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Introduction

1. INTRODUCTION

Nanomaterials, with their unique properties arising from the nanoscale dimensions,
have revolutionized numerous scientific and technological fields in the last few
decades. These materials exhibit distinct physical, chemical, and biological behaviors
compared to their bulk counterparts, making them highly desirable for a wide range of
applications. Among the most intriguing nanomaterials are metal nanopatrticles, which
possess exceptional attributes owing to their small size and large surface area.l*-3! By
precisely engineering materials at the atomic and molecular levels, researchers have

been able to tailor their properties to meet specific needs.

Metal nanoparticles, particularly those composed of noble metals such as gold, silver,
and platinum, have gathered significant attention due to their fascinating properties
and promising applications. Noble metal nanoparticles exhibit remarkable optical
phenomena, including localized surface plasmon resonance (LSPR), which arises from
the collective oscillation of conduction electrons at the nanoparticle surface. This
exceptional optical behavior has paved the way for numerous sensing, imaging, and
medical diagnostics applications.[** Silver nanoparticles have exhibited outstanding
antibacterial properties due to their unique interaction with bacterial cell membranes
and the oxidative release of silver anions.l'% 1 The antibacterial performance of their
structures can be improved through bimetallic formation with noble metals like gold,

palladium, and platinum, which accelerate ion release kinetics.'1- 12

Regarding their thermal properties, they often have lower melting points, and altered
thermal expansion behavior.!*3-17] Their specific heat capacity may be lower, and their
thermal conductivity can be either enhanced or reduced depending on size and
shape.['* 18 Nanoparticles are known for their efficient heat dissipation capabilities!*®-
211 and can possess unique photothermal properties.[?? 231 These thermal
characteristics affect diverse applications in nanotechnology, electronics, and

biomedical engineering fields.

In addition to their optical and thermal properties, noble metal nanoparticles possess
exceptional catalytic activity, making them valuable in homogeneous and
heterogeneous catalysis, as they can be recycled and reused after proper treatment.[24-

271 Typical metallic catalysts are the platinum metals, such as platinum, palladium,

1
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iridium, ruthenium, and rhodium. Their high surface-to-volume ratio allows for efficient
adsorption and interaction with reactants, facilitating chemical reactions with enhanced
rates and selectivity. For instance, gold nanoparticles have demonstrated outstanding
catalytic performance in various reactions, such as carbon monoxide oxidation and
selective hydrogenation.[?> 28-301 Except for the automobile pollutants, palladium
nanoparticles catalyze several reactions such as Suzuki, Heck, and Stille coupling.3-
341 Precise control over the size and shape of noble metal nanopatrticles is also crucial
for tailoring their properties and optimizing their catalytic performance.[35 36
Nanoparticles with well-defined structures offer higher selectivity.®] Faceted
nanoparticles, such as cubes, cuboids, wires, octahedra, and tetrahedra, have
gathered significant interest due to their distinct properties. The presence of different
facets on a single nanoparticle introduces anisotropic behavior, altering their electronic
structure and catalytic activity. The surfaces of those nanostructures are enclosed by
a mix of low-index facets such as (100), (110), and (111) in different ratios.*8 For
instance, silver nanocubes enclosed by (100) facets showed higher catalytic activity in
the styrene oxidation reaction than truncated triangular silver nanoplates and
quasi-spherical silver nanoparticles enclosed by (111) facets.?® Furthermore,
platinum-catalyzed hydrogenation of benzene with single-crystal nanocubes gave only
one product, whereas the same reaction catalyzed by cuboctahedral platinum
nanoparticles with also (100) facets gave two.[*?! On the other hand, the high-index
facets provide a higher density of active sites compared to the low-index facets,
resulting in enhanced catalytic performance.*1-3l However, the synthesis of such metal
nanostructures, such as gold star- or snowflake-shaped,** 41 and noble metal
nanoflowersl*€, in large amounts and high yields remains challenging due to their high
surface energy. The distinct catalytic properties of noble metal nanoparticles have led
to their applications in environmental remediation, energy conversion, and

pharmaceutical industries.[*7: 48l

In addition to controlling the size and shape, bimetallic nanoparticles have emerged as
a promising alternative for tailoring the properties of noble metal nanoparticles. The
controlled combination of two different metal species allows for synergistic effects,
where the unique properties of each metal can be combined to achieve enhanced
catalytic activity, improved stability, and novel biomedical applications.*9-521 For
instance, platinum-based bimetallic nanoparticles have demonstrated superior

catalytic activity in the oxygen reduction reaction (ORR) compared to pure platinum
2
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nanoparticles.l3 54 However, the need for bimetallic nanoparticles shows also
economic aspects. The chemical industry suffers from high synthetic costs, and the
rarity of noble metals makes them expensive.*l Therefore, alternative synthetic
methods should be developed to reduce costs, such as using core-shell structures with
cheaper metals in the core and noble metals on the surface. These innovative
approaches hold the potential to make noble metal nanoparticles more affordable and
accessible for various applications, addressing the urgent need for cost-effective
substitutes in the chemical industry and beyond.

The studies presented in this work were conducted in the research group of
Prof. Dr. Matthias Epple at the Institute of Inorganic Chemistry, University of
Duisburg-Essen, in Essen. The primary objective of this research is to synthesize and
characterize faceted mono- and bimetallic nanoparticles of noble metals. The focus
lies on achieving well-defined structures through various synthetic approaches and
subsequently characterizing these nanoparticles using spectroscopic, colloidal,
microscopical, and diffraction techniques. The first part of the research concentrates
on synthesizing and thoroughly characterizing monometallic silver and palladium
nanoparticles with well-defined structures, such as wires and cubes. The second part
of the study focuses on establishing and optimizing reproducible wet-chemical
core-shell syntheses of two noble metals. The comprehensive characterization of both
monometallic and bimetallic structures includes spectroscopic technigques such as
ultraviolet and visible spectroscopy (UV-Vis) and atomic absorption spectroscopy
(AAS). Colloid methods such as dynamic light scattering (DLS) and differential
centrifugal sedimentation (DSC) are employed further for characterization.
Additionally, the composition, morphology, and structure of the nanoparticles are
extensively investigated using scanning electron microscopy (SEM), scanning
transmission electron microscopy (STEM), transmission electron microscopy (TEM),
energy-dispersive X-ray spectroscopy (EDS), and powder X-ray diffraction (PXRD).
The third and final part of the research focuses on monometallic silver and bimetallic
core-shell nanocubes. The thermal behavior of these two systems is extensively

examined in-situ using techniques such as SEM, TEM, and PXRD.



Theoretical Background

2. THEORETICAL BACKGROUND

2.1 Colloids and nanoparticles

The term colloid was first introduced by the Scottish chemist Thomas Graham in 1961.
His research on the behavior of various substances, such as starch and glue in
solutions, revealed that they exhibit properties different from those of typical solutions
or suspensions. The word colloid derives from the Greek word kolla (k6AAa), which
means glue or sticky substance. A colloidal system, according to IUPAC, “is a state of
subdivision, implying that the molecules or polymolecular particles dispersed in a
medium have a dimension between 1 nm and 1 um, at least in one direction, or that in
a system discontinuities are found at distances of that”.[® In other words, a colloidal
system or dispersion, is a mixture of two substances, one of which, the dispersed
phase, is evenly dispersed within another substance, the continuous phase or
dispersing medium. The size of the particles in the colloidal size range is usually
between 1 nm and 1 um.[8 Both the dispersed substance and the medium can be in
the solid, liquid, or gas phase. Examples of potential colloidal systems are presented
in Table 1.

Table 1. Examples of colloidal systems.

Dispersed phase Dispersing medium Common name  Examples

liquid gas liquid aerosol spray

liquid solid solid emulsion opal

liquid liquid emulsion milk

gas liquid foam beer foam
gas solid solid foam styrofoam
solid solid solid sol colored gems
solid liquid sol paint

solid gas solid aerosol dust
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During the past few decades, there has been considerable attention on colloidal
systems in which patrticles in the nanoscale dimensions are dispersed in liquid media.
The prefix nano can be traced back to the Greek word nanos (vavog) which means

dwarf-like.

According to the International Organization for Standardization (ISO, 2008), a
nanoparticle is a nano-object with all its three Cartesian dimensions under 100 nm.57]
Similarly, two- and- three-dimensional nano-objects (i.e., nanodiscs and nanofibers,
respectively) were also defined. However, in 2011, the European Union Commission
proposed a more technical and broader definition.’® According to the latter, a
nano-object can be classified as a nanopatrticle if at least one of its dimensions falls
within the 1 to 100 nm range, even if its other dimensions fall outside this range.[>%-61]

2.2 Synthesis of nanoparticles

There are two main approaches to synthesizing nanoparticles: top-down and the
bottom-up (Fig.1).
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Figure 1. Schematic depiction of bottom-up and top-down syntheses of nanoparticles.
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The top-down method involves breaking down bulk materials into nanoparticles using
physical or chemical processes. Methods like milling, grinding,[®? and laser ablation(®?]
are typical physical methods. Yet, chemical processes can also break down bulk
materials into smaller particles. An acid or base can dissolve the bulk material into
particles. Once the nanoparticles are created, additional chemical reactions can be
used to modify their surface properties. On the other hand, the bottom-up method could
be considered as a construction method that involves assembling smaller building
blocks such as molecules or atoms. Standard bottom-up methods are chemical

reduction, sol-gel, hydrothermal, and electrochemical synthesis.[64-66]

Overall, both methods are widely used, but they also have their limitations. The
top-down approach is often more straightforward for generating nanopatrticles and can
lead to high product yields. However, this method has drawbacks, especially when
particles with well-defined shapes, sizes, and chemical compositions are required, as
the nanoparticles produced have varying sizes and shapes and exhibit broad size
distribution. In contrast, bottom-up approaches can be more complicated but offer
more control during the synthesis of nanoparticles and narrow size distribution.
Nonetheless, they can be more time-consuming, require careful control of the reaction
conditions, and provide comparably small yields. As a result, scaling up for larger
nanoparticle production poses a significant challenge.[66-68]

The bottom-up synthesis of the nanoparticles is a crystallization process. The
mechanism of nanopatrticle growth was first proposed by Viktor LaMer in 1950. LaMer's
model distinguishes between three phases, as shown in (Fig. 2). During the first phase,
ions are reduced to form atoms (I). As the reduction continues, the concentration of
the formed atoms increases. Once the concentration exceeds a critical value (Cmax),
the nucleation of the atoms begins (I1). At this stage, the formed nuclei are growing
rapidly to form small clusters while the concentration decreases until it reaches a
minimum value (Cmin). In the third and final phase (111), no new nuclei are formed, and
the nanocrystals continue to grow by absorbing the remaining atoms in the solution

until a saturation concentration, cs, is reached.[6 701
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Figure 2. Schematic representation of the concentration of LaMer's model for
nanoparticle growth and crystallization.

Several parameters can modify the crystallization process, impacting the particles' size
and shape. To obtain, for example, a desired shape, the structure of the nuclei must
be accordingly controlled either thermodynamically or kinetically. Thermodynamically
controlled reactions lead to the production of the most energetically stable products.
Kinetic nucleation control occurs through the precursor compound's decomposition or
reduction rate. This can be achieved, for example, by choosing a suitable reducing
agent.[’ll Strong reducing agents, like sodium borohydride (NaBH4), enhance the
velocity of the nucleation and lead to a higher number of nuclei than weaker reducing
agents, such as ascorbic acid, whose addition results in a lower number of nuclei.
Another parameter for the kinetic control of the nucleation is the concentration of the
precursorl’? used and several combinations of different parameters. Depending on the
combination the behavior of the system changes, which can also have an impact on

the dispersity of the system.

Due to their high surface-to-volume ratio, the produced nanoparticles are

thermodynamically unstable. Consequently, colloidal systems tend to minimize their

7
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surface by forming larger structures (agglomerates). The mathematical equation that
describes the relation between free enthalpy and surface tension of a colloidal system

is the following:

dG = ydA; 1)

G free enthalpy,
y surface tension,

Ag particle surface

According to equation (1), free enthalpy (G) increases or decreases proportionally to
the created particle surface (Ag). Over time it is common for particles to build up and
grow in size over time. When different sizes of particles coexist in a colloidal solution,
the smaller particles may dissolve in favor of the larger ones through a process called
Ostwald ripening, resulting in larger structures.[”8! Stabilizing methods are necessary

to prevent Ostwald ripening and maintain the particles' desired shape and size.

2.3 Stabilization of nanoparticles

Colloids are thermodynamically unstable, and every system tends to reach a more
stable state.l”# This process is called aging in dispersions and can be described as a
natural, spontaneous, and slow process. The stability of colloidal dispersion can be
described with the DLVO theory.’” This theory was named after its creators,
Derjaguin, Landau, Verwey, and Overbeek. Stability derives from the interaction
between attractive and repulsive forces. In this case, the van der Waals forces are the
attractive and electrostatic forces the repulsive ones. If the attractive forces between
the particles overcome the repulsive forces, the particles will come closer and form
aggregates. On the other hand, if the repulsive forces are greater than the attractive

ones, the particles will remain dispersed, and the system is stable (Fig. 3).[76]
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double-layer repulsion

Born repulsion

distance / nm

secondary minimum
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Figure 3. Interaction forces between particles in colloidal systems.

Steric stabilization (Fig. 4) involves functionalization of the surface of the particles with
suitable uncharged ligands-polymers, such as poly (N-vinylpyrrolidone) (PVP) and
polyvinyl alcohol (PVA) (Fig. 6).

Steric stabilization

Figure 4. Schematic drawing of steric stabilization of nanopatrticles.

Electrostatic stabilization can be achieved by adding charged molecules such as
trisodium citrate (Fig. 6) or sodium ascorbate to balance the attraction with the
repulsion forces between the charged particles. Counterions are usually present in the
dispersion medium. They can be adsorbed on the particles' surface, forming an almost
immobile layer (Stern layer) which is, in turn, surrounded by a mobile diffuse layer of
ions. As a result, they form an electric double layer (Fig.5).



Theoretical Background

The charge of the particles can be quantified using the zeta potential (-potential) and
thus provide information about the stability of the colloid. A colloidal system is deemed

stable when its {-potential values are either over +30 mV or below -30 mV.[""]

- potential

Distance from the surface

Figure 5. Schematic representation of an electrostatically stabilized nanoparticle and
the corresponding electric double layer.

The third method is a combination of the two previous, which can be realized by the
addition of charged polymers such as sodium polystyrene sulfonate (PSS) or charged
peptides such as glutathione (GSH) (Fig. 6).1"8

PVP Trisodium citrate
O@ ® Na
o=é=o hs
o o) o}
P
HO o OH
H
o NH,
PSS GSH

Figure 6. Examples of ligands used for steric (PVP), electrostatic (trisodium citrate),
and electrosteric (PSS, GSH) stabilization of nanoparticles.
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2.4 Metallic nanoparticles

2.4.1 Shape-controlled synthesis of metallic nanoparticles

Besides chemical composition, size, and surface functionalization, their shape is
another important factor that can influence nanoparticles' physical, chemical, and
biological properties. For example, it was shown that specific shapes could enhance
catalytic activities’® 81 or exhibit improved cellular uptake compared to other
shapes.[l However, synthesizing nanoparticles with specific shapes can be extremely
challenging, as many parameter combinations should be carefully tuned. Even slight
variations during the synthesis can result in significant changes, making it difficult to
achieve reproducible results. Various synthetic strategies have been developed by
many scientific groups to generate different shapes and sizes of noble metal
nanoparticles, such as nanocubes, nanowires, nanoplates. Xia and coworkers could
be considered pioneers in this field, with over 60 publications on the shape-controlled

synthesis of noble metal nanoparticles.[82-8¢l

To overcome such challenges, researchers have proposed various synthetic methods
and routes. Among these, the polyol method is popular for generating form-controlled
metallic nanopatrticles. In this method, the polyols act both as solvents and reductants.
Different polyols, such as ethylene glycol (EG) and propylene glycol (PG), have
obtained nanoparticles with different shapes and sizes. Their high boiling point, in
combination with their reduction potentials, are the main factors on which the selection
of the suitable polyol for each synthetic route depends 8" 881 Another approach is the
template-assisted method, wherein preformed nanoparticles with the desired size and
shape are employed, as sacrificial templates. These templates act as scaffolds and
play a crucial role in determining the final morphology of nanoparticles.[8% °0l
Additionally, seed-mediated growth, a widely known approach, uses pre-synthesized

particles as seeds to initiate the growth of larger nanoparticles with a desired shape.!]

Besides the available synthetic methods, choosing a suitable capping agent, such as
PVP or CTAB, plays an essential role in forming nanoparticles with specific shapes
and sizes. These polymers not only prevent agglomeration of the colloidal system but

also can influence the crystallization process.[®?

Crystals are three-dimensional structures whose atoms are arranged in a highly

ordered manner. They are characterized by a repetitive and periodic arrangement of
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their smallest unit, the unit cell. When aiming for shape-control synthesis,
thermodynamic and kinetic factors must be carefully controlled during the
crystallization process.[3 %1 Generally, as previously mentioned, a colloidal system
constantly strives to reduce its free surface energy to become thermodynamically
stable. The evaluation of the facet stability at the nanoscale still raises arguments,
contrary to the bulk crystals that can be measured. However, the relative stability of
the facets could be assessed based on the bonding interactions and the surface
packing efficiency. The facet stability relies on the average number and strength of
bonds formed between neighboring atoms. In the case of a face-centered cubic (fcc)
metal nanocrystal, such as gold or silver, the (111) facets are typically considered the
most stable, followed by (100) and (110) facets. Equation 2 demonstrates how the free

surface energy per area (y) of the fcc lattice increases.> %l

Y111 < Y100 < Y110 (2)

Indeed, kinetic control is also required in synthetic routes that generate nanoparticles
with specific shapes. The presence of ligands attached to the surface of metal
nanocrystals plays a crucial role in their kinetic growth. Extensive studies have focused
on various ligands that selectively block specific facets, influencing the shape of the
nanoparticles.[9 97-101 These ligands play a crucial role in directing the growth of the
nanocrystals, allowing the formation of desired shapes by controlling the rates of
crystal growth on different facets. The development and understanding of
ligand-assisted kinetic control have significantly upgraded the field of shape-controlled

synthesis of nanoparticles.
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2.4.2 Bimetallic nanoparticles

The synthesis of bimetallic nanoparticles can be achieved through various methods,
such as chemical reduction, co-reduction, seed-and-growth, galvanic replacement,
and thermal decomposition. These methods allow control over the nanoparticles’ size,
shape, composition, and structure, which can, in turn, influence their properties. The
specific properties of bimetallic nanoparticles depend on factors such as the choice of
metals, their relative ratio, and the arrangement of the two metals within the

nanoparticle structure.

Bimetallic nanoparticles have diverse structures ranging from mixed alloys, alloys with
an intermetallic compound, Janus, core-shell, multi-core shell, to multiple small cores

coated by single-shell material. (Fig. 7)

Alloys Intermetallic

Core - Shell Multi Core - Shell Multiple core materials
coated by a single shell

Figure 7. Types of possible bimetallic structures.

Alloyed nanoparticles are wusually produced through simultaneous reduction
(co-reduction) of two metal precursors.®? 1921 When there is a significant difference in
atomic size between the two components, it can lead to the creation of intermetallic
alloyed structures. Conversely, mixed alloys can be produced when the nuclear sizes
are similar.[*%% Various synthetic strategies have already been developed to generate
Janus nanoparticles, which exhibit distinct regions of different materials. These

strategies can be broadly categorized into three large groups: masking, self-assembly,
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and phase separation technique. Masking involves the selective coating of specific
regions of the nanoparticles, followed by the deposition of another material on the
exposed areas. Self-assembly takes advantage of the intrinsic properties of the
nanoparticles to form Janus structures on their own, and phase separation techniques
rely on the preferential affinity of different components to separate and create distinct
regions within the particles. [104 109 |n the case of core-shell particles, a common
synthesis method is the seed-and-growth approach, which involves a two-step
process. Monometallic nanoparticles, called “seeds,” are synthesized in the first step.
These seeds serve as a template for the second step, where another precursor is
reduced and crystalizes on the surface of the seed, forming a shell around it and
resulting in core-shell structures.50 52 106, 1071 Creating core-shell bimetallic
nanoparticles can be a complex task due to the need for precise control of various
parameters, including pH, temperature, precursor concentration, and rate of precursor
addition. These factors must be carefully controlled to produce the desired bimetallic

systems successfully.

The biggest challenge for the generation of core-shell particles is controlling the
galvanic replacement reaction that usually takes place between two metals due to their

different standard potential.

2.4.3 Galvanic replacement

A galvanic replacement reaction, also known as galvanic displacement or redox
replacement reaction, refers to a chemical reaction in which one metal displaces
another from its compound. This reaction occurs due to the difference in reactivity or
reduction potential between two metals.['%! This type of reaction is extensively
exploited to generate hollow metallic nanopatrticles, which find applications in energy

storage, catalysis, and medicine. 09 110]

In the case of core-shell nanoparticles, when the shell metal is nobler than the core
metal, the risk of oxidation for the less noble metal arises. This phenomenon is
attributed to the transfer of electrons from the less noble core metal to the nobler metal
with the higher standard potential.l'’!l The suppression of galvanic reaction still
occupies many researchers. Several strategies have already been developed, such as

the control of pH value, leading to the increase or decrease of the reduction potential
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of a certain reducing agent. However, until now, the existing methods cover only

specific bimetallic systems.[112-114]

2.4.4 Optical properties of nanoparticles

Metallic nanopatrticles exhibit unique optical properties that distinguish them from bulk
materials. These properties can be easily measured by UV-Vis spectroscopy. Gold and
silver are characteristic examples of metallic materials with distinctive optical
properties. Macroscopic gold exhibits a lustrous yellow appearance, while colloidal
gold takes on a deep red color. In contrast, bulk silver appears as metallic gray, but
silver nanoparticles can display a variety of colors, including yellow, orange, green, or
gray, which are strongly influenced by their specific morphology, size, % and
structure.['18 These distinct optical characteristics arise from the selective oscillation
of free electrons, known as surface plasmons, which occur when metal nanoparticles
interact with light, resulting in a phenomenon called surface plasmon resonance (SPR).
The collective motion of conduction band electrons in response to the electric field of
incident light, driven by Coulombic interactions with the nucleus, gives rise to the
surface plasmons.[105 117. 118] gyrface plasmons are excited when the diameter of the

observed patrticle is significantly smaller than the wavelength of the incident light.

A

E

i Nanoparticle

Electron cloud

Figure 8. Schematic representation of the localized surface plasmon resonance of
spherical nanoparticles due to collective oscillation of free electrons with incident light.
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The specific features of surface plasmon resonance, including peak position and
intensity, depend on various factors such as particle size, morphology, and interparticle
distances. According to Mie’s theory, spherical nanoparticles should exhibit one LSPR
peak, whereas anisotropic structures should exhibit more peaks, depending on their
shape.8 For instance, silver nanowires and nanorods exhibit distinctive multiple
peaks in their UV-Vis spectra, attributed to the oscillation of electrons along both the
transversal and longitudinal surfaces. 119 In contrast, spherical nanoparticles typically
display a single plasmon resonance peak. 120
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3. METHODS

3.1 Spectroscopical methods

3.1.1 Ultraviolet-visible spectroscopy (UV-Vis)

Ultraviolet-visible spectroscopy is a technique that involves irradiating a sample with
light in the ultraviolet (UV, 200-380 nm) and visible (Vis, 380-800 nm) regions of the
electromagnetic spectrum. This method relies on the interaction between light and the
molecules' electrons in the sample. When light passes through the sample, specific
wavelengths are absorbed by the molecules, while others are transmitted or
scattered.l*?1] The intensity of light absorbed by the sample is directly related to its
concentration and the path length that the light travels through the sample. This
relationship is described by the Beer-Lambert Law, which is expressed by the following

mathematical equation (3):

A=log(170)= scd 3)

A absorbance,

Iy incident light intensity,

I transmitted light intensity,
€ extinction coefficient,

c sample concentration,

d light path length

Depending on the application, UV-Vis spectroscopy can be used for qualitative and
guantitative analysis. In quantitative analysis, the concentration of a substance in a
sample can be determined using equation 3 by measuring its absorbance at specific
ultraviolet and visible wavelengths. The qualitative analysis focuses on observing the
absorbance patterns and identifying specific compounds or functional groups based
on their characteristic absorption spectra. In this work, UV-Vis spectroscopy was used
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for qualitative analysis. Some metal nanoparticle structures, such as gold and silver
nanoparticles with a size above 5 nm, exhibit surface plasmon resonance (SPR). In
this case, the surface plasmons are excited by the absorption of electromagnetic
waves, leading to characteristic absorption bands in the UV-Vis spectrum. The shape
of the plasmon absorption band and the maximum position can indicate shape, particle

size, specific surface processes, and even the dispersion of the sample.[? 121-123]

3.1.2 Atomic absorption spectroscopy (AAS)

Atomic absorption spectroscopy (AAS) is an analytical technique used for the
qualitative and quantitative detection of specific elements in a sample. This method
relies on light absorption by free ground-state atoms in the gaseous phase. Typically,
the sample is in liquid form, obtained through dissolution or digestion methods. It is
then introduced into an atomizer, a flame, a graphite furnace, or inductively coupled
plasma (ICP), where it undergoes vaporization to form free atoms followed by thermal
excitation. A suitable light source, such as a hollow cathode lamp, emits light at a
specific wavelength corresponding to the absorption line of the element to be analyzed.
The emitted light beam passes through the atomized sample, causing the ground-state
atoms to absorb light at characteristic wavelengths unique for each element. The
extent of the absorption is directly proportional to the concentration of the element in
the sample, as described by the Beer-Lambert Law (eq. 3).124 A calibration curve is
established beforehand to determine the element's concentration in the sample. The
curve is constructed by analyzing different concentrations of standard solutions with

known analyte concentrations.

All atomic absorption spectroscopy measurements in this work were conducted by
Beate Romer and Robin Meya in the Laboratory of Microanalysis at the University
Duisburg-Essen. A Thermo Electron M-Series instrument (Thermo Fischer Scientific)

was used.
= Silver nanoparticle sample preparation:

A total of 20 uL of silver nanoparticle dispersion was mixed with 80 yL nitric acid

65% and then diluted with ultra-pure water to a final volume of 5 mL.
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= Silver-gold nanoparticle sample preparation:

Two samples of 60 yL each of bimetallic nanoparticle dispersion were prepared. A
sample was mixed with 140 pL nitric acid 65% for silver determination. The other
sample was mixed with 140 pL aqua regia for gold determination. They were then

diluted with ultra-pure water to a final volume of 5 mL.
» Palladium nanoparticle sample preparation:

A total of 10 pL of palladium nanoparticles dispersion was mixed with 390 pL nitric
acid 65% and then diluted with ultra-pure water to a final volume of 5 mL.

» Palladium-platinum nanoparticle sample preparation:

A total of 20 yL of Palladium-platinum nanoparticles dispersion was mixed with

180 uL aqua regia and then diluted with ultra-pure water to a final volume of 5 mL.

Detection limits: silver 0.05 mg L%, gold 1.00 mg L, palladium 1.2 mg L%, platinum
24.0 mg L.
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3.2 Colloid-chemical methods

3.2.1 Dynamic light scattering (DLS) and {-Potential

Dynamic light scattering (DLS) is a technique to determine the size distribution of
particles or molecules in a solution providing valuable information about the dispersity
of the sample. The underlying principle of DLS involves analyzing the fluctuations in
the intensity of the laser light, which is scattered by the particles in the dispersion.
Typically, during a DLS analysis, a monochromatic laser beam is directed through a
sample containing particles—nevertheless, the particles in a dispersion exhibit random
motion due to Brownian motion. As a result, the intensity of the scattered light
continuously changes and is collected at a 173° angle and directed toward a detector.
The intensity fluctuations are measured and analyzed using an autocorrelation
function, which correlates the time at which the intensity fluctuations occur, enabling
the determination of particle diffusion.[*25 1261 |f the temperature and the viscosity of the
dispersant are known, the hydrodynamic diameter of the particles can be calculated
using the Stokes-Einstein equation (4):1127]

R — kgT
H_67rnD

(4)

Ry hydrodynamic diameter,

kg Boltzmann constant,

T temperature of the medium,
n viscosity of the dispersant,

D diffusion coefficient

The hydrodynamic diameter involves the size of the particles along with ions, fluid
molecules, and stabilizing/capping agents. Consequently, the average particle size
obtained by dynamic light scattering analysis is usually overestimated.
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In addition to providing average patrticle size, this technique enables the determination
of the colloidal system's polydispersity index (PDI). The PDI quantifies the degree of
particle size distribution in the colloidal system. A PDI value <0.3 indicates a
monodisperse particle distribution, suggesting a system with uniform particle sizes.
The PDI value is calculated by the dynamic light scattering software using the full width

at half maximum (FWHM) and Gaussian peak fitting (xc) based on equation 5:

(5)

FWHM)Z

PDI = (
xC

Another function of this instrument is the measurement of the {-potential of the colloidal
system. {-potential is a measure of electrostatic charge on the surface of particles or
colloidal dispersions suspended in a medium. It provides valuable information about
the stability of the particles in solution. Nanopatrticles with {-potential values greater
than £30 mV are considered stable in the colloidal dispersion, as the repulsive
electrostatic forces between particles prevent agglomeration, as discussed in Chapter
2.3. On the other hand, values lower than 25 mV may result in agglomeration of the

nanoparticles due to the attractive van der Waals interactions.[128]

However, dynamic light scattering has certain limitations that should be considered. It
IS most suitable for particles under 1 ym, as its accuracy decreases for larger particles.
Interpreting data obtained from samples with a broad size distribution can be
challenging since the software assumes a monodisperse sample. Moreover, the
average particle size can be overestimated when particles form agglomerates or
aggregates. In the case of highly concentrated samples, multiple scattering can occur,
leading to distorted measurements.[125 129. 1301 Finally, as the Stokes-Einstein (eq. 4)
indicates, this method assumes spherical particles, making the technique less accurate
when dealing with particles of different shapes, such as anisotropic particles (e.qg.,

rods).
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3.2.2 Differential centrifugal sedimentation (DCS)

Differential centrifugal sedimentation is another technique used to determine the
particle size distribution of colloidal systems based on sedimentation behavior under
centrifugal force. In this technique, the sample to be analyzed is injected in a rotating
transparent rotor filled with a mixture of gradient sucrose solutions (Fig.9). As the rotor
spins, the particles in the suspension experience a sedimentation force dependent on
their size and density. Larger and denser particles sediment more rapidly, while smaller

and lighter particles sediment more slowly.

particle zones rotation axis

724 krpm

injection port = ====f-- . - ‘ -—-detector

gradient

Figure 9. Schematic representation of a spinning rotor of a differential centrifugal
sedimentation instrument.

During the DCS analysis, a laser beam is directed through the sample and scattered
by the particles in the solution. The scattered light is collected on the detector, which
records the velocity of the sedimentation of the particles as a function of time. Before
injecting the sample, a calibration standard consisting of particles with known size is
measured. The particle diameter is then determined using the Stokes equation
(eq. 6).[131]

22



Methods

187 1 Ry
TR, 6)

(pp - pf) w?t

D particle diameter,
n viscosity,

R¢ outer disc radius,
R, inner disc radius,
Py particle density,
Pr fluid density,

) angular velocity,

t sedimentation time

One of the drawbacks of this method, especially for nanoparticle characterization, is
the tendency to underestimate particle size. This relies primarily on the fact that the
software uses the density of the particle core (eq. 6) for the diameter calculation.
However, nanoparticles often have a polymeric shell around them, which has a
different density than the core. Consequently, the given density does not reflect the

actual density of the nanoparticle, leading to an underestimation of the size.[125 132]
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3.3 Electron Microscopy

3.3.1 Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) is a powerful imaging technique to investigate
diverse samples' surface morphology and structure at high magnification and
resolution. It offers detailed information about the topography, composition, and
elemental analysis of a wide range of materials. In scanning electron microscopy, a
focused electron beam (primary electrons, PE) is directed on the sample's surface.
The sample, placed in vacuum, is then scanned. The interactions between the electron
beam and the sample generate secondary electrons (SE), backscattered electrons
(BSE), and X-rays. (Fig. 10)

Electron beam, PE

X-rays

Figure 10. Schematic representation of the detected signal types in SEM.

Secondary electrons are low-energy electrons (typically less than 5 eV) produced
through inelastic scattering of the primary electrons. They carry valuable information
about the sample's topography and morphology. When secondary electrons are
detected, areas of the sample farther from the detector appear darker. In contrast,
regions closer to the detector and with higher emissions of secondary electrons appear
brighter. This contrast allows the visualization of surface features and topological
variations. On the other hand, backscattered electrons are produced by the elastic
scattering of the primary electrons, revealing details related to atomic composition and
density variations in the sample. Denser and heavier elements tend to scatter more
electrons, appearing lighter, while lighter elements scatter fewer electrons and appear

darker. [125 133, 1341 Tg ensure proper imaging and analysis in scanning electron
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microscopy, it is necessary for the samples to have sufficient conductivity. If a sample
is not inherently conductive, sputtering with a conductive metal, such as gold or

palladium, is employed.

In this work, all to-be-examined samples are metallic nanoparticles. Thus, no
sputtering was required. Before each measurement, 10 uL of a nanoparticle dispersion
was drop-cast on a silicon wafer, fixed on an aluminum sample holder with carbon

tape, and let dry.

All scanning electron and transmission microscopy measurements and energy
dispersive spectroscopy, as well as the in-situ scanning electron microscopy
experiments, were carried out by Dr. Kateryna Loza at University Duisburg-Essen.
SEM and STEM measurements were performed with an Apreo S LoVac instrument,
equipped with a micro-heating stage and coupled with energy-dispersive X-ray
spectroscopy (UltraDry EDS detector) from ThermoFischer Scientific.

3.3.2 High-resolution transmission electron microscopy (HRTEM)

Transmission electron microscopy is one more powerful imaging technique that allows
high-resolution visualization and analysis of the internal structure of the samples. While
sharing some principles with scanning electron microscopy, a transmission electron
microscope operates by passing an electron beam through the sample and collects
the transmitted electrons to form an image. It provides high-resolution images,
enabling a detailed examination of the sample’s internal features and allows for the

visualization of atomic arrangement.

Scanning transmission microscopy (STEM), on the other hand, combines the
principles of TEM with SEM. In STEM, the electron beam is focused into a fine probe
and scanned across the sample, similar to SEM. The transmitted electrons are
collected to form an image, but unlike TEM, the image is formed by scanning the probe

rather than by directly transmitting the beam through the sample.

The most common imaging mode is called bright-field imaging. In this mode, electrons
passing through the sample interact with a fluorescent screen or detector, generating
an image. Bright regions in the image correspond to areas where fewer electrons were
transmitted, indicating denser or thicker parts in the sample. Another mode is the

high-angle annular dark field (HAADF), which enables high-resolution and
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contrast-enhanced images of the atomic structure and composition of the sample.
Contrast derives from the atomic number (Z) of the elements present in the sample,
allowing for enhanced visualization of different elements. Transmission electron
microscopy is not limited to imaging; it also enables high-resolution diffraction analysis.
Electron diffraction patterns are generated when the electron beam interacts with the
crystalline structure of the sample. These patterns contain information about the crystal
lattice arrangement allowing for the determination of crystallographic properties, such

as crystal orientation, lattice spacing, and defects.[*3%

A crucial factor in transmission electron microscopy is the thickness of the sample.
Specimens to be examined should have a thickness of less than 100 nm.['34 This
limitation ensures that the electrons can sufficiently penetrate the sample and provide

meaningful information during imaging.

Unlike SEM, for STEM and TEM measurements, 10-20 pL of the sample was drop-cast
on a copper grid, coated with an ultra-thin amorphous carbon film, and dried in air at

ambient conditions.

All transmission electron microscopy measurements, energy-dispersive spectroscopy,
and the in-situ transmission electron microscopy experiments were carried out by
Dr. Kateryna Loza in the Ernst-Ruska-Zentrum of the Research Center Jilich. TEM
was performed with a FEI Titan microscope, equipped with a Cs-Probe corrector
(CEOS company), operating at 300 kV at 10-° Pa. ['3¢l |n-situ heating TEM was carried
out with a TEM heating sample holder (Wildfire, DENS Solutions Company). Finally,
EDS was performed with a Hitachi HF5000 microscope, equipped with a Cs-Probe
detector (Hitachi) coupled with an EDS unit (Oxford Instruments Aztec Energy TEM
Advanced EDX System Ultrim TLE) operating at 200 kV at 10-° Pa.
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3.3.3 Energy-dispersive X-ray spectroscopy (EDS)

Energy dispersive X-ray spectroscopy (EDX or EDS) is an analytical technique used
in electron microscopy to identify and quantify the elemental composition of materials.
It provides valuable information about the chemical composition, distribution of
elements, and elemental mapping within a given sample. It is typically performed in
conjunction with scanning or scanning transmission electron microscopy. During the
analysis, an electron beam interacts with the sample, ionizing inner shell electrons from
atoms within the material. This ionization process creates vacancies in the electron

shells, filled by outer shell electrons, releasing characteristic X-rays (Fig. 11).

o Dislocated electron
4

Electron beam, PE |

Figure 11. Generation of characteristic X-rays after the primary electron interactions
in an atom.

The emitted X-rays are collected by an energy-dispersive detector, which measures
their energy and intensity. Each element has different characteristic X-ray energies
corresponding to its atomic structure. The elements present can be identified by
analyzing the energy spectrum of the collected X-rays. The intensity of the X-ray peaks

is proportional to the concentration of the corresponding elements.

Energy-dispersive X-ray spectroscopy can also be used for elemental mapping.
Scanning the electron beam across the sample and collecting X-ray spectra at different
locations can generate the spatial distribution of maps of different elements within the
sample.['3"] These elemental maps provide visual representations of how various

elements are distributed within the sample, offering valuable information about the

sample's composition and heterogeneity.
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3.4 X-ray powder diffraction (PXRD)

X-ray powder diffraction is used to determine the crystallographic structure and phase
purity of crystalline materials. By analyzing the resulting diffraction pattern, valuable
information about the arrangement of atoms within a material's crystal lattice can be
extracted, including the dimensions of the unit cell, crystal symmetry, and the positions
of the particles. During the measurement, a beam of X-rays is directed onto a powder
sample. X-rays are utilized because their wavelength is on the same scale as the
interatomic spacing in crystals. As the X-ray interacts with several atomic layers within
the sample, both constructive and destructive interference can occur. When the
diffraction angle of the incident X-ray beam satisfies Bragg's law (eq. 7), constructive
interference takes place, resulting in a sharp diffraction signal. If this is not the case, in

other angles occurs, destructive interference, leading to diminished or no observable

diffraction.
nA=2d sind (7)
n positive integer
A X-ray wavelength
d lattice plane distance
Y Bragg angle

The width of the obtained signal in a diffraction pattern allows calculating the crystallite
size D using the Scherrer equation (eq. 8)!*% and the microstrain with the Stokes-

Wilson equation (eq. 9).
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KA

b= p cosd (8)
_ B
g_4 tan 9 ©

K Scherrer factor

A X-ray beam wavelength

B full width at half maximum (FWHM) of a reflex
) Bragg angle

£ microstrain

In the case of a cubic system, e.g., silver fcc phase, the lattice parameter a can be
calculated by the following equation (eq.10)

A
o=t ETRTE (10)

2 sind

All the X-ray measurements, in-situ experiments, and the Rietveld refinement were
carried out by Dr. Oleg Prymak, Department of X-ray Diffraction at the University of
Duisburg-Essen. The PXRD measurements were performed with a Bruker D8 Advance
instrument in Bragg Brentano geometry mode with Cu Ka radiation (A = 1.54 A; 40 kV,
40 mA) with a silicon single crystal sample holder to minimize background scattering.
In-situ XRD was carried out on a Panalytical Empyrean instrument in Bragg-Brentano
mode with Cu Ka radiation (40 kV, 40 mA), equipped with a high-temperature chamber
HTK 16 (Anton Paar).
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3.5 Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) is a thermal analysis technique used to study the
changes in the mass of a sample as a function of temperature or time. It provides
information about materials' thermal stability, composition, and decomposition kinetics.
During a typical thermogravimetric experiment, a certain amount of a sample is heated
in a controlled environment, and its mass is continuously monitored. As the
temperature increases, various physical and chemical phenomena can occur,
including vaporization, sublimation, desorption, decomposition, and oxidation. The
resulting thermogram shows characteristic features such as mass loss or gain steps,
plateaus, or continuous changes, providing insights into the thermal behavior and

composition of the sample. [139-141]

A Netzsch STA 449 F3 instrument was used in the experiments conducted for this
work. The samples were heated with a rate of 5 K mint up to 1273 K in a dynamic

oxygen atmosphere.
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4. EXPERIMENTAL SECTION

4.1 Software / Databases

Table 2. Software and databases used.

Program/database Purpose Developer
. Scientific image and _
Bio render _ ' BioRender
illustration
ChemDraw Structural representations PerkinElmer
Chemix Drawing lab diagrams Chemix International Bv
EndNote X20 Citation management Clarivate
_ National Institutes of
ImageJ Image processing

Health

. _ Text processing, graphic _
Microsoft Office . ) Microsoft
design, data calculation

Origin Pro 2022 Graphing and data analysis OriginLab corporation

Photoshop Image editing Adobe Inc.
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4.2 Devices

Table 3. Devices used.

Devices

Producer and device model

Analytical disc centrifuge

Atomic absorption spectroscopy

Centrifuge

Dynamic light scattering

Energy dispersive X-ray spectrometer

Lyophilizer

Scanning electron microscope

Syringe pump

Thermobalance

Transmission electron microscope

Transmission electron microscope

Ultraviolet — visible spectrometer

Ultracentrifuge

Ultrasonic bath

Vortex

32

CPS Instruments, DC 24000

Thermo fischer scientific ThermoElectron,

M-Series

Eppendorf, Centrifuge 5430

Malvern Zetasizer, Nano ZS ZEN 3600

Thermo Fischer Scientific, UltraDry EDS

Christ, Alpha 2-4 LSCplus

ThermoFischer scientific, Apreo S LoVac

KD Scientific, KDS100 legacy syringe
pump

Netzsch, STA 449 F3

CEQS, FEI Titan 80-300

Hitachi HF5000

Thermo Scientific, Genesis 50

Thermo fischer scientific, Sorwall WX Ultra

Series

Elma, Elmasonic S10

Scientific Industries, Vortex-Genie 2
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Bruker, D8 Advanced (Bragg-Brentano

X-ray powder diffractometer
geometry)

PANalytical Empyrean (Debye-Scherrer

X-ray powder diffractometer _
geometry and high-temperature X-ray

(in-situ experiments) . o
diffraction in Bragg-Brentano geometry)
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4.3 Chemicals

Table 4. Chemicals used.

Chemical Producer Purity
Acetone Fisher Chemicals =299.8%
Diethylene glycol Sigma-Aldrich 99%
Ethylene glycol anhydrous Sigma-Aldrich 99.8%
Hydrochloric acid 37% VWR Chemicals p.a.
Iron chloride anhydrous Karl Roth 298.5%
Lanthanum hexaboride NIST
Nitric acid 65% Fisher Chemicals p.a.
Platinic acid Sigma-Aldrich
Poly(N-vinylpyrrolidone

4 ypy ) Sigma-Aldrich
(Mw = 40,000 g mol?)
Poly(N-vinylpyrrolidone

¥ Py ) Sigma-Aldrich
(Mw = 55,000 g mol?)
Poly(N-vinylpyrrolidone

4 yPy ) Sigma-Aldrich
(Mw = 29,000 g mol?)
Potassium bromide Sigma-Aldrich 299%
Potassium tetrachloroplatinate Sigma-Aldrich 299%
Silver nitrate Karl Roth
Silver foil Goodfellow 299.9%
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Sodium chloride Fisher Chemicals 299.5%
Sodium hydroxide Fisher Chemicals
Sodium tetrachloropalladate Sigma-Aldrich 299.9%

Self-prepared by the

Tetrachloridoauric acid dissolution of elemental
gold
Trisodium citrate dihydrate AppliChem p.a.
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4.4 Synthesis of monometallic nanoparticles

4.4.1 Water-based syntheses of monometallic nanoparticles

4.4.1.1 Synthesis of silver nanospheres with glucose
The synthesis of quasi-spherical silver particles obtained from the reduction of silver
nitrate with glucose using polyvinylpyrrolidone as a stabilizer is a well-established

synthesis['32 142 first proposed by Wang et. [143]

In a typical synthesis, 2.00 g D-glucose (11.10 mmol) and 1.00 g polyvinylpyrrolidone
(9.00 mmol based on the molar mass of the monomer, My = 40,000 g mol*?) were
dissolved in 40 mL ultra-pure water in a 100 mL one-round neck-bottom flask. The
mixture was heated at 90 °C in an oil bath and vigorously stirred for 45 minutes. Next,
500 mg of silver nitrate (2.94 mmol) was dissolved in 1 mL ultrapure water and rapidly
added to the synthesis mixture. The reaction mixture was stirred for an additional hour
at 90 °C. Upon adding the precursor, the initially transparent mixture gradually
changed color from light yellow to orange and finally to vivid opaque green. An ice bath
was used to stop the reaction, and the mixture was quickly cooled down to room
temperature. The resulting silver nanopatrticle dispersion was washed with water and
centrifuged with an ultracentrifuge at 30,000 rpm (66,000 g for 30 minutes, repeating
this process three times. After each centrifugation step, the supernatant fluid was
discarded, and the particles were dispersed with ultrasonication. Following the final
centrifugation, the particles were collected and dispersed in a small amount of
degassed argon-saturated ultra-pure water to prevent possible oxidation of the

nanoparticles. The dispersion was then stored at 4 °C.[144]

4.4.1.2 Synthesis of 18 nm palladium nanocubes with ascorbic acid

The synthesis of palladium nanocubes obtained from the reduction of sodium
tetrachloropalladate with ascorbic acid, stabilized with polyvinylpyrrolidone was
performed based on a protocol developed by Jin et al.[14%]

To obtain palladium nanocubes, 600 mg potassium bromide (5.00 mmol), 60 mg
ascorbic acid (0.35 mmol), and 105 mg PVP (0.90 mmol based on the monomer molar
mass, Mw = 55,000 g mol!) were dissolved in 8 mL ultrapure water and heated up to
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80 °C in an oil bath. The mixture remained at 80 °C for 10 minutes, and the reaction
vessel was closed with a glass cap. Afterward, 3 mL of a 0.06 M of agueous sodium
tetrachloropalladate solution was quickly added to the reaction solution, which was left
at 80 °C under constant stirring for 3 hours. The solution color turned red-brown upon
adding the metal precursor, and by the end of the reaction, it was dark brown. The
reaction was then stopped by cooling it to room temperature with an ice bath, and the
nanocubes were isolated with centrifugation at 14,200 rpm (21,190 g) for an hour. After
the centrifugation, the supernatant was discarded, the remaining colloid was dispersed
in ultra-pure water, and the sample was again introduced into the centrifuge. The same
purification process was repeated three more times. The resulting nanoparticles were
dispersed in a small amount of degassed argon-saturated ultra-pure water and stored
at 4 °C for characterization and further experiments.

4.4.1.3 Synthesis of 45 nm palladium nanocubes with ascorbic acid

(seed and growth)
For the synthesis of larger palladium nanocubes with an average size of about 45 nm,
18 nm palladium nanocubes (Chapter 4.4.1.2) were used as seeds for the further

growth of the nanostructures.

For the synthesis, 150 mg PVP (1.35 mmol based on the monomer molar mass,
Mw = 55,000 g mol?), 90 mg ascorbic acid (0.51 mmol), 450 mg KBr (3.78 mmol) and,
1.8 mg of the synthesized Pd nanocubes (16.90 umol) were added to a 50 mL
round-bottom flask with 12 mL ultra-pure water. Then the reaction mixture was heated
to 40 °C in an oil bath. After 20 minutes, 5 mL of a 0.02 M Na2PdCls solution was
added, and the mixture was left under stirring at 40 °C for 24 hours. An ice bath was
used to stop the reaction. Centrifugation was performed at 14,200 rpm (21,190 g) for
30 minutes to isolate the nanoparticles. The purification process was repeated three
times. After each centrifugation, the supernatant was discarded, and the sample was
dispersed in ultra-pure water. In the last step, the isolated nanoparticles were

dispersed in argon-saturated ultra-pure water and stored at 4 °C for characterization.
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4.4.2 Polyol-based syntheses of monometallic nanoparticles

4.4.2.1 Polyol method

The polyol method or polyol process is a versatile chemical synthesis widely employed
for producing metallic nanoparticles. This process involves reducing metal precursors

within a polyol solvent under carefully controlled reaction conditions.

In this method, polyols act as solvents, reducing and stabilizing agents. Polyols are
organic compounds containing more than two hydroxyls (-OH) groups, such as
glycerol, propanediol, ethylene glycol, and its derivatives. The presence of the -OH
groups are responsible for the high boiling points and viscosities. As a result, they allow
reactions to occur at higher temperatures, up to 328 °C, without using autoclaves. (€8]
During this reaction, the polyol molecules undergo oxidation, facilitating the reduction
of metal salts to ions and subsequently to metal nuclei which then nucleate to form
metal nanopatrticles. [146] The addition of different capping agents and the careful
control of parameters like temperature, time, and concentration of the reagents allow
the kinetic control of the synthesis, leading to controlled particle growth with specific

shapes and sizes.[>? 88 147] [148]

2 HOCH2CH20H —> 2 CH3CHO + 2 H20 (11)
2 Ag* + 2 CH3CHO — CH3CHO-OHCCHs + 2Ag° + 2H* (12)

Figure 11. Reaction mechanism of the reduction of silver by ethylene glycol in a typical
polyol synthesis proposed by Im et al. 149
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4.4.2.2 Synthesis of silver nanowires (polyol method)

The synthesis of the silver nanowires was carried out after a well-known protocol

developed by Schuette et al.[50

In a 100 mL two-neck round-bottom flask, 334 mg of polyvinylpyrrolidone (3.00 mmol,
based on the molar mass of the monomer, My, = 55,000 g mol*) was dissolved in 20 mL
anhydrous ethylene glycol. The solution mixture was heated under reflux and constant
stirring up to 180 °C while one neck of the flask remained open. After 5 minutes, 50 uL
of 0.43 M silver nitrate and 50 pL sodium chloride solution (also 0.43 M) were quickly
and simultaneously added to the stirring mixture. The solution was left for 25 minutes
at 180 °C. In the meantime, the previously transparent solution became light white due
to the formation of silver chloride seeds. Next, 10 mL of a 0.12 M silver nitrate solution
was added using a syringe pump at a rate of 25 mL h! to initiate the formation of the
silver nanowires. The solution gradually turned milky white and then grey as the
reaction progressed. When silver swirls were visible on the solution’s surface, the
syringe pump was removed, and the remaining silver nitrate solution was added
dropwise manually. The reaction mixture was stirred for 15 minutes and then quenched

to room temperature with an ice bath.

For the purification process, the final mixture was diluted with 100 mL ultrapure water
and centrifuged at 2000 rpm (666 g) for 30 minutes. After the first round of
centrifugation, the product was washed with 1 mL of concentrated ammonia solution
to remove any remaining silver chloride seeds. The purification process was continued
two more times under the same centrifugation conditions. Finally, the particles were
collected and dispersed in a small amount of degassed argon-saturated ultra-pure
water and stored at 4 °C.

4.4.2.3 Synthesis of silver nanocubes (polyol method)

The synthesis of the silver nanocubes was performed based on a modified protocol by
Dr. Helmlinger*4 and Dr. Pappert(*>2, first proposed by Im et al.[149

To synthesize the silver nanocubes, 6 mL ethylene glycol was heated to 160 °C in a
50 mL round-bottom flask. The flask remained open while being constantly stirred for
one hour. Then, 30 pyL of a 0.1 M aqueous hydrochloric acid solution was added to the

heated solution. In the meantime, two 0.1 M solutions were prepared: one silver nitrate
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solution (0.47 mmol) and one polyvinylpyrrolidone solution (Mw= 55,000 g/mol, 0.72
mmol with respect to the monomer), both in ethylene glycol. Ten minutes after adding
the hydrochloric acid solution, the two solutions were mixed thoroughly, and 6 mL of
the resulting mixture was quickly added to the reaction mixture. The reaction vessel
was tightly closed with a septum and remained under constant stirring at 160 °C for 20
hours. Upon the addition of the metal precursor and the capping agent, the reaction
solution from transparent turned to milky-white, indicating the formation of silver
chloride seeds. Over time, the color of the reaction turned orange and eventually
ochre/yellow/green. The reaction was stopped by quenching to room temperature with

an ice bath.

To remove the excess ethylene glycol, the sample was washed once with acetone and
centrifuged at 14,200 rpm (21,190 g) for 30 minutes. The isolated silver nanocubes
were purified by washing them three times with ultra-pure water and repeating the
centrifugation step under the same conditions. Before the last centrifugation step, the
dispersion was filtered with a syringe cellulose filter with a pore size of 45 uym. Finally,
after the last centrifugation step, the resulting particles were dispersed in a small
amount of degassed argon-saturated ultra-pure water and stored at 4 °C for

subsequent experiments and characterization.
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4.5 Synthesis of bimetallic nanoparticles

4.5.1 Synthesis of core-shell silver-gold nanocubes

The generation of core-shell silver-gold nanocubes was based on a protocol proposed
by Yang et al.l'*1l that was accordingly optimized. Silver nanocubes obtained from a
previously described synthesis were used as seeds. 0.4 mg of silver nanocubes were
dispersed in 30 mL ultra-pure water under constant stirring. Then 800 yL of a 0.1 M
ascorbic acid solution was added to the dispersion. The pH levels were suitably
adjusted to 12 with the required NaOH 1 M solution volume. For the generation of the
shell, a 0.06 M tetrachloroauric acid solution was added dropwise to the reaction
mixture with a syringe pump with an additional velocity of 0.15 mL min-t. The dispersion
color turned from yellow to transparent purple during the metal precursor addition.

The nanoparticles were isolated through centrifugation at 14,200 rpm (21,190 g) for 30
minutes. The exact process was repeated three times, and the end product was finally
dispersed in a small amount of degassed argon-saturated ultra-pure water and stored

at 4 °C for further experiments and characterization.

4.5.2 Synthesis of platinum nanocages

The synthesis of platinum nanocages was carried out according to a modified protocol

based on a synthesis of Wojtysiak et al.[53]

Silver nanocubes obtained from a previously described synthesis were utilized as
sacrificial templates to synthesize platinum nanocages. In a two-neck round-bottom
flask, 10 mL of a 1 mM aqueous potassium tetrachloroplatinate solution (0.01 mmol)
was refluxed at 100 °C for one hour. Subsequently, the pH of the solution was adjusted
to 2 by adding the appropriate amount of a 2 M hydrochloric acid solution. To initiate
the formation of the platinum nanocages, 800 uL of a 38.8 mM aqueous sodium citrate
solution was added to the reaction mixture. After 5 minutes, 0.9 mg (0.008 mmol) of
silver nanocubes were rapidly introduced into the solution, and the reaction mixture

was stirred for an additional hour at 100 °C.

The solution was subjected to centrifugation at 14,200 rpm (21,190 g) for 30 minutes

to isolate the platinum nanocages. This centrifugation step was repeated two more
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times to ensure efficient separation. The resulting nanocages were washed with 200
ML of 33% ammonia solution to dissolve any residual silver chloride, followed by
another round of centrifugation under the same conditions. The final product was
washed with 200 yL of concentrated nitric acid to eliminate any remaining silver traces
and obtain silver-free platinum nanocages. This step ensured the removal of any silver
remnants. The resulting platinum nanocages were dispersed in a small amount of

degassed argon-saturated ultra-pure water and stored at 4 °C for characterization.

4.5.3 Synthesis of core-shell palladium-platinum nanocubes

To synthesize palladium-platinum core-shell nanocubes, palladium nanocubes with a
mean edge length of 18 nm, obtained from a previously described synthesis, were
used as seed particles. In a 50 mL one-neck flask, a solution was prepared by
dissolving 100 mg (0.57 mmol) of ascorbic acid, 54 mg (0.45 mmol) of potassium
bromide, and 66.6 mg (0.60 mmol, based on the molar mass of the monomer,
Mw = 55,000) polyvinylpyrrolidone in 12 mL of ethylene glycol. The mixture was heated
up to 110 °C under stirring in an oil bath. Then, 1.7 mg (15.79 mmol) of the aqueous
dispersion of palladium nanocubes (18 nm) was added to the reaction mixture. The
flask was left open at 110 °C for an hour to evaporate the water content of the
palladium colloid. A solution of sodium hexachloroplatinate (IV) hexahydrate in
ethylene glycol was prepared to initiate the formation of the platinum shell. 19 mL of
the solution (15.37 mmol) were added dropwise to the reaction mixture using a syringe
pump at a rate of 4.0 mL h1. After the complete addition of the platinum precursor, the
temperature was increased to 200 °C, and the reaction was allowed to proceed for
another hour with the flask closed. To stop the reaction, the reaction vessel was

removed from the oil bath and cooled to room temperature in an ice bath.

The final product was isolated by washing the solution with ethanol and centrifuging it
at 14,200 rpm (21,190 g) for an hour. The supernatant was discarded, and the sample
was dispersed in ultra-pure water. This washing and centrifugation process was
repeated two more times. The resulting palladium-platinum nanoparticles were then
dispersed in a small amount of degassed argon-saturated ultra-pure water and stored

at 4 °C for characterization.
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4.6 Thermal stability studies

In-situ, electron microscopy (SEM, TEM) and X-ray diffraction heating experiments
were carried out on silver and core-shell silver-gold nanoparticles to examine their

thermal behavior, stability, and crystallinity at elevated temperatures.

4.6.1 In-situ electron microscopy heating studies (SEM, TEM)

In-situ microscopy experiments enable the investigation of phenomena such as phase

metal transformations, structural changes, sintering, and diffusion phenomena.

In-situ, scanning electron microscopy (SEM) experiments were performed with an
Apreo S LoVac instrument from (ThermoFischer Scientific) equipped with a y-heating
holder. This holder allows rapid and precise heating of samples in a high vacuum up
to 1200 °C. In contrast to the classic silica wafers widely used in scanning electron
microscopy, a special MEMS (Micro-Electro-Mechanical Systems) chip was used
(Fig.11 a). The heating element (Fig. 11b) is made of an electrically conductive
material, formed as a meander allowing uniform temperature distribution. In the heated
area, transparent windows are formed, which enable the visualization of the sample in

the microscope (Fig.11c).
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Figure 11. MEMS p-Heater (a), the heating element (b), and the transparent
windows (c). 54
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For this experiment, 10-20 uL of sample dispersion was drop-cast on the chip and
gradually heated to 900 °C with a heating rate of 5 K min* under a pressure of 10 Pa.
SEM images were taken every 1 K to generate at the end a video. Energy dispersive
X-ray spectroscopy (EDS) was performed every 200 °C, and an EDS mapping was

obtained.

In-situ transmission electron microscopy experiments were carried out with a FEI Titan
microscope equipped with a Cs-probe corrector from CEOS Company, operating at
300 kV under a pressure of 10° Pa. A TEM heating sample holder (Wildfire, DENS
Solutions Company, Fig.12) and a carbon-support nano-chip were used. The samples
were heated to 900 °C with a heating rate of 5 K min-l. Images were recorded every
5 °C and then combined to generate a video.

Figure 12. In-situ TEM set-up (Wildfire). (5%
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4.6.2 In-situ powder X-ray diffraction heating studies

In-situ powder X-ray diffraction was performed on silver and silver-gold nanocubes to
study the structural and physicochemical properties of the obtained nanoparticles. The
experiments were conducted on a Panalytical Empyrean instrument in Bragg-Brentano
mode with Cu Kqradiation (40 kV, 40 mA), equipped with a high-temperature chamber
HTK 16 (Anton Paar).

For the in-situ measurement, the 7-10 syntheses batches were poolled together and
freeze-dried after previous characterization with dynamic light scattering and electron
microscopy. The obtained powders were mixed with microcrystalline lanthanum
hexaboride (LaBs) as standard reference material and deposited on a tantalum holder.
LaBs enabled the quantitative analyses of the obtained results. The samples were
measured in high vacuum (10 Pa) starting from room temperature to 800 °C with a
heating rate of 5 Kmint (Fig. 13). Once the temperature was achieved, was kept

constant for one hour to record one diffractogram.
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Figure 13. Time-dependent diagram of the heating steps during the in-situ XRD
experiments. The yellow line indicates the actual measurement time.
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5. RESULTS AND DISCUSSION

5.1 Water-based syntheses of monometallic nanoparticles

5.1.1 Characterization of silver nanospheres with glucose
The synthesized silver spherical nanoparticles were characterized by several analytical

methods.

Ultraviolet and visible spectroscopy (UV-Vis) is commonly employed to investigate the
optical properties of plasmonic nanoparticles such as silver nanoparticles. It is a quick
method that can provide indications about the size and morphology of the synthesized
nanoparticles. In the case of silver nanospheres, an absorbance maximum typically
appears between 400 and 500 nm. This absorbance peak corresponds to the surface
plasmon resonance of the nanoparticles. Generally, as the diameter increases, the
absorbance peak becomes broader and shifts towards higher wavelengths
(red-shift).[1%6: 1571 The following UV-Vis spectrum (Fig. 14) of the synthesized silver
nanospheres showed an absorbance maximum at 412 nm, which is usually in the

range where silver spherical nanoparticles usually absorb.!58]
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Figure 14. The UV-Vis spectrum of the silver nanospheres obtained from reducing
AgNOs with glucose.
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Figure 15. SEM images of silver nanoparticles obtained from the reduction of AQNO3s
with glucose.

Figure 15 shows typical scanning electron microscopy (SEM) images recorded with an
accelerating voltage of 15 kV at different concentrations. It was evident that the
synthesized nanoparticles exhibited a monodispersed and homogeneous distribution
without any visible agglomerates. To obtain the average particle size of the metal core,
200 particles were digitally measured. The measurement showed a mean particle size
of 33 nm with a standard deviation of £ 3 nm. The polydispersity index (PDI) was found

to be 0.1, indicating a relatively narrow size distribution.

Although the nanoparticles are referred to as “spherical”, upon closer examination,
they seem deformed. Silver nanoparticles obtained from glucose synthesis have been
extensively studied in the literature. The deviation from a perfect spherical morphology
can be attributed to their internal structure. Typically, silver nanoparticles grow in
five-fold twinned crystalline structures, forming decahedral structures. These
structures consist of five single-crystal tetrahedral units sharing a common edge. Each
unit is enclosed by (111) facets, with a 70.53° angle, creating gaps closed by defects

at the facets' boundaries (Fig.16).[83 151, 159]
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Figure 16. HRTEM image of a single five-fold twinned silver nanoparticle obtained
from the glucose synthesis. Defects at the grain boundaries are marked with yellow
arrows. The image was adapted from reference.[16%

Dynamic light scattering (DLS) was conducted to determine the size distribution of the

silver nanoparticles.
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Figure 17. Particle size distribution was determined by DLS measurement of silver
nanoparticles obtained from the reduction of AgNOs with glucose.
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DLS measurement exhibited a monomodal size distribution with an average particle
size of 81+ 1 nm. The PDI value of 0.23 indicated that the colloidal system was
monodisperse, as the value lay under 0.3, which agreed with what was observed in
the SEM images (Fig.15).

To evaluate the colloidal stability of silver nanopatrticles, {-potential was measured in
ultra-pure water. The silver nanoparticles were stabilized with PVP, which is neutrally
charged. Therefore, one would expect a value around zero, indicating steric
stabilization due to the neutral PVP molecules surrounding the particles. However, it

was found that the {-potential exhibited a slightly negative value (- 4 mV, pH=8).

The hydrodynamic size of the particles was also measured using differential centrifugal
sedimentation (DCS).
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Figure 18. Particle size distribution, determined by DCS measurement of silver
nanoparticles obtained from the reduction of AQNO3s with glucose.

The average particle size obtained from DSC was 21 + 1 nm with a PDI of 0.3,
indicating a monodisperse system, which agreed with the PDI provided by DLS

measurements.
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Table 5. Comparison of particle size distribution, standard deviation, and polydispersity
index (PDI) obtained from Gauss-fits for all size-determination methods.

Method SEM DLS DCS
Size / nm 33 81 21
Standard deviation / nm 3 1 1
PDI 0.10 0.23 0.29

Table 5 summarizes the results obtained from the different methods used to determine
the size and PDI of the synthesized colloidal system. It is important to note that there
is some inconsistency among the measurements obtained by the three methods, which
can be attributed to their distinct measurement principles. SEM analysis provided
information about the size of the metal core, as the polymer shell surrounding the
particles is not visible. DCS employs the metal density to calculate the size of the
particles, which differs from the real one leading to smaller values. In contrast, DLS
delivers results about the hydrodynamic radius of the particles, leading to an
overestimation of the average particle size.l'> Considering the limitations and
underlying principles of the size determination methods, it can be concluded that the

results obtained from these methods agree.
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5.1.2 Characterization of palladium nanocubes

5.1.2.1 Characterization of palladium nanocubes (ca. 18 nm)

The optical properties of the obtained palladium were examined by ultraviolet-visible
(UV-Vis) spectroscopy. Similar to silver and gold, palladium nanoparticles also exhibit
surface plasmon resonance phenomena.['1. 1621 However, the specific location of the
plasmon resonance peak in palladium nanoparticles depends on their size and shape,
typically falling within the visible to near-infrared region of the electromagnetic

spectrum.[163]

Figure 19 shows the UV-Vis spectrum of the palladium nanoparticles, showing a
maximum at 238 nm and a small shoulder at approximately 300 nm. The observation
of absorption at shorter wavelengths, such as 238 nm, indicated that the palladium
nanoparticles were possibly small in size. The additional signal around 300 nm,
represented by a small shoulder in the spectrum, suggested the presence of other

absorption or scattering phenomena in that region, caused possibly by the morphology.
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Figure 19. UV-Vis spectrum of the synthesized Pd nanocubes exhibiting two signals
at shorter wavelengths.
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Figure 20 shows two scanning transmission electron microscopy (STEM) images of
the synthesized palladium nanoparticles. Upon initial observation (Fig. 20 A), the
sample appeared to be unimodal and monodisperse, lacking any visible agglomerates.
However, upon closer examination (Fig. 20 B), it became apparent that the sample
consisted of not only nanocubes (aspect ratio 1:1) but also elongated faceted
nanostructures with an aspect ratio 1:1.5, specifically cuboids or nanobars. The
particles showed almost perfect sharp corners and edges. The composition of the
sample was determined to be approximately 70% nanocubes and 30% nanobars. Both
structures exhibited a normal size distribution, with the nanocubes having a mean edge
length of 18 £ 1 nm and PDI 0.07 and the nanobars having a mean long edge length
of 20 + 1 nm (Fig. 20 C, D) and PDI 0.06.
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Figure 20. STEM images of the synthesized Pd nanocubes were both recorded with
an accelerating voltage of 30 kV and magnifications of 100,000 (A) and 400,000
times(B). STEM size distribution of the nanocubes (C) and cuboids/nanobars (D).
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Furthermore, energy dispersive X-ray spectroscopy was performed. In addition to the
characteristic signals of palladium, a notable signal attributed to bromide was observed
(Fig. 21). Interestingly, even after several washing cycles, the bromide signal was still
detected, and remained relatively strong, suggesting that bromide ions were strongly
bound to the surface of the palladium nanoparticles. Previous studies have reported
that bromide ions can chemisorb on the surface of palladium nanoparticles, especially
when present in high concentrations, explaining the persistent presence of bromide in

the sample.[164-166]
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Figure 21. EDS spectrum obtained from the analysis of palladium nanopatrticles.

Dynamic light scattering analysis was employed to assess the colloidal stability and
size distribution of the synthesized palladium system. Despite the presence of two
distinct morphologies within the sample, DLS measurements yielded a monodisperse
particle size distribution with an average size of 35 + 8 nm and a PDI of 0.29 (Fig. 22).
This indicated a relatively narrow size distribution, considering that DLS measured the
hydrodynamic diameter of the particles. The similarity in morphology and size of the

nanopatrticles likely contributed to the monomodal distribution observed.
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To evaluate the colloidal stability of the dispersion, the {-potential was measured. The
obtained value of -24 mV (pH=8) indicated a stable colloidal system. The negative
¢-potential could be attributed to the adsorption of Br - anions onto the surface of the

nanoparticles, as the capping agent PVP carries no charge.
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Figure 22. Particle size distribution was determined by DLS measurement of Pd
nanoparticles obtained from the reduction of Na2PdCls with ascorbic acid.

Differential centrifugal sedimentation (DCS) analysis revealed a bimodal size
distribution, indicating the presence of two distinct nanoparticle populations within the
synthesized palladium system. Considering the knowledge of the two different
structures present in the sample, the first peak in the size distribution was attributed to

the nanocubes, while the second peak to the cuboids (Fig. 23).

The nanocubes (Peak 1) exhibited an average size of 17 nm with a standard deviation
of 1 nm and PDI of 0.05, indicating a relatively narrow and homogeneous size
distribution. On the other hand, the cuboids (Peak 2) displayed an average size of
21 nm with a standard deviation of 3 nm and a PDI of 0.14, suggesting a slightly
broader size distribution compared to the nanocubes. These measurements obtained

from DCS were consistent with the size information obtained from SEM.
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Figure 23. DCS bimodal size distribution obtained from the DCS measurement of Pd
nanoparticles obtained from the reduction of Na2PdCls with ascorbic acid.

Transmission electron microscopy (TEM) images provided a more detailed
understanding of the structure of the palladium nanoparticles synthesized. In the TEM
image (Fig. 24 A), the presence of two distinct structures, namely cubes and
cuboids/nanobars, were clearly visible in the sample. These structures exhibited

different shapes and sizes, as discussed earlier.

In the TEM image shown in Figure 24 B, a single cuboid structure is presented. The
corners of the cuboid appeared slightly rounded. The arrangement of atoms within the
cuboid suggested the formation of a single crystal, with no evident crystal defects
observed. This observation indicated a high level of structural integrity within the

palladium nanoparticles.

Furthermore, a Fast Fourier Transform (FFT) analysis was performed (Fig. 24 C),
which provided additional information about the crystallographic orientation of the
nanoparticles. The FFT analysis confirmed the [001] orientation of the nanoparticles,

which aligned with the quasi-cubic morphology observed in the TEM images.
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Figure 23. TEM images of Pd nanocubes/cuboids (A), a single cuboid in magnification
(B), and the correspondent FFT analysis (C).

Powder X-ray diffraction (XRD) measurements were conducted to investigate the
crystallinity and purity of the palladium nanoparticles. The obtained XRD pattern, as
shown in Figure 25, displayed characteristic diffraction peaks that correspond to the
fcc phase of elemental palladium. These diffraction peaks showed a very good

agreement with the patterns for palladium nanoparticles reported in the literature.[167]

Rietveld analysis was performed on the XRD pattern to determine the lattice constant
(a) of the palladium nanoparticles. The calculated lattice constant was found to be
3.8923 A, which closely matches the literature value of 3.89019 Al168! for the fcc phase

of palladium.

Additionally, the crystallite size of the palladium nanoparticles was estimated from the
XRD data. The calculated crystallite size was found to be 17 + 1 nm, which was
consistent with the particle size obtained from SEM observations. This correspondence
further confirmed the monocrystalline nature of the nanopatrticles, as observed in the
TEM images.
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Figure 24. Rietveld-refined diffraction pattern of Pd nanocubes obtained from powder
X-ray diffraction. Miller indices are given in parentheses.

Transmission electron microscopy, in combination with X-ray diffraction
measurements, confirmed the synthesis of cubical single crystal palladium

nanoparticles enclosed by (100) facets.

Table 6. Classification of the experimental reflexes of palladium nanocubes obtained
from PXRD, based on the databank ICDD-PDF 43-1043.

Experimental reflex Literature reflex Lattice plane
°20 °20 (hkl)
40.126 40.119 111
46.686 46.659 200
68.124 68.121 220
82.102 82.100 311
86.606 86.619 222

Table 7 summarizes the particle size distribution, standard deviation, and PDI obtained
from scanning electron microscopy, dynamic light scattering, and differential

centrifugal sedimentation.
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Table 7. Comparison of particle size distribution, standard deviation, and polydispersity
index (PDI) obtained from Gauss-fits for all size-determination methods.

Method SEM DLS DCS
cubes | cuboids cubes | cuboids
Size / nm 18 20 35 17 21
Standard deviation / nm 1 1 8 1 3
PDI 0.06 0.05 0.23 0.06 0.14

5.1.2.2 Influence of potassium bromide (KBr)

In the previously described synthesis, the addition of KBr served two important
purposes. Firstly, the presence of Br - anions has selectively modified the surface free
energies of different facets on the palladium nanoparticles, particularly the (100)
facets.!1%° This selective chemical adsorption of bromide ions on the (100) facets could
influence the growth and formation of nanocubes, which are favored by the strong
binding of the capping agent PVP to these facets. By controlling the concentration of
bromide, it could be possible to regulate the growth rate of different facets, 17 thereby
allowinf control over the size of the nanoparticles. Secondly, bromide ions, in
combination with oxygen, play a crucial role in the oxidative etching process (discussed
in detail in chapter 5.2.2), which is necessary for the synthesis of well-defined faceted

nanoparticles.

To investigate the impact of KBr, varying amounts (600, 450, 300, and 150 mg) were
added to the reaction system while keeping all other reaction parameters constant. All
samples were fully characterized by UV-Vis, STEM, DCS, and DLS. Several of the
results presented below, derive from syntheses that were conducted by Mr. Sven
Kramer as part of his bachelor's thesis in our group.

UV-Vis spectroscopy (Fig. 25) showed a consistent blue shift of the LSPR maxima of
the Pd nanoparticles accompanied by a gradual weakening of the signals as the
amounts of added KBr decreased. The shift of the peaks towards shorter wavelengths
and the eventual absence of characteristic peaks suggested the formation of smaller
palladium nanoparticles, potentially even smaller than 10nm,[163] as the concentration

of the Br ~decreased significantly.
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Figure 25. UV-Vis spectra obtained from the syntheses of Pd nanoparticles carried out
with different amounts of KBr.

Figure 26 displays scanning transmission electron microscopy (STEM) images of the
four different syntheses, along with their corresponding particle size distributions.
Despite the variations in size and morphology, both nanocubes and nanobars were
still present and distinguishable. However, it was evident that their sizes decreased as

the amount of KBr decreased, which aligned with the observations from the UV-Vis

spectroscopy analysis.
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Figure 26. STEM images obtained from the syntheses carried out with different
amounts of KBr (from the top: 600, 450, 300, 150 mg). All images were recorded with
an acceleration voltage of 30 kV and a magnification of 300,000 times.
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The particle size distributions obtained from DCS measurements, as shown in
Figure 27 and more detailed in Appendix 9.2.1, also demonstrated a continuous
decrease in the size of the Pd nanoparticles with decreasing amounts of KBr.
Remarkably, when the particle size reached values below 13 nm, DCS measurements
were no longer able to distinguish between the two different structures, resulting in a
single peak instead of two distinct peaks, as observed previously. This suggested that
at smaller sizes, the differences in morphology became less distinguishable by DCS

analysis.
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Figure 27. Comparison of DCS measurements of palladium nanopatrticles synthesized
by varying the amount of KBr.

All particle size distributions obtained from dynamic light scattering analysis displayed
a monomodal size distribution, as expected (Appendix 9.2.2). Since the DLS software
assumes spherical nanoparticles and measures the hydrodynamic radius, it is
typical to observe a single peak and a larger average size of the particles. However, it
was notable that the measurements also indicated a decrease in size when a smaller
amount of KBr was used in the synthesis (Fig.28), indicating the strong influence of

Br ~ions on the particle size, even within the limitations of DLS analysis.
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Figure 28. Comparison of DLS measurements of palladium nanopatrticles synthesized
by varying the amount of KBr.

The C-potential measurements, measured in pH=5, showed a decreasing trend
(Table 8) as the KBr amount decreased. This decrease in -potential can be attributed
to the reduced concentration of Br - adsorbed on the surface of the nanoparticles. It
led to a shift from electrosteric stabilization to steric stabilization. However, this change
in the stabilization mechanism did not indicate an unstable colloidal system. Instead, it
enhanced the role of the stabilizing agent (PVP) as the bromide concentration varied.

Table 8. Particle size was determined through STEM, DCS, DLS, and {-potential
(pH=5) of palladium nanoparticles synthesized with different amounts of KBr.

Method STEM DCS DLS ¢-potential
KBr cubes cuboids cubes cuboids
mg nm nm nm nm nm mVv
600 18+1 20+1 17+1 21+1 35+8 -33
450 13+1 16+1 11+1 14+1 23+5 -12
300 10+1 13+1 9+2 21+5 -12
150 7+1 10+1 5+1 16+4 -7
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In summary, the variation of KBr amount in the synthesis of palladium faceted
nanoparticles had a direct impact on the size of the nanoparticles while preserving their
morphology. Decreasing the amount of KBr resulted in smaller nanoparticles, while the
ratio between nanocubes and nanobars/cuboids (70%:30%) remained consistent. This
size decrease trend was observed consistently across different measurement
techniques, including UV-Vis spectroscopy, STEM imaging (Fig. 28 A), and size
distribution analysis using DLS (Fig. 28 C) and DCS (Fig. 28 B).
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Figure 29. KBr mass-dependent diagram of the palladium average particle size,
determined through STEM (A), DCS (B), and DLS (C).

5.1.2.3 Influence of capping agent polyvinylpyrrolidone (PVP)

To explore the influence of different polymer lengths on the size and morphology of Pd
nanocubes nanoparticles, two additional variations of the synthesis were carried out
using PVP4o (Mw = 40,000 g mol?) and PVP29 (Mw = 29,000 g mol?) alongside the
previously used PVPss (Mw = 55,000 g mol?).

UV-Vis spectroscopy (Fig. 30) showed a light red-shift in the LSPR peaks when PVP
with fewer repeat units (PVP40 and PVP29) were used compared to the synthesis with
PVPss. Interestingly, both polymer lengths showed similar red-shifts, suggesting the

formation of larger nanopatrticles.
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Figure 29. UV-Vis spectra obtained from the syntheses of Pd nanoparticles carried out
with different lengths of polymer PVP.

Scanning transmission electron microscopy images (Fig. 32) provided further
confirmation of the formation of larger nanoparticles, with the two structures
(nanocubes and nanobars/cuboids) remaining consistent and their size increasing.
Surprisingly, there was not a significant difference in size between the nanoparticles
synthesized with PVP4 and PVP29. Moreover, both PVP4 and PVP29 syntheses
exhibited additional larger hexagonal nanopatrticles, pyramids, and rods (Fig. 31) with
an approximate size of 45 nm. This observation suggested that the oxidative etching
process might be incomplete when using PVP40 and PVP2g, indicating a possible effect
between the capping agent PVPss and KBr in the formation of nanocubes and

nanobars.

Figure 31. Additional morphologies (hexagons, nanorods, and pyramids) obtained
from the synthesis of Pd nanoparticles with different polymeric chains of PVP. For all

images, the scale is 50 nm.
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Figure 32. STEM images obtained from the Pd nanoparticle syntheses, carried out
with different lengths of PVP (from the top: PVPss, PVPa, PVP20) and the
correspondent STEM size distributions for the nanocubes and nanobars. All images
were recorded with an acceleration voltage of 30 kV.
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The particle size distributions obtained from differential centrifugal sedimentation
(Fig. 33) further supported the previous observations, revealing bimodal size
distributions with each peak corresponding to the two different structures (nanocubes
and nanobars/cuboids). When shorter polymers were used, the nanopatrticles exhibited

slightly larger sizes (Table 9) compared to the ones obtained with PVPss.
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Figure 33. Comparison of DCS measurements of palladium nanopatrticles synthesized
with different polymeric chains of PVP.

Contrasting the bimodal distribution obtained from DCS, dynamic light scattering
measurements (Appendix 9.2.2) consistently provided monomodal particle
distributions, as observed before. Despite this difference in the distribution shapes,
DLS also demonstrated no significant change in the particle size as the polymer length
decreased (Fig. 34).
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Figure 34. Particle size distributions obtained from the Pd nanocubes syntheses with
different lengths of PVP.

The C-potential values obtained from each synthesis were consistently similar, as
demonstrated in Table 9. These results indicated that the length of the polymeric chain
(PVP) did not have an impact on the stabilization of the nanoparticles. The strong
negative values, approximately -30 mV, suggested that all synthesized nanoparticles
were colloidally stable systems, irrespective of the specific polymer length used in the

synthesis.

Table 9. Particle size determined through STEM, DCS, DLS, and {-potential of
palladium nanopatrticles synthesized with different lengths of PVP.

Method STEM DCS DLS {-potential
cubes cuboids cubes | cuboids
PVP nm nm nm nm nm mV
PVP55 18+1 20+ 1 17+1 21+1 35+8 -33
PVP40 21+2 25+ 2 19+1 24+ 1 37+8 -33
PVP29 21+1 25+ 2 20+ 1 25+1 42 +9 -32
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In summary, the use of different PVP variations in the synthesis of palladium
nanoparticles did not affect the size of the nanoparticles, but it did impact the
polydispersity of the system. Additional morphologies, like hexagons, nanorods,
quasi-spherical particles, and pyramids, were also observed when shorter PVP

polymers were used.
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5.1.3 Characterization of palladium nanocubes (ca. 45 nm)
A seed-and-growth method was employed to generate large palladium nanoparticles
with a cubical morphology, utilizing palladium nanoparticles obtained from the previous

synthesis as seeds.

The optical properties of the nanoparticles were investigated using UV-Vis
spectroscopy. The obtained UV-Vis spectrum (Fig. 35) exhibited a single peak at
360 nm which indicated the formation of nanoparticles with a size of approximately
50 nm.[*63 The peak corresponding to the smaller palladium nanoparticles at 238 nm
experienced a red-shift as a direct consequence of the enlargement of the

nanoparticles, agreeing with similar observations in the literature.[167]
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Figure 35. UV-Vis spectra obtained from the seed-and-growth synthesis of Pd
nanocubes (45 nm) and 18 nm Pd nanocubes (seeds).

Scanning electron microscopy was employed to visualize the metal core of the
palladium nanoparticles. The nanoparticles showed well-defined cubic structures with
even surface. No smaller structures or agglomerates were visible, indicating a
monodisperse system. The SEM images (Fig. 36 A and B) clearly depict a

monodisperse sample consisting of larger palladium nanoparticles. Once again, the
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presence of two distinct structures, namely nanocubes and nanocuboids/nanobars

(yellow arrows, Fig. 36 B), was evident, maintaining a consistent ratio of 70% to 30%.

Analyzing the SEM size distribution for the nanocubes, it was found that the particles
exhibited a mean edge length of 43 £ 3 nm and a low PDI of 0.07 (Fig. 36 C). On the
other hand, the nanobars displayed a mean long edge length of 52 + 4 nm (Fig. 36 D)
with a PDI of 0.08.
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Figure 36. REM images of the synthesized Pd nanocubes both recorded with an
accelerating voltage of 5 kV and magnification of 100,000 (A) and 10 kV and
magnification of 200,000 times (B). SEM size distribution of the nanocubes (C) and
cuboids/nanobars (D).
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Dynamic light scattering was utilized to assess the colloidal stability of the
nanoparticles. The mean hydrodynamic diameter obtained from DLS analysis revealed
a size of 46 nm £ 5 nm (Fig. 37), indicating a monodisperse system without the
presence of any agglomerates. The PDI value of 0.2 further confirmed the uniformity
of the particle sizes within the dispersion. Furthermore, a negative {-potential value of
-32 mV was observed, demonstrating the colloidal stability of the nanoparticle

dispersion.
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Figure 37. Particle size distribution was determined by DLS of Pd nanoparticles
(seed-and-growth) obtained from the reduction of Na2PdCls with ascorbic acid.

As also observed on smaller Pd nanoparticles, discussed earlier, DCS analysis in this
case also revealed a bimodal particle size distribution (Fig. 38). This finding suggests
the presence of two distinct sizes of particles within the sample. The stronger peak
observed in the DCS analysis can be attributed to the nanocubes, while the second

peak corresponds to the cuboids/nanobars.
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Figure 38. DCS bimodal size distribution obtained from the DCS measurement of Pd
nanoparticles (seed-and-growth) obtained from the reduction of Na2PdCls with
ascorbic acid.

Peak 1, associated with the cubes, exhibited an average particle size of 45 + 2 nm,
with a low polydispersity index (PDI) of 0.04. Peak 2, corresponding to the cuboids,
displayed an average particle size of 55 + 2 nm, also with a PDI of 0.04. These results
matched the obtained SEM patrticle size distributions. Table 10 summarizes the values

obtained from the methods utilized.

Table 10. Comparison of particle size distribution, standard deviation, and
polydispersity index (PDI) obtained from Gauss-fits for all size-determination methods.

Method SEM DLS DCS
cubes cuboids cubes | cuboids
Size / nm 43 52 46 45 55
Standard deviation / nm 3 4 5 2 3
PDI 0.07 0.08 0.20 0.04 0.05
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The transmission electron microscopy images obtained provided further insight into
the structure of the generated palladium nanoparticles. As seen in Figure 39 A, TEM
confirmed the successful formation of larger palladium nanoparticles, exhibiting an
average edge length of approximately 45 nm. Figure 39 B zooms in on a specific region
of a particle, revealing the arrangement of palladium atoms within the nanoparticles.
No defects or multiple crystallite domains were observed, indicating the preserved
single crystalline nature of the initial 18 nm palladium nanoparticles, which were used
as seeds.

Fast Fourier Transform analysis (Figure 39 C) demonstrated a high degree of
crystallinity and a [001] orientation, providing additional confirmation of the cubical
morphology. Although the growth of the palladium nanoparticles was epitaxial, it was
not entirely uniform, resulting in nanocubes and nanobars with slightly irregular edges.
However, despite this non-uniform growth, the nanoparticles maintained their cubical

morphology.

Figure 39. TEM images of Pd nanocubes/cuboids (A), a single nanoparticle in higher
magnification (B), and the correspondent FFT analysis.

X-ray diffraction analysis (Fig. 39) provided confirmation of the crystallinity and purity
of the larger palladium nanoparticles. The characteristic reflections corresponding to
the elemental palladium face-centered cubic (fcc) phase were clearly detected, as
detailed in Table 11. Compared to the diffraction pattern obtained for the 18 nm

particles, the reflections observed for the larger nanoparticles were narrower and
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sharper. This indicated an increase in crystallite size, corresponding to the larger

particle size.
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Figure 39. Rietveld-refined diffraction pattern of Pd nanocubes obtained from powder
X-ray diffraction.

Rietveld refinement calculations yielded a crystallite size of 44 + 1 nm, which aligned
with the particle size determined from SEM and TEM analyses. This result further
supported the notion that each palladium nanoparticle was a single crystal. After all,
the seed-mediated growth approach was chosen in order to secure the
single-crystalline nature of the larger Pd nanocubes. The lattice constant (a) was
determined to be 3.8904 A, which closely matches the theoretical value of 3.89019 A.
This agreement between the experimental and theoretical lattice constants provided
additional evidence of the high crystalline quality and structural integrity of the

palladium nanoparticles.
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Table 11. Classification of the experimental reflexes of palladium nanocubes obtained
from PXRD, based on the database ICDD-PDF 43-1043.

Obtained reflex Literature reflex Lattice plane
°20 °20 (hkI)
40.116 40.119 111
46.666 46.659 200
68.134 68.121 220
82.112 82.100 311
86.617 86.619 222

5.1.3.1 Investigation of the growth mechanism of palladium
nanocubes (45 nm)

To investigate the growth mechanism and changes in size and morphology during the

synthesis of the 45 nm palladium nanocubes/nanobars with the seed-and-growth

method, samples were collected every three hours and examined with UV-Vis, DLS,
DCS and SEM.

The optical properties of the nanoparticles were examined using UV-Vis spectroscopy.
The obtained spectra (Figure 40) revealed a gradual red-shift and broadening of the
localized surface plasmon resonance (LSPR) peak at 238 nm, indicating an increase
in the size of the nanoparticles over time. This observation suggested the ongoing
growth and enlargement of the palladium nanoparticles during the synthesis
process.[171.172] According to the obtained UV-Vis spectra, the most significant red-shift
of the LSPR peak occurred during the first 7 hours of the synthesis. After this point, no
substantial changes were observed in the maximum position, indicating a relatively

stable size of the palladium nanoparticles.
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Figure 40. UV-Vis spectra of palladium nanoparticles obtained at different time
intervals during the synthesis.

Scanning electron microscopy images were recorded for every sample during the 24 h
synthesis (Figure 41). One hour after the initiation of the growth, the nanoparticles
increased in size from 17 to 37 nm, but their morphology became irregular, deviating
from the initial cubic shape. This deviation can be attributed to a non-uniform deposition
of the atoms on the surface of the seeds. As the synthesis progressed, the average
size of the particles reached 43 nm £ 3 nm, (4 h) forming cuboctahedral structures,
indicating that during the growth procedure, the palladium atoms were not deposited
equally on both (100) and (111) facets. Over time, the cuboctahedra transformed back
gradually into cubic shapes and with sharper edges and corners. By the end of the
reaction, the size of the particles did not change significantly; however, they exhibited
well-defined structures with two distinct faceted morphologies, as previously discussed

(nanocubes and nanobars).

76



Results and Discussion

77

‘suonealiubew Jualayip ul AX € Jo abeyjoa Buneisjgade ue Yyium papiodal
alom sabewl ||y ‘SInoy 2 pue gz ‘6T ‘9T ‘ST ‘0T ‘Z ‘v ‘T J9ue ‘uonoeal ayl aiojeq uaxel sajdwes Jo sabewl NIL1S Ty 2inbi4

4yo




Results and Discussion

1.0 S

0.8

Number

0.4

0.2

0.0 ———

Size / nm

Figure 42. DCS measurements of palladium nanoparticles obtained at different time
intervals during the synthesis.

The DSC measurements, as shown in Figure 42, have further supported the earlier
findings from UV-Vis and STEM. The particle growth rate can be described as
exponential, with a fast deposition of palladium atoms on the palladium seeds within
the first 7 hours of synthesis, followed by a significantly slower growth rate in the time
period between 7-24 hours. The growth was found to be consistent for both structures,

showing a similar increasing trend within the sample, as depicted in Figure 43.

78



Results and Discussion

60
50
£
€ 40 -
©
N
(%]
30 4
20 H
®  nanocubes
®  nanobars
10 +——

r+~r1 1 1 1 1T T -1 1T 1T 1T 171"
0 2 4 6 8 10 12 14 16 18 20 22 24 26
Time/ h

Figure 43. Time-dependent size diagram of palladium nanocubes and nanobars
(45 nm). The size at each step was obtained from the corresponding DCS patrticle size
distributions.

In brief, 18 nm palladium nanoparticles were used as seeds to generate larger 45 nm
nanoparticles using a seed-and-growth approach. The larger nanoparticles remained
monodisperse and single-crystalline, which was confirmed by DLS and XRD
measurements. Analysis of samples collected at different time intervals revealed a fast
growth rate in the first 7 hours of synthesis, but the deposition of palladium on the
seeds was not epitaxial, leading to octahedral structures. The growth rate gradually
decreased, and the nanoparticles regained their cubic shape, resulting in the final

product after 24 hours.
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5.2 Polyol-based syntheses of monometallic nanoparticles

5.2.1 Characterization of silver nanowires

The synthesis of silver nanowires typically involves the reduction of a metal salt in the
presence of a stabilizing agent in a suitable solvent, such as water or ethylene glycol.
Among the various methods known, such as electrochemical, hard-template, and
soft-template methods, the polyol-based synthesis is suitable for producing anisotropic
silver nanoparticles, offering more control over particle size and shape while delivering
reproducible results with high product yields.**! The method has proven effective in
generating silver nanowires through a seed-and-growth approach, where
heterogeneous nucleation occurs in the presence of suitable etching and capping
agents that strongly influence the resulting morphology. Several metal nanopatrticles
have been used in the past as exotic species for nucleation, hence for the growth of
silver nanowires, such as platinum nanoparticles, silver nanocubes and silver

nanoparticles.[173 174
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Figure 44. Schematic representation of the heterogeneous nucleation and growth
process of silver nanowires. Adapted with permission. 175 Copyright 2014 American
Chemical Society.
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In this work, silver nanowires were synthesized after Schuette et al.[*>%, In this method,
silver chloride seeds are formed in-situ by adding silver nitrate and sodium chloride at
the beginning of the synthesis. The slow injection of silver nitrate into the reaction
mixture initiates the growth of five-fold twinned silver nanoparticles on the silver

chloride particles, gradually growing into nanowires (Fig. 44).

The addition of polyvinylpyrrolidone, with 55,000 repeating units, plays a crucial role in
the morphology of the resulting nanoparticles as it leads to the complexation of the
(100) facets, allowing the particles to grow only in [110] direction as the silver ions
inhibit the (111) facets.

Figure 45. A 3D representation of a silver nanowire with a fivefold symmetry and its
crystallographic planes. [176]

Due to their anisotropic morphology, silver nanowires present interesting optical
properties. The UV-Vis spectrum showed two maxima at 348 nm and 379 nm, which
can be attributed to the two energetically different surface plasmons (Fig. 46). The
peak at 348 nm can be attributed to the longitudinal plasma band, i.e., the UV-Vis
absorption going along the length direction, while the other at 379 nm to the transverse
plasma band, i.e., the UV-Vis absorption going along the width direction.l'’”] The
UV-Vis spectrum obtained from the synthesized nanowires matche’d those in the

literature.[175. 177, 178]
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Figure 46. UV-Vis spectrum of the Ag nanowires obtained from the polyol process.

Figure 47 depicts SEM images of the synthesized silver nanowires. Most of them
seemed to have a uniform width, with an average value of 74 + 15 nm. Their
length-to-width ratio appeared to be high as they showed a length of 15 ym. However,
a few shorter and thicker morphologies, such as rods, could be seen. Furthermore,

their previously discussed five-fold symmetry was visible.

Figure 47. SEM images of silver nanowires obtained from the polyol process with a
magnification of 25,000 (A) and 50,000 (B) were recorded with an accelerating voltage

of 15 kV.
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However, determining the hydrodynamic radius of silver nanowires by DLS could be
problematic due to their anisotropic morphology. The synthesized nanowires were
characterized by DLS. Figure 48 shows the size distribution obtained from the
measurement. However, this characterization method exhibits limitations regarding
this specific morphology. DLS provided a monomodal size distribution of silver
nanowires with a mean length of 590 nm and a standard deviation of 14 nm, which did
not agree with the measurements obtained from SEM. The PDI value of 0.27 showed
a monodisperse system. Nevertheless, PDI was calculated based on the full width at
half maximum of Gaussian peak fitting (see eq. 5, Chapter 3.2.1). In this case, it could
not be considered as this method cannot deliver representative results about the size

of the particles.

The strong negative (-potential, -39 mV, showed an electrosteric stable colloidal
system. Even though the nanowires are stabilized with PVP, the negative value can
be attributed to the negative Cl-ions adsorbed on the surface of the wires, which derive

from the NaCl added during the synthesis.
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Figure 48. Particle size distribution (by number) determined by DLS measurement of
silver nanowires.
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The anisotropic morphology of silver nanowires and their long length were not only
problematic for the DLS measurements. Obtaining the size distribution through DCS
was also not possible. Their large size caused them to sediment quickly, making it
impossible to get valuable data. Furthermore, the fast rotation of the disk might cause

the nanowires breakage, which could result in misleading data.

To examine the phase purity and the crystallinity of the synthesized silver nanowires,
powder X-ray diffraction was carried out. The position of the reflexes on the diffraction
pattern (Fig. 49) agreed with the correspondent reflexes of the fcc silver phase
(Table 12). No other reflexes were visible, confirming the absence of AgCl seeds

generated during the synthesis and used as templates for the growth of silver

nanowires.
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Figure 49. Diffraction pattern of the silver nanowires, obtained from powder X-ray
diffraction. The Miller indices of the fcc silver peaks are indicated in parentheses.
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Table 12. Classification of the experimental reflexes of silver nanowires obtained
from PXRD, based on the database ICDD-PDF 04-0783.

Experimental reflex Literature reflex Lattice plane
°20 °20 (hkI)
38.119 38.117 111
44.310 44.279 200
64.440 64.428 220
77.368 77.475 311
81.537 81.539 222
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5.2.2 Characterization of silver nanocubes

The synthesis of silver nanocubes has been the subject of extensive research,
particularly by Xia’s group, over the last two decades.[14% 179-181l The generation of cubic
silver nanostructures has posed significant challenges due to the limited knowledge
about their growth mechanism, making it almost impossible to develop reproducible
protocols.[*8l Unlike thermodynamically stable (111)-faceted structures, nanocubes
are enclosed by (100) facets, requiring precise kinetic control for their synthesis. After
extensive research and experiments, silver nanocubes can be generated by the
oxidative etching of twinned particles, which are unavoidably formed at the early stages
of the synthesis. In this work, a modified polyol synthesis from Dr. Helmlinger*54 and

Dr. Pappert,15 first introduced by Xia’s group, was used.[149
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Figure 50. Proposed mechanism of the oxidative etching of the five-fold twinned
particles during the silver nanocubes synthesis, proposed by Im et al.[14°]

An essential step before the beginning of the actual reaction is heating ethylene glycol
at 160 °C in an open reaction vessel for an hour. This heating step serves two essential

purposes:

= allows any absorbed water by ethylene glycol to evaporate
= allows oxygen from the atmosphere to flow into the flask, which plays a crucial

role in the subsequent etching step.

Another critical step in the reaction is preparing the silver nitrate solution. It is essential
to prepare the solution exactly before adding it to the reaction mixture because even a
slightly aged AgNO3 solution can lead to the generation of silver nanowires.'82l In the
case of adding aged AgNOs solution, the amount of HCI should be adjusted

accordingly. After adding AgNOs to the solution, the reduction of silver starts, following
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the reaction discussed in Chapter 4.4.2.1. As the concentration of silver atoms reaches
a supersaturation level, nucleation occurs, and nanoparticles begin to grow. At this
stage, two crystalline structures are generated: single-crystal and five-fold twinned.
However, only the single-crystal structures can lead to the generation of silver
nanocubes. In the meantime, during the synthesis, the H* cations produced after the
reduction of the AgNOs and the free NOs™ generate in situ HNOgs, initiating a backward
reaction that selectively dissolves the twinned silver structures formed (eq. 13). The
earlier addition of HCI also contributes H* to the reaction mixture, leading to the
production of more HNOs, which is gradually consumed. Subsequently, a second
nucleation takes place, enhancing the formation of single-crystal nanostructures, i.e.,

nanocubes.[149]

4 HNO3 + 3 Ag — 3 AgNO3 + NO + 2 H20 (13)

The five-fold twinned decahedral particles are selectively dissolved during the oxidative
etching, while single-crystal nanocubes remain intact. The twinned structures provide
active sites for oxidative dissolution; hence they dissolve, and in turn, they release
silver ions into the solution, which leads to the growth of the existing nanocubes.[18]
The majority of nanopatrticles obtained from this synthesis showed a cubic morphology.

Figure 51. A mixture of silver nanocubes and nanowires from the described synthesis
before the filtration in a magnification of 10,000 times. The image was recorded with
an accelerating voltage of 15 kV. Both nanocubes and nanowires were observed.
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Despite the careful control of all the parameters, the formation of some nanowires was
inevitable (Fig. 51). To isolate the cubes, the resulting dispersion was filtered through
a cellulose filter with a pore diameter of 0.45 ym. The nanowires are very long and
cannot pass through the filter. Hence only the smaller particles remained in the

dispersion after the filtration.

The optical properties of silver nanocubes have been extensively studied as they find
applications in surface-enhanced Raman spectroscopy (SERS).1184186] Silver
nanocubes exhibit different optical properties from similarly-sized nanospheres due to
their cubic shape. Their sharp corners and edges lead to additional plasmonic modes

visible at different wavelengths in the spectrum.
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Figure 52. UV-Vis spectrum of the obtained silver nanocubes obtained from the polyol
synthesis.

However, similarly to the nanospheres, their absorbance peaks depend also on their
size, showing red-shift and broader peaks as their size increases. The obtained UV-Vis
spectrum from the synthesized nanocubes showed two maxima at 388 nm and 501 nm
and a small shoulder at 461 nm, indicating nanocubes with a mean edge length
between 80 and 90 nm.l187. 18] The peak at 501 nm can be attributed to dipole
resonance mode, and the small peak at 461 nm can be attributed to quadrupole
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resonance mode. The third, at 388 nm, is a hybrid peak arising from the even

contribution of dipole and quadrupole resonance modes.[18°]

The scanning electron microscopy images (Fig. 53A, B) showed cubic nanopatrticles
with slightly rounded corners and smooth surfaces. The absence of larger cubical
nanoparticles indicated that possibly no byproducts, such as AgCl nanocubes, were
generated during the synthesis. Their size is uniform, without visible agglomerates or
smaller nanoparticles, meaning a monodisperse and possibly stable system.
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Figure 53. SEM images of silver nanocubes obtained from the polyol process recorded
at magnifications of 50,000 (A) and 200,000 (B) with an accelerating voltage of 15 kV.
SEM size distribution of silver nanocubes (C) along with the corresponding EDS
spectrum (D). Si signal derives from the silicon wafer used for the measurement.
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The particles showed a narrow distribution with an average edge length of 85 nm, a
standard deviation of £7 nm, and a PDI of 0.08 (Fig. 53 C). Consequently, the silver
nanocubes could be characterized as a monodisperse system. Furthermore, with
SEM, energy-dispersive X-ray spectroscopy was performed (Fig. 53 D) to examine if
AgCl nanocubes were also formed as byproducts. EDS did not show signals indicating

the formation of AgCl byproducts.

DLS and ¢-potential measurement was performed to verify the nanocubes' colloidal
stability. Figure 54 shows the obtained size distribution by the number obtained from
DLS.
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Figure 54. Particle size distribution (by number) obtained from DLS measurement of
the silver nanocubes obtained from the polyol synthesis with oxidative etching.

The hydrodynamic diameter obtained from DLS showed a unimodal size distribution
with a mean value of 107 nm and a standard deviation of +12 nm. The size obtained
from DLS appeared to be larger than the size of SEM (85 £ 7 nm). This difference
between the two methods was expected as DLS provides information about the
hydrodynamic diameter. The PDI obtained from DLS 0.06 showed that the system was
monodisperse, while the strong negative (-potential, -41mV, indicated that the

nanocubes were colloidally stable. The substantial negative value can be attributed to
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the CI ~ions, which are adsorbed on the surface of the nanoparticles alongside PVP,

hence an electrosteric stabilization.

The DSC measure (Fig. 55) revealed a bimodal distribution as an additional small
shoulder appeared. This small peak usually appears in the case of cubic nanopatrticles.
However, the size distribution obtained from the central peak provided a mean size of
81+ 7 nm and a PDI of 0.08, which agreed with the values obtained from the previously

presented characterization methods.
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Figure 55. DCS measurements of the silver nanocubes obtained from the polyol
synthesis with oxidative etching.

Despite their large size, obtaining images in higher resolution from TEM was possible,
confirming the nanocubes' rounded edges and providing information about their
crystallinity. Figure 56 (A) shows three silver nanocubes with a mean size of 83 nm,
confirming SEM measurements. Furthermore, at a closer look, it was clear they consist
only of one crystal, confirming that they are single crystalline structures (Fig. 56 B).
Additionally, fast Fourier transformation (FFT) analysis (Fig. 56 C) indicated an [001]

orientation and single crystalline nature.
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Figure 56. Bright-field TEM images of three silver nanocubes (A), a single
nanocube (B) with corresponding FFT analysis (C).

PXRD measurement was performed to examine and confirm the purity and crystallinity
of the silver nanocubes. The obtained PXRD pattern (Fig. 57) showed the
characteristic reflexes of the fcc phase of metallic silver (Table 13). The strongest reflex
corresponding to the (200) plane showed a high texture in the [100] direction,
characteristic of cubic structures. The firm texture derived from their geometry. As they
are enclosed of (100) planes, their preferred orientation is parallel to the substrate.[15°
1901 Consequently, a mirror surface is formed, leading to a diffraction peak with

unusually strong intensity.

Table 13. Classification of the experimental reflexes of silver nanocubes obtained from
PXRD, based on the databank ICDD-PDF 04-0783.

Obtained reflex Literature reflex Lattice plane
°26 °20 (hkI)
38.152 38.117 111
44.330 44.278 200
64.455 64.427 220
77.368 77.475 311
97.990 97.891 400
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Rietveld refinement calculations resulted in a crystallite size of 90 nm, which agreed
very well with the particle size determined by SEM, confirming the single crystallinity
of silver cubic nanopatrticles. The calculated silver lattice parameter, 4.0860 A, agreed

perfectly with the theoretical value of 4.0862 A.
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Figure 57. Rietveld-refined diffraction pattern of silver nanocubes obtained from
powder X-ray diffraction and a schematic representation of a cube with the
crystallographic orientation of the different surfaces.

Silver nanocubes with an average size between 80-90 nm and an average PDI of 0.07
were successfully synthesized. The generated particles were used to perform further
core-shell and in-situ heating experiments. Table 14 summarizes the particle size
distribution, standard deviation, and PDI obtained from scanning electron microscopy,

dynamic light scattering, and differential centrifugal sedimentation.

Table 14. Comparison of particle size distribution, standard deviation, and
polydispersity index (PDI) of silver nanocubes obtained from all size-determination
methods.

Method SEM DLS DCS
Size / nm 85 107 81
Standard deviation / nm 7 12 7
PDI 0.08 0.05 0.08
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5.3 Synthesis of bimetallic nanoparticles

5.3.1 Characterization of core-shell silver-gold (Ag@Au) nanocubes
Generating noble metal core-shell structures is a highly challenging task. As discussed
in Chapter 2.4.3, the primary obstacle is the galvanic replacement reaction between
two metals due to the difference in their electrochemical potentials. It is crucial to
successfully suppress and carefully control this reaction to produce core-shell
bimetallic nanoparticles.

Here, the synthesized silver nanocubes were used as templates for the growth of a
gold shell around them. The galvanic replacement reaction between silver
nanoparticles and gold ions deriving from the reduction of tetrachloroauric (Ill) acid

from ascorbic acid can be described with the following two half equations: 191

Ag*a+1le —Ag &2=08V (13)

AUCla~aqy+3e - AU+ 4 Cl@agy &2=10V (14)

Which leads to the final balanced equation:

AUCls ~ (ag) + 3 Ago — 3 AQ*(aq) t+ Au® + 4 Cl(aq) Sg =0.2V (15)

The silver atoms from the surface of the nanoparticles can be quickly oxidized and
dissolved from the AuCls™ ions due to the higher standard potential producing Ag™* ions.
These, in turn, lead to the formation of vacancies on the surface of the particles,
offering open spots for the deposition of gold atoms produced from the reduction of

gold ions (Fig. 58). Gradually, this results in hollow nanostructures.
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Figure 58. Schematic mechanism of the galvanic replacement reaction between silver

and gold.

Several key parameters were carefully considered to establish a reliable and
reproducible synthesis route that avoids the formation of hollow nanoparticles. Factors
such as the molar ratio between the two metals, solution pH level, precursor
concentration, and addition rate were thoroughly examined in the framework of this

project.

The synthesis presented in this work was initially based on a methodology proposed
by Yang et al., with necessary modifications made accordingly. Their study suggested
that adjusting the pH level of the solution to 11 optimizes the reduction power of
ascorbic acid. The added tetrachloroauric acid will be exclusively reduced by the
ascorbic acid before initiating the galvanic replacement reaction, resulting in a

deposition of gold atoms on the surface of the silver nanocubes.

As previously mentioned, the variability among different systems necessitated the
performance of multiple synthetic variations to study and optimize the synthesis
process thoroughly. The most crucial objective was generating a complete shell around
the nanocubes. Initial experiments revealed that a nominal composition of 70% silver
and 30% gold resulted in the desired shell formation. However, to suppress the
galvanic replacement reaction, further investigations were conducted. The same
synthesis using a silver-to-gold molar ratio of 70:30 was carried out with varying pH
values. It was observed that pH values under 11 resulted in hollow spots on the surface

of the nanocubes, indicating the oxidation and dissolution of silver atoms from gold.
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Figure 59. Nanoparticles were obtained from the AG@Au core-shell synthesis with a
molar ratio of 70:30, performed at 0 °C (A) and 50 °C (B). The images were taken at a
magnification 200,000 (A) and 100,000 (B) times, and the accelerating voltage was
15 kV.

On the other hand, when the pH was above 12.5, the formation of small gold
nanoparticles was observed. The same behavior was also observed when the
synthesis was performed at both low temperatures (0 °C synthesis was performed in
an ice bath, Fig. 59 A) and higher temperatures (50 °C). In the case of synthesis
performed at 50 °C small gold nanoparticles were accompanied by hollow gold
nanocubes (Fig. 59 B). Additionally, higher precursor concentrations resulted in the
formation of hollow nanoparticles and a significant number of smaller nanoparticles.
Using energy dispersive and atomic absorption spectroscopy, the analysis revealed
that the final nominal composition between silver and gold was approximately 55:45
and 63:37, respectively. The higher concentration of gold likely contributed to the
complete dissolution of silver nanocubes and the formation of smaller particles
(Fig. 60).
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Figure 60. Nanoparticles obtained from the Ag@Au core-shell synthesis with a molar
ratio 70:30 were carried out with a higher precursor concentration. The image was
recorded at a 50,000 magnification, and the accelerating voltage was 15 kV.

The addition rate of the metal precursor (HAuUCls) plays a crucial role in the synthesis,
influencing the outcome. Figure 61 shows scanning electron microscopy images and
corresponding mapping obtained from energy dispersive spectroscopy from the
synthesis conducted at varying addition rates. When the metal precursor,
tetrachloroauric (l11) acid, was added at 0.2 and 0.15 mL min-t. SEM images exhibited
core-shell silver nanocubes with a well-formed and compact shell. However, upon
careful evaluation, the optimal addition rate of 0.15 mL min't was selected due to its
ability to deliver a final molar ratio between the two metals (AAS 76:24, EDS 77:23)
that closely matched the initial molar ratio (70:30). This choice ensured a more

controlled and desired composition.
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The optical properties of the obtained core-shell nanocubes were examined by
ultra-violet and visible spectroscopy. It is known that both silver and gold nanoparticles
exhibit plasmonic behavior, and the presence of a shell around the nanocubes is

expected to result in a distinct spectral response.

Figure 62 shows a comparison of the UV-Vis spectra obtained from pure silver and
core-shell silver-gold nanocubes with a molar ratio of 70:30. As expected, the
prominent maxima at 388 nm and 501 nm of the silver nanoparticles were no longer
visible in the core-shell spectrum. Instead, a red-shifted peak at 680 nm emerged,
characteristic of gold nanoparticles.'%! The absence of the characteristic localized
surface plasmon resonance (LSPR) peaks of the silver nanocubes in the spectrum of
the bimetallic structures could be considered a strong indication of the formation of a

compact gold shell around the seeds.

— Ag nanocubes 680 nm

1.0 4—— Ag@Au nanocubes

o o
(o)) (o]
1 1

Absorbance / a.u.
o
~

0.2

0.0 T T T T T T T T T T
300 400 500 600 700 800
Wavelength / nm

Figure 62. UV-Vis spectra of silver (red) and silver-gold core-shell nanocubes (green)
with a molar ratio silver to gold 70:30.

Scanning electron microscopy images have provided further evidence of the
successful formation of a complete shell around the silver nanocubes (Fig. 63A).
Compared to the smooth surface of the silver nanocubes, the core-shell nanoparticles
exhibited an uneven surface after adding gold. This unevenness was attributed to the
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deposition of gold atoms on their surface. The SEM analysis also yielded a particle
size distribution (Fig. 63B), revealing an average edge length of 9610 nm with a low

PDI of 0.1.
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Figure 63. SEM image of the obtained core-shell nanocubes with a nominal
composition 70:30 (A), the corresponding particle distribution (B), and EDS spectrum
(C). The SEM image was taken with a magnification of 150,000 times and an
accelerating voltage of 10 kV.

To determine the molar ratio of the two metals in the final product, energy dispersive
X-ray spectroscopy (EDS) was employed. The EDS analysis provided a molar
silver-to-gold ratio of 77:23. EDS mapping was conducted to visualize the exact
distribution of gold and silver on the particles, further confirming the formation of
core-shell structure rather than alloyed nanoparticles (Fig. 61 middle row). Moreover,

atomic absorption spectroscopy was employed to determine the final nominal
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composition of silver-to-gold. The analysis resulted in a molar ratio of 76:24, which

aligns perfectly with the composition obtained from EDS.

To assess the size distribution and colloidal stability of the core-shell nanopatrticles,
DLS was conducted and C-potential was measured. The hydrodynamic diameter
obtained from dynamic light scattering showed a mean value of 127 nm with a standard
deviation of 13 nm. This increase in size compared to the initial silver nanocubes
(107 nm) indicated the successful formation of a gold shell around the particles. The
low PDI of 0.02 further confirmed the monodispersity of the core-shell system. The

negative {-potential, -25 mV, also indicated a colloidally stable system.
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Figure 64. DLS measurement of the silver-gold core shell nanocubes with a nominal
composition of silver-to-gold 70:30.

The core-shell particles were examined under transmission electron microscopy (TEM)
and X-ray powder diffraction to gain more information about the morphology and

crystalline structure.

High-angle annular dark field imaging was employed to gain detailed insights into the
formation of the gold shell on the silver nanocubes. This imaging technique, which
takes advantage of the higher atomic number than silver, allowed the distinction
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between the two metals. The obtained images demonstrate the presence of a compact
and uniform shell surrounding the silver core. Complementary EDS map (Fig. 65B)

further confirmed the core-shell nature of the bimetallic nanocubes.

In a previous work by Dr. Pappert, it was proposed that the growth of the gold shell
around the nanocubes initiates preferentially on the (111) facets.[*5? This preference
can be attributed to the inhibiting effect of the stabilizing agent PVP on the (100) facets,
retarding the crystallization of gold atoms on these planes. As a result, the (111) facets
serve as the preferred sites for gold deposition. In this case, the gold atoms crystallized
epitaxially on the surface of silver nanocubes, forming a shell with a thickness of
approximately 8-9 nm. However, it is worth noting that there were regions where the
shell thickness appeared thicker and exhibited uneven growth.

This growth behavior can be explained by the Stranski-Krastanov mechanism.
According to this mechanism, initially, the shell formation occurs as a two-dimensional
layer. As the layer reaches a critical thickness, three-dimensional islands begin to form,
leading to the observed variations in shell thickness. The critical layer thickness

depends on the substrate and the layer's surface energies and lattice parameters.[193-

195]
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Figure 65. HAADF STEM image (A) and map (B) of a silver-gold core-shell nanocube
with a nominal composition 70:30 and the corresponding line scan (dashed yellow
arrow B, C).

The slightly darker regions (indicated by yellow arrows, Fig. 65 A) observed in the
HAADF image of the displayed particle can be attributed to variations in the density
within the silver core. These regions might be porous or hollow due to local galvanic

replacement reactions that take place.
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X-ray diffraction provided information about the crystallography of the formed shell
around the silver seeds. Figure 66 shows the recorded diffractogram of the silver-gold
core-shell nanocubes. At first look, the absence of the strong intensity of the (200)
observed previously on the diffraction pattern of silver cubes indicated that the rough
surface of the bimetallic structures has affected the preferred orientation. It can be
assumed that the nanocubes were not laying anymore on their (100) surfaces, and if

they did, their uneven surface could not provide comparatively the same strong signals.

As the lattice parameter of silver (4.086 A) and gold (4.079 A)1% for the fcc phase are
almost similar, distinguishing and classifying the obtained reflexes can often be

challenging.!197]
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Figure 66. Rietveld-refined diffraction pattern of silver-gold core-shell nanocubes
obtained from powder X-ray diffraction. The peak profile was calculated using
fcc-phases of silver and gold. Miller indices of Ag and Au fcc phases are given in
parentheses.

Table 15 depicts each phase's lattice parameter and crystallite size, as determined
through Rietveld analysis. The analysis of the silver fcc phase gave a crystallite size
of 70 nm, slightly smaller than the initial size of silver nanocubes without the shell. The

reduction in the silver crystallite size of silver can be attributed to the dissolution of a
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certain amount of silver during the deposition of gold on the surface. The presence of
gold atoms on the surface leads to the replacement of silver atoms, resulting in a
decrease in the domain size of the silver phase. Respectively, the gold fcc phase
analysis gave a crystallite size of 3 nm. This size corresponded to approximately 1/3
of the particle size (10 nm) obtained from transmission electron microscopy images
(Fig.67). The smaller crystallite size than the particle size indicated a polycrystalline
structure of the gold nanoparticles crystallized on the surface of silver nanocubes, i.e.,

five-fold twinned silver nanospheres.

Table 15. Lattice parameters and crystallite sizes were calculated from Rietveld
refinement analysis.
|

Phase Lattice parameter / A Crystallite size / nm
Ag fcc 4.085 (2) 70 (2)
Au fcc 4.079 (1) 3(1)

Figure 67. Bright-field TEM image of the gold shell formed on the surface of the silver
nanocubes, consisting of 10 nm gold nanoparticles.

The lattice parameters calculated for the silver and gold fcc phases, 4.085 A and
4.079 A, respectively, match closely with the theoretical values of 4.086 A and 4.078 A.

The accurate alignment with the theoretical lattice parameters further supported the
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core-shell structure and verified the absence of significant interfusion or alloying

between silver and gold.

The composition analysis also obtained from Rietveld analysis revealed that the
particles consisted of 72% silver and 28% gold. The composition aligned well with the
results obtained from AAS and EDS (Table 16), providing consistent and reliable
information about the relative amounts of silver and gold within the core-shell

nanoparticles.

Table 16. Three independent methods determined the elemental composition of
silver-and gold core-shell nanocubes.

AAS EDS XRD
Silver / mol% 77+6 76 +4 72 +5
Gold / mol% 23+7 24 +2 28+5

Overall, 96 nm silver-gold core-shell nanocubes with an approximate nominal
composition of silver-to-gold 75:25 were successfully synthesized and fully
characterized using spectroscopical, colloidal, microscopical, and diffraction

techniques.

105



Results and Discussion

5.3.2 Characterization of platinum nanocages

For the synthesis of platinum nanocages, 85 nm silver nanocubes that had been
previously synthesized were used as sacrificial template. By exploiting the galvanic
replacement reaction that occurs between platinum and silvert!%! (since platinum is

nobler that silver, eq. 16), hollow platinum nanocubes were successfully produced.

2 Ag ) + [PtCla]? (ag) = 2AgCl (aqors) + Pt s) + 2 ClI (ag) (16)

The optical properties of the obtained nanocages were examined by ultra-violet and
visible spectroscopy. As silver nanoparticles exhibit plasmonic behavior, it was
expected that they would show characteristic peaks in the UV-Vis spectrum. However,
in the case of the platinum-coated nanocubes, no signal corresponding to the silver
nanoparticles was observed (Fig. 68). The absence of the prominent maxima at
388 nm and 501 nm indicated the complete dissolution of the silver nanocubes and
suggested the formation of nanocages, core-shell structures, or other platinum
nanoparticles. Further characterization was needed to determine the exact nature of

the resulting structures.
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Figure 68. Comparison of UV-Vis spectra of Ag nanocubes (red curve) and Pt
nanocages (light blue). The Pt curve shows no LSPR signal indicating the formation of
a Pt shell.
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Scanning electron microscopy imaging of the synthesized nanocages (Fig. 69)
revealed the formation of uniformly sized particles with an average outer edge length
of 104 £ 8 nm, inner edge length of 74 +10 nm, and a PDI 0.05. The consistent
cage-like structure observed exhibited a monomodal size distribution without signs of
agglomerates or the formation of smaller nanoparticles or other morphologies. The

calculated thickness of the platinum shell was about 10 nm.
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Figure 69. SEM images of platinum nanocages were recorded both with an
accelerating voltage of 15 kV and magnification of 100,000 (A) and 200,000 (B) times
and corresponding SEM patrticle size distribution.
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Dynamic light scattering analysis (Fig. 70) of the nanocages yielded a patrticle size
distribution with an average hydrodynamic size of 157 nm and a standard deviation of
15 nm. The low PDI of 0.15 indicated a monodisperse system, suggesting that the
majority of the particles had a similar size and no additional platinum nanoparticles
were formed during the deposition of platinum on the surface of the particles.
Additionally, the C-potential value of -23mV indicated a colloidally stable system. This
suggested that the nanocages were well-dispersed and less likely to agglomerate or

precipitate, contributing to their long-term stability.
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Figure 70. Particle size distribution (by number), PDI obtained from DLS measurement
of platinum nanocages and the corresponding C-potential value.

Electron X-ray dispersive spectroscopy was employed to examine the composition of
the platinum nanocages precisely. The analysis revealed a molar ratio of 95:5 for
platinum to silver. Despite the samples being washed with concentrated nitric acid, a
small amount of silver was still detected. It can be assumed that during the formation
of the shell and the galvanic replacement reaction, a few silver atoms were not fully
displaced from the particles. Consequently, they were “trapped” underneath or

between the platinum nanoparticles that constitute the shell/frame of the
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nanocages.'% The concentrated nitric acid used during the washing process was

unable to penetrate and dissolve the remaining silver, hence the small silver amount.

Additionally, EDS mapping (Fig. 71) was conducted, which further confirmed the

platinum rich the frame of the nanocages.

Figure 71. EDS mapping of the generated platinum nanocages, showing the
platinum-rich frame.

A more detailed insight into the structure of platinum nanocages was provided by TEM.
Figure 72 (A) displays an overview of seven nanocages. Unlike SEM, it was evident
there that the shell/frame, like the silver-gold core-shell nanocubes previously
discussed, consisted of small platinum nanoparticles measuring approximately 3-4 nm
(Fig. 72 C). This observation suggested that the shell's growth did not occur through
the epitaxial deposition of platinum atoms on the nanocubes' surface. Instead, small
nanoparticles were deposited, forming a compact yet relatively porous shell, which in
turn led to nanocages with an uneven surface. The shell's thickness was about 10 nm,

which was consistent with the previous SEM measurements.
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Figure 72. Overview of several Pt nanocages in TEM (A), a single nanocage (B), and
focused image on the Pt (C) nanoparticles on the frame of the cages.
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5.3.3 Characterization of core-shell palladium-platinum nanocubes

To produce palladium-platinum core-shell nanocubes, a seed-and-growth approach
was chosen based on a protocol proposed by Xie et al.l?°d Palladium nanocubes,
18 nm in size, were used as seeds and a solution of hexachloroplatinate (1V)
hexahydrate was added at a carefully controlled rate the in presence of ascorbic acid,

potassium bromide and polyvinylpyrrolidone to initiate the platinum shell formation.

UV-Vis spectra obtained from the bimetallic nanoparticles showed no LSPR peak. The
absence of the LSPR peak in the UV-Vis spectrum of the bimetallic nanoparticles
strongly suggested the formation of a platinum shell around the 18 nm palladium

nanocubes.
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Figure 73. Comparison of UV-Vis spectra of palladium nanocubes (dashed curve) and
bimetallic Pd-Pt nanocubes (light blue).

Scanning transmission electron microscopy images (Fig. 74) revealed that the
nanoparticles maintained their cubic morphology, although with some noticeable
changes. The edges and corners of the particles appeared more rounded, and the
overall shape was less well-defined compared to the 18 nm palladium nanoparticles.
The increase in the edge length from 18 to 21 nm for the nanocubes (Fig. 74 C) and

from 21 to 24 nm for the nanobars (indicated with red arrows Fig. 74 A, Fig.74 D)
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further confirmed the deposition of platinum onto the palladium nanopatrticles.
Additionally, no hollow structures were observed, indicating the formation of core-shell

structures rather than hollow nanopatrticles.

Energy-dispersive X-ray spectroscopy (Fig. 74 B) analysis was performed and
confirmed the presence of both platinum and palladium in the sample, with a nominal
composition of 85:15. This finding was in good agreement with the ratio determined
through atomic absorption spectroscopy, which showed a nominal composition of
90:10.
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Figure 74. STEM image of core-shell Pd@Pt nanocubes and nanobars (A), EDS
spectrum (B), and the correspondent STEM patrticle size distribution for both structures
(C and D).

The particle size distribution obtained from dynamic light scattering (Fig. 75) showed a
similar increase in the mean hydrodynamic diameter of the nanoparticles from

35+£8nm to 42 £ 9 nm, confirming the deposition of platinum on the palladium
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nanoparticles. Furthermore, the polydispersity index value of 0.26 remained almost
unchanged, indicating a monodisperse system. The {-potential also remained constant
at -24 mV, indicating that the bimetallic nanoparticles remained colloidally stable

throughout the synthesis.
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Figure 75. Particle size distribution (by numner) obtained from the DLS measurement
of core-shell Pd@Pt faceted nanoparticles synthesized with a seed-and-growth
approach.

Transmission electron microscopy images provided clear evidence of the successful
formation of bimetallic core-shell palladium-platinum nanostructures (Fig. 76). The
similar lattice constants of platinum and palladium (3.9242 A for Pt2°1 and 3.8907 A
for Pdlt) enabled conformal deposition, resulting in epitaxial growth of platinum on the
palladium seeds. The slow injection of the platinum precursor in the reaction mixture
aimed to achieve heterogeneous nucleation of platinum atoms on the palladium seeds,
and this approach proved to be effective. However, it was also observed that the
palladium core partially dissolved during the process, leading to the formation of
concave nanostructures. Although further experiments were not conducted within the

scope of this thesis, optimization of the synthesis parameters may offer opportunities
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to control the rate of precursor deposition and fine-tune the final shell thickness of the

nanoparticles.

Figure 76. TEM images of core-shell Pd@Pt faceted nanoparticles, a nanocube (A),
and a cuboid (B) showing the epitaxial formation of the Pt shell.
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5.4 Thermal stability experiments

5.4.1 In-situ TEM and XRD heating experiments on silver nanocubes
Figure 76 showcases a series of transmission electron microscopy images captured
while heating silver nanocubes at temperatures ranging from 25 to 800 °C. The
investigation focused on three nanoparticles located at a specific position with varying
edge lengths (84 nm, 77 nm, and 89 nm). Interestingly, the nanoparticles’ size
exhibited stability up to 600 °C. However, at 600 °C, the corners of the nanocubes
began to gradually round off by exposing their (110) facets. Their size remained
unchanged until 650 °C (Video 1, Appendix 9.3). Upon reaching 700 °C, they lost their
cubic shape as the exposure of (110) facets increased, resulting in the formation of
truncated octahedra. Finally, at 800 °C, the silver nanocubes underwent complete
sublimation. The outline of the nanocubes at 800 °C can be attributed to the pyrolysis
products of the capping agent, PVP, and to stretch marks of the carbon substrate.

Previous studies on the kinetic pathways of the sublimation of silver spherical
nanoparticles have demonstrated its dependence on size, crystallinity defects, and
time. Regarding size dependence, it has been observed that the sublimation
temperature increases with increasing particle size, confirming the theoretical
predictions deriving from the Kelvin equation.[?92-2041 However, in this case, even the
smaller nanocubes maintained their size integrity up to 600 °C, exhibiting similar
behavior to the larger cubes. It could be concluded that the size difference between
them should be significantly larger to observe an earlier initiation of the sublimation

process.

As for the crystallinity defects, it was concluded that silver nanoparticles with a high
surface energy, i.e., silver nanoparticles with defects in their atomic structure , such as

five-fold twinned silver nanopatrticles, underwent a non-uniform sublimation pathway.
[205]
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In-situ X-ray powder diffraction (PXRD) experiments were conducted to gain insight
into the crystal structure and its potential changes during the heating process. Figure
77 demonstrates a series of PXRD patterns collected from room temperature to
800 °C.
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Figure 77. In-situ X-ray powder diffractograms of silver nanocubes mixed with LaBe
(labeled with *; split peaks due to Cu Kql,2 radiation) on a tantalum sample holder
(marked with A). The silver (fcc) peaks (111), (200), (220), and (331) are indicated.

All patterns exhibited the characteristic diffraction peaks corresponding to the fcc
phase of elemental silver, as discussed in Chapter 4.4.2.3. Additionally, apparent
reflexes originated from the tantalum sample holder (marked with A) and the
incorporated reference material LaBs (marked with *). As the temperature increased,
a shift towards lower 28 values was observed for all the peaks attributed to the fcc
silver phase. The shift was expected due to the unit cell’s thermal expansion. Upon
closer examination, it became evident that the intensity of the silver diffraction peaks
decreased alongside the shift. This effect was particularly noticeable for the (200) and

(220) reflexes, as the (111) peak partially overlapped with the strong signal from the
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tantalum sample holder. Comparing the intensity of these silver peaks with those of
the reference sample, it became apparent that their intensity remained unchanged up
to 600 °C. However, beyond this temperature, the intensity started to decline, and
eventually, the obtained peaks became almost invisible, indicating the sublimation of

silver.

Furthermore, all patterns showed sharp and narrow reflexes. No amorphous phase
was present during the procedure, confirming that silver remained crystalline and no
melting process occurred. These observations from the XRD experiments align

perfectly with the earlier findings from the in-situ TEM heating experiments.

Rietveld analysis was performed to quantify the approximate amount of silver
sublimated for every diffraction pattern obtained. Table 17 shows the mass loss of
silver at every step of the experiment. In the end, it was found that 63% of the initial
silver amount was sublimated (Fig. 78).
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Figure 79. Temperature-dependent mass of silver nanocubes as derived from XRD
after Rietveld refinement. Given is the mass ratios of silver to the standard LaBe (start:
22:78; after the heating: 71:29)

118



Results and Discussion

5.4.2 In-situ microscopy (SEM, TEM) and XRD heating experiments

on silver-gold core-shell nanocubes
The silver-gold core-shell bimetallic nanocubes synthesized in this study were similar
in size to the pure silver nanocubes subjected to heating electron microscopy and X-
ray diffraction experiments.

Figure 80 (and video 2, Appendix 9.2) demonstrates a series of transmission electron
microscopy images recorded at temperatures ranging from 25 and 900 °C. In-situ
microscopy experiments revealed that as the temperature increased, the surface
texture of the nanoparticles became smoother and more uniform. Additionally, between
400 and 500 °C, the pores within the silver core (lighter regions), resulting from partial
dissolution during the formation of the gold shell through galvanic replacement,
became filled, indicating atom mobility within the structure. In contrast to the silver
nanocubes, which lost their morphology at lower temperatures, the silver-gold core-
shell nanocubes maintained their shape up to 700 °C. However, in this case, the

gradual rounding of the corners was still observed.

Complementary scanning electron microscopy in-situ experiments were conducted
(video 3, Appendix 9.2) to investigate the nanocubes’ behavior further. As depicted in
Figure 81, EDS analysis was performed to determine the metal distribution on the
nanoparticles at various temperatures. Line scanning was also conducted at each step
to understand the nanocubes’ composition better. The obtained EDS maps and line
scans confirmed the preservation of the core-shell structure of the bimetallic
nanocubes up to 400 °C. However, above this temperature, an alloying process was
observed to take place. The increase in temperature induced the mobility of gold
atoms. More specifically, it was observed that between 400 and 600 °C, gold atoms
from the outer shell started moving towards the inner part of the nanocubes. This
phenomenon, initially observed in TEM, was validated and could be attributed to the
diffusion of gold atoms through the silver lattice. Consequently, as a result of the

alloying process, alloyed nanostructures were formed within the nanocubes.[196. 206, 207]

This alloying process led to the gradual exposure of silver atoms on the surface of the
particles, causing the sublimation of silver once again. After the evaporation of silver,
the nanoparticles underwent significant morphological changes and completely lost
their cubical shape. The outcome was leaving behind one gold nanopatrticle originating

from the small 10 nm gold nanoparticles that initially covered the silver nanocubes.
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This aggregation of gold nanoparticles can be attributed to their tendecy to reduce their

surface energy and stabilize themselves, forming larger structures.
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Results and Discussion

Figures 82 and 83 present a series of diffraction patterns obtained from in-situ X-ray
powder diffraction experiments conducted on the silver-gold nanocubes in a high
vacuum environment (10 Pa). These diffraction experiments further confirmed the

observations during the corresponding SEM and TEM experiments.

Up to 600 °C, the (200) and (220) peaks shifted towards lower 208 values, similar to
what was observed in the silver nanocubes, indicating thermal expansion of the unit
shell. The intensity of those peaks remained relatively unchanged during this
temperature range. However, above 650 °C, a reverse shift towards higher 28 values
was observed, accompanied by a decrease in peak intensity. This “right” shift in peak
position confirmed the alloying of silver and gold at temperatures above 650 °C, as
observed in SEM experiments, and indicated a contraction of the lattice.
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Figure 82. In-situ X-ray powder diffractograms of silver-gold core-shell nanocubes
mixed with LaBs (marked with *) on a tantalum sample holder (marked with A). Miller
indices of Ag and Au fcc phases are given in parentheses.
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The gradual decrease in peak intensity was attributed to the sublimation of silver
nanoparticles. In contrast to smaller alloyed silver-gold nanoparticles (8 nm), the larger
nanoparticles studied in this experiment did not undergo structural relaxation due to
recrystallization between 150 and 250 °C.[297] This observation, previously reported by
Prymak et al., indicated that the larger nanoparticles maintained their crystalline
structure throughout the heating procedure, confirming the formation of silver-gold

core-shell nanoparticles with distinct phases for each metal.
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Figure 83. Enlargement of in-situ X-ray powder diffractograms from Figure 82,
showing the (111) and (200) peaks of silver and gold.

The sublimation of silver is attributed to its higher vapor pressure compared to other
noble metals such as Ru, Rh, Pd, Os, Ir, Pt, and Au.[2%8 209 Dye to their high specific
area and free enthalpy; silver nanoparticles exhibited earlier sublimation than bulk
silver when subjected to low-pressure conditions. However, whether this effect was a

nanoscale phenomenon arose.
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To investigate the behavior at the microscale, a control experiment was conducted
using silver powder (Fig. 84) consisting of larger micro-particles (u-powder). The
micropowder was introduced to X-ray powder diffraction and examined in-situ, as the
previously discussed samples.

Figure 84. SEM image of silver powder containing micro-particles 5-8 pm.

A series of diffraction patterns taken at various temperatures were taken under high
vacuum conditions, as depicted in Figure 85. Unlike the silver nanopatrticles discussed
earlier, which exhibited a strong and intense (200) peak due to their preferred
orientation, the silver micropowder provided a typical diffraction pattern, characteristic
of the fcc silver phase. The diffraction peaks appeared sharp and narrow, indicating a
sample with high crystallinity. As the temperature increased, the diffraction peaks
exhibited the expected shift towards lower 26 values, reflecting the thermal expansion
of the unit cell. Notably, a difference was observed in the behavior of the diffraction
peaks among micropowder, silver, and silver-gold nanocubes. While the silver ones
experienced a gradual decrease in intensity as the temperature increased, indicating
the sublimation of silver, the powder's diffraction peaks remained unchanged
throughout the entire experiment, indicating that microparticles did not undergo any

sublimation.
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Figure 85. In-situ X-ray powder diffractograms of silver micropowder. Miller indices of
Ag and Au fcc phases are given in parentheses.

Figure 86 depicts the temperature dependence of the lattice parameter a for all

samples investigated, including the previously in-situ examined silver and gold
nanospheres, as a comparison.

The lattice parameter of the silver nanocubes (green), silver nanospheres?7]
(35 nm, red), and silver y-powder (pink) exhibited an almost identical linear increase
with the temperature. Despite the bimetallic nature of the silver-gold nanocubes
(black), the small amount of gold covering the silver nanocubes has a negligible impact
on the calculated lattice parameter of the silver. Therefore, the lattice parameter of
silver-gold nanocubes initially followed the same trend as that of the silver
nanoparticles. However, a gradual deviation toward lower lattice parameters was
observed as the temperature rose. This deviation indicated the diffusion of gold atoms

from the surface of the nanocubes, resulting in the alloying of gold with the silver core.
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Figure 86. Temperature-dependent lattice parameter a of silver nanospheres (35 nm),
silver nanocubes, silver microparticles, silver-gold core-shell nanocubes, and gold
nanospheres (8 nm)R297],

The sudden drop of the lattice parameter values at approximately 700 °C confirmed
the sublimation of silver, leaving behind only the gold part. After this point, the lattice
parameters matched those of pure gold nanospheres (8 nm, blue)i?%], as gold does

not undergo sublimation under these experimental conditions. [210]

127



Results and Discussion

5.4.3 Ex-situ experiments on silver nanoparticles

In this work, silver spherical nanoparticles were synthesized and fully characterized.
Ex-situ X-ray powder diffraction experiments were conducted to investigate whether
the sublimation of silver nanoparticles is solely dependent on vacuum and
temperature. Instead of silver nanocubes, silver nanospheres were chosen to be
examined. This choice was made due to the similarity in the lattice parameter trends

(comparable to those of silver nanocubes) during in-situ examination (Fig. 86).

For these experiments, a customized quartz sample holder was used. The lyophilized
sample was evenly distributed on the holder to ensure uniformity. The first diffraction
measurement was conducted at room temperature as the initial reference point.
Subsequently, the sample-loaded holder was placed in a muffle furnace and heated at
a rate of 5 K min-! until reaching a temperature of up to 200 °C. Before and after each
heating step, the mass of the sample was carefully recorded to monitor any changes.
This procedure was repeated incrementally, with measurements taken at 200 °C

intervals up to a final temperature of 800 °C.
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Figure 87. Ex-situ X-ray powder diffractograms of silver nanospheres. Miller indices of
Ag phases are given in parentheses.
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The obtained diffraction patterns are presented in Figure 87, exhibiting the
characteristic reflections of the pure silver fcc phase. However, compared to the
diffraction patterns of the cubical nanoparticles discussed earlier, the signals obtained
at 25 °C appear relatively wider. This broadening can be attributed to their smaller
size of spherical nanopatrticles and the smaller crystallite size. The five-fold twinned
decahedral structures that silver forms, consisting of several domains and defects,

have already been extensively studied in the literature.[159. 211-213]

As the temperature increased, a noticeable transformation occurred in the diffraction
patterns. The reflexes became sharper and narrower due to continuous crystallization.
Throughout the experiment, no loss in peak intensity was observed, suggesting that
when the silver nanoparticles were heated under no vacuum condition, they did not
undergo sublimation. Table 18 shows the mass loss measured after each heating
cycle, as well as the calculated lattice parameter a and crystallite size (CS) determined

through Rietveld analysis performed at each step.

Table 18. Sample mass after every heating cycle (5 K min?), lattice parameter, and
crystallite size obtained from Rietveld refinement for each heating step.

T/°C m@+aAg) /g mMag/mg Mass loss (%) aag / A CSag/nm
25 1.1371 6.7 0 4.089 (1) 15 (1)
200 1.1371 6.7 0 4.090 (1) 16 (1)
400 1.1368 6.4 45 4.085 (1) 78 (1)
600 1.1369 6.5 -3.0 4.085 (1) 80 (1)
700 1.1362 5.8 -13.4 4.085 (1) 336 (4)
800 1.1380 7.6 +13,4 4.084 (1) 436 (6)

I ———
mass of quartz sample holder, mg= 1.1304 g, mass of quartz sample holder and sample

Mo+ag = 1.371 g, mass of sample mag= 6.7mg

Up to 700 °C, a total mass sample loss of 13.4% was observed. This mass loss could
be attributed to the melting or decomposition of the stabilizing agent, PVP. The
calculated lattice parameter at each step matched very well with the theoretical value,
confirming the stability of the crystal structure throughout the heating process. As for
the crystallite size, the initial size obtained at 25 and 200 °C, approximately 15 nm,

corresponds to about 1/3 of the silver nanospheres' particle size (35 nm), confirming
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their polycrystalline nature. Above 200 °C, a continuous recrystallization process
occurred, as indicated by the increasing crystallite size values with increasing

temperature (Fig. 88).
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Figure 88. Temperature-dependent diagram crystallite size during the ex-situ XRD
heating experiments. A gradual increase in size was observed during the heating
process.

At 800 °C, an unexpected increase in mass was observed, which may potentially be
attributed to experimental error or external factors influencing the measurements. For
instance, contamination could occur during the transportation of the sample between
the muffle furnace and the diffractometer. Even during the heating procedure, the
muffle furnace itself could be a source of contamination leading to misleading mass
measurements. The calculated lattice parameter, as well as the crystallite size
calculated at 800 °C, did not, however, suggest any unexpected structural change of

silver.

A control experiment was conducted to investigate potential sources of error and
exclude the possibility of mass gain originating from the sample holder. Another quartz

sample holder, lacking any sample, was subjected to the same heating procedure up
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to 800 °C. The mass of the empty holder was recorded before and after heating,

revealing no indication of mass gain or other significant changes.

To confirm whether the observed mass loss is attributed to the decomposition of the
stabilizing agent, PVP, thermogravimetric analysis (TGA) was conducted. Figure 89
shows the obtained TGA diagram, which provides information on weight loss as a

function of temperature.
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Figure 89. Thermogravimetric analysis of 35 nm silver nanospheres stabilized with

PVP4oin O2 atmosphere.

The TGA curve displayed a weight loss of approximately 5.5% starting at around
150 °C, corresponding to the decomposition temperature of PVP. The decomposition
of pure PVP normally starts at 380 °C; however, it was reported that when
nanoparticles are coated with PVP, its decomposition can occur at lower
temperatures.?4 Additionally, a further mass loss of roughly 1,5% was observed until

the end of the experiment.

The additional weight loss can also be attributed to the residual PVP, as indicated by
the TGA curve of pure PVP4o (Fig. 90). The decomposition started approximately at

350 °C, as expected. Between 500 and 600 °C, approximately 87% of the initial
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amount of PVP was decomposed while the rest of the polymer decomposed gradually
up to 900 °C.
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Figure 90. TGA analysis of pure PVP with a molecular weight of 40,000 g mol, which
was used for the stabilization of Ag nanospheres in Oz atmosphere.

This observation confirmed the suggestion that the mass loss seen in the XRD
experiments can be attributed to the decomposition of the capping agent rather than
the sublimation of silver nanoparticles. Additional TGA experiments were conducted to
compare the thermal behavior of different silver particles, including nanocubes, micro
particles (u-powder), and bulk silver folil.

As expected, the silver foil showed no significant change in mass throughout the
heating process (Fig. 91A). The microparticles exhibited a minimal mass loss of
approximately 1%, which can be attributed to the presence of PVP as a stabilizing
agent (Fig. 91B). Similarly, the silver nanocubes showed a noticeable mass loss at
around 300 °C, indicating the decomposition of the stabilizing agent, PVP (Fig. 91C).
However, the subsequent mass changes were negligible after this initial mass loss.
These findings suggest that there was no sublimation of silver during the heating of
silver nanoparticles under ambient conditions.
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Figure 91. Thermogravimetric analysis of Ag foil (bulk material) (A), Ag microparticles

(5-8 ym) stabilized with PVP (B) and Ag nanocubes (85 nm), stabilized with PVP (C),

in O2 atmosphere.
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6. CONCLUSIONS — SUMMARY

This study focused on creating nanoparticles of mono- and bimetallic noble metals (Ag,
Au, Pd, Pt) with specific shapes and analyzing them using various methods such as

spectroscopy, microscopy, and diffraction.

Silver nanoparticles, approximately 35 nm in size, with a quasi-spherical shape and
plasmonic behavior, were successfully synthesized via the reduction of silver nitrate
by glucose in water. These nanoparticles had a five-fold twinned crystalline structure

and could explain the deformation from a perfect spherical shape.

Silver nanowires were synthesized through a polyol-based method involving the
reduction of metal salt in the presence of a stabilizing agent, ethylene glycol (polyol
method). The process allowed for anisotropic silver nanoparticles. The method utilized
silver chloride seeds formed in-situ, which grew into nanowires through a
seed-and-growth approach. PVP and NacCl influenced the resulting morphology by
inhibiting certain facets, leading to elongated nanowires with five-fold symmetry. The
anisotropic morphology of the nanowires gave rise to interesting optical properties, as
observed in the UV-Vis spectrum with two maxima at 348 nm and 379 nm,
corresponding to different surface plasmons. SEM images revealed uniform-width
nanowires with an average width of 74 £ 15 nm and a length of 15 ym. However,
determining the hydrodynamic radius through DLS was problematic due to their
anisotropic shape and high length. The synthesized nanowires showed electrosteric
stabilization. PXRD confirmed the phase purity and crystallinity, confirming the

absence of AgCl seeds used as templates for growth.

Silver nanocubes stabilized with PVP were prepared using a modified polyol process
with oxidative etching. The synthesis was successfully optimized and provided
nanocubes with slightly rounded corners and smooth surfaces, with an average edge
length of 85 nm. Various tests showed that they were colloidally stable, with a
hydrodynamic diameter of around 107 nm and a negative {-potential of -41 mV. They
were also found to be single crystalline structures with a [001] orientation and exhibited
characteristic reflections of the fcc phase of metallic silver. These synthesized
nanoparticles were used for further core-shell syntheses and in-situ heating

experiments.
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Palladium nanoparticles were synthesized using ascorbic acid in water, resulting in
18 nm nanoparticles with well-defined shapes enclosed by (100) facets. The
nanoparticles were thoroughly characterized using various methods, including UV-Vis,
DLS, DCS, STEM, and PXRD, to determine their size, structure, and stability. By
adjusting the amount of etching agent KBr during synthesis, a correlation was
observed between bromide ion concentration and nanopatrticle size, with decreasing
concentrations resulting in smaller nanoparticles. The synthesis produced
monodisperse, colloidal stable cubical nanoparticles, demonstrating the controllability
of nanoparticle size. When using different lengths of capping agent (PVP), no
significant changes in morphology and size were observed, but additional shapes,
such as rods and pyramids, were generated. Through a seed-and-growth approach,
the 18 nm palladium nanoparticles were used as seeds to generate larger,
approximately 45 nm nanoparticles, which maintained their monodispersity and
single-crystalline nature. The growth mechanism was examined by analyzing samples
collected at different intervals, revealing a relatively fast growth rate in the first 7 hours
of synthesis, resulting in octahedral structures. The growth rate then gradually
decreased, but the nanoparticles regained their cubic shape, resulting after 24 hours

to the final products.

The synthesis of noble metal core-shell structures presents a challenge due to the
galvanic replacement reactions that occur between metals with varying
electrochemical potentials. The reaction between silver nanopatrticles and gold ions
could easily lead to the creation of hollow nanostructures. After careful consideration
of various parameters, such as the molar ratio of the two metals, solution pH level,
temperature, precursor concentration, and addition rate, a reliable and reproducible
synthesis was developed. The optimal conditions resulted in the creation of 96 nm
core-shell silver-gold nanocubes with a nominal composition of 75% silver and 25%
gold, and a complete formation of a gold shell around the silver nanocubes. Through
TEM and PXRD, it was confirmed that small, 20 nm gold nanoparticles were deposited
on the surface of the silver cubes, while EDS mapping showed the precise distribution
of the two metals, thereby confirming the core-shell nature of the particles. Further,
TEM and PXRD experiments were conducted using Ag@Au nanocubes for in-situ

heating.
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Through a seed-mediated approach utilizing the galvanic replacement reaction,
100 nm platinum nanocages were successfully synthesized. The absence of LSPR
peaks in the UV-Vis spectrum indicated the formation of a platinum shell. SEM and
TEM imaging confirmed the complete dissolution of silver nanocubes and the formation
of nanocages or other platinum nanoparticles. The platinum shell exhibited a thickness
of approximately 10 nm. EDS analysis validated the platinum-rich composition,
revealing a molar ratio of 95:5 for platinum to silver. TEM images further revealed that

the shell consisted of 2 nm platinum nanoparticles, forming a compact frame structure.

Palladium-platinum core-shell structures were also generated through a
seed-and-growth method. Cubic nanoparticles with slightly rounded edges and
corners, with an average edge length of approximately 21 nm, and a nominal
composition of palladium to platinum 90:10 were successfully synthesized. TEM
images provided evidence of the successful formation of bimetallic core-shell
palladium-platinum nanostructures. The similar lattice constants of platinum and
palladium allowed epitaxial deposition of platinum on the palladium seeds. However,
the partial dissolution of the palladium core led to the formation of concave
nanostructures. Further optimization of synthesis parameters may allow better control

of the final shell thickness of the nanoparticles.

In-situ heating microscopy and diffraction experiments were carried out to assess the
thermal behavior of silver nanocubes and silver-gold core-shell nanocubes. The silver
nanocubes exhibited stability up to 600 °C, maintaining their cubic shape, but above
600 °C, the corners rounded off, forming truncated octahedra. Above 700 °C, the silver
nanocubes lost their morphology and underwent sublimation. Silver-gold core-shell
nanocubes also maintained their shape up to 700 °C and underwent an alloying
process above 400 °C, followed by sublimation of silver, resulting in morphological
changes. XRD showed that no melting process had occurred, as the nanoparticles
remained crystalline throughout the whole experiment. Ex-situ experiments on silver
nanospheres showed no sublimation when heated under ambient conditions. Instead,
the mass loss observed was attributed to the decomposition of the stabilizing agent,
PVP.
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7. GERMAN SUMMARY — ZUSAMMENFASSUNG

Die vorliegende Arbeit umfasst die Synthese und Charakterisierung von mono- und
bimetallischen Nanopartikeln, die aus den Edelmetallen Ag, Au, Pd und Pt mit
spezifischen Formen hergestellt und mittels verschiedener spektroskopischer und
mikroskopischer Methoden sowieso Réntgenbeugung analysiert wurden.

Durch eine Polyol basierte Synthese, bei der in Gegenwart eines stabilisierenden
Liganden ein Metallsalz mittels Ethylenglykols reduziert wurde, konnten
Silbernanopartikel mit einer stdbchenférmigen Morphologie dargestellt werden. Bei der
Herstellung der Partikel wurden in-situ gebildete Silberchlorid-Keime verwendet, die
sich durch eine seed-and-growth Methode bildeten. Indem PVP und NaCl das
Wachstum bestimmter Kristallflachen hemmten, wurde die Bildung von
stabchenférmigen Nanopartikeln mit funffacher Symmetrie beginstigt. Die anisotrope
Morphologie der Nanostabchen filhrte zu interessanten optischen Eigenschaften.
Folglich konnten in der UV-Vis-Spektroskopie zwei Maxima bei 348 nm und 379 nm
beobachtet werden, die verschiedenen Oberflachenplasmonen entsprachen.
SEM-Bilder zeigten Nanostdbchen mit einer durchschnittlichen Breite von 74 + 15 nm
und einer Lange von 15 um. Die Bestimmung des hydrodynamischen Radius mittels
DLS war aufgrund der anisotropen Form und Lange der Partikel problematisch. Die
synthetisierten Nanostabchen zeigten eine elektrosterische Stabilisierung. Durch die
Abwesenheit der als seeds verwendeten AgCl-Keimen konnte Uber PXRD die

Phasenreinheit und Kristallinitat bestatigt werden.

PVP stabilisierte  Silber-Nanowirfel wurden mittels eines  modifizierten
Polyol-Verfahrens mit oxidativem Atzen hergestellt. Die Synthese konnte erfolgreich
modifiziert werden und lieferte Nanowdrfel mit leicht abgerundeten Ecken und glatten
Oberflachen sowieso einer durchschnittlichen Kantenlange von 85 nm. Verschiedene
Methoden zeigten, dass die Silber-Nanowirfel mit einem hydrodynamischen
Durchmesser von etwa 107 nm und einem negativen Zetapotential -41 mV kolloidal
stabil waren. Die Partikel wiesen eine einkristalline Struktur mit einer
[001]-Orientierung auf und zeigten charakteristische Reflexe der fcc-Phase von
metallischem Silber. Diese wurden anschlie3end fur weitere Core-Shell-Synthesen

und in-situ-Heizexperimente verwendet.

Palladium-Nanopartikel wurden unter Verwendung von Ascorbinsaure in Wasser

dargestellt. Sie zeigten klar definierten Formen, umschlossen von (100)-Flachen,
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sowieso eine durchschnittliche GréRe von 18 nm. Die Charakterisierung erfolgte
mittels UV-Vis, DLS, DCS, STEM und PXRD. Durch die Anpassung der Menge des
Atzmittels KBr wéahrend der Synthese wurde eine Korrelation zwischen der
Bromidionenkonzentration und der Nanopartikelgrof3e beobachtet, wobei eine
Abnahme der Br - Konzentration zu kleineren Nanopartikeln fuhrte. Die Synthese
lieferte monodisperse, kolloidal stabile, kubische Nanopartikel und demonstrierte somit
die Kontrollierbarkeit der Nanopartikelgro3e. Bei Verwendung unterschiedlicher
Langen des Liganden PVP wurden keine signifikanten Veranderungen der
Morphologie und GroRRe beobachtet, jedoch kam es zur Bildung von weiteren
Morphologien wie Stabchen und Pyramiden. Durch den Einsatz von 18 nm grol3en
Palladium-Nanopartikel als seeds bei einem seed-and-growth Methode wurden
Partikel mit einer Grof3e von 45 nm erzeugt, die ihre Monodispersitat und einkristalline
Natur beibehielten. Der Wachstumsmechanismus wurde analysiert, indem Proben zu
verschiedenen Zeitpunkten wahrend der Synthese entnommen wurden. Es zeigte sich
eine schnelle Wachstumsrate in den ersten sieben Stunden, wobei die Bildung von
oktaedrischen Strukturen beobachtet werden konnte. Danach nahm ihre
Wachstumsrate langsam ab. Die Nanopartikel erlangten nach 24 Stunden ihre

kubische Form wieder.

Die Synthese von Edelmetall-Core-Shell-Strukturen stellt eine Herausforderung dar,
da Opferanodeneffekt zwischen Metallen mit unterschiedlichen elektrochemischen
Potenzialen auftreten. Die Reaktion zwischen Silbernanopartikeln und Gold-lonen
konnte leicht zur Bildung hohler Nanostrukturen flihren. Nach sorgfaltiger
Bertcksichtigung verschiedener Parameter wahrend der Synthesen wie dem molaren
Verhéltnis der beiden Metalle, dem pH-Wert der Losung, der Temperatur, der
Prakursorkonzentration und der Zugabegeschwindigkeit wurde eine zuverlassige und
reproduzierbare Synthese entwickelt. Die optimalen Bedingungen fihrten zur Bildung
von 96 nm groRen Core-Shell Silber-Gold-Nanowirfeln mit einer nominellen
Zusammensetzung von 75 % Silber und 25 % Gold, wobei eine vollstdndige
Goldschale um die Silbernanowdurfel zu sehen war. Mithilfe von TEM und PXRD wurde
bestétigt, dass sich kleine, 10 nm grofRe Goldnanopartikel auf der Oberflache der
Silberwirfel anlagerten, wahrend EDS-Mapping die genaue Verteilung der beiden
Metalle zeigte und somit die core-shell-Struktur der Partikel bestatigte. Weitere TEM-
und PXRD-Experimente wurden mit Ag@Au-Nanowdtrfeln fir In-situ-Experimente

durchgefuhrt.
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Durch einen seed Ansatz unter Verwendung der Opferanodeneffekt wurden erfolgreich
104 nm groRRe Platin-Nanokafige synthetisiert. Das Fehlen von LSPR-Peaks im
UV-Vis-Spektrum deutete auf die Bildung einer Platinhille hin. SEM- und TEM-Bilder
bestétigten die vollstandige Auflosung der Silbernanowtrfel und die Bildung von
Nanokéafigen oder anderen Platin-Nanopartikeln. Die Platinhiille besal} eine Dicke von
etwa 10 nm. Die Analyse mittels EDS zeigte eine platinreiche Zusammensetzung mit
einem molaren Verhéltnis von 95:5 fur Platin zu Silber. Durch TEM-Aufnahmen konnte
eine kompakte Hulle aus ultrakleinen Platin-Nanopartikeln mit einem Durchmesser von

2 nm bestatigt werden.

Auch Palladium-Platin Core-Shell-Strukturen wurden mithilfe eines seed-and-growth
Ansatzes erzeugt. Dabei konnten kubische Nanopartikel mit leicht abgerundeten
Kanten und Ecken sowie einer durchschnittlichen Kantenlange von 21 nm und einer
Zusammensetzung von Palladium zu Platin von 90:10 erfolgreich synthetisiert werden.
TEM-Aufnahmen lieferten Beweise fur die erfolgreiche Bildung bimetallischer
Core-Shell Palladium-Platin-Nanostrukturen. Aufgrund der &hnlichen Gitterkonstanten
von Platin und Palladium konnte eine konforme Abscheidung ermdglicht werden,
welche zu epitaktischem Wachstum von Platin auf den Palladium-Wurfeln fuhrte. Die
partielle Auflésung des Palladium-Kerns resultierte jedoch in der Bildung konkaver
Nanostrukturen. Eine weitere Optimierung der Syntheseparameter konnte eine

bessere Kontrolle der endgtiltigen Schalendicke der Nanopartikel erméglichen.

Um das thermische Verhalten dieser Nano-Systeme zu untersuchen wurden in-situ
REM- und XRD-Experimente an Silber-Nanowdirfeln und Silber-Gold Core-Shell-
Nanowdrfeln durchgefuhrt. Die Silber-Nanowdurfel waren bis 600 °C stabil und
behielten ihre kubische Form bei, jedoch rundeten sich oberhalb von 600 °C die Ecken
ab und es bildeten sich abgeschnittene Oktaeder. Oberhalb von 700 °C verloren die
Silbernanowdrfel ihre  Morphologie und  sublimierten. Die  Silber-Gold
Core-Shell-Nanowdrfel behielten bis zu 700 °C ihre Form und durchliefen oberhalb von
400 °C einen Legierungsprozess, gefolgt von der Sublimation von Silber, was zu
morphologischen Verédnderungen fihrte. Durch XRD-Messungen konnte ein
Schmelzprozess ausgeschlossen werden, da die Nanopartikel wahrend des gesamten
Experiments kristallin blieben. Ex-situ-Experimente an Silbernano-spharen zeigten

keine Sublimation wahrend der Erhitzung unter Umgebungsbedingungen. Die
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beobachtete Massenabnahme wurde stattdessen auf die Zersetzung des

Stabilisierungsmittels PVP zurtickgefuhrt.
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9. Appendix

9.1 List of abbreviations

AAS
Ag@Au
DCS
DEG
DLS
DLVO
EDS
EG
f.c.c.
mV
Pd@Pt
PDI
PVP29
PVPa4o
PVPss
PXRD
SEM
STEM
TEM
TGA
UV-Vis

Atomic Absorption Spectroscopy
Silver-gold core-shell

Differential Centrifugal Sedimentation
Diethylene Glycol

Dynamic Light Scattering

Derjagin, Landau, Verwey and Overbeek theory
Energy dispersive X-ray Spectroscopy
Ethylene Glycol

face-centered cubic

Millivolt

Palladium-platinum core-shell
Polydispersity Index

Polyvinylpyrrolidone (Mw = 29,000 g mol)
Polyvinylpyrrolidone (Mw = 40,000 g mol)
Polyvinylpyrrolidone (Mw = 55,000 g mol?)
X-ray powder Diffraction

Scanning Electron Microscopy

Scanning transmission electron microscopy
Trasmission Electron Microscopy
Thermogravimetric analysis

Ultraviolet-Visible Spectroscopy
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9.2 Palladium nanoparticles

9.2.1 Effect of the amount of potassium bromide

e Differential centrifugal sedimentation
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Figure 92. DCS measurements of palladium nanoparticles obtained from syntheses
with different amounts of KBr.
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e Dynamic light scattering

0.8

Number / a.u.

—— Pd nanocubes
600 mg KBr

"""" Gauss fit

d=35+8nm

PDI 0.29

C - potential = - 24 mV

10 100 1000

10600
Size / nm

0.8

Number / a.u.

—— Pd nanocubes
300 mg KBr

"""" Gauss fit

d=21+5nm

PDI 0.3

¢ - potential = - 12 mV

10 100 1000

10000
Size / nm

0.8

0.6

Number / a.u.

—— Pd nanocubes
450 mg KBr

"""" Gauss fit

d=23+5nm

PDI 0.25

£ - potential = - 33 mV

100 1000 10000

Size / nm

0.8 1

Number / a.u.

—— Pd nanocubes
150 mg KBr

""""" Gauss fit

d=16+4nm

PDI 0.26

£ - potential = - 7 mV

10

100 1000 10000

Size / nm

Figure 93. DLS and {-potential measurements of palladium nanoparticles obtained
from syntheses with different amounts of KBr. Z-potential values decreased when
adding a lower concentration of Br -, indicating their influence on the stabilization of

the nanoparticles.
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9.2.2 Effect of the capping agent (DCS and DLYS)

e Differential centrifugal sedimentation
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Figure 94. DCS particle size distributions obtained from palladium nanoparticle
syntheses with different PVP lengths.
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e Dynamic light scattering
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Figure 95. DLS particle size distributions (by number) show the average hydrodynamic
diameter of the Pd nanoparticles obtained from syntheses with different PVP lengths.
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9.2.3 Growth of Pd nanocubes

e Differential centrifugal sedimentation
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Figure 96. DCS particle size distributions obtained from the DCS measurements,

which were carried out during the growth of the 45 nm nanoparticles.
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9.3 In-situ electron microscopy videos

Video 1. QR code directing to the TEM in-situ heating experiment video of Ag
nanocubes.

&]:

Video 2. QR code directing to the SEM in-situ heating experiment video of core-shell
Ag@Au nanocubes.

B temy HV " det | mode
” 599°C  2000kv 0.10mA ETD SE

Figure 3. QR code directing to the SEM in-situ heating experiment video of core-shell
Ag@Au nanocubes.
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9.4 Publications

A. Karatzia, K. Loza, O. Prymak, M.Heggen and M. Epple, “Thermal Behavior of
Silver-Gold Core-Shell: In Situ X-ray Diffraction and in Situ Electron Microscopy (SEM
and TEM), The Journal of Physical Chemistry C, 2023. 127 (39): p. 19620-19628.

9.5 Posters and Presentations

16™ International Conference on Materials Chemistry, RSC events, Dublin, Irland,
3-6.7.2023, A. Karatzia, K. Loza, O. Prymak, M. Heggen, M. Epple: "An in-situ
investigation of the thermal behavior of silver nanocubes with and without a shell of
gold.” (poster)

3"d CENIDE Conference 2023, 2-5.5.23, Bergisch Gladbach, Germany, A. Karatzia, K.
Loza, O. Prymak, M. Heggen, M. Epple: "Synthesis, characterization and in-situ

heating studies of faceted bimetallic nanopatrticles” (poster)

31st Annual Meeting of the German Crystallographic Society (DGK), 26-29.3.2023,
Frankfurt, Germany, A. Karatzia, K. Loza, O. Prymak, M. Heggen, M. Epple:
"Sublimation of silver and silver-gold core-shell nanocubes studied by in-situ powder

diffraction and electron microscopy (SEM, TEM)" (oral presentation)

31st Annual Meeting of the German Crystallographic Society (DGK), 26-29.3.2023,
Frankfurt, Germany, K. Loza, A. Karatzia, M. Heggen, M. Epple, "Thermal conversion

of platinum-group metals by in situ transmission electron microscopy" (poster)

19" International Conference on Nanosciences and Nanotechnologies,
Nanotexnology 2022, 5-8.7.2022, Thessaloniki, Greece, A. Karatzia, K. Loza, O.
Prymak, M. Epple "Synthesis, characterization and in-situ studies of faceted noble

metal bimetallic nanoparticles" (oral presentation)

30" Annual Meeting of the German Crystallographic Society (DGK), 14-17.3.2023,
online. A. Karatzia, K. Loza, O. Prymak, M. Epple: "Synthesis and characterization of

faceted bimetallic nanoparticles.” (oral presentation)
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9.6 Curriculum Vitae
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