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Abstract

The main objectives of this thesis are to develop a plasma liquid immersion (PLI) method for

the synthesis of silver nanoparticles.

Synthesis of silver nanoparticles is first investigated with respect to chemical parameters
(concentration of precursor and of stabilizing agent, and initial pH of the precursor solution) in
the aim of optimizing PLI process and silver nanoparticles in order to synthesize spherical,
small-sized, and uniformly-distributed silver nanoparticles. This investigation is performed using
a MARX pulse generator. Secondly, synthesis of silver nanoparticles is investigated with respect
to physical parameters (pulse duration, applied voltage, and applied voltage over the inter-
electrode distance for a constant ratio). For this investigation, a solid-state BEHLKE switch is

used in the generation of plasma pulses.

The study showed that the synthesis and morphology of silver nanoparticles are process
dependent. Differences in the generation of plasma discharges are observed, when using two
types of pulse generators, and are further explained. Optimized silver nanoparticles, synthesized
using the MARX pulse generator, are spherical and uniformly distributed with an average
hydrodynamic diameter of 10nm. These silver nanoparticles were produced by injecting only
40mJ energy into pulsed plasma discharges of the PLI process with 2W in power consumption.
Synthesis of silver nanoparticles at similar synthesis conditions using the BEHLKE pulse

generator resulted in the production of larger-sized polyhedral-shaped silver nanoparticles.






Résumé

Le principal objectif de cette these sont de développer un procédé plasma / liquide (PLI) pour la

synthése de nanoparticules d’argent.

La synthése de nanoparticules d’argent est d’abord étudiée en fonction de parameétres
chimiques (concentration du précurseur et d’agent stabilisant, pH initial de la solution) dans le
but d’optimiser le procédé de PLI et de synthétiser des particules sphériques de petite taille et
uniformément réparties. Cette étude est réalisée a 1’aide d’un générateur d’impulsions MARX.
Dans la suite, la synthése de nanoparticules d'argent est étudiée en fonction de paramétres
physiques (durée d'impulsion, tension appliquée et tension appliquée sur la distance inter-
électrodes pour un rapport constant). Pour cette étude, un commutateur BEHLKE a semi-

conducteurs est utilisé pour la génération d’impulsions haute tension.

L’étude a montré que la synthése et la morphologie des nanoparticules d'argent sont
dépendantes de parametres de processus chimiques et physiques. Des différences dans la
génération de décharges de plasma sont observées lors de l'utilisation de deux types de
générateurs d'impulsions et sont expliquées plus en détail. Les nanoparticules d'argent
synthétisées a l'aide du générateur d'impulsions MARX sont sphériques et uniformément
réparties avec un diametre hydrodynamique moyen de 10 nm. Ces nanoparticules d'argent ont été
préparées par des décharges pulsées ayant une énergie de 40 mJ/impulsion et une puissance de
2 W. La synthese de nanoparticules d'argent dans des conditions de synthése similaires a l'aide
du générateur BEHLKE a abouti a la production de nanoparticules d'argent de taille plus grande

et polyhédriques.






Chapter I - Introduction

For more than a century, catalysis has played a key role in many industrial applications. From
the Berger lamp in 1898 to enzymes, catalysis is currently used in more than 80% of industrial
applications. In general, catalysis refers to the acceleration or reorientation of reaction kinetics
by means of a catalyst, and in some cases selectivity to direct a reaction in a preferred direction.

The catalysts do not appear generally in the reaction balance and are often used in smaller
amounts than the reactive products, especially when they are used in the form of nano-catalysts.
Indeed, the smaller a particle, the greater the ratio between the number of atoms of its surface
and those present in its volume. At the scale of the nanoparticles, the physical properties of the
materials that constitute them vary according to the inverse of their radius, and are often very
different from those of the massive materials. For example, in the case of gold, particle size has a
remarkable effect on their reactivity. Indeed, if it is inert in the massive state, the gold can
become extremely reactive in the form of nanometric particles. Particle size also has an effect on
the physical properties of the metal. For example, while solid gold melts at 1063 °C, a gold
nanoparticle measuring 2.5 nm in diameter melts at 300 C.

During the thesis of Zixian Jia®, the 3PE team (Polyphasic plasma processes & Environment)
developed, in collaboration with the NINO team (Nanomatériaux INOrganiques) of the LSPM, a
two-phase process coupling an electric discharge at atmospheric pressure and a nano-catalyst
based on mixed oxide (from type TiO, / Ag or TiO,/ Au) for the degradation of pollutant present
in low concentration in a gas flow. In this context, the work of Z. Jia had shown that it was
possible to degrade more than 90% of a model molecule (CH3CHO - 10/500 ppm) at
atmospheric pressure and ambient temperature, with very low energy consumption. The initial
idea of the first studies of two phase plasma/catalysis process was to combine the advantages of
the operation of non-thermal plasmas at room temperature, their low energy consumption (0.1-5

W) coupled with their high chemical reactivity in the gas phase® (via the energy electron

! https://www.maison-berger.fr/

2 Jia Z., Elaboration des matériaux composites nanostructures a base de TiO2 pour la dépollution des effluents
gazeux avec une activation par plasma, (2013), Université Paris 13

¥ Kim.H.H, Plasma Processing and Polymers, (2004), 1:91-100.
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production, reactive species such as O, Oz, OH, N, *, ...) and an additional catalytic effect
(mainly via the reduction of by-products), by immersing a catalyst in a plasma’

As part of the work of this thesis, the objectives of the 3PE team were to develop a process
coupling an electric discharge produced in a liquid containing a metal precursor, in order

to synthesize particles of controlled size and morphology.

Synthesis of nanoparticles in liquid phase has many advantages in nanoparticle synthesis. The
main advantage is to control nanoparticle surface properties and to prepare nanoparticles for use
in specific applications. One of the noble metallic nanoparticles that are highly demanded in
nanoparticle synthesis and application is silver nanoparticles®. This relies on the low-cost and

broad application field of silver nanoparticles”.

Conventional methods in nanoparticle synthesis do not always meet the requirements of a green
nanoparticle synthesis, which are at the same time economic and time-saving. In this regard,
alternative synthesis processes are taken into use in this work, which respects thus following
process criteria:

e One-step process — A simple process, which requires few synthesis steps as possible

e Time-saving — A process of short reaction time in which particles are produced

e “Green” — A process, which avoids the use of harmful and hazardous reactants,
generation of reduced by-products and waste

e Cost-effective — A process operating with low energy consumption. This being at ambient
reaction temperatures under atmospheric pressure.

In addition, following requirements will be met in this work for synthesis of silver
nanoparticles:

e High purity — A process, which does not result in nanoparticle contamination from the
electrode material, or nanoparticles being exposed towards oxidation

e Reproducible — A process, which yields in a reproducible nanoparticle synthesis

e Fine-tuning of particle morphology — A process, which gives the freedom to control

particle size, shape, and particle dispersion

* Holzer.F, Roland.U, Kopinke.F-D, Applied Catalysis B: Environmental, (2002), 38:163.
®> Dong X-Y, Gao Z-W, Yang K-F, Zhang W-Q, Xu L-W, Catal. Sci. Technol., (2015),5, 2554-2574
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Since it is a start-up project for plasma-synthesized nanoparticles, the initial aim of this work is
to develop a PLI (Plasma Liquid Immersion) experimental set-up, which provides synthesis of
pure and metallic nanoparticles. Generation of stable plasma discharges reaching up to 16kV in a
liquid phase is a quite challenging task in comparison to plasma generation in the gaseous phase.
The realization of nanoparticle synthesis through plasma liquid immersion technique is
generation of plasma discharges in an aqueous metal salt solution containing dissolved silver
ions. Usually, in solution chemistry, metal ions are exposed to an energy source in the form of
heat or UV-light exposure in the presence of a reducing agent in order to reduce metal ions into
metal nanoparticles. In plasma synthesis of nanoparticles, highly energetic electrons are
generated from plasma discharges to dissociate water molecules into radicals (O, H, OH) and
ions (H,O", O,). These plasma-created reactive species participate thus in the reduction of metal

ions into metal nanoparticles.

The goal of this study is to investigate synthesis of silver nanoparticle through a

parametrical study in the use of a PLI synthesis technique.

The first part focuses on optimization of the PLI process for synthesis of small-sized and
uniformly distributed silver nanoparticles. A parametric study has been performed to investigate
the influence of chemical parameters on silver nanoparticle synthesis.

In the second part of this thesis synthesis of silver nanoparticles has been realized in order to

study the influence of physical process parameters on silver nanoparticle synthesis.

This thesis is structured in the following procedure:

In the first chapter, a short introduction to the thesis is given in terms of objectives and the
structure of thesis.

The second chapter is devoted to a literature review on the state of the art, pointing out the
technological and scientific challenges as well as fundamental aspects on metal nanoparticle
synthesis, non-thermal plasma generation, and plasma-liquid interaction and reaction pathways.

In the third chapter, description of commonly applied nanoparticle characterization methods
has been included. Particle characterization techniques that provided further information about

nanoparticles produced in this work are: Determination of particle nature and state of oxidation,
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as well as particle purity performed by X-ray Diffraction (XRD), Electron Dispersive X-ray
Spectroscopy (EDS), and X-ray Photon Spectroscopy (XPS). Characterization of as-synthesized
nanoparticles was performed by UV-visible absorption spectroscopy and Dynamic Light
Scattering (DLS). Later, particles were characterized by Scanning Electron Microscopy (SEM)
and particles below 20nm were characterized by Transmission Electron Microscopy (TEM). In
the continuation of chapter 3, a description of the laboratory-developed PLI system has been
performed in the application of plasma pulses generated by MARX and BEHLKE pulse
generator. In the following, a parametrical study on silver nanoparticle synthesis applying
MARX and BEHLKE was performed.

The fourth chapter concerns the first parametrical study on silver nanoparticles synthesized in
the use of the PLI process with plasma pulses generated by the MARX generator. This
parametrical study is performed with focus on chemical parameters related to silver nanoparticle
synthesis. Parameters of main interest are: Concentration of silver precursor (i.e. AgNO3),
concentration of stabilizing agent (i.e. PVP), and initial pH of precursor solution. The PLI
process has been optimized to produce spherical, small-sized and uniformly distributed silver
nanoparticles.

The fifth chapter concerns the second parametrical study performed by the PLI process with
plasma pulses generated by BEHLKE generator. This parametrical study is performed with focus
on physical parameters related to the PLI process. Parameters of main interest are: Pulse
duration, applied voltage, and applied voltage over the inter-electrode distance for a constant
ratio. By investigating these parameters, particle growth mechanism and nanoparticle
morphology has been studied.

In the sixth chapter, a final conclusion of this work on the parametrical study on silver
nanoparticle synthesis has been delivered.

12
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Chapter Il - Bibliographic study and state of the art

2.1 Introduction to metallic nanomaterials

The definition of nanomaterial according to International Organization for Standardization
(ISO) is clusters of atoms or molecules measured in the nanoscale size range, approximately
between 1nm and 100nm (ISO 2015a). In the lower limit (<1nm) of the nanoscale, atoms and
individual molecules exist, and are not considered as nano-objects. In the upper limits, objects
exceeding the nanoscale measured between 100nm and 1um are classified as sub-micro-particles
(ISO 2015a). Nano-objects are in possession of at least one external dimension (this is to say,
height, length, and depth), which are all measured within the nanoscale (<100nm). Under these

conditions nano-objects are enabled to exist in different sizes and shapes.

2.1.1 Classification of nanomaterials

Fundamental shapes of nano-objects constitute of nanoplate (one external dimension),
nanofibre (two external dimensions), and nanoparticle (three external dimensions) (ISO
2015b). Classification of nanomaterials based on dimensioning was first developed by (Gleiter
2000). Since the dimensioning of nanomaterials did not account for structures such as fullerenes,
nanotubes, and nano-flowers, the dimensioning of nanomaterials was later extended to 0D, 1D,
2D, and 3D nanostructures by (Pokropivny and Skorokhod 2007). Nanomaterials are classified
based on their dimensionality, which contains following nanoparticle structures:

e 0D nanostructures are quantum dots (uniformly arrayed particles), heterogeneous
nanoparticles, core-shell (Trinh et al. 2015), hollow spheres (J.-M. Lee et al. 2007), and
fullerenes.

e 1D nanostructures are nano-wires, -rods, -tubes (Eatemadi et al. 2014), -belts, and
-ribbons.

e 2D nanostructures are nano-plates, -sheets, -walls, and -disks. These nanostructures
have only one dimension in the nanoscale.

¢ 3D nanostructures are nano-balls, -coils, -cones, -pillar, and -flowers. Increased surface
area in comparison to 0D, 1D, and 2D nanomaterials, due to highly porous particles
(Tiwari, Tiwari, and Kim 2012).

A selection of nanomaterials for each dimension is presented below in figure 1.
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0D nanomaterials (three external dimensions in the nanoscale)

Quantum dots Nanoparticles Core-shell

1D nanomaterials (two external dimensions in the nanoscale)

Nanorods Nanofibre antubes

2D nanomaterials (one external dimension in the nanoscale)

B (e
100'nm

Nanoplates Nanowalls

3D nanomaterials
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Nanoballs Nanocones Nanoflowers
Figure 1: Nanomaterial classification based on dimensions. 0D: Quantum dots (J.-Y. Wu et al. 2014),
nanoparticles (Hieda, Saito, and Takai 2008), core-shell (Park, Im, and Park 2011). 1D : Nanorods (L. Zhu et al.
2008), nanofibre (Langley et al. 2013), nanotubes (Fang et al. 2014). 2D : Nanoplates (Jia Liu et al. 2011),

nanowalls (Prasad et al. 2017), nanosheets (Feng et al. 2015). 3D: Nanoballs (Teng, Wang, and Zhu 2008),
nanocones (Z.-C. Wu et al. 2017), nanoflowers (Z.-F. Wu et al. 2016).
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Properties of nanomaterials are size-dependent. An increment in surface-to-volume ratio,
exposes atoms on the surface, leading to higher reactivity, and thus improvement in material
properties (Roduner 2006). This is also what makes nanomaterials unique as compared to their
bulk counterparts. Improvements are mainly observed in properties regarding magnetic (Mgrup,
Frandsen, and Hansen 2017), optical (K. L. Kelly et al. 2003), catalytic (Cuenya 2010), and
electrical properties (Radon et al. 2018).

In the following, optical properties of metallic nanoparticles will be discussed.

2.1.2 Optical properties in nanomaterials

In quantum mechanics, size-dependent properties of nanomaterials are explained by the
guantum confinement effect. This effect is observed in what corresponds to quantum dots,
quantum wires, and quantum wells, which is the intermediate of bulk semiconductor materials
and single molecules or atoms. Electrons of quantum wells, quantum wires, and quantum dots
are confined in one-, two, or three-dimensions, respectively (Brazis 2017). An increase in
electron energy increases the strength of electron confinement, and agrees to 1D > 2D > 3D, for
electron confinement of quantum wells being the weakest (4shrafi 2011). Electron energy levels
in quantum dots are discrete and not continuous as in bulk semiconductor materials. As it is
shown on figure 2, a transition from continuous to discrete electron confinement increases the
electron band gap, and restricts thus the movement of electrons. Therefore, as nano-crystal size
decreases, the band gap energy increases, and emits thus a greater energy resulting from

electron-hole recombination (Ashrafi 2011).

Bulk Band Quantum
Structure Dots

Conduction
Band

Band
Gap

Energy

Valence
Band

|

Decreasing Size

*ﬂ

Figure 2: Quantum confinement effect. The transition from continuous energy levels in bulk semiconductor
materials towards discrete energy levels in quantum dots by a decrease in particle size (Sigma-Aldrich 2018).
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Optical effect is also observed in metallic nanoparticles, and is known as the Surface Plasmon
Resonance (SPR). This phenomenon occurs, when an external electric field (e.g. photons) is
applied, thus giving rise to collective oscillations of free valence electrons. As electrons are
charged elementary particles, vibrations from valence electrons generate an electric field. Hence,
the resonance of electric field (e.g. electro-magnetic field) from the light source and valence
electrons causes the so-called SPR on metallic nanoparticle surface (Satoshi Horikoshi and
Serpone 2013). Irradiation of nanoparticles, which are smaller in size than the wavelength of the
incident light beam deviates the electric field causing surface polarization of metallic
nanoparticles. This is the so-called Localized Surface Plasmon Resonance (LSPR) effect, which

is illustrated on figure 3.

Electric field

K "/([/) =

Metal sphere Electron cloud

Figure 3: LSPR of metallic nanoparticles. Reproduced from (Peiris, McMurtrie, and Zhu 2016).

SPR depends on dielectric properties of the metal, the dispersing media, extent of particle
agglomeration, and on particle size and shape (Rivera, Ferri, and Marega 2012). SPR in metallic
nanoparticles occur mainly in the ultraviolet (UV) region of the electromagnetic spectrum, while
in few metals (i.e. gold (Au), silver (Ag), and copper (Cu)), the SPR shifts towards the visible
region (Singh 2016). In case of spherical gold nanoparticles SPR appears around 520-550nm,
which corresponds to a red color at visible light. For spherical silver nanoparticles SPR appears
at around 400nm, corresponding thus to a yellow color at visible light (Satoshi Horikoshi and
Serpone 2013). Absorption spectra of gold- and silver colloidal solutions are presented in figure

4, which shows the SPR peak of small-sized and spherical nanoparticles.
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Figure 4: Absorption spectra of small-sized and spherical metallic nanoparticles of a) AUNP and b) AgNP
with SPR around 520nm and 400nm, respectively. Modified and reproduced from (Brown et al. 2012). Insets
images show representative colloidal solution of AUNP and AgNP at the given SPR wavelengths. Modified
and reproduced from (nanoComposix 2018).

2.1.3 Application of silver nanoparticles

An advantage of nanoscience and -technology is the possibility to engineer nanoparticles by
fine-tuning of their surface parameters (e.g. size, shape, composition, and structure) through
application of various synthesis routes. Since nanoparticle properties are determined by surface
parameters of nanoparticles, it is through fine-tuning of these parameters possible to modify
nanoparticle properties (Xia et al. 2009). Due to the unique and improved properties of
nanoparticles, it is therefore of great interest to incorporate nanoparticles in different application
fields. Silver nanoparticles are in particular promising for application in diagnostics (Cordeiro et
al. 2016), sensing (Doria et al. 2012), energy storage (C. Liu et al. 2010), catalysis (Haruta
2004), medicine (Odularu 2018), daily life products (Pulit-Prociak and Banach 2016), and in

many other fields.

Some examples of silver nanoparticle application in research and industrial applications are

mentioned in the following:

Application of silver nanoparticles as an antibacterial agent is common in many fields. The
agent is most efficient, when the specific surface area of silver nanoparticles is increased
(Helmlinger et al. 2016). Improved antimicrobial properties of silver nanoparticles was also
reported by (Agnihotri, Mukherji, and Mukherji 2014), when the size of nanoparticle was

reduced to 5nm. (Kujda et al. 2015) demonstrated the antimicrobial properties of silver
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nanoparticles by its interaction with bacteria. They demonstrated that silver nanoparticles
attached to bacteria culture and caused disintegration of the cell membrane. The antimicrobial
properties of silver nanoparticles have also been proved to be effective by combining silver
nanoparticles with other materials. As an example, (Yamada et al. 2017) demonstrated that
application of zirconia coated with silver nanoparticles is possible in dentistry as antimicrobial
agent.

Silver nanoparticles are further applied in water disinfection, due to its toxicity towards
microorganisms (e.g. viruses, bacteria, and fungi) that may exist in water and wastewater (Lu et
al. 2016). Several technigues in water disinfection were proposed. One of them includes the
technique reported by Kujda et al., in which microorganism disintegrates through direct contact
with silver nanoparticles. There is a tendency for silver nanoparticles to aggregate in aqueous
media due to limited stability, and this is a problem in application, since aggregation of silver
nanoparticles will reduce its reactivity and hence efficiency as an antimicrobial agent
(Shrivastava et al. 2007), (Kvitek et al. 2008). Therefore, other techniques have been proposed.
Instead of direct application of silver nanoparticles in the aqueous medium, nanoparticles are
attached to filter materials (e.g. cellulose fibers) via in-situ reduction of silver ions (Dankovich
and Gray 2011).

Quantum dots are applied in electronics as in photovoltaic devices, sensors, and light-emitting
diodes (LED) (Kang et al. 2017). Due to blinking of their luminescence and their toxicity, their
application has been restricted in health science (H. Zhang, Yee, and Wang 2008). Silver
nanoparticles has been presented as a better alternative in overcoming these issues, since silver
nanoparticles has lower toxicity, good reproducibility, and are stable in solutions. (Maretti et al.
2009) prepared highly-stable fluorescent silver nano-clusters, which are smaller than 3nm. Silver
nano-clusters are applicable in bio-imaging (Kundu et al. 2017), chemical sensing (Xiong et al.
2016), and fluorescence labeling (Jian Zhang et al. 2008).

Another common application field of silver nanoparticles is its use as supported catalyst in
various chemical processes, due to increased efficiency and selectivity. In catalysis, application
of silver nanoparticles is also preferred over other noble elements such as gold, platinum, and

palladium nanoparticles, due to being a low-cost element (Dong et al. 2015).
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Chemical processes include among others the catalytic decomposition of H,O; in the presence of
colloidal silver (Weiss 1935). In another study performed by (Chimentao et al. 2007) silver
nanoparticles were prepared by different techniques and deposited onto a-Al,O3 in order to
study the epoxidation of styrene to styrene oxide in the presence of silver nanoparticles. Silver
nanowires were obtained via polyol reduction technique, and silver polyhedral nanoparticles
obtained via the wetness impregnation reduction technique. With this study, Chimentao et al.
showed that catalysis preparation and reaction conditions would have an influence on catalytic
activity and selectivity on resulting products. Furthermore, it was in this study determined that
morphology of silver nanoparticles does have an influence on selective oxidation of oleofins. In

this case silver nanowires showed improved catalytic activity over polyhedral nanoparticles.

(Jiang, Liu, and Sun 2005) did also introduce the catalytic application of silver nanoparticle in
reduction of dyes such as methylene blue. In this study, the silver nano-catalyst was immobilized
onto SiO, support in order to avoid agglomeration of silver nanoparticles during the catalytic
reduction process of dyes. They determined that the catalytic activity of silver nanoparticles is
influenced by the presence of stabilizing agents and addition of electrolytes.

Silver nanoparticles have a large variation of applications with the above-mentioned being
some of them. In the following section, different nanoparticle synthesis methods, based on
conventional chemical and physical methods, will be presented.

2.2 Synthesis methods

Metallic nanoparticles are either prepared by bottom-up or top-down approaches, as illustrated
on figure 5. In top-down approaches, bulk materials are reduced down to nano-scale particles by
destructive methods, such as mechanical milling (Koch 2003), nano-lithography (Venugopal and
Kim 2013), laser ablation (M. Kim et al. 2017), sputtering (Terashima et al. 2013), and thermal
decomposition (Odularu 2018). The bulk material is mechanically transformed into metal
powder, before achieving the final product. Most of these techniques (e.g. laser ablation) are
expensive, and energy-intensive in nanoparticle production, but result in small-sized
nanoparticles. Mechanical techniques (e.g. milling) are not an option if small-sized, pure and

uniform nanoparticles containing no defects are of importance.
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In bottom-up approaches, atoms or molecules condenses in gas or liquid phase, and coalesces
into nanoparticles by chemical or physical forces. Examples of synthesis techniques in the
bottom-up approach are chemical vapor deposition (CVD) (Manawi et al. 2018) and chemical
reduction technique (Jun Liu et al. 2013). This approach is initiated by atomic-scaled
components, which nucleates into nano-clusters, followed by the growth and production of

nanoparticles.
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Figure 5: Top-down and bottom-up approaches in nanoparticle production. Reproduced from (Su and Chang
2018).

Advantages in bottom-up approaches for nanoparticle production are plenty. In bottom-up
approach it is possible to control particle properties and fine-tune surface parameters of
nanoparticles (e.g. size, shape, structure, and composition). This is possible since, metallic
component exists in the dispersing media initially in the atomic scale range. Nanoparticle
synthesis in liquids is energy efficient, when the synthesis is carried out under atmospheric
pressure (Pam), and when the reaction temperature is close to ambient temperature (Tamp). In
comparison to vapor phase, working in liquid phase enables size and shape selective recovery of
nanoparticles by taking into use advanced techniques such as ultra-centrifugation or filtration
(Meireles et al. 2010), (Robertson et al. 2016). Challenges in liquid phase of nanoparticle

synthesis include up-scaling of the process for commercialization, since changes of process
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parameters and an increase of batch volume results in lack of nanoparticle reproducibility
(Tsuzuki 2009), (Paliwal, Babu, and Palakurthi 2014). Disadvantages in chemical reduction
techniques performed in liquid phase, is the use of chemical reactants that are in most cases toxic
and hazardous to human health and environment (Dahl, Maddux, and Hutchison 2007). And the
resulting product may not be as pure as nanoparticles produced from the gas phase, due to

contamination from chemical reactants and by-products.

Nanoparticle synthesis techniques applying bottom-up approaches are in possession of
advantages and qualities over synthesis techniques applying the top-down approach. These
techniques are especially promising in optimization of nanoparticle synthesis towards a time-
saving, cost-effective, and environmental-friendly process. Based on these point-of-views, it is
decided to continue this work in the direction towards nanoparticles synthesis techniques

applying the bottom-up approach in liquid phases.

In the following, examples of chemical and physical conventional nanoparticle synthesis

techniques applying the bottom-up approach will be presented.

2.2.1 Chemical methods
Chemical reduction of metal salts

In chemical nanoparticles synthesis processes three main components are generally employed,
these include metal precursors (usually metal salts as source of metal ions), reducing agents (e.g.
NaBH,), and stabilizing or capping agents. In order to control nanoparticle surface parameters,
presence of stabilizing or capping agents may be required in some cases. Chemical reduction
techniques involve two stages, nucleation and subsequent growth, which are important in
controlling the size and shape of nanoparticles. Nucleation and subsequent growth stages are
usually controlled by adjusting several process parameters such as reaction temperature, pH,
concentration of precursors, reducing agents, and stabilizing agents (Saleh and Gupta 2016). The
most well-known chemical reduction synthesis technique is the Turkevich method developed by
(Turkevich, Stevenson, and Hillier 1951). In this method, synthesis of gold nanoparticles
proceeds in the reduction of AuCl; by sodium citrate in aqueous solution under heating for an
accelerated reaction rate. This technique has later been employed on the synthesis of silver

nanoparticles by (P. C. Lee and Meisel 1982). Citrate served both as reducing and stabilizing
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agent in the process and had also a significant role in the growth of nanoparticles. In another
chemical reduction method gold nanoparticles are synthesized in an organic solution, and AuCl}
is reduced by NaBH,. This method is known as the Brust-Schiffrin method and was developed
by (Brust et al. 1994).

Electrochemical nanoparticle synthesis

Electrochemistry is applied in processes such as treatment of water and electroplating of metal
surfaces. Another very common process in which electrochemistry is applied is the production of
nanoparticles. In this technique, the synthesis of nanoparticles occurs mainly due to
electrochemical reactions. Transport of charges in such processes is provided by applying low
voltage electrical discharges to a pair of electrodes (via electrons), which are immersed in an
electrolyte solution (via ions). The electrolyte solution serves to enhance conduction of the
electric current during nanoparticle synthesis. Electrochemical reactions that occur on the
interface between the electrode surface and the electrolyte include red-ox reactions. Due to
oxidation of the counter electrode (known as the anode), dissolution of the anode yields in the
generation of metal ions (Bagotsky 2005). In this case metal ions that exist in the electrolyte
solution are source to nanoparticle synthesis. Metal ions become reduced on the surface of the
working electrode (known as the cathode) into metal atoms, and grow into clusters. This
corresponds to the electrochemical process performed by (Yu et al. 1997). In this study gold
nano-rods were prepared in the application of 3mA current to the electrodes during 30min. The
nanoparticle synthesis was prepared under ultra-sonication at elevated temperatures at around
40°C. In another study (Yang et al. 2003) prepared copper nano-rods in the application of current
densities between 0.14-0.3mA-cm™ to the electrolytic cell during 30min. It occurs also that the
electrochemical synthesis of nanoparticles is prepared, in which metal ions already exist in the
electrolyte as dissolved metal salts, and are reduced into metal atoms using two inert electrodes
(J.-J. Zhu et al. 2001). In this case silver nano-rods were prepared in the application of 10mA to
the electrodes during 25min. The nanoparticle synthesis was like-wise prepared under ultra-
sonication at 20°C. The frequently occurring disadvantages in electrochemical synthesis of
nanoparticles are that the process is time consuming, and that the resulting product is oxidized,
and can result in agglomerated particles. Furthermore, the use of hazardous chemicals is

involved in the electrochemical synthesis of nanoparticles.
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2.2.2  Physical methods
Chemical vapor deposition (CVD)

CVD is the most applied thin-film deposition technique for nanomaterial synthesis. It is also a
preferred technique for mass production of CNT (Andrews et al. 1999). It is possible to produce
CNT by different variations of the CVD technique. Some of these CVD variations are hot-wire
CVD (Lehman et al. 2006), hot-filament CVD (Dikonimos Makris et al. 2004), and microwave
plasma-enhanced CVD (Y. C. Choi et al. 2000). CNT are produced in a closed reaction chamber
in the presence of a precursor and a catalyst (preferred catalyst for CNT is iron) with a process
time between minutes up to hours. Furthermore, the technique operates at process temperatures
between 500-1000°C under vacuum. Advantages of CNT production with CVD technique is that
it is possible to obtain the desired structure by controlling deposition parameters as in alignment,
length, wall number and diameter (Manawi et al. 2018).

Pulsed laser ablation

In laser ablation techniques a high energy laser source is applied for etching of surface atoms
by breaking of chemical bonds, when focusing on a solid surface target. As a result, atoms
vaporize into the surrounding media (gas or liquid phase). The pulsed laser ablation technique is
schematically illustrated on figure 6, which shows the nanoparticle formation mechanism. Due
to collision between reactive species and surrounding molecules, a laser-induced plasma plume
is generated on the target surface (M. Kim et al. 2017). Production of nanoparticles is controlled
by process parameters such as laser properties (e.g. laser power and laser source), target material,
pressure, and the surrounding media. These process parameters have an impact on nanoparticle
surface parameters. As an example, laser-ablation in low-pressure gas phase is preferred for
generation of small-sized nanoparticles, since a larger plume is obtained under these conditions.
Laser ablation in gas phase does results in production of nanoparticles of high-purity, since
particle purity depends in this case only on purity of metal source and surrounding media.
Drawbacks in laser ablation techniques are difficulties in controlling particle size distribution and

particle agglomeration (M. Kim et al. 2017).
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Figure 6: Nanoparticle production in laser ablation technique, and a schematic presentation of nucleation and
growth of nanoparticle formation. Reproduced from (M. Kim et al. 2017).

Laser ablation permits generation of different types of nanoparticles including quantum dots
(Horoz et al. 2012), oxide nanoparticles (P. Liu et al. 2011), and CNT (Chrzanowska et al.
2015). Gold nanostructures was also produced on a substrate under Pam (Nikov et al. 2017). In
their study, it was reported that morphology of nanostructures strongly depended on the

deposition geometry (i.e. deposition angle between substrate and plasma plume).

Conventional nanoparticle synthesis techniques applying the bottom-up approach was
presented in the production of metallic nanoparticles in a liquid phase. In the following, common
synthesis techniques and methods applied for the production of silver nanoparticles will be

covered.

2.2.3 Silver nanoparticle synthesis
The demand of silver nanoparticles has increased, due to its applicability in multiple fields.
Over the years, various synthesis techniques have been developed and techniques have been

optimized in order to prepare small-sized and uniform silver nanoparticles.

Silver nanoparticles were prepared by (P. C. Lee and Meisel 1982) using the chemical
reduction technique. In this synthesis silver ions are reduced by sodium citrate. Further
investigation on the role of citrate revealed that besides acting as a reducing agent, citrate anions
also has a stabilizing effect on silver nanoparticles. At this point the LaMer nucleation and
growth mechanism was used to describe the nucleation and growth of nanoparticles. However,

studies of (Van Hyning and Zukoski 1998) revealed that the LaMer nucleation and growth

28



mechanism does not relate to their observations. Therefore, Van Hyning et al. studied the
nucleation and growth mechanism, which is applicable to their results. They prepared silver
nanoparticles via the chemical reduction technique in which silver perchlorate ions are reduced
by sodium borohydride. In their study it was determined that an increase of the sodium

borohydride concentration would result in the instability of silver nanoparticles.

In the study performed by (Zielinska et al. 2009) the stability of silver nanoparticles were of
main focus. Silver nanoparticles were prepared using the chemical reduction method. Ziclinska et
al. showed that the type of precursor has an effect on particle stability. According to their
research, stable and spherical silver nanoparticles were synthesized using silver citrate as the
precursor in the presence of NaBH,, as both reducing agent and stabilizing agent. These results
were compared to silver nanoparticles prepared in the use of silver nitrate or silver acetate as the
precursor. In this case silver nanoparticles were unstable and precipitated shortly after the
synthesis. Alternatively, (Malina et al. 2012) presented in their study that it is also possible to
synthesize stable and uniform spherical silver nanoparticles via the chemical reduction technique

using AgNOs as precursor and NaBH, as reducing agent and polymer as the stabilizing agent.

In a study performed by (Hsu and Wu 2011) crystalline silver nanoparticles between 3-15nm
were prepared in the reduction of silver ions (AgNO3) by formaldehyde using three stabilizing
agents. Reduction by formaldehyde is rather slow and requires thus catalysts or a reaction
promoter in order to speed up the reaction process. Furthermore, synthesis at high pH favors the
reducing efficiency in the presence of poly-(N-vinyl-2-pyrrolidone) (PVP) vyielding average
particle size of 15nm spherical silver nanoparticles. Thiosalicylic acid as the stabilizing agent in
this case would yield 8nm spherical silver nanoparticles. Finally, triethylamine (TEA) would
yield the smallest particles of 3nm spherical silver nanoparticles. It has been observed that
without addition of stabilizing agent, particles would agglomerate, which were prevented
through Ag-N bonding by TEA. Concentration of the stabilizing agent has a determining role, as

an increased TEA concentration would lead to an increase in particle agglomeration.

(Rodriguez-Sanchez, Blanco, and Lépez-Quintela 2000) produced silver nanoparticles in the
application of 20V to silver electrodes. Another observation is that the complete coverage of the

cathode limits nanoparticle formation and favors thus the particle deposition process. To avoid
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cathode deposition and limiting nanoparticle production (Khaydarov et al. 2009) used two

metallic silver plates as an electrode pair for the synthesis of colloidal silver nanoparticles.

In another study performed by (Dikovska et al. 2013) the effect of laser wavelength on particle
morphology was investigated. They showed that deposition of metallic silver nanoparticles on
silica substrate by laser ablation under vacuum resulted in the decrease of particle size as the

laser wavelength was decreased.

Conventional synthesis techniques in metal nanoparticle synthesis have been covered.
Furthermore, the disadvantages in these techniques have been discussed, which include the
following: Use of chemicals, which are hazardous towards the environment. Some of them are
time-consuming, and are energy-intensive. Difficulties in synthesis of size- and shape controlled
nanoparticle have been observed as well. For this reason an increased interest in “green”
nanoparticle synthesis techniques are developed.

Metal nanoparticle synthesis techniques that is promising and that may be a solution to the
above-mentioned problematics is the combination of physical and chemical techniques, namely

plasma-liquid synthesis of metal nanoparticles

2.3 Nanoparticle nucleation and growth mechanisms
Formation of nanoparticles is explained in terms of nucleation and growth mechanisms under

different nanoparticle synthesis processes. The first theory in nucleation and growth mechanism
was formulated by (LaMer and Dinegar 1950), and other theories were proposed eventually.

2.3.1 Nucleation

The classical nanoparticle growth theory was transposed to nanoparticle synthesis by (LaMer
and Dinegar 1950), which is based on the classical nucleation theory. They introduce the burst-
nucleation concept, where nuclei are formed simultaneously, and will grow afterwards without
further nucleation, due to homogeneous nucleation. Nanoparticle synthesis processes (e.g. seed
mediated growth) are usually resulting in synthesis of monodisperse nanoparticles. This is valid,
when nucleation and growth mechanism are in agreement with homogeneous nucleation, and

thus the classical LaMer theorem.
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LaMer mechanism of nanoparticle nucleation and growth is divided in three main steps, as
shown in figure 7, where monomer concentration is presented as a function of time. In the first
step of the LaMer diagram “generation of atoms” a rapid increase in concentration of free
monomers occurs (reduction: M* + e~ —» M°). In the second step “self-nucleation”, the
monomers undergo burst-nucleation, and reduction in concentration of free monomers in the
solution occurs (dimerization: M° + M° — M,). Towards the end of stage two, concentration of
monomers are below the minimum nucleation concentration (Cp,in), and almost no nucleation
occurs. In the last step “growth”, nanoparticle clusters grows upon collision with neighboring

clusters, which results in aggregation and coalescence.
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Figure 7: The classical LaMer model on nucleation and growth mechanism of nanoparticle synthesis.
Reproduced from (Xia et al. 2009).

It was up to debate, whether the LaMer model (based on the classical nucleation theory) is able
to describe particle growth and predict size of nanoparticles. This was determined based on
studies performed by (Van Hyning and Zukoski 1998), which showed the inconsistency in
results, when compared to the LaMer model. For this reason, alternative nucleation and growth
models for describing nanoparticle nucleation and growth mechanism was proposed by (J. Polte
et al. 2012). This model was adapted to the work of Van Hyning and Zukosi, which is based on
the reduction of silver perchlorate (AgCIO,4) with NaBH,. Nanoparticle nucleation and growth
mechanisms are usually confirmed by time-resolved in-situ experimental techniques such as
small-angle X-ray scattering (SAXS) (J. Polte et al. 2012), (Wuithschick et al. 2013) and in-situ
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UV-vis spectroscopy measurements combined with ex-situ transmission electron microscopy

(TEM) characterization of nanoparticles.

The nucleation and growth mechanism that describes silver nanoparticle synthesis by reduction

with NaBH, consists of four steps, as illustrated on figure 8.
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Figure 8: A four-step nucleation and growth model on nanoparticle synthesis proposed by (J. Polte et al.
2012). Reproduced from (Pacioni et al. 2015).

In the first step of the nucleation and growth model, rapid reduction of silver ions into silver
atoms occurs during the first 200ms of the synthesis. In the second step, reduced metal atoms
form dimers, trimers etc. These clusters coalesce until the particles have certain stability. These
two steps occurs within the first 5s into nanoparticle synthesis, which results in a particle size of
around 2-3nm. This step is followed by a metastable state (third step), which is also described as
an intermediate phase of stability, in which particles larger than 1nm remain at a constant size for
about 5-10min. In the final step, the stability of nanoparticles decreases, which induces a further
growth due to coalescence within 30-60s. This produces stable nanoparticles of around 5-8nm (J.
Polte et al. 2012).

2.3.2 Growth

Several theories for describing growth processes of nanoparticles from their nuclei state were
later developed. (Reiss 1951) developed a growth model known as “growth by diffusion”, which
was developed with focus on the LaMer nucleation and growth model. In this case, the growth
rate of spherical particles depends on the monomer flux supplied to the particles. Reiss deduced
that if diffusional growth is only depending on monomer flux, small nanoparticles will grow

faster in the presence of large particles to result a narrow size distribution. Since this growth
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mechanism does not consider other growth effects such as aggregation, coalescence, or

dissolution (Ostwald ripening), Reiss’s model was later extended by (Sugimoto 1987).

The Ostwald ripening mechanism of growth is caused by the change in solubility of
nanoparticles dependent on their size which is described by the Gibbs-Thomson relation. Due to
the high solubility and the surface energy of smaller particles within solution, these re-dissolve
and in turn allow larger particles to grow even more, as shown in figure 9a (Thanh, Maclean, and
Mahiddine 2014). However, the Ostwald ripening is, according to (Jorg Polte 2015) unlikely to
occur, due to metallic nanoparticles being thermodynamically stable at the common reaction

temperature ranges (<200°C).

Figure 9: Nanoparticle growth mechanisms. a) Ostwald ripening, and b) Oriented attachment. Reproduced
from (Jing Zhang, Huang, and Lin 2010).

Therefore, the coalescence growth mechanism of nanoparticles is more likely to occur instead
as a result of insufficient nanoparticle surface stabilization. These growth mechanisms are
similar, and both result in decreased particle concentration with increasing particle size.
Coalescence and oriented attachment are two other very similar examples of growth
mechanisms that nanoparticles are able to undergo during the nanoparticle growth phase. The
main difference lies on the attachment between particles at the grain boundaries. In coalescence
there is no particular preference for the attachment, thus the lattice planes are randomly oriented.
On the other hand, in oriented attachment there is a common crystallographic alignment, which
allows for continuous crystallographic planes (Thanh, Maclean, and Mahiddine 2014). The two

former growth mechanisms are illustrated without showing details in figure 9b.
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2.3.3 Stabilization of metallic nanoparticles

Stabilization of metallic nanoparticles is necessary in controlling their size and shape during the
growth phase. Without colloidal stabilization of clusters, unstable colloidal particles would grow
continuously, thus forming aggregates, and precipitation of metallic particles would occur in the
dispersing media (Cosgrove 2010). To some extent, it is possible to reverse the interaction of
weakly bonded particles (agglomerations) in the application of external forces such as stirring or
mixing. Agglomerates are a group of particles, which are influenced by weak forces (e.g. Van
der Waals forces). However, this is not the case, if attractive forces holding particles together are
stronger than applied external forces (e.g. covalent bonds). In this case, particles are irreversibly
aggregated, which is also known as particle coagulation. To obtain a system of well dispersed
particles sufficiently strong repulsive forces, that are at least stronger than attractive forces, are
required. Stabilization mechanisms that provide colloidal stability include electrostatic and steric

stabilization. Example of a stable and unstable colloidal solution is illustrated on figure 10.
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Figure 10: Difference between stable and unstable colloidal solution. Reproduced from (Medix 2016).

A theory in electrostatic stabilization of colloidal solutions was developed by (Verwey 1947),
which is also known as the DLVO theory. Nanoparticles are electrostatically stabilized, when
Van der Waals attraction forces between two negatively charged particles are counterbalanced by
Coulomb repulsive forces, as shown in figure 11. It states that the total interaction energy of
particles (Wiotar) IS the sum of interaction energy of attractive Van der Waals forces (W,) and

interaction energy of repulsive Coulomb forces (WR), as expressed in equation 1:
Weotar(D) = Wy(D) + Wr(D) Equation 1

In terms of spherical particle stabilization, the interaction energy of particles exposed to Van

der Waals attractive forces are expressed as in equation 2:
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Ar Equation 2
WaD) =-155 q

Where, A: Hamaker constant; r: Particle radius; and D: Distance between two particle surfaces

The interaction energy of particles exposed to Coulomb repulsive forces is expressed as in
equation 3:
Wr(D) = 2megyr{?e *P Equation 3

Where, &: dielectric constant of the solvent; &, : vacuum permittivity;  : zeta potential;

K : thickness of electrical double layer (EDL).

The electrostatic stability of nanoparticles is affected by parameters such as the ionic strength,
nanoparticle surface potential, and particle size. The ion concentration is directly proportional to
K, and thus to the exponential decrease in the surface potential. This means that the higher the
ion concentration, the smaller is the EDL (JOrg Polte 2015).

Electrostatically stabilized nanoparticles are described to have at least one electrical double layer
due to surface charges. The resulting Coulomb repulsion forces between particles decay
exponentially with the particle-particle interaction distance. Hence, if the electrostatic repulsion
is sufficiently high, it prevents the particles from coagulation. When particles are farther than
approx. 10nm (corresponding to thickness of EDL) no overlap of EDL occurs, and electrostatic
repulsion between particles is zero. However, an overlap in EDL leads towards development in
repulsive forces between particles (G. Cao 2004).

As a simple and economic stabilizing method, the disadvantage of stabilizing colloidal solution
electrostatically is the stabilization mechanism being sensitive towards ionic strength of the
liquid media (Shi 2002).
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Figure 11: Electrostatic- and steric stabilization mechanisms of metallic nanoparticles. Reproduced from
(Gual et al. 2010).

Steric stabilization of nanoparticles is provided by adsorption of long-chained macro-

molecular structures, such as polymers or surfactants, onto particle surface, as shown on figure
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11. This protective layer of long-chained molecules creates a repulsive force, which
counterbalances Van der Waals forces preventing thus nanoparticle aggregation. Steric stability
does not depend on the size of nanoparticles, since particle stabilization depends on parameters
such as concentration of stabilizing agent, process temperature, chain length and solubility of the
stabilizing agent (Shi 2002). The steric stabilization of nanoparticles is explained by adding a
term to the DLVO theory, which describes the repulsive forces, due to the repulsive interactive

energy (Wisteric), @s expressed in equation 4:
Wiotal (D) = Wy (D) + Wr (D) + Witeric Equation 4

In steric stabilization of metallic nanoparticles, the surface of particles is modified, when
interacting with compounds, such as polymers (Surudzic et al. 2013), complex ligands (H. Liu et
al. 2012), or surfactants (Kora, Manjusha, and Arunachalam 2009). Stabilizing agents interacts
with metal nanoparticles by surrounding the particle surface, which limits the surface
accessibility of particles. This reduces thus the reactivity of metal nanoparticles and modifies

their properties (Jiang, Liu, and Sun 2005).

In a study performed by (Surudzic et al. 2013), it was shown that the concentration of
surfactants has an impact on the concentration of nanoparticles. Thus, increasing capping agent
(i.e. PVA) concentration would accordingly increase nanoparticle concentration, due to the
stabilizing effect of PVA.

2.3.4 Size- and shape controlled synthesis of metal nanoparticles

Surface characteristics or morphology (i.e. size, shape, composition, and structure) of metal
nanoparticles are controlled during nanoparticle synthesis in the liquid phase. Nanoparticle
morphology is usually controlled, since nanoparticle properties are determined by surface
characteristics of metal nanoparticles. In order to tailor the morphology of metal nanoparticles,

several nanoparticle synthesis techniques have been developed.
Nanoparticle synthesis control initiates once clusters have grown past a critical size, and exist

as seeds. Seeds may exist as single crystals (c.f. figure 12a) or single- or multiple-twinned crystal
structure (c.f. figure 12b). It is even possible that these co-exist in a synthesis.
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Figure 12: Nanocrystals as a) Single crystal or b) multiple-twinned crystal. Recreated and reproduced from
(Q. Zhang et al. 2010).

Seeds of single-crystal structure can develop into octahedron, cuboctahedron, cube, or
octagonal rod, while seeds of multiple-twinned crystal structure can develop into decahedron,
icosahedron, or five-fold twinned rod (K. W. Choi et al. 2014). Shape control of nanoparticles
occurs by controlling the distribution of these seeds via kinetic- and thermodynamic depending
factors. Under thermodynamic synthesis control, formation of single-crystal seeds is developed
in the attempt to minimize the total surface free energy of the system. In terms of a FCC
structured crystal, the surface energies of the crystallographic facets are estimated as y(;113 <
Y1003 < Y{110} - In shape-controlled growth the nanocrystals grows in the presence of both {111}
and {100} facets, or in the presence of {111} or {100} in order to minimize the total surface
energy, and other facets of higher energy disappears (K. W. Choi et al. 2014). Under kinetic
synthesis control, formation of multiple twinned seeds is developed when keeping the reduction
rate of metal ions slow. Thus, the population of seeds may be controlled, and seeds take form
into kinetically controlled shapes. This is achieved by slowing the reduction rate of the metal
precursor in order to prevent nuclei growing auto-catalytically into polyhedral structures (K. W.
Choi et al. 2014). Crystal structures, which are in thermodynamic equilibrium and shape of

structures in the decrease in thermodynamic equilibrium, are shown in figure 13.
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Figure 13: The distance of nanocrystals away from thermodynamic equilibrium. Reproduced from (Tang et
al. 2009).
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Oxidative etching is another method to control crystal growth, in which zero-valent metal
atoms are oxidized back into metal ions. Presence of a ligand in combination with O, in the
solution results in a strong etchant to seeds. The oxidative etching is susceptible to occur in
multiple-twinned crystal seeds rather than single-crystal seeds, due to the fact the defect zones
having a higher energy. Therefore, single-crystal seeds are more resistant towards oxidative
etching. (K. W. Choi et al. 2014). As a result of shape- and size control of metal nanoparticles,
properties of metal nanoparticles are modified. In terms of optical properties, modification in
shape and size affects the SPR of metal nanoparticles. The influence of shape control of metal
nanoparticles is observed on extinction, absorbance, and scattering spectra of silver nanoparticles

as presented on figure 14.
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Figure 14: Calculated UV-vis extinction (black), absorption (red), and scattering (blue) spectra of silver
nanostructures. Modified by (Xia et al. 2009) from original by (Wiley et al. 2006).
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2.4 Plasma-liquid interaction in nanoparticle synthesis

Plasma is the fourth state of matter, which is defined by an ionized gas that is made up of a
collection of freely moving charged particles, electrons, ions, and neutral particles, which in
average becomes electrically neutral. Also, the density of electrons and ions are nearly equal,
thus making plasma quasi-neutral. Naturally occurring plasmas can only exist in the atmosphere
if the conditions are adequate and is observed in most cases as lightning and northern lights in
the atmosphere, but makes up 99% of matter in the universe. On the other hand, engineered
plasmas are found as glow (Xuechen Li et al. 2017), arcs (Hrabovsky 2002), or corona discharges
(Veldhuizen and Rutgers 2001). Engineered plasmas has a broad field of application such as in
water treatment (Foster 2017), plasma medicine (Haertel et al. 2014), (von Woedtke et al. 2013),
nanoparticle synthesis (Kondeti et al. 2017), and many other fields (Nijdam et al. 2012). They
exist in various forms and shapes, and are thus characterized based on electron temperature (Te)
and electron density (ng). Other examples of engineered and naturally occurring plasmas are

shown in figure 15 in correlation to T, and ne.
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Figure 15: Classification of engineered and natural plasmas based on their T and n.. Reproduced from (LPP
2018).
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2.4.1 Classification of plasma

Plasma discharges are commonly classified based on its electron temperature (T¢). In this case
plasmas are classified as thermal plasmas (T, > 100eV) and non-thermal plasmas (NTP) (T, <
10eV) (Dorelon, Lombardi, and Maan 1982).
Thermal plasmas are in thermal equilibrium, which is established by frequent elastic collisions
between electrons and heavy particles as shown in figure 16. This is explained by loss of kinetic
energy (KE) in electrons (T.), whereas heavy particles (T,) gain energy and becomes thermal
(Serway and Jewett 2003). Thermal plasmas usually exist as arcs or radio frequency (RF)
discharges and are often associated with Joule heating and thermal ionization. Application
possibilities of thermal plasmas are plenty as in waste decomposition (Van Oost 2017), but are
limited in energy efficient applications, due to low excitation selectivity, high gas temperature
and, electrode related problems (Fridman, Gutsol, and Cho 2007).

Thermal plasma NTP
(Before collision) (In-elastic collision) (Elastic collision)
Vi ¢ v y Vos
@—> <{ my ) OO—V 4—1- (
Vii Voi \_/ v/ \
IIII + IIL_,
Te = Th Te >> Th
Loss of KE Mass and KE conserved

Figure 16: Particle collisions in thermal plasmas and NTP. Reproduced and recreated from (Serway and
Jewett 2003).

NTP are in thermal non-equilibrium, due to a non-uniform temperature distribution between
electrons and heavy particles. Unlike thermal plasmas, only electrons in NTP get thermal,
whereas heavy particles remain close to Ty, due to few elastic collisions as shown in figure 16.
These energetic electrons produce reactive species (e.g. free radicals and ions), which are
essential in plasma chemistry, providing high selectivity and high energy efficiency in plasma
chemical reactions (Fridman, Gutsol, and Cho 2007). NTP exist as glow, corona, and RF
inductively-coupled plasma (ICP). NTP operating under Pgm are commonly applied in

environmental related industrial applications (Fridman, Chirokov, and Gutsol 2005).
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2.4.2 Plasma-liquid interactions

In plasma-liquid interactions (PLI) processes, plasma discharges is either generated to be in
direct contact (immersed), or in no direct contact (above liquid) with the liquid phase. This is
determined by the configuration of electrodes. Most applied electrode configurations in PLI

systems in plasma generation are as follows:

a) Plasma discharges in liquid phase
b) Plasma discharges above liquid phase
c) Multi-phase plasma discharges

HV

pulse

gas fl¢

(a) (b) (c) |pulse

Figure 17: Common electrode configurations in PLI processes: a) Plasma discharge immersed in a liquid
phase, b) Plasma discharge generated above a liquid phase, ¢) Plasma discharges generated in a multi-phasic
system. Reproduced from (P. Bruggeman and Leys 2009).

Plasma discharges in liquid phase

The electrode configuration of this PLI process is when the discharges are generated being
immersed in a liquid phase between the rod and plate electrode pair as shown on figure 17a. The
electrode shape and size depends on the goal of the process, and can for this reason vary. It is
common to observe this pin-to-plane electrode configuration in PLI processes for
characterization of plasma discharges in water (Kolb et al. 2008), (R. P. Joshi et al. 2009), (P.
Bruggeman et al. 2009), (Kocik et al. 2013). In nanoparticle synthesis, plasma discharge is
generated in a smaller inter-electrode distance of equally shaped electrode rods (Saito, Hieda,
and Takai 2009), (Bratescu et al. 2011), (Pootawang, Saito, and Lee 2013), (H.-J. Kim et al.
2018). Generating plasma in complete liquid immersion creates thus two interfaces: plasma/gas

and gas/liquid, as shown in figure 18.
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Figure 18: Plasma immersed in liquid phases. Reproduced from (Pootawang 2011)

Higher chemical reaction rates are thus expected in these processes, due to the fact that
complete immersion of plasma in the liquid phase provides an increased contact of the plasma
phase. In this PLI process it is possible to generate plasma discharges of the streamer or spark
type depending on plasma parameters, such as voltage or inter-electrode distance (B. R. Locke et
al. 2006).

Plasma discharges above liquid surfaces

The electrode configuration of this PLI process is when the discharge is generated above a
liquid surface. In this case the working electrode is placed above the liquid surface, while the
counter electrode is placed in the bottom of the reactor to provide conduction of the electrical
current through the PLI system. This electrode configuration in plasma processes is shown on
figure 17b. Studies which were performed using this particular electrode configuration are
(Richmonds and Sankaran 2008), (Patel et al. 2013), (Gorbanev, O Connell, and Chechik 2016),
(Skiba et al. 2017). Since the plasma is generated above the liquid surface, an amount of plasma-
generated reactive species are lost in the atmosphere. Therefore a complete use of the plasma
phase is not the case in the plasma process. In this PLI process, it is possible to generate plasma
discharges of the streamer or glow discharge type.

Plasma discharges in multi-phasic system

Plasma discharges in multi-phasic systems refer to electrical breakdown in gas bubbles inside a
dielectric liquid media. This electrode configuration in plasma processes is shown on figure 17c.
An example of this type of PLI process was performed by (Gershman et al. 2007). In this work,

a single stationary bubble was formed inside a liquid media with a metal needle electrode tip
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emerging from the reactor inside the bubble formation. The stationary bubble facilitates plasma
characterization in comparison to freely moving bubble formations. A single discharge of 1us
pulse duration applied to the electrode tip resulted in multiple corona discharges inside the
bubble. Other studies performed under these conditions are (Sommers and Foster 2014),
(Hayashi et al. 2015), (Levko, Sharma, and Raja 2016), (H.-J. Kim et al. 2018). Plasma
generation in a gas bubble depends on several parameters including the distance between the

electrodes, type of gas used for bubble formation, conductivity and pH of the liquid media.

2.4.3 Physical and chemical processes in PLI

Non-thermal plasma discharges in liquid phase is generated by discharging of a capacitor in the
means of a sparking gap. An alternative method is to generate plasma discharges in the use of
solid-state switches. The type of power sources can either by direct current (DC), pulsed, or
alternative current (AC), which depends on the type of plasma to be generated. (P. Bruggeman
and Leys 2009)
In PLI processes it is common to observe production of reactive species (Gorbanev, O’Connell,
and Chechik 2016), strong UV/VUV emission (Lukes et al. 2008), micro bubble (H. H. Kim et
al. 2013) (c.f. figure 19a) and shock wave generation (Katsuki et al. 2006) (c.f. figure 19b), and
thermal effects (Mizuno et al. 2000) from the plasma phase. Micro bubble and shockwave

generation from pulsed plasma discharges in liquid phase are illustrated in figure 19.

w t+40 ns

Figure 19: Pulsed filamentary corona discharges generating: a) micro bubbles and b) shock waves in de-
ionized water. Recreated and reproduced from a) (H. H. Kim et al. 2013), b) (Marinov et al. 2013).

Plasma discharges are generated as filamentary luminous and conductive structures in direct
contact with the liquid phase. These are also known as streamer discharges or partial discharges,

since the discharges only appear on one electrode. In the propagation of streamer discharges,
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bush-like structures are formed. These are called primary streamers (c.f. figure 20). This is
followed by the propagation of tree-like filamentary structures. These are called secondary
streamers, which appear longer (c.f. figure 20). Secondary streamers are formed, once the
electric field of primary streamer tips is sufficiently high. Primary streamers propagates on a
velocity of 100m-s® to a few km-s™, which is slower than the propagation of secondary
streamers, which have a propagation velocity in the range of 10-100km-s™. Propagation velocity

of streamers depends on the conditions, in which it is generated. (P. Bruggeman and Leys 2009)

e |

Figure 20: Primary (left) and secondary (right) streamer discharges. Reproduced from (An, Baumung, and
Bluhm 2007)

The transition from streamer to spark discharges in the form of electrical breakdown in water
occurs for an electric field in the order of magnitude of 1IMV-cm™ (in microsecond pulsed
discharges). Electrical breakdown in liquids is reached, when a conductive plasma channel spans
the entire inter-electrode distance and connects the metal electrodes. This results in spark/arc
generation. Micro bubble generation does have a significant role in triggering the breakdown of
electrical discharges.

Several studies have been performed on streamer propagation mechanisms. Streamer
propagation mechanism in a pin-to-plane electrode configuration is shown on figure 21, which is
based on the results obtained by (Kocik et al. 2013).

In the pre-discharge region, an opaque region on the vicinity of the electrode tip has been
observed. Kocik et al. determined that it occurs due to modification of the electric field with
variation in the permittivity, which thus changes the refractive index of the water. According to
(Fujita et al. 2014), the shadow region (or opaque region) occurs due to changes in the electric

permittivity induced by strong electric field during voltage application. Due to an electric force
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expansion of fluctuations occurred as a result of heat conduction and heat convection. Based on

their results, the shadow region occurs due to Joule heating effects.
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Figure 21: Streamer discharge propagation mechanism as proposed by Kocik et al. Reproduced from (Kocik
et al. 2013).

Within the spherical opaque region, primary “bush-like” streamers are developed, due to
electron avalanche in low density. According to observations made by Fujita et al. luminous
streamers are developed from protrusions of micro bubble clusters on the electrode tip. From the
high electric fields of the primary streamer ends, secondary streamer discharges propagates.
Secondary streamers propagate beyond the opaque region and long filamentary channels are
created due to the field induced dissociation and ionization at the streamer ends. Kocik et al. also
reported that strong shockwaves are generated due to large pressures at the electrode boundaries.
Re-illumination effects are observed due to charge accumulation in the interface between gas and
liquid. In the post-discharge region, wide gaseous channels occur. During streamer discharge
propagation internal heating can occur, and result in the generation of gas bubbles. In the end
bubble waves are formed as a result of bubble growth and collapse (Kocik et al. 2013).

Reactive species are generated near streamer discharges, in which an increase in the electric
field of secondary streamers for above 10MV-cm™ dissociates and ionizes water molecules.
Reactive species that are generated depends on the type of plasma, the discharge environment,
the input energy, and the gas used in the generation of plasma discharges in the liquid phase
(Bruce R Locke 2012).
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Highly energetic electrons, which are generated in the plasma phase, are injected to the water,

which results in the generation of hydrated electrons (eg,) (reaction 1):
H,0 +e” —egq Reaction 1

Interaction of e,, with water molecules result in the formation of short-lived primary reactive

species, such as OHe, He, and O radicals (reaction 2-4) (Lukes 2001):

Dissociation H,0 + ez > OH +H" +e” Reaction 2
lonization H,0 + ez > H,0F + 2e” Reaction 3
Dissociation H,0" + H,0 - H;0" + OH* Reaction 4

As primary species are highly reactive, they recombine to form secondary long-lived and stable
species, such as H,, O, and H,O,, or reform water (reaction 5-7) (Lukes 2001), (Ruma et al.
2013), (Akolkar and Sankaran 2013):

H°+H* > H, Reaction 5
OH® + OH® - H,0, Reaction 6
H*+ OH® - H,0 Reaction 7

Information on plasma-liquid interface interaction and mechanism is limited, due to the highly
complex nature of the plasma-liquid interface. However, it has been possible to point out some
of the possible plasma-liquid interface reactions, mainly on the plasma-liquid cathode
interactions (P. Bruggeman and Leys 2009). An up-to-date plasma-liquid cathode interface

interaction mechanism is presented on figure 22.

In the case of plasma-above liquid, plasma-liquid interaction in the gas-liquid interface at Pam
also adds other atoms existing in the atmosphere such as N,. Reactions between N, and reactive
species result in acidification of the dispersion media, due to formation of acidic compounds,
such as HNO; and HNOs, as observed in figure 22 (P. J. Bruggeman et al. 2016).
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Figure 22: Chemical reaction mechanism in a plasma-liquid interface. Reproduction of a recreated version by
(Mun et al. 2017). Original version by (P. Bruggeman and Leys 2009)

In contrast to plasma generated above liquid surface, plasma discharges in the liquid phase are
operated in gas bubbles or vapor channels. Discharge processes are different, but based on
studies performed by (P. Bruggeman et al. 2009) (Graham and Stalder 2011), and (Sunka et al.
1999), it is shown that similar reactive species are generated in plasma above the liquid and
plasma in gas bubbles. Similar reactive species are detected in streamer discharges in liquids,
however due to additional discharge effects (e.g. shockwaves and re-illumination effects)

enhancement in reaction mechanisms occur (Chen, Li, and Li 2015).

Species originates mainly from the decomposition of water, which is atomic O, atomic H, and
OH radicals. These are similar to those occurring from the plasma above the liquid surface. N,
related species are negligible in plasma discharges in the liquid phase, due to no interaction with
atmosphere (Chen, Li, and Li 2015), (Mun et al. 2017).
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2.4.4 Metal nanoparticle synthesis by PLI

Generation of plasma-induced reactive species promotes the synthesis of metal nanoparticles
using plasma-liquid processes. Nanoparticle synthesis using plasma-liquid processes is based on
the reduction of metal. Several studies shows that metal ions can be reduced by e, (X. Z. Huang
et al. 2013) or He (Saito, Hieda, and Takai 2009), (Cho et al. 2011), (Skiba et al. 2018). In some
cases H,O, acts as the reducing agent, which has only been observed in synthesis of gold

nanoparticles (Patel et al. 2013).

Reduction reaction of metal ions in nanoparticle synthesis in plasma processes with e;, and He
as the reducing agent is as follows (M = metal) (Chen, Li, and Li 2015), (Kondeti et al. 2017):
Reaction 8
M™ 4+ neg, » M°

Mt +H > M°+H* Reaction 9

In the following, PLI processes which are most commonly applied in nanomaterial synthesis
will be discussed. These concerns, plasma immersed in the liquid and plasma above the liquid

surface.

An overview of nanoparticles which have been synthesized using non-thermal plasma process

techniques are shown in
table 1.

Plasma discharges in liquid phase

Plasma discharges in direct contact with the liquid phase is a process, which is used for
nanomaterial synthesis. This process is most often known as solution plasma processing (Takai
2008), (Takai 2014). Metal nanoparticles are synthesized in which metal ions originates either
from the dissociation of a metal salt in the liquid phase, or from anodic dissolution of metal

electrodes.

(Saito, Hieda, and Takai 2009) applied this technique for synthesis of about 20nm anisotropic
(triangular, pentagonal, hexagonal) gold nanoparticles by applying plasma discharge of 3.2kV
during 45min. In another study performed by (Heon Lee et al. 2013) for silver- and (Heon Lee,

Park, Seo, et al. 2014) copper nanoparticles, they showed that well-dispersed and small-sized
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nanoparticle are obtained in the addition of surfactant (i.e. CTAB), and that the discharge time is
an important parameter for the development of the particles. In this study bipolar-pulsed power
supply (250V and 30kHz) was applied for the generation of stable plasma for avoiding deposit
accumulation onto electrode surfaces. It was also concluded that the use of less inert electrode
material (i.e. tungsten) are not optimal in such techniques as they participate in the nanoparticle

synthesis.

Plasma discharges above liquid surfaces

This is one of the most applied techniques in nanoparticle synthesis as the plasma is easily
generated in the gas phase. Microplasma discharges are also preferred in nanoparticle synthesis
as they are operated under Pym, Which results in a cost-effective process (Mariotti, Bose, and
Ostrikov 2009). In a study performed by (Richmonds and Sankaran 2008) they showed that it is
possible to produce uniform and high-purity gold and silver spherical nanoparticles of 10nm by
micro-plasmas operated at Pam applying 2kV and keeping the current constant at 5mA. It was
necessary to include additional compounds such as acids to increase solution conductivity, and
addition of fructose as a stabilizing agent to prevent uncontrolled growth and agglomeration.
From what they mention in their research, microplasma technique has a lot in common with
electrochemical reactions which was performed in another complementary study by (Chiang,
Richmonds, and Sankaran 2010) in an electrochemical cell assisted by a microplasma discharge
applying the same experimental conditions. In another study, (Patel et al. 2013) have come to the
conclusion that H,O, serves as a reducing agent and that gold nanoparticles become
electrostatically stable, for which surfactants and stabilizing agents are not required. This was
based on the synthesis of gold nanoparticles applying 2kV and keeping a constant current at
5mA. Thus, after a discharge time around 10min it was shown that not only spherical, but also
hexagonal- and triangular-shaped gold particles between 7-60nm was formed without adding
stabilizing agents. (R. Wang et al. 2015) also obtained spherical, hexagonal, and triangular
shaped sodium citrate-stabilized gold nanoparticles of 20nm after 10min of discharge time by
microplasma applying 16.77W to the system. They also reported the influence of several
parameters on nanoparticle size, and showed that stirring mode, stabilizer concentration, and
discharge power can be used in controlling nanoparticle size which will be discussed in section
2.5.1. Furthermore, that the parameters influenced nanoparticle plasmonics (X. Z. Huang et al.
2013), (X. Huang, Li, and Zhong 2014).
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Table 1: Metal nanoparticle synthesis by plasma-liquid interaction techniques

Inter-
Element  Power supply Precursor  Electrode electrode Voltage  Current Frequency IZ:;T] References
distance
Plasma above liquid
Ag DC AgNO; Pt 2mm 2kV 3mA (X. Z. Huang et al.
2013)
Ag DC AgNO; Pt 2mm 2kV 5mA (Richmonds and
Sankaran 2008)
Au DC HAuUCI, Pt 2mm 2kV 5mA (Richmonds and
Sankaran 2008)
Au DC HAuCI, C 0.7mm 2kV 5mA (Patel et al. 2013)
Au DC HAuUCI, Pt 1mm - - (R. Wang et al. 2015)
Plasma in liquid
Au Pulsed DC HAuUCI, w 0.3 mm 1.6-3.2 15 kHz 2Us (Saito, Hieda, and
kv Takai 2009)
Ag Bi-polar pulsed AgNO; w 0.2 mm 250V 30kHz 2us (Heon Lee et al.
DC 2013)
Cu Bi-polar pulsed CuCl, W 0.3 mm 250V 30kHz 5us (Heon Lee, Park, Seo,
DC et al. 2014)
Mn Bi-polar pulsed  MnCl,-4H20 w 0.3 mm 250V 30kHz 5us (H.-G. Kim et al.
DC 2013)
C Bi-polar pulsed Benzene or w 1 mm 1kVv 10-25kHz 2Us (O. L. Lietal. 2013)
DC glucose
Cu Pulsed DC CuCl, 2H,0 W 0.5mm 900V 20kHz - (Pootawang, Saito,

and Lee 2013)
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2.5 Plasma-liquid interactions for silver nanoparticle synthesis

2.5.1 Influence of process parameters on nanoparticle synthesis

Time-saving nanoparticle synthesis processes resulting in small-sized nanoparticles of high
product yield is ideal, but this is not always the case in many processes. However, it is possible
to control the synthesis process and tailor nanoparticle morphology. This is possible by
regulation of synthesis process parameters during nanoparticle synthesis. Some of the chemical
and physical process parameters that have been reported to have a significant influence on
nanoparticle synthesis and particle morphology will be discussed in the following sections based

on previous studies.

2.5.2 Chemical parameters
Metal precursor concentration

The metal precursor concentration in nanoparticle synthesis has been shown to have an
influence on the morphology of metal nanoparticles during synthesis using plasma discharges.
One of the studies that have reported to observe the influence of precursor concentration on
nanoparticle morphology is (X. Z. Huang et al. 2013). In this study, Huang et al. synthesized
silver nanoparticles during 15min using microplasma discharges of 2kV and 3mA. The plasma
was ignited by a DC power supply through a 100kQ ballast resistor and generated between the
tip of a stainless steel capillary electrode and the surface of an aqueous AgNOj; precursor
solution. A Pt foil was immersed in the precursor solution as the counter-electrode in order to
conduct the electrical current. The microplasma was sustained by Helium gas flowing through
the capillary at 25sccm.

In this study, Huang et al. determined that for an increase in the AgNO3 concentration from
2mM to 8mM resulted in an increase in particle absorbance, which indicated an increase in silver
nanoparticle concentration. Silver nanoparticles produced using 4mM AgNO3; resulted in an

average diameter between 10-25nm.

Another study on the influence of plasma current on nanoparticle synthesis was performed by
(Patel et al. 2013). They performed this study on gold nanoparticles, in which high voltage DC
microplasma of 2kV and 5mA in discharge current was generated on the HAuUCI, electrolyte

surface during 10min. The plasma was generated between the tip of a stainless steel capillary and
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the electrolyte surface, in which a carbon rod was dipped into the electrolyte in order to conduct
the electrical current. The plasma was sustained by a helium gas flowing through the capillary at

25scem.

An increase in the precursor concentration from 2.5uM to 1.0uM resulted in an increase in the
average nanoparticle size from 5nm to several 100nm, respectively. Furthermore, it was
observed that for an increase in precursor concentration the shape of gold nanoparticles would
increase in the proportion of shaped particles (i.e. triangular, pentagonal, and hexagonal). Patel et
al. propose that an isotropic aggregation of gold atoms occurs for low precursor concentrations
(2.5uM) in the bulk of the reaction solution, which results in spherical shaped gold nanoparticles.
However, for increased precursor concentrations (0.05uM-1.0uM) the probability of the
interaction and reduction of partially reduced HAuCIl, onto existing nanoparticles is higher,

which results in the growth and shaping of gold nanoparticles.

Based on these results different observations have been made on the influence of precursor
concentration of the morphology and synthesis of metal nanoparticles. This is an indication to
that this parameter is highly depending on the synthesis conditions and on the nanoparticle to be

synthesized.

Stabilizing agent concentration

The influence of stabilizing agent concentration on the metal nanoparticle morphology was
investigated by (R. Wang et al. 2015). In this study, a DC high-voltage negative-polarity power
supply was used in the ignition of the atmospheric pressure non-thermal microplasma through a
5kQ ballast resistor. The microplasma was generated between the tip of a copper needle and the
1.214mM HAUCI, electrolyte surface, in which a Pt plate was immersed due to conduction of the
electrical current. Furthermore, the plasma was pressurized with an argon gas, which was
flowing through the needle at a constant flow rate (50sccm). The microplasma was generated
during 10min above the reaction solution, which consists of an aqueous HAuUCI, solution at a

constant concentration of 1.214mM.

For an increase in the sodium citrate concentration from 3.4mM to 68mM, a decrease in the
average gold nanoparticle size was observed from 53.5+15.8nm to 11.5+12.3nm. This decrease

in size is reported by Wang et al. to be due to the stabilizing effect of sodium citrate.
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In studies performed by (X. Z. Huang et al. 2013) and (Heon Lee et al. 2013), it was shown that
the surfactant/precursor molar ratio is important for an enhanced stabilization effect of as-
synthesized nanoparticles for a given process time. On the right conditions, addition of surfactant
resulted in uniformly dispersed and small-sized nanoparticles.

Addition of stabilizing agent is important for processes resulting in aggregated nanoparticles.
Efficiency of the stabilization effect on nanoparticles depends on surfactant concentration, on the

nature of surfactant, or on the compatibility with nanoparticles to be synthesized.

Initial solution pH

Initial solution pH of the precursor solution was shown to have an influence on nanoparticle
morphology using the soft chemical synthesis techniques. However, the influence of this
parameter is less commonly investigated on nanoparticle morphology using plasma synthesis
techniques. Based on information on pH values reported in studies related to plasma synthesis
techniques, this can be due to the fact that the pH value is not stable during the process. The pH
is controlled by chemical reactions that occur in the reaction solution through generation of
reactive species, which thus influences nanoparticle synthesis. The evolution in pH during
plasma processes have been reported in (Rumbach et al. 2013). The atmospheric pressure
microplasma discharge was generated between the tip of a stainless steel capillary and above the
surface of an aqueous NaCl solution. A Pt foil was immersed in the solution as the counter
electrode. In this study, the microplasma was ignited by a high voltage DC power supply. The
micro plasma was operated at a current of 1.62mA, but the voltage changed depending on the
type of gas. For Ar, N,, O,, and air the applied voltage were 250V, 1100V, 1350V, and 1100V,
respectively. In this study the evolution in pH of the reaction media was demonstrated to depend
on the composition of the background gas. An increase in pH was observed during the plasma
process using Ar or O, as the background gas. This increase in pH is due to reaction between
plasma generated electrons and aqueous ions, which results excess in OH", and thus a basic
reaction solution. On the other hand, a decrease in pH was observed during the plasma process
using air and N as the background gas. This decrease in pH is due to reaction between reactive
neutral species (formed in the plasma phase) and the solution, which produced HNO, and HNOs,

and creates thus an acidic reaction solution.
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Similar observations in pH evolution of the reaction solution in terms of nanoparticle synthesis
have been reported. (Mariotti et al. 2012) reported a decrease in solution pH during gold
nanoparticle synthesis using helium sustained plasma discharges above the liquid surface. In
another study, (Pootawang, Saito, and Lee 2013) reported a decrease in solution pH during
copper nanoparticle synthesis under atmospheric pressure plasma discharges immersed in the

reaction solution.

In the following study, the influence of pH on gold nanoparticle synthesis was studied by
(Bratescu et al. 2011). Gold nanoparticles were synthesized by applying high voltage DC pulsed
plasma discharges of 250ns and 10kHz in frequency to a pair of Pt wire electrodes. The Pt wire
electrodes were immersed in an aqueous HAUCI, solution with 130puS-cm™ in conductivity and
3.2 in initial solution pH. The atmospheric pressure plasma was generated in the discharge region
of the Pt wires in the inter-electrode distance of 0.2mm and the synthesis of gold nanoparticles

lasted for 30min.

In this study, the influence of gold nanoparticle synthesis via plasma discharges in an aqueous
HAuCI, solution with the pH values 3, 6 and 12 on gold nanoparticle morphology were
investigated. They showed that for an increase in pH from 3 to 12, the average nanoparticle size

would decrease from 10nm to 1-2nm, respectively.

Based on the results presented in this study and other related studies, it is shown that the pH

value has an influence on nanoparticle synthesis in plasma processes.

2.5.3 Physical parameters
Applied voltage

Applied voltage is one of the physical plasma parameters, which have been shown to have an
influence on nanoparticle morphology. The influence of applied voltage has been studied by
(Hieda, Saito, and Takai 2008), (Saito, Hieda, and Takai 2009) on the synthesis of gold
nanoparticles. Gold nanoparticles were synthesized by applying high voltage DC pulsed plasma
discharges of 2us and 15kHz in frequency to a pair of tungsten electrodes. The tungsten wire

electrodes were both immersed in the HAuUCI, electrolyte during synthesis.

In this investigation, Hieda et al. and Saito et al. did apply 1600V, 2400V, and 3200V to the

synthesis of gold nanoparticles. This study showed that an increase in the applied voltage did
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influence on the synthesis rate, in which the application of an increased applied voltage would
result in the synthesis of gold nanoparticles of smaller sizes. Saito et al. explains that this occurs
due to an increased dissolution rate of the gold nanoparticles, which results in reduced particle
size. From this study, it is shown that the applied voltage does have an influence on the synthesis

rate and morphology of gold nanoparticles.

Plasma current

The influence of plasma current on silver nanoparticle synthesis was studied by (Chiang,
Richmonds, and Sankaran 2010). In this study, the microplasma was ignited by a high-voltage
DC power supply through a 160kQ ballast resistor. The plasma was generated between the tip of
a stainless steel capillary and the surface of the electrolyte solution (diluted acid solution), in
which a silver foil has been immersed as a source to nanoparticle synthesis. The microplasma

was sustained by an Argon gas flowing through the capillary at 25sccm.

The influence of plasma current on silver nanoparticle synthesis was observed as the plasma
current has been increased from 2.5mA to 7.5mA. An increase in plasma current did result in an
increase in the silver nanoparticle concentration, which was determined through optical
characterization techniques. W-H Chiang et al. could therefore relate these observations to an

increase in the nanoparticle synthesis rate.

Another study on the influence of plasma current on nanoparticle synthesis was performed by
(Patel et al. 2013). They performed this study on gold nanoparticles, in which high voltage DC
microplasma of 2kV was generated on the HAuUCI, electrolyte surface. The plasma was
generated between the tip of a stainless steel capillary and the electrolyte surface, in which a
carbon rod was dipped into the electrolyte in order to conduct the electrical current. The plasma

was sustained by a helium gas flowing through the capillary at 25sccm.

Under the above-mentioned synthesis conditions, synthesis of gold nanoparticles in the
application of plasma currents from 1mA to 5mA would result in an increased gold nanoparticle
concentration. From these results they could make connections to the nanoparticle synthesis rate,

and thus conclude that an increase in the plasma current increases the nanoparticle synthesis rate.
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Discharge power

Discharge power is another plasma parameter that has been documented to have an influence
on nanoparticle morphology. In one study, (R. Wang et al. 2015) investigated the influence of
plasma power on the synthesis of gold nanoparticles. In this study, a DC high-voltage negative-
polarity power supply was used in the ignition of the atmospheric pressure non-thermal
microplasma through a 5kQ ballast resistor. The microplasma was generated between the tip of a
copper needle and the HAuUCI, electrolyte surface, in which a Pt plate was immersed due to
conduction of the electrical current. Furthermore, the plasma was pressurized with an argon gas,

which was flowing through the needle at a constant flow rate (50sccm).

Generation of microplasma discharges with plasma power of 4.19W, 9.78W, and 16.77W
resulted in the synthesis of spherical gold nanoparticles with an average diameter of 35.8+9.3nm,
27.1£10.4nm, and 22.3+8.6nm, respectively. From this study, it was confirmed that a decrease in

plasma power reduces the average nanoparticle size.

Pulse duration
Pulsing of the electrical plasma discharges are often applied in nanoparticle synthesis, and can
be described as that shown in equation 5.

1
forr =%~ ton Equation 5

Here, the plasma period is defined by //f, for which f'is the plasma repetition frequency. The
torr 1s the duration within the plasma period, which corresponds to charging of capacitor. Thus,
plasma is not “active”. The ton is the duration within the plasma period, which corresponds to
discharging of capacitor. Thus, plasma generation is “active”. As the pulse duration increases
(ton), duration of UV-light emission as a result of recombination of plasma-excited atoms would

increase systematically for an increase in pulse durations (Lukes et al. 2008).

Hence, varying the pulse duration of plasma discharges in nanoparticle synthesis has been
confirmed by several researchers to have an influence on the nanoparticle morphology. Some of
these observations were made by (H.-J. Kim et al. 2018) in the synthesis of silver nanoparticles
by the generation of pulsed bi-polar plasma discharges of 3.8kV and 5kHz immersed in pure de-

ionized water (80°C). Silver nanoparticles were thus produced using a pair of silver wires as
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electrodes and source to silver nanoparticle production. During silver nanoparticle synthesis,
pulse duration of 20us, 40us, and 60us were applied, which then resulted in the production of
13-37nm, 36-53nm, and 0.2-0.87um of silver nanoparticles, respectively. From this study, it has
been shown that a decrease in pulse duration reduces the average nanoparticle size.

Several other physico-chemical parameters have been reported to influence the nanoparticle
morphology during the synthesis, which have not been mentioned previously. Some other
parameters regard stirring mode (R. Wang et al. 2015), reaction temperature, and inter-electrode

distance (Hoonseung Lee, Ueno, and Saito 2015).

2.6 Conclusion

Metal nanoparticles are particles in the nano-scale range and are due to an increased surface-to-
volume ratio highly reactive in comparison to their bulk counterparts. Their highly reactive
nature provides different and improved material properties, in which they become applicable in
many different fields, such as catalysis or diagnostics. Particle properties are highly-dependent
on their particle surface properties, and if nanoparticle becomes less reactive, due to an increase
in size or due to particle agglomeration, material properties decreases. In order to control
material properties of nanoparticles, synthesis pathways in nanoparticle synthesis is controlled by
regulation of relevant synthesis parameters. Through a controlled synthesis, it is possible to fine-
tune the size and shape of nanoparticles, which hence result in specific results. The fine-tuning of
nanoparticles is easily performed through liquid-based bottom-up synthesis techniques, and is
also in advantage over the top-down synthesis techniques. This is due to bottom-up synthesis
techniques being cost-efficient and is low in energy consumption.

Although the advantages, most conventional bottom-up techniques do not imply as “green”
synthesis techniques, it is therefore of increasing interest to develop “green” nanoparticle
synthesis techniques. These would use less toxic and hazardous reagents and in the end to

generate less by-products and waste.

In this regard, PLI process is proposed as an alternative to conventional nanoparticle synthesis
techniques. In PLI processes, a range of long- and short-lived reactive species (€.9. €aq , He, OHe,

H,0, etc.) is generated in the liquid phase, which reduces metal ions into metal nanoparticles.
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PLI processes are suitable for production of shape- and size selective nanoparticles, due to fine-
tuning of nanoparticle morphology by regulation of process parameters, which includes applied

voltage, pulse duration, precursor concentration.
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Chapter 111 — Materials, silver nanoparticle synthesis, and
characterization techniques

In this work, synthesis of silver nanoparticles will be performed using a technique based on the
generation of plasma discharges in liquids. With this work, it is the first time at LSPM that
synthesis of nanoparticles is performed using a plasma-in-liquid (PLI) synthesis technique, thus
there are neither previous results nor experiences. An essential part of this work was therefore to
develop an experimental set-up for a plasma in-liquid (PLI) synthesis technique. The complete

development of the PLI process, from “scratch”, took almost one and a half year.

Development of the nanoparticle synthesis process was managed in order to be able to
synthesize nanoparticles using a clean and isolated system. In this regard, a pair of electrodes
completely isolated towards the surrounding liquid media was developed. As a result, the
generation of stable plasma discharges has been provided, avoiding any parasitic arc discharges.
As part of the electrode system development, the shape of the electrode tips has also been taken

into consideration, as this would have an influence in generating stable plasma discharges.

In the first part of this chapter, an introduction to a general synthesis of silver nanoparticles
using the newly-developed process will be covered. This will include the presentation of the two
different techniques used for generating DC-pulsed plasma discharges with MARX- and
BEHLKE pulse generators. In the last part, an introduction to the characterization techniques that

were applied for nanoparticle size and morphology assessment will be covered.

3.1 Synthesis of silver nanoparticle using a plasma-in-liquid process
In this section, the following items will be presented: the reactor and electrodes system, the data
acquisition, and the experimental procedure for the synthesis of silver nanoparticles, , and

electrodes cleaning .

3.1.1 Reactor and electrodes
The synthesis of silver nanoparticles is performed in an uncovered borosilicate glass vessel

(95x55mm) at Pim and Tamp, as the one presented on figure 23.
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The electrode system consists of a symmetrical electrode pair of 200um in diameter platinum
(Pt) wires of 99.99% purity, in a pin-to-pin configuration. Only a small part of the Pt wire
(0.5mm in length) is in contact with the liquid media. The rest of the metallic electrode
components have been completely isolated from the surrounding liquid with electrically non-

conductive plastic and capillary tubes (c.f. inset on figure 23)

The inter-electrode distance between the electrodes is set to 3mm, this distance can be changed

using a micrometer screw, according to the desired experimental conditions.

B oy,

.

Figure 23: Reactor and electrodes utilized in nanoparticle synthesis. It is composed by: (1) Anode electrode
connected to a HV probe. (2) Cathode electrode connected to a current probe. (3) Electrodes immersed in a
PYREX reactor containing liquid media. () Height regulation system connected to a micrometer for
adjusting the inter-electrode distance of electrodes. (6) Magnetic stirrer including a magnetic stirring bar.
The inset image shows a close-up of the inter-electrode distance of electrodes

Tests were performed in order to investigate the influence of shaped and non-shaped electrode
tips on plasma generation. The procedure for shaping the Pt wires is based on an electrochemical
etching technique (Kupper 2012). In this procedure, low voltage (DC 17.5V — 1.25A) was
applied between two copper electrodes. The anode is immersed in concentrated H,SO, (ICH
Chimie, 95-97%); the volume of acid is adjusted to cover the anode plate. A pair of Pt wires of
similar external length is fixed onto the Cu cathode plate, which is fixed and positioned in a way
that would result in an equal perpendicular length of the Pt wires being in contact with the acid
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solution. In order to promote obtaining pointed tips at the end of the etching process, the Pt wires
are center-positioned in an electric field, which was created in two symmetrically circular-shaped
holes of the Cu anode plate. Once the electrochemical etching starts, the shaping of the Pt wires
is controlled regularly. In general, point-tipped electrodes are obtained after 1.5 hours of etching.

Figure 24 shows the Pt wires before and after the electrochemical etching.

a) Non-shaped Pt wires b) Shaped Pt wires (6 = 37°)

Figure 24: Pt wire electrodes as a) shaped and b) non-shaped

The current and voltage waveforms obtained for plasma discharges with non-shaped and shaped
Pt wires are presented in figure 25. These results show that shaping the Pt wire tips does not have
any significant effect on plasma generation on when working with wires of diameters as low as

200um. For this reason, electrodes were used with no further shaping of their tips.
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Figure 25: Current and voltage waveforms resulting the silver nanoparticle synthesis using shaped- (blue)
and non-shaped (red) Pt wire electrodes
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In the plasma-in-liquid process, one electrode is connected to the high voltage power supply,
whilst the other is connected to the ground. Regarding their electrical poles during the synthesis,

electrodes will be called anode and cathode, respectively.

Agitation of the precursor solution was provided using an agitator (200 rpm, TMA 2071) and a
magnetic bar.

The plasma-in-liquid experimental set-up is placed inside of a metal mesh cage, also known as
a Faraday cage. This is done to avoid any external influences that can interfere with the plasma

and to avoid signal perturbation that causes noises in the electrical waveforms.

3.1.2 Preparation of the metallic precursor solution

Preparation of the metal precursor solution is performed by dissolution of AgNO3; (Acros
organics, 99.85%) in 100mL filtrated deionized water (Biotechnofix, 18.2MQ-cm).

Polyvinyl pyrrolidone (PVP, MW=10000g-mol™, Sigma Aldrich) can be added to the initial
solution as a stabilizing agent. PVP prevents agglomeration through coverage of the

nanoparticles surface with long-chained micelles.

The typical AgNO3; and PVP mass and concentration values used in this work are presented

below.

AgNO; PVP
Mass (mg) 34 20
Concentration (mM) 2 0.02

Ex-situ conductivity (SenslON+ EC71, HACH) and pH (SenslION+ MM340, HACH)
measurements of the reaction media were conducted prior to and after nanoparticle synthesis.
Under these conditions, the initial pH and conductivity values of the precursor solution (in the
presence of PVP) are 4.5 and 300uS/cm, respectively.

In the following chapters, the effect of pH on the characteristics of the synthesized
nanoparticles is studied. The pH was changed from 2 to 11, adding a buffer into the initial

metallic precursor solution as shown below.
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pH buffer

2-4 HNO3

7-11 NH,OH

Chemical compounds were used without further purification.

3.1.3 Experimental procedure

Once the vessel is filled with 100 mL of the metallic precursor solution, the electrodes are
adjusted to an inter-electrode distance of 3mm by a micrometric system. Then, the electrodes are
immersed into the solution until complete coverage of the Pt wires (c.f. figure 23).

A high voltage, with a pulse repetition frequency of 50Hz, is applied to the immersed electrodes
during a process time of 20min. As presented in the next section, two different high voltage
generators were used.

Visually, we can observe the generation of bush-like filamentary plasma discharges on the
cathode tip and small spot-like discharges on the anode tip.

Gentle agitation (200 rpm) is applied in order to keep a constant Ag*/AgNP exchange in the
small discharge volume region throughout the synthesis. The agitation rate is kept low in order to
not perturbate the plasma generation. Agitation is further applied in order to ensure uniform
temperature distribution of the solution, due to thermal effects from the plasma phase, which was
documented by (Mizuno, 2000).

An increase in the solution temperature at the end of the discharge is observed. This increase
does not exceed more than 10°C. When starting with a solution at ambient temperature, the
solution will reach a maximum of 30°C after the 20 minutes process.

The physico-chemical characteristics of the solution, before and after exposition to the plasma

discharge, were monitored by ex-situ pH and conductivity measurements.

3.1.4 Data acquisition
The anode is connected to a HV probe (LeCroy PMK 14kV, 1000:1, 100MHz), and the cathode
is connected to a Rogowski coil current probe (Pearson Electronics, 1:1 divider). The applied

high voltage and discharge current were simultaneously recorded by an oscilloscope (HDO9104
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- 1GHz, Teledyne LeCroy) with a sampling rate of up to 40GS/s. Current and voltage waveforms

were averaged over 100 sweeps by the oscilloscope during the PLI process.

3.1.5 Cleaning of the electrodes

It was observed that metallic silver particles would attach onto the surface of the cathode during
the PLI process, as shown on figure 26. Thus, between each synthesis, the electrode system was
cleaned in order to remove all the nanoparticles attached to any of the surfaces, avoiding particle

transmission from one experiment to the other.

Pt wire

Deposition

CATHODE

Figure 26: Pt wire electrodes after silver nanoparticle synthesis using the PLI process. a) Cathode and silver
deposition on surface and b) anode

A two steps cleaning method is used. First of all, Pt wires that have been in direct contact with
the precursor solution are cleaned by applying low voltage using a low voltage DC power supply
(M10-DP305E, MCP). For this, the electrodes are immersed in a NaCl solution (¢ = ImS/cm).
The anode is connected to the negative polarity channel and the cathode is connected to the
positive polarity channel. An electric current (0.25V - 0.01A) is applied during 1 to 5 min
(cleaning time depends on particle removal efficiency), resulting in the removal of the particles
deposited on the cathode’s surface. Then, the electrodes are immersed in pure deionized water (o
= 0.5uS/cm) for 10min, while keeping the solution under agitation, in order to remove any

residual ions.

In addition, the different parts composing the electrodes insulation system are cleaned with an
ethanol imbibed tissue, in order to remove any remaining particles. These pieces are then

immersed in ethanol and placed in an ultrasonic bath for 10min.
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3.2 DC-pulse generation techniques in plasma-in-liquid processes

3.2.1 Method 1: Marx high voltage DC-pulse generator

Method 1 concerns nanoparticle synthesis by a PLI process in which the HV DC-pulsed plasma
discharges are generated by a Marx pulse generator. The Marx pulse generator was first
described by Erwin Otto Marx in 1924 and later developed by J. C. Martin in 1960. It was
mainly developed for the purpose of generating short-duration high voltage (HV) pulses from a
low voltage (LV) DC power supply. The HV pulses are generated by charging a number of
capacitors in parallel, and then discharged in series by a number of switches. The system proved
to provide stable and reproducible pulses (Miller 1982).

The switches in Marx generators are usually gas-filled spark gaps of fixed dimensions. Gasses
which are commonly used and are suitable for this work are nitrogen and air. In this work, the

latter is used.

The idea of synthesizing nanoparticles based on a Marx generator is based on using a simple
and low-cost generation of HV pulsed plasma discharges. In addition, in a previous work of our
group, a laboratory-crafted MARX pulse generator was developed and dimensioned (Aggadi
2006), and its application for gas phase discharges was further studied (Redolfi 2007) (Klett
2011).

For simplicity, a single stage Marx unit is used in the PLI process. A closed electrical RLC
circuit showing each component included in the experimental set-up, and the Marx pulse
generator used in this work, are shown in figure 27a-b.
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Figure 27: a) Electrical circuit of a Marx-pulsed PLI process for nanoparticle synthesis. b) Single-unit Marx
HV pulse generator applied in PLI process for nanoparticle synthesis. It is composed by: (O Gas-filled Marx
switch placed inside a plastic insulator. (2) A capacitor (1nF) for charging/discharging of HV pulses. 3)
Ballast resistor (100k2). (@) Inlet air gas-flow (P,,). (& Outlet air gas-flow (P,). (6) HV-cable connection to
reactor over a resistor (5009).

The process is driven by a 30kV/30mA direct current (DC) positive-polarity high-voltage (HV)
power supply (TECHNIX CCR-30P450), used to adjust the high voltage to the desired value, up
to 16kV. The current was limited through a 100kQ ballast resistor (Rpajiast). The MARX generator
spark gap allowed a ceramic capacitor (InF) to discharge into the reactor system at a chosen
pulse frequency, in the range of 10Hz to 90Hz. An additional resistor (R=500Q2) was added

between the Marx and the reactor in order to control the input energy.
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3.2.1.1 Generation of pulsed plasma discharges in liquid media via the Marx pulse
generator
In this section, the optimization of the synthesis conditions and parameters for which stable
pulsed plasma discharges are generated in a liquid phase, will be discussed. Challenges in using

a Marx generator in the PLI process have been encountered:

1) A reduced life-time of the efficiency of the Marx generator has been observed, and
estimated to about seven syntheses. Indeed, after seven syntheses, a decrease in the input
energy occurs. A closer look into the sparking region of the Marx generator revealed that this
decrease occurs as a result of the oxidation of the electrodes, which consist of metallic cap
nuts. Therefore, in order to keep the experimental conditions as constant as possible, the cap
nuts are changed every seven syntheses.

2) It was observed that the plasma discharges generated in the liquid phase, using the Marx
pulse generator with new cap nuts, lead to the formation of very unstable discharges. It was
stated that, when using new cap nuts in the Marx generator a stabilization step is required.
Indeed, in order to obtain stable pulsed plasma discharges suitable for the nanoparticle
synthesis, it is necessary to perform a blank run discharge. This blank run discharge has to be
carried out in a similar reaction media to the one used for the nanoparticle synthesis and with
the same discharge parameters as well.

In order to determine the plasma parameters and process time to be used in the plasma-in-liquid
process for silver nanoparticle synthesis, a three-hour synthesis was performed. During three
hours, the evolution over process time of the voltage and input energy (per pulse) has been
followed, as shown in figure 28a and figure 28b, respectively. It was determined, that for an
inter-electrode distance of 3mm, applying a high voltage below 7kV, plasma discharges were not
visible, but production of bubbles would occur. Between 7-8kV, light emission from the
discharge is observed, but the discharges were not generated regularly. Between 8-9.5kV,
discharges occurred regularly and became steady. Filamentary streamer-like discharges appeared
on the cathode. Between 9.5-12kV streamer-like discharge connects the anode and cathode
through spark discharges. Therefore a voltage between 8-9.5kV is suitable for this work for
generation of stable plasma discharges.

During three hours of discharge at 8.5kV, the discharges became visually unstable from 30min.

This is explained by a decrease in the efficiency of the MARX pulse generator, since input
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energy and voltage decreased with an ongoing process time. A discharge lasting three hours with
an initial voltage of 8.5kV and energy at 42mJ/pulse is shown in figure 28a and figure 28b,
respectively. It is thus pointed out that the process time should not exceed more than 20min, due
to great changes in plasma parameters. A process time between 10-20min is therefore optimal

for nanoparticle synthesis with our actual experimental set-up.
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Figure 28: Evolution in a) voltage and b) input energy (per pulse) during a three-hour synthesis of silver-
based nanomaterials using a Marx pulse generator

In this work, nanoparticle synthesis using a Marx pulse generator is performed at a high voltage
between 8-9.5kV during 20min.
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3.2.1.2 Generation of pulsed plasma discharges — Electrical waveforms

The resulting electrical waveforms (current, voltage and input energy) that are usually obtained

from a DC-pulsed plasma discharge in a plasma-in-liquid process for nanoparticle synthesis are

presented in figure 29a-c). The characteristic decrease in the current and voltage signal applies

for DC-pulsed discharges in a RCL circuit. The rise time of the voltage was determined to be

35ns. In the first T = 0.45us of the current and voltage waveforms, (inset waveforms in figure

29a-b) it is shown that strong oscillations occur and that these oscillation becomes damped until
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Figure 29: Electrical waveforms of one pulse recorded for 20min plasma discharge in silver nanopatrticle
synthesis a) Current (t=1.5ms) and b) voltage (t=1.5ms) waveforms. Inset current and voltage waveforms
shows up to t=0.45ps. ¢) Calculated input energy (per pulse) of the plasma-in-liquid process for 20min of
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The input energy of plasma discharges per pulse has been determined using equation 6. This
corresponds to the energy that was injected into the discharge occurring in a liquid phase
generated in the inter-electrode distance over the duration of a single pulse. The input energy was
thus determined by integrating the product of the measured current and voltage values over the
pulse duration with an upper integration limit at around 1.5ms. Current and voltage waveforms (t
= 1.5ms) in figure 29a-b have been used for this purpose.

This results in the waveform of a typical input energy (c.f. figure 29¢) of DC-pulsed plasma
discharges in the plasma-in-liquid process using the Marx pulse generator. The input energy (per
pulse) value that is taken into consideration is the one corresponding to a complete pulse profile,
around T = 1.5ms.

t
Einput = f I-Udt Equation 6
to

Furthermore, the injected power of pulsed plasma discharges in a plasma-in-liquid process is

likewise determined by applying equation 7:
P=Enpuf Equation 7

3.2.2 Method 2: Behlke high voltage DC-pulse generator

As an alternative to the Marx pulse generator, a fast solid-state high voltage transistor switch
(HTS) has been applied in the generation of high voltage DC-pulsed plasma discharges in the
plasma-in-liquid process for silver nanoparticle synthesis.

The device is a HTS 161-06-GSM manufactured by Behlke Electronic GmbH. The electrical
characteristics of this device are: max. voltage 2x16kV, max. peak current 2x60A, max.
resistance 2x16€), and min. pulse duration 150ns (c.f. table 2) (Behlke Power Electronics GmbH
2018).

Table 2: Technical specifications of Behlke HTS 161-06-GSM

Type: HTS 161-06-GSM

Dimension  Voltage Peak current Onresistance On time
(mm) (kv) (A) Q) (ns)

263%x70%35 2x16 2x60 2x16 150 -
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This type of device consists of two identical metal oxide semiconductor field effect transistor
(MOSFET), which forms a half bridge circuit, also called a push-pull circuit. This circuit does
not require large energy storage capacitors, but only current for charging the connected load
capacitance. Regardless of pulse width, frequency and duty cycle, the device is precise in the
timing of switches. Advantage of applying a Behlke HTS is the fast rise and fall times, and short
pulse durations, starting from 150ns. The Behlke pulse generator and its components are shown
on figure 30, and the corresponding electrical circuit of the plasma-in-liquid process is shown on

figure 31.

Figure 30: Behlke solid state HV switch applied in PLI process for nanoparticle synthesis. It is composed by:
@ Solid power switch from Behlke. (2) Ballast resistor (500€2). (3) A number of capacitors for
charging/discharging of HV pulses (1nF). @) HV DC power generator. (5) HV-cable connection to reactor.

High voltage  Qscilloscope

probe
RBa"ast 100MHz
@_:_ 1000:1
1
DC (HV) s I Current
1
probe
,l/ 200MHz
BEHLKE @ |
=1 I |

BEHLKE Frequency | ____ 1
power supply generator

Figure 31: Components of the electrical circuit of the PLI process in method 2 using a Behlke solid-state
switch. The solid lines in the circuit are fixed cabling lines. The dashed line is applied in predefining process
parameters using the oscilloscope, and is removed during the synthesis.

The process is driven by a 30kV/30mA direct current (DC) positive-polarity HV power supply
(TECHNIX CCR-30P450) through a 500Q ballast resistor (Ryaast). Pulses are generated by
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charging and discharging a 1nF capacitor using a Behlke HV switch (HTS 161-06-GSM, Behlke
Electronic GmbH). The Behlke HV switch was powered by a stabilized 5V DC power supply
(ALR3003, ELC). Repetition rate of the pulses was adjusted to SO0Hz. Discharge parameters (i.e.

frequency and pulse duration) are set using a pulse generator (TGP110 10MHz Pulse generator,

TTi).

3.2.2.1 Generation of HV plasma discharges — Electrical waveforms

Current and voltage waveforms that were obtained as a result of the plasma-in-liquid process in
silver nanoparticle synthesis using a Behlke pulse generator are presented in figure 32a-c. These
waveforms are comparable to those obtained using the Marx pulse generator. The only difference
that is observed in Belhke generated pulses is that for a given pulse duration the signal does not

reach zero at an equal rate and for this reason a plateau is observed.
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Figure 32: Electrical waveforms of one pulse recorded for 20min plasma discharge in silver nanoparticle
synthesis a) Current (t = 1.5ms) and b) voltage (Tt = 1.5ms) waveforms. Inset current and voltage waveforms

shows up to T = 0.50ps. ¢) Calculated input energy (per pulse) of the plasma-in-liquid process for 20min of
plasma discharge.
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The input energy of pulsed plasma discharges was likewise determined by applying equation 6
using current and voltage waveforms (t = 1.75ms) in figure 32a-b. This results in the waveform
of a typical input energy (c.f. figure 32c) of DC-pulsed plasma discharges in the plasma-in-liquid
process using the Behlke pulse generator. In this case, the input energy (per pulse) value that is
taken into consideration is the one corresponding to a pulse duration of t=1.5ms. Furthermore,

the injected power of pulsed plasma discharges is equally determined by applying equation 7.

3.3 Nanoparticle characterization techniques

Up to date, many different kinds of characterization techniques have been developed, and
various information about nanoparticle characteristics are readily obtained. In this section,
characterization techniques that have been applied in silver nanoparticle characterization will be
presented. In addition, preparation of samples for each characterization technique is given. The

techniques used for the characterization of the silver nanoparticles concern the following:

Characterization techniques based on laser spectroscopy:
e Ultraviolet-visible spectroscopy (UV-vis)
e Dynamic light scattering (DLS)

Characterization techniques based on electron microscopy:
o Scanning electron microscopy (SEM)
o Transmission electron microscopy (TEM)

Characterization techniques based on particle composition and elemental analysis:
o X-ray diffraction (XRD)
o Electron dispersive X-ray spectroscopy (EDX)
o X-Ray Photo-electron Spectroscopy (XPS)

3.3.1 UV-vis spectroscopy

Ultraviolet-visible (UV-vis) spectroscopy is a technique that can be used to quantify scattered
incident light by a solution containing particles (e.g. colloidal solution). A set-up of UV-vis
spectrometer is shown in figure 33. In general, a UV-vis spectroscopy measurement is carried
out by irradiating a sample with a light beam. The light beam travels through fiber optics cables
and passes through a sample of 1cm light pathway.
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The scattered light beam reaches the spectrometer and is collimated by a mirror. A grating
diffracts the collimated light, and is passed towards a second focusing mirror, and projects the
spectrum onto a linear detector array (Avantes 2015). The collected data are graphically
visualized by the software as the amount of light absorbed or transmitted as a function of
wavelength. Information about nano-scaled particles obtained by UV-vis spectroscopy depends

on factors related to particle characteristics, including size, shape, and composition.

Figure 33: UV-vis spectrometer (O) Light source of Deuterium and halogen lamp, @) Sample holder (Inset
shows a beam pathway, @ Spectrometer, and @ Fiber optics cable connections.

For instance, the wavelength at which a maximum of light is absorbed (Amax) by the particles
depends on the compound and its size. Furthermore, the intensity of light absorption depends on
the number of particles absorbing light. A majority of elements absorbs light in the ultraviolet
region, whereas some elements (e.g. Au, Ag, and Cu) in the nanoscale size range show particular
optical properties and absorb light in the visible region of the electromagnetic spectrum
(Creighton and Eadon 1991). When an incident light of an appropriate amount of energy
irradiates atoms or molecules, electrons get excited and transition to a higher energy level, which
results in emission of energy corresponding to a certain wavelength in the electromagnetic
spectrum.

The advantage of UV-vis spectroscopy is that it is a non-invasive and non-destructive
technique. The disadvantage is that interferences may occur from the sample turbidity (Pacioni
et al. 2015).
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Principle
For quantitative measurements in UV-vis spectroscopy the Beer-Lamberts law is applied for the

determination of the element concentration. Beer-Lamberts law states that the concentration (c)

of an element is directly proportional to the absorbance (A) of the solution:

A = kcL Equation 8

Where L is the light pathway, and k is the extinction coefficient, which depends on the
interaction between the element and the wavelength of the light source (c.f. figure 34).

Absorbance is related to transmittance (%T) and is explained by the following equation:

Iy 100 Equation 9
4= og () = 1og ()
This is explained with an incident light source of intensity (lp) irradiating particles and

transmitting light of intensity (1).
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Figure 34: lllustration of a cuvette explaining the Beer-Lamberts law. Reproduced form (APS Physics 2018).

UV-vis spectroscopy was applied as a qualitative characterization technique. This technique is
mainly applied for determining the presence of AgNP, which is determined due to a significant
color change in which the wavelength of light absorbed by particles corresponds to that of the

Surface Plasmon Resonance of AgNP.

In this context, absorbance is determined by UV-vis absorption spectroscopy composed by a
spectrometer (AvaSpec-2048 XL, Avantes) combined with a deuterium-halogen light source
(AvaLight-DHc). Prior to the analysis, particles are placed in an ultrasound bath during 10min in
order to eliminate agglomeration. 2mL of the AgNP solution is transferred into a 10mmx10mm

quartz cuvette, and placed in the sample holder. The analysis is performed using an auto-

75



integration mode (integration time: 13.97ms, average of 36 scans, and 2 smooths) on the

Avalight software in the wavelength range 350-800nm.

3.3.2 Dynamic light scattering

Dynamic Light Scattering (DLS), also known as Photon Correlation Spectroscopy (PCS) is a
technique for measuring the size of sub-micron particles in suspension (e.g. colloids). Particle
size is determined by the measurement of particles diffusing in a random motion caused by the
collision of surrounding molecules in a solvent as a function of time. This random particle
movement is known as the Brownian motion. When laser beam passes through the sample, the
beam is scattered in every direction by diffusing particles, and results thus in intensity
fluctuations in the scattered laser beam around a mean value. The intensity of scattered laser
beam is collected by a detector at a certain detection angle and particle size is determined based
on these information (c.f. figure 35). The detector is very sensitive, and gets easily saturated if
too much light is detected (Malvern 2014). Here, particle concentration and size is of charge.
High particle concentration or large particles increase the scattering intensity in contrast to low
particle concentration or small particles that has a decreased scattering intensity of the laser

beam. To prevent saturation of the detector an attenuator is used.

The attenuation will decrease to pass reduced amount of light through the sample to the detector
as particle concentration is too high or the sample contains larger particles. Scattering intensity
signal are then passed to the correlator for deriving the rate at which the intensity is varying.
Based on this information the software derives particle size information. The advantages of DLS
are that it is a simple and rapid characterization technique, it is non-invasive and non-destructive,
and it requires small sample volumes. The disadvantage is that it has limitations for measuring

poly-dispersed particles (in case of 90° detection angle) (Pacioni et al. 2015).

Particle size information differs with respect to particle state all depending on detection angle of
the scattered light. The 90° of scattered light detection is the classical technique, and is generally
applied in determining the size of samples consisting of monodisperse particles. Another
possibility is to detect scattered light at 173°. This technique is known as the backscatter

detection, or Non-Invasive Back-Scatter (NIBS). Backscatter detection technique is useful in
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order to reduce multiple scattering effects. This is to prevent the scattered light from being re-

scattered by other particles.

Reduction of multiple scattering effect, and thus allows higher concentration to be measured
(scattered light from one particle is itself scattered by other particles). Effect of dust is greatly
reduced, since large particles mainly scatter in forward direction (Malvern 2014).

Table 3: Detection angles in DLS particle size measurement techniques. (Malvern Instruments Ltd 2018).

Detection angle Method
90° 90 degrees
173° Backscattered detection — NIBS

Furthermore, DLS technique uses the speed of particles in solvent to determine particle size.
Speed limiting parameters of particle diffusion as solvent temperature and viscosity are thus of
importance, and is taken into consideration for particle size determination, as expressed in
Stokes-Einstein relation (c.f. equation 13). In theory, smaller particles move faster as a function

of time than larger particles.

The instrument that was used in the characterization of the nanoparticle solutions is a Zetasizer
Nano S90 equipped with a red He-Ne gas laser (A=632.8nm). This DLS model is suitable for
measurements of particles in the size range 1nm to 3um (in hydrodynamic diameter). The
particle scattering angle of the laser is detected at an angle of 90°, and particle sizes are
determined by fitting of an autocorrelation function (ACF) that is in agreement for monodisperse

particles.

To

90 degree
g scattering

Size

attenuator 1
1
1

Beam
Lens dump o
Cell holder

Figure 35: DLS technique illustrated. (@) DLS software, (2) DLS instrument, 3) Sample chamber, @)
Mechanism of DLS showing the positioning of each component (Malvern Instruments Ltd 2018).
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Principle
From the scattered light intensity signals it is possible to gain information about particles by

photon correlation spectroscopy (PCS). PCS is based on the analysis of the (ACF) G(1)
calculated from the light intensity fluctuations and is given by:

G(t) =(I(t+1)-I(t)) Equation 10
Where I(t) is the scattered intensity light at time t and (... ) represents the average over time.

For a monodisperse particle suspension, it has been well established that the ACF is given by a

decaying function:
G(t) = exp(—T'7) Equation 11
With I' the decay rate given by:
I' = Dq? Equation 12
Where q is the scattering vector and D is the translational diffusion coefficient.
Then by using Stokes-Einstein relationship, the particle size d can be calculated as:

g kT Equation 13
~ 3mnD

Where k is the Boltzmann’s constant, T is the absolute temperature and 1) is the viscosity of the
solvent. Therefore, by fitting the ACF one can obtain the decay rate I" and from equation 12 and

equation 13 deduce the particle size. This is only valid for very narrow particle size distributions.

In the case of polydisperse particle suspensions, a more complex data evaluation is needed to
extract the particle size distribution (PSD) from the raw data. For a polydisperse particle

distribution, equation 14 can be written as a Laplace transform:

+oo Equation 14
G(r) = f C(I) exp(—I'z) dI quation
0

Where C(I') represents the distribution of decay rates due to the PSD. Several methods have

been developed to solve the inverse problem of equation 14. The most widespread method is
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based on the fitting of the ACF by the Non Negative Least Squares technique. (Mailer, Clegg,
and Pusey 2015)

Prior to the DLS analysis, the colloidal solution is transferred into an ultrasound bath (Branson
1200, 47kHz) during 10min in order to eliminate possible agglomeration of silver nanoparticles.
1mL of the AgNP solution is transferred into a 10mmx10mm quartz cuvette, and placed in the
DLS sample chamber. The measurement is performed using an automated mode for which
number of runs is adjusted by the DLS software with respect to the amount of scattered light
detected.

3.3.3 Scanning electron microscopy

Scanning electron microscopy (SEM) is an electron microscope technique for which high
energy electron beam is focused on a surface of a solid sample and scanned over a small surface
area (c.f. figure 36). Interaction between electron beam and surface atoms and molecules of a
sample generates signals including secondary electrons, back-scattered electrons, and X-ray,
which provides information about sample topography, composition, conductivity, etc. It is a
requirement in SEM characterization that the sample is conducting the electron beam. Non-
conductive samples are usually being coated with a thin layer of conductive material in order to
prevent accumulation of static electric charge on the surface (M. Joshi, Bhattacharyya, and Ali
2008).

An advantage of SEM is that it is a technique which provides observation of sample
morphology at higher magnification, higher resolution and focus in comparison to optical
microscopy. Having a lower resolution than TEM, SEM is able to image nanoparticles of bulk
surfaces and for direct visualization of nanocrystals in larger assemblies. Disadvantages in SEM
are charge effects of semi-conducting materials caused by the accumulation of static electric
fields, a destructive technique towards particles, and incompatible with liquids samples. (Pacioni
et al. 2015), (M. Joshi, Bhattacharyya, and Ali 2008).
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Figure 36: Principles in SEM. Reproduced from (Inkson 2016).

In this work, a field emission gun (FEG)-SEM (Carl Zeiss, Supra VP40 FEG-SEM) was used to
characterize the morphology of the silver nanoparticles under vacuum mode. The field emission
gun is of the Schottky type with W/ZrO filament being heated at 1800°K.

SEM characterization of silver nanoparticles has been realized by transferring silver
nanoparticles from liquid to solid state. In this regard, silver nanoparticles were deposited onto
the surface of borosilicate glass plates as support. Prior to the deposition, the glass plates have
been treated in concentrated H,SO, (ICH Chimie, 95-97%) by immersion of the plates in acid for
4h at Tamp. After 4h of acid treatment, the glass plates are rinsed thoroughly by soaking them in
deionized water until a neutral pH value is obtained. Finally, the glass plates are dried overnight
at 80°C.

The sample for SEM characterization is prepared by immersion of a surface treated glass plate

(10mmx10mmx1.1mm) into a solution of as-synthesized silver nanoparticles for 1h. Then, the
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glass plate is rinsed from excessive particles and unreacted ions by immersion in deionized water

for 2 minutes. The silver deposited glass plates are then dried in the oven overnight at 80°C.

Prior to SEM characterization, the glass plate is attached onto an aluminum stub by applying a
carbon-based adhesive. In order to make sure that the adhesive is dry and organic solvents have
been degassed from the adhesive, the sample is dried at 45°C for 30min. In order to avoid charge
effects from the sample, the surface of the glass plates is coated with a thin-layered metallic
carbon film of 25A thickness. This was realized by using a precision etching coating system
(Model 682, Gatan) for which film thickness was monitored using a film thickness monitor
(Model 681-20000, Gatan).

3.3.4 Energy dispersive X-ray spectroscopy

Energy dispersive X-ray spectroscopy (EDS) is a technique used for performing elemental
analysis of particles in solid samples. This technique is accomplished by coupling a sensitive X-
ray detector with i.e. SEM. The electron beam (10-20keV) causes X-rays emission from the
sample. Screening of samples gives rise to variation in emitted X-ray energy, which is due to X-
ray energy emissions being distinguished by elements. It is also possible to estimate proportions
of detected elements based on intensity of emitted energy. The resulting EDS analysis over a
scanned area of a sample is observed as an X-ray spectrum with Y-axis representing number of

counts, and X-axis representing energy levels. (M. Joshi, Bhattacharyya, and Ali 2008),

Principle

Moseley’s law is the basis for elementary analysis by EDS spectroscopy. By measuring the
energy of a given K, L, or M line, it is possible to determine the atomic number of a given
element. As the characteristic radiation energy within a given series of lines varies with atomic

number, Moesley’s law is given by the following: (Hafner 2006).

E=C(Z - C,)? Equation 15

Where E: Energy emission line for a given X-ray series, Z: Atomic number, and C; and C, are
constants.
Composition of nanoparticles was also determined by employing an EDS-equipped SEM

instrument (SEM S440, Leica) with a tungsten filament. The resulting nanoparticle product was
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separated from the reaction media batch-wise by centrifugation (Eppendorf, Centrifuge 5804) at
10000rpm for 30min. The supernatant solution was decanted and discarded, once it was ensured
that silver nanoparticles were not present. The sediment was washed three times with deionized
water by following the above-mentioned centrifugation procedure and dried overnight at 80°C.
Once particles have been dried, a small amount of the recovered powder was attached onto an

aluminum SEM stub using a double-sided adhesive carbon tape.

3.3.5 Transmission electron microscopy

Transmission electron microscopy (TEM) is an electron microscope technique, which transmits
a beam of electrons through a thin sample, as observed in figure 37. The sample is prepared as a
thin film in order to let the electron beam penetrate the sample. Electron beam is diffracted by
crystalline particles. Diffraction intensity depends on the orientation of crystal planes and atoms.
At some angles the beam is diffracted strongly or being transmitted completely (M. Joshi,
Bhattacharyya, and Ali 2008).

From this interaction, an image of particles is formed, which is then magnified and projected
onto a fluorescent screen and captured by a high-speed CCD camera. TEM reveals detailed
morphological information about shape and size of microstructural phases.

Furthermore, information about crystallographic structures is obtained by high- resolution
electron microscopy (HR-TEM). High resolution imaging can detect the presence of certain
crystalline defects, and thus providing a measure of the lattice spacing and crystallographic
parameters. The main advantage of the HR-TEM is the direct observations of detailed
nanostructures (up to 0.1nm) due to high resolution. One disadvantage of TEM is the time-
consuming sample preparation process. The disadvantages in TEM characterization techniques

are same as those mentioned for SEM (Pacioni et al. 2015).

As-synthesized particles are kept under dark and cold conditions (4°C). Prior to sample
preparation, the silver nanoparticles solution is transferred into an ultrasound bath for 10min in
order to eliminate possible agglomeration. A drop of the solution was drop-casted onto a carbon
coated cupper TEM grid and dried at ambient pressure and room temperature. Nanoparticle
morphology was performed using a TEM JEOL 2010 operated at 200kV with LaB6 filament.
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Figure 37: Principles in TEM. Reproduced from (Inkson 2016).

3.3.6 X-ray diffraction

X-ray diffraction (XRD) is a technique which is used for determining crystallinity, crystallite,
orientation of crystallites, and phases of particles. This is possible, as each crystalline particle,
including metal, metals oxides, semi-crystalline polymers, etc., possesses a characteristic
crystallographic structure, and hence a characteristic diffraction pattern. This technique is based
on the diffraction of incident X-rays by crystal lattice in different directions. Diffraction occurs
in a given direction when the scattered beam from a crystallographic plane is in phase with
scattered beam from the adjacent planes of the crystal. This results in constructive interference of
the scattered light, which thus gives rise to an enhancement and reinforcement of the X-ray
beam. Diffracted X-rays are detected by a detector placed on the opposite direction which is in
agreement with the Braggs law. The advantage of XRD is that this technique is non-destructive,

and it is possible to apply this technique for a large group of materials (Das, Ali, and Hamid
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2014). Disadvantages in XRD technique is the low intensity of diffracted X-rays compared to
electron diffractions (X.-F. Zhang et al. 2016).

Principle

Different geometries are commonly used for X-ray diffraction. For the reference method, called
the 6-26 geometry, the sample forms an 06 angle with the incident beam, and an 6 angle with the
diffracted beam, so there is a 26 angle between the incident and diffracted beams (see figure 38).
The geometry used for this study is slightly different, using the asymmetric Bragg-Brentano
geometry, or »-26 geometry, where the incident beam has a constant » angle with the sample,

and a curved detector analyzes the whole diffraction pattern simultaneously.

Ineident X-ray Beam

Diffracted X-rav Bearn

3 /
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Figure 38: Principles in XRD. Reprinted from (lowa State University 2018)

When X-rays are incident on a crystal, different lattice planes causes simultaneous reflections
of the X-ray beam. These simultaneous reflections may cause constructive or destructive

interference depending on the angle of incidence of X-rays. This law is called the Bragg’s law:

nA = 2dsin(60) Equation 16

Where d: separation between the planes of the crystal;
0: the X-ray incident angle (or half the 26 angle in e.g. the ©-26 geometry);
L. X-ray wavelength

Elemental analysis, crystallinity and phase of AgNP were determined by XRD (equinox 1000,
INEL) with an X-ray radiation source CoKay (A=1.789A). Preparation of samples for XRD

analysis was performed following the same procedure as described in the section concerning

84



SEM-EDS. Particles were dried and collected by re-dispersion in ethanol. For the XRD analysis,
particles were drop-casted onto a microscope glass slide. The characterization was performed at

ambient temperature and atmospheric pressure.

3.3.7 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a powerful surface characterization technique,
which is used for analyzing the surface chemistry of materials. Among other measurements, XPS
is used for determination of elemental composition, empirical formula, chemical state and
electronic state of elements in a material. An XPS spectrum is obtained by irradiating a solid
surface with a beam of X-ray, while simultaneously measuring kinetic energy (KE) and number
of emitted electrons 10nm above surface elements of sample being analyzed.

Energies and intensities of the photoelectron peaks enable identification and quantification of
all surface elements (except hydrogen and helium) (Thermo Scientific 2018).

Principle

In XPS, sufficient amount of energy is put into the irradiation of atoms and molecules with an
X-ray beam for ensuring that electrons are ejected. Kinetic energy depends on photon energy and
binding energy of electrons, which is the energy required to remove electrons from surfaces (see
figure 39).

It is possible to determine the binding energy of electrons, since the energy of X-ray beam is

known, with equation 17:
Einaing = Epnoton — Exinetic — @ Equation 17

Where:

Ebinding: €nergy of the electron being emitted from the electron configuration within an atom,
Epnoton: €nergy of X-ray photons,

Exinetic: €nergy of emitted electron measured by the instrument,

®: work function of the spectrometer
The binding energy depends on the element from which the electron is emitted, the orbital from

which the electron is ejected, and the chemical environment of the atom from which the electron

was emitted (Thermo Scientific 2018).
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Figure 39: Principles in XPS. Reproduced from (Thermo Scientific 2018)

XPS analysis was performed in order to determine whether silver nanoparticles were produced
in the form of oxidized silver particles as a result of the plasma-in-liquid process. The analysis
was performed by the XPS responsible Philippe Decorse at the laboratory of ITODYS,
University of Paris Diderot. Particles were analyzed using an XPS (K-alpha®, ThermoFisher
Scientific) with an X-ray radiation source AlKa (1486.6eV) at 200W was obtained. A survey
spectrum (0-1000eV) and a high resolution spectrum of Ag3d electron configuration within the
atom being observed were obtained. Preparation of samples for XPS analysis was performed
following the same procedure as described in the XRD section.

3.4 Conclusion

The experimental set-up presented in this chapter is aimed for the synthesis of silver
nanoparticles using a technique based on the generation of plasma discharges in a liquid solution.
The synthesis of nanoparticles is realized through the reduction of metal ions without the
addition of any reducing agent. In this chapter, two methods for the generation of HV DC-pulsed
plasma discharges in the liquid phase are proposed. The first method is to utilize a conventional
Marx pulse generator charged and discharged by a ceramic capacitor (1nF). The second method
is to utilize a Behlke solid-state HV switch. Challenges in plasma generation in a liquid phase
have been encountered, and further discussed. Optimal experimental parameters of the discharge
(i.e. voltage and duration of nanoparticle synthesis) were defined from syntheses performed
using the Marx pulsed generator. A common experimental procedure for the nanoparticle
synthesis has been developed.

The different techniques used for nanoparticle characterization were presented, and the sample

preparation procedure explained.
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Chapter IV — Synthesis of silver nanoparticles by a pulsed plasma
discharge in liquid (PLI): In the use of a MARX pulse generator

The main purpose of chapter 1V is to perform a parametrical study on silver nanoparticles
production with focus on the physicochemical parameters of the solution. The production is
carried out with a newly laboratory-developed PLI process in the application of a Marx pulse
generator. The implementation of a Marx pulse generator is due to the fact that it is a low-cost
product in comparison to high-cost solid state switch pulse generators. One of the questions
that will be answered in this chapter is whether the Marx pulse generator is an efficient
alternative to solid state switches. To answer this question, a parametrical study with main
focus on the influence of the solution physicochemical characteristics on the particles synthesis
will be performed. From a literature review, physicochemical parameters that are known to

influence the nucleation and growth mechanism of silver nanoparticles have been selected.

With this study, it will be the first time that the newly laboratory-developed PLI process will be
used to produce silver nanoparticles. It is therefore important to confirm the nature and
composition of particles resulting from the PLI process. Research groups (Burakov et al. 2015)
and (Heon Lee, Park, Kim, et al. 2014) working with plasma-based processes documents the
production of oxidized metal particles, which is of no interest in the current work. Prior to the
parametrical study, it is therefore important to confirm that this process results in the production
of metallic silver nanoparticles. The most common techniques to examine the nature and
composition of particles are by performing particle characterization and elemental analysis.
Particle characterization techniques that are applied in this study comprise of XRD, SEM-EDS
and XPS, which are all powerful techniques resulting in important information that are required

to proceed this study.

With this parametrical study, it is of question, whether the PLI process can be optimized to
produce spherical and small-sized (<20nm in diameter) silver particles of uniform distribution.
To be able to answer this question, the parametrical study is initiated by the investigation of the
silver precursor concentration (i.e. AgNO3). This study is followed by the investigation of the

effect of using a stabilizing agent (i.e. PVP) on the synthesized nanoparticles, and the influence
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of its concentration. The final parameter that will be investigated is the influence of the initial pH

of the precursor solution.

4.1 Particle characterization and elemental analysis of silver-based

nanomaterials

Silver-based nanoparticles are produced from a newly laboratory-developed PLI system using a
Marx pulse generator. The Marx pulse generator is the component that allows generating DC-
pulsed plasma discharges in a liquid phase. At this point, composition of the resulting product is
not known. In order to determine its nature and composition, particle characterization and
elemental analysis are performed. Particle characterization techniques that are applied in this
study require a given amount of product, in a dry and powdered state. The amount of product
obtained from a 3 hours-time plasma discharge process was sufficient in order to perform the
characterization of the resulting particles. The particle synthesis and sample preparation are

presented below.

In the production of silver particles, a 100mL aqueous silver precursor solution of 2mM AgNO3
is prepared without adding any other chemical compound (pH 5 and ¢=300uS/cm). Two
platinum wire electrodes (d=200um) of 3mm in inter-electrode distance are horizontally
immersed in the AgNO3 precursor solution, in a pin-to-pin electrode configuration (c.f. figure
40a). Plasma discharges are generated in the precursor solution by applying an 8kV high voltage
DC pulsed-plasma discharge (f=50Hz) between the high voltage electrode (anode) and the
ground electrode (cathode). The generated pulsed plasma discharges resulted in partial corona
discharges appearing at the cathode tip, as shown in the inset image of figure 40b. The applied
high voltage is measured on the anode through a high voltage probe, and the current is measured
on the cathode, through a current probe. Characteristic U- and I-waveforms from the pulsed
plasma discharge are presented on figure 40b, showing an exponential decrease as a result of

capacitive discharge of an RLC circuit.

During 3 hours of plasma discharge, dark-colored particles were produced and did sediment at
the bottom of the reactor, as shown in figure 40c. A close observation of the resulting particle

sediments is performed through SEM characterization. From the SEM micrograph on figure 40d,
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it is revealed that particle sediments are agglomerates of large-sized particles with particle

diameter above 200nm.

Particle characterization techniques that have been performed to obtain information on particle
nature and composition include XRD, SEM-EDS and XPS. As an exception, XPS was performed
by XPS responsible Philippe Decorse at the laboratory of ITODYS, University of Paris Diderot.
Particles were collected through centrifugation (30min, 10000rpm), and hereafter rinsed in de-
ionized water. Prior to characterization, particles were dried and re-dispersed in ethanol. In the
case of XRD and XPS techniques, particles were drop-casted on a microscope slide. In the case
of SEM-EDS, dry particles were attached onto the sample holder.

Figure 40: a) Experimental set-up and electrode configuration of the newly-developed laboratory PLI
process. b) Characteristic U-1 waveforms of pulsed plasma discharge. Inset image shows visibly corona
discharges in the liquid phase. c) Dark-colored particle sediments in the aqueous solution as a result of a 3
hour plasma discharge. d) SEM micrograph of dark-colored particle sediments (magnification 30kX)
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XRD is performed in order to investigate structural properties of the powdered nanomaterial.
This includes determination of phases and the lattice parameter. The resulting XRD pattern was
obtained from the reflection of an incident X-ray beam (CoKay, A= 1.789 A) on atomic planes
following Bragg’s law. In order to determine crystallite structure and lattice parameter, a
Rietveld refinement analysis was carried out using the MAUD software (Lutterotti 2010).
Rietveld refinement is a tool that is used to obtain a full powder diffraction profile based on
crystal structure, sample, and instrument effects. In order to minimize the difference between the
calculated and the experimental powder diffraction pattern, parameters are varied using a least-
square method. A comparison of the peak locations of the XRD pattern with diffraction peak
locations of different silver components found on the International Center for Diffraction Data
(ICDD) was performed using the MATCH software. The diffraction pattern for which the
diffraction peaks are in close proximity to the obtained experimental diffraction pattern is ICCD
no. 04-016-6676 for metallic silver. The refinement analysis was performed by importing the
Crystallographic Information File (CIF) corresponding to metallic silver (ICDD, no. 04-016-
6676) into MAUD. Initially, the background of the diffraction pattern was fitted by a fourth
order polynomial function by refinement of the background. Location of peaks was corrected in
terms of shifts by successive refinements. Finally, parameters on crystallographic structure were
refined. The resulting Rietveld refinement of silver particles is shown on figure 41. Experimental
values are represented by blue dots, while refined diffraction pattern of metallic silver is
represented by the red line.

103 Table 4: Resulting diffraction peaks
(111 and corresponding miller indices of
I silver nanopowder
T 20 of peaks Miller indices
o S0 (deg) (hkl)
£z
£ (200) 44.75 (111)
= | l (2:0) (3;” 52.03 (200)
u H : ,‘ (222) 76.70 (220)
13 ’0
T e Mt e 4“"_‘% - 93.25 (311)
400 600 800 1000
2-Theta [degrees] 08.55 (222)

Figure 41: Rietveld refinement of silver-based nanoparticles obtained after 3h PLI process. Red line
represent the theoretical diffraction pattern of metallic AGNP from ICDD, no. 04-016-6676, while blue dots
represents experimental values. Inset image: FCC crystal structure of silver.
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The resulting diffraction peaks at 20 values of 44.75°, 52.03°, 76.70°, 93.25°, and 98.55° were
indexed as (111), (200), (220), (311), and (222) crystallographic planes, respectively, in the
Face-Centered Cubic (FCC) structure of silver (see inset image on figure 41). The lattice
constant determined from the refinement is 4.078A, which is in good agreement with ICDD, no.
04-016-6676 of crystalline silver. The crystallite size have been like-wise determined from the
Rietveld refinement. The crystallite size is around 60nm and refers to the size of a single

crystallite of a particle.

The resulting diffraction pattern of the powdered silver particles revealed that a monophasic
compound without impurities from other elements was produced. Furthermore, it is also
determined from the diffraction pattern that the PLI process did not result in the production of
crystallized silver oxide particles. If silver oxide was produced, diffraction peak of crystalline
oxide from the silver oxide would be detected and would have appear in the 26 range of 35-40°,
which corresponds to the (110) lattice plane (Ananth and Mok 2016).

From the above experimental results, it is thus concluded that the resulting powder is in
good agreement with XRD diffraction pattern of metallic silver.

SEM-EDS particle characterization technique is also performed on the silver nano-powder to
provide further evidence on elemental composition of the resulting product. The peaks that are
observed in the SEM-EDS spectrum in figure 42, at around 3keV, correspond to metallic silver
(Ag-Lal). More precisely, the X-ray emission lines (see table 5) that define metallic silver are all
present in the spectrum on figure 42, and are located at 2.633keV (Ag-L1), 2.984keV (Ag-Lal),
3.151keV (Ag-LP1), 3.348keV (Ag-LB2), and 3.520keV (Ag-Lyl) (Bearden 1967). The peak
appearing at 0.277keV corresponds to the emission line of carbon (C-Kal) and is significantly
lower in intensity in comparison to emission lines of silver. The carbon peak is present as a
consequence of the sample preparation, since a conductive double-sided carbon tape was used
for the adhesion of the particles onto the aluminum SEM stub. The absence of an oxygen peak at

0.525keV (O Kal) is an additional confirmation of the absence of metallic oxides in the powder.

Similar EDS results with silver emission lines at around 3keV were obtained by (Tien et al.
2010). In their study, they produced metallic silver nanoparticles using an arc discharges were

generated by sending DC-pulsed discharges of low voltage (135 V) and high current (6.4A)
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through the electrodes, a pair of silver rods. As a result of erosion of the electrode material,
vaporization and condensation of metallic silver takes place in the reaction media resulting in

production of metallic silver nanoparticles.

T Table 5:Theoretical X-ray emission lines
‘[ AgLa1 of metallic silver from (Bearden 1967)
' X-ray emission Energy
lines (keV)
‘ Ag-L1 2.633
l Ag-Lal 2.984
& Ko \ Ag-LB1 3.151
f 0 Ka1 . A Ag-Lp2 3.348
i L%Mw—_--m._w |\ 11\-‘]‘\,‘___,_',“__'________“_
a0 Ag-Lyl 3.520

Energy (keV)

Figure 42: EDS spectrum showing X-ray emission lines of powdered silver particles.

From this study, it is thus concluded that the pulsed-plasma liquid immersion technique

results in production of high-purity metallic silver particles.

The presence of silver oxides is also assessed through the evaluation of the presence of any
possible bonding between silver and oxygen atoms, leading to the formation of a silver oxide
structure. For this, high resolution XPS analyses were carried out. Silver-based samples are
equivalent to those used in XRD and SEM-EDS characterization that is, obtained by a 3h
synthesis using the PLI process. Silver particles were collected by centrifugation (10000rpm,
30min), and later the sample was re-dispersed in ethanol and drop-casted onto a microscope
slide. The XPS spectrum presented in figure 43 shows silver peaks in the Ag 3d region. From
this spectrum it is observed that two distinctive peaks are located at 374.18eV and 368.18 eV,
which are attributed to the Ag 3ds, and Ag 3ds, silver photoelectron lines, respectively. The
location of the binding energies (BE) are in agreement with the theoretical BE values of metallic
silver, which are 374.2 for Ag 3ds,, and 368.2 eV for Ag 3ds/, according to (Moulder et al. 1992)

as presented in table 6.
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Figure 43: XPS spectrum of powdered silver particles. Analyzed particle were obtained by pulsed plasma-
liquid synthesis technique.

Table 6: Theoretical and experimental XPS values for metallic silver and silver oxide particles

Ag 3d3 Ag 3ds), ABE

Compound (V) V) (V) Reference
Ag(0) 374.18 368.18 6 This study
(Crist and XPS
AY(0) 374.2 368.2 6 International LLC 1999)
(Crist and XPS
Ag0 37342 367.51 6 International LLC 2005)
AgO 372.77 366.80 6 (Cristand XPS

International LLC 2005)

Furthermore, the resulting particles are metallic since the difference in the binding energy
(ABE) of the 3d spin-orbit separation is 6eV. In the case of silver oxides, it is reported that Ag
3ds,, peak shifts towards lower BE values. For Ag,0O, Ag 3ds, is located at 367.5 eV. For AgO,
Ag 3ds, is located at 367.4 eV (Kaspar et al. 2010).

The results obtained from the XPS surface characterization of the PLI-synthesized silver-

based particles confirm the production of metallic silver nanoparticles.
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411 Summary

Silver-based nanoparticles were synthesized by the reduction of an aqueous silver salt (AgNO3)
solution to metallic silver, using DC-pulsed plasma discharges. After 3h of plasma discharge,
dark-colored silver particles are visible and sediment at the bottom of the reactor. The resulting
product was characterized by a range of characterization techniques, including XRD, SEM-EDS,
and XPS. Based on the results obtained from the XRD analysis it is concluded that the silver-
based sample possesses highly-crystalline structure and is composed of mono-phasic silver.
These results were further confirmed by SEM-EDS and high-resolution XPS technique. SEM-
EDS results showed that high-intensity X-ray emission lines corresponding to crystalline silver
were present. The absence of an oxygen peak in this spectrum confirms the above-mentioned
results obtained from XRD. In addition, the XPS analyses show that the obtained binding energy
of the silver photoelectron lines of the sample are in accordance with the theoretical values for
the binding energy of metallic silver. It is thus concluded that synthesis of highly-pure and

metallic silver nanoparticles is possible with the newly-developed PLI process.

These results confirm another important aspect of the PLI process and that is, that as a result of
the HV DC-pulsed plasma discharges in the liquid solution, no erosion of the Pt electrodes

occurred.

The only drawback that has been encountered is the production of large-sized

agglomerated silver nanoparticles.

4.2 The influence of the metal precursor concentration on the silver
nanoparticle synthesis

In the previous section, a newly-developed laboratory PLI process has been used to produce
silver particles. From this study, it has been demonstrated that it is possible to produce metallic
and non-oxidized silver particles, though agglomerated and large-sized. In the continuation of
this chapter, the goal is to optimize the PLI process for synthesis of small-sized and uniformly
distributed silver nanoparticles. This optimization will be performed through a parametrical

study with focus on chemical synthesis parameters.
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The first parameter that has been investigated is the precursor concentration, which has shown
to have a significant impact on nanoparticle size during particle synthesis (Ajitha et al. 2013). In
this study, silver nitrate (AgNO3), which is a solid metal salt, is used as the precursor to silver
nanoparticle production. In plasma-in-liquid processes for nanoparticle synthesis, it is common
to work in the mM-concentration unit of the precursor concentration (Heon Lee et al.
2013);(Saito, Hieda, and Takai 2009). Based on this observation, the selected precursor

concentration is in the working range of 2 - 4mM AgNO:s.

Plasma discharges were generated by applying 8kV high voltage DC-pulsed plasma discharges
(f=50Hz) to a pair of Pt electrode wire, sub-merged in the aqueous AgNO; solution. The
electrode pair is in the pin-to-pin configuration with a 3mm inter-electrode distance. High
voltage DC pulses are generated using a one-stage Marx pulse generator. Millisecond pulsed
discharges of short rise time (35ns) are generated in the sparking gap of the Marx pulse generator
by means of capacitive discharge. Plasma discharges generated in the aqueous solution are
classified as corona discharges. The discharges do not form conducting vapor channels in the
discharge zone between the electrode wires to reach breakdown. Therefore, corona discharges
generated in the solution are considered as partial corona discharges or streamer-like discharges.
The process time in nanoparticle synthesis is 20 minutes. The process time was determined from
a previous study with focus on optimal process parameters in activation of plasma discharges
using the PLI experimental set-up (see chapter Ill, section 3.2). Process parameters applied in
this study are presented in table 10:

Table 7: PLI process parameters for the parametrical study with focus on AgNO; concentration

Discharge Physical parameters Solution Physicochemical parameters
Applied voltage (Uapplied): 8KV Reaction volume (V): 100mL

Pulse repetition frequency (f): 50Hz AgNO; concentration: 2-4mM
Inter-electrode distance (Ipf): 3mm pH: 5

Discharge time (tpiasma): 20min Conductivity (c): 295-580uS/cm
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Current (I) and voltage (U) signals were measured by current and high voltage probes, and
recorded towards the end of each synthesis (tpiasma = 20min). Characteristic 1- and U- waveforms
represent plasma discharges in the on-going synthesis and are presented on figure 44. In the
current waveforms, a complete profile of a single pulse is presented, as well as a detailed profile
of the first 40us of the pulse (see inset graphs of I-waveforms on figure 44a-b). Voltage
waveforms of a single pulse are presented in a similar approach, but the detailed profile of the
pulse concerns the range from the start up to © = 0.4us (see inset graphs of U-waveforms on
figure 44a-b), in order to confirm the applied voltage. Discharge parameters were determined
from the waveforms, which are presented in table 8. It is common to observe oscillations in the
electrical waveforms, which occurs due to charge effects during charging and discharging of the
capacitor in the RLC electrical circuit (L. Wang et al. 2018). For this reason, the measured

voltage may be higher than the applied voltage.

Table 8: Plasma parameters corresponding to the silver nanoparticle synthesis with 2mM and 4mM AgNO;

solutions
Precursor Input energy per Injected discharge
. Voltage
concentration pulse power
[AgNO;], mM U, kv Einput, MJ/pulse Pplasmas W
2 8 36.6 1.8
4 8 31.0 1.6

The input energy per pulse (Einpu) is calculated by integrating the voltage times the discharge
current over the pulse duration (t, = t), as shown in equation 18. The injected discharge power
(Ppiasma) Of the pulsed discharge is calculated by multiplying the input energy per pulse with the
pulse repetition frequency, as shown in equation 19.

t
Einput = J I- Uapplied dt Equation 18
to

P=Einpuf Equation 19

96



I (mA)

I (mA)

800 - 800 9.
a) 2mM AgNO, 2mM AgNO, .
700 600 8 iy
6
600 - < 400 74 N
E 24
500 4 200 61 =
~ 5 2
i 0 i S
400 0 10 20 30 40 <
t(1s) > 4 o
300 A H 0,0 01 02 03 04
3 t (us)
200 4 5]
100 14
0 B T T T T T T 1 0 . T T T T T 1
0,0 0,5 1,0 1,5 2,0 2,5 3,0 0,0 0,5 1,0 1,5 2,0 2,5 3,0
t (ms) t(ms)
800 800 9~
b) 4mM AgNO, 4mM AgNO, s
700+ 600 81
7 *
6001 < 400 s
E 6 <4
500 4 - 200 =
~ 54 21
400 - 2
0 5’ 44 oLd i i i X
300 4 0 10 20 30 40 0,0 01 0,2 0,3 04
tus) 34 t(us)
200 4
2
100 - \; l ] k\
0+ T T T T T 1 0 == T T T T T 1
0,0 0,5 1,0 15 2,0 2,5 3,0 0,0 0,5 1,0 15 2,0 2,5 3,0
t (ms) t (ms)

Figure 44: 1- and U-waveforms for one pulse (at the end of the process t=20min). Plasma discharges
generated in 2mM (blue) and 4mM (red) AgNO; solutions.
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Figure 45: Input energy per pulse of the plasma discharge generated in 2mM (blue) and 4mM (red) AgNO;

solutions
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The Einput (per pulse) waveforms are calculated from |- and U-waveforms of a single pulse (c.f.
figure 44) and the resulting waveform is presented in figure 45. The Ejnput (per pulse) value is
characteristic for each synthesis, and is determined in the steady region starting from t = 1.25ms.
The Einput (per pulse) value is then used to calculate the injected power of plasma discharges,

representing specific synthesis conditions.

Differences in plasma discharges between the syntheses at 2mM and 4mM [AgNOs3] are
reflected in the I- and U-waveforms in figure 44. As shown in the U-waveforms on figure 44, an
increase in AgNOs3; concentration results in the decrease of the pulse duration. This duration
decreases from 1.5ms to 1ms when increasing the concentration from 2mM to 4mM,
respectively. It is likewise shown from the I-waveforms that an increase in AgNOj3 concentration
results in an increase in the current value, and that a rapid decay of the current pulse occurs. In
electrical discharges, the precursor serves as an electrolyte. The solid AgNO3 salt dissociates into
ions in the de-ionized water, and provides thus enhanced conduction of the electric current in the
liquid media. Therefore, ions present in the reaction media behaves as charge carriers. In this
case, when the ion concentration increases, an increase of charge carriers yields in an increase in
the electron flow, and thus increases the instantaneous current value. Hence, an increase in Ejnput
(per pulse) would be expected. It should be remarked that waveforms were recorded towards the
end of the synthesis process. As a matter of fact, Einpy: Of the process using 4mM AgNO3z; might
have been greater than Ejnp,: Of the process using 2mM AgNOs in the initiation of the synthesis
process. The Einpu per pulse of generated plasma discharges decreases by around 5mJ for an
increase in AgNO3 concentration. This decrease in input energy per pulse may occur as an

influence of the nanoparticle growth mechanism.

From the electrical waveforms, it is shown that an increase in AgNO3; concentration
increases the conduction of electric current, and thus an increase in the Ej,,.: should be
expected. However, a decrease in the Ejp.t Of the pulsed plasma discharge (tyiasma = 20min)

occurred.

During nanoparticle synthesis, it was observed that the uncolored precursor solution (tpjasma=0
min) started to change color from tyasma = 2min. This change in color continues until tyasma=10
mi, and from then on, color saturation of the reaction media appears. The evolution in the

solution color change during 20min of process time is shown in figure 46. The color change
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under the synthesis conditions presented in this figure are not very perceivable and appeared
light yellow for tyasma=5 min. The saturation in the color change appears for tyiasma=20 min, and

the reaction media starts to decrease in transparency.

5min 10min 20min

Figure 46: Color change in the silver precursor solution (2mM AgNQO,) after 5min, 10min, and 20min of
plasma exposure

Generation of plasma discharges in de-ionized water result in the dissociation of water
molecules and the production of radicals and reactive species, which react with the compounds
existing in the aqueous solution. This process results in changes in the solution chemistry, such
as the formation of chemical compounds, that may influence the solution properties (P. J.
Bruggeman et al. 2016). In order to monitor changes in the physicochemical characteristics of
the liquid phase, several techniques were applied. Ex-situ measurements of the pH and the
solution conductivity, before and after plasma discharge were carried out. The results are
presented in table 9.

Table 9: Initial and final solution parameters obtained from ex-situ pH and conductivity measurements.

Precursor concentration pH Solution conductivity
[AgNO;], mM o, uS.cm™
Initial Final Initial Final
2 5.0 3.7 295 336
4 4.7 3.7 580 620

The results show an increase in the initial solution conductivity from 295uS.cm™ to 580pS.cm™
for an increase in AgNO3 concentration. This corresponds to a two-fold increase when the
AgNO; concentration is doubled, and is in agreement with the linear proportionality of ion
concentration and solution conductivity of strong electrolytes or salts, like AgNO;
(c(AgNO3) = c(AgNO;) - a). At a given voltage, a larger conductivity leads to a shortening of

the discharge channels and higher amplitudes of the discharge current, resulting in a higher
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power density within the discharge, and an increased electron density (Sunka 2001). The results
shown in figure 44 are in accordance with this. The generated plasma could thus produce more
reductive species, leading to an increase in silver ions reduction and thus, an increase in particles
production (X. Z. Huang et al. 2013).

An increase in the solution conductivity of the reaction media (c.f. table 9) was observed during
plasma exposure, as well. In this case, the solution conductivity increased by 40uS/cm for both,
2mM and 4mM AgNOj; concentration after 20min of plasma discharge. This increase may be
due to an increase in the amount of ions present in the reaction media, which occurs as a result of

water dissociation by plasma electrical discharges.

Concerning pH measurements, it is shown that after 20min of plasma discharge a decrease in
the pH of the reaction media occurred for all AQNO3 concentrations. A decrease in pH indicates
acidification of the reaction media, which occurs during plasma exposure and generation of
highly reactive species. For nanoparticle synthesis in a plasma-liquid process with microplasma
discharges generated above the liquid surface, a decrease in the solution pH has been observed
by (Sakiyama et al. 2012) and (Takamatsu et al. 2014). In this plasma-liquid process, the plasma
phase comes in direct contact with the atmospheric air. In the presence of N, and O, in the gas
phase, long-lived species such as HNO, and HNO; are readily created in the plasma phase (see
reaction 10-14 (P. Bruggeman and Leys 2009). These acid compounds are thus transferred into
the liquid phase in the gas flow direction and results in acidification.

Ny + 0, + e 5 2NO* + eqq Reaction 10

2NO* + 0, - 2NO0, Reaction 11

Water dissociation: H,0 +e*” > OH" + H* + egq Reaction 12
Acidification: NO* + OH®* - HNO, Reaction 13
NO; + OH® - HNO; Reaction 14

100



Since the plasma phase is completely immersed in the liquid phase in our work, plasma
discharges are not in direct contact with atmospheric air. Therefore, the above-mentioned
acidification reaction mechanism is not an option and does not explain acidification of the
reaction media. The acidification must therefore be produced through the reaction of plasma-
generated species with compounds already existing in the solution. As the metal precursor used

in this work is AgNOs, nitrate ions (NO3) are present in the reaction solution (c.f. reaction 15):

Hy0 - Reaction 15
AgN03 (s) — Ag+(aq) + N03 (aq)

Thus, reactions of nitrate ions with some of the species generated by the discharge have to be

considered (c.f. reaction 16):

NO3; + H® - HNO3 Reaction 16

A decrease in NO3 concentration is expected due to the acidification and formation of HNO:s.

Interaction with plasma created reactive species would therefore result in the formation of
HNO; (pKa = -1.8), which is a strong acid, and thus decrease pH of the reaction media. (Heon
Lee et al. 2013) used a liquid-phase plasma (LPP) reduction method to prepare silver
nanoparticles from a solution of silver nitrate using a high frequency (30kHz) bipolar pulsed
electric discharge system. Their results have shown that the solution pH steadily decreased
during the treatment. They suggested that the oxygen radicals produced by the LPP process
reacted with molecular nitrogen (N) dissolved in the solution to produce nitric acid (HNO3),
which contributed to the decrease in pH. A similar scenario could explain the decrease in pH

observed in our case.

Sampling of the reaction media was done for 5min, 10min, and 20min of plasma exposure during
synthesis of silver nanoparticles, which were characterized by UV-vis absorption spectroscopy.
UV-vis absorption spectra obtained from these measurements are shown in figure 47 and data
from this measurement are presented in table 7. From these results, it is revealed that the
wavelength at which a maximum of light is absorbed by the silver nanoparticles (Amax) is around

400nm. This is in accordance with the typical surface plasmon resonance wavelength (Aspr) Of
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spherical colloidal silver nanoparticles (Creighton and Eadon 1991), (J. M. Kelly, Keegan, and
Brennan-Fournet 2012). The presence of an absorption peak at around 400nm for a 5min process
time indicates that nanoparticle production already occurs within 5min of the process. In theory,
the characteristic color change for spherical colloidal silver nanoparticles for surface plasmon
absorption at 400nm results typically in a strong yellow color change. This color change is
further an indication that particles produced are of small-size (<20nm) and are uniformly
distributed. As the process time of nanoparticle synthesis increases, an increase in absorbance of
the SPR peak (Amax = 400nm) occurs from 0.089 (tpiasma = 5 min) up to 0.290 (tpiasma = 20 min).
This increase in absorbance at 400nm is explained by an increase in light absorbing particles.
Therefore, for an increase in process time, the production of silver nanoparticles and thus particle

concentration increases.

(X. Z. Huang et al. 2013) produced silver nanoparticles by microplasma discharges (plasma
above liquid). They have performed a similar study, and showed that an increase in AgNO;
concentration (in the absence of stabilizing agent) resulted in an increase in the maximum
absorbance value, which corresponds to an increase in nanoparticle concentration. This is true, as
an increase in silver ion concentration provides reduction and formation of an increased amount
of silver nanoparticles for an increase in electron density. Although, the maximum absorbance
depends on the synthesis process, it is common that the maximum absorbance in the absence of a
stabilizing agent is lower. As an example, Huang et al. obtained an absorbance around 0.15 (Amax
= 420nm) from a synthesis using 2mM AgNOs in the absence of stabilizing agent. The resulting
absorption band was described as a broad absorption peak and explained by non-uniform particle

distribution.

A slight evolution in the solution color during plasma exposure and an appearance of a pale
yellow color has been presented in figure 46 and discussed earlier. The reason to a slight
evolution in color change and a pale yellow color of the solution may be due to particle
agglomeration, and/or polydisperse particles. It may as well be due to the formation of silver
oxide particles, but this is not of an option, since particle characterization confirmed the

existence of non-oxidized metallic silver nanoparticles (see chapter 1V, section 4.1).
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Figure 47: UV-vis absorption spectra of 2mM AgNO; precursor
solution (black line) being exposed to 5min (orange), 10min (red),
and 20min (green) of plasma discharge.

All the absorption spectra on figure 47 are broad (not a Gaussian distribution). A broad
absorption band occurs in the presence of agglomerated nanoparticles, as well as for polydisperse
nanoparticles (particles of multiple size population) (Tomaszewska et al. 2013), (Capek 2017b).
Since the broad absorption peak appears from a process time of 5min, it may be due to

agglomeration of nanoparticles at an “early” stage of the process.

The resulting silver nanoparticle solution after 20min of plasma discharge for different initial
AgNO; concentrations are analyzed by DLS for determination of particle size. A small volume
(ImL) of the as-synthesized silver colloidal solution is analyzed and the obtained results are
presented in figure 48a-b and table 11. Particle size measurement results in figure 48a-b are both
presented in intensity and number based Particle Size Distribution (PSD). Presenting PSD in
terms of intensity and number weighted percentages is important in order to gain thorough
understanding about the synthesized particles in the dispersing liquid media. This is especially

necessary to reveal whether or not nanoparticles are monodisperse.
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Table 11: Results obtained by DLS size measurements performed on the AgNP solutions from different
initial AgNOj; concentrations

Precursor concentration Intensity-based size Number-based size Count Rate
[AgNQO;], mM %I, nm %N, nm kcps
2 280 242 1045
4 450 390 2775
a) 354 b) 351
2mM
30 30
2mM
251 2% 4mM
3 4mM s
< 904 < 204
g 9]
T Qo
g 15 g 154
E z
10 10 -
54 54
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Figure 48: DLS measurements performed on the AgNP solution obtained from an initial AQNO;
concentration of 2mM (blue) and 4mM (red). PSD are presented in terms of a) intensity and b) number.

In intensity based PSD (see figure 48a), particles synthesized by the PLI process for a process
time of 20min for 2mM AgNOj3; concentration (represented by the blue line) resulted in a single
size population at around 280nm. Performing the synthesis with an increased precursor
concentration (4mM AgNO3) (represented by the red line) also results in a single size population
around 450nm. In the number-based PSD (see figure 48b) similar results to the intensity-based
PSD have been obtained. Silver nanoparticles obtained from a 2mM AgNOj; solution result in
smaller particles in the PSD (242nm), than silver nanoparticles obtained from a 4mM AgNO;
solution (390nm). These results showed that for an increase in AgNO3 concentration, an increase
in nanoparticle size is obtained. According to the results obtained by the DLS technique, large-
sized nanoparticles (>100nm) are obtained. An increase in the average nanoparticle diameter for
an increase in precursor concentration have been confirmed by (Mariotti et al. 2012). Instead of
silver, they produced gold nanoparticles through microplasma discharges (plasma above liquid)

using 0.05mM-1mM HAUCI, as the electrolyte solution. The microplasma was generated using
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He/Ar gas flow (25sccm), and was powered by a DC power supply applying up to 2kV to the
carbon anode immersed in the electrode. Mariotti et al. demonstrated that by increasing the
precursor concentration from 0.05mM to 1mM (for 10min of synthesis) a linear increase in
average particle diameter was obtained from around 12nm to 180nm, respectively. This was

obtained keeping the discharge current constant at SmA.

From the above-mentioned results regarding UV-vis absorption and particle analysis, it could

be considered that agglomerates rather than uniformly distributed particles are obtained.

It is also possible to detect an increase in particle concentration by the DLS method from the
Count Rate (CR) value presented in table 11. This value represents the intensity of the scattered
laser beam (measured in kcps) by the particles present in the solution, detected by a sensitive
Avalanche Photodiode Detector (APD). From our measurements, an increase in AgNO;
concentration resulted in an increase of the scattered light intensity from 1045kcps (2mM
AgNQO3) up to 2775keps (4mM AgNOs3). The increase in CR shows thus that an increase in

AgNO; concentration results in an increase in particle concentration.

From the results obtained by the DLS measurements, increasing the AgNO; concentration
(2mM => 4mM) results thus in an increase in average particle size, and also in an increase

in particle concentration.

In the following, silver nanoparticles were characterized using electron microscopy technigues
of high resolution. Samples characterized by Scanning Electron Microscopy (SEM) were
prepared by deposition of as-synthesized silver nanoparticles onto a piece of microscopy glass
plate during 30min. The plate was rinsed carefully with de-ionized water during 2min in order to
remove excessive and unreacted ions from the substrate (Ag”, NO3, etc.). The plate was later
dried in the oven overnight at 80°C. Samples characterized by Transmission Electron
Microscopy (TEM) were prepared by drop-casting as-synthesized nanoparticles onto a carbon-
coated cupper grid. The samples were left to dry under ambient conditions. In these sample
preparation conditions, nanoparticles went from a liquid state to a dried state, and may hence

accumulate during the drying process.

Results from SEM and TEM characterizations are shown in figure 49a-c. Synthesis of silver

nanoparticles using a 2mM AgNO3 solution and 20min of discharge reveals that agglomerates
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consisting of large-sized and irregular-shaped particles occur (see figure 49a and figure 49c ).
SEM characterization also revealed that agglomerates of large-sized and irregular-shaped
particles were obtained from nanoparticle synthesis using 4mM AgNO3; concentration (see figure
49b).

Figure 49: SEM micrographs of the obtained silver nanoparticles from a) 2mM AgNO; and b) 4mM AgNO;
solutions (Magnification: 30kX). c) TEM micrographs of silver nanoparticles.

On figure 49, an increase in the average size of the silver particles is observed for an increase in
AgNO;3 concentration. Results obtained from electron microscope techniques are hence in

accordance with observations made during the synthesis and results achieved in this study.

From the current results, it is determined that the developed PLI process (under currently
applied experimental conditions) produced non-uniform and large-sized silver particle
agglomerates of irregular shapes. It is therefore concluded that an increase in AgNO;

concentration in PLI process increases the average size of silver particles.

4.2.1 Plasma-liquid interaction and nanoparticle growth mechanism

The generation of electrical plasma discharges sub-merged in aqueous silver precursor solution
creates strong electric fields, UV radiation and shockwaves. Filamentary partial corona

discharges appear on the ground electrode. Visually, discharges exhibit a white-blue spot on the
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electrode tip, which is surrounded by magenta streamers. According to (P. Bruggeman and Leys
2009) and (Sunka 2001), magenta colored streamers occurs due to Hydrogen Balmer lines. In the
optical emission spectrum of streamer generation in water, it is usual to detect hydrogen Balmer,
atomic oxygen and hydroxyl lines (Sunka 2001). When the electric field becomes high enough
at the electrode tip, evaporation of water provokes the formation of vapor channels and the
streamers propagation. According to (Lisitsyn et al. 1999), the injected plasma power should be
in agreement with the power required to vaporize the liquid within the streamer volume. Highly
energetic electrons (e~*) interacts with water molecules through avalanche propagation in
streamers. Interaction between water molecules and e~ initiates water dissociation and

ionization reactions as in reaction 17-19 (Kozakova 2011), (Pootawang 2011).

Water dissociation and H,O+e™ > OH" + H® + ey Reaction 17
ionization

H,0 +e™" —» H,0™" + 2eg, Reaction 18

H,0** + H,0 - H;0" + OH"* Reaction 19

Furthermore, recombination reactions of highly reactive radicals form stable molecules as
shown in reaction 20-22 (Kozakovéa 2011), (Pootawang 2011) .

Recombination H*+H* -> H, Reaction 20
OH® + OH® - H,0, Reaction 21
H*+ OH® - H,0 Reaction 22

From the above-mentioned reactions, it can be seen that highly reductive species, hydrated
electrons (eg,) and He, are formed during the discharge. Silver ions are known to readily
scavenge plasma-generated e,, and He, which results in the reduction of the metal ion into zero-
valence silver atoms (4g°) (Soroushian et al. 2005). The reduction rate, in which silver ions are
reduced by ez, and He, are shown in reaction 23 and reaction 24, respectively (NIST 2019a),
(NIST 2019b):

Ag* +eqy > Ag° (k=3.2-101M"1s7 1) Reaction 23

Agt +H > Ag°+H* (k=2.0-101M"1s71) Reaction 24
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In the study of (Kondeti et al. 2017), it is shown that the reduction of Ag” ions by €aq IS
reasonable due to the high rate constant (c.f. reaction 23), however, Kondeti et al. showed that
the reduction of Ag® ions is dominated by He (c.f. reaction 24) in the synthesis of silver
nanoparticles in plasma-liquid processes. The reduction of Ag® ions by He in plasma-liquid
processes was also confirmed in studies performed by (Saito, Hieda, and Takai 2009), (Skiba et
al. 2018).

As stated before (section 4.2), increasing the initial precursor concentration results in a
proportional increase in the conductivity, which in turn lead to a higher amplitude of the
discharge current and a more dense plasma (Sunka 2001). Thus, a higher amount of reducing
agents may be produced by the discharge, which may result in an increase in the reduction rate of
Ag" ions. Therefore, the formation rate of silver particles increases, and results in fast particle
synthesis. Above-mentioned was confirmed by (Saito, Hieda, and Takai 2009), who performed a
kinetic study on gold nanoparticles prepared through plasma discharge technique with electrodes

immersed in the liquid phase.

In homogeneous nucleation, the rate of nucleation is proportional to the initial concentration. A
higher initial concentration favors the formation of a large number of smaller nuclei (G. Cao
2004). Thus, the final average size of the silver nanoparticles, produced in the newly-developed
PLI process, might be related to the nucleation process. After the initial nucleation, the
concentration of silver ions decreases until reaching a level where no more nuclei will form, and
nanoparticle growth will proceed. Therefore, there is a possibility that an increase in the silver
ion concentration results in a larger number of nuclei that will coalesce, leading to the formation
of larger particles. The proposed nucleation and growth mechanism of silver nanoparticles
produced by the PLI process is shown in figure 50. The first step of this mechanism, the

“Reduction” step, concerns the reduction of silver ions into silver atoms.
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Figure 50: Growth mechanism of silver nanopatrticle as a result of coalescence. Reproduced from (Jorg Polte
2015)

The second step, “Formation of clusters”, concerns the clustered growth of primary silver
nanoparticles. The cluster formation occurs since binding energy between two metal atoms is
stronger than the atom-solvent bond energy. As silver atoms diffuse in the solvent, due to
Brownian motion, an encounter of two silver atoms (Ag,) lead to dimerization (Ag,) (see
reaction 25). This is followed by an autocatalytic nucleation process resulting in an increase in
particle size. In the final step, “Coalescence of clusters and nanoparticles”, generation of silver

nanoparticles occur by coalescence of clusters (Ag,,) as shown in reaction 26 (Belloni 2006).

Dimerization: Ag® + Ag° - Ag, Reaction 25

Clustered growth: Agm + Agy, > Agn Reaction 26

It is also possible that interaction of metal atoms and charged particles (ions (Ag*), dimers
(Ag>), and clusters (Ag;)), are faster than the production rate of reducing agents. The reduction
of metal ions occurs therefore in-situ on already formed clusters. As a consequence, the new

atom formed results in the growth of clusters as shown in reaction 27 (Belloni 2006):

Agd +Ag*t — Agpiq Reaction 27

Apart from an increase in particle size, another observation was made on silver nanoparticle
production, which concerns agglomeration of nanoparticles. It was previously observed in
section 4.1, that a 3-hour process time would result in highly agglomerated particles. However,
decreasing the process duration to 20min did not lead to a reduction of particle agglomeration. It
was thus shown that from decreasing the process time, particle agglomeration was not prevented.

Also, agglomeration occurred regardless of the initial precursor concentration for 2mM and
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4mM. The main reason to nanoparticle agglomeration may be due to repulsive electrostatic

forces being dominated by attractive Van der Waals forces.

The production of electrostatic stabilized silver and gold nanoparticles by an arc discharge
technique (Tien et al. 2010) and by a microplasma (plasma above liquid) discharge technique
(Patel et al. 2013) have been reported. Nevertheless, the current process parameters used in the
PLI process developed in this work did not allow obtaining electrostatically stabilized silver

nanoparticles.

4.2.2 Summary

In this study, the effect of the precursor concentration (i.e. AgNO3) on metallic silver
nanoparticles formation was studied. The working range of AgNOj3 concentration is between 2 -
4mM. Nanoparticles were synthesized by the PLI process in which DC-pulsed high voltage
discharges (U=8kV; f=50Hz) were applied to a pair of Pt electrodes. Plasma discharges were
generated in the AgNOj3 solution during 20min, and the resulting nanoparticles were later
characterized in terms of particle morphology and size measurements by techniques such as UV-
vis spectroscopy, DLS, SEM and TEM. It was shown that an increase in AgNO; concentration
resulted in an increase of the average nanoparticle size. From the literature review and the
obtained results, it is shown that an increase in the precursor concentration did influence the
plasma generation, through an increase in the discharge current, which is transferred by ions. By
increasing the solution conductivity, the increased discharge current will lead to a higher power
density within the discharge which may increase the number of generated reducing agents. An
increased concentration of the reducing agents may increase the reduction rate of silver ions into
silver nanoparticles. This could result in a faster nucleation rate that could further lead to clusters
coalescence and thus an increase in the average nanoparticle diameter. Based on the results
obtained from this study, silver nanoparticles of lower average particle size were obtained for an

AgNO; concentration of 2mM. Thus, this concentration will be used for the rest of the study.

4.3 Influence of surfactant concentration on silver nanoparticle synthesis

In the previous section, it was determined that increasing the AgNO3; concentration resulted in

an increase in the average particle size. This study was performed on nanoparticles produced
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from a PLI process applied for 20min on an aqueous AgNQO3 solution. Problems that have been
encountered with these particles are that they are irregular-shaped and large-sized. This is a

result of aggregation and coalescence of smaller sized particles.

From the previous results it was decided to continue the parametrical study with a 2mM AgNO3
solution concentration. As agglomerated nanoparticles do not favor in increased nanoparticle
reactivity and an enhancement of nanoparticle properties, agglomeration will be a problem in
their application in specific fields. In order to avoid nanoparticle agglomeration, it is therefore
necessary to study the influence of the presence of a stabilizing agent during silver nanoparticle
synthesis.

The stabilizing agent that was applied in this work is poly-vinyl pyrrolidone (PVP,
MWZIOOOOg-mol'l). PVP is a bio-compatible and non-toxic surfactant that has hydrophilic end-
groups (Koczkur et al. 2015). 1t is possible to find PVP with molecular weights of IOOOOg-mol'l,
55000g-mol™, and 1300000g-mol™. PVP of 10000g-mol™ was used in this work, based on results
obtained from (Shin et al. 2004). They showed that molecular weight of PVP has an influence on
the average size of stabilized silver nanoparticles, and obtained the smallest average particle size,
when using 10000g-mol™ PVP. The chosen PVP concentration is in the working range of 0 -
0.05mM. Depending on the component and structure of the stabilizing agent used, the amount
required to stabilize nanoparticles may vary. In literature, it is common to apply a low
concentration of stabilizing agent. In this study, silver nanoparticles are prepared in the same way
as in the previous section. The silver precursor solution consists of an aqueous solution of 2mM
AgNO; with a given concentration of PVP. A pair of Pt wire electrodes of 3mm inter-electrode
distance was immersed in the silver precursor solution for which high voltage DC-pulsed plasma
discharges of 8kV and a pulse repetition frequency of 50Hz is applied. High voltage pulsed
discharges are generated using a one-stage Marx pulse generator. Millisecond-pulsed discharges
of short rise time (35ns) are generated in the spark gap of a Marx pulse generator by means of
capacitive discharging. The plasma discharges generated under these conditions are in the corona
plasma regime and did not reach breakdown. The PLI process parameters applied in this study

are presented in table 12.
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Table 12: PLI process parameters for the parametrical study with focus on PVP concentration

Discharge Physical parameters Solution Physicochemical parameters
Applied voltage (Uappiied): 8KV Reaction volume (V): 100mL

Pulse repetition frequency (f): 50Hz AgNOs3 concentration: 2mM
Inter-electrode distance (lp;): 3mm PVP concentration: 0-0.05mM
Discharge time (tpiasma): 20min pH: = 4.5

Conductivity (c): 330uS/cm

Current and voltage waveforms were recorded towards the end of the nanoparticle synthesis
(tolasma=20min) and are presented in figure 51. The electrical waveforms were treated in a similar
way as done in the previous section. From these waveforms, discharge parameters were
determined and are presented in table 13. The input energy per pulse (Einpu) and the discharge

injected power (Ppiasma) Were likewise calculated from equation 18 and equation 19, respectively.

Table 13: Electrical parameters of the discharge for different PVP concentrations

Stabilizing agent Input energy Injected discharge
. Voltage
concentration per pulse power
[PVP], mM U, kv Einputa mJ/pulse Pplasmal W
0 7.5 36.6 1.8
0.005 8 35.8 1.8
0.02 8 42.5 2.1
0.05 8 42.0 2.1

The influence of the PVP concentration on the generation of plasma discharges in the reaction
media is determined through I- and U-waveforms in figure 51.
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Figure 51: I- and U-waveforms for one pulse (at the end of the process t=20min). Plasma discharges
generated in 2mM AgNO; precursor solution in the presence of a) 0OmM PVP, b) 0.005mM PVP, c¢) 0.02mM
PVP, and d) 0.05mM PVP

113



As it is observed in the U-waveforms, the U-value was kept constant throughout the synthesis,
but a variation between 7.5kV-8kV among syntheses did occur as shown on the voltage
waveforms. It is on the I-waveforms shown that an increase in the PVP concentration does not
cause major changes in the slope of the decaying current pulses, and that the current values are
constant at around 300-350mA among syntheses. These observations are expected, since the
AgNO; concentration was kept constant at 2mM. Due to similarities in current conduction, it is
also shown from the voltage waveforms that for an increase in the PVP concentration, the pulse
duration remains constant at around 1.5ms. It is thus shown that an increase in the PVP
concentration does not result in significant modifications in the electric waveforms, and
hence does not influence the plasma generation. The reason for this is due to the fact that
polymers in general are electrically non-conductive compounds, which does not act as charge

carriers to conduct the electrical current.

However, small variations in the Ej, Values for an increase in the PVP concentration are
observed in table 13. It is shown that in the absence of PVP and for the lowest PVP
concentration (0.005mM), the Ej,p,e per pulse is around 36mJ. As the PVP concentration is
increased to 0.02mM and 0.05mM, an increase in Ejnpue Up to 42.5mJ takes place, hence an
increase of 6mJ/pulse. This increase in the discharge energy may occur due a faster ionic
mobility provided by amorphous PVP. According to studies performed by (Ravi et al. 2013), and
(Subba Reddy et al. 2006) the presence of dipole carbonyl group (C=0) in the side chains of
PVP, it forms complexes with inorganic salts and enhances free ions in the solution. This
enhancement in the amount of free ions in the solution may thus explain a modification in the

discharge current and thus, an increase in Eipyt, for an increment of the PVP concentration.

A significant increase by 6mJ/pulse in Einpu is observed for an increase in PVP
concentration. The increment by may be due to an increased ionic mobility resulting from
the C=0 group in the side chains of PVP.

Conductivity and pH measurements for each PVP concentration were performed before and
after the plasma discharge and the results are presented in table 14. Initial pH values for all
precursor solutions containing PVP remained constant at around 4.5. It is further observed, that
the pH of the precursor solution decreases slightly as soon as the PVP is added. This is due to the
presence of the amide group (R-CO-NH,-R) in the pyrrolidone ring of PVP, which is slightly
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acidic.

Table 14: Physicochemical characteristics of the solution before and after the AgNP synthesis

Stabilizing agent

: pH Solution conductivity
concentration
[PVP], mM o, mS.cm™

Initial Final Initial Final

0 5.0 3.7 295 336
0.005 4.6 3.3 327 375
0.02 45 3.6 331 373
0.05 4.3 3.6 328 370

After 20min of discharge, the pH of the reaction media is measured. For all cases, an
acidification of the reaction media occurs. This occurs as a result of plasma-induced chemical

reactions, resulting in the formation of acidic compounds (i.e. HNO3).

Addition of PVP results in a slight increase in the initial precursor solution conductivity. After
20min of plasma discharge, the solution conductivity usually increases as a result of the

formation of different species due to plasma-liquid interaction.

During the 20 min of plasma discharge, it was observed that the initially transparent and
uncolored precursor solution becomes colored from 2 min of discharge. This evolution in color
continues and the intensity in the color change increases until the end of the plasma discharge.
As it is shown in figure 52a, when no PVP is added, only a slight evolution in the solution color
is observed, which can be related to large-sized and aggregated silver particles (section 4.2).
When adding PVP, as in figure 52b, the color change appeared as strong yellow, which may be

an indication of the presence of small-sized and uniformly distributed silver nanoparticles.
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Figure 52: Changes in solution color during 20min of plasma discharge for a) no stabilization, and addition
of b) 0.05mM PVP.

At the end of the discharge process, the solutions are characterized by UV-vis absorption
spectroscopy, the resulting absorption spectra and the different related parameters are presented
in figure 53 and table 15, respectively. The polydispersity of particles is determined by the width
of the absorption band, and is thus represented by the full width half maximum (FWHM) value.
It was not possible to determine FWHM for highly aggregated and poly-disperse particles
produced in the absence of PVP. When adding low amounts of PVP (0.005mM), the stabilizing
effect of the PVP on the silver nanoparticles production is immediately observed in the
absorption spectra on figure 53. Addition of PVP results in a two-fold increase in the
maximum absorption of the resulting solution, in comparison to the one where no PVP is
present. A decrease in polydispersity and agglomeration of nanoparticles is also observed by a
decrease in the FWHM value (c.f. table 15). Addition of 0.005mM PVP is also causing particles
to become smaller, hence the slight blue-shift in Agpr by 4nm. A further increase in PVP
concentration from 0.005mM to 0.05mM resulted in a further increase in the maximum
absorption value (c.f. figure 53). The maximum absorption reaches around 0.750 in absorbance
(for Amax=397nm) when the PVP concentration is higher than or equal to 0.02mM. The similarity
in the absorbance values between 0.02mM PVP and 0.05mM PVP may be an indication that
particle concentration has reached saturation starting from 0.02mM in PVP concentration. A
decrease in polydispersity and agglomeration is also reflected in the FWHM value if compared to
the one at 0.005mM PVP, since a decrease of 1.5 times is obtained for both 0.02mM and

0.05mM PVP. Lastly, the average particle size is observed to decrease, as a blue-shift in the Agpr
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between 3-8nm is observed in comparison to no PVP addition.

Table 15: Results obtained by UV-vis absorption spectroscopy performed on AgNP solutions with different
PVP concentrations

Stabilizing agent

concentration Absorbance Amax FWHM
[PVP], MM a.u. nm nm
0 0.290 400 n/a
0.005 0.635 396 204
0.02 0.750 397 137
0.05 0.757 392 130
1,04
09 1 Reference
] No PVP
0,84 »_,=392nm||A__=397nm — 0,005mM PVP
07 ] 0,02mM PVP
y A= 396nm —— 0,05mM PVP
0,6

0,51
0,4-
0,31
0,2
0,14
0,01

Absorbance [A.U.]

™ 400nm\\\
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Figure 53: UV-vis absorption spectroscopy of 2mM AgNQ; solutions exposed to 20min of plasma discharge
in the presence of stabilizing agent. Reference solution (black line), no stabilization (orange line), 0.005mM
PVP (red line), 0.02mM PVP (green line), and 0.05SmM PVP (blue line).

(Malina et al. 2012) have investigated the influence of PVP concentration on silver

nanoparticles synthesis with focus on a chemical reduction method using NaBHj, as the reducing

agent. UV-vis absorption spectroscopy results showed that the polydispersity in particles

decreased for an increase in the PVP content in the range of 1-5%. This is thus in agreement to

what have been obtained from the results presented in the current study.
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Similar observations have been made by (Roldan, Pellegri, and de Sanctis 2013) in the
application of a polymeric stabilizing agent for silver nanoparticle synthesis. Roldan et al.
produced silver nanoparticles through an electrochemical synthesis technique in the presence of
polyethylene glycol as a stabilizing agent. The synthesis was performed by immersion of two
platinum electrodes in a 2.5mM AgNOj; electrolyte solution. They have obtained spherical and
non-agglomerated silver nanoparticles in the size range between 10-200nm in diameter. The slow

decay in the absorption band was associated to nanoparticle polydispersity.

The silver nanoparticle solutions obtained after 20min of a plasma discharge in a 2mM AgNO;
aqueous solution in the presence of different PVP concentrations were analyzed by DLS for the
determination of the PSD. For each concentration, a small volume (1mL) of the as-synthesized
silver nanoparticle solution is analyzed by DLS. The results obtained from the DLS analysis are
presented in table 16, and the corresponding PSD graphs are presented in both, intensity and

number percentages, in figure 54a-b.

Table 16: Results obtained by DLS size measurements performed on AgNP solutions with different PVP
concentrations

Stabilizing agent

concentration Peaks Intensity-based size Number-based size Count Rate
[PVP], mM %I, nm %N, nm keps
0 1 280 242 1045
0.005 1 19.86 15.42 7648
2 132.4
0.02 1 9.0 7.99 7300
2 31.40
3 132
0.05 1 9.110 7.984 8417
2 36.54
3 150.5
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Figure 54: DLS size measurements performed on AgNP solution containing no PVP (orange), 0.0056mM PVP
(red), 0.02mM PVP (green), and 0.05mM PVP (blue) for 20min of plasma discharge. Results are presented in
a) intensity and b) number based PSD as a function

The results obtained from the DLS measurements are in agreement with the results obtained by
UV-vis analysis. In the absence of PVP, one particle size population was detected at around
280nm and 242nm, from the intensity and number-based PSD, respectively. In the presence of
0.005mM PVP, a bi-modal (two particle size populations) distribution is detected. Indeed,
particles having sizes at around 20nm and 130nm from the intensity based PSD are identified.
From the number-based PSD, mainly particles of 15nm are identified. From these results it is
shown that the stabilizing effect of PVP appears even at a low PVP concentration of 0.005mM.
This resulted in the formation of smaller-sized particles, and in the presence of a reduced amount
of agglomerates in the reaction media. Moreover, as can be seen from figure 54b the number of
the small-sized particle population is dominating over the number of agglomerates, and only one
particle size population is present of around 15nm in hydrodynamic diameter. For an increase in
PVP concentration above 0.005mM, it is observed in figure 54a-b that the as-synthesized
nanoparticles show multi-modal (multiple particle size populations) PSD of lower scattering
intensity. This might indicate that non-agglomerated and well-dispersed silver nanoparticles have
been synthesized. Particle size populations for 0.02mM in intensity-based PSD are around 9nm,
31nm, and 132nm in hydrodynamic diameter, corresponding to scattering intensities of 6.5%,
28.1%, and 65.4% respectively. For 0.05mM PVP particle size populations are around 9nm,

36.5nm, and 150,5nm in hydrodynamic diameter, corresponding to scattering intensities of 7.7%,
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37.6%, and 54.7%, respectively. With the appearance of a third peak in figure 54a, it is further
demonstrated that the presence of agglomerates and larger sized particles have been reduced.
This is also valid for number-based PSD in figure 54b as only one particle size population is

present at around 8nm.

(Malina et al. 2012) have also performed DLS size measurement on chemically reduced silver
nanoparticles stabilized by PVP in the concentration range between 1-5%. Although the results
were presented in volume based PSD, an obvious decrease in the average particle size

distribution was observed.

It has been determined that the addition of PVP during silver nanoparticle synthesis
results in the decrease of the average particle size. Through particle stabilization an

increase in particle concentration has been further observed.

The silver nanoparticles synthesized with different PVP concentrations have been characterized
by SEM, and the obtained results are shown in figure 55a-d. The synthesis of silver nanoparticles
using 2mM AgNOs; in the absence of PVP reveals agglomeration of large-sized and irregular
shaped particles (see figure 55a). In the presence of 0.005mM PVP, the particle size becomes
smaller, but they are still slightly agglomerated as observed in figure 55b. A further increase of
the PVP concentration to 0.02mM and 0.05mM reveals that nanoparticles are no longer
agglomerated as shown in figure 55c-d, and are small-sized and uniformly distributed. The
evolution of the particles size, when increasing the PVVP concentration is similar to that observed
from the DLS and UV-vis measurements. Mainly, particles polydispersity decreases, and the
particle concentration increases, as a result of less agglomeration of the particles due to the

presence of PVP.
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Figure 55: SEM micrographs showing 20min synthesis of AgQNP containing a) no PVP, b) 0.005mM PVP,
¢) 0.02mM PVP, and d) 0.05mM PVP. Magnification 30kX

In order to be able to study the particles morphology, small-sized particles were further
characterized by TEM, and the results are shown in figure 56a-d. Observations made in TEM
micrographs are similar to those made in SEM micrographs. In the absence of PVP, silver
nanoparticles are large-sized and highly agglomerated as shown in the TEM micrograph on
figure 56a. In the presence of a low PVP concentration (0.005mM PVP), average particle size of
silver nanoparticles decreased and reduction of particle agglomeration occurs, as observed on
figure 56b. This showed that stabilization of particles did occur, but for a PVP concentration of
0.005mM particle agglomeration was not prevented completely. When increasing the PVP
concentration to 0.02mM, the average particle size further decreases as a result of the stabilizing
effect of PVP, as observed on figure 56c. This would result in the production of non-

agglomerated spherical, small-sized (nm), and uniformly distributed silver nanoparticles. Similar
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observations have been made for 0.05mM PVP, as shown on figure 56d. This might indicate that
the stabilizing effect of PVP does apply from a certain concentration. These results are in
accordance with results presented in the literature (Malina et al. 2012), (Dung Dang et al. 2012)
showing that when increasing PVP concentration, the silver nanoparticles size decreases until an
optimum is reached. It is therefore important to use a PVP concentration which falls in the

concentration range allowing obtaining small-sized silver nanoparticles.
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Figure 56: TEM micrographs showing 20min synthesis of AgNP containing a) no PVP, b) 0.005mM PVP,
¢) 0.02mM PVP, and d) 0.05SmM PVP. Magnification 30kX
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4.3.1 Silver nanoparticle growth mechanism in the presence of stabilizing agent

In this study, it has been demonstrated that synthesis of silver nanoparticles in the presence of a
stabilizing agent did result in significant changes on their morphology. It was shown that an
increase in the PVP concentration lead to a decreased average size of silver nanoparticles. In
addition, by increasing the PVP concentration, the degree of particle agglomeration decreases
significantly, resulting thus in a uniform distribution of the silver nanoparticles. According to
(Belloni 2006), coalescence of free clusters may be limited by a polymeric stabilizer. Functional
groups with high affinity for the metal ensure the anchoring of the molecule at the cluster
surface, while the polymeric chain protects the cluster from coalescing with the neighboring
metal atom, and thus inhibits at early stage coalescence through steric hindrance. The final size
of metal clusters depends on the metal, and decreases when the initial polymer/ion ratio

increases.

From the HR-TEM micrographs on figure 57, it is shown that PVP interacts with silver
nanoparticles by forming a thin polymeric coating that surrounds the particles. The thickness of
this coating is not homogeneous on the particle surface, and may be up to 5nm in thickness as

observed in figure 57.

Figure 57: HR-TEM micrograph of silver nanoparticles in the presence of a polymeric stabilizing agent PVP
(this work). A representation of the steric repulsion effect for AgNPs coated with PVP. Modified and
reproduction of (F. Yu et al. 2017).

In the presence of a long-chained polymeric stabilizing agent, silver nanoparticles do not have
the possibility to interact and result in particle coalescence. As it is shown in a representation of
stabilized particles in figure 57, the long chained stabilizing agent prevents further interaction

between particles, and provides hence their stabilization.
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In the absence of a stabilizing agent, the particles collide and become chemically bonded
through coalescence, resulting in aggregation and large-sized particles. From a given amount of
PVP concentration, nanoparticles becomes sterically stabilized by a coating of a polymeric layer,
as shown in figure 57, covering the entire particle surface. Attractive Van der Waals forces

between particles are thus counter-balanced by repulsive inter-particle interactions.

The anchoring of the polymer molecule onto the surface of silver nanoparticles may occur from
the coordination of N and O in PVP with silver ions (Z. Zhang, Zhao, and Hu 1996), (H. Wang et
al. 2005). This would generate a layer of polymeric coating, which blocks the active sites of the
silver nanoparticles. An increase in the reduction rate of silver ions occurs in the presence of
PVP. This is due to the fact that the functional groups in PVP (C=0) contributes in an increased
electric density to silver ions, in which the Ag*-PVP complex obtains electrons easily (Z. Zhang,
Zhao, and Hu 1996).

Zhang et al. proposed a mechanism in the stabilization of silver nanoparticles. The mechanism
initiates by PVP donating lone pair electrons of O and N to silver ions, which thus forms a
coordinative complex of PVP and silver ions. In the second step, metallic silver nucleation is
promoted by PVP, because silver ions are reduced owing to silver ions receiving electron clouds
from the PVP. In the third step, they propose that PVP prohibits aggregation of silver
nanoparticles as a result of its steric effect. However, in a more recent study performed by (H.
Wang et al. 2005), it has been determined that the coordination between N and silver ions are the
main reaction. This makes the reaction of O and silver less important. They determined thus that
the stabilization of silver nanoparticles by PVP was due to the coordination of N and silver ions.

The reaction mechanism on figure 58 explains the stabilization of metallic silver by PVP.

e H, y
T —c=c+
Oy N ' Ag' o PL=A‘:’.
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Figure 58: Stabilization mechanism of AgNP by PVP proposed by (H. Wang et al. 2005)
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In another study performed by (Shin et al. 2004), the growth mechanism on PVP-stabilized
silver nanoparticles has been proposed. In this study, silver nanoparticles were produced as a
result of y-irradiation of an aqueous solution of AgNOs in the presence of PVP. From this study,
it was shown that an increase in PVP concentration resulted in a decrease in average silver
nanoparticle size. Growth mechanism on PVP-stabilized silver nanoparticles proposed by Shin et

al. is illustrated on figure 59, and consists of a three-step process:

1. Interaction of dissolved Ag*-ions with polymeric PVP
2. Reduction of Ag*-ions to Ag atoms by hydrated electrons (eqq) formed as a result

of y-irradiation in an aqueous solution. Ag atoms form clusters that correspond to primary
particles.

3. Primary particles coalesce and form larger aggregates that correspond to
secondary particles

0.2 wt% 5 wt%
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Figure 59: Growth mechanism of silver nanoparticles in the presence of 0.2wt% and 0.5wt% PVP. Growth
mechanism proposed by (Shin et al. 2004).

Both of the proposed mechanisms are likely to explain the stabilization of silver nanoparticles by

PVP obtained when using a plasma-liquid synthesis process.

4.3.2 Summary

In this section the effect of PVP stabilization and PVP concentration on silver nanoparticles was
studied. PVP concentration was applied between 0.005-0.05mM PVP. In previous section it was

determined that 2mM AgNO3 provided lowest average particle size of silver nanoparticles, and is

125



hence applied in this study. We observed that, in the absence of PVP, silver nanoparticles
became aggregated and particles of irregular shapes were developed. This is a consequence of
attractive Van der Waals forces, which lead towards particle collision, and hence aggregation
occurred through coalescence of particles. In order to obtain smaller-sized particles, stabilization
of particles was required. In this case, synthesis of silver nanoparticles in the presence of low
PVP concentration (0.005mM) resulted in production of reduced average particle size, and
reduction in degree of particle agglomeration. Since particle agglomeration was not prevented
completely, PVP concentration was further increased to 0.02mM. Results showed that particles
are spherical, small-sized and non-agglomerated. Further increase in PVP concentration of
0.05mM did not provide improved results on silver nanoparticle morphology. In this study small-
sized and spherically-shaped silver nanoparticle has been stabilized in the presence of 0.02mM
PVP, and will be used further in this work.

4.4 The influence of initial pH of the metal precursor solution on silver
nanoparticle synthesis

This study is performed based on the information that water chemistry strongly impacts the
physical and chemical characteristics of silver nanoparticles. The influence of water chemistry
on nanoparticles is observed to cause aggregation, dissolution, or stabilization (Xuan Li and
Lenhart 2012). In this study, the influence of the water chemistry on silver nanoparticles will be
studied with focus on the initial pH value of the precursor solution, and its influence on particle
morphology will be investigated. It is very common to study the influence of pH on nanoparticle
morphology using chemical reduction techniques (Shabbeer et al. 2012), but less common in
nanoparticle synthesis using plasma processes. This is due to the fact that pH is not a stable
parameter and will eventually evolve during plasma discharge with the generation of reactive

species and ionic compounds resulting from the plasma-liquid interaction.

The precursor solution has been modified through variation of the initial pH values in the
range of pH2-11. This is done by the addition of buffers to a 2mM precursor solution
containing 0.02mM PVP.

Silver nanoparticles are prepared in the same way as in the previous sections. The silver

precursor solution consists of an aqueous solution of 2mM AgNO3 and 0.02mM PVP. The pH of
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the initial precursor solution is adjusted by addition of buffers. In order to prepare acidic and
alkaline precursor solutions, different amounts of HNO3; or NH4OH are added into the solution,
respectively. These buffers were chosen in order to avoid any reaction between the buffer and the

metal precursor salt.

A pair of Pt wire electrodes of 3mm inter-electrode distance is immersed in the silver precursor
solution for which high voltage DC-pulsed plasma discharges of 8kV and 50Hz are applied. High
voltage pulse discharges are generated using a one-stage Marx pulse generator. Millisecond-
pulsed discharges of short rise time (35ns) are generated in the spark gap of a Marx pulse
generator by means of capacitive discharging. The plasma discharges generated under these
conditions are in the corona plasma regime and do not reach breakdown. The PLI process

parameters applied in this study are presented in table 17.

Table 17: PLI process parameters of parametrical study with focus on initial pH of the precursor solution

Discharge Physical parameters Solution Physicochemical parameters
Applied voltage (Uapplied): 8KV Reaction volume (V): 100mL
Pulse repetition frequency (f): 50Hz AgNO; concentration: 2mM
Inter-electrode distance (Ipy): 3mm PVP concentration: 0.02mM
Discharge time (tpiasma): 20min Conductivity (o): 298-1278uS/cm
pH: 2-11

Current and voltage waveforms have been recorded towards the end of the synthesis process
(tosma=20min), and characteristic 1- and U- waveforms are presented in figure 60. The electrical
waveforms were treated in the similar way as was done in the previous section. From these
waveforms, discharge parameters were determined and presented in table 18. The Ejp, and
discharge power value of pulsed plasma discharges for each pH values have been likewise

calculated from equation 18 and equation 19, respectively.

The influence of initial pH of precursor solution on generation of plasma discharges in the

reaction media is determined through I- and U-waveforms on figure 60.
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Table 18: Electrical parameters obtained for changes in initial pH value of precursor solution between pH2

and pH11.
Initial i i
Buffer lonic Voltage Input energy _ Injected
pH strength per pulse discharge power
I, mol/L U, kv Einput, mJ/pulse Poiasmas W
HNO; 2 1.002 7.5 31.0 1.6
4 0.052 8.0 40.4 2.0
No buffer 5 0.002 8.0 425 21
NH,OH 7 0.012 7.5 37.7 1.9
9 1.002 7.8 40.6 2.0
11 2.002 7.0 30.8 15
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Figure 60: I- and U-waveforms for one pulse (at the end of the process t=20min). Nanoparticle growth
environment has been modified by pH-regulation. Waveforms correspond to syntheses for a) pH2, b) pH 4, c)
pH5,d)pH7,e)pH 9, and f) pH 11

From the I- and U-waveforms on figure 60 and Einpy Values on table 18, it was determined that
the initial pH value of the precursor solution does have an influence on plasma generation in the
reaction media. The U-value varies between 7.5kV-8kV towards the end of each synthesis
process (tpiasma=20min), which is in the measurement range of the MARX pulse generator.
However, the U-value for pH 11 has been measured at 7kV. The decrease in the U-value may be
due to the influence of the reaction media on pulse generation, or due to experimental
uncertainties. From the current waveforms it is shown that the current value and the slope of the
decaying current pulses are not similar for each pH value. This occurs since conduction of the
electric current is modified by the addition of pH-regulating buffers, which is possibly due to an
increase in the number of charge carriers as the concentration of the buffer is increased. Hence, a
variation in the Ejnput (per pulse) values occurs. The most significant changes in the Einput (per
pulse) have been observed for pH2 and pH11, both at around 30mJ/pulse, which is 10mJ/pulse
lower than the Ejnout (per pulse) obtained for the syntheses with an initial solution pH between 4
and 9.

Conductivity and pH measurements were performed for each pH value, before and after plasma
exposure. As it is shown in table 19, initial pH values have been regulated by the addition of
HNO:s in order to obtain initial pH values of pH2 and pH4, and the addition of NH4OH to obtain
initial pH values of pH7, pH9, and pH11. As the buffer is added to the precursor solution its
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initial conductivity changes accordingly, due to an increase in the ion concentration. During the
adjustment of the initial pH value of the precursor solution, it is shown that the nanoparticle
growth environment is modified in terms of the ionic strength, which is an important factor in the
stabilization of silver nanoparticles. The addition of an increased concentration of HNOs3
decreases the initial pH from pHS to pH2, which results in an increase in the initial solution
conductivity and the ionic strength. The addition of NH4OH increases the initial pH from pHS5 to
pH11, which results in an increase in the initial solution conductivity and ionic strength, as well.

In this case, pH 5 corresponds to the precursor solution without addition of buffers.

Table 19: Physicochemical characteristics of the solution before and after the AgNP synthesis

pr . - P A o
Initial Solution conductivit
Buffer H strleonmfh PH ApH (uS-cm™) ’
p g o (n (U.S'Cm-l)
I, mol/L Initial Final Initial Final
HNO; 2 1.002 2.6 3.0 0.4 1278 1285 7
4 0.052 41 3.1 -1.0 318 360 42
No 0.002 45 3.7 -0.8 331 373 42
buffer
NH,OH 7 0.012 7.6 3.7 -3.9 298 326 28
9 1.002 9.0 8.2 -0.8 301 307 6
11 2.002 11.0 10.7 -0.3 663 697 34

As it is observed on table 19, exposing the precursor solution to 20min of plasma discharge did
have an influence on the evolution of its pH, for all the studied initial pH values. The difference
in the pH of the reaction solution before and after the discharge is denoted as ApH on table 19.
From ApH it is observed that, apart for the solution having an initial pH of 2, the pH decreases

after a 20min of plasma exposure.

As it is shown in figure 61, an evolution in the solution color during the 20min of plasma
discharge did not occur for all pH values. Visible color changes did not occur for pH 2 and pH
11, apart from a decrease in terms of solution transparency. Concerning pH 11, the decrease in
solution transparency but the absence of the characteristic yellow color might indicate that

nanoparticles are agglomerated or exist as large-sized particles in the solution.
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A strong yellow color change is an indication for production of small-sized and uniformly
distributed silver nanoparticle, which is the case for pH4, pHS5 (not shown on figure 61), and
pH7. Furthermore, synthesis at pH 9 resulted in a dark colored solution.

pH2 pH4 pH7 pH9 pH11

Figure 61: Color change of as-prepared AgNP for each pH values. pH 5 not included, however color change
appeared similar to pH 4 and 7.

Changes in the physicochemical solution characteristics through the addition of a buffer
compound have a clear effect on the plasma discharge, since the discharge current is
transferred by the ions present in the solution. Depending on the precursor solution initial

pH, a visible color change of the reaction media is observed.

In order to gather further information on the synthesis of silver nanoparticles, UV-vis
absorption spectroscopy and DLS analysis are performed. Sampling of reaction media was done
after 20min of plasma exposure for each pH value. These samples are initially analyzed by UV-
vis absorption spectroscopy, and the resulting absorption spectra are presented in figure 62, and
table 20. The absence of a color change for pH 2 and pH 11 is either due to no particle
production or due to the production of highly agglomerated particles. The absorption spectra
shown in figure 62, corresponding to the solutions at pH 2 and pH 11 confirm the fact that
particle production is limited in these two cases, with absorbance values reaching only 0.205 and
0.126, respectively. The results obtained at pH 4, 5, and 7 are rather similar, not only in the color
change, but also in particle concentration, based on the maximum absorbance and Aspr Of silver
nanoparticles, as shown in figure 22. From the broadness of the absorption peaks, it is
determined that the polydispersity and/or particle agglomeration decreases for an increase in the
pH-value. The FWHM value is at the maximum for pH 4, revealing a higher degree of

polydispersity among particles. The solution presenting the lowest polydispersity and the higher
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particle concentration is obtained at pH 9, as shown by the Amax and FWHM values reported on

table 20.

Table 20: Results obtained by UV-vis absorption spectroscopy performed on AgNP solutions obtained from

Absorbance [A.U.]

different initial pH values

Initial pH Absorbance Amax FWHM
a.u. nm nm
2 0.205 390 n/a
4 0.722 391 156
5 0.750 397 137
7 0.733 397 127
9 0.756 404 100
11 0.126 426 n/a
1.0 -
0.9 1 Reference
=] Amax=397nm PH 2
- ——pH4
0.8—- Amax=391nm Ay =4040M oH 5
0.7 ——pH7
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Figure 62: UV-vis absorption spectra of AgNP solutions for 20min of plasma discharge. Initial pH values of
precursor solution between pH2 and pH11

DLS analyses are carried out for the same samples, in order to determine the average particle

size distribution. The results obtained are presented on table 21, and the corresponding PSD
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graphs are presented in both intensity and number based PSD on figure 63a-b.

These results are in agreement with the results obtained by UV-vis spectroscopy. A change in
the initial pH of the precursor solution affected the average particle size and particle
concentration. In the presence of HNOs, at pH2 and pH4, similar particle sizes are given by the
intensity- and number-based PSD. The only difference is that the particle concentration at pH2 is
lower in comparison to the one at pH4. In intensity-based PSD on figure 63a, a bi-modal
distribution with size populations at around 20nm and 110nm is obtained for both pH2 and pH4.
Without pH regulation, which corresponds to an initial solution pH of 5, a multi-modal PSD
occurred, indicating the presence of small-sized and non-agglomerated particles. In intensity-
based PSD in figure 63a, the different size populations are detected at around 9nm, 30nm, and
130nm. In terms of number-based PSD in figure 63b, mono-dispersed and small-sized particles
for pH 2, 4, and 5 are detected at around 17nm, 14nm, and 8nm, respectively. When NH4OH is
added as a buffer in order to obtain solutions of initial pH of 7, 9, and 11, the intensity-based

PSD curves, shown in figure 63c, resulted in bi-modal size distributions of larger sized particle.

Table 21: Results obtained by DLS measurements performed on AgNP solutions obtained at different initial

pH values
Initial pH Peaks Intensity-based size Number-based size ~ Count Rate

%I, nm %N, nm CR, kcps

2 1 21 17 5024
2 113

4 1 17.5 14 8070
2 106

5 1 9 8 7300
2 31
3 132

7 1 24 18 8900
2 110

9 1 21 18 2390
2 143

11 1 45.5 30 1877
2 190
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At pH 7 the particle size populations are at around 24nm and 110nm. The size increased for pH
9, which presents particle populations of sizes at around 20nm and 143nm. Particles populations’
size increased further at pH 11, with sizes at around 45nm and 190nm. The same results are
obtained from the number-based PSD in figure 63d. Mono-dispersed and small-sized particles
are obtained at pH 7, 9, and 11 showing sizes at around 18nm, 18nm, and 30nm, respectively.
Furthermore, it was observed that the particle concentration decreased, when increasing the

initial pH value of the reaction solution from pH7 to pH11.
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Figure 63: DLS size measurements graphs performed on AgNP for initial pH values between pH 2 and
pH 11. Results are presented in intensity (a and c¢) and number (b and d) based PSD.

The silver nanoparticles obtained are also characterized by TEM. The results are presented in

figure 64a-f.
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Figure 64: TEM micrographs of AgNPs prepared for different pH values. a) pH 2, b) pH 4, ¢) pH 5, d) pH 7,
e) pH 9, and f) pH 11. Scaling of images are not the same for all.
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For an initial solution having a pH2, spherical and non-agglomerated particles of sizes ranging
between 10nm and 30nm are obtained. Increasing the initial pH of the precursor solution to pH4
resulted in the production of anisotropic-shaped particles. This includes mainly triangular and
hexagonal shaped particles as shown in figure 64b. The size of the particles synthesized at pH 4
ranges approximately between 40nm and 190nm. The only difference between pH2 and pH4 is

the ionic strength of the reaction media.

Gold nanoparticles of similar structures were obtained by (Saito, Hieda, and Takai 2009), when
producing particles at low pH. Saito et al. explained the formation of these shaped particles

through the oxidative etching of gold nanoparticles by Cl™ ions during the growth phase.

As a reminder, the pH of the initially prepared precursor solution is around pH5. Thus, a
synthesis from a solution at pH5 corresponds to a synthesis without pH regulation by buffer
addition. In the TEM micrograph, as shown in figure 64c, silver nanoparticles are non-
agglomerated, spherically-shaped and small-sized with particle sizes ranging between 7nm and
13nm. This corresponds well with the results obtained by DLS size measurements. Particles that
were synthesized for an initial pH value of the precursor solution at pH7 are less spherical, and
larger particles between 20nm and 55nm are present on figure 64d. Despite the same color
change in reaction media for pH4, pH5, and pH7, the production of silver nanoparticles of
different shapes have been observed, which may be related to the ionic strength of the reaction
media. This confirms thus that the environment for nanoparticle synthesis has an important
influence on the particle size and morphology.

Particles synthesized for an initial pH value of the precursor solution of pH9 are similar in size
and shape as the particles obtained without pH regulation (pH5), as shown on figure 64e. The
particles are spherically-shaped, non-agglomerated and small-sized, with sizes between 7nm and
13nm. The only difference between particle synthesis at pH5 and pH9 is the color change at the
end of the process, and the ionic strength of the initial solution. In the last nanoparticle synthesis
the initial pH value of the precursor solution is adjusted to pH11 by the addition of NH,OH. The
particles obtained in this case are present as particles tangled into groups of knots as shown in

figure 64f. The knots were approximately 430nm in size consisting of nanoparticles of 80nm.
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The silver nanoparticles produced from a precursor solution at pH 4 are a mixture of spherical
and anisotropic shaped particles (triangular and hexagonal). The electrical and optical properties
of anisotropic particles are different than those from spherical shaped nanoparticles, and it should
be possible to observe the difference in the absorption spectra. In the case of the SPR of the
spherical particles, the in-plane quadrupole resonance is observed at around 400nm (Evanoff and
Chumanov 2005). In the case of the triangular particles, three dominant absorption peaks occur
corresponding to the different modes of the plasmon excitation. These are in-plane dipole, in-
plane quadrupole, and out-of-plane quadrupole plasmon resonances. As the edge length and
particle size increases, in-plane dipole and in-plane quadrupole plasmon resonances red-shifts
towards longer wavelengths, while out-of-plane quadrupole plasmon resonance displays a blue-
shift (C. Wu, Zhou, and Wei 2015). According to the UV-vis measurements performed on the
sample corresponding to pH4, only a single SPR resonance peak is observed. The absence of the
SPR resonance peaks characteristic for triangle particles on the absorption spectra may therefore

be due to the reaction solution containing anisotropic shaped particles of different size range.

4.4.1 Growth mechanism of silver nanoparticles

In this parametrical study, the influence of reaction media environment has been investigated in
terms of initial pH value of the precursor solution. Therefore, it was decided to produce silver
nanoparticles by the plasma liquid immersion technique in acidic and alkaline growth conditions.
These growth environments were created by the addition of HNOj3 for acidic (pH=2-4) and
NH4OH (pH=7-11) for alkaline conditions to the initial precursor solution (pH=5 for no pH
regulation). A large variation in both average size and particle shape has been obtained, and is
thus a proof that changes in the growth environment is an important parameter to control particle
growth.

Acidic growth conditions (pH = 2 to 4):

As the concentration of H™ ions increases at pH4 in comparison to pH5, a sudden change in the
nanoparticle growth is observed. Under these conditions silver nanoparticles of mainly
anisotropic shaped particles (hexagonal and truncated triangles) and isotropic shaped (spherical)

particles have been produced. As presented on the TEM micrographs (see figure 64b), it is
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observed that these particles may reach up to 200nm in diameter. For face-centered cubic metals
(FCC) the thermodynamically favorable shapes are truncated nano-cubes and multiple twinned
particles (MTP) (Sun and Xia 2002), (Washio et al. 2006). To reach a minimum surface energy
in a FFC crystal structure, the growth direction is weighted on the (100) facet, which is of higher
energy than the (111) facet. The truncation of the crystal structure further decreases the surface
energy of the total crystal structure (Capek 2017a). Growth directions and crystallographic facets
are marked in figure 66bErreur ! Source du renvoi introuvable. on a truncated (incomplete)
triangle. The surface energy of a facet can be modified by the adsorption of various additives.

A growth mechanism of anisotropic shaped silver nanoparticles is proposed by (Saito, Hieda,
and Takal 2009) as shown in figure 65. Saito et al. have prepared anisotropic silver nanoparticles
through a solution plasma process technique. In the synthesis of silver nanoparticles silver ions
were reduced by plasma generated hydrogen radicals into silver atoms. After clustering of silver
atoms, silver clusters aggregate and coalesce into large-sized spherical nanoparticles. As a result
of dissolution, spherical silver nanoparticles decrease in size and takes form into anisotropic
shaped silver particles. This particle growth mechanism does not seem coherent to the results

obtained from the particle characterization.
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Figure 65: Nanoparticle growth mechanism. Reproduced from (Saito, Hieda, and Takai 2009)

Another possible growth mechanism of anisotropic silver nanoparticles is presented in figure
66a. This growth mechanism is proposed by (P. Yu, Huang, and Tang 2010). Silver
nanoparticles were prepared by Yu et al. by reduction of silver ions (AgNOs as silver precursor)
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with NaBHj, in the presence of PVP as the stabilizing agent. The first three steps are known from

the growth mechanism as presented in section 4.2.
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Figure 66: a) Nanoparticle growth mechanism. Modified and reproduced from (P. Yu, Huang, and Tang
2010). b) Growth directions of triangular silver nanoparticle. (This work)

In the first step, silver ions are reduced by hydrogen radicals into silver atoms, and then silver
atoms dimerize and form small clusters. The silver clusters coalesce and forms silver
nanoparticles. In the continuation of this growth mechanism, spherical silver nanoparticles are
not stable and therefore become thermodynamically stable by coalescing into large-sized
triangular particles as shown in figure 66a. this growth mechanism is coherent with results
obtained from the particle characterization. As it is shown on figure 66b, growth direction of a
triangular plate produced in our study is marked on an incomplete truncated triangular

nanoparticle.

Alkaline growth conditions (pH=7-11):

For an initial solution pH of 11, it is observed that particles are no longer as uniformly
distributed as it is observed for other solution pH. The particles were tangled into knot-like
particle formations. If these particle formations are studied in detail, it is revealed that the knot-
like formations consist of non-agglomerated and small-sized silver nanoparticles. They appear to
be agglomerated due to encapsulation in the polymeric network, which is also visible on figure
67. As it is observed from the TEM micrographs on figure 64f, when increasing the solution

alkalinity, the particles agglomerate through the formation of a polymeric network.
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Figure 67: TEM micrograph of silver nanoparticles synthesized in initial solution pH 11. (This work)

In the study performed by (Chambers et al. 2014) it is shown that agglomeration of silver
nanoparticles increased at a higher ionic strength than at lower ionic strength of the reaction
solution. However, (ElI Badawy et al. 2010) showed in their study that the pH and the ionic

strength of the electrolyte did not have an impact on PVP-stabilized silver nanoparticles

In this study, modification of the initial solution pH also lead to changes in the ionic strength of
the nanoparticle growth environment. And when increasing the ionic strength it is observed that

nanoparticle encapsulation in the polymeric network is more likely to occur.

442 Summary

In this section the nucleation and growth environment during the synthesis of silver
nanoparticle is studied with focus on initial pH value of the precursor solution. This study is
performed with a 2mM AgNOs; solution, in the presence of 0.02mM PVP. Silver nanoparticles
were synthesized by the PLI process in which high voltage DC-pulsed discharges (U=8kV;
f=50Hz) are generated between a pair of Pt electrodes. The plasma discharges were generated in
the AgNO; solution during 20min and the resulting nanoparticles were later characterized in
terms of particle morphology and size measurements by UV-vis spectroscopy, DLS, and TEM.
From this study it was demonstrated that the initial pH value of the precursor solution has an
influence on nanoparticle synthesis. The precursor solution was made acidic by the addition of
HNOgs. In case of pH4 anisotropic shaped particles were formed, including triangular and
hexagonal shapes. The precursor solution was made basic by the addition of NH,OH. In the case
of pH11, the particles were grouped into knots. When no pH regulation was made, which
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correspond to pH5, non-agglomerated, small-sized and spherically-shaped silver nanoparticles

were produced.

4.5 Conclusion

Silver particles were synthesized using pulsed plasma-in-liquid discharges. The obtained
particles were characterized using different techniques such as XRD, SEM-EDS and XPS. It can
be concluded that silver particles are in their metallic fcc phase, thus being highly crystalline. In
addition, particles are non-oxidized and free from impurities. Indeed, the XRD pattern is in
agreement with that of metallic AgNP as stated in ICDD, no. 04-016-6676. This was further
confirmed by EDS analysis. Moreover, silver particles are confirmed as not oxidized by XPS,
since the BE do not deviate from the theoretical values of metallic silver, located at 374 and

368eV, corresponding to 3ds, and 3ds,, respectively.

The influence of different physicochemical parameters of the metal precursor solution on the
particles synthesis was studied. The first studied parameter is the AgNO3; concentration. From
the results obtained it is shown that using an AgNO3 concentration of 2mM lead to the formation
of particles with a lower average particle size. Nevertheless, the resulting particles are rather
agglomerated. In order to minimize particle agglomeration, the influence of using a stabilizing
agent, in this case PVP, at different concentrations, on the silver nanoparticle morphology and
particle size was also studied. Addition of 0.02mM PVP has shown to be the most effective
concentration for nanoparticle stabilization. Synthesis of silver nanoparticles in the presence of
0.02mM PVP resulted thus in a uniform distribution of spherically-shaped and small-sized silver
nanoparticles. The final parameter which influence was studied is the initial pH of the precursor
solution. Under acidic conditions (pH4), large-sized silver particles of anisotropic shapes
including triangular and hexagonal were produced. Under basic conditions (pH11), particles
were grouped into knots. Silver nanoparticles which resulted in spherical and small-sized

particles were synthesized for a pH value of the initial precursor solution of pH5.
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Chapter V — Synthesis of silver nanoparticles by pulsed plasma discharges in
liquid phase: using a solid state pulse generator

In the previous chapter, silver nanoparticles were produced using a newly-developed PLI
process of MARX-pulsed HV plasma discharges. In order to synthesize spherical, small-sized,
and non-agglomerated silver nanoparticles, the PLI process has been optimized by performing a
parametrical study with focus on the physico-chemical parameters of the solution. In this
previous parametrical study, the initial metal precursor concentration, the concentration of the
stabilizing agent, and the initial pH were studied. From this parametrical study it was concluded
that, in order to synthesize spherical, small-sized, and non-agglomerated silver nanoparticles, the
required physico-chemical conditions were an aqueous solution of 2mM precursor concentration
(AgNO3) and 0.02mM stabilizing agent concentration (PVP). In these conditions, the as-prepared
aqueous silver precursor solution has a pH value of 5 and a conductivity of 300uS/cm. It was
further determined that addition of chemicals for the modification of the nanoparticle growth
environment was not required. Thus, this set of conditions has been used in the parametrical
study presented in this chapter, which focuses on investigating the influence of the physical

discharge parameters on the silver nanoparticle synthesis.

In order to easily control and regulate such parameters a high voltage solid-state switch (HTS
161-06-GSM, BEHLKE Electronic GmbH) will be used.

The parametrical study is initiated by the investigation of the influence of the pulse duration on
the silver nanoparticle synthesis. Then, the influence of the applied voltage (Uapplied) IS
considered. Finally, the effect of the inter-electrode distance (lpy) is studied, while keeping the

ratio of Uappiied /lpt CONStant.

The parametrical study proceeds in the same methodology as presented in chapter IV. Silver
nanoparticles are synthesized using the PLI process at specific process parameters. Following the
synthesis, produced silver nanoparticles were characterized using UV-vis absorption

spectroscopy, DLS, SEM, and TEM as main characterization techniques.
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5.1 The influence of discharge pulse duration on silver nanoparticle synthesis

The second parametrical study initiates with an investigation of changes in pulse duration of the
pulsed partial corona discharges, and how this parameter influences the silver nanoparticle
synthesis. This process parameter has been included in this study since the pulse duration of
discharges is documented to have an influence on nanoparticle growth. (H.-J. Kim et al. 2018)
reported that a decrease in the pulse duration of plasma discharges reduces the size of the
nanoparticles. In their study, they generate bi-polar pulsed plasma discharges of 3.8kV and 5kHz
in pure de-ionized water (80°C), and applied two silver wires as electrodes and silver

nanoparticle source. In terms of pulse duration, 20pus, 40us, and 60ps were applied in their study.

In this study, a high voltage solid-state switch was applied to the PLI process to generate pulsed
plasma discharges. For this parametrical study, pulse duration of plasma discharges generated
in liquid phase was applied in the working range between 150us and 1.5ms. This range has
been determined, due to experimental conditions of the PLI process, which permits generation of
pulses for minimum pulse duration of 150us. Maximum pulse duration of 1.5ms has been
determined to be in the same order of magnitude as pulses generated by the MARX pulse

generator.

Two Pt wire electrodes (d=200um) of 3mm inter-electrode distance were horizontally
immersed into 100mL of the aqueous silver precursor solution in order to reach a pin-to-pin
electrode configuration. Plasma discharges were generated in the precursor solution by applying
9kV high voltage DC-pulsed plasma discharge (f=50Hz) to the high voltage electrode (anode).
The applied high voltage was measured on the anode through a high voltage probe, while the
current was measured on the ground electrode (cathode) through a current probe. Prior to each
synthesis, the applied voltage was regulated on the HV DC power generator, while pulse
duration and pulse repetition frequency were regulated on the frequency generator. In the use of
a fast solid state high voltage switch, pulsed discharges are generated by charging of a 1nF
ceramic capacitor. BEHLKE-generated pulses have a faster voltage rise-time of approx. 2ns,
which is 17 times faster than the voltage rise-time of the MARX-generated pulses. Plasma
discharges generated under these conditions were in the partial corona discharge regime and did

not reach breakdown. PLI process parameters applied in this study are presented in table 22:

144



Table 22: PLI process parameters with focus on discharge pulse duration

Discharge Physical parameters Solution Physicochemical parameters
Applied voltage (Uapplied): 9KV Reaction volume (V): 100mL
Pulse repetition frequency (f): 50Hz AgNQOj3 concentration: 2mM
Inter-electrode distance (lp;): 3mm PVP concentration: 0.02mM
Discharge time (tpiasma): 20min pH: =5
Pulse duration: 150us — 1.5ms Conductivity (c): 300uS/cm

Current (1) and voltage (U) waveforms were recorded towards the end of the synthesis process
(tolasma=20min) and are presented on figure 68. In the current waveforms, a complete profile of a
single pulse is presented, as well as a detailed profile of current pulses (t = 40us) (see insets of
current waveforms on figure 68). VVoltage waveforms of a single pulse have been presented in a
similar approach, but the detailed profile of the pulse is instead up to t = 0.75us (see insets of
voltage waveforms on figure 68). Discharge parameters were determined as appeared in the
waveforms, and they are presented on table 23. The grey field on table 23 corresponds to values
obtained for PLI process using the MARX-pulse generator in the generation of 1.5ms pulsed
plasma discharges. Oscillations of current and voltage waveform do occur as a result of charge
effects from the switching of BEHLKE pulse generator during charging and discharging of the
capacitor in the RLC electrical circuit. Comparing the oscillations in the waveforms obtained by
using the MARX and BEHLKE generator, it is observed that oscillations are less noisy, when
using the BEHLKE generator. Due to charging effects, the measured voltage may be higher than
the applied voltage.

Input energy per pulse (Einput) Was calculated by integrating applied voltage times discharge
current over the pulse duration (t, = t), as shown in equation 18. The injected discharge power
(Pplasma) Of pulsed plasma was then calculated by multiplying the input energy per pulse with

pulse repetition frequency, as shown in equation 19.

t
Einput = f I-Udt Equation 20
to
P=Epput" f Equation 21
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Einput (per pulse) values are calculated from I- and U-waveforms of a single pulse and the

resulting Einpue Waveform is presented on figure 69.

Table 23: Plasma parameters obtained for an increase in pulse duration using BEHLKE pulse generator.
The grey field corresponds to plasma parameters obtained from MARX-generated pulses.

I (mA)

I (mA)

Input energy

Injected discharge

Pulse duration Voltage
per pulse power
S U, kV Einpu, mJ/pulse Potasmas W
150 12 38.9 2.0
500 12 52.0 2.6
1500 12 73.1 3.7
1500 8 42.5 2.1
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Figure 68: I- and U-waveforms for one pulse (at the end of the process t=20min). Pulse duration applied to
plasma discharges are a) 150us, b) 500us, ¢) 1.5ms for BEHLKE-generated pulses, and d) 1.5ms for MARX-
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Figure 69: Input energy per pulse of pulsed plasma discharges obtained as a result of 20min silver
nanoparticle discharge using the PLI process for different pulse duration of plasma discharges. Pulse
duration of plasma discharges used, are 150us (black), 500us (red), 1.5ms (blue) for BEHLKE-generated

pulses.
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From the I- and U-waveforms on figure 68a-c, it is observed that the pulse duration increases
from 150 ps to 1.5 ms for a constant Ugpplica value, and that the maximum current value
increases. Visual observation of streamer-like discharges generated in the liquid phase at 150us
and 1.5ms, showed that the increase in pulse duration did not influence the streamer-like
discharges (e.g. number or length of gaseous channels). However, an increase in pulse duration
from 150us to 1.5us did result in streamer-like discharge of increased intensity, which may be
correlated to the increase in the current value. An increase in pulse duration could thus increase
the production of plasma-generated electrons, which results in an increase in the conduction of
the electric current, and thus an increase in the Ejypy (per pulse).

From these observations, it is shown that the pulse duration of plasma discharges do have
an influence on plasma generation in the liquid media.

The main differences between I- and U-waveforms of pulsed discharges using the MARX and
BEHLKE pulse generators is observed on figure 68c-d using 1.5 ms as the pulse duration. Pulses
generated using the MARX generator is decreasing exponentially in the discharging of the
capacitor until a zero-charge was reached. On the other hand, pulses generated using the
BEHLKE pulse generator decreases rapidly up to 150us and after a slow decay remains constant
around 25mA (in terms of current) and 1kV (in terms of voltage). This continues until the
specified pulse duration was reached, after which a sudden decrease at zero did occur. Therefore,
since the I- and U-values do not reach zero during one pulse, a continuous transfer of energy was
put into generation of plasma discharges, as reported on figure 2.

From the values presented on table 23, it is observed that the Ej;pu and Ppjasma values of MARX-
generated pulses are lower in comparison to BEHLKE-generated pulses of similar pulse duration
(1.5ms). However, similar Ejpy and Ppjasma values have been obtained for pulse durations of
150us using BEHLKE and 1.5ms using MARX. These differences may thus occur due to the fact

that the measured voltage remains constant at 1kV during the main part of the pulse.

Ex-situ conductivity and pH measurements were conducted for all pulse duration syntheses,
before and after 20min of plasma discharge, and these are presented on table 24. As it is shown
on table 24, initial pH and solution conductivity remains constant at pHS5 and 300uS/cm,
respectively. However, changes in the physico-chemical parameters of the reaction media occurs

during 20min of plasma discharge. From a general point of view, a decrease in pH indicates
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acidification of the solution, and an increase in solution conductivity indicates formation of ions.
It was previously in chapter IV discussed, that acidification of the reaction media might be a
result of HNO; formation. This acidic compound might be produced, when NO3 (dissolved

AgNO; salt) reacts with H* (dissociation of water molecules due to egq).

Table 24: Changes in solution chemistry monitored before and after silver nanoparticle synthesis using
BEHLKE pulse generator. Grey field corresponds to values obtained from MARX-generated pulses.

Pulse duration pH Solution conductivity
o, tS.cm™
us Initial Final Initial Final
150 5 35 300 324
500 5 33 300 350
1500 5 3.4 300 407
1500 4.5 3.65 331 373

As it is shown on table 24, there is no significant change in the final pH values for an increase
in the pulse duration of plasma discharges, and may be due to a constant formation rate of HNOs;.
An increase between the initial and final solution conductivity is also observed for all pulse
durations. In theory, this increase is due to the fact that the excitation, ionization, and
dissociation of water molecules lead to the formation of ionic species. It is also observed, that an
increase in the final solution conductivity values, at the end of the 20 min process, occurs for an
increase in the pulse duration. Due to the increase in final solution conductivity values, it may
occur that the plasma processes rate increases. For an increase in the solution conductivity, an
increase of the discharge current and increase in electron density occurs (Sunka 2001). This
increase in solution conductivity is associated to an increase in E;npy values, since an increase in
the input energy per pulse does result in an increased production of reactive species. Therefore,
for an increase in the pulse duration, an increase in the production rate of reactive species may
occur. Hence, it is expected that an increase in pulse duration may influence nanoparticle
production.

As-synthesized silver nanoparticle solutions prepared with BEHLKE-generated pulsed plasma
discharges of different pulse durations are presented in figure 70. As it is observed, these

solutions are, from a qualitative point of view, significantly different, presenting distinct colors.
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Since metallic nanoparticles of different sizes and geometries possess different absorption
properties as a result of the SPR excitation (Millstone et al. 2009), (J. Cao, Sun, and Grattan
2014), this can explain the differences in the solution color. Another possible reason for this
color difference could be related to particle concentration, as an increase in the particle

concentration leads to a decrease in solution transparency.

150pus 500pus 1.5ms

Figure 70: Color changes for 20min nanoparticle synthesis applying 150pus, 500us, and 1.5ms pulse duration
of plasma discharges

An increased particle concentration for an increase in the pulse duration may thus confirm that
an increase in plasma processes, and thus an increase in the production rate of reactive species
occur. However, the difference in particle size and geometry could also be a possible reason.

In order to determine how the pulse duration influences the silver nanoparticle synthesis by the
PLI process, further analyses were performed. After a 20min of process time, as-synthesized
silver nanoparticles were analyzed by UV-vis absorption spectroscopy. The results are presented
on figure 71 and table 25.

Table 25: Results obtained from UV-vis absorption spectra of silver nanoparticle synthesis applying 150ps,
500us, and 1.5ms pulse duration of plasma discharges. Marked field corresponds to values obtained from
MARX-generated PLI process.

Pulse duration Absorbance Amax FWHM
us a.u. nm nm
150 0.29 402 138.6
500 0.72 400 161.4
1500 1.69 402 145.0
1500 0.75 397 137.0
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Figure 71: UV-vis absorption spectra of silver nanoparticles synthesized by applying plasma discharge of
pulse duration 150us (orange), 500us (red), and 1.5ms (green). In addition, 1.5ms pulse duration (blue) of
plasma discharges for nanoparticle synthesis using a Marx pulse generator is shown.

From these results, it is determined that the maximum absorption of silver nanoparticles is
observed at a wavelength (Amax) around 400nm. This is in agreement with surface plasmon
resonance (SPR) of spherical silver nanoparticles absorbing visible light at around 400nm. At
Amax, Silver nanoparticle light absorption increases with increasing the pulse duration from 0.29 at
150us to 1.69 at 1.5ms. These results confirm that an increase in the pulse duration of
plasma discharges increases the rate of plasma-chemical processes to result in an increased

particle concentration of silver nanoparticles.

Broad absorption peak and slow decrease in the absorption band of silver nanoparticles
produced by BEHLKE-generated pulse discharges have been observed. This could occur due to

the polydispersity of nanoparticles and/or the particle agglomeration.

Absorption bands of silver nanoparticles produced by MARX-pulsed PLI process (AgNP-
MARX) of 1.5ms in pulse duration are presented as the blue line on figure 71. The absorption
band of silver nanoparticles produced by BEHLKE-pulsed PLI process (AgNP-BEHLKE) of
1.5ms is likewise presented as the green line figure 71. By comparing these two absorption bands
at Amax, It s shown that the absorbance of AQNP-BEHLKE is more than 2-fold the one of AgNP-
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MARX. Differences in the intensity of absorption band indicate that particle concentration of
silver nanoparticles is not similar for these two processes. Plasma parameters for these two
processes are presented on table 23 (p. 144 ), and it is shown that for a pulse duration of 1.5ms,
Einput = 40mJ/pulse for MARX-pulsed PLI process and Einput = 73mJ/pulse for BEHLKE-pulsed
PLI process. Thus, for a given pulse duration, the BEHLKE-pulsed discharge delivers more
energy to the system, leading to the production of a higher amount of particles. Differences in
the maximum absorption band of silver nanoparticles, and hence in nanoparticle
concentration, of these two processes are thus explained by the differences in the Einput,

which is delivered to the process.

Another comparison can be made from the spectra presented on figure 71. This concerns the
absorption band of AQNP-MARX at 1.5ms pulse duration (blue line), and the absorption band of
AgNP-BEHLKE at 500us pulse duration (red line), which are (nearly) superposed. Comparison
of these absorption spectra may reveal that similar type of nanoparticles has been produced.
Similar absorption bands are also reflected on the color of the colloidal silver nanoparticle
solution prepared by BEHLKE-pulsed PLI process (see figure 70), which is similar to the
solution color of AQNP-MARX (c.f. figure 52 in chapter 1V).

The last absorption band obtained for AQNP-BEHLKE of 150us pulse duration is represented
as the orange line on figure 71. A comparison of this absorption band to absorption band of
AgNP-MARX of 1.5ms in pulse duration (blue line) shows that these two absorption band are
not similar. The maximum absorption value for AQNP-MARX is 0.75, and maximum absorption
value for AgNP-BEHLKE is 0.29. Differences in maximum absorption values for these two
processes indicate that particle concentration is different. Besides differences in the absorption
band, it is shown on table 23, that Einu: (per pulse) are similar for BEHLKE- and MARX-pulsed
PLI process. The input energy value for both BEHLKE- and MARX-pulsed PLI process is
approx. Einpu= 40mJ/pulse. For Ejnpye (per pulse) being similar for BEHLKE- and MARX-pulsed
PLI process of different pulse durations, it was demonstrated that the maximum absorption and
thus particle concentration are not similar. Similarities in Ejnput and Pprasma (but difference in
absorption bands) are reflected on the colloidal silver nanoparticle solution. It is shown that
AgNP-BEHLKE appears to contain fewer particles, than AgNP-MARX, which explains thus the

low maximum absorption, and hence the difference in colloidal solution.
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From this analysis, it is thus shown that an increase in pulse duration (150us to 1.5ms)

does have an influence on the production of reactive species.

Furthermore, it is from this analysis shown that in the use of two different pulse generators,
plasma discharges are not generated on a similar basis, which is also reflected on the Einpu (per
pulse) values. On table 26, it is possible to find an overview of parameters, which have been

compared in the use of two different pulse generators for silver nanoparticle production.

Pulse duration of Behlke Einput max.
pulsed discharge absorbance
150us Similar Lower
500us Higher Similar
1.5ms Higher Higher

Table 26: Comparison of the results obtained by BEHLKE-pulsed PLI process at different pulse duration
with the results obtained using the MARX-pulsed PLI process with 1.5ms pulse duration.

As an example, comparison of the Ejnp.t (per pulse) value obtained from the BEHLKE-pulsed
PLI process at 150us is performed by comparing AgNP-BEHLKE to AgNP-MARX using the

2 [13

keywords “lower than...”, “similar to...

2

, and “higher than...”. From this comparison, it is

shown that nanoparticle production are not similar for all Einu (per pulse) values.

Silver nanoparticles prepared by the BEHLKE-pulsed PLI process at different pulse durations
were analyzed by the Dynamic Light Scattering (DLS) technique for determination of particle
size distribution (PSD). For the DLS analysis, ImL of as-synthesized nanoparticles was
transferred into a quartz cuvette (1xI1cm) and the DLS analysis was carried out. Results obtained
from the DLS analysis are presented in table 27, and corresponding PSD graphs are presented in

both intensity- and number-weighted PSD, shown on figure 72a-b.
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Table 27: Results obtained by DLS analysis of silver nanoparticles produced by BEHLKE-pulsed PLI
process. Silver nanoparticles produced for different plasma pulse durations. The last field corresponds to
results obtained from MARX-generated PLI process.

Intensity-based size

Number-based size

Pulse duration Peaks 1) (%N) Count Rate
us nm % nm % kcps
150 1 155 3.0 13.7 100 7576
2 36.1 11.0
3 162.4 86.0
500 1 27 25.7 20.5 100 11120
2 129 74.3
1500 1 31.8 23.4 255 100 29010
2 126.3 76.6
1 9.0 6.5 7.99 100 7300
1500
(MARX) 2 31.40 28.1
3 132 65.4
35 - 35 4
Pulse duration 150us Pulse duration 150ps
— Pulse duration 500us a) b) Pulse duration 500us
30+ Pulse duration 1.5ms 301 Pulse duration 1.5ms
Pulse duration 1.5ms (MARX) Pulse duration 1.5ms
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Figure 72: Graphs showing PSD of silver nanoparticles produced by BEHLKE-pulsed PLI process of pulse
durations: 150us (orange), 500us (red), and 1.5ms (green). Results obtained by the MARX-pulsed PLI process
for pulse duration of 1.5ms (blue) are also presented. All results are presented in both a) intensity and b)
number based PSD.

Particle size distributions are presented in hydrodynamic diameter (in nanoscale) and scattered

light (in percentage) for both intensity- and number-weighted PSD on table 27. The DLS results

presented on figure 72 corresponds to AgNP-BEHLKE at 150us (orange), 500us (red), and
1.5ms (green). Furthermore, the DLS result of AgNP-MARX at 1.5ms (blue) is also included in

this analysis in order to compare MARX- and BEHLKE-pulsed PLI process.
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From the DLS results on figure 72a, it is shown that BEHLKE-pulsed PLI process at 150us in
pulse duration results in a multi-modal size distribution (three size populations) of produced
silver nanoparticles. The hydrodynamic diameters for these particles are determined to be around
15.5nm (3%), 36nm (11%), and 162nm (86%). An increase in pulse duration to 500us results in a
bi-modal PSD. For a pulse duration at 500us the hydrodynamic size of particles are
approximately 27nm (25.7%) and 129nm (74.3%). Further increase in the pulse duration to
1.5ms resulted in a bi-modal PSD with particle sizes detected to be more or less equal to
nanoparticles produced at 500us in pulse duration. Particle sizes are detected to be around
31.8nm (23.4%) and 126.3nm (74.6%) in hydrodynamic diameter.

From the number-weighted PSD on figure 72b, it is shown that hydrodynamic diameter of
nanoparticles increases approximately by Snm for an increase in plasma pulse duration from
150ps to 1.5ms. The hydrodynamic diameter of nanoparticles produced for plasma pulse
durations of 150us, 500us, and 1.5ms corresponds thus to 13.7nm, 20.5nm, and 25.5nm,
respectively.

From these results, it can be concluded that an increase in plasma pulse duration

increases the average nanoparticle size.

Silver nanoparticles produced by the MARX-pulsed PLI process at 1.5ms pulse duration are
represented by the blue graph on figure 72a-b. For a pulse duration of 1.5ms, the hydrodynamic
size of nanoparticles are approx. 9nm (6.5%), 31.4nm (28.1%), and 132nm (65.4%) in intensity-
weighted PSD and 8nm in number-weighted PSD. Results obtained from DLS analysis show
that small-sized silver nanoparticles are produced using the MARX-pulsed PLI process at
1.5ms in plasma pulse duration. Average nanoparticle sizes are reduced in comparison to
nanoparticles produced from the BEHLKE-pulsed PLI process.

The count rate (CR) value represents scattered light (in kcps) by nanoparticles exposing
Brownian motion. This value may as well be interpreted as particle concentration present in the
dispersing media. In order to avoid measurement bias, such as multi-scattering effects, the
colloidal solutions were diluted. The CR values presented in table 27 are thus corrected for any
dilution. An increase in the CR has been detected from the DLS analysis. This indicates thus that
an increase in particle concentration occurs for an increase in pulse duration of plasma

discharges. These results are thus in agreement with an increase in maximum absorbance, which
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was obtained from UV-vis absorption spectroscopy, and the decrease in solution transparency.
From this measurement, it was determined that an increase in pulse duration of plasma
discharges influences silver nanoparticle production. This is determined, since an increase
in pulse duration resulted in an increase of the average particle size. An increase in the
average particle size is possible due to the fact that an increase in pulse duration increases the
production of reactive species. This results in an increase in the rate of particle synthesis and an
increase in particle concentration, which enhances particle-particle interaction. An enhancement
in particle-particle interaction may promote particle coalescence and increase the average size of

silver nanoparticles.

Polydispersity of nanoparticles is identified through a multi-modal PSD on figure 72a-b. Multi-
modality did occur on intensity-weighted PSD, and may thus indicate presence of polydisperse
nanoparticles. However, in number-weighted PSD, multi-modal PSD did not occur, and may thus
indicate that the smaller particle size population is dominating. Currently, it is from these results
difficult to determine whether polydispersity (intensity-weighted PSD) among silver
nanoparticles occurs due to particles of different size populations, or due to particle
agglomeration. In order to determine the morphology of AgNP-BEHLKE and to determine the

presence of agglomerated particles, further characterization of silver nanoparticles are required.

In the following, as-synthesized silver nanoparticles were characterized by Scanning Electron
Microscopy (SEM) in order to determine nanoparticle shape, and to reveal any presence of
agglomerated nanoparticles. Samples for this characterization technique were prepared by
following the same sample preparation procedure as applied in chapter IV. Silver nanoparticles
were deposited onto microscopy glass plate for one hour, carefully rinsed with deionized water,

and dried in oven overnight at 80°C. Results of SEM characterization are shown in figure 73a-b.
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Figure 73: SEM micrographs of silver nanoparticles prepared using the BEHLKE-pulsed PLI process with
pulse duration: a) 150us and b) 1.5ms. (Inset image for 1.5ms are in scale). ¢) Silver nanoparticles prepared
using MARX-pulsed PLI process at 1.5ms pulse duration. (Magnification: 30kX)

Silver nanoparticles presented in figure 73a-b are obtained from the BEHLKE-pulsed PLI
process with pulse durations at 150us and 1.5ms, respectively. Silver nanoparticles presented on
figure 73c are obtained from the MARX-pulsed PLI process at 1.5ms pulse duration. Silver
nanoparticles obtained by 150us in pulse duration (see figure 73a) were produced in different
sizes and shapes, such as cubes, spheres, and rods. Small-sized spherical nanoparticles between
10nm and 80nm were produced, which corresponds to spherical nanoparticle produced using the
MARX-pulsed PLI process. Apart from spherical nanoparticles, silver nano-cubes and silver
nano-rod shaped particles were also produced using the BEHLKE-pulsed PLI process. Silver
nano-cubes are larger in size, between 75nm and 120nm, and silver nano-rods are between
150nm and 200nm in length and 70nm wide. It appears that nanoparticles produced at different

pulse durations are significantly different in morphology.

157



From these observations, it is therefore determined that pulse duration of plasma

discharge is an important parameter in nanoparticle synthesis using PLI processes.

Variation in particle sizes and shapes may explain the broad absorption peak, which was
obtained from the UV-vis absorption spectroscopy. It explains furthermore multiple size
population in the DLS analysis. Each size population is monodisperse and particles of each shape
are of narrow size distribution. From a global point of view, particles produced for 150pus in
pulse duration are polydisperse in the presence of various particle geometries and various
particle sizes. This indicates thus the production of heterogeneous particles during nanoparticle
synthesis using the BEHLKE-pulsed PLI process for 150us in pulse duration. One explanation to
the production of shaped particles may be due to the decreased production rate of reactive
species, which occurred for decreased pulse duration of streamer-like discharges. Silver ions are
reduced into zero-valent silver atoms in the production of reactive species, and most of their
growth phase may occur during the charging of the capacitor. Since this charging time of the
capacitor of low pulse durations is higher, than for streamer-like discharges of 1.5ms pulse
duration, particles may appear as shaped particles. Further detailed studies on the production of
shaped particles in plasma in liquid phase should be performed in order to determine what causes

the shaped nanoparticles.

In UV-vis absorption spectroscopy, particle size, shape, and aspect ratio do influence the
optical properties of nanoparticles, in which absorption properties of the incident light is changed
(K. L. Kelly et al. 2003). Since particle geometries and thus the aspect ratio in the case of 150us
in pulse duration are different, this may therefore affect absorption of light and influence the

surface plasmon resonance of metallic silver nanoparticles to result in a broad absorption band.

For an increase in pulse duration to 1.5ms, silver nanoparticles obtained from the BEHLKE-
pulsed PLI process are presented in figure 73b. Particles do not exist in different particle
geometries as observed in figure 73a, but they exist as irregular-shaped particles. Regular
occurrence of particle agglomerates, as shown on the inset image of figure 73b, was observed.

Among agglomerates it was highly possible to observe perfectly shaped spherical nanoparticles
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at around 400nm in diameter. Agglomeration of silver nanoparticles would explain the broad

absorption band in the absorption spectra.

Particle agglomeration has been avoided through particle stabilization in the presence of a
minimum PVP concentration of 0.02mM using the MARX pulse generator, as presented on
figure 73c (for more information see chapter 1V, section 4.3). AQNP-MARX in the presence of
0.02mM PVP appears small-sized and uniformly distributed in the absence of aggregates.
However, AgNP-BEHLKE is larger in size and formation of regular agglomeration, in the
presence of same amount of PVP stabilizing agent, does occur.

For an increase in pulse duration from 150pus to 1.5us of plasma discharges it is shown that an
increase in particle production occurs. With this increase the amount of PVP becomes
insufficient in stabilizing silver nanoparticles, resulting thus in their agglomeration. This occurs
since an increase in pulse duration increases the production of reactive species, which increases
the synthesis rate of silver nanoparticles to result in an increase in the particle concentration. This
means that the stabilizing effect of PVP decreases for a constant PVP concentration, which
results in exposed active sites of silver nanoparticles. With an increased particle-particle
interaction, silver nanoparticles coalesce and agglomerate. In order to avoid particle
agglomeration, it is therefore important to inhibit reactive sites on nanoparticles by increasing the

concentration of stabilizing agent for an increase in pulse duration of plasma discharges.

The study performed by (H.-J. Kim et al. 2018) shows that an increase in nanoparticle size
occurs for an increase in the discharge pulse duration. For short pulse durations (20us) small-
sized and spherical particles were produced (80nm). Increase in the pulse duration (40ps),
increased further the size of spherical particles (100nm). As the pulse duration was increased to
60us, the discharge region was completely covered by gas bubbles. This resulted in the
production of triangular silver nano-plates of 8um. It has thus been concluded that the average
nanoparticle size increases for an increase in pulse duration. Without further studies on micro-
bubble production, it is not possible to confirm, whether microbubbles has an influence the

nanoparticle synthesis, in our case.
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5.1.1 Summary

The first parameter that was studied is the pulse duration of the BEHLKE-pulsed plasma
discharges. Pulse durations between 150us and 1.5ms have been selected. 150us was applied as
the minimum applicable pulse duration of the PLI process. Pulse duration of 1.5ms was applied
in order to be in the same order of magnitude of plasma pulse duration obtained using the
MARX pulse generator. Increasing the streamer pulse duration would increase plasma process
rate in the liquid phase, which results in the increased production of reactive species. This is in
agreement with the increase in the solution conductivity, as a result of increased production of
ionic species. The conduction of the electric current becomes enhanced for this reason and an
increase in the Einput (per pulse) of streamer-like discharges was obtained.

Increase in pulse duration was first reflected on the solution transparency, as the concentration
of produced particles would increase. UV-vis absorption spectroscopy verified production of
silver nanoparticles, due to the presence of SPR peak at around 400nm. The average particle size
of silver nanoparticles was determined by DLS, and the increase in size for an increase in pulse
duration of BEHLKE-pulsed plasma discharges was confirmed. From these measurements, it
was further determined that silver nanoparticles were polydisperse. Silver nanoparticles were
further characterized by SEM. For 150us pulse duration different shaped particles including
spheres, cubes and rods was formed at different sizes. The streamer-like discharges of low pulse
duration (150us) may generate reactive species at a reduced production rate. Reduction of silver
ions into zero-valent silver atoms occurs. The growth of the silver nanoparticles occurs thus
during the charging of the capacitor, before another streamer-like discharge is activated in the
discharge of the capacitor. Since this charging time of the capacitor is increased than for
streamer-like discharges of 1.5ms pulse duration, particles may appear as shaped particles. For
1.5ms pulse duration large-sized and irregular-shaped particles were aggregated. It is a
possibility that due to an increased particle concentration that PVP concentration was not
sufficient to prevent particles from aggregation.

In order to produce small-sized silver nanoparticles in the use of the BEHLKE-pulsed PLI
process, pulse duration of 150us should be applied. Based on these results, the second

parametrical study with focus on Uappiied Will be performed with pulse duration of 150s.
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5.2 The influence of applied voltage on nanoparticle synthesis

The influence of applied voltage on silver nanoparticle synthesis has been investigated. This
parameter has been studied, since it was observed by several authors that an increase in applied
voltage would decrease nanoparticle size (Hieda, Saito, and Takai 2008), (Saito, Hieda, and
Takai 2009).

For this study, Uappiiea Was applied in the working range between 1kV and 12kV, with an
inter-electrode distance fixed at 3 mm. At the minimum applied voltage (1kV), plasma
discharges are not visible. Plasma discharges for the maximum applied voltage (12kV) would
change the regime into the sparking discharge regime for the given inter-electrode distance of

3mm.

Silver nanoparticles were synthesized using a BEHLKE-pulsed PLI process with pulse duration
at 150us, as was determined from section 5.1. No modification on the electrical circuit has been
performed, and also no modification of the precursor solution has been executed. Silver
nanoparticle synthesis did proceed similar to nanoparticle synthesis as reported in the previous

section, which are as follows:

The aqueous precursor solution consists of 2mM AgNOj; as the silver source. For nanoparticle
stabilization 0.02mM PVP was added into the aqueous precursor solution. In these conditions,
the as-prepared aqueous silver precursor solution has pH5 and 300uS/cm in solution

conductivity.

Nanoparticle synthesis was carried out by immersing a pair of Pt wire electrode (d: 200um, L.:
0.5mm) in silver nitrate precursor solution. In this study the inter-electrode distance of Pt wires
was kept constant at 3mm. High voltage DC-pulsed plasma discharge was generated in the
electrode gap by applying high voltage to electrodes in the range between 1kV and 12kV. The
pulse repetition frequency of pulsed plasma discharges was 50Hz, and as determined from
previous section pulse duration of 150us has been applied. High voltage pulse discharges were
generated using a solid state HV switch. PLI process parameters applied in this study are

presented in table 28:
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Table 28: PLI process parameters with focus on applied voltage

Discharge Physical parameters Solution Physicochemical parameters
Applied voltage (Uappiiea): 1-12kV Reaction volume (V): 100mL
Pulse repetition frequency (f): 50Hz AgNQOj3 concentration: 2mM
Inter-electrode distance (lp¢): 3mm PVP concentration: 0.02mM
Discharge time (tpiasma): 20min pH: =5
Pulse duration: 150ps Conductivity (c): 300uS/cm

Current (1) and voltage (U) waveforms were recorded towards the end of the synthesis process
(tolasma=20min) and are presented on figure 74. In current waveforms, a complete profile of a
single pulse is presented, as well as a detailed profile of current pulses (t = 40us) (see insets of
current waveforms on figure 74). Voltage waveforms of a single pulse have been presented in
similar approach, but the detailed profile of the pulse is instead up to t = 0.75us (see insets of
voltage waveforms on figure 74). Relevant discharge parameters were extracted as appeared in
the waveforms, and presented in table 29. The grey field on table 29 corresponds to plasma
parameters obtained for PLI process using the MARX-pulse generator in the generation of
plasma discharges of 8kV (pulse duration 1.5ms).

The input energy per pulse was then determined from waveforms presented on figure 74
corresponding to each Ugppiieq Value, and the resulting waveform of input energy was presented in

figure 75.

Table 29: Plasma parameters obtained for different applied voltages using BEHLKE pulse generator.
Grey field corresponds to values obtained from MARX-generated pulses.

Applied voltage Input ngsregy per Inject;%\c/jvies:harge
Uapplicds KV Einpu, MJ/pulse Pptasma; W
1 1.0 0.05
5 135 0.7
8 42.5 2.1
9 38.9 2.0
12 65.1 3.3
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Figure 74: 1- and U-waveforms for one pulse (at the end of the process t=20min). Applied voltages of plasma
discharges are: a) 1kV, b) 5kV, ¢) 9kV, and d) 12kV for BEHLKE-generated pulses, and e) 8kV for MARX-
generated pulses.
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Figure 75: Input energy per pulse of pulsed plasma discharges obtained as a result of 20min silver
nanoparticle discharge using the PLI process for increase in the applied voltage. Applied voltages are 1kV
(orange), 5kV (red), 9kV (blue), and 12kV (green) for BEHLKE-generated pulses with 150ps in pulse

duration.

164



From the electrical waveforms, presented on figure 74a-e, it is observed that the conduction of
electrical current is increased as the applied voltage is increased from 1kV to 12kV. This
increment in applied voltage leads thus to an increase in the input energy (per pulse) of
BEHLKE-generated plasma discharges from Iml/pulse to 65ml/pulse, respectively (c.f. figure
75). It is also noticed that an increase in the applied voltage from 9kV to 12kV affects the current
waveform by the appearance of a second conduction “peak”. This may be due to an increase in
the electric field around the electrodes. From these observations it is shown that the applied

voltage does have an influence on pulsed plasma generation in the liquid phase.

The current- and voltage waveforms, which have been obtained from BEHLKE- and MARX-
pulsed PLI process, are compared. It should be noticed that pulse durations for these two
processes are different. BEHLKE-pulsed plasma discharges are generated with 150us in pulse
duration, while MARX-pulsed plasma discharges are generated with 1.5ms in pulse duration.
However, at 7=1.5us in the waveforms of MARX-pulsed plasma discharges, it is observed that
current and voltage values are close to values obtained from BEHLKE-pulsed plasma discharges.
Despite the differences in plasma generation using two different pulse generators, similar Einpu

(per pulse) and Ppjasma values around 40mJ/pulse and 2W, respectively, have been obtained.

The influence of the applied voltage on pulsed plasma generation in a liquid phase is also
visualized through images of plasma discharges as shown on figure 76a-d. From these images,
we can observe that the plasma discharge runs into different discharge regimes as the Ugppiied

value is increased from 1kV-12kV.

A transition from streamer-to-spark plasma regimes for an increase in Ugppiieca and constant
inter-electrode gap occurs, due to an increase of the electric field. In terms of plasma discharges
generated in liquid phase, two types of plasma regimes occur. These are classified as
streamer/corona discharges and spark/arc discharges (B. R. Locke et al. 2006). In our case, no
luminous plasma discharge was observed applying a high voltage between 1kV and 5kV to the
electrodes. Applying 1kV to the electrodes do not result in generation of visible plasma
discharges nor in micro-bubble production (c.f. figure 76a). It may occur that large-sized bubbles
are visible near the anode capillary on figure 76a, but it did not occur as a result of plasma

discharges. These were present throughout the experimentation.
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Figure 76: Changes in visible plasma discharge during AgNP synthesis for increase in Ugppiicq. &) represents
discharges applying 1kV and 5kV, b) partial corona discharges observed on cathode when applying 9kV, and
c-d) corona discharges on both anode and cathode that frequently connects and results in breakdown when
applying 12kV.

At 1kV, the energy that is put into discharges and the injected power is as low as 1mJ/pulse and
0.05W, respectively, which are not sufficient in generation of luminous discharges. Increasing
Ugyppiiea to 5KV results in similar discharge observations (c.f. figure 76a), however the input
energy and discharge power increases to 13.5mlJ/pulse and 0.7W, respectively. Such an increase
does not result in visible plasma generation, but result in generation of micro bubbles. As a result
of an increase in applied voltage, production of silver nanoparticles near the Pt cathode surface is
initiated. Further increase in Upypiiea to 9kV increased the input energy to 40mJ/pulse and the
discharge power to 2W. The input energy was sufficiently high to ionize gaseous species
resulting in UV-light emission and to generate partial corona discharges on the cathode Pt wire.
For an increase in discharge power strong shockwaves accompanied with excessive micro bubble
formation occurs. The intensity of UV-light increases as the applied voltage increases, and thus

the input energy per pulse, is increased (B. R. Locke et al. 2006).

According to (An, Baumung, and Bluhm 2007) generation of streamers or corona discharges in
water are initiated by formation of non-luminous and bush-like primary streamers, when the
electric field is in the order of 100MV-m™. As the electric field around primary streamer tips
becomes high enough, luminous and filamentary secondary streamers are formed. The electric

field around secondary streamers reaches up to 2GV-m™ (4n, Baumung, and Bluhm 2007).
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According to (Hoffer 2014) channels of secondary streamers are larger in diameter and

propagate at a higher speed than primary streamers.

At 12kV, the input energy and discharge power increased to 65mJ and 3.3W, respectively. This
increase resulted in an increase of the electric field around Pt electrodes, which is sufficiently
high enough to activate a second plasma discharge around the anode Pt wire tip (c.f. figure 76c).
Furthermore, streamer-to-spark transitions occurred as streamer-like channels propagated
towards the opposite electrode to reach breakdown. This streamer-to-spark transition is

illustrated on figure 76¢-d.

The streamer-to-spark transition was in a similar study further investigated by (Rond et al.
2018). In this study, pulsed plasma discharges were generated in a NaCl solution. A sufficiently
high electric field was created by applying 12 kV to a pair of tungsten electrodes in order to
sustain electric discharges to reach breakdown. Generation and the transition of streamer-to-
spark pulsed discharges were investigated through Schlieren spectroscopy. Recordings which
illustrate two types of spark formations are shown in selected images from the work of Rond et

al. on table 30.

Table 30: Two breakdown mechanisms of BEHLKE-pulsed plasma discharges generated at 12kV. Modified
and reproduced from (Rond et al. 2018).

Case 1 (12kV) Case 2 (12kV)

In case 1, the streamer-like discharge propagates towards the anode, and the breakdown is

controlled from streamer-like propagation mechanism. Whereas in case 2, the streamer-like

discharge propagates towards the cathode and each streamer leads to breakdown.

Putting the findings of this study in parallel to our work reveals that by applying 12kV to the
PLI process, for an inter-electrode distance of 3mm, the streamer-to-spark transition is generated

irregularly. This is controlled by streamer-like discharge initiation mechanism, which for each
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pulse either may remain as streamer-like discharge, propagate as in case 1 or propagate as in case

2.

Ex-situ conductivity and pH measurements of the reaction media were conducted before and
after nanoparticle synthesis with exposure to 20min of plasma discharges. Results of these

measurements are presented in table 31.

Table 31: Changes in solution chemistry of the reaction media, before and after silver nanoparticle synthesis
using BEHLKE pulse generator. Grey field corresponds to values obtained from MARX-generated PLI

process.
Applied voltage pH Solution conductivity
U applieds KV o, uS.cm™
Initial Final Initial Final
1 4.5 4.3 311 312
5 4.5 3.9 304 318
8 4.5 3.7 331 373
9 4.5 3.7 302 325
12 4.5 39 307 316

It is observed that initial pH and solution conductivity values of the precursor solution (prior to
plasma discharge) are constant at pH4.5 and around 305uS/cm, respectively. However, changes
in the solution occur during 20min of plasma discharge. In chapter 1V, it was previously
discussed that acidification might be due to HNO; formation as a result of plasma-generated
chemical reactions. If initial pH and ¢ values are compared to final pH and o values for
nanoparticle synthesis at 1kV, we can conclude that no significant change in the reaction media
did occur. This might hence indicate that no particle production occurs for an applied voltage of
1kV.

Significant changes in the physico-chemical parameters of the reaction media occurred for
nanoparticle synthesis when applying high voltages at 5kV, 9kV, and 12kV for a decrease in pH
between 0.6-0.8 and an increase in solution conductivity between 14-23uS/cm. The increase in
solution conductivity for 12kV by 9uS/cm is low in comparison to 5kV and 9kV, which may also

have an influence on particle production.
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The influence of an increase in the Upypieqs 1n nanoparticle synthesis was also observed in the
color change of the reaction media after 20min of plasma discharge. As shown in figure 77,
applying 1kV of pulsed plasma discharges did not result in a color change of the reaction media

and confirms thus previous assumptions of no silver nanoparticle production.

1kV 5kv 9kV 12kV

Figure 77: Color changes of reaction media obtained from a 20min nanoparticle synthesis applying 1kV, 5kV,
9kV, and 12kV of DC-pulsed plasma discharge.

An unusual silver nanoparticle production was observed after nanoparticle synthesis in the
application of 5kV pulse plasma discharges. The resulting reaction media does have a black
shear due to presence of black particles, rather than the traditional yellow color resulting from
small-sized spherical silver nanoparticles. The reason to production of black particles may be due
to the influence of electrical discharges, which occurred as non-luminous discharges with
generation of continuous microbubbles. As a result, it might occur that oxidized silver
nanoparticles are produced, however in order to confirm this point of view, further
documentation is required. Applying 9kV of plasma discharges to the PLI process during silver
nanoparticle synthesis resulted in a yellow color change of the reaction media, which indicates
production of small-sized silver nanoparticles. A further increase in applied voltage to 12kV
resulted in a different response of color change of the reaction media. During 20min synthesis,
the occurrence of spark discharges did appear frequently, and an obvious yellow color did
appear. However, after 20min of nanoparticle synthesis with spark discharges, the reaction media
became nearly transparent as shown in figure 77. This behavior may be due to the fact that
produced silver nanoparticles are not stable, and dissolves into silver ions as reported by (Saito,

Hieda, and Takai 2009).

Further investigations of resulting silver nanoparticles were performed. A small volume (2mL)

of reaction media containing silver nanoparticles was analyzed by UV-vis absorption
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spectroscopy. Absorption spectra of this analysis are shown in figure 78 and information

determined from these spectra are listed in table 32.

Table 32: Results obtained from UV-vis absorption spectra of silver nanoparticle synthesis applying 1kV,

5kV, 9kV, and 12kV of pulsed discharges

Applied voltage Absorbance Mmax FWHM
Uapplied: KV a.u. nm nm
1 n/a n/a n/a
5 0.13 402 n/a
8 0.75 397 137
9 0.29 402 138.6
12 0.09 416 117
0.50
Reference
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Figure 78: UV-vis absorption spectra of silver nanoparticle synthesis. Nanoparticles synthesized for an
increase in applied voltage including 1kV (orange), 5kV (red), 9kV (blue), and 12kV (green).

No absorbance around 400nm is observed from the reaction media, which was exposed to 1kV

electric discharges. Absence of the absorption peak around 400nm proves that the reaction media

does not contain silver nanoparticles. Based on these results, it is confirmed that no silver

nanoparticle production occurred, when 1kV is applied to the BEHLKE-pulsed PLI process in

which the Eiypue =1mJ/pulse. Based on solution conductivity measurement, it was also determined
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that almost no change in the reaction media did occur for an exposure of discharges during
20min. Applying 5kV discharges to the BEHLKE-pulsed PLI process resulted in production of
nanoparticles, which absorb light around 402nm and 0.132 in absorbance. The resulting
absorption band is broad and it was therefore not possible to determine the FWHM value. This
indicates that particles are either highly polydisperse or agglomerated. Silver nanoparticles
produced as a result of applying 9kV to the BEHLKE-pulsed PLI process, resulted in light
absorption around 402nm and 0.287 in absorbance. Particles may appear highly polydisperse or
agglomerated, since the FWHM value is as high as 138.6. Lastly, silver nanoparticles produced
by applying 12kV to the PLI process produced silver nanoparticles, which absorb light around
416nm and 0.09 in absorbance. The absorbance is lower than the ones measured for 5kV and
9kV, and due to a red-shift in Anax Of the SPR peak by 14nm, the average particle size may be
larger in comparison to nanoparticles produced from 5kV and 9kV. Suggestions to a decrease in
the yellow color of the reaction media after plasma exposure at 12kV have been proposed. Based
on these results, which presented a low particle concentration and increased particle size may
thus guide us towards clearance in particle production in the application of pulsed plasma
discharges at 12kV. The first suggestion focused on the dissolution of nanoparticles into silver
ions, which might explain the decrease in the yellow color. However, this suggestion is not
possible, as a decrease in particle size would be expected. Therefore, the second suggestion is
considered to explain this scenario. An increased input energy, and thus increased driving force
of nanoparticle crystallization, resulted particles to reach thermodynamic stability. This includes
transformation of small-sized spherical particles into large-sized polyhedral-shaped nanoparticles

through rapid coalescence, and thereby a decrease in particle concentration (Tang et al. 2009).

Silver nanoparticles were also analyzed by DLS technique in order to determine particle size
distribution. A small volume of as-synthesized nanoparticles of as low as 1mL was required for
this measurement. Results obtained from the DLS measurements are presented in table 33, and
corresponding PSD graphs are both presented in intensity and number weighted PSD as shown in
figure 79a-b. DLS measurement of reaction media exposed to pulsed discharges at 1kV was not
succeeded, and is therefore not possible to determine particle size. This indicates also that no
particle production occurred at these experimental conditions. Applying 5kV to the PLI process
resulted in highly polydisperse nanoparticles. From intensity weighted PSD on figure 79a it is

shown that particles are polydisperse with size population around 5nm (5%), 57nm (9.7%), and
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209nm (85.4%). However, from number weighted PSD on figure 79a particles of 20nm are
highly present. Applying discharges of 9kV resulted in a multi-modal size distribution with
hydrodynamic diameters at around 15.5nm (3%), 36nm (11%), and 162nm (86%). From the
multi-modal particle size distribution it is also shown that nanoparticles are polydisperse.
Different results are obtained from applying 12kV of discharges. Particles were partly exposed to
spark and corona discharges of 65mJ/pulse in input energy. Intensity weighted PSD showed a bi-
modal size distribution with size populations around 35nm (18.3%) and 166nm (79.6%).

We can also observe that particle concentration is lower for 12kV than particle concentration of
5kV and 9kV. For an increase in the average silver nanoparticle size and a decrease in
nanoparticle concentration, the suggestion of nanoparticle growth at 12 kV is supported.

Polydispersity of nanoparticles was also detected through particle size measurement. It is from
these results difficult to tell whether an increased polydispersity was caused due to various

particle sizes or by particle agglomeration.

Table 33: DLS size measurements results of silver nanoparticle synthesis applying pulsed plasma discharges
for changes in applied voltage.

Applied voltage Peaks Intensit()g;(t))lz;sed size Numbe(BZ)Na;ed size Count Rate
U applied, KV nm % nm nm %
1 n/a
5 1 23.8 4.9 19.89 100 2530
2 57.05 9.7
3 209 85.4
1 9.0 6.5 7.99 100 7300
8 2 31.40 28.1
3 132 65.4
9 1 15.5 3.0 13.7 100 7576
2 36.1 11.0
3 162.4 86.0
12 1 35.18 18.3 26.5 100 792
2 166.2 79.6
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Figure 79: DLS size measurements of silver nanoparticles synthesized for applied voltages 5kV (red), 9kV
(blue), and 12kV (green). Results are presented in a) intensity and b) number based PSD as a function

In the following, as-synthesized silver nanoparticles were characterized by Scanning Electron
Microscopy (SEM). From this characterization it is possible to find out whether polydispersity is
caused by a variety of particle sizes or by particle aggregation. Samples for this particle
characterization technique were prepared by applying the same sample preparation procedure as
in chapter IV. Silver nanoparticles were deposited onto microscopy glass plate for one hour,
carefully rinsed with deionized water, and dried in oven overnight at 80°C. Results of SEM
characterization are shown in figure 80a-d. Nanoparticles resulting from 1kV discharge is
presented on figure 80a. From this SEM micrograph it is shown that apart from a few particles
no silver nanoparticles were formed. Increase in applied voltage to 5kV did not result in the
generation of luminous plasma discharges, but generation of continuous micro bubbles did occur.
This synthesis resulted in production of dark colored particles.

On figure 80b, particle morphology of the dark colored particles are revealed, and consist of a
mixture of spherical and cubic shaped particles of various size distributions. Further increase in
the applied voltage and hence input energy generates visible corona discharges on the cathode.
Particles resulting from this synthesis are presented on figure 80c, in which the particle
morphology is a variation between cubes, spheres, and rod shaped particles of various sizes. The
sparking plasma discharges does cause smaller nanoparticles to coalesce rapidly and reach
thermodynamic stability to transform into large-sized cubic silver particles (7Tang et al. 2009), as
shown on figure 80d. From the SEM micrographs it is shown that applying 1kV to 5kV the

particle concentration increases.
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Figure 80: SEM micrographs of AgNP synthesized for 20min of plasma discharge with applied voltage a)
1kV, b) 5kV, ¢) 9kV, and d) 12kV. Magnification: 30kX

From 5kV to 9kV the average particle size increases in which particles grows into cubic and
rod shaped particles. From 9kV to 12kV the particle concentration decreases along with an
increase in the average particle size. This modification in particle growth and particle
morphology for an increase in the applied voltage of the PLI process may occur, due to a
sufficiently high electric field. An increase in the electric field charges nanoparticles, which
grows towards thermodynamically favorable particle shapes (Tang et al. 2009). In other words,
an increase in electric field enhances the crystallization of nanoparticles, which result in
polyhedral shaped nanoparticles, as reported by Tang et al. Results obtained from SEM are
hence in accordance with results obtained from DLS and UV-vis absorption spectroscopy
analysis with respect to the increase in average nanoparticle size and in terms of particle

concentration.
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In the study performed by (Saito, Hieda, and Takai 2009), gold nanoparticles were produced by
DC-pulsed plasma discharges submerged in a HAuCI, precursor solution. They applied pulsed
plasma discharges of 1600V, 2400V, and 3200V to tungsten wire electrodes with an inter-
electrode distance of 0.3mm. Pulse plasma discharges were generated for 15kHz in pulse
repetition frequency and 2ps in pulse duration. In their study, Saito et al. documented that gold
nanoparticles would decrease in nanoparticle size for an increase in applied voltage. This
occurred as a result of nanoparticle dissolution during nanoparticle synthesis in which the
dissolution rate was depending on the applied voltage. Based on our results, dissolution of

nanoparticles does not occur during nanoparticle synthesis.

5.2.1 Summary

This section focuses on the influence of applied voltage on nanoparticle synthesis, and how it
affects morphology of silver nanoparticle. The pulse duration was fixed at 150us, based on the
results obtained in the previous section. The study was performed with a range of applied voltage
values from 1kV up to 12kV and a fixed inter-electrode distance of 3 mm. As a consequence,
discharge regime did change as a consequence of increase in input energy per pulse causing
breakdown of discharges in liquid phase. Applying 1kV did not result in visible plasma
discharges or micro bubble generation, since the input energy was as low as 1mJ/pulse. As a

result, no particle formation did occur.

Applying 5kV did not result in visible plasma discharge as well, but continuous bubble
generation did occur. Applying 9kV resulted in generation of partial corona discharge on the
cathode. Pulse discharges of 40mJ/pulse did result in shockwaves accompanied with bubble
generation. Finally, applying 12kV resulted in generation of corona discharges on cathode and
anode. This is due to creation of strong electric fields around the electrode tips with input energy
of 65mJ/pulse. Under these conditions, corona discharges did frequently develop into spark
discharges through vapor channel formation across the inter-electrode distance. Silver

nanoparticle generation was observed starting from an applied voltage of 5kV.

As the applied voltage and the input energy increased average size of particles increase as well.
Increase in applied voltage does cause smaller nanoparticles to coalesce rapidly and reach

thermodynamic stability to transform into large-sized cubic particles. Therefore, synthesis of
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small-sized nanoparticles does require a low applied voltage below 9kV and input energy below
40mJ.

5.3 The influence of inter-electrode distance on silver nanoparticle synthesis
The final plasma parameter that is investigated in this parametrical study concerns the inter-
electrode distance of Pt wires. In the previous section, it was observed that an increase in the
applied voltage of the pulsed discharge did influence the discharges generated in the liquid
phase. As the applied voltage was increased, the input energy of discharges per pulse increased,
and so did the strength of the electric field, providing thus transition of plasma discharges into

different discharge regimes.

As it was presented in the previous section, the discharge regime would change for an increase
in the Ugppiiea, When the inter-electrode distance is kept constant. Therefore, the influence of the
inter-electrode distance on silver nanoparticle synthesis was investigated by an increase in the
Uappiiea OVer the inter-electrode values at a constant ratio. This study focuses on how inter-

electrode distance in the generation of partial corona discharges affects nanoparticle morphology.

In this study, the inter-electrode distance was applied in the working range between 2mm
and 4mm, while the applied voltage was applied in the range between 4kV and 12kV,

resulting in a constant ratio between applied voltage and inter-electrode distance.

This working range is chosen in order to generate pulsed plasma discharges in the partial

corona discharge regime.

Similar to previous sections in this chapter, silver nanoparticles were synthesized using a
BEHLKE-pulsed PLI process for pulse duration of 150ps. Besides above-mentioned, no further
modifications in the experimental set-up has been performed in this study. Silver nanoparticle
synthesis did proceed similar to nanoparticle synthesis as reported in the previous section, which

are as follows:

The aqueous precursor solution consists of 2mM AgNOs as the silver source. For nanoparticle
stabilization 0.02mM PVP was added into the aqueous precursor solution. In these conditions,
the as-prepared aqueous silver precursor solution has pH5 and 300uS/cm in solution

conductivity.
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Silver nanoparticle synthesis was carried out by immersing a pair of Pt wire electrode (d:
200um, L: 0.5mm) in the silver nitrate precursor solution. The inter-electrode distance of Pt
wires was adjusted between 2mm and 4mm by a micrometric screw. DC-pulsed high voltage
plasma discharges was generated in the inter-electrode gap by applying high voltage to
electrodes in the range between 4kV and 12kV. Indeed, with the aim of studying the influence
of the inter-electrode distance on silver nanoparticle synthesis, while keeping the ratio of Uappiied
over the inter-electrode distance constant, the value of the ratio was set at 3. Three different
applied voltages were chosen, 6kV, 9kV, and 12kV, corresponding to an inter-electrode distance
of 2mm, 3mm, and 4mm, respectively. Nevertheless, due to frequent (visible) spark formations
at 6kV/2mm, the applied voltage was reduced to 4kV, while keeping a 2mm gap, ensuring a
similar plasma regime for the different tested experimental conditions. The pulse repetition
frequency of pulsed plasma discharges was 50Hz, and pulse duration of 150us has been applied
to the PLI process. High voltage pulse discharges were generated using the BEHLKE solid state

HV switch. PLI process parameters applied in this study are presented in table 34:

Table 34: PLI process parameters with focus on the inter-electrode distance

Discharge Physical parameters Solution Physicochemical parameters
Applied voltage (Uapplied): 4-12kV Reaction volume (V): 100mL
Pulse repetition frequency (f): 50Hz AgNQOj3 concentration: 2mM
Inter-electrode distance (lpy): 2-4mm PVP concentration: 0.02mM
Discharge time (tpiasma): 20min pH: =5
Pulse duration: 150us Conductivity (c): 300uS/cm

In our study, the current (I) and voltage (U) waveforms were recorded at the end of the
synthesis process (tpiasma=20min) and are presented on figure 81. In current waveforms, a
complete profile of a single pulse is presented, as well as a detailed profile of current pulses (t =
40us) (see insets of current waveforms on figure 81). VVoltage waveforms of a single pulse have
been presented in similar approach, but the detailed profile of the pulse is instead up to t =

0.75us (see insets of voltage waveforms on figure 81). Relevant discharge parameters were
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extracted as appeared in the waveforms presented on table 35. The input energy per pulse was

determined, and the results are presented in figure 82.

Table 35: Plasma parameters obtained for a constant ratio of applied voltage and inter-electrode distance
using BEHLKE pulse generator. Grey field corresponds to values obtained from MARX-generated pulses.

. Inter-electrode Input ener er Injected
Applied voltage . P gyp .
distance pulse discharge power
Uapplied- kv IPt: mm Einputa mJ/pU|5€‘ Pplasman W
4 2 17.2 0.9
8 3 42.5 2.1
9 3 39.0 2.0
12 4 735 3.7
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Figure 81: I- and U-waveforms for one pulse (at the end of the process t=20min). Constant ratio of applied
voltage and inter-electrode distance used, are: a) 4kV/2mm, b) 9kV/3mm, c¢) 12kV/Amm for BEHLKE-
generated pulses, and d) 8kV/3mm for MARX-generated pulses.
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Figure 82: Input energy per pulse of pulsed plasma discharges obtained as a result of 20min silver
nanoparticle discharge using the PLI process for a constant ratio of Uppieq / inter-electrode distance. Applied

conditions are: 4kV/2mm (red), 9kV/3mm (blue), and 12kV/4mm (green) for BEHLKE-generated pulses with
150ps in pulse duration.
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From the current and voltage waveforms on figure 81 it is observed that for an increase in the
Uapplicd OVer the inter-electrode distance from 4kV/2mm to 9kV/3mm a similar conduction of the
electrical current was obtained. However a slight increase in the maximum current does occur
from this increase. Besides the discharge current, such increase does increase the Einpu per pulse
value from 17.2mJ/pulse to 39mJ/pulse. Further increase in the U,ppiica Over the inter-electrode
distance to 12kV/4mm resulted in an unusual trend in the current waveforms on figure 81d. A
second conduction peak appeared and may be due to an increase in the electric field around the
electrodes with an increase in input energy of 73.5ml/pulse. A similar trend in the current
waveforms was observed as a result of applying 12kV to electrodes in section 5.2. From these
observations it is shown that the applied voltage over the inter-electrode distance for a constant
ratio does have an influence on plasma generation in the liquid phase. It is likewise on table 35

observed that an increase in the value of this parameter does increase the Einpue and Ppiasma.

Plasma discharges generated under these experimental conditions were mostly in the corona
plasma regime and breakdown of plasma discharges were not observed visually during the
synthesis process. Visible transition of discharge regimes did not occur from streamer-to-spark
discharges, however an increase in inter-electrode distance for an increase in applied voltage
does influence number of filamentary vapor channels of corona discharges (Namihira et al.
2007). For an inter-electrode distance at 2mm (Uappiiea = 4KV), channels appear short and only
few channels were observed. An increase in the inter-electrode distance to 4mm (Uzppiiea=12KV)

resulted in an increase in the number of channels, as shown in figure 83a-c.

From these observations, it is shown that the applied voltage over the inter-electrode
distance (for a constant ratio) does influence the generation of plasma discharges in the

liquid phase.

In a study performed by (Hoonseung Lee, Ueno, and Saito 2015) the influence of the inter-
electrode distance of tungsten wires was investigated on nanoparticle synthesis using a similar
electrode configuration. This study was performed with focus on synthesis of carbon
nanoparticles. Bi-polar pulsed plasma discharges was applied to tungsten wire electrodes

immersed in benzene (solvent), with inter-electrode distances between 0.25mm and 1mm.
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Figure 83: Visible partial corona discharge generated in liquid phase during AgNP synthesis. Plasma
discharges generated for a constant U,pgiieq and inter-electrode distance ratio, which corresponds to:
a) 4kV/2mm, b) 9kV/3mm, and c¢) 12kV/4mm

Bi-polar pulses were operated between 1kV and 2kV, and with a pulse repetition frequency of
15kHz and 1.2us duration. Lee et al. reported thus that the inter-electrode distance does have an
influence on carbon nanoparticle morphology, and that the material properties of the synthesized

carbon structures were improved through structural modifications.

Ex-situ conductivity and pH measurements were conducted before and after 20min of plasma
discharge. As it is shown on table 36, initial pH and solution conductivity remains stable at
pH4.5 and around 304uS/cm, respectively. However, changes in the reaction media occur during
20min of plasma discharge. For inter-electrode distances of 2mm and 3mm an increase in
solution conductivity by 21-23uS/cm in the reaction media was observed. Further increase at
4mm and 12kV resulted in a slight change in the physico-chemical solution parameters. The
solution conductivity increased by 9uS/cm, which is a similar increase to that observed in section

5.2 for silver nanoparticle synthesis performed in the application of 12kV.

181



Table 36: Changes in solution chemistry, before and after AgNP synthesis

Inter-electrode distance pH Solution conductivity
o (uS/cm)
lp;, mm Initial Final Initial Final
2 45 3.7 308 329
3 4.5 3.7 302 325
4 45 4.0 304 313

From a qualitative point of view, increasing the inter-electrode distance (and Ugppiied) has an
impact on the aspect of the reaction media, as a color change has been observed. As shown on
figure 84, synthesis performed at an inter-electrode distance of 4mm resulted in a less visible

color change of the reaction media as compared to 2mm and 3mm.

4kV/2mm  9kV/3mm  12kV/4mm

Figure 84: Color changes obtained from 20min nanoparticle synthesis for inter-electrode distance of 2mm,
3mm, and 4mm applying 4kV, 9kV, and 12kV of plasma discharge, respectively.

The results obtained for the synthesis performed at an inter-electrode distance of 4mm remind
of the previous results that were obtained for the synthesis performed at 12kV in applied voltage

and 3mm in electrode gap.

Further analysis of the resulting particles was performed. After 20min of particle synthesis,
2mL of the reaction media containing the silver nanoparticles were analyzed by UV-vis
absorption spectroscopy. Resulting absorption spectra are shown in figure 85 and results
determined from the spectra are listed in table 37. Nanoparticles synthesized for an inter-
electrode distance of 2mm and 3mm present a maximum absorption wavelength at around Anax =
402nm. Silver nanoparticles synthesized with an inter-electrode distance fixed at 2mm and 4kV
present a lower absorption than the ones synthesized with 3mm and 9kV. Concerning the

polydispersity, particles produced at an electrode distance of 3mm have a FHWM value of
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139nm, which is lower than that of 4kV/2mm particle synthesis, suggesting thus a decrease in
poly-dispersion of particles as the Uappiiea OVer the inter-electrode distance (for a constant ratio) is
increased.

Table 37: Results obtained from UV-vis absorption spectra of silver nanoparticle synthesis for 2mm, 3mm,
and 4mm of inter-electrode distance.

Inter-electrode

Applied voltage distance Absorbance Amax FWHM
Uapplied: KV lpr, mm a.u. nm nm
4 2 0.21 402 306
9 3 0.29 402 139
12 4 0.09 412 117
0.50
1 Reference
0.45 1 —— 2mm/akV
0.40 —— 3mm/9kV
] 4mm/12kV
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Figure 85: UV-vis absorption spectra of silver nanoparticles synthesized for inter-electrode distance of 2mm
(red), 3mm (blue), and 4mm (green) for applied voltage of 4kV, 9kV, and 12kV, respectively.

Nanoparticles synthesized with an inter-electrode distance of 4mm resulted in a lower particle
concentration with particles absorbing light at 0.09 in absorbance at around 412nm, and present a
lower polydispersity (FHWM=117). Furthermore, a red-shift by 10nm occurs for 12kV/4mm,
which indicates an increase in the average nanoparticle size as the Ugppiied OVer the inter-electrode
distance is increased. Results obtained from electrode distance 4mm for 12kV applied voltage

are equivalent to results obtained from particle synthesis in section 5.2 with focus on the applied
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voltage. The conditions were 12kV in applied voltage for an inter-electrode distance at 3mm.
Due to similarities in observation made for nanoparticles produced at 12kV/4mm in this study
and nanoparticles produced at 12kV/3mm in section 5.2, similar suggestion on particle growth
are proposed. An increase in the Ugpiies OVer the inter-electrode distance (for a constant ratio)
increased the strength of the electrical field around the electrodes. This increases the driving
force in particle crystallization, which promotes particles to reach thermodynamic equilibrium.
This includes transformation of spherical particles into polyhedron shaped particles through
rapid coalescence. This explains the loss in yellow solution color into a nearly transparent

solution.

Silver nanoparticles were also analyzed by the DLS technique in order to determine the particle
size distribution. A small volume of as-synthesized nanoparticles of as low as 1mL was required
for this measurement. Results obtained from the DLS measurements are presented in table 38,
and corresponding PSD graphs are presented in both intensity and number weighted PSD, as
shown in figure 86a-b. A 2mm inter-electrode distance (Ugpplica=4kV) resulted in a bi-modal size
distribution with size populations around 32.5nm (14%) and 185.7nm (86%). From intensity
weighted PSD on figure 86a it is thus shown that particles are polydisperse. However, from
number weighted PSD on figure 86b particles of 26.7nm are highly present. Inter-electrode
distance of 3mm (Ugpplica=9k V) resulted in a multi-modal size distribution with hydrodynamic
diameters around 15.5nm (3%), 36nm (11%), and 162nm (86%). From the multi-modal particle

size distribution it is also shown that nanoparticles are polydisperse.

Table 38: Results obtained from DLS size measurements of silver nanoparticle synthesis for 2mm, 3mm, and
4mm inter-electrode distance.

Cgﬁggg Intedri-set:iercl:(t:gode Peaks Intensi%jla;sed size Numbe(l;cE)Na;sed size Count Rate
Uapplied; KV lpt, MM nm % nm nm %
4 2 1 325 14 26.7 100 3980
2 185.7 86
9 3 1 15.5 3 13.7 100 7576
2 36.1 11
3 162.4 86
12 4 1 25.3 15 21.2 100 950
2 154.2 85
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Figure 86: DLS size measurements of silver nanoparticles synthesized for inter-electrode distance of 2mm
(red), 3mm (blue), and 4mm (green) for applied voltage of 4kV, 9kV, and 12kV, respectively. Results are
presented in a) intensity and b) number based PSD

Inter-electrode distance of 4mm (U,ppiica=12kV) resulted in a bi-modal size distribution with
size populations around 25.3nm (15%) and 154nm (85%). Bi-modal size distribution is an
indication of the presence of large-sized particles in the reaction media. It is also known from the
count rate that particle concentration is lower for 4mm (Ugpiieca=12kV) than particle

concentration of 2mm (Ugppliea=4kV) and 3mm (Ugpplica=9k V).

Based on the results obtained by absorption spectra and DLS analysis of silver
nanoparticles, it is concluded that for an increase in the Uj,ypiica Over the inter-electrode
distance the particle concentration increases. At a given E;,,, (per pulse) the particle

concentration decreases for an increase in the average particle size.

As-synthesized silver nanoparticles were also characterized by SEM. Samples for this particle
characterization technique was prepared by applying the same sample preparation procedure as
in chapter 1V. Silver nanoparticles were deposited onto a microscopy glass plate for one hour,
carefully rinsed with deionized water, and dried in oven overnight at 80°C. Results of SEM
characterization are shown on figure 87a-c and supports previously made statements of particle

synthesis.
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Figure 87: SEM micrographs of AgNP synthesized for 20min of plasma discharge with inter-electrode
distance of @) 2mm, b) 3mm, and c) 4mm. Magnification: 30kX

Nanoparticles resulting from 2mm inter-electrode distance applying 4kV pulse discharges is
presented on figure 87a. From this SEM micrograph morphology of silver nanoparticles is
revealed. Silver nanoparticles are mainly cubic-shaped and spherical silver nanoparticles of
various size distributions occur. Further increase in the inter-electrode distance to 3mm and 9kV
in applied voltage are shown on figure 87b. The morphology of silver nanoparticles is cubic-,

spherical- and rod-shaped particles of various sizes.

As the applied voltage was increased from 4kV to 12kV over an increase in the inter-electrode
distance from 2mm to 4mm (for a constant ratio) the input energy per pulse of plasma discharges
did increase as well. The highly energized corona pulse discharges does cause smaller
nanoparticles to coalesce rapidly and reach thermodynamic stability to transform into large-sized

cubic silver particles (Tang et al. 2009), as shown on figure 87c. Results obtained from SEM are
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hence in accordance with results obtained from DLS and UV-vis absorption spectroscopy
analysis. Comparing silver nanoparticles obtained from current study to nanoparticles obtained
from study of applied voltage, it is observed that these two parameters have similar effect on
nanoparticle synthesis.

5.3.1 Summary

In this section the inter-electrode distance for a specific plasma regime has been investigated on
the influence of nanoparticle synthesis, and how it affects morphology of silver nanoparticle. It
was from the previous section determined that an increase in applied voltage and input energy
did increase the average particle size as a result of rapid coalescence. The current study was
performed as a parallel to the previous study in order to investigate the influence of inter-
electrode distance on nanoparticle synthesis by changes in applied voltage. Changing the applied
voltage keeps thus the plasma regime stable which is in agreement with the Paschen law. The
study was performed with for inter-electrode distance 2mm, 3mm, and 4mm and applied values
of 4kV, 9kV, and 12kV, respectively. Applying these values in particle synthesis did not cause
breakdown in discharges, however the input energy would increase for an increase in applied
voltage. An inter-electrode distance of 2mm (Uappiies=4KV) resulted in partial corona discharges.
Branches of plasma were short and only few did appear, since the input energy was as low as
17mJ/pulse. For 3mm (Uappiiea=9KV) resulted in an increase in number of plasma filaments, and
input energy did increase to 40mJ/pulse. At 4mm (Ugppiies=12kV) the amount of plasma branches
and the length was increasing as a result of increase in input energy at 74mJ/pulse. Silver
nanoparticle appeared cubic, and average particle size was increasing for an increase in input
energy. A comparison of nanoparticles obtained from study of applied voltage and inter-
electrode distance shows that particle synthesis appears similar for input energies above
17mJ/pulse. And under these conditions the inter-electrode distance does not have an influence
on particle morphology and average particle size. Increase in input energy does cause smaller
nanoparticles to coalesce rapidly and reach thermodynamic stability to transform into large-sized
particles. Therefore, synthesis of small-sized nanoparticles does require a low applied voltage
below 9kV and input energy below 40mJ.
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5.4 Growth mechanism of silver nanoparticles

In this chapter a parametrical study was performed with focus on physical process parameters
and to investigate the influence of these parameters on synthesis of silver nanoparticles.

Throughout the parametrical study, it was realized that the physical parameters investigated in
this chapter, such as Ugppiied, pulse duration etc. did result in the same result in synthesis of silver
nanoparticles.

Common observations made on nanoparticle synthesis under the influence of physical

parameters are:

e Increase in average particle size distribution

e Increase in nanoparticle concentration

e Nanoparticle growth towards thermodynamic
stability

For an increase in Ejnput

These observations are valid, when an increase in the pulse duration, the applied voltage, and
the applied voltage over the inter-electrode distance (for a constant ratio) results in an increase in
the Einput (per pulse) of plasma discharges generated in the liquid phase. An increase in Einpy (per
pulse) increases the production of charge carriers, which results in faster particle synthesis
process. Therefore, an increase in Einpyt (per pulse) results in an increased particle concentration.
As the particle concentration increases for an increase in the Einpye (per pulse), the average
nanoparticle size distribution increases. An increase in size distribution occurs due to a decrease
in the particle stabilization. The polymeric compound PVP, which was added as a stabilizing
agent in order to stabilize silver nanoparticles does not coat particles completely, which results in
active sites on the particles. This promotes particle growth and/or aggregation. As the Ejnput (per
pulse) increases, it is further observed that a profound shaping of the particles occurs, which
takes form into its thermodynamically favorable shape. In the case of silver particles, which is a

FCC element the thermodynamically favorable shape is a cubic.

5.5 Conclusion

Chemical parameters that were optimized from the first parametrical study in chapter IV was
applied in the parametrical study with focus on physical process parameters. The aim of this

parametrical study was to investigate the influence of parameters on plasma generation in the
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PLI process. Furthermore, it was our goal to investigate the influence of these parameters on

silver nanoparticle synthesis.

In this parametrical study, physical parameters that have been documented to have an influence
of plasma generation was selected and applied in this study. These parameters concern: Pulse
duration, applied voltage, and inter-electrode distance.

Prior to the parametrical study, it was necessary to exchange the pulse generator in order to be
able to produce clean pulse discharges, which parameters are easily regulated. Therefore, as an
alternative to MARX pulse generator, BEHLKE pulse generator was applied instead. As a result

of this exchange in pulse generators, modification in the experimental-setup did follow.

The first parameter focused on the influence of pulse duration. From this study it was shown
that the pulse duration of plasma discharges does have an influence on the generation of partial
streamer-like discharges. This occurs, since an increase in pulse duration from 150us to 1.5ms
does increase in the Einpye Of plasma discharges per pulse. Therefore, as the Ejnut IS increased,
concentration of produced silver nanoparticle increased, resulting thus in particle aggregation. It
was from these observations decided to continue the parametrical study with 150us in pulse
duration in order to produce small-sized and uniformly distributed silver nanoparticles. The
second parameter that was investigated is the applied voltage. An increase in the Ugpplied from
1kV to 12kV, for a fixed inter-electrode distance of 3mm, does influence generation of pulse
plasma discharges in the liquid phase. The increase in Uggpiies Was observed through transition in
plasma regimes: non-luminous, partial streamer-like discharges, and spark discharges as this
parameter increased. This transition in plasma regime occurred due to an increase in the electric
field around the electrodes. In silver nanoparticle synthesis, an increase in Ugppiied resulted in an
increase in the concentration of produced silver particle, and also an increase in the average
particle size distribution. As an exception in our observations, Uappiies Of 12KV did result in a
decrease in produced particle concentration. This may have occurred due to rapid coalescence of
smaller sized particles as a result of an increase in the electric field. Therefore, synthesis of
small-sized nanoparticles does require a low Ugppiied below 9KV and input energy below 40mJ for
this PLI process. As the final parameter, the influence of an increase in Ujppiied/inter-electrode
distance (for a constant ratio) on plasma generation was determined. Applying 4kV/2mm,

9kV/3mm, and 12kV/4mm to the system would generate partial corona discharges in the liquid
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phase. However, an increase in Ugppiieg/inter-electrode distance was observed on electrical
discharges through increase in length and number of filamentary vapor channels of plasma
discharges. This occurred as a result of an increase in the electric field around the electrodes.
Similar observations were made on production of silver nanoparticles as it was for silver
nanoparticle synthesis controlling the Ugppiied parameter. Therefore, in order to produce small-
sized silver nanoparticles, parameters below 9kV/3mm (for a constant ratio) and Einpue below

40mJ was required.
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Chapter VI - Conclusion & perspectives

The objective of this thesis is to develop and optimize a plasma liquid immersion (PLI) process
with focus on silver nanoparticle synthesis. The goal is to produce small-sized (<20nm) silver
nanoparticles using a low-cost PLI process with low power consumption. In particular, among
the initial concerns of this work a simple metal precursor (AgNO3 in water) has been used to

limit the synthesis steps and to reduce the volume and the number of solvents used.

In the initiation of this work, an experimental set-up of the PLI process has been developed for
synthesis of silver nanoparticles. An important part of this work has been to develop, from
scratch, the PLI process. First, we used a MARX-type pulsed voltage generator developed in the
laboratory. In a second step, we used a high voltage switch (BEHLKE) to produce voltage
pulses. Many adaptations have been made for more than a year in particular to ensure the
stability of the plasma. As such, numerous tests concerning the electrodes were carried out, in
particular to ensure that the shape of the electrodes had only little influence on the stability of the

plasma, but also to ensure excellent electrical insulation of the system.

Silver nanoparticles synthesized have been characterized in order to confirm purity and nature
of nanoparticle. Based on the results obtained from different characterization techniques,
including XRD, SEM-EDS, and XPS, it was determined that the PLI process would result in

the synthesis of pure and metallic silver nanoparticles.

Following the confirmation of metallic silver nanoparticles, a parametrical study has been
performed. The purpose of this parametrical study was to optimize the PLI synthesis process in
order to synthesize nanoparticles, which would result in small-sized, spherical and uniformly-
distributed silver nanoparticles. In addition to this study, the influence of chemical parameters
has been investigated. In the first parametrical study, the pulsed plasma discharge was generated
in the use of a low-cost and one-staged MARX pulse generator. This study was mainly focusing
on the chemical parameters of the silver nanoparticle synthesis process, and included following
parameters: precursor (i.e. AgQNO3) concentration, stabilizing agent (i.e. PVP) concentration, and

initial pH of precursor solution.
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Silver nanoparticles have been synthesized during 20min of pulsed plasma discharges
immersed in the precursor solution. Pulsed plasma discharges were generated applying high
voltages 8kV to the Pt wire electrodes. From the generated pulsed plasma discharges, the
reaction solution would be exposed to discharges of 40mJ/pulse and 2W in the discharge region.

The optimized conditions made it possible to synthesize spherical and uniformly-distributed
silver nanoparticles of 10nm (average size in diameter): The reaction solution comprises an
aqueous solution of 2mM AgNO; in the presence of 0.02mM PVP, and with no further
addition of chemical compounds.

A decrease in the AgNOj3 concentration provided synthesis of particles with a decrease in the
average particle size. The produced particles were highly aggregated and are composed of large-
sized particles of irregular shapes. In order to avoid agglomeration of produced particles, a
polymeric stabilizing agent was added into the reaction media. From this investigation, it has
been determined that up to 0.01lmM in PVP concentration, particles would appear as
agglomerated fractions composed of particles of decrease size in average. A complete
stabilization of silver nanoparticles has been observed starting from 0.02mM in PVP
concentration. Synthesis of silver nanoparticles in the presence of 0.02mM PVP resulted
thus in uniform distribution of spherically-shaped and small-sized silver nanoparticles. In
the continuation of this parametrical study, the influence of the growth environment on silver
nanoparticle synthesis has been investigated by varying the initial pH of the precursor solution,
through, for example, the addition of HNOj3 resulting in an acidic precursor solution. At pH4, the
PLI particle production resulted in formation of large-sized silver particles of anisotropic shapes
including triangular and hexagonal shaped particles. Addition of NH,OH resulted in a basic
precursor solution. At pH11 the PLI particle production resulted in formation of particles, which
were encapsulated by the polymeric network. Silver nanoparticles which resulted in spherical
and small-sized particles were synthesized for a pH value of initial precursor solution of
pH5 and pH9.

Due to the objectives of this thesis, as in no addition of chemicals, which are hazardous towards
environment, it was decided to proceed the silver nanoparticle synthesis without addition of

buffer in pH regulation.
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The chemical parameters, which have been determined to yield spherical and uniformly-
distributed silver nanoparticles in the use of a MARX-pulsed PLI process, have been applied in
the second parametrical study. The purpose of this parametrical study was to optimize the PLI
synthesis process in order to investigate the influence of the physical process parameters of the
PLI process. In the second parametrical study, the pulsed plasma discharge was generated in the
use of a higher cost and solid-state BEHLKE switch for generation of HV pulse plasma
discharges. This study was mainly focusing on the physical parameters of the silver nanoparticle
synthesis process, and included following parameters: Pulse duration, applied voltage, and

applied voltage over the inter-electrode distance for a constant ratio.

In this parametrical study, silver nanoparticles have been synthesized in a similar approach to
the first parametrical study in the use of the MARX-pulsed PLI process. Silver nanoparticles
have thus been synthesized during 20min of pulsed plasma generation immersed in the reaction
solution. In the use of a BEHLKE-pulsed PLI process for silver nanoparticle synthesis would
result in large-sized polyhedral-shaped nanoparticles, which is different from that obtained from
the MARX-pulsed PLI process. This morphology of silver nanoparticles may indicate that silver

nanoparticles have reached thermodynamic stability.

At similar input energies per pulse and injected power of pulsed plasma discharges generated in
the liquid phase as MARX-pulsed plasma discharges (40mJ/pulse and 2W), silver particles of
different aspect ratio with particle sizes ranging from 50nm to 100nm have been produced.
Under these experimental conditions, silver nanoparticles were produced by injecting 40mJ

energy into pulsed plasma discharges of the PLI process with 2W in power consumption.

From this parametrical study, it was shown that production of a decreased silver particle
size is obtained for a low pulse duration (<150us) in the application of <9kV to Pt

electrodes for 3mm in inter-electrode distance.

In the continuation of this project, it is proposed to apply the synthesized silver nanoparticles as
nano-catalyst in the decomposition of a simulated air pollutant (e.g. acetaldehyde (CH3;CHO)).
Hereby, the catalytic efficiency of nanoparticles produced by the PLI process of low input

energy and power consumption would be determined.
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However, possible difficulties can occur in the application of these nanoparticles in the two
phase plasma/catalysis process during the decomposition of the simulated air pollutant.

Difficulties may arise from the following causes in the preparation of the nano-catalysts:

The first reason may be due to weakly bonded silver nanoparticles onto the surface of the SiO,
pellets (support), which could results in loss of deposited silver nanoparticles during the
CH3CHO degradation. This could occur, if the intermediate phase, the mono-layered TiO,

coating of the SiO, pellets, is excluded.

The second cause may be due to reduced reactivity of silver nanoparticles. This could occur, if
the surface of nanoparticles is completely covered by a polymeric stabilizing agent (i.e. PVP),
and thus block the reactive sites of the nanoparticles, which thus decreases the reactivity of the
nanoparticles. In this case, it is important to ensure that the polymeric network has been removed
from the surface of the nanoparticles, once synthesized, through an extensive cleaning process.
Another solution is to stabilize nanoparticles using stabilizing agent that provide electrostatic

stabilization of nanoparticles (e.g. sodium citrate).

It is also proposed to investigate the presence of various plasma generated species, which are
created in the plasma zone during nanoparticle synthesis in the liquid phase. In the identification
of some of the reactive species, a colorant (e.g. Methylene blue or Rhodamine) is added into the
liquid, which is degraded by the species. Optical techniques (absorption spectroscopy) can be

applied in the evaluation of the degradation of the colorant.
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