumed to be 1. Dsis the so-called fractal-like dimension. The mass of
the agglomerate mag is given by the sum of the mass of the primary particles making up the agglomerate.

The total mass concentration Mg is then simply the sum over all agglomerates in the aerosol

Magg = f Nagg(dm)Npp(dm)Mppddy,  (5)
0
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where nag(dm) is the concentration of agglomerates with a given mobility size, which follows directly from
the particle size distribution. If the primary particle size is the same over the entire size distribution, then

it can be shown that

Mpp [ Dy

Magg =—, Naggdm ddm  (6)
dpp 0

According to Vons (2010), without knowledge of the primary particle size dpp, as a general trend, it is safe

to say that information about the quantity and behavior of type i NPs can still be obtained by the SMPS

data [82].

According to Vons (2010), when the vapor generated by the spark cools, initially liquid particles are
formed. When two liquid particles collide, they sinter through viscous flow. In the case that the electrodes
consist of a metal that oxidizes there are several additional parameters that should be considered. For the
case of Cu electrodes, for example, the melting point of pure metallic copper is 1085 °C, whereas copper
oxide on the other hand has a higher melting point of 1326 °C. This means that as the particles cool due
to contact with the surrounding gas, non-oxidized particles exhibit viscous flow for much longer and thus
show higher coalescence rates (i.e. larger particles). Even when the temperature drops below the melting
point of the material, the coalescence rate of metallic material, such as copper, is still likely to be orders
of magnitude higher than that of its oxide. It is well known that the presence of a surface oxide has a
pronounced effect on the surface diffusion rate [82]. Nanoparticles of noble metals like gold [83], which

do not acquire appreciable amounts of surface oxide, have low activation energies for sintering.

Therefore, as long as a copper particle does not acquire any surface oxide, it can continue to grow, perhaps
even at room temperature. However, as soon as a continuous oxide layer is formed, coalescence is
hampered greatly and the domain size is practically frozen. The only growth of the particle is then through
agglomeration. A (simplified) schematic illustrating the influence of oxidation on coalescence and the

resulting particle morphology is given in Figure 9.
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According to Tabrizi et. al. (2009), in the end, the production of material (and therefore the erosion of the
electrode) depends mainly on the physical characteristics of each material. In general, in terms of
electrode erosion and mass production, the spark strikes the electrode, converting electrical energy into
heat energy and causes local evaporation of the electrodes. Thus, the thermal parameters of the electrode
material, such as the boiling point and evaporation enthalpy, undoubtedly influence particle production.
Assuming that the effective area for energy transfer is the area of the hot spots A (m?) on the electrodes
[112], the energy balance around the hot spots can be estimated by the following equation, which relates

the eroded mass due to the evaporation, to the physical properties of the electrode material [113][114]:

%cev2 — bTy — gk(T, — T)

 cps(Tyy — T) — AHp + ¢ (Tp — Ty) + 4H,

m (7)

The first term in the numerator represents the effective spark energy, with c. (F) representing the effective
gap capacitance and V the breakdown voltage (V). The second term denotes the heat loss from the hot
spots by radiation in which Tp(k) is the boiling point and b=Act (Jk**) with o depending on the blackness of
the metal (for black bodies o is Stefan-Boltzmann constant 5.67x10-8 Jsm2K*). The time for energy
transfer is t. The third term indicates the heat transfer from the hot spots by conduction, in which k is the
thermal conductivity (Wm™K?) and g=2(rtA)%° t (ms) if (r? /Kt)%° <<1, in which K is the thermal diffusivity
(m?2s1) and r the radius (m) corresponding to A. T is the steady state temperature (K) far from the hot spot
(i.e. ambient temperature). The first and second terms in the denominator represent the energy required
to heat the electrode material to the melting point T,, (K), with Cys (Jg* K) the average heat capacity of
the solid, and AHm (Jg!) the enthalpy of melting. The third term in the denominator is the energy needed
to heat the liquid to the boiling point, with C, (Jgk™), the average heat capacity of the liquid, and AH, (Jg°
1) the enthalpy of evaporation. The evaporated produced mass is denoted by m (g). The model excludes

any chemical reaction and ignores material transfer between the electrodes. The material constants in
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the equation are known. The constants ce, b and g are assumed independent of the electrode material.
Making the further simplifying assumption that the electrodes are black bodies gives us the values r~0.5
mm and t~16 ms. Both values are in the expected range. In general, materials with higher thermal

conductivity show less evaporation, because they are cooled more effectively [115].

2.2 Final Setup

The final experimental setup for the nanoparticle production (Figure 10) consists of a gas bottle (N), two
flowmeters, (one for the carrier N, gas and the other for dilution regulation that goes into the SMPS), the
electrode chamber (Figure 11), the power supply, the sample holder (where the various substrates for
deposition are placed) (Figure 12), HEPA filters (to release excess gas into the environment and to ensure
the integrity of the experimental device) and the pump (which also draws air from the environment

through a HEPA filter).

Spark Chamber power Supply

Flowmeter /IJ
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N2 Gas

Flowmeter
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Figure 10. 3D model of Spark Discharge Generator Experimental Setup.
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Figure 11. Spark Chamber with Cu electrodes without (left) and during (right) spark.

Figure 12. Sample Holder.
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3. CHARACTERIZATION TECHNIQUES
3.1 Scanning Mobility Particle Sizer (SMPS)

Three subsystems comprise the Scanning Mobility Particle Sizer Model 3936 by TSI (size range 2.5 nm —1
um, concentration range up to 107 particles/cm?3): an intake impactor, an electrostatic classifier, and a
condensation particle counter (CPC). The aerosol enters the impactor (which eliminates particles larger
than a predetermined particle size by inertial impaction) before entering the electrostatic classifier, which
separates a predetermined size fraction from the incoming polydisperse aerosol. The resultant
monodisperse aerosol is then counted at the CPC. Figure 13 illustrates the flow scheme for the intake

impactor and electrostatic classifier, whereas Figure 14 illustrates the flow scheme for the CPC.

The aerosol enters a Krypton-85 bipolar charger (or neutralizer) in the electrostatic classifier, where it is
exposed to high concentrations of both positively and negatively charged ions. The particles swiftly
establish charge equilibrium as a result of many collisions with the bipolar ions. The charged aerosol then
enters the long-column Differential Mobility Analyzer (DMA), where a user-defined electric field induces
particles with a certain electrical mobility to escape the column and enter the particle detector, which is
a Model 3772 CPC in this particular SMPS [84].

The particle detector enlarges the sampled particles into bigger droplets that are optically detected. The
intake sampler collects laminar aerosol flow and directs it to the saturator, where evaporated butanol
liquid saturates the aerosol flow with butanol vapor. After entering the condenser, the combined flow of
aerosol and butanol vapor is cooled using a thermoelectric device. The butanol vapor becomes
supersaturated at this point and condenses on the aerosol particles, forming bigger droplets. These
butanol droplets are directed through a nozzle into an optical detector that consists of a laser diode,
different focusing and collecting lenses, and a photodiode detector. However, as butanol droplets travel

over the laser, they scatter light, which is detected by the photodiode and transformed into electrical
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pulses that are counted and, in the case of high particle concentrations, compensated for particle

coincidence [84].
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Aerosol flow is accelerated in the impactor by directing it through a nozzle toward a flat plate. The
impaction plate deflects the flow, resulting in a 90° bend in the streamlines of the flow. Particles having a
considerable inertia cannot follow the streamlines and, as a result, collide with the plate. However,
smaller particles with less inertia follow the streamlines, avoid colliding with the plate, and escape the

impactor through the electrostatic classifier [85].

The data inversion technique used to get the ambient size distribution from raw particle count and
diameter measurements makes the assumption that the polydisperse aerosol entering the DMA has
reached charge equilibrium prior to electrical mobility categorization. Charge equilibrium is achieved
using a Krypton-85 bipolar charger (neutralizer). The measured aerosol collides often with bipolar ions in
the charger and rapidly establishes an equilibrium charge state, with a distribution of particles carrying no
charge, a single charge, or charges of both positive and negative polarity. lon charging theory accurately
predicts this charge distribution [86][87].

The charged particles are then introduced into the DMA, where they come into contact with an electric
field, which generates an electrical force that pushes them into the gas in which they are suspended.
Electrical mobility is a measure of a charged particle’s capacity to move inside an electrical field; it is a
function of the particle’s charge state, diameter, and drag force encountered [88]. After exiting the DMA,
charged particles are classified according to their electrical mobility; determined based on derived
relationships between particle electrical mobility and DMA operating parameters (e.g., applied voltage)
[89].
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As the instrument’s name implies, the CPC’s primary capability is to develop sampling particles by working
fluid condensation prior to optically counting them. When the vapor around particles reaches a specific
saturation point, the vapor begins to condense on the particles; this is referred to as heterogeneous
nucleation. However, if supersaturation levels are excessively high, vapor condensation can occur even in
the absence of sampling particles; this is referred to as homogeneous nucleation. Working fluid vapor
molecules clash and form clusters during homogeneous nucleation. Counting particles in homogeneous
nucleation droplets will introduce instrument noise and should be avoided. To obtain optimal CPC
performance, a supersaturation level slightly below the homogeneous nucleation limit must be used. The
particle size detection limit is a strong function of the operational super-saturation ratio and may be
determined using theoretical relationships between particle diameter and vapor supersaturation ratio
[90].

3.2 Scanning Electron Microscope (SEM)

During this work Quanta™ Inspect Scanning Electron Microscope by FEI Company equipped with an
EDAX EDS system is used. The Quanta Inspect Scanning Electron Microscope is a versatile, high-
performance instrument with two modes (high vacuum and low vacuum) to accommodate the widest
range of samples of any SEM system [91]. It has resolution up to 10 nm in high vacuum and up to 12 nm
in low vacuum with maximum voltage of 3 kV [91]. The SEM works by focusing a narrow beam of electrons
on the sample surface. As a result of the impact of the incoming beam, materials emit photons and

electrons; the emitted photons can be either X-rays or luminescence. The examination of X-ray photons
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created in this manner is referred to as EDS. The electrons emitted are utilized for imaging. The image
taken, represents a surface with contrast differences which are derived from the difference energies of
the emitted electrons from the material. SEM imaging is classified into two main modalities based on the
type of electrons emitted from the sample: (a) secondary electron imaging (SE) and (b) backscattered
electron imaging (BSE) [92]. The process of SE and BSE creation is depicted in Figure 15. Thus, when an
incoming electron bounces back from the surface and returns towards the electron source, this is referred
to as BSE [92]. BSEs may be identical in energy to the entering beam (elastic scattering) or may have lost
some of their initial energy (inelastic scattering). On the other side, the incident beam may collide with
and dislodge an electron from a material atom, which is then emitted from the surface. The probability of
this emission depends on the angle of the surface plane to the incident beam; the smaller the angle, the
more electrons are emitted. These electrons are referred to as SE [92]. The incoming beam scatters

inelastically in this scenario.
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The interaction volume between the incoming beam and the substance matter dictates the depth of
emission of electrons (especially BSEs) and photons [92]. The interaction volume is pear-shaped and is
proportional to the accelerating voltage and inversely proportional to the sample density [92]. The picture
in Figure 16 depicts a typical interaction volume for metals at accelerating voltages of less than 20 kV. As
can be shown, whereas BSEs are emitted from portions as deep as 1 um, SEs are created exclusively in a
narrow subsurface zone (1- 50 nm deep). Additionally, Figure 16 demonstrates that Auger electrons can

be also generated 0.5-3 nm from the top surface.
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Figure 16. Schematic of the interaction volume excited by a primary electron beam with 20 kV energy.

Due to the fact that SEs are created at a modest depth under the surface, SE imaging provides more
detailed topography information than conventional BSE imaging [92]. So, edges and sharp corners
produce more SEs than horizontal surfaces, and thus appear brighter in SE micrographs. SE emission from
a steep vs a level surface is seen in Figure 17. In comparison to the smooth surface, a bigger proportion of
the stimulated volume resides along the sample surface of the steep surface. As a result, more SEs can
evade detection at the steep surface. By contrast, BSE emission is sensitive to the density of the immediate
sample and causes a chemical composition disparity [92]. In general, the contrast described above is
known as Z-contrast [92]. Thus, a material that is heavier (denser) is predicted to produce more BSEs than

one that is lighter (less dense) [92].

Electron beam Electron hemln

Figure 17. Edge effect on the SE topographical imaging.
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3.3 Energy Dispersive X-ray Spectroscopy (EDS)

During the current work, an EDS by EDAX detector was integrated into a scanning electron microscope
(SEM), allowing for the examination of the local chemical and elemental composition [93]. The specimen
was placed at a working distance of 9-12 mm using an electron beam with an accelerating voltage of 15-
25 kV [93]. The typical X-ray production caused by electron beam radiation is seen in Figure 18. When one
electron is ejected from its position by the beam, another electron from the outer shell migrates to the
inner shell to replace the vacancy; in this situation, an Auger electron may be released [94]. Alternatively,
X-ray may be generated as depicted in Figure 17 [94]. Characteristic X-rays are emitted from elements
when their electrons make transitions between the atomic energy levels [95]. If an electron transitions

from a level with energy E; to one with energy E;, the emitted X-ray has energy:

because each element has a unique set of atomic energy levels, it emits a unique set of X-rays which are
characteristic of this element [95]. As the atomic number increases the probability of characteristic X-ray

emission also increases while that of Auger Electrons decreases [95].
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3.5 Raman Spectroscopy

Renishaw inVia confocal Raman microscope (6260) (785 nm diode laser, 300mW) was used during present
thesis’ measurements. Raman spectroscopy is based on the study of the inelastic scattering (Raman
scattering) of light from matter, thus detecting characteristic vibrations of its molecules, thus making it
possible to identify substances and the content of the individual elements. Advantages of the Raman
spectroscopy technique are the examination of samples without any preparation and the direct
examination of liquid samples in their containers [96]. A basic principle of Raman spectroscopy is that
inelastic scattered light has a different frequency than the original incident radiation. When an incident
photon with frequency v, does not have the necessary energy hv,, to cause an electron transition, it
interacts with a molecule and can be scattered in three different ways: elastic (Rayleigh scattering), in

order to retain its original energy and remain at same vibrational level with same frequency v, or inelastic
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with increase or decrease of its initial energy and corresponding new frequency vi + vm or vi-vm. The
inelastic scattering with energy loss and corresponding decrease in frequency is called Raman-Stokes
scattering, while the one with increasing energy and corresponding increase in frequency is called Raman-
AntiStokes. The explanation for the occurrence of the Raman spontaneous phenomenon is presented in
the energy diagram of Figure 19 [97]. Initially we consider that the molecular system has two quantum
vibrational energy states, the fundamental vibrational state with n = 0 and the excited vibrational state

with n = 1, which differ energetically by hvy, where vy is the frequency of the molecular oscillation.

The corresponding transitions to the potential (virtual) states are shown in Figure 19. In Raman-Stokes
scattering there is a transition from the fundamental vibrational state to a higher energy vibrational state,
while in Raman-AntiStokes we have a transition from a higher energy vibrational state to a lower one. In
comparison, the probability of elastic scattering is much higher than the probability of Raman — Stokes
and Raman — AntiStokes inelastic scattering occurring, which occur with very small probabilities of one
Raman photon per 108-10% scattered photons [96]. Also, from inelastic scattering, at room temperature,
Raman — Stokes scattering is more likely than Raman — AntiStokes, and therefore easier to study. This is
because the number of molecules in the fundamental vibrational state is much greater than the number
of molecules in some other excited state at room temperature, so that most photons can only excite a

normal form of vibration, and therefore they will suffer a reduction in their energy.
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When a molecule of matter interacts with an electromagnetic wave with periodically varying electric field
intensities, it is polarized and considered as a vibrating dipole that oscillates like a harmonic oscillator with

frequency [98] (Equation (9)):
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where W is the reduced mass of the system and K, the return constant of the spring, i.e. the vibrating
molecule that depends on the characteristics of the bond between the atoms. In quantum mechanics the

motion of the molecule is described by Schrédinger’s equation [99] for a particle of mass p at a potential

_ Kx?

T2

d>y 2u Kx?
d_{]2+h_2<E_T>¢_O (10)

which has solutions
E, = hv (n +%) (11)
and vibration frequency [96] given by Equation (9).
The bipolar moment induced in the molecule when it interacts with radiation is equal to Equation (9):
p=aE (12)

where a is the polarity of the molecule and E is the intensity of the radiation [96]. The polarity tensor of
the molecule is written as a function of the positions of the nuclei of the atoms that make it up as a first

order approximation as

6aij
a;j = (a;j)o + 30 OQk (13)
where Qx are the k normal vibration variables with corresponding frequencies vi, while some derivatives
are calculated at the equilibrium position [96]. Considering that the electric field of radiation changes

periodically as
E = E, cos cos 2mv,t) (14)

and that the motion of the nuclei of the molecule is harmonic, we arrive at the following relation for the
bipolar moment of the molecule [96]

1/ 0a

P = ayE, cos cos (2nv t) + > (OQ )EOQO{COS[ZTE(UL + v)t] + cos[2n(v, —v)t]} (15)

The first term describes Rayleigh scattering, the second Raman — AntiStokes scattering and the third
Raman-Stokes scattering. From the above relation it is obvious that, in order for a Raman vibration to be

active, a necessary condition is
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00Qx
that is, there is a change in the polarity of the molecule during the vibration. In fact, according to the
above selection rule, intense Raman scattering occurs from vibrations in which there is a greater change

in polarization [96].

In a standard Raman measurement (Raman spectrum) the relative intensity of the scattered Raman
radiation is recorded as a function of the displacement of the ripple from the excitation frequency.
Although radiation is usually characterized by wavelength, in Raman spectroscopy, because the
displacement of energy from the original energy of excitation radiation is studied, the waveform (cm™) is
used as the unit of measurement, which is proportional to the energy [96]. A typical Raman spectrum of
cyclohexane is shown in Figure 20, where it is observed that the peaks of Raman-AntiStokes scattering are
much weaker than those of Raman-Stokes scattering and also that more than one vibration is active in
Raman. In general, the number of vibrations possible in a molecule is directly related to the degrees of
freedom of the molecule that describe the translational and rotational, if the molecule is not linear,
motion. In the general case for a molecule consisting of N atoms the number of possible vibrations will be
3N-6, while for a linear 3N-5. Of these possible vibrations, those that satisfy selection rule (Equation 16)
can theoretically be detected [96]. The intensity of the peaks in the Raman spectrum depends on the
nature of the vibration but also on the characteristics of the device. If the target sample is a crystalline
solid, Raman scattering is associated with lattice vibrations instead of molecular vibrations. For a phonon

to be active in Raman, condition (Equation 16) must apply and it depends on the symmetry of the crystal.
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A typical Raman spectroscopy device is shown in Figure 21 and consists of the following parts: Relatively
high power monochrome laser source, optical guides (mirrors) and focus beam (focus lenses), an edge
filter before input of Raman scattering radiation in the monochromator, which eliminates Rayleigh
scattering radiation in the laser wavelength and allows only Raman scattering to pass through and detect,

optical fiber for collecting and transmitting scattered radiation to the monochromator inlet, the
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monochromator, detector (usually CCD) and, finally, a computer to control the measurements, display

and process the spectra [100].

Raman spectrometer
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/

Filter

N

CCD detector

o |

Sample - - - -~

785 nm diode laser
I I

3.4.1 SURFACE-ENHANCED RAMAN SCATTERING (SERS)
In 1974, during Raman scattering measurements, Fleischmann et al. pioneered surface-enhanced Raman

scattering (SERS), initially attributing the increased signal to an increased number of adsorbed molecules
due to the increased surface area. Jeanmaire & Van Duyne and Albrecht & Creighton separately identified
this phenomenon in 1977 [101]. They both recognized that the extraordinarily strong surface Raman
signals could not be explained solely by increased surface area and demonstrated that the increased
signals were caused by a true enhancement of Raman scattering efficiency, thereby establishing a new
field of Raman spectroscopy, namely SERS. SERS now is one of the most powerful analytical techniques
available because it overcomes the inherent limitation of weak signals in standard Raman scattering by

magnifying them more than one million times.

The mechanism through which SERS works is by the activation of localized surface plasmons (Figure 22).
Surface plasmons (SPs) are coherent delocalized electron oscillations that occur at the interface of any
two materials where the sign of the real component of the dielectric function changes (e.g. a metal-
dielectric interface, such as a metal sheet in air). Plasmonic materials actively have dimensions smaller
than the wavelength of light, leading to a confined oscillation of the electrons in the nanoparticle. Surface
Plasmon Resonance (SPR) is the resonant oscillation of conduction electrons at the interface of materials
with negative and positive permittivity that is induced by incoming light [102]. SPR is the basis for a large
number of industry-standard techniques for determining the adsorption of material onto planar metal
surfaces (usually gold or silver) or the surface of metal nanoparticles. This is the essential concept behind

a large number of color-based biosensor applications [102].
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Figure 22. a) surface plasmon resonance (SPR), b) Representation of the localized surface plasmon on nanoparticles [102].
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4. RESULTS AND DISCUSSION

From previous thesis works [103], [104] it is known that the SDG from Fasmatech produces three types of
particles in aerosols. Type i: the small “primary” nanoparticles of diameter <10 nm. Type ii: clusters of the
primary particles with particle electrical mobility diameters that range between 10 and 100 nm (reaching
a maximum in the range of 15-30 nm); these clusters have a fractal morphology, as has also been
evidenced in the TEM. Type iii: larger spherical particles with sizes over 100 nm. The results presented in
the current thesis confirmed the previous observations and helped to explain their various details that
appeared there. Figure 23 shows TEM images of all these types of particles, as captured on TEM lacey
carbon (fibrous support films). Type i and iii particles do not appear in any of our SMPS size distributions
due to the limited resolution of the specific setup of our instrument, using the 1 Lt DMA column. They
were seen only with Electron Microscopy techniques. We believe that below the SMPS’s resolution of 10
nm, the distributions reach a new maximum, because in our TEM data we see far more type i particles
than any other type, even though particles accumulate on our TEM fibers; this can be confirmed by others,
see eg [43]. It is worth repeating here that all our depositions (incl. those on the TEM samples) are done
at a much closer distance to the SDG than the SMPS measurements. This means that the SMPS is expected
to measure the clusters when they are slightly larger in size and less in concentration than what we are
actually using for our depositions; of course, it still gives us an excellent view of the aerosol’s nature on

the actual location of our depositions.

The purpose of the experiments that follow, is to analyze and standardize the type, quantity and
concentration of the particles produced in order to use the SDG as a stand-alone particle generation
device (without the costly SMPS) so that we can make a large number of depositions. Thus, the goal is to
calibrate the spark setup and focus on the optimum parameters where the maximum number of primary
particles are generated for each material, study the depositions and apply them in applications. Therefore,
in this work, the study is not focused on the exact mechanisms of the formation of the various types of
particles, as this would require resources that were not available; instead, it is focused on the repeatability
of the particle production, aimed to enable us to use, eventually, the SDG as a “black box” that produces

certain distributions of aerosol particles.
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Figure 23. TEM Images. (a) Small oval-like type i CuO NPs (Cul12), (b) type ii clusters, (c) fractal structures (possibly type ii) and type iii large
particles, deposited on a lacey carbon fiber substrate (Cu108).

4.1 Spark Properties and Electrode Erosion

In a typical, unregulated or free-running SDG, an oscillatory discharge forms after the breakdown occurs
between the electrodes. When spark repetition rate (SRR) (i.e., spark frequency) is increased, at a certain
point normal sparks start to be followed by smaller (secondary) sparks, which use the remains of the
conductive plasma channel generated by the first big spark. In fact, under these conditions one might
actually see different separate spark channels in the spark area between electrodes; usually one large
channel at the side of the electrode closest to the incoming gas flow, and further away from that side
many thinner sparks, as illustrated in the schematic of Figure 24. As SRR is increased to even larger values,
the amount and discharge voltage of the large sparks is expected to be reduced further and further, while
the number of secondary sparks increases. Eventually, only very small sparks occur. In the SDG from
Fasmatech that was used during this work, the ultimately existence of small secondary sparks caused
problems to both SDG’s smooth operation and particle generation, as they were neither efficient nor

reproducible.

Direction of
gas flow

First poweriul
spark

Smaller
— secondary
sparks

Electrode Electrode

Figure 24. schematic of observed evolution of sparks [82]
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In order to ensure SDGs efficiency and reproducibility, the powerful discharges should be regulated and
stable at all times. A relatively high discharge voltage is the consequence of the high capacitance, low
resistivity and low inductance of the circuit, which are essential for the efficient erosion of the electrodes,
when NP production is targeted [82]. The spark energy (or energy per spark) and the SRR are the two most
essential process parameters of the SDG that are affected by the electric circuit. These values may be
efficiently controlled by modifying the Reh, Rais, and C components of the discharge as can be seen in the
Figure 25 of the SMPS size distributions; dN/dlogDp is the normalized total particle number concentration

shown against the mobility diameter.

By altering the electrical parameters, it is possible to optimize the circuit in the control panel, so that
strong and intense sparks are obtained permanently. The best spark performance was found to be for the
maximum possible capacitance C=1.94 nF, charge resistance R.n= 100 kOhm and discharge resistance

Rdis=o Ohm.
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Varying these parameters during the everyday operation of a NP generator is not realistic in our setup.
The parameters that are more easily tuned so that we modify the SRR (f) and spark energy, referred now
on as control parameters, are the distance between the electrodes, the carrier gas (N;) flow rate [105]

and the input voltage (Vin).
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4.1.1 EFrecT OF CONTROL PARAMETERS
After the optimum electrical parameters of the circuit were found (and remain permanently as fixed

values for the rest of this thesis work), experiments were performed with copper electrodes to see how
the variable control parameters (electrode distance, input voltage and carrier gas flow rate) could affect
particle production. From previous works [104], [106] it is already known that copper is oxidized and CuO
type i and type ii particles are produced, while type Ill are in their larger part Cu particles (with a thin CuO
on the surface) (Figure 26). The oxidation of copper occurs because there are always remains of the
atmospheric 02 in the spark chamber. Another source of 02 could be the fact that industrial N, is used as
carrier gas (purity 99,99%, water vapor <25 ppm, oxygen < 10ppm) instead of extra pure. Then, the
electrodes are replaced with gold, platinum and palladium, with which respective measurements are
repeated. The aim is to make a comparison between the materials and to understand whether the

changes in these parameters affect the production of particles in the same way.

4.1.1.1 Effect of Electrode Distance

As was seen in previous work [103], [104] and mentioned also above, there is not much influence of the
control parameters in the nature of the primary (type i) particles. Therefore, the main aim becomes finding
the optimum parameters for maximum NPs production, i.e., control their concentration in the produced
aerosols in order to tune the size of type ii particles (clusters), for their successful use in applications. One
of the main parameters that can be tuned is the electrode distance. While keeping the other parameters
stable, SMPS measurements were performed with the four different electrode materials (Cu, Au, Pd, Pt).
As seen in Figure 27, there is not a general rule that one has to follow in order to reach maximum particle
numbers; the various electrodes are reaching their maximum particle production under different, yet

repeatable, parameters; it can be seen that the maximum number of particles for Cu is
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3.8 x 106 cem™2min! (f = 352 Hz, d,,, = 22 nm), for Auis 1.8 X 10® cm™?min™! (f = 32 Hz, d,, =
32nm), for Pdis 1.4 X 107 cm™?min~! (f = 40 Hz, d,,, = 14 nm) and for Pt is 8.0 X 10® cm™?min~!
(f =125Hz,d,, = 18 nm).

From these graphs we can get some very clear signs of what is happening during the particle formation.
As the distance between the electrodes increases, the SRR drops, affecting the energy of the spark and
therefore particle generation. This is happening because higher electrode distances produce sparks in
higher Vs, and therefore the capacitor needs more time for recharging, in qualitative agreement with
Paschen’s law (Equation 1). It is also observed, that for larger type ii (clustered particle) concentration,
there is a shift towards larger cluster sizes; this can be explained by the fact that the denser particles there
are in the aerosol, the larger is the possibility to collide with each other and stick, creating larger clusters.
In the case of copper, the concentration of the generated particles decreases as the electrode distance
increases, as predicted by Lehtinen’s et al. (2002) model [107]. However, gold seems to have the opposite
behavior. This phenomenon is depicted in Figure 28 for copper and gold electrodes. Palladium and
platinum do not appear to have unambiguous behaviors. More details and comparison of how the
electrode distance affects the particle production in different electrode materials are given in Appendix
A.

In further analysis, it is observed that, for smaller numbers of produced particles, more noise appears on
the distributions; this has to do with the sensitivity of the measurement technique. In the case of copper,
distributions are substantially noisier than those of other materials, for similar particle concentrations and
sizes. This may be caused by the formation of oxides on the electrodes, which result in a structural and
also electrical inhomogeneity, as CuO is less conductive than Cu. Additionally, it can be seen that sparks
in palladium and platinum occur in higher V,;5, in smaller electrode distances, and distributions seem to
be shifted to smaller type ii particle sizes, compared to the other two materials. These are clear effects of
the electrode material properties, such as their melting points, their hardness, etc. It is worth noting here
that gold melts at 1064 °C, copper at 1085 °C (CuO at 1326 °C), palladium at 1555 °C and platinum at 1768
°C; according to the Mohs Scale of Hardness, gold has a value of 2.5, copper of 3, platinum of 3.5 and
palladium rises up to 4.75. The harder materials, with higher melting points, do not produce enough metal
vapor in the first few sparks, and therefore there is not enough conductance in the channel between the
electrodes (see also paragraph 4.1); the Vdis has to reach higher values in order to start the normal

operation of the charge-discharge circuit and the spark repetition.
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Figure 27. SMPS data of how different electrode distance affects particle production.
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Figure 28. SDG particles produced concentration vs SRR with Cu and Au electrodes, while altering electrode distance.
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At a constant pressure and electrode geometry (rods with flat surface), the electrode distance is the
parameter that predominantly affects the breakdown voltage [43], thus the spark itself, hence it can be
used to vary the spark energy according to Equation (3). Figure 29 shows the relationship between the
electrode distance and spark power, as well as power per spark, for various electrode materials, based on
the SMPS data of Figure 27. Assuming that the overvoltage is small, the breakdown voltage is replaced by
the discharge voltage. The spark power increases with the increase of the distance between electrodes

both in general and in every single spark.
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4.1.1.2 Effect of input voltage

Continuing the experiments, measurements were made during the alteration of the input voltage with all
four materials, as shown in the distributions of Figure 30. In all electrode materials, the behavior of spark
and particle production seems to be corresponding. By increasing the Vin, Vais shows only small changes,
while at the same time the density of the produced particles increases according to Vin’s increase. It is
clear that the more energy is given to the system, the more material is evaporated from the electrodes
and the more particles are produced. This effect is clearer in the case of Cu and Au where there is a wider
range for parameter tuning, while in the other 2 electrodes, the Vdis reaches a maximum level in relatively

small electrode distances.

The main difference, between the various electrodes, observed here is that the density of the gold
particles can be four orders of magnitude larger than that of the other three materials; as seen also before,
Au is easier to evaporate in these conditions. Moreover, the increase of input voltage causes a right shift
of size distributions; in case of Au the shift is stronger due to the larger particle production that causes

more agglomeration into clusters, before dilution in the aerosol by the carrier gas.

As it has been confirmed by previous work [106], during the spark with copper electrodes tenorite copper

oxide particles (CuO) are produced; the latter condition results in the formation of oxides not only as

49



separate nanoparticles but also located on the surface of the electrodes thus making them less conductive
and preventing the unimpeded production of particles (Cu melting point: 1085 °C, CuO melting point:
1326 °C). The Cu electrode oxidation is studied in detail below, in a separate paragraph. Electrode
oxidation may also explain the fact that Cu, although it has a similar melting point and hardness to Au, is

producing much less particles.
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Figure 30. SMPS data of how input voltage affects particle production.

4.1.1.3 Effect of carrier gas flow rate

Last varied control parameter was the carrier gas flow rate. The spark characteristic is highly sensitive to
the gas composition [108]. Tabrizi et. al. (2009), after multiple measurements, concluded that nitrogen as
acarrier gas is ideal because the results of Vgis are almost entirely consistent with the theoretical approach
(Paschen's law), in contrast to other gasses such as helium, argon and atmospheric air [43]. In addition,
the use of N; as a carrier gas allowed the maximum possible production of nanoparticles (or alternatively

the maximum erosion of the electrodes) so we chose this for our work.
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During the spark, the evaporated electrode material travels into the spark gap in the form of a jet, which
is observable via the created plasma [109]. According to Figure 31, SRR seems to decrease while the flow
rate increases. This is due to the expansion of the length of arc (Figure 32). This causes the ions to travel
longer distances (with the same speed), resulting in less charge transferred per time unit (and therefore
reducing the SRR), lowering the probability of aggregation [75]. In this way, coagulation is avoided by fast

turbulent dilution of the primary particles in the plasma area [33].
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It is worth noting that the alteration of the flow rate does not seem to significantly affect the spark’s SRR
and Vgis, not as significantly as the other control parameters do. While the SRR is inversely proportional to
the increase of the flow rate, the discharge voltage appears to behave in proportion to this change [33].
The SMPS data shows that more clusters of all sizes are generated as the flow rate increases up to 4 L/min,
and then they eventually decrease (after 5 L/min). Coagulation prevents larger number concentrations
and leads to an increase in the size of the agglomerates. As discussed also above, the number of type ii
particles (clusters) has to do with how many are the primary particles and how close they are to each
other. In principle, more particles are produced with more metal evaporation. This process can be aided

by the increase in the carrier gas flow, when we are at a relatively low flow rate, because in this way more
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metal vapor escapes from the area between the electrodes. When there is too much carrier gas flow, the
electrodes will be cooled by it and their evaporation will be less. These two conflicting results of the
increase of the carrier gas flow rate are, as we believe, the reasons for observing a peak near 4 L / min of
our SMPS data [43].

More details and comparison of how the control parameters affect the material production in different

electrode materials are given in Appendix A.

4.1.2 MORPHOLOGY OF ELECTRODE SURFACE AFTER SPARKING
In order to be able to better understand the particle formation process, one also needs to know what

happens to the electrodes during spark and how it affects them. For studying the effect of corrosion on
the surface morphology, electrodes were exposed to sparking. The electrodes employed in this
investigation were Cu and Au (as representative of noble metals that avoid oxidation) rods, 1 mm in

diameter.

The morphology of the electrode surfaces before and after sparking was studied using Scanning Electron
Microscope (SEM). As can be seen in Figure 33 the electrode before spark (left) shows to be full of
polishing lines; these scratches distributed on the surface were formed during the cutting and wheel

polishing procedure.
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Figure 33. SE SEM image of copper electrodes before (left) and after (right) spark.

4.1.2.1 Before Spark

Before sparking, EDS measurements were performed on the intact electrode (Figure 34) at different
magnifications and spots. The electrode seems to be pure copper, clean of contaminations; only a very

insignificant amount of carbon seems to exist, which is probably residue of the polisher.
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Figure 34. SE SEM image (left) and EDS analysis (right) of polished copper electrode before spark.
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4.1.2.2 After Spark

After sparking, the electrodes were studied with SEM and EDS. The detailed investigation of the electrode
surface exposed to spark reveals three, well distinguishable characteristic parts of the growing

microstructures, namely “craters” (a), “undulated areas” (b), and “grainy areas” (c).
4.1.2.2.1 Cu electrode

Low Magnification

Craters
Craters are the most abundant surface feature produced, even by a single spark; even during a single

oscillatory discharge, multiple craters are formed on the surface. Craters are characterized by a roughly
circular central recess surrounded by a protruding rim of distinctly molten appearance (Figure 35).
Micropoints and strands of metal on the rim indicate a fast movement of molten material with subsequent
rapid re-solidification. Individual craters often occur in the vicinity of each other, sometimes leading to a
cluster of overlapping craters. The latter appearance is more typical for larger craters, while small craters
are usually scattered with some distance between them. The depth of the craters is always significantly
smaller than their radius, and craters can be described as hemi-ellipsoidal in shape. The appearance of
craters does not show polarity dependence, i.e. both anodic and cathodic electrodes exhibit similar

morphology.

300 pm

Figure 35. SE SEM image of craters on sparked copper electrodes.
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Undulated areas
Undulated areas are formed on the sides of the electrode. This surface feature is characterized by a

coherent area of characteristically undulated or wavy appearance, in which pre-existing surface features
(e.g., scratches) as well as craters appear to be smoothened (Figure 36). The creation of these undulated
areas homogenizes the morphology of the surface they cover, including other features, e.g., scratches and
craters. According to the EDS analysis, these areas are located mainly to the sides of the electrode and

are eroded, but not oxidized at all.

tilt | mode

1°| SE

Figure 36. SE SEM image of undulated area on sparked copper electrode.

High Magnification

Grainy areas

When going to higher magnifications in SEM, grainy areas are observed (Figure 37). This morphological
feature can be described as a large coherent area within each crater. The small inhomogeneities are
stacked on top of each other forming clusters like grains (with a diameter of 50 nm - 1.5 um). The grainy
areas constitute a product of melting and resolidification of the metallic material on the surface of the

electrode.
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Figure 37. SE SEM image of grainy areas on sparked copper electrodes.

EDS measurements in different spots of grainy areas inside the "craters" of the sparked electrode, showed
high concentration of copper oxides, as the presence of oxygen is evident, according to Figure 38 below.
This may be one main reason for the decrease of NP generation mentioned in the previous section, as the
oxides cover the surface of the electrode. This means that the CuO found in our aerosols most probably
originates from this area and that it is not entirely a product of the oxidation of the nanoparticles while
they are in the aerosol. Of course, both phenomena may well take place on the same nanoparticle

production process. The presence of O in the SDG chamber is not surprising; one of the main reasons for
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using vacuum systems for materials depositions is the need to remove as much as O as possible from the

processes. Another notable result is that a considerable amount of carbon is also observed.

Figure 38. EDS analysis reveals copper oxides on grainy areas of sparked copper electrodes.
Finally, in Figure 39 is shown a flat section of the sparked copper electrode as well. It is observed that the

distribution of grainy areas (thus copper oxides) is not uniform throughout the surface but differs

significantly from point to point, depending on where the spark has occurred.

HY | mag WD HFW | tilt | mode | e— 11
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Figure 39. SEM image distribution of dendritic areas with CuO, on sparked electrodes.
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4.1.2.2.2 Au electrode

Corresponding morphology and corrosion are also observed in the gold electrodes. Craters and grainy

areas are formed here as well, with the difference that in the latter there is a sudden presence of carbon
(Figure 40).

Figure 40. SE SEM images of corroded Au electrodes with craters (left) and grainy areas (right).

It is also worth noting that type ii and type iii particles observed, after the corrosion of the electrode,
have a spherical shape with diameter 20 nm — 3 um, as shown in Figure 41.

Figure 41. SE SEM image of spherical type ii and type iii particles produced during spark on Au electrode.
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4.1.2.2.2.1 Carbon Deposition on Electrodes
The presence of carbon on the electrodes (Figure 42) suggests that the environment of the spark chamber

and electrodes is contaminated, resulting in its deposition on the electrode surface. Carbon nanoparticles
are regularly produced from graphite electrodes [111] so we can assume that some of the particles that
we have measured by the various techniques may consist of C. There is no easy way to find out to what
extent this happens; in TEM images and the various spectroscopies used we cannot exclude this, as we
deposit in C or C-containing fibers. It is clear however that our metallic and oxide nanoparticles are there
and that they present all the properties that you would expect from pure (C free) nanometals and oxides

(plasmonic response, CuO EELS peaks etc).

It is worth noting here that in SEM images, small C particles cannot be seen, and that carbon is imaged
with a great difficulty, because electrons pass through it, due to its low density (esp. compared to gold),
making it impossible to see its surface structure; carbon roughness could be imaged only with the

significant reduction of electron beam voltage.

It is reasonable to assume that part of the particles produced and measured with SMPS are C as well. In
order to understand this better, we need to perform more experiments that go beyond the scope of this

thesis.

Aulb
Aula

AuLb
Aulb
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Figure 42. SE SEM image (left) and EDS analysis (right) of carbon findings (smooth surface) on sparked Au electrode.

SUMMARY AND FURTHER DISCUSSION
In the above experiments, SMPS on-line in-situ measurements are performed during the variation of the

control parameters with electrodes of Cu, Au, Pd and Pt, in a first attempt to tune the function of the
device and also to understand the conditions that affect the particle production in the SDG. The SDG's
operation was greatly improved by connecting it to an oscilloscope, for the continuous monitoring of the
SRR and the Vg, in order to be able to maintain the repeatability of the experiment without the need of
SMPS.

For clarity reasons, only a limited number of SMPS size distributions has been presented here, while many

more were recorded during this work. Due to the 1 It DMA column connected to the SMPS setup, only
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particles with size of 10-100 nm could be detected; this size refers to their “electrical mobility diameter”,
which is a very good approximation of the actual size. According to Vons (2010), even without knowledge
of the primary particle size dyp, as a general trend, it is safe to say that information about the quantity and
behavior of type i NPs can still be obtained by the SMPS data [82].

By stabilizing the circuit parameters, better control of the experimental spark setup was obtained.
Subsequently, by altering the control parameters information was obtained generally on the particle
production. The more nanoparticles are produced, the more the size distributions are shifted towards
larger particle sizes, as more type ii clusters are created. In a more detailed view of the results produced
by the 4 different electrode materials, it seemed that palladium generates in general smaller ii particles
than other materials. Moreover, gold generates the most particles. Further study of the Cu and Au
electrodes by SEM, showed the morphological changes that take place on the electrode's surface after
sparking. CuO is detected on copper electrodes. As a result of the 02 presence, the type i primary particles
produced are entirely CuO, while only the type iii particles seem to follow Vons’s core cell theory [82]. C

is found on both electrodes, and especially on gold.

Eventually, it was observed that the various parameters may affect in a different way the particle
production from the various electrode materials. Hence, the attention turns to the investigation of other
parameters (capacitor charging current and material properties), in order to see if there is any correlation

between them in the different behavior, during the production of the material.

Vons (2010) supports that, in general, increasing current also increases particle production [82]. However,
both in his own work and in the present thesis, it seems that this is not unequivocally valid (Appendix B,
Table 4). In the case of copper and platinum this is true, but for gold and palladium such a thing does not

occur.

Thus, it is finally evident that the material must have the most significant influence on the particle
generation process. By calculating the total mass production from each material (Appendix C, Table 5), as
Tabrizi predicted, and comparing to the measured results of the present work, results the following Figure
43, Equation (7) correctly reflects the results of the present work, in an approximate sense with respect
to heat conduction, boiling temperature and evaporation enthalpy. It can therefore be used to predict the

mass production rate for any material at the identical gap distance and spark type.

60



Material Production with Different Electrodes
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Figure 43. Material production from various electrodes.?

3 The measured mass of material produced was found by calculating the space below the corresponding size
distribution, because it was not possible to perform measurements of electrode mass loss directly.
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4.2 Depositions

After the production of particles reached a good point in terms of understanding and reproducibility,
depositions were made and studied on substrates of different materials. Thus, a series of samples were
made on activated carbon cloth (ACC), borosilicate filters (BSF) and surgical polypropylene masks (PP
Masks). The samples used in the present thesis are only a few out of more than 70 that were totally made
and are presented in Appendix E (Table 6). The aim was to study the nature and size of the deposited
particles, the purity of the materials, the depth they reach and the distribution they acquire during their

deposition, as well as the properties that they can acquire in the context of applications.

A basic condition for a successful deposition, penetration and adsorption of aerosol nanoparticles
throughout the depth of the substrate, is its fibrous nature, so that it is possible for the carrier gas to pass
between fibers and to maintain the smooth operation of the experimental device (in terms of adequate
gas flow etc). The different areas of the substrates that were deposited in the experiments are
demonstrated in Figure 44 below; where A is the center of deposition area and B is the edge of it, while J,
Il and /Il are the top, the middle and the bottom part of the filter respectively; the arrows represent the

carrier gas flow directions. Only in area A, the gas flow remains straight.

Figure 44. Graphic demonstration of different filter areas.

Prior to the deposition of the above-mentioned filters, the behavior of different types of particles was
observed through TEM images, and how they are distributed on fibrous substrates, both in the case of
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Cu/CuO (Figure 45) and gold (Figure 46). Figure 45a shows a TEM image of type i and ii CuO NPs diffused*
on holey carbon fiber [106]. Figure 45b shows a TEM image of particles deposited on holey carbon films;
type i and ii particles are captured near the edges of the carbon holes (near the carrier gas flow), while
type iii spherical particles are captured further away from the holes, because of their inertial motion, ie.
their relative inability to follow fully the gas flow.

Figure 45. TEM images (a) type i diffused CuO NPs, (b) type ii & type iii Cu/CuO NPs on lacey carbon substrate (green arrows show carrier
gas’s flow).

Figure 46. TEM image of primary and clusters AuNPs (left) and diffused AuNPs (right) on carbon fiber on TEM grid.

4 Brownian diffusion of particles in a gas, is a physical mechanism when particles from an aerosol instantly diffuse
and adhere on an obstacle (i.e., fiber) when it is placed in the stream [153].
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4.2.1 NoN-WOVEN AcTIVATED CARBON CLOTH (ACC)
As research has shown, activated carbon cloth can be used in many applications, such as antibacterial

patches [116] and hydrogen storage [117]. Both antibacterial activity [116] and hydrogen capacity [118]
[119] can be further enhanced by doping the ACCs with metal NPs (Ag and Pt respectively). Inspired by
these results, depositions were carried out on the non-woven activated carbon cloth from Evertech
Envisafe Ecology Co., Itd. (Thickness : 0.6 mm, Basic Weight : 70 + 10 g/m?, BET Surface Area : 1100
m?/g, ACF Content : 100%) with Cu/CuO, Pd and Pt nanoparticles with SDG whose efficiency in hydrogen
storage has yet to be studied. The shape and chemical composition of the original ACC fibers show a

special texture full of impurities (Figure 47) [120].

HFW | tilt|mode| ———4um———— | 7 : . ’ m :_- :I.J M 4; im
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Figure 47. SE SEM image (a) and EDS analysis (b) of non-woven activated carbon cloth’s microfibers

Research has shown that the deposition of nanoparticles on activated carbon fibers can be done in many
different ways, including spark [121], resulting in large concentrations of nanoparticles of different
materials to decorate, and often completely coat the fibers. However, the depositions made in the context
of this work, were not aimed at the full coverage of the fibers. According to the SEM images and the
subsequent EDS analysis of the Cu/CuO and Pd depositions, only type iii particles are detected (seen as
large spheres with SE and as bright spots with BSE), which are extremely sparsely distributed throughout
the ACC depth (Figures 48-49). According to studies, the liquid methods of depositing nanoparticles on
ACC (vacuum impregnation [122], green reduction [119][120], electrodeposition [124] and Layer-by-Layer
(LbL) self-assembly® [116]) appear to be extremely effective, resulting in nanoparticles of type ii and iii

being distributed evenly on the fibers (concentrations 0.1-100 mg/cm?).

5 Layer-by-layer (LbL) self-assembly is an approach to develop an ultra-thin film on solid support by alternate
exposure to positive and negative species with spontaneous deposition of the oppositely charged ions with wash
steps in between [152]
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In addition, during the depositions, a large amount of the produced material was observed to escape from
the non-woven ACC due to the fact that this material is not made for use in filtering applications (as it is
cloth and not filter) and its fibers are not very densely located next to each other [116]; this observation
was made visually on paper filters (positioned at the back of the cloths), as no detailed SMPS

measurements were made.

Figure 48. a) BSE SEM image of Cu/CuO type iii NPs distribution in ACC and b) SE SEM image of type iii Cu/CuO NP deposited in Alll area
(400um depth) (SDNM_8).

Figure 49. BSE SEM images of a) cs of Pd NPs deposited in ACC and b) the size of type iii particles in Alll area (430pum depth) (SDNM_43).

Based on these samples, adsorption and desorption measurements performed at the University of Leoben

showed that Cu/CuO decorated ACC is effective, albeit at an early stage, as it retains N, in comparison
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with the original (untreated) ACC, while gas sorption analysis showed slight reduction of pore size
distribution of the decorated cloth (Figure 50).
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Figure 50. a) Adsorption/Desorption isotherms N2@77K, b) Pore size distribution from Gas Sorption Analysis; Cu/CuO decorated ACC.

More SEM images and EDS analysis of Cu/CuO and Pd type iii NPs depositions in non-woven ACC are
presented in Appendix D.
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4.2.2 BOROSILICATE MICROFIBER FILTERS (BSF)
Next, attention was focused on borosilicate filters characterized by dense, uniform, continuous and

smooth microfibers. Borosilicate filters (Figure 51) are made up of very tiny microfibers of varying
diameters (0.4-3.7 um) and lengths that are mixed and shaped in a precise way to produce a matrix with
varying free area sizes. Fibers form a highly tight network with a lot of open areas; this morphology forces
the particles in the aerosols to repeatedly shift direction, slowing them down until a large portion of them
is trapped by the glass fibers. NP depositions were studied through a series of samples on borosilicate

microfiber filters from Whatman (GF/D Glass Microfiber Filters, retention range: 2.7 um, thickness: 0.53

mm, diameter: 5.5 cm).

Si

Figure 51. SE SEM image (left) and EDS analysis (right) of BSF’s microfibers.

Various reports have shown that fiberglass filters (but not borosilicate filters specifically) are usually used
for nanostructured decoration. Research has shown that fiberglass is the most common reinforcement
for polymeric matrix nanocomposites deposited through thermolysis [125] and electroless plating [126]-
[128]; the latter method is widely used for copper nanoparticle deposition on glass fibers [127], [128].
Additionally, the sonochemical method [129], [130] and the wet lay-up technique [131] are also usually
mentioned. In all the above, nanoparticles seem to fully decorate BSF fibers, forming large type ii and type

iii particle fractal structures.

In general, it seems that glass fiber filters are preferred for depositions through wet methods. No work
seems to have been reported for spark discharge generated aerosol nanoparticles. Thus, the following
results cannot be compared with those of the above reports. Herein, a series of Cu/CuO and Au aerosol

decorated samples were prepared, and the depositions were studied in detail with SEM.
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4.2.2.1 Cu/CuO

As explained in 4.1 section, Cu/CuO particle production exceeds to a huge size range, while type i particles
constitute a large percentage of the total produced particle number. As shown in Figure 46a, type i and ii
NPs appear to have size of just a few nanometers and are distributed over the fibers in fractal structures
(Figure 52a). Furthermore, as can be clearly seen from Figure 50b, type iii particles present the same

sparse distributional behavior as it was also observed in ACC fibers.

Figure 52. a) SE SEM image of type ii Cu/CuO fractal structures and b) BSE SEM image of type iii particles (SDNM_3).

NPs Escaping from BSFs
The sparse particle distribution observed so far, led to the need to measure particles that escape from

BSFs. In this way, information is obtained for the retention of the material on the BSF fibers. While type i
particles are diffused instantly onto the fibers (Figure 45a), type ii and type iii particles move inertially in
the aerosol due to their mass. Type i and ii particles move according to the carrier gas flow redirections,

while type iii tend to deviate from them and move linearly [82] (Figure 45b).

As seen Figure 54, when the carrier gas (N,) flow rate is <2 L/min or 25 L/min, a larger percentage of type
ii produced NPs (size 50-100 nm) escapes from BSFs (almost 35% and 20%, respectively). On the contrary,
all types are trapped and deposited in greater quantities with flow rates between 3-4 L/min. Additionally,
it is shown that at flow rates < 2 L/min, type ii particles < 30 nm escape BSFs up to 5% while for larger flow
rates the escape NP percentage is almost negligible. The fact that material loss is nil at ten nanometers
demonstrates the effectiveness of borosilicate filters in diffusing type i and type ii (< 25 nm) NPs. Thus, by
exploring alternative filters for NP depositions, it is possible to accomplish selective retention or non-

retention of nanoparticles, depending on the size that is needed.

68



Produced NPs for different F,|

Fw=2 L/min
—— Fix=3 Limin
—— F =4 L/min
—— Fip=5 Limin

Cu

2010

d / dagD , [#/cm Ymin]

0 50 T €0
Particle Electrical Mobilty Diameter [im]

Escaping NPs for differentF,,

——F, =2 Umn|
——F, =3 Uimin|
——F, =4 Umin|

40

——F,=5 Uimin|

dN / diogD,, [#er'/min]

x 5 7o 80
Particle Electrical Mobility Diameter [nm]

4.2.2.2 Au

As shown in Figure 43, Au particle production appears to be four orders of magnitude larger than Cu/CuO.
The fact that gold is a heavier metal than copper, means also that Au NPs have better contrast in SEM
images, and so particle and distribution study is more efficient. Subsequently, after electrode change in
the experimental setup of the SDG, gold depositions were studied. Generally, NPs are trapped and
deposited in area | of the BSF. In low magnification cross section SEM image (Figure 55), AuNPs distribution
is representative for all material depositions, verifying SMPS measurements of escaping NPs (Figure 54),
according to which, sizes >50 nm cross the entire filter relatively easily (i.e. also area Il and Ill). More

specifically, it seems that even in area Il (depth of 300 um out of a total of 530 um) several type iii Au
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nanoparticles are located; type ii particles adhere to larger ones, thus forming fractals and dendrites.
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Figure 55. cs BSE SEM image of type iii AuNPs (light dots) deposited on BSF (SDNM_9).

According to Figure 55, most particles seem to be trapped and deposited in area |, while only a few seem
to penetrate in greater depths. Indeed, comparing area | (a) with area Il (b) and area Il (c) of the
borosilicate filter, an obvious decrease in concentration is observed while diverging from the deposition
surface (Figure 56). In area |, most AuNPs are diffused and aggregated on fibers (Figure 46), while in area
Il there is a noticeable decrease in uniformity and predominantly fractal structures occur. Finally, in area

Il of the filter, minimal deposition elements are seen compared to the other two.

Figure 56. cs SE SEM image of AuNPs distribution in area | (a), area Il (b) and area Ill (c) of BSF (SDNM_19).

This NP behavior in relation to the gas flow (Figure 45b) is also verified in case of AuNPs on a larger scale.

The carrier gas arrives in area A linearly, while in area B changes directions (Figure 58). Type i and ii aerosol
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AuNPs follow the gas flow deposit everywhere (both A and B areas), while type iii NPs continue their linear

motion and remain mainly in area A (Figure 59).

Figure 59. plan view BSE SEM image of AuNPs (a) on area B and (b) on area A on BSF (SDNM_26).

4.2.2.2.1 3D SERS Substrates
Gold nanoparticles are essential in SERS because they act as field-enhancing metallic centers [132]. They

have been extensively used in SERS-based sensing for the purpose of amplifying the Raman signal of
analytes that would otherwise remain undetectable due to low Raman cross sections or concentration
limits [133]—[135].

A first attempt was made for the fabrication of 3D SERS substrates with AuNPs on borosilicate filters.
AuNPs were deposited under various conditions and some first attempts were made in order to use them
for the detection of Rhodamine with SERS. Rhodamine 6G (R6G, Fluka AG) was prepared in concentrations
of 103, 10 and 10> M and 10 uL were dropped on the substrates and left to dry for 10 minutes. Only at
the high concentration of 1mM was it possible for the scans to find spots where a Raman signal (785 nm

laser) could be caught (Figure 60).

71



1363

—E-3
1512 l——"-5 E—4
—E-5

2500

2000 4 614 =

1500 + Tigo

774 1572

1651
1000 —

500

Intensity (arb. units)

b R P POPT PRI i
vt W L A e i e e L

-500

T T T T T T T 1
600 800 1000 1200 1400 1600 1800 2000
Raman Shift (cm™)

Figure 60. Raman spectrum of R6G measured at 785 nm excitation on BSF loaded with AuNPs.

As the signal was found only in certain locations, the suspicion that it may come from areas where Ré6g
had dried and therefore was denser, led to the need of SEM performance of the R6g deposited samples.
From the SEM images obtained, large pieces of R6g were found resolidificated at specific points (Figure
61). Thus, the signal received from Raman may have arisen simply because the laser beam fell directly
onto a Rég piece. In order to increase the plasmonic signal, it must be ensured that the total amount of
rhodamine in the solution dispers more on the substrate, in order to avoid large concentrations at specific

points. Another way of depositing rhodamine on the substrates probably needs to be found, or more

hydrophilic substrates may need to be used.

Figure 61. Backscattering electron detector SEM image of rhodamine on Au deposited borosilicate filter (left), EDX analysis proving the
existence of R6g (right).
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Kohut et. al. also performed SERS on glass microfiber filters loaded with varying composition SDG Au/Ag
NPs. NPs were generated with C=8 nF, SRR=100Hz, using Ar carrier gas with Fi,= 5 L/min (3-18 min
depositions). 10uL of ImM R6g aqueous solution were dropped on substrates, and Raman measurements
were obtained by 785 nm laser. It was shown that even pure Au depositions provide signal enhancement
and that the signal enhancement can be tuned by changing the Au/Ag composition of NPs [136]. These
results indicate that possibly also the results presented in this thesis show indeed SERS signals, but
unfortunately, we were not able to make further measurements. We have nevertheless a strong

indication that we are moving in the right direction.
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4.2.3 SURGICAL FACE MASKS
The next substrates employed for nanoparticle deposition (Cu/CuQ) were the polypropylene (PP) surgical

masks of the firm Plastics Thrace (single use surgical mask PLF .20 — type Il according to ELOT EN 14683 +
AC, BFE > 98% bacterial filtration efficiency). These masks consist of three fiber sheets (“layers”) (Figure
62). The outer layer has a mean fiber diameter of 20um and is responsible for waterproofing the mask.
The inner layer has the same mean fiber diameter and is responsible to give comfort in touch with the
skin of the face. The middle layer has fibers < 5 um and is responsible for filtering and retaining any

pathogen.

Inside Layer Middle Layer Outside Layer

Figure 62. SE SEM images showing the fiber structure of different layers of surgical mask [137].
Examining copper oxide depositions in all three layers of the masks, it is observed that indeed, the majority
of the Cu/CuO NPs penetrate the outer layer and are deposited on the fibers of the middle, leaving the
third and inner layer almost intact (Figure 63). They form fractal structures with sizes of hundreds of

nanometers along the PP microfibers (Figure 64).
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Figure 64. SEM image of secondary electron detector showing plan view of CuO NP distribution on outer mask layer, as well as NP dendrite
sizes.

4.2.3.1 Antibacterial and Antiviral Application

As of February 2022, more than 5.7 million people have perished due to the COVID-19 pandemic, and the
virus's spread continues to accelerate [138], [139]. This virus is transmitted via the air by coughing or
vocalizing, and the transmission of viral infection in indoor air has been frequently observed [140].
Wearing a face mask is an efficient strategy to prevent SARS-CoV-2 infection since aerosols carrying
viruses enter the human body via the nose or mouth. Since the outbreak of the pandemic, the demand
for face masks has skyrocketed, resulting in a global shortage of personal protective equipment (or else
referred as PPE) [141]. As a result of this scarcity, medical workers in hospitals have been forced to reuse

masks that may have been infected with the virus while treating patients with the suspected or confirmed
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infection of COVID-19 [142]. Even in nations where mask shortages have been alleviated, there are still
certain areas where supplies are low [143]. While disposable masks generate micro-plastic waste, the

development of reusable PPE might overcome these problems [144].

When used in a clinical area, surgical-grade masks may successfully limit the transmission of airborne
droplets. Even with its several non-woven layers, three-layer surgical masks are susceptible to
contamination by droplets, which might allow the virus and bacteria to potentially get past the protective
layers [145]. As a result, it may not be the best choice for community usage. It is possible for the hands to
get infected with virus and bacteria during the process of handling masks, which may then be transmitted
to the face via direct contact. SARS-CoV-2 aerosolized droplet protection is not possible with traditional
surgical masks. In order to reduce the possibility of viral transmission via contaminated surfaces, face
masks should be improved. The antiviral and antibacterial effects of face masks [145] were improved by
embedding organic and inorganic components with nonwoven or fabric materials in previous efforts
[145]. This reduced exposure to SARS-CoV-2 to below the typical person's minimum infectious dose.
Copper, silver, and gold have all been shown to have significant inactivation levels for SARS-CoV-2 and
bacteria when used in the mask production process [146]. Copper has long been recognized for its antiviral
properties [147], [148], as Copper cations are excellent in capturing and penetrating bacteria and viruses

that are negatively charged.

Using Cu as an antibacterial and antiviral ingredient in the production of SARS-CoV-2 protective masks is
a promising approach. During this work, Cu/CuO loaded masks were tested against the SARS-CoV-2 virus
and E-Coli bacteria. Using a three-layer construction of rough exterior layer, thick interwoven fabric
material middle layer, and fine interwoven material inner layer, the mask build was intended to maximize
the entrapment efficiency of the mask. The outer and middle layers include fibers coated or impregnated
with Cu/Cu0, whereas the inner layer is totally devoid of NPs. Cu/CuO particles are used to inactivate virus

particles by trapping aerosolized droplets in the middle layer.

A series of Cu/CuO decorated mask samples were prepared and tested for antibacterial activity against
Escherichia Coli (E. Coli) bacteria®, whose characteristics are presented in Table 2. Comparing to the
control (reference substrates without NPs) fiber surfaces of masks, the Cu/CuO-decorated fiber air filters
exhibited higher antibacterial activity. More precisely, Mask_5 demonstrated a 100% decrease in cell
viability (***p<0.001), and Mask_6 demonstrated a 99% decrease in cell viability with a p-value’ of
(****p<0.0001) [106], as illustrated in Figure 65.

6 E. Coli is a bacterium that occurs naturally in the intestines of people and animals and is widely used for various
types of research since 1927, as it is harmless and divides rapidly [154].
7 It is a statistical value that shows the possibility of cell viability under a specific hypothesis.
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Sample Layers Deposition  Vy;s f Particles/ T,
Name deposited time (h) (kV) (Hz) cm?28 Cell Viability (%)
Control_5 3 layers - - - - 100
Control g Middle - - - - 100
- Layer
Mask_5 3 layers 21 2.9 128  4x10° 0
Mask_6 Middle 9.5 29 128  2x10° 1
layer
E.coll TOP10 Survival
4*105" rEw
mm control 5
= mask 5
3x106 4 -
=3 control 6
£
3 2x106 = mask 6
-—
o
L2 2 2 3
1x10° | I
0-
b 6 o ©
R
NP G
A

After exhibiting excellent antibacterial behavior, a second batch of the same samples were tested
unsuccessfully for antiviral properties. Subsequently, another two samples were prepared and tested
against SARS-CoV-2, whose characteristics and antibacterial activity are shown in Table 2 below. These
mask layers were deposited for longer durations, therefore they contained larger numbers of Cu/CuO
nanoparticles. The number of infectious virus particles is quantified by using the Median Tissue Culture
Infectious Dose (TCIDso)/ml assay. In comparison with their control (reference) fiber surfaces of masks,
Mask_8 showed 90% efficiency after 15 minutes of virus stay on the mask, whilst Mask_10 showed an
efficiency of only 43.8% virus neutralization (Figure 66). This diminished antiviral effect of Mask_10 was
expected, as the majority of nanoparticles penetrate the outer layer and are deposited on the fibers of
the middle, whereas the virus droplets are very likely to be retained also by the outer layer, avoiding

contact with copper oxide particles in the middle layer and thus remaining unneutralized (Table 3).

8 Assuming 100% particle deposition.
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Sample Layer Deposition  Vgis f Particles/  TCIDso/

Name deposited time (h) (kV) (Hz) com??® ml

Control_8 - - - - - 1780

Control_10 - - - - - 562

Mask_8 Middle 45 27 110  8x108 178
layer

Mask_10 3 layers 13 4 80 2x10° 316

SARS-Cov-2 Survival

| control_8
1800 1780 mask_8
control_10
— Il mask_10
] 4
E 200
DLD
O 900 -
-
600 - 562
316
300 -
178
0 T T T T T T
connotﬁ mask_8 control_10 mask_10

Discussion

In the context of the present thesis, nanoparticles were deposited on ACC, BSFs and PP surgical masks.
With SEM it was possible to detect type ii clusters and type iii spherical particles that are larger than type

i and are therefore more easily detected, and which can reach sizes in the order of um.

SEM revealed a general difficulty in detecting type i NPs deposited in ACCs and BSFs. However, the
absence of observation does not indicate the lack of their existence. For the Cu / CuO depositions on BSFs,
it was measured that the particles that escape from the filters are two orders of magnitude lessin
concentration. Other approaches, particularly microscopic ones with a better resolution, may be required
for their better detection. Besides, AUNP depositions allowed one to obtain information on how the
particles are deposited and distributed within the BSFs. Herein, aerosol science is not delved in, but is

used as a tool to focus on materials science. Their presence is primarily established in this study through

9 Assuming 100% particle deposition.
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the functioning of the total depositions within the applications (porosimetry, SERS, antibacterial and
antiviral tests).

This was a first approach for the use of the SDG technique in applications, and results seem to be very
promising. It is worth noting again that during the current tight situation (pandemic), antiviral masks
loaded with Cu/CuO can be a crucial tool in reducing the transmission of SARS-CoV-2 inside communities
[149], [150], [151].
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5. CONCLUSIONS

During the present thesis, the synthesis of nanoparticles using a spark discharge generator (SDG) has been
researched in detail. The process is noteworthy because it is continuous, clean, very material-
independent, and allows for control of the mean particle size. Aerosol nanoparticles were produced from
4 different starting materials/electrodes (Cu, Au, Pd, Pt), and were deposited in a range of fibrous
substrates. The aerosol’s concentration characterization, the characterization of the nanoparticles
themselves, as well as the characterization of their depositions on the substrates gave an insight of their
formation process as well as the ways that they can be used to modify fibrous structures. It was confirmed
that particles are mostly nanoscale-sized but there is also a clear presence of larger particles that show a
different behavior in depositions. The optimum control parameters were found, in order to optimize the
concentration of the produced nanoparticles for every electrode material, as each one of them behaves
differently, according to its physical characteristics. In this context, the effect of the SDG on the remaining

electrode material was also studied.

Although the particles generated in this study have the potential to be used in a wide variety of
applications, only specific scenarios were studied For their use in H storage, for 3D SERS substrates and
for antiviral/antibacterial protection. In all cases they showed very promising results indicating that this

low-cost method has a tremendous exploitation potential.

For future work, different carrier gasses, materials and substrates could be studied, as it would be feasible
to manage the creation, deposition, retention, and dumping of certain particle sizes based on the
distribution of nanoparticles in the filters. The NP behavior deposited on TEM grids with different gas
flows could also be studied. Additionally, the presence of carbon on electrodes and its deposition could

be investigated, too.
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APPENDIX A

Effect of SDG Control Parameters in NP Synthesis

In the following experiments, by changing the control parameters (electrode distance, input voltage and
carrier gas flow), results were obtained from the concentrations produced for each electrode (copper,
gold, platinum and palladium). The following diagrams result from the normalization of the conditions in

general with a maximum of 1.0 as the best condition for the respective material (the actual size orders of
the generated particle concentrations are not taken into account)

By changing the distance between the electrodes Figure 67, it is observed that each material behaves
differently. In the case of gold and palladium, as the distance between the electrodes grows, the spark
becomes more efficient and larger particles are produced on average with higher concentrations. In

contrast, copper and gold prefer short distances, as the larger the distance, the weaker the spark
becomes, the fewer and smaller nanoparticles are produced.
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In the case of voltage (Figure 68), it appears that in all four cases the higher the particle concentrations,
the higher the particle concentrations produced. However, what is observed is that in the case of gold and

copper, with the former predominating, with the increase of the potential, the size of the produced
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particles also increases. On the contrary, in the case of platinum and palladium, the sizes seem to remain

relatively constant and not be affected by the change.
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Finally, by changing the flow of nitrogen entering the experiment, it is observed that for each material the
behavior follows its own path for small flows (Figure 69). It is observed, however, that for 4 liters per
minute all the materials have maximum efficiency which is followed by a sharp drop. The fall logically

happens because the carrier gas flow is so large that "spoils" the spark and they do not manage to form

the nuclei of the nanoparticles properly.
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Figure 69. Normalized Fi, effect on diameter and concentration of the produced NPs.
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APPENDIX B

Cu
Vg (V) | 1450 3200 3700 3800 3850 3900 4000
 f(Hz) | 352 9 64 64 32 28 12
| (mA) | 0.990176 | 0.595968 | 0.459392 | 0.471808 | 0.239008 | 0.211848 | 0.09312
Au
Vg (V) | 2400 2680 3200 3850 4075 4250
 f(Hz) | 128 9% 64 48 40 32
| (mA) | 0.595968 | 0.499123 | 0397312 | 0.358512 | 0.31622 0.26384
Pd
Vg (V) | 2000 2800 3200 3700
 f(Hz) | 250 83 50 40
I (mA) | 0.97 0.450856 | 0.3104 0.28712
Pt
Vg (V) | 2000 2400 2800 3200 3800
 f(Hz) | 125 100 83.3 62.5 33.3
I (mA) | 0.485 0.4656 0.452486 | 0.388 0.245488
APPENDIX C
Material | Ty (K) Tm (K) Cos (Jg k) | AHm (Jg?) | AHy (Jgt) | meac (mole/ spark) | Mmeas (Mole/ spark)
CuO 2840 1356.6 0.386 207 5069 1.75876E-06 4.45189E-6
Au 3130 1337.58 0.126 67 1578 5.49387E-06 0.00812
Pd 3240 1825 0.24 165.4135 3355.263 2.6063E-06 1.70019E-6
Pt 4100 2042.1 0.13 100.4665 2614.178 3.44398E-06 9.03741E-7
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APPENDIX D
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Figure 70. a) SE SEM image of type iii Cu/CuO NP deposited in Al area on non woven ACC (SDNM_8) and b) EDS analysis that verifies its
Cu/CuO nature.
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Figure 71. SE SEM image of type iii spherical Pd NPs deposited on non-woven ACC (SDNM_44).

99



APPENDIX E

Name Material Electrodes | Fin (L/min) | SRR Vs (kV) Time
SDNM_3 BSF Cu 3 352 1.3 2h
SDNM_8 Non-woven ACC | Cu 5 352 1.3 2h
SDNM_9 BSF Au 3 128 2.3 1h
SDNM_19 | BSF Au 3 128 2.3 1h
SDNM_26 | BSF Au 2 128 2.6 1h
SDNM_30 | BSF Au 2 112 2.8 20min
SDNM_43 | Non-woven ACC | Pd 3 50 3.8 40 min/ side
SDNM_44 | Non-woven ACC | Pd 3 55 3.8 20 min/side
Mask_5 PP surgical mask | Cu 5 112 2.8 21h
Mask_6 PP surgical mask | Cu 5 112 2.8 9.5h
Mask_8 PP surgical mask | Cu 3 128 2.6 4.5h
Mask_10 PP surgical mask | Cu 3 80 4 13h

100




