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SUMMARY

More than free decades ago Nanotechnology replaced microtechnology at the
peak of scientific interest, and stays there still nowadays. Nanotechnology became
in many understandings the technology of the future with wide impact on the
technological development. Nanoparticles (NPs) are in immerse interest of
scientific community, because they are not subjects of classical physics rules and
follow quantum mechanical rules instead. NPs became very quickly part of our
daily lives, from antibacterial detergents through semiconductor materials in
everyday used electronic devices to their utilization in medicine.

This study aims at improving understanding of the formation of the metallic and
bimetallic NPs using microwave induced plasma in liquid process (MWPLP). This
method brings new opportunities for the “greener” synthesis of the NPs. It provides
same or better results than conventional methods with simple process, high purity,
and lower impact on the environment due to avoiding the use of toxic solvents and
reducing agents. The synthesis is using microwave generated non-equilibrium
plasma in water at reduced pressure to thermally decompose water molecules and
provide various reactive chemical species (e.g., electrons, hydrogen radicals,
hydroxyl radicals, and oxygen radicals). Produced chemical species, especially
hydrogen radicals, can then reduce metallic ions. Composition and size of the NPs
can be controlled by adjusting the conditions of the synthesis process. This
dissertation discusses synthesis of metallic NPs using MWPLP method and
focuses on challenges associated with plasma in liquid process.

Toxicity, and very costly and troublesome purification are one of the challenges

associated with preparation of metallic NPs. In order to avoid these challenges,
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plasma in liquid process became a hot topic for synthesis of the metallic NPs,
however the use of conventional electrodes in this process brings new problems
related to contamination of synthesized particles by electrode materials. My study
proposed use of ceramic coated yttrium oxide (Y20s3) electrode which has higher
elusion and erosion rate than conventional electrodes, and also exhibits enhanced
electric field strength, to synthesize pure metallic NPs.

Gold (Au) NPs are one of the most studied metallic NPs and they have been
used in numerous applications from jewelry to advanced technology and medicine.
In my study about Au NPs, the time-dependent formation and growth of Au NPs
during MWPLP was investigated together with the effect of the solution pH on Au
NPs formation. We were able to obtain highly pure Au NPs with bimodal size
distribution for pH in range of 3.5 — 12.0. The fraction of small sized Au NPs
becomes significant at pH 6.0 and 12.0 while that of big sized Au NPs is dominant
at pH 3. This change in the size distribution of Au NPs was governed by different
reduction rate of gold ions at different pH.

Another metallic NPs, silver (Ag) NPs are widely used for their physical
properties, biocompatibility, and low cost. These NPs need to be protected to
prevent aggregation caused by their high surface energy. The influence of different
precursors and the capping ability of L-arginine as a stabilizing agent on the size
and uniformity of the obtained Ag NPs in MWPLP was investigated. We chose L-
arginine, one of the essential amino acids, as a protecting agent for Ag NPs’
synthesis, because of its biocompatibility and non-toxicity. As a result, strong
dependence of NPs’ uniformity on the chosen precursor (silver diamine complex in

our case) was observed as well as the influence of L-arginine on the particles
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growth phase. Using silver diamine as a precursor for Ag NPs synthesis can protect
particles from secondary nucleation step and bimodal size distribution due to its
higher reactivity in comparison with silver nitrate. The L-arginine as a capping
ligand can well cap Ag NPs and has strong influence on their size. Use of L-arginine
and silver diamine complex has been demonstrated as a powerful tool to produce
highly uniform small sized Ag NPs of 5 nm.

Bimetallic NPs are composed of two different metal elements and show
enhanced optical, catalytic, photocatalytic or electronic properties in comparison
with those of monometallic NPs. The structure of bimetallic nanoparticles differs
from alloy, intermetallic compound, cluster-in-cluster to core—shell structures. The
structure is dependent on the relative strengths of metal-metal bond, relative
atomic sizes, and also on preparation method. Au-Ag alloy bimetallic NPs have
been intensively investigated due to their tunable plasmonic applications, catalysis
and biosensing. In the last part of this thesis, Au-Ag alloy NPs were prepared by
MWPLP without any protecting or reducing agents. Tunable composition of the
finally produced NPs was achieved by varying the initial ratio of the metal
precursors. XRD and XRF results further confirmed tunable composition of the Au-
Ag NPs. STEM-EDS confirmed homogeneous distribution of Au and Ag over
particles.

Studies in this doctoral thesis bring different approaches to metallic NPs
synthesis, especially to the “green” synthesis. Preparation of highly pure metallic
and bimetallic NPs, controlling their composition, and understanding of their
formation during microwave plasma in liquid process can help with the progress in

nanotechnology field.
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1 INTRODUCTION

1.1 Nanoparticles

In the last three decades, the trend of the research in modern science has been
focused on the structures with futures controlled in nanometer level. This include
area of research such as engineering, physics, chemistry, materials science and

molecular biology. Such materials with sizes bellow 100 nanometers show very



different characteristics compared to their bulk or micro-sized counterparts. A
nanoparticle can be defined as a microscopic particle with at least one dimension
less than 100 nanometers. Due to this property, surface to volume ratio increase
drastically, therefore size-dependent properties can be observed, i.e. surface
plasmon resonance, superparamagnetism, possible appearance of quantum
effects, etc. Properties of NPs changes with increasing percentage of atoms on
their surface. These particles exhibit numerous unique catalytic, optical and
electronic properties. The immense interested in past decades has been given to
the tailoring of their size, shape and composition to obtain variations of their
properties.

Metallic and metallic alloy NPs have been used as catalysts?, microelectronics
materials®3, optoelectronics materials*7?, magnetic materials®®, fuel cells'? etc.,
and have been heavily utilized in biomedical science and engineering. Well sized
controlled gold and silver nanoparticles modified by various chemical functional
groups have wide range of applications such in biotechnology, target drug delivery,
as vehicles for gene and drug delivery, cancer treatment and diagnostic imaging.''-
4 Bimetallic Au/Ag nanoparticles are extensively investigated for their use in

catalysis, biosensing and applications in plasmonics.’2" Tunable properties



between the value of pure Au and Ag, as well as their internal structure (core-shell,

alloy), determine their applications.

1.2 Nanoparticle synthesis methods

Nanoparticle synthesis is a method for creating nanoparticles. Nanoparticles can
be prepared in “top-down” (physical) methods by subdivision of bulk metals or
synthesized by ‘bottom-up’ (chemical) methods which consist of growth of particles
from metal atoms obtained from molecular or ionic precursors (Figure 1.1).22
Another classification for these methods can be dry (physical) and wet (chemical)
method. These processes can produce particles from different materials with
various size, shape and properties. The bottom-up method is considered to be
more useful for preparation of small sized uniform nanoparticles. There are several
aspects important during nanoparticles’ synthesis, i.e. energy efficiency and cost
of the synthesis, industrial application, and one of the biggest concerns lately is
about toxicity and environmental effect of the synthesis. We can say, that simple
synthesis processes with low cost and environmental effect are preferable by other
methods. Ligands and solvent-soluble polymers are often used as a stabilizer of
metallic nanoparticles. These stabilizing agents can control reduction of the metal
ions as well as aggregation of metal atoms, and therefore can influence particles’

size and size distribution. However, it was proved that nanoparticles can by
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synthesized without any stabilizing agent as well. In the past several decades many
groups were focusing on preparation of various monometallic nanoparticles (e.g.
Au, Ag, Cu, Pd, Pt) and bimetallic nanoparticles (e.g. Au/Ag, Au/Pd, Au/Cu, Ag/Cu,

AUNi).

TOP DOWN

BULK

POWDERS
@ e

CLUSTERS

%%
° b ]

ATOMS
BOTTOM UP

Figure 1.1 Schematic illustration of methods for preparation of nanopatrticles.



Bottom-up methods

Bottom-up processes are those where the synthesis of NPs starts from single
atoms. NPs are built up from the bottom: atom by atom, molecule by molecule,
cluster by cluster. All the processes included in this group rely on the availability of
appropriate “metal-organic” molecules, metal salts or complexes as precursors.
There are several methods included in this bottom-up approach such as chemical
reduction?526, sol-gel processing?324, chemical vapor deposition (CVD)27-28, |laser

pyrolysis?®, and plasma processes®>-%7.

1.3 Plasma

Plasma is one of four states of matter, other states include solid, liquid and gas
(Figure 1.2). Unlike all the other states of matter, plasma doesn’t exist on the Earth
under normal conditions. It’s interesting to realize that more than 99% of all the
substances in the Universe exists in form of plasma.

Plasma is a state in which an ionized gaseous substance becomes highly
electrically conductive, to the point where electric and magnetic fields dominate the
behavior of the matter.38 Term “ionized” refers to the presence of one or more free
electrons, which are not bound to an atom or molecule.3® The degree of ionization

(ratio of charged over uncharged particles) can be quite small. Due to the mobile



electric charges (free electrons), a plasma is electrically conductive. It can be

created artificially by heating neutral gases or by exposing the gas to the strong

electromagnetic field. It contains an equal number of positive ions and negative

electrons (sometimes negative ions), it also consists of neutral, metastable, excited

atoms or molecules, reactive radicals and emits ultraviolet (UV) light and strong

electric field.

It can be divided into thermal (equilibrium) plasmas, where thermal energy

(temperature) of the ions and electrons is the same (in equilibrium), they have

temperatures over 4000K, and nonthermal (nonequilibrium) plasmas where the

temperature of the electrons is significantly higher than the temperature of the

elements. These plasmas have temperatures below 1000K.

solid liquid gaseous plasma

P =
—_— _
€ ©
O @) ‘@
s Energy/Temperature (O Molecule (& Molecule (excited)
@. lons c Molecular fragment @ Free electron
(high energy)

Figure 1.2 Transition of states of matter.4°



1.4 Plasma in nanoparticle synthesis

Over the past few decades, artificially created plasmas play an important role in
the NP synthesis and the field is developing rapidly. Plasma in NP synthesis can
be divided into three groups in dependence on the pressure-temperature
relationship: solid phase plasma, gas phase plasma and liquid phase plasma
(Figure 1.3).4" These groups can be than divided into several other subgroups.
This work will mainly focus on the plasma generated in liquid since it’s still
relatively unknown, even with the progress in this field in the last decade. Gas-
phase plasma is briefly introduced below since it’s liquid plasmas’ predecessor

and shares some of its characteristics.

# Realized in
Condensed Phase

Liquid Phase

Solution Plasma
Undeveloped Field

Solid Phase

# High—Rate Reaction

Plasmon

Healthcare
Analysis
Paint

Gas Phase

Pressure

Gas—Phase Plasma .
Semiconductors

Low Press. Fine Particles
Low T .
H?g";’\ T:'::) || Atom. Press. =+ | Thin Films
High Press. Surface Treatments
Waste Treatments
Temperature

Figure 1.3 Three categories of plasma corresponding to the pressure-temperature

relationship of three phases.*!



1.4.1 Gas-phase plasma

Gas-phase plasma is used in widely used in industry, such as electronic device
manufacturing processes (plasma etching, sputtering, plasma-enhanced chemical
vapor deposition, etc.), hard coating processes (ion plating, sputtering, etc.), and
surface treatment processes (sputtering, plasma etching, etc.).*' Gas-phase
plasma can be divided into a low and high temperature plasma and low, high and
atmospheric pressure plasma. Different sub-division for this phase can be based
on plasma source, i.e. alternating current (AC), direct DC current, radio frequency
(RF) or microwave source.

High-temperature plasmas are the oldest and most common plasmas working
at atmospheric pressure. The energy distribution in these plasmas are usually
close to thermal equilibrium. Typical gas-phase plasma setup using AC or DC
current is shown in Figure 1.4. This type of plasma mainly produces nanopatrticles
with bigger NPs’ size and broad size distribution (example is showed in Figure 1.5)

and in some cases, it can lead to the formation of particle clusters.4?



plasma

/\ precursor
feed

gas

power feed
supply F\ powelr
precursor suPply
feed

Figure 1.4 Two basic types of plasma burners for nanopowder production, differing
in the way of precursor feeding (axial feed on the left and feeding from the side on

the right. Both can use powder or liquid precrsors.*?



Figure 1.5 TEM image of synthesized nanocrystalline AIN (aluminum nitride). 4°

Low-temperature plasmas are always connected to the systems with reduced
pressure. They have temperatures below 1000K. In this type of plasma power is
supplied by either radio frequency (RF) or microwaves. Particles obtained by gas-
phase low discharge plasma have narrow size distribution. Typical nanoparticles

obtained by RF system (Figure 1.6) and microwave system (Figure 1.7).

10



Figure 1.7 TEM of zirconia powders obtained in gas-phase microwave plasma

process.*?
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1.4.2 Liquid-phase plasma

Plasma generated in liquid is a versatile process with high performance for many
applications such as water purification*3, sterilization*445, and most importantly
nanoparticles synthesis.3".36.37.41.46-48  Plgsma in liquid is a non-thermal
(nonequilibrium) plasma where the plasma generation in liquid can be divided into:

(i) Gas discharge between an electrode and the electrolyte
surface (Figure 1.8 a)
(i) Direct discharge between 2 electrodes (Figure 1.8 b)
(i)  Contact discharge between an electrode and the surface of
surrounding electrolyte (Figure 1.8 c)
(iv)  Radio frequency (RF) (Figure 1.8 d) and microwave (MW)
generation
regarding to G. Saito et al.?° This work is focusing on the iv) group, mainly MW
generated plasma in liquid.

Another dividing of plasma in liquid can be in to plasma in the bubble or small
vapor channel plasma (Figure 1.9).52 In the plasma in bubble process, bubbles
consist of water vapor created by joule heating and electrolysis of water. The
bubble plasma usually propagates along the plasma-liquid surface or across the

bubble without contacting the liquid surface depending on the dielectric constants

12



of the bubble gas and liquid. The reactive species generated in the bubbles can

diffuse across the plasma-liquid interface and will enter the liquid when the bubbles

are broken, this is a big advantage compared to plasma over liquid system. The

streamer plasma in water is generated by a decrease of the liquid density around

the electrode by electric field enhancement under a high overvoltage, or direct

electron collision induced liquid water ionization under an ultrahigh local electric

field. The streamer plasma takes on the form of multi-branched channels.??> The

dominant active species produced by these methods are O, H, and OH radicals as

well as atomic O and atomic H. Because both electrodes are immersed in the liquid,

the finally produced NPs might be contaminated by the electrodes’ material.

Therefore, the electrode materials and solution constituents must be carefully

selected in order to decrease potential impurities as much as possible.5?
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Figure 1.8 Typical setup of plasma generation device for: a) gas discharge
between an electrode and electrolyte surface, b) direct discharge between 2
electrodes, c) contact discharge between an electrode and the surface of

surrounding electrolyte, d) RF generation.50
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Figure 1.9 Photographs of plasma generated in the bubble and streamer plasma.5?

1.4.2.1 Difference between RF and MW plasma system

The power is introduced either by radio frequency or microwaves. The system
appears almost identical, but their physics is to some extend different. RF system
works with frequencies up to the megahertz range, MW systems are in the
gigahertz range. Therefore, there is six orders of magnitude less energy transferred
to the charged particle in microwave induced plasma as compared to that of RF
system. In the RF systems, because of the short free path length of the electrons,
the energy of the electrons is in the range of a few eV, whereas the energy of the
electrons in microwave plasma is in the range of keV. Electrons with energies of
only few eV can attach to the surface of particles. Therefore, in RF systems, NPs
are expected to be negatively charged, but in MW systems the electric charge of
the particles is positive. The electric charge of the particle is increasing with
increasing diameter of the particle.?
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1.4.2.2 Microwave-induced plasma in liquid process (MWPLP)

Microwave equipment using standard 2.45 GHz frequency become a popular
and easy source to produce plasma, due to the high frequency of the microwave
irradiation. Microwave generated plasmas have an important advantage over RF
plasmas. They have higher frequency oscillations of the electric field, i.e. electrons
travel shorter distances compared to RF plasmas before they switch direction.
Therefore, fewer electrons reach the device surface per switching cycle, thus
minimizing the surface charging effect.53

MWPLP is a simple, scalable, and green technique to synthesize nanoparticles
which does not need any reducing agents. In this process, plasma discharge
occurs with the outbreak of the bubbles (bubble plasma) under normal or reduced

pressure.

H-
Oc
Plasma
e_
OH*

Gas

Liquid

Figure 1.10 Schematic illustration of plasma gas/liquid interface generated in

MWPLP.
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Plasma is created in 3 steps, in the first step the tip of the electrode is heated by
joule heating, which heat surrounding liquid and lead to the outburst of bubbles. In
the second stage plasma is initiated at gas (provided by bubbles)/liquid interface,
and then in the third stage plasma is formed. Plasma is surrounded by a gas phase
in a liquid phase (Figure 1.10), create plasma/gas and gas/liquid interfaces with
unique features for the reaction and formation of NPs. After generation of
nonequilibrium plasma in water, many reducing and oxidizing species are
generated by dissociation, solvation, dimerization and recombination resulting from
the decomposition of water molecules (Eq 1, Figure 1.11). Hydrogen radicals,
oxygen radicals, and hydroxyl radicals are generated as radicals. Furthermore,
strong light and heat as well as electrons are ejected into the system. In these
cases, hydrogen radicals and electrons are direct reduction species of metal ions.
The solvated electrons (E°(H20/eaq’) = -2.87 V) and hydrogen radicals (E°(H*/H*)
=-2.31 V) are strong reducing species. However, the lifetime of hydrogen radicals
should be in the order of ms. Solvated electrons have a longer lifetime in ps. Figure
1.12 shows typical emission spectra during MWPLP, showing presence of

hydrogen radicals.

HeO—OH- +H- (1)

In the second step, the radicals and solvated electrons can react together by

dimerization and recombination. In Table 1.1, the possible reactions of the second

step are listed. One can easily find that hydrogen molecules (Hz2) can be produced
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via combination of hydrogen radicals. Secondary formed species such as hydrogen

gas molecules can also reduce metal ions after plasma.5!

Table 1.1 Second step reactions (dimerization and recombination).5

Reaction rate constant

Reaction k/10" mol dm—3s~!
€ aq + € ag— Hy + 20H" 0.54
€ g + He — H, + OH™ 2.5
He + He — H2 1.3
e‘aq + H30+ - H20 + He 2.3
¢ 4q + OH+ — OH~ 3.0
OHe+ + OH* — H202 0.53
OHe + H* — H,0O 3.2
H,O" + OH™ — 2H,0 14.3

€ 4g: Solvated electron (e— + nH,O — e7y).

/“""\

Mn*+ e, .- —M° M"*+ He —M%nH*

Figure 1.11 Schematic illustration of plasma generated in MWPLP and processes

to reduce metal ions.
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Figure 1.12 Plasma emission spectra®’

1.4.2.3 Coated electrode in MWPLP

Electrodes which have been conventionally used in plasma in liquid processes
are often made of tungsten because of its high melting/boiling point. Electrodes
can be made of metals matching the synthesized nanoparticles. Ejection of metal
ions or atoms from the electrode by plasma ignition can be observed, even
tungsten was used. Ishida et al. reported doping of TiOz2 particles by metal ejected
from the tungsten electrode.3® Therefore, ejection of electrode meterials can

contaminate finally produced NPs via plasma reduction of metal salts or metal
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complexes, and influence their properties.3035 Another example of contamination

of the NPs can be found in the fabrication of semiconductor devices. There, in the

wafer processing, introduction of high density plasma and plasma cleaning caused

formation of contaminated particles.5*

Use of electrodes as a material source can be one of the effective tools to

eliminate such a phenomenon®®, but it has its limits, especially for the noble metal

particles in industrial production. Cost efficiency of this method for noble metal

particles production in a big scale is not very reasonable.

Second method which can be used to eliminate such a problem is ceramic

coating of the electrode surface. This can be a very effective and cost efficient

method especially for industrial production of NPs. Ceramic materials are the most

promising for the electrode coating due to their great thermo-mechanical and

chemical stability. There are several criteria for choosing the right ceramic coating

and achieving the best results such as cost, porosity, elution and erosion rate,

purity, influence on the electric field, and most importantly plasma resistance. The

most common method to estimate plasma resistance of ceramics is to measure

etch depth under arbitrary fluorine plasma conditions.5¢

The plasma-resistant ceramics such as alumina (Al203) and yttrium oxide (Y20s3)

seem to be a reasonable choice for the selection of affordable and effective
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ceramic coating for the electrodes used in plasma since they have been previously
used as a processing chamber materials in semiconductors manufacturing.>” We
have selected yttrium oxide as the coating material because of its chemical stability
up to 2300 °C and its high thermal stability compared to the alumina or other
ceramic materials.?® Therefore, if the common stainless steel electrode is coated
by Y203, it can lower the damages of the electrode from plasma and extend the
lifetime of the electrode with cost efficiency.

In order to eliminate problem related to the contamination of the synthesized
NPs, we introduced the ceramic (Y20z3)-coated electrode tip in MWPLP (Figure
1.13). In addition, the ceramic layer can enhance the electric field strength on the
electrode tip surface, compared with the uncoated electrode, by concentration of
the pre-discharge current in small open pores. Thus, many of discharge channels,
distributed almost homogenously along the whole surface of the composite
electrode, are generated from the pores.?%60 The plasma generation and NP
formation are expected to occur differently from those in the case of using the
common un-coated metal electrode.3¢ Use of yttrium coated electrode for synthesis

of metal and metal alloy NPs was investigated in the chapters 2-5 of this thesis.
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Figure 1.13 Schematic picture of the yttrium oxide (Y203) electrode tip.%6
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1.6 Purpose of this study

Microwave-induced plasma in liquid process has many advantages to produce
nanoparticles. Especially, relatively rapid reduction caused by the radicals formed
during plasma process by decomposition of water. Liquid-plasma has been
investigated intensively by several groups for over a decade now, however, many
problems are still remaining, and mechanisms of particle formation are quite

unknown.

Problems

(1) Contamination of the finally produced nanoparticles by electrode materials.

(2) The parameters that are essential for controlling the size and composition of
various nanomaterials have not been well understood.

(3) Unknown mechanism of particle formation.

Purpose of this study
The purpose of this study is to solve the above-mentioned problems of solution
plasma synthesis of nanomaterials. Use coated electrode as a plasma source in

the MWPLP, protect finally produced nanoparticles from contamination from the
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electrode materials, this significantly improve use of metal salts as precursors in

liquid-plasma. This thesis includes five chapters:

Chapter 1 presented a general introduction. The objective and strategy of the

research in this thesis using coated electrode in MWPLP.

Chapter 2 described the Au nanoparticles formation in MWPLP using coated

electrode and influence of solution pH on the particles size and size distribution.

Chapter 3 described the study on synthesis of Ag nanoparticles influenced by initial

silver precursor choice and by various amount of used L-arginine.

Chapter 4 described the strategy for ligand free synthesis of bimetallic alloy Au/Ag

nanoparticles in MWPLP.

Chapter 5 presented the general conclusions of this thesis.
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2 Au nanoparticles prepared using a
coated electrode in plasma-in-liquid
process: Effect of the solution pH

2.1 Introduction

Currently, metal nanoparticles (NPs) are under immense interest because of
their unique optical, electrical, and catalytic properties.!-®> They are used in variety
of applications such as electronics,® photodynamic therapy,” therapeutic agent

delivery,® sensors,® probes,’® diagnostics,!! catalysis,'>'® and material for laser
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desorption/ionization mass spectroscopy.' Among various metal NPs, gold NPs
are most studied and they have been used in numerous applications from jewelry
to advanced technology and medicine.#1516 Several methods have been
established to synthesize gold NPs, including chemical reduction,'”-® laser
ablation,'® and vacuum sputtering.252% Chemical reduction, the most common way
to produce gold NPs require the use of reducing agents (alcohol, NaBH4, N2Ha4,
citrate, polyol, etc.) or stabilizing agents, which are sometimes toxic and not
environmentally friendly.

In contrast, microwave induced plasma in liquid process (MWPLP) is a simple,
scalable, and green technique to synthesize NPs which does not need any
reducing agents.?! In this process, plasma discharge occurs with the outbreak of
the bubbles under normal or reduced pressure. Plasma is surrounded by a gas
phase in a liquid phase, create plasma/gas and gas/liquid interfaces with unique
features for the reaction and formation of NPs.?223 The produced nonequilibrium
plasma provides various reactive chemical species (e.g., hydrogen radicals,
hydroxyl radicals, and oxygen radicals from water) and UV radiation, that can
reduce metallic ions in extremely rapid reactions in confined areas.

Using PLP, NPs of various metals and metal oxides such as Au,? Ag,?? Pt,2?
Zn,?* Sn,% Zn0,2* Sn02,2°> and WO328 have been prepared. In most cases, plasma
in liquid processes are using tungsten electrode because of its high melting / boiling
points or the electrode of metals corresponding to the NPs. Ejection of metal ions
or atoms from the electrodes can be observed by plasma ignition, even tungsten
was used. In some reports, electrodes play a role of the raw materials for NPs

formation. However, such metal electrodes can contaminate finally produced NPs,
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influence their intrinsic properties.?22” In order to eliminate this problem, our
present research focuses on the use of ceramic (Y20s)-coated electrode to
synthesize metal NPs: the preparation of gold NPs was taken into account as a
case study. Using the ceramic-coated electrode, the ceramic layer help redistribute
the electric field on the electrode during pre-discharge phase. The electric-field
strength on the surface of the coated electrode is many times enhanced in
comparison with metallic uncoated electrode.?® This electric-field enhancement
initiates a large number of discharge channel which are almost homogenously
distributed along the whole surface of the coated electrode tip. The plasma
generation and NP formation are expected to occur differently from those in the
case of using the common un-coated metal electrode. Therefore, using the
ceramic-coated electrode, we investigate the time-dependent formation and growth
of gold NPs during PLP. In addition, we also elucidate the effect of the solution pH
on gold NPs in terms of their size and size distribution, which exhibit a very different

manner in comparison to that in the case of using uncoated electrode.

2.2 Aim of this chapter

This chapter is focusing on preparation of gold nanoparticles microwave-
induced plasma-in-liquid process (MWPLP). In order to overcome one of the
current challenges associated with the impurity produced from metal electrodes,
study in this chapter utilized a ceramic-coated electrode to prepare pure Au NPs
stabilized by L-arginine. Using this electrode, the reduction of Au ions during the

plasma irradiation, the formation of Au NPs, their size and size distribution as a
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function of the pH were investigated. Our results show that a bimodal NP size
distribution was obtained at pH 3.5 — 12.0. The fraction of small sized Au NPs
becomes significant at pH 6.0 and 12.0 while that of big sized Au NPs is dominant
at pH 3.5. The results in this chapter suggested that this change in the size
distribution of Au NPs was governed by the reduction rate of gold ion at different

pH under plasma generated in water.

2.3 Experimental section

2.3.1 Apparatus

The schematic illustration of solution plasma reactor is shown in Figure
2.1a.2227.29 Microwaves (2.45 GHz) are emitted from magnetron (Micro denshi UW-
1500) and pass through a WRJ-2 rectangular waveguide (109.22 x 54.61 mm), a
power meter, a tuner, a waveguide to the coaxial adaptor, and plasma source. The
coaxial electrode is attached in the middle of waveguide and her front is projected
in to the chamber. This coaxial electrode is ended by an Y20s-coated stainless
steel sharp tip (Figure 2.1b). The stainless steel reactor (500 cm?) is coated inside
with PTFE. Plasma solution is cooled by a stainless cooling spiral with chilled liquid
at 5 °C. Plasma ignition and the solution during plasma reaction can be observed
by eye through the quartz window. Pressure was decreased by a diaphragm

vacuum pump and measured by a vacuum gauge.
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Figure 2.1 (a) Schematic illustration of the plasma reactor of microwave induced
plasma-in-liquid process used in this study and (b) configuration of the Y20s-coated

stainless steel electrode.

2.3.2 Materials

Tetrachloroauric(lll) acid hydrate (HAuClsnH20 n=3.6, Kojima Chemicals,
Japan) and L-arginine (CeH14N4O2, Junsei Chemical, Japan) were used as a

precursor and a stabilizer, respectively. Potassium bromide (KBr, Ohyo Koken
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Kogyo, Japan) was used to make complex (AuBrs’) in order to detect the unreacted
Au3+ ions. Sodium hydroxide (NaOH, 97%, GR grade, Junsei), and hydrochloric
acid (HCI, 35-37%, Junsei) was used for pH adjustment. All chemicals were used
as received. The deionized water (Organo/ELGA purelabo system, > 18.2 MQ-cm)

was used to prepare solution for plasma reaction.

2.3.3 Synthesis of Au NPs

5.02 cm?® of aqueous HAuCls (0.050 M) was added into 500 cm? of water,
followed by the addition of 1.74 cm?® of aqueous L-arginine (0.287 M). The molar
ratio of Au and L-arginine was 1:2. The mixed solution was stirred for 10 minutes,
and then introduced into the reaction vessel. The plasma was initiated at 650 W of
the microwave output. Then, in order to keep plasma generation, the output was
kept at 400 W during whole reaction. The plasma reaction was allowed for

occurring for 140 min.

2.3.4 Characterizations

UV-Vis spectra were collected in order to observe reduction of Au3* ions and
formation of Au NPs using an UV-Vis spectrophotometer (Shimadzu UV-1800) and
a quartz cell with 1 cm optical path. During plasma reaction, 3 cm?3 of the sample
solutions were taken directly from the plasma chamber for each measurement at

various reaction time, and 0.012 mmol of KBr was added into the sample solution
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and pH the taken samples was adjusted to around pH 3 by addition of 1 M HCI
solution.

The transmission electron microscopy (TEM, JEOL JEM 2000-ES, at 200 kV)
with an energy dispersive X-ray spectroscope (EDS) was used to analyze the
morphology and elemental composition of the obtained Au NPs. For preparation of
TEM samples, NP dispersions were filtered using a membrane filter (pore size =
0.2 ym), then re-dispersed in water with a sonicator. After that these purified Au
NP dispersions were dropped on collodion film-coated copper TEM grids, and
naturally dried. More than 100 NPs was used to estimate the particle size in
arbitrary chosen areas and size distribution using TEM images. A part of the
filtrated NPs was examined with X-ray diffraction (XRD, Rigaku MiniFlex Il, Cu Ka

radiation, scanning rate of 5 ° min').

2.4 Results and discussion

2.4.1 Study of time dependent reduction of gold(lll) ions and

formation of Au NPs at different pH: UV-Vis spectra

L-arginine is an amino acid which is used as a stabilizing agent for the
preparation of Au NPs. It has an isoelectric constant of 10.87. Depend on the pH
of the solution, L-arginine exhibits negative (pH 12.0) or positive charge (pH 3.5
and 6.0). In either the case, it can stabilize NPs from severely aggregation in the
studied pH range (3.5-12.0) via its adsorption on Au NP surface and creation of a

layer for the repulsive interaction between NPs.

36



Since the position and intensity of the surface plasmon resonance (SPR) peak
for Au NPs can vary according to the size and aggregation of Au NPs. However,
using SPR peak may not be quantitative to determine the degree of reduction of
Au ions. In this study, reduction rates of Au3+ ions during plasma-in-liquid process
were evaluated. In order to detect the reduction of Au®* ion, KBr was added into
the taken-out sample liquids from the reaction solutions during plasma reduction in
order to form a complex, AuBrs4, instead of the raw material complex AuCls. The
absorption coefficient of the peak at ca. 380 nm of AuBr4™ is much higher than that
of AuCly.

UV-Vis spectra in Figures 2.2a-c showed that an increase in plasma reaction
time resulted in the decrease of UV-Vis absorption peak area (380 nm) of AuBrs
complex, which reflected more Au®* ions being reduced. The complete reduction
of Au3+ to Au(0) was obtained after 140 min when the absorption peak of AuBras~
disappeared. The ratio (A/Ao) between the absorbance peak area (A) at reaction
time t=0— 140 min and that (Ao) at =0 (Figure 2.2d) indicated the reduction rate
of Au complexes when using solution with pH 3.5-12.0 during 140 min plasma
discharge. The reduction rate decreased with an increase in pH from 3.5 to 12.0.
It was observed for all studied pH that the reduction of Au complexes proceeded
significant for the first 20 min discharge, then decreased with prolonging the
reaction time. In Figure 2.2d, it is clear that it took about 20, 60, and 100 min
respectively for the reduction of about 80 % Au complexes for pH 3.5 t0 6.0 and to
12.0, respectively. After 140 min plasma discharge, more than 89 % of Au
complexes were reduced for pH 12.0, and more than 99 % of Au complexes were

reduced for pH 3.5 and 6.0.
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It is known that depend on the initial pH of the solution, different degree of

hydrolysis of AuCls™ can occur (Eq. 1) with x=0 - 4:30

AuCls + xOH™ = AuCls-x(OH)x + xCI” (Eq. 1)

The reduction of gold ion by the plasma produced hydrogen radical followed

different ways at different pH values:?3

At low pH (e.g. pH 3.5):
AuCls™ + 3H- > 3HCI + Au® + CI" (Eq.2)
And at high pH (e.g. pH 12.0):

Au(OH)4™ + 3H- > 3H20 + Au® + OH™ (Eq. 3)
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Figure 2.2 (a-c) Time dependent UV-Vis spectra during plasma reaction to form
Au NPs in aqueous solution with pH a) 3.5, b) 6.0, and c) 12.0. (d) Plot of A/A0 as
function of reaction time for pH 3.5 - 12.0. A: The peak area of the absorption of
AuBr4 at ca. 380 nm during plasma discharge. Ao: The peak area of the absorption

of AuBrs at ca. 380 nm before plasma irradiation.

The reduction of AuCls™ ion to Au(0) shows higher reactivity than the that of
Au(OH)4™ to Au(0) (see Figure 7, Ref. 31). Therefore, the reduction rate of Aud*
ions decreases when pH of the reaction solution increases. Previous study also

suggested a higher reduction speed for gold ion at lower pH in the initial period of
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the reaction course.®' In addition, the pH of the solution after 140 min plasma
discharge (Table 2.1) showed that the pH dropped (12.0 to 11.8) for sample
prepared from solution with pH 12.0. This decrease in pH indicates that protons
were changed from hydrogen radicals generated by plasma. For reaction solution
with initial pH 6.0, after 140 min discharge, pH significantly decreased (6.0 to 3.7).
A pH drop was also found in case of solution with pH 3.5 (3.5 to 3.1). Similar results
of pH drops were reported with using pulse discharge with uncoated electrode in
synthesis of Au NPs.23

Figures 2.2a-c also show that the SPR peak centered at 560 nm of Au NPs was
observed and increased in the intensity with prolong plasma reaction. The SPR
peaks were observed at longer wavelength than the fingerprint SPR peak position
for Au NPs at 520 nm, suggesting some aggregations of Au NPs were generated
in the reaction solutions during plasma irradiation. Some aggregated structures can
be found in some TEM images (see Figure 2.3). When the plasma irradiation was
performed with the reaction solution at pH = 3.5 (Figure 2.2a), the formation of Au
NPs indicated by the SPR peak at 560 nm can be observed after 20 min plasma
irradiation. When we used the reaction solution at pH = 6.0 and 12.0 (Figures 2.2b-
c), the SPR peak was not clearly observed after 20 min reaction despite the fact
that the Aud+ was reduced. In these cases, after 60 min plasma irradiation, the SPR
peak of Au NPs clearly appeared in the spectrum. These results indicate that when
the plasma irradiation was performed at lower pH of the solution, the formation of
plasmonic Au NPs occurred more rapidly than at a higher pH. This corresponds to

the reactivity of Au3+ at different pH under plasma irradiation.
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2.4.2 Transmission electron microscopy observation for pH

dependent size and size distribution of Au NP

TEM images of Au NPs after 140 min reaction at pH 3.5, 6.0, and 12.0 and their
size distributions are shown in Figures 2.3a—f. In all cases, NPs presented in the
TEM images exhibit the bimodal size distributions. These results are consistent
with the broadening of SPR absorption observed in UV-Vis spectra (Figures 2.2a-
c). The bimodal size distribution are also found after 20 min plasma irradiation
(Figures 2.3g—k). The existence of small NPs with size less than 5 nm and bigger
NPs of ten to several ten nm can be found in Figures 2.3g—k. It is corresponding to
the plasmon peak of Au NPs can be found in UV—-Vis spectra after 20 min plasma
irradiation. The size of small Au NPs obtained for all pH is similar (2.1 — 3.4 nm).
The fraction of large NPs obtained at pH = 12.0 is less and their sizes are smaller
than the large NPs obtained at pH = 3.5. And the amount of the large NPs obtained
at pH = 6.0 is almost negligible while their sizes are larger than other samples. The
difference in contrast observed for the big Au NPs could come from the boundaries
of the twin planes (decahedron Au NPs, inset of Figure 3b, Figure 2.3c) or different
crystal grains (Figures 2.3a and 2.3g) in a single NP, exhibited polycrystalline

structure of big Au NPs.
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Figure 2.3 TEM images and size distributions of Au NPs obtained after 140 min
reaction at different pH: (a, d) pH 3.5, (b, e) pH 6.0, and (c, f) pH 12.0. (g-k) TEM
images of Au NPs obtained after 20 min at pH 3.5, 6.0 and 12.0 respectively. In set

of (b) shows a big Au NP among smaller Au NPs. Inset of (e) shows the size

distribution of big Au NPs.

In citrate reduction method, the formation mechanism of Au NPs was reported

depending on pH of the reaction solution.3" At low pH (acidic) the fast reduction
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occurs, followed by nucleation, aggregation, and intra-particle ripening, results in
smooth spherical Au NPs. Change to more basic conditions, the reduction of Au
complexes becomes slower, two step of NP formation, i.e. nucleation and slow-
growth, dominantly controls the particle size and size distribution. In our case, at
pH 3.5, the relatively high reduction speed of AuCls™ ion complexes to Au(0) can
somehow create the supersaturation and aggregation of nuclei and atoms, lead to
the formation of large fraction of big NPs. Different from the conventional citrate
reduction (reduction completed within a minute)3' or the PLP using uncoated
electrode,?? the obtained bimodal size distribution at pH 3.5 in our case was thought
due to the lower reduction speed that occurs in PLP using coated electrode at room
temperature with low concentration of Au complex solution. These conditions can
support the uncompleted aggregation step in the formation mechanism and
stabilization of small sized Au NPs by L-arginine. As a result, small NPs still exist
in the reaction solution during the reaction course. Of course, the non-homogeneity
of the reaction solution (no stirring) can also be the reason. An increase in pH led
to the increase in the fraction of small sized NPs. Bratescu et al. reported Au NP
size dependence on the solution pH using uncoated Pt electrodes in a plasma
pulse discharge in liquid. They observed decrease in the NPs size with increase of
the solution pH. The lower reduction speed (Figure 2.2d) at high pH reduces the
supersaturation and severe aggregation of atoms and nuclei. As a result, small
sized NP fraction becomes dominant at high pH, similar to the small NPs observed
using uncoated electrode even though the bimodal size distribution wasn't
observed.?® The main difference between NPs formed in PLP by pulse discharge

with NPs formed using uncoated electrodes is that a strong dependence between
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pH and particle size was not observed in our case, instead we could observe a
redistribution of the number of big and small NPs with pH. Other authors also
commented that in the basic environment the repulsive interaction was stronger for
citrate stabilized Au NPs,%? this could somehow prevent the aggregation step
during NP growth. In our case, carboxyl group in L-arginine can adsorb onto NP
surface and provide a similar stabilizing function in basic conditions. However, on
the other hand, low reduction rates in the present study could cause the
uncomplete separation between nucleation and growth and a heterogeneous
growth of NPs could occur in the system. Therefore, the existence of big sized Au

NPs as a minor fraction at pH (6.0-12.0) was also observed.

Table 2.1 Mean diameters of Au NPs obtained by plasma irradiation at different pH

values of the reaction solution.

pH before pH after Particle diameter / nm
plasma plasma
Small NPs Large NPs
irradiation irradiation?
3.5 3.1 2.4+0.4 13.5+2.0
6.0 3.7 3.1+0.4 38.1+4.1
12.0 11.8 2.1+0.4 9.7+0.7

apH values of the reaction solutions after 140 min plasma irradiation
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2.4.3 X-ray diffraction patterns, energy dispersed X-ray spectra of

Au NPs, and influence of the coated electrode on the NPs
purity

Using conventional electrodes in PLP which are often made of tungsten,
platinum or other metals with high melting/boiling point can lead to the ejection of
the metal ions from the electrode by plasma, and thereby to the contamination of
finally produced NPs. 2223.27.33 |ghida et al. have reported doping of the TiO2 NPs
by ejected metal ions from the tungsten electrode.?” High demand of the highly
pure metallic NPs especially in the semiconductors industry and medicine requires
new, cheap solutions for mass production of these NPs.34

X-ray diffraction (XRD) pattern and energy dispersed X-ray spectra (EDS) of Au
NPs prepared by PLP at pH = 3.5 are collected in Figure 2.4. XRD pattern showed
only signals from metallic gold. EDS spectrum also showed characteristic peaks of
Au (Cu peaks belong to the grid) without any other elements from the electrode.
These results exhibit a high purity of the resulting Au NPs, and it is the advantage
of the PLP with the use of ceramic coated electrodes for metal NP preparations.
This is consistent with the low elution and erosion rate of the Y203 coating. The
Y203 coating has the best plasma resistance which is often investigated by
measuring the etching depth under arbitrary fluorine plasma conditions.®® This
coating has high chemical stability up to 2300 °C and high thermal stability
compared to other ceramic coatings.3¢ The elution of the ceramic coated layer on

the electrode in this pH range (3.5-12.0) is thought to be negligible.
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Figure 2.4 (a) XRD pattern and (b) EDS spectrum of Au NPs synthesized in

solution pH 3.5. The JCPDS number of XRD reference for cubic Au was indicated.

2.5 Conclusion

In this chapter, ceramic (Y203)-coated electrode was used in a plasma-in-liquid

process (PLP) to create highly pure Au NPs. The high purity was secured by low
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erosion and elution rate of the Y203 coating. The bimodal size distribution of Au
NPs was observed for pH in range of 3.5 — 12.0. Small sized (average size 2.1 —
3.1 nm) Au NPs were dominant while large sized ones were considerable at pH =
3.5. A low reduction rate of Au3* ions and non-homogenous NP growth can be
taken into account for the bimodal size distribution. As a result, different from the
case of PLP by pulse discharge with uncoated electrodes, a strong dependence
between pH and particle size was not observed in our case, instead a redistribution

of the number of big and small NPs was varied with pH.
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3 L-arginine stabilized highly uniform
Ag nanoparticles prepared In
microwave induced plasma-in-liquid
process (MWPLP)

3.1 Introduction

Metallic nanoparticles (NP) and fine particles are of a great interest for their
variety of applications, especially their use in printed electronics,* medicine,>

catalysis'? and biotechnology.!"'® Several methods have been used for metallic
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NPs preparation, there between the most commonly used are chemical
reduction,'#15 laser ablation'®'” and plasma sputtering.'8-20 Chemical reduction
as the most common method has several disadvantages such as contamination
of the particles by reducing agents (alcohol, NaBHa4, N2H4, citrate, polyol, etc.),
and their following complicated purification process. In contrast microwave
plasma in liquid process (MWPLP) represents green alternative in a NP synthesis
field due to its relatively low energy consumption and no necessity to use toxic
reducing agents. This is because plasma generated under reduced pressure
decomposes water molecules to form highly reactive species, e.g. solvated
electron (eag) and hydrogen (He) radicals, which can reduce metal ions, M+ 21,22
The reduction of metal ions by reactive species formed in plasma discharge can
occur as follows:

M™ + nHe — MO + nH+*

M™ + neaq'— M?

at low pH or via below reaction:

M™ + neaq — MO

at high pH.

As a result, this approach has been used for preparation of various metallic NPs

such as Ag, Au, Pt, Zn, Sn.328 As a recent progress, our research group has
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introduced the use of ceramic (Y20s)-coated electrode for synthesizing pure
metal NPs2'2328 o eliminate impurities emitted from the conventionally used
tungsten electrode.?*2% Consequently, we have demonstrated that pure Au and
Ag NPs were successfully prepared with addition of H202 as a reducing additive
using coated electrode for the first time.?28

As silver NPs are widely used for their high extinction, antibacterial and
biocompatible properties, and low cost compared with other noble metal NPs,
synthesis of pure Ag NPs also received great attention. However, in comparison
with Au or Pt NPs, single size Ag NPs are more challenging to achieve. This is
caused by incomplete reduction of silver ions even though excessive reducing
agent was used, meaning that secondary nucleation and growth occur during the
reaction course, which results to a broad size distribution of Ag NPs.303" Besides,
it is known that the uniformity, size and shape of the Ag NPs used in certain
applications especially medicine can be crucial for their resulting effect for desired
use.':30 For example, smaller Ag NPs display higher antimicrobial activity30.32
and truncated-triangular NPs are believed to be more effective for microbial
killing.33

While microwave induced plasma in liquid using coated electrode can offer a

green synthesis method for pure Ag NPs, a strategy to tailor particle size with
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good uniformity is highly demanded. So far, the reduction of metal ions in MWPLP
using a coated electrode is relatively low,2'2328 and a nonhomogeneous reaction
often causes the formation of polydispersed NPs. Thus, we need to establish
conditions for a higher reduction speed under microwave-induced plasma in
liquid using coated electrode and to add a suitable stabilizing agent for control of
particle growth and to prevent their aggregation.3#3% The pH adjustment can be
a very powerful tool in this case.?32528 Qur previous study with coated electrode
suggested varying the pH of reaction solution, i.e. pH = 3.5 — 12, can change the
reduction speed of metal ion precursors and the size dispersion of the obtained
Au and Ag NPs.?528 |n particular pH 12 allowed to synthesize Au NPs with smaller
size and narrower size distribution compared with NPs obtained using lower pH.
However, at high pH the commonly used AgNQOs precursor is converted to silver
hydroxide and then to silver oxides, this makes the reduction, nucleation and
growth of Ag NPs from these precursors more difficult to control. Hence, to
prevent such un-desired phenomenon to occur when increasing pH, we proposed
a strategy based on the use of a high pH stable and water-soluble silver complex,
i.e. Ag[NHs]>* in the synthesis of Ag NPs.2® The use of this complex is
advantageous as it is water soluble complex for uniform growth of silver NPs and

can be prepared simply by adding ammonia solution to AgNOs whereas ammonia
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solution can be used in pH adjustment. In the previous report,?® the reduction of
silver complex was obtained via plasma and H202 reduction whereas the size
dependent pH was studied in the absence of a capping ligand. In our present
synthesis strategy, we choose L-arginine as the stabilizing agent for Ag NPs
produced under plasma discharge. This is because L-arginine is a natural amino
acid, which is non-toxic and has good biocompatibility and available functional
groups for binding with Ag NP surface to stabilize them as it was previously used
in the chemical synthesis of Ag NPs.3¢ We have demonstrated that our synthesis
approach using Ag[NHs]2* complex and L-arginine as the stabilizing agent without
addition of a reducing agent allowed us to control particle size with high uniformity

and to attain small sized, of ca. 5 nm, and pure Ag NPs.

3.2 Aim of this chapter

In previous chapter, we have introduced yttrium oxide (Y203) coated stainless
steel electrode to challenge impurity problems of resulting NPs due to the loss of
electrode materials. In this chapter, we proposed using [Ag(NHs)2]* complex as
the alternative precursor and L-arginine as the stabilizing agent to synthesize
highly uniform Ag NPs with an average diameter of around 5 nm. [Ag(NHs3)2]*
complex was chosen as it can allow the reaction proceed at high pH for higher
reaction yield compared with using AgNOs whereas L-arginine can stabilize Ag

NPs to attain highly uniform and small sizes. The influence of the selection of
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initial precursor on the reduction of metal precursor during the plasma irradiation,
the particle size and size distribution of Ag NPs, and influence of the amount of

L-arginine, were investigated.

3.3 Experimental

3.3.1 Apparatus

The schematic illustration of solution plasma reactor is shown in Figure
3.1a.2328 Microwaves (2.45 GHz) are emitted from magnetron (Micro-denshi UW-
1500) and pass through a WRJ-2 rectangular waveguide (109.22 x 54.61 mm?),
a power meter, a tuner, a waveguide to the coaxial adaptor, and plasma source.
The coaxial electrode is attached in the middle of waveguide and her front is
projected in to the chamber. This coaxial electrode is ended by an Y20s3-coated
stainless steel sharp tip (Figure 3.1b). The stainless-steel reactor (500 cm?) is
coated inside with PTFE. Plasma solution is cooled by a stainless cooling spiral
with chilled liquid at 5 °C. Plasma ignition and the solution during plasma reaction
can be observed by eye through the quartz window. Pressure was decreased by

a diaphragm vacuum pump and measured by a vacuum gauge.
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3.3.2 Materials

Silver nitrate (AgNOs, min. 99.8%, Junsei, Japan) and L-arginine (CeH14N4O2,
Junsei) were used as a precursor and a stabilizer, respectively. Ammonia
solution (NHs, min. 28%, GR, Junsei), was used for pH adjustment to pH 11.0
and to form silver diamine complex ([Ag(NHs)2]*) as the alternate precursor.
Potassium iodide (KI, Kanto, Japan) was used for observation of unreacted Ag+*
ions in the solution during the plasma reaction at various times (0, 5, 10, 20, 60,
100, 140 min) and thus also their reduction speed.?® All chemicals were used as
received. The deionized water (Organo/ELGA purelabo system, > 18.2 MQ-cm)

was used to prepare solution for plasma reaction.

3.3.3 Synthesis of Ag NPs

2.12 cm?3 of aqueous AgNO3 (0.12 M) was added into 500 cm?® of water to
obtain AgNOs concentration of 0.5 mM, followed by the addition of aqueous L-
arginine (0.287 M) in various amount (0.087, 1.74, 8.7 cm?3). The molar ratio of
Ag complex and L-arginine was 1:0.1, 1:2, and 1:10, respectively. The solution
pH was adjusted to pH 11.0 by addition of ammonia solution. The mixed solution
was stirred for 10 minutes, and then introduced into the reaction vessel. The
plasma was initiated at 450 W of the microwave output. Then, in order to keep
plasma generation, the output was kept at 400 W during whole reaction. The

plasma reaction was conducted for 140 min.
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3.3.4 Characterization

UV-Vis spectra were collected in order to observe Ag NPs formation at
different time and pH using an UV-Vis spectrophotometer (Shimadzu UV-1800)
and a quartz cell with 1 cm optical path. During plasma reaction, 3 cm? of the
sample solutions were taken directly from the plasma chamber for each
measurement at various reaction time. After 140 min plasma discharge, reaction
solutions were purified by means of dialysis then evaporated to half of the volume
for taking UV-Vis spectra. The dispersion of Ag NPs prepared using diamine
complex without L-arginine was dialyzed and used for collecting UV-Vis spectrum
without any further treatment. A part of the dialyzed samples was completely
evaporated, and powder was used to analyze with Fourier transform infrared
spectroscopy (FT-IR, FT/IR-4600, Jasco) to investigate stabilizing effect of L-

arginine on Ag NPs.

The transmission electron microscopy (TEM, JEOL JEM 2000-ES, at 200 kV)
with an energy dispersive X-ray spectroscope (EDS) was used to analyze the
morphology, elemental composition and Ag NPs formation in time. Ag NP
solutions were at first purified by membrane dialysis for 3 days, and then the
purified solution was dropped on collodion film-coated copper TEM grids, and
naturally dried. From 100 to 150 NPs were used to estimate the particle size, in
arbitrary chosen areas, and size distribution using TEM images. A part of the NPs

solutions was filtrated through 0.1 um mixed cellulose filter and examined with X-

58



ray diffraction (XRD, Rigaku MiniFlex Il, Cu Ka radiation, scanning rate of 5 ° min-

). Thermogravimetric-differential thermal analysis (TG-DTA) was performed on

a Shimadzu DTG-60H using 3% H2/N2 gas with heating rate of 5 °C min-! from

25 to 700 °C. L-arginine stabilized Ag NPs were filtered (0.1 ym pore size

membrane) and washed with water, then the powder was collected and dried

before TG-DTA analysis. Part of the dispersion obtained after 140 min plasma

discharge was used for measuring Zeta potential using the Photal Otsuka

Electronics- ELSZ-2NMP.
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Figure 3.1 (a) Schematic illustration of the plasma reactor of microwave induced

plasma-in-liquid process used in this study and (b) configuration of the Y20s-

coated stainless steel electrode.
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3.4 Results and Discussion

3.4.1 Ag nanoparticles formed using AgNOs and [Ag(NHzs)2]*

complex as metal precursors

Commonly used silver nitrate (AgNOs) as a metal precursor in acidic pH for
synthesis of Ag NPs shows that Ag ions are not reduced completely in chemical
reduction. Non-robust reduction of Ag* ions and growth of Ag NPs causes
interference between nucleation and growth which in turn often results into large
size distribution with difficulties in size control. In our study, we found similar
phenomenon while using silver nitrate as the metal precursor in MWPLP. As
shown in Figure 3.2a and inset of Figure 3.2a, MWPLP produced Ag NPs of
bimodal size with two fractions of 8.3 + 1.4 nm and 88.4 + 25.3 nm. Size of the
bigger fraction of the Ag NPs is similar to that prepared in citrate method by Pillai
et al. (particle size diameter between 50-100 nm)37, while the size of the smaller
fraction of the NPs is similar to that prepared by MWPLP using uncoated tungsten
electrode.?* S. Sato at al. reported rapid formation of Ag NPs in just 90 s of plasma
irradiation with the obtained NP size ca. 4.5 nm, however tungsten was vaporized
from the electrode by plasma, and could cause contamination of the produced

NPs. Use of Y203 coated electrode tip can prevent such a phenomenon due to
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the low elution and erosion rate of the Y203 coating. On the other hand, use of
ceramic-coated electrode tip caused slower reduction of the Ag ions and bimodal

distribution of the obtained NPs.

In order to eliminate bimodal size distribution and to use a silver molecular
precursor in basic pH we suggested addition of ammonia to the silver nitrate
solution. This simple method allow us to form homogenous and water soluble
silver diamine complex ([Ag(NHs)2]*) at high pH as in the following equation:

Ag*(aq)+2NH3s(@aq)—[Ag(NHs)2]* (aq) (1)

Using [Ag(NHs)z2]*complex as silver precursor (Figure 3.2b) under the same
conditions as using silver nitrate (Figure 3.2a), Ag NPs with narrower size
distribution (128.7 + 18.9 nm) were obtained (Figures 3.2c and 3.2d). Similar
particle sizes and size distributions were also found when H202 was used as a
reducing additive.?® At pH = 11, the average particle sizes are 150 ([H202] =
0.0015 mM) — 400 ([H202] = 0.075 mM) nm which were varied with the
concentration of H202. This is consistent with the higher reduction speed of silver
diamine complex compared with that of silver nitrate (Figure 3.2f), because higher
reduction speed allows for more robust nucleation and NP growth. The absorption
peak areas of Agl used for estimation of the reduction speed and preparation of
Figure 3.2f are showed in Figure 3.3.

The position and intensity of the localized surface plasmon resonance (LSPR)

peak for Ag NPs can vary regarding to the size and aggregation of Ag NPs. The
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UV-Vis spectrum of the sample prepared from [Ag(NHz)2]* complex shows a wide
absorbance LSPR band at high wavelength, i.e., 450 — 600 nm. This is attributed
to the longitudinal LSPR caused by the plate-like structure of these resulting Ag
NPs as also reported elsewhere.38 A valley near 320 nm was observed which is
possibly caused by an overlapping of the absorption at around 290 nm for Ag
clusters and the broad LSPR peak of disc-shaped Ag NPs. The particle size of
Ag NPs produced from silver diamine complex is quite big. This indicated that the
growth of Ag NPs continued to occur during plasma irradiation and excess
ammonia or hydroxyl ions did not effectively protect Ag NPs. Therefore, in order
to reduce the particle size, L-arginine as the protecting agent was introduced to

the reaction solution.

3.4.2 Ag nanoparticles formed using various amount of L-Arginine

L-arginine is one of the non-toxic, biocompatible amino acids used in the
biosynthesis of proteins. In this part of the study, we have used L-arginine to
stabilize Ag NPs and prevent the growth of Ag NPs during plasma discharge to
obtain small Ag NPs with narrow size distribution. L-arginine was added to the
reaction solution with molar ratio of [Ag(NHz)2]* to L-arginine, hereafter Ag : Arg,
of 1:0.1,1:2,and 1 :10. As shown in Figure 3.4a, when small amount of L-
arginine was used (Ag : Arg =1 : 0.1 (mol/mol)), beside small Ag NPs (5.0 £ 0.5

nm) some big Ag NPs (235.6 + 25.6 nm) were still observed. This was also
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confirmed by UV-vis spectrum of this sample shown in Figure 3.5. Beside
transverse LSPR band at 420 nm for Ag NPs, the longitudinal characteristic
absorbance band in 450 — 600 nm were observed for plate-like Ag NPs.30:39.40
These big plate-like Ag NPs are similar as one obtained without using of L-
arginine (Figure 3.2b). On the other hand, an increase in the amount of L-arginine
(Ag:Arg=1:2and1:10 (mol/mol)) resulted in small, single sized Ag NPs (5.5
+0.6 nm and 5.1+ 0.7 nm, respectively), without any big Ag NPs formed (Figures
3.4b and c). UV-Vis spectra (Figure 3.5) for these samples showed a peak at
around 430 nm without the broad absorbance band at higher wavelength as
observed for plate-like Ag NPs. This indicated the formation of spherical Ag NPs
and complete absence of plate-like Ag NPs. The XRD result (Figure 3.6) of
resulting NPs obtained using Ag : Arg = 1 : 2 molar ratio further confirmed that

our obtained NPs are metallic Ag.
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Figure 3.2 (a) TEM image and (c) size distribution of Ag NPs prepared using
silver nitrate as metal precursor, (b) TEM image and (d) size distribution of Ag
NPs prepared using silver diamine complex as metal precursor, (e) UV-Vis
spectra of Ag NPs prepared using AgNOs and [Ag(NHs)z2]* complex (f) reduction

speed monitored via plot of A/Ao as function of reaction time where A is the peak
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area of the absorption of Agl at ca. 420 nm during plasma discharge and Aois the

peak area of the absorption of Agl at ca. 420 nm before plasma irradiation shown

in Figure 3.3.
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Figure 3.3 (a,b) Time dependent UV-Vis spectra observation of Agl at ca. 420
nm, formed by addition of Kl into the taken out samples, during preparation of Ag

NPs with: a) AgNOs, b) [Ag(NHs)2]* as the precursors.
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Figure 3.4 TEM image and size distribution of Ag NPs obtained using molar ratio

of [Ag(NHa)2]* to L-arginine (Ag : Arg) of (a,d) 1:0.1,(b,e)1:2and(c,f) 1:10.
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Figure 3.5 UV-Vis spectra of Ag NPs obtained using Ag : Arg molar ratios of 1 :

0.1 (green curve), 1 : 2 (blue curve), and 1 : 10 (red curve).
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Figure 3.6 XRD pattern of Ag NPs synthesized using a molar ratio of silver

complex to L-arginine of 1:2.

Table 3.1 Average diameter of Ag NPs prepared with silver diamine complex

([Ag(NHs3)2]*) as the precursor with various ratios of silver complex and L-arginine.

Ag:Arg

(mol/mol) 10 1:0- 12 0
NP = SlZe 1587+189 504055506 5107
(nm)

Table 3.1 shows average diameter of Ag NPs prepared without and with L-
arginine as the stabilizing agent with different ratio of Ag : Arg (mol/mol). As it is

clearly visible from the particles size change tendency, over the certain amount,

68



i.e. Ag:Arg 1:2 (mol/mol), L-arginine can effectively stabilize Ag NPs and prevent

their further growth, and in combination with access of NHs, which forms

[Ag(NHa)2]* complex, limit the secondary nucleation step and avoid bimodal size

distribution.

Transmittance(a.u.)

— Ag:Arg=1:10

| I N T T Y T T T N T T T T T N N T O N T T T N N T T A T N N |

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm-)

Figure 3.7 FT-IR of L-arginine, Ag NPs stabilized with L-arginine, and Ag NPs

prepared using AgNOs.
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Table 3.2 FT-IR peak assignment for main peaks in FT-IR spectra in Figure 3.7

Peak position (cm-') Pure L-arginine Ag:Arg =1:10

O-H, stretch, water N/A 3200-3400

N-H, stretch (group 3) 3352 3352

O-H stretch (group 5) 3297 3297

O=C=0 (in air) 2353 2353

C=.O stretch, carboxylic 1673 Overlap with C=N
acid (group 5)

C=N, stretch (group 2) 1613 1627

N-H, bend (group 1, 4) 1551 1593

O-H bending, carboxylic 977 1038

acid (group 5)

To understand the binding of L-arginine and particle surface, we collected the
FT-IR spectra of Ag NPs stabilized with L-arginine (Ag:Arg = 1 : 10 (mol/mol))

and pure L-arginine.

The peak assignment is given in Table 3.2 in details. The L—arginine showed
its characteristic bands at 3352 cm' for N-H stretch in secondary amines, 3297
cm-' for O-H stretch, 1673 cm- for C=0 stretch for carboxylic acid, 1613 cm-! for
C=N stretch, 1551 cm" for N-H bend of primary amines, 977 cm- for O-H bend
in carboxylic acid3¢4'. In case of L-arginine capped Ag NPs prepared using
Ag:Arg 1:10 (mol/mol), we detected the characteristic vibrations of L-arginine as
shown in Table 3.2. This confirms that the organic capping agent exists on the

surface of the obtained Ag NPs. Moreover, it was observed that the peak for N-
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H stretch was shifted to the higher wave number (A = 42 cm') whereas the peak
for O-H stretch in carboxylic group is significantly shifted to the higher wave
number (A =61 cm') compared with pure L-arginine. These shifts can be caused
via binding of L-arginine to particle surface and the change in the form of L-
arginine at high pH. At a pH, i.e. 11, higher than the isoelectric point of L-arginine,
i.e. p=10.76, L-arginine is protonated to form COO- and a amine group (group 4)
becomes NHs*. The zeta potential of the resulting Ag colloidal solution is of -32
mV (Ag : Arg = 1:10), which suggested that particles had negative charge and
were colloidal stable in the solution. Zeta potential of Ag NP dispersion prepared
with different silver precursor to L-arginine ratios also indicated negative surface
charge of Ag NPs. It was noticed that the change in Zeta potential did not simply
follow the increase in ratio of L-arginine used. Zeta potential of -31 mV and -13
mV was found in dispersion prepared with Ag : Arg = 1:0.1 and 1:2 (mol/mol),
respectively. Relatively high absolute value of Zeta potential when the least L-
arginine was used can relate to the anisotropic shape and big size of the plate-
like Ag NPs as reported elsewhere.4?>43 Even though the sample prepared with
the least L-arginine has relatively high absolute value of Zeta potential, it is not
as stable as others. We observed that precipitation occurred in the dispersion of

Ag NPs prepared with Ag : Arg = 1:0.1 (mol/mol) after 24 h (least L-arginine)
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whereas Ag NP dispersions prepared using Ag : Arg = 1:2 and 1:10 (mol/mol)
were stable after 2 weeks (Figure 3.8). This can be attributed to the precipitation
of the big size Ag NPs which may require much higher Zeta potential value to
stabilize them.#243 Besides, TG analysis of the obtained L-arginine stabilized Ag
NPs prepared using Ag : Arg = 1:10 (mol/mol) under 3% H2/N2 (Figure 3.9)
indicated that there was significant weight loss, i.e. 49.75 % when temperature
increases from 160 °C to 600 °C. Corresponding to this weight loss, there was
an endothermic peak centre at 400 °C, which belongs to the evaporation of L-
arginine (boiling point of 368 °C) from the Ag particle surface. The small weight
loss below 160 °C is due to the absorbed water. When the initial molar ratio of
silver precursor to L-arginine of 1:0.1, there was just 6.6 % of the weight loss
attributed to L-arginine (Figure 3.10). This result further indicated that the smaller

size Ag NPs were well capped with L-arginine.
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As synthesized

24 h after
synthesis

2 weeks after

synthesis "

Figure 3.8 Photographs of the obtained dispersions of L-arginine stabilized Ag
NPs synthesized using different ratios of Ag precursor and L-arginine 1:0.1, 1:2,
1:10 mol/mol: (a-c) as-synthesized, (b-f) 24 h after synthesis, (g-h) 2 weeks after

synthesis.
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Figure 3.9 TG-DTA curve for L-arginine capped Ag NPs prepared using Ag : Arg

=1:10 (mol/mol).
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Figure 3.10 TG-DTA curve for L-arginine capped Ag NPs prepared using

[Ag(NHa)2]* to L-arginine molar ratio of 1:0.1 (mol/mol).
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Based on the shifts in FT-IR spectrum and the possible binding of L-arginine
to Ag surface, we suggest that carboxylate group binds to the particles surface to
stabilize them as shown in Figure 3.11. F. Wu et al.%¢ previously also reported
that L-arginine can effectively stabilized Ag NPs prepared using silver nitrate as

the precursor.

Figure 3.11 Proposed bonding between carboxylate group and silver NPs

(particle size and bonding length are not in scale).

The method described in this paper can offer a green approach to synthesize
and stabilize metal NPs. Besides L-arginine, other amino acids can be used to
prepare Ag NPs. As shown in Figure S4, when L-leucine was used to replace L-
arginine ([Ag(NHs)2]* : L-leucine = 1:10 (mol/mol)), Ag NPs with average diameter
of 9.9+3.3 nm were produced, which means bigger size and wider size
distribution compared with L-arginine capped Ag NPs prepared under similar

conditions. However, to understand the influence of different amino acids and
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other types of capping agents used to control the particle size and uniformity, it

is necessary to study more in depth.

3.5 Conclusion

In this chapter, the influence of silver diamine complex as the precursor and

L-arginine as a stabilizing agent on the formation of Ag NPs synthesized in

MWPLP using a coated electrode was investigated. As a result, a strong influence

of L-arginine on NP size, and of silver diamine complex on the uniformity of the

synthesized Ag NPs was observed. In conclusion, uniform, small sized (with the

average diameter ca. 5 nm) and highly pure Ag NPs can be obtained by addition

of silver diamine and L-arginine during MWPLP. The obtained Ag NPs were

effectively stabilized by carboxylate group contributed by L-arginine as was

confirmed by FT-IR.
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4 Preparation of Au/Ag alloy
nanoparticles in microwave induced

plasma-in-liquid process (MWPLP)

4.1 Introduction

For several years now, bimetallic alloy nanoparticles (NPs) have attracted
researchers from different fields, because of their unique electronic, optical, and
catalytic properties,’” combining properties of both metals or even bringing in

new properties due to the synergy between the metals, which are superior to the
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monometallic NPs.8 Properties of these particles can be adjusted by changing
their composition, size and structure (from random and mixed alloys to core-shell
NPs). Tunability of the composition of alloy NPs is in high demand and interesting
for variety of application.®'" This was successfully demonstrated for Au/Pd
bimetallic NPs using microwave-induced plasma in liquid process (MWPLP).2
Intensive research has been undertaken for Au/Ag noble metal alloyed NPs
due to their benefit to plasmonic applications, catalysis and biosensing.'3-18
However, a green synthesis of Au/Ag alloy NPs with mono-dispersed grain size
and precise composition is still a great challenge.® Most of the current methods
used for preparation of Au/Ag alloy NPs, i.e. chemical synthesis method,?° phase-
transfer,?! digestive ripening?? consists of time consuming complex multistep
processes with high energy consumption, and therefore cost of the process and
industrial application. Use of strong reducing and capping agents such as sodium
borohydride (NaBH.) and e.g., citrate,?324 respectively are necessary in this
process and have, in fact impact on the environment. Use of several chemicals
during the preparation of the NPs requires complicated and expensive purification
process, which does not guarantee dispose of the impurities from the particles’

surface or particles itself.

MWPLP is a new and green technique to produce pure metal NPs. The use of
toxic reducing or capping agent can be avoided since metal ions are reduced by
hydrogen radicals (H*) and solvated electrons (eaq) generated by thermal
decomposition of water molecules in the plasma process at reduced pressure.
Monometallic NPs have been prepared in MWPLP, e.g. Au, Ag, Pt, etc.2526:28

However, it is challenging to synthesize bimetallic alloy using this method. Using
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MWPLP, it was reported that bimetallic NPs of Au/Pd, Ag/Pt, Au/Pt, etc.1229.30
have been synthesized. However, the segregation of bimetal in single particles
were observed and only a part of the obtained NPs was alloy.'? Recently, Au/Ag
alloy particles of ca. 11.0 nm were synthesized by Yan et al. in microplasma-
chemical synthesis.3! To the best of our knowledge, using the pure MWPLP,
Au/Ag NPs have not been reported so far.

In this present research, we have used MWPLP as an alternative simple, green,
energy and cost efficient method to synthesize Au/Ag alloy nanoparticles for the
first time. The choice of metal precursors, i.e. HAuCls and [Ag(NHsa)2]* to be used
at high pH, i.e. pH = 11, is crucial for co-reduction and alloying of Au and Ag in
MWPLP. This condition allows for the homogeneous mixing of Au and Ag
precursors and their similar reduction rates. Moreover, use of yttrium oxide (Y20s3)
coated electrode in our system protects obtained particles from impurities caused
by electrode materials in conventional plasma in liquid process.22627 We have
investigated the formation process of the alloy NPs via monitoring of the reduction

and NPs’ growth and their composition changes during plasma discharge.

4.2 Aim of this chapter

| this chapter, Au/Ag alloy nanoparticles (NPs) were successfully prepared by
one step synthesis using HAuCls and [Ag(NHa)2]* as the precursors in
microwave-induced plasma in liquid process (MWPLP) without addition of any
organic protecting or reducing agents. The time dependent reduction and particle
formation during 140 min plasma discharge were studied with TEM, UV-Vis

spectra, ICP-OES. After 140 min, HAADF-STEM and EDX results directly
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evidenced the formation of Au/Ag alloy NPs. Varying the input molar ratios of

metal precursors allowed for control the composition of the Au/Ag alloy NPs.

4.3 Experimental section

4.3.1 Apparatus

The schematic illustration of plasma-in-liquid reactor and enlarged area with
coated electrode are shown in Figure 4.1. Microwaves (2.45 GHz) are emitted
from magnetron (Micro denshi UW-1500) and pass through a WRJ-2 rectangular
waveguide (109.22 x 54.61 mm), a power meter, a tuner, a waveguide to the
coaxial adaptor, and plasma source. The coaxial electrode is attached in the
middle of waveguide and her front is projected in to the chamber. This coaxial
electrode is ended by an Y20s-coated stainless steel sharp tip (Figure 4.1). The
stainless-steel reactor (500 cm?) is coated inside with PTFE. Plasma solution is
cooled by a stainless cooling spiral with chilled liquid at 5 °C. Plasma ignition and
the solution during plasma reaction can be observed by eye through the quartz
window. Pressure was decreased by a diaphragm vacuum pump and measured

by a vacuum gauge.
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Figure 4.1 (a) Schematic illustration of the plasma reactor of microwave induced
plasma-in-liquid process (MWPLP) used in this study and in enlarged area,

configuration of the Y20s-coated stainless steel electrode.

4.3.2 Materials

Silver nitrate (AgNOs, min. 99.8%, Junsei, Japan) and Tetrachloroauric(lll)
acid hydrate (HAuCls-nH20 n=3.6, Kojima, Japan) were used as precursors.
Ammonia (NHs, min. 28%, GR, Junsei) was used for pH adjustment to pH 11.0
and for inductively coupled plasma optical emission spectrometry (ICP-OES).
Nitric acid (HNOs, min. 60%, Wako, Japan) and hydrochloric acid (HCI, min. 35%,
Kanto Chemical, Japan) were used for preparation of samples for ICP-OES. All
chemicals were used as received. The deionized water (Organo/ELGA purelabo

system, > 18.2 MQ-cm) was used to prepare solution for plasma reaction.

85



4.3.3 Synthesis of Au, Ag, and Au-Ag NPs

A typical synthesis of Au/Ag NPs with an input molar ratio Au:Ag = 2:2
(mol/mol) was conducted as follows. 2.12 cm? of aqueous AgNOs (0.12 M) was
added into 250 cm? of water to obtain AgNOs concentration of 0.05 M in the final
solution mix, the solution was stirred and ammonia solution (NHsOH) was added
to reach the desired pH level, pH 11.0. The same process was repeated for
HAuCl4, i.e. 5.02 cm? of aqueous HAuCls (0.05 M) was added into 250 cm? of
water to obtain HAuCls concentration of 0.05 M in the final solution mix, the
solution was stirred, and pH was adjusted to pH 11.0 by ammonia solution
(NH4+OH). Both separately prepared solutions were mixed and stirred together for
10 minutes, and then introduced into the reaction vessel. The plasma was
initiated at 500 W of the microwave output. Then, in order to keep plasma
generation, the output was kept at 450 W during whole reaction. The plasma
reaction was conducted for 140 min. As for the synthesis of pure Au, Ag, and
Au/Ag alloy NPs with different composition, the amount of metal precursor

solution was given in Table 4.1.
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Table 4.1 Amount of used HAuCls (0.05M) and AgNOs (0.12M) solutions for

preparation of the 500 cm? mix precursor solutions for synthesis of Au, Ag, and

Au/Ag NPs.
Experiment No. 0.05 M HAuCls 0.12 M AgNOs  Au:Ag ratio
(cm?3) (cm?) (mol/mol)
1 10.04 0 4:0
2 7.53 1.06 3:1
3 5.02 2.12 2:2
4 2.51 3.18 1:3
5 0 4.24 0:4

4.3.4 Characterization

UV-Vis spectra were collected in order to observe Au/Ag NPs formation at
different time and pH using an UV-Vis spectrophotometer (Shimadzu UV-1800)
and a quartz cell with 10 mm optical path. During plasma reaction, 3 cm? of the
sample solutions were taken directly from the plasma chamber for each
measurement at various reaction time (20, 40, 100, 140 min).

The transmission electron microscopy (TEM, JEOL 2000FX, at 200 kV) with
an energy dispersive X-ray spectroscope (EDX) was used to analyze the
structure and sizes of Au-Ag bimetallic, Au and Ag NPs in time. Scanning
transmission electron microscopy (STEM) observations and EDX mapping were
carried out with a JEOL JEM-ARM-200F (200 kV) and a FEI Titan Cube (300 kV).
NP dispersions were at first purified by membrane dialysis for 3 days, and then

the purified solution was dropped on collodion film-coated copper TEM grids, and
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naturally dried. Between 150 to 200 NPs were used to estimate the particle size,
in arbitrary chosen areas, and size distribution using TEM images. A part of the
NPs solutions was filtrated through 0.1 um mixed cellulose filter and examined
with X-ray diffraction (XRD, Rigaku MiniFlex Il, Cu Ka radiation, scanning rate of
5 ° min'). The inductively coupled plasma optical emission spectrometry (ICP-
OES, ICPE-9000, Shimadzu) was used for observing the concentration of Au and

Ag ions in time in the sample prepared using input ratio Au:Ag = 2:2 (mol/mol).

4.4 Result and discussion

During thermal decomposition of water in MWPLP, several reactive species
such as hydrogen radicals, oxygen radicals, hydroxyl radicals as well as solvated
electrons (e7aq) are generated. Hydrogen radicals and solvated electrons can act
as a direct reducing species and reduce gold and silver ions/complex to Au®, Ag®,

and Au%Ag°® NPs as shown below (Eq. 1-3).

AuCly_x(OH)y™ +3e,q = Au® + (4 — x)Cl~ + xOH"™ (1)
[Ag(NH3),]* + eaq™ + H,0 — Ag® + 2NH,™ + 20H" (2)
AuCl,_4(OH),~ + [Ag(NH3),]* + 4e,q~ + H,0 (3)

- AuAg® + (4 —x)CI~ + (2 + x)OH™ + 2NH,*
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Figure 4.2 XRD patterns of NPs synthesized using different initial molar ratios
Au:Ag = 4:0 (a), 3:1 (b), 2:2 (c), 1:3 (d), and 0:4 mol/mol (e). The dashed lines
are for visual guide to mark position of (111) and (200) peaks for both Au and Ag.

The reference patterns of Au (JCPDS no. 04-0784) and Ag (JCPDS no. 01-1164)

are shown at the bottom.

XRD patterns of the obtained NPs prepared with different ratios of Au:Ag after
140 minutes of plasma reaction was shown in Figure 4.2. Peak positions of (111)

and (200) planes for both Au and Ag are indicated in the figure by dashed line
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and distinguished by color. Samples prepared using only Au precursor (Au:Ag =
4:0 (mol/mol)) and only Ag precursor (Au:Ag = 0:4 (mol/mol)) showed peaks for
Au and Ag, respectively, in correspondence with standard references of Au and
Ag. This indicated pure Au and Ag NPs were obtained. All the peaks in the XRD
patterns (b)-(e) of Au/Ag NPs are relatively strong and lie between that of Au and
Ag, indicated the formation of Au/Ag alloy NPs. Moreover, we were able to
observe shifts in the peak positions from that of Ag to that of Au with an increase
in the input ratio of Au from (e) to (b) (i.e. Au:Ag = 1:3 to 3:1 (mol/mol)). This can

be caused by the increase in Au content in the obtained Au/Ag NPs.

4.4.1 UV-Vis spectra

When using only silver precursor (Au:Ag = 0:4 (mol/mol)), a broad surface
plasmon resonance (SPR) absorption at 350-800 nm was observed in UV-Vis
spectrum after 140 minutes of plasma irradiation (Figure 4.3). This was attributed
to the big sized plate-like Ag NPs (show later in TEM image Figure 4.4e) as
previously reported.233 When only gold precursor was used, broad SPR peak
was observed at 500-700 nm in the UV-Vis spectrum. On the other hand, using
Au:Ag = 1:3, 2:2, and 3:1 (mol/mol) resulted to a single defined SPR peak around
450 nm. This can relate to the formation of Au/Ag alloy NPs, as reported
elsewhere.?*3 However, the UV-Vis peak position and shape depend on not only
the alloying of Au and Ag but several factors such as particles’ size, shape, and
composition. Thus we investigated the morphology and composition of the

obtained bimetallic samples to further confirm the Au/Ag alloy formation.
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Figure 4.3 UV-Vis spectra for samples prepared with ratio Au:Ag = 4:0, 3:1, 1:3,

2:2, 0:4 (mol/mol) after 140 min of plasma discharge.

4.4.2 TEM images

Figure 4.4 shows TEM images of the synthesized Au, Au/Ag, and Ag NPs
prepared using different input ratios, i.e., Au:Ag = 4.0, 3:1, 2:2, 1:3, and 0:4
(mol/mol). Average diameters of these particles are shown in Table 4.2 and size
distributions are given in Figure 4.5. The average diameter of monometallic plate-
like Ag NPs, i.e. 128.8+18.9 nm, is significantly bigger than that of Au and Au/Ag
NPs. When using Au:Ag = 4:0 and 3:1 mol/mol, NPs of 10 nm were obtained.

Higher ratio of Ag used in synthesis (Au:Ag = 2:2, 1:3 (mol/mol)) resulted to Au/Ag

91



NPs with bimodal size distribution, i.e. small sized Au/Ag NPs of 3-5 nm and big
sized Au/Ag NPs of 20-60 nm. This can relate to a complicated reduction,
nucleation and growth process of Au/Ag NPs in MWPLP.

We notice that the spherical Ag NPs prepared in MWPLP showed an SPR peak
at 420 nm in UV-Vis spectra,® and spherical Au NPs typically show an SPR peak
between 500-600 nm.3¢ Thus, the single SPR peaks observed around 450 nm
(Figure 4.3) for Au/Ag NPs of 3-60 nm prepared using Au:Ag = 1:3, 2:2, and 3:1
(mol/mol) are more likely related to the formation of Au/Ag alloy, whereas the

large size distribution of Au/Ag NPs may contribute to the broadening of the peak.
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Figure 4.4 TEM images of Au, Ag and Au/Ag alloy NPs synthesized after 140
minutes of plasma reaction using different input molar ratio Au:Ag of a) 4:0, b)

3:1,c)and d) 2:2, e) 1:3, and f) 0:4.
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Figure 4.5 Particle size distribution for Au, Ag and AuAg alloy NPs synthesized
after 140 minutes of plasma reaction using different molar ratio Au:Ag of a) 4:0,
b) 3:1, c¢) 2:2 for small NPs d) 2:2 for big NPs, e) 1:3 for small NPs, f) 1:3 for big

NPs, and e) 0:4.
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Table 4.2 Average diameter of obtained NPs at different ratio Au:Ag (mol/mol)

after 140 min of plasma discharge.

Au:Ag mol/mol  4:0 3:1 2:2 1:3 0:4
Small NPs (nm) 10.3+1.4 9.2+#1. 3.7+0.3 4.7+10.5 -
0
Big NPs (nm) - - 43.6+18. 29.9+6.3 128.8+18.9
2

4.4.3 EDX mapping and Au/Ag alloy composition

HAADF-STEM and EDX mapping (Figures 4.6a-c) of several Au/Ag NPs (43.6
+ 4.7 nm), prepared using Au:Ag = 2:2 (mol/mol) confirmed the formation of
Au/Ag alloy NPs. Elemental mapping of these particles showed homogeneous
distribution of Au and Ag over the entire NP structure. Similar results were
obtained for a single smaller Au/Ag NP of ca. 22.9 nm (Figures 4.6d-f). These
results are consistent with XRD and UV-Vis results in formation of Au/Ag alloy

NPs.
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Figure 4.6 (a) HAADF image of several Au/Ag NPs prepared using input ratio
Au:Ag = 2:2 (mol/mol) and EDX mapping images for (b) Au, (c) Ag; (c) HAADF,
(d) and (e) EDX mappings images for Au and Ag of a single Au/Ag NP prepared

using Au:Ag = 2:2 (mol/mol) input ratio.

EDX results (Table 4.3) showed relation between the elemental composition
of the obtained NPs and the initial molar ratio of precursors used in the synthesis.
Using Au:Ag = 1:3, 2:2, and 3:1 (mol/mol), i.e. 25, 50, and 75 mol% Au
respectively, resulted to Au/Ag NPs composed of 26, 54, and 77 mol% of Au,
respectively. The Au content in the obtained Au/Ag NPs can be well controlled
via varying the initial molar ratios of metal precursors used. Calculations based
on the lattice constants obtained from XRD (Figure 4.2) following Vegard’s law,

indicated alloy formation between gold and silver at nanometer scale (Table 4.3).
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It was calculated that while using Au:Ag = 1:3, 2:2, and 3:1 (mol/mol), Au/Ag NPs

were composed of 36, 40, and 89 mol % of Au, respectively.

Table 4.3. Composition of the obtained NPs synthesized using different initial

Au:Ag molar ratios, measured by EDS and calculated from XRD by Vegard’s law.

Input ratio Au/Au NPs
Au:Ag Au Content Au Content Au Content
(mol/mol) (mol%) (mol%, EDS)  (mol%, XRD)
4:0 100 100 100
1:3 25 26 36
2:2 50 54 40
3:1 75 77 89
0:4 0 0 0

4.4.4 Discussion on particle formation

In order to understand the evolution of alloy NPs during plasma discharge, the
UV-Vis spectra and composition of NPs at various reaction time were analyzed
for equimolar Au/Ag NPs prepared with Au:Ag = 2:2 (mol/mol). The time
dependent UV-Vis spectra indicated that there was no segregated Au and Ag
SPR peaks during plasma discharge. This indicates the alloy form in every stage
of the reaction. On the other hand, ICP-OES results (Figure 4.7) showed that in
the first 60 min NPs composed of more than 75 at% of Au, then the content of Au
decreased with reaction time and ended at 50 at% after 140 min plasma
discharge. This may related to the easier reduction of Au compared with Ag in
the MWPLP at pH=11.0. The detailed mechanism is unclear at this moment, but

we think that the difference in the reduction of Au and Ag may influence the
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particle size. As Au can be reduced mostly in early stage of plasma discharge
and form nuclei for the growth of Au/Ag NPs. Thus, with more Au initial ratio used
in the reaction solution, the number of nuclei increases and thus the obtained
NPs become smaller. This tendency was consistent with particle size and size

distribution of the obtained Au, Au/Ag, and Ag NPs.
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Figure 4.7 UV-Vis spectra (a) and composition measured by ICP-OES (b) for

NPs prepared with input ratio Au:Ag = 2:2 (mol/mol) during 140 min plasma
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discharge. The orange and blue dots denote for atomic contents (in percentage)
of Au and Ag in Au/Ag NPs obtained during 140 min plasma discharge,

respectively.

4.4.5 Colloidal stability of Au/Ag NP dispersions

Figure 4.8 shows photographs of the solutions after 140 minutes of plasma
reaction for different initial ratio of Au:Ag. We can clearly see the difference in the
solutions colour. Au/Ag alloy particles prepared at ratios 3:1, 2:2, and 1:3 have
brownish color. None of the NP dispersions were precipitated after 140 min
plasma discharge. It was observed negligible precipitation in the Au/Ag NPs for
4 days (Figure 4.8), indicating relatively good colloidal stability even though no

surfactants or protecting agents were used.

Figure 4.8 Photographs of the obtained dispersions (500 cm? bottles) after 140

minutes of plasma reaction with input molar ratios Au:Ag of (a) 4:0, (b) 3:1, (c)
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2:2, (d) 1:3, (e) 0:4 (mol/mol). And stability of the NP dispersions (7 cm? bottles)

prepared using Au:Ag of (f) 3:1, (g) 2:2, (h) 1:3 (mol/mol) after 4 days.

4.5 Conclusion

The last chapter of this thesis shows successful preparation of Au, Ag, and
Au/Ag alloy NPs via reduction of molecular precursors by MWPLP without any
protecting or reducing agent. The alloy NPs were confirmed with XRD, UV-Vis
spectra, and by EDX mapping images. The composition of the Au/Ag NPs was
controlled via varying the initial molar ratios of metal precursors. The results
indicate that MWPLP with suitable choices of molecular precursors and reaction

conditions can be used as a green method for creating alloy bimetallic NPs.
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5 Concluding remarks

The second chapter of the thesis introduced ceramic (Y203)-coated electrode
to the microwave-induced plasma in liquid process (MWPLP) to create highly
pure Au NPs. L-arginine used as the protecting agent can stabilize NPs from

severe aggregation in the whole studied pH range (3.5-12.0) via adsorption on
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Au NP’s surface and creation of a layer for repulsive interaction between NPs.
The bimodal size distribution of Au NPs was observed for pH in range of 3.5 —
12.0. Small sized (average size 2.1 — 3.1 nm) Au NPs were dominant at pH 6.0
and 12.0 while large sized ones were considerable at pH = 3.5. Study of Au3*
ions reduction rate showed that the reduction is rapid in the first 20 minutes of
the reaction and then decrease with prolonging plasma discharge time. About
89% of Au complexes were reduced for pH 12.0 after 140 minutes of the plasma
reaction, and more than 99% of the Au complexes for pH 3.5 and 6.0. A low
reduction rate of Au3+ ions (different from citrate reduction and plasma in liquid
method using uncoated electrode, where the reduction is completed within a
minute) and non-homogenous NP growth can be taken into account for the
bimodal size distribution obtained using coated electrode in MWPLP. As a result,
different from the case of PLP by pulse discharge with uncoated electrodes, a
strong dependence between pH and particle size was not observed in our case,
instead a redistribution of the number of big and small NPs was varied with pH.
The synthesized Au NPs exhibited high purity without any contamination from the
electrode materials.

The third chapter shows the influence of silver diamine complex as the
precursor and L-arginine as a stabilizing agent on the formation of Ag NPs
synthesized in MWPLP using a coated electrode. Using silver nitrate as the
precursor for synthesis of Ag NPs had similar effect on the formation of the NPs
as in case of Au NPs investigated in chapter 2, the obtained particles showed
bimodal size distribution with small NPs about 8.3 nm and big NPs with size about

88.4 nm. Change of initial precursor from silver nitrate to silver diamine complex
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increased reduction speed of Ag* ions and therefore improved size distribution of
the obtained NPs. The obtained NPs were about 128.7 nm in diameter and
showed plate-like structure of the NPs. The addition of the L-arginine at the
certain ratio of silver diamine complex to L-arginine (higher than 1:2 ratio)
decreased the size of the NPs significantly to the particles with average diameter
of ca. 5nm. As a result, a strong influence of L-arginine on NP size, and of silver
diamine complex on the uniformity of the synthesized Ag NPs was observed. In
conclusion, uniform, small sized and highly pure Ag NPs can be obtained by
addition of silver diamine and L-arginine during MWPLP. The obtained Ag NPs
were effectively stabilized by carboxylate group contributed by L-arginine as was
confirmed by FT-IR.

The last experimental chapter of the thesis shows successful preparation of
Au, Ag, and Au/Ag alloy NPs via reduction of molecular precursors by MWPLP
without any protecting or reducing agent. By varying the initial molar ratios of
metal precursors it’s possible to control the composition of the Au/Ag NPs. This
was proved by observation of the shift of XRD peaks’ positions with the change
of initial molar ratio of metal precursors. ICP-OES for the NPs prepared with the
initial ratio of precursors Au:Ag=2:2 suggested that after 140 min NPs were
formed by 50% of Au and 50% of Ag. STEM-EDS confirmed homogeneous
distribution of Au and Ag over particles for the sample prepared with initial ratio
of precursors Au:Ag=2:2. The alloy NPs were confirmed with XRD, UV-Vis
spectra, and by EDX mapping images. The results indicate that MWPLP with
suitable choices of molecular precursors and reaction conditions can be used as

a green method for creating alloy bimetallic NPs.
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Studies related to this thesis bring a better understanding and new look on
the monometallic nanoparticles preparation in liquid plasma process as well as
new approach for synthesis of bimetallic nanoparticles. Highly pure monometallic
nanoparticles with controlled size and uniformity as well as bimetallic
nanoparticles with tunable composition were prepared in this green method. Use
of coated electrode brings a new option to preserve particles from contamination
emitted by electrode materials. Better understanding of the mechanism of
nanoparticles formation may open space to the more efficient industrial use of

plasma in liquid process.
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