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Abstract

Shape Control Synthesis and Microstructure Studies of Metal Nanoparticles
Xin Wen

Department of Chemistry and Chemical Engineering

Chalmers University of Technology

Gothenburg, Sweden

Metal nanoparticles have been extensively studied in recent years due to their unique
chemical, biological and physical properties. Gold (Au) and palladium (Pd)
nanoparticles are two of the most popular materials because Au nanoparticles have
a strong localized surface plasmon resonance effect and Pd nanoparticles have high
hydrogen adsorption and chemical catalytic capacities. In the colloidal-chemical
synthesis of gold (Au) and palladium (Pd) nanoparticles, capping agents are widely
used to control the shape and size of nanoparticles. Capping agents are usually
surfactants, polymers, organic ligands and dendrimers. In this work, an anionic
surfactant, sodium oleate (NaOL) was mixed with common capping agents such as
hexadecyltrimethylammonium bromide (CTAB), hexadecyltrimethylammonium
chloride (CTAC) and polyvinylpyrrolidone (PVP) in order to tune the shapes of
nanoparticles. Three mixtures of capping agent: CTAB-NaOL, CTAC-NaOL, and
PVP-NaOL were applied to the synthesis of Pd nanoparticles, resulting in the
formation of Pd nanodendrites under proper circumstances including temperature,
pH value and ratio between the capping agents. The large surface area makes Pd
nanodendrites advantageous in catalytic applications. However, the application of
CTAB-NaOL mixture in the growth of Au nanorods plays a remarkably different
role. It increased the rod-shape yield and narrowed the aspect ratio of Au nanorods.
A growth-induced strain was discovered in the Au nanorods, leading to slight
bending in a large percentage (= 47%) of the Au nanorods.

A variety of techniques were used to investigate the microstructure and properties
of Au and Pd nanoparticles. Transmission electron microscopy including selected
area electron diffraction and Kikuchi pattern methods, energy dispersive X-ray
spectroscopy, and scanning transmission electron microscopy were employed to
study microstructure and elemental composition. Ultraviolet-visible spectroscopy,
dynamic light scattering and conductivity measurements were used to characterize
the growth kinetics of metal nanoparticles. Through these techniques, the effects of
the capping agent ratio, pH value and precursor types on the growth of Pd
nanodendrites were investigated. Additionally, the growth-induced strain in Au
nanorods was studied as well. Investigations of the shapes and microstructure of
metal nanoparticles have the potential to expand their applications in the fields of
surface plasmonic sensing and catalysis.



Keyword: Gold nanorod, palladium nanodendrite, transmission electron
microscopy, seed mediated growth, hexadecyltrimethylammonium bromide,
hexadecyltrimethylammonium chloride, polyvinylpyrrolidone, sodium oleate.
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Nomenclature &Abbreviations

AA L-ascorbic acid

ADF Annular dark field

CF;COOAg Silver trifluoroacetate

Ag Silver

AgNOs3 Silver nitrate

Au Gold

bfp Back focal plane

Br Bromide ion

CAC Critical association concentration

CMC Critical micelle concentration

CPP Critical packing parameter

CTAB Hexadecyltrimethylammonium bromide

CTAC Hexadecyltrimethylammonium chloride

CTA" Hexadecyltrimethylammonium ion

DLS Dynamic light scattering

EDS Energy dispersive X-ray spectroscopy

EG Ethylene glycol

FCC Face centered cubic

FFT Fast Fourier transform

GPA Geometric phase analysis

HAUCI, Hydrogen tetrachloroaurate(l11) trihydrate

HCI Hydrochloric acid

HLB Hydrophilic-lipophilic balance

HNO3 Nitric acid

H2PdCl,4 Dihydrogen tetrachloropalladate(Il)

HRSTEM High-resolution scanning transmission electron
microscopy

Vii



LSPR

M

Muw
NaBH4
NaHS
NaOH
NaOL
NayPdCl,4
NaST
NMR
oL

Pd or Pd°
Pd2+
Pd(acac):
PdCl,
PVP
SAD aperture
SAED
SEM
STEM
TEM

Tk
UV-Vis spectroscopy

OcTAB

viii

Localized surface plasmon resonance
The number average molecular weight
The weight average molecular weight
Sodium borohydride

Sodium hydrosulfide hydrate

Sodium hydroxide

Sodium oleate

Sodium tetrachloropalladate(ll)
Sodium stearate

Nuclear magnetic resonance

Oleate ion

Palladium

Palladium(II) ion

Palladium(Il) acetylacetonate
Palladium(II) chloride
Polyvinylpyrrolidone

Selected-area diffraction aperture
Selected area electron diffraction

Scanning electron microscopy

Scanning transmission electron microscopy

Transmission electron microscopy
Krafft temperature

Ultraviolet-visible spectroscopy

The molar ratio of CTAB and the binary surfactant

mixture

Interaction parameter
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Chapter 1 Introduction

In 1856, English scientist Michael Faraday created a ruby red colloidal gold solution
in a basement laboratory of the Royal Institution, which is considered as the starting
of modern nanomaterial science? In the past 160 years, nanotechnology has
developed rapidly. Nowadays, noble metal nanoparticles can be synthesized through
various routes such as electron beam lithography, nano-templating, atomic layer
deposition, laser ablation and colloidal-chemical synthesis®’. The size of these
metal nanoparticles is controllable and a variety of shapes are created. These noble
metal nanoparticles are widely used in both scientific research and industrial fields
because they have special optical, electrical, chemical and magnetic properties
compared to their corresponding bulk materials, making them potential candidates
for applications in biological, physical and chemical fields®.

Gold (Au) is one of the most popular metal materials. Au nanoparticles have strong
absorption of light at certain wavelengths, known as the localized surface plasmon
resonance (LSPR)®. The absorption wavelength is related to the shape and size of
the Au nanoparticles®. Based on the property of LSPR, Au nanoparticles can be used
for optical sensing, photothermal activation of chemical reactions and photothermal
drug release'®*!. Another popular material is palladium (Pd). Pd nanoparticles have
not only high absorption capacity of hydrogen gas but also unique chemical catalytic
properties for cross coupling, asymmetric synthesis and alkylation reactions'?*2,
Therefore, they can be used for hydrogen sensing, or as hydrogen storage materials
and catalysts of organic synthesis including Sonogashira, Stille, Heck and Suzuki—
Miyaura reactions**™*°, Therefore, a variety of research focuses on the synthesis and
applications of Au and Pd nanoparticles.

Even though many studies have been done, the further exploration of new shapes of
Au and Pd nanoparticles to optimize material function and meet diversified
applications is still in highly demand. This is because the catalytic, optical and
electromagnetic properties of nanoparticles are strongly influenced by their size,
shape and surface morphology®’. For example, Au nanorods have a longitudinal
absorption band and a transverse absorption band of light due to surface plasmon
resonance, while Au nanospheres have only one absorption band, demonstrating the
importance of the shape for LSPR based techniques®. In the catalytic applications
of Pd nanoparticles, a large surface to volume ratio can improve Pd utilization
efficiency. Therefore, compared to Pd nanocubes, Pd nanoparticles with dendritic
or porous surface morphology may have a higher catalytic activity™®.

One of the common methods to produce nanoparticle is colloidal-chemical synthesis
because this method provides well established, straight-forward and simple
approaches to obtain nanoparticles with unique shapes®. In colloidal-chemical
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synthesis, metal precursors, surfactants or polymers as capping agents to stabilize
particle size and shape, reducing agents and solvents to act as a reaction medium are
mixed together and aged under a certain conditions to grow metal nanoparticles’ 2.
In the synthesis, parameters such as precursors, surfactants, and growth conditions
such as pH value and temperature are tunable*??, Various shapes of metal
nanoparticles can be fabricated with colloidal-chemical synthesis.

1.1 Thesis Outline

The introduction above presents the significant development and importance of
metal nanoparticles. In the broad nanoscience field, this thesis focuses on the study
of shape control in colloidal-chemical synthesis by using surfactant-surfactant or
surfactant-polymer mixtures as capping agents. There are many research questions
coming out.

1. Since capping agents are used to stabilize nanoparticle shape and size, is it
possible to create specific shape by mixing two different capping agents?

2. What is the optimal ratio of two capping agents?

3. Isthe shape of metal nanoparticles also influenced by other parameters such
as types of metal precursors and pH value?

4. What is the microstructure of the metal nanoparticles?

Aim of the thesis was to control the shape of Au and Pd nanoparticles during their
synthetic process to optimize the performance of nanoparticles in a variety of
applications. In this thesis, it was studied a negatively charged surfactant, sodium
oleate (NaOL), which was added in the traditional colloidal-chemical synthesis to
assist classical capping agents in directing the growth of Au and Pd nanoparticles.
The surfactant mixture of NaOL and hexadecyltrimethylammonium bromide
(CTAB) improved efficiently the yield and narrowed the size distribution of Au
nanorods® and resulted in a dendritic shape with a large surface to volume ratio in
the synthesis of Pd nanoparticles. The surfactant mixture of NaOL and
hexadecyltrimethylammonium chloride (CTAC), and the binary mixture of NaOL
and polyvinylpyrrolidone (PVP) both assisted in forming Pd nanodendrites as well.
Furthermore, we investigated the effects of the surfactant molar ratio between
CTAB and NaOL, and the pH value of the mixture of PVP and NaOL on the
formation of Pd nanodendrites to optimize the synthetic methods. Additionally, the
method with optimal molar ratio between CTAC and NaOL for nanodendrite
synthesis was successfully applied in the synthesis of hollow Ag-Pd nanodendrites,
which have an even larger surface to volume ratio than solid Pd nanodendrites.
Finally, the catalytic activity of Pd nanodendrites stabilized by PVP and NaOL was
tested in the Sonogashira reaction and it was shown that these Pd nanodendrites had
catalytic activity.



Transmission electron microscope (TEM) can image samples at an atomic
resolution. It is ideal for the observation of the microstructure of nanoparticles. All
the metal nanoparticles synthesized in this thesis were imaged by TEM.
Additionally, selected area electron diffraction (SAED) and Kikuchi pattern in TEM
were used to identify metal crystal structures. High-resolution images of the
nanoparticles were taken from a high-resolution scanning transmission electron
microscope (HRSTEM). Energy dispersive X-ray spectroscopy (EDS) in TEM was
used to analyze elemental distribution in nanoparticles. These techniques were
particularly utilized in the analysis of crystal structure and facets of Au nanorods
and helped us discover that a large percentage of these Au nanorods were slightly
bent due to the existence of growth-induced lattice strain. In addition to TEM,
scanning electron microscopy (SEM), ultraviolet—visible (UV—vis) spectrometry,
dynamic light scattering and conductance measurements assisted in the
characterization of the properties of metal nanoparticles and reaction solutions in
this thesis.






Chapter 2 Noble Metal Nanoparticles

In this chapter, the background of noble metal nanoparticles, including synthetic
methods, physical properties and applications are introduced. In the first section, the
general methods of making nanoparticles, including the seed-mediated growth used
in our experiments and growth theory are presented. Since Au and Pd nanoparticles
were synthesized and studied in this thesis, it is necessary to understand their
important properties. In the second and third sections, the LSPR of Au nanoparticles
and the catalytic properties of Pd nanoparticles are described.

2.1 Synthesis of Noble Metal Nanopatrticles

A metal nanoparticle is defined as a metal particle with an average diameter between
1 nm to 100 nm?. The nanoscale size gives nanoparticles unique characteristics
including high surface-to-volume ratio, tunability of surface functionalization and
spatial confinement of electrons, phonons, and electric fields®2°. Compared to their
corresponding bulk materials, metal nanoparticles have markedly different physical
and chemical properties, which makes them attract extensive attention®. Noble metal
nanoparticles have been applied in human history since several thousand years ago.
Gold, silver and copper nanoparticles were added in stained glass, ceramicists and
cups to create beautiful colors by our ancestors?’2¢, However, it was not until 1850s
that metal nanoparticles, a ruby gold colloid, were made in a lab by Michael Faraday
for the first time, which started modern nanomaterial science’. In the past 160 years,
synthetic methods of metal nanoparticles have been developed rapidly.

The preparation of noble metal nanoparticles is usually classified into top-down and
bottom-up approaches®. In the top-down approach, macroscopic materials are
reduced to nanoscale particles by physical or chemical methods, while in bottom-
up approach, atoms or molecules are assembled to build up nanoparticles®. Top-
down approaches include lithographic methods to create ordered nano-structure
patterns by using light, electrons or electrostatic forces to remove parts of the bulk
material, laser ablation methods to ablate bulk material by laser in an agueous
solution, and spray-pyrolysis methods to evaporate micron-size metal precursor
droplets by flame or ultrasonic to form metal or metallic oxide nanoparticles® > 2>
2 Top-down approaches are advantageous due to the simple and scale-up
production processes but the nanoparticles made in this approach can have imperfect
surfaces and nanostructures, which affects their chemical and physical properties®.
Compared to top-down approaches, bottom-up methods can produce nanoparticles
with fewer structure defects, better control of size and shape and more homogenous
chemical composition. Therefore, this approach is widely used in scientific research.
Bottom-up approaches include electrochemical methods where a metal plate anode
converts into metallic ions by electrolysis in surfactant solution and is reduced
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around the cathode to form nanoparticles, photochemical reduction where
ultraviolet light stimulates electron transfer between metal ions and the copolymer
or surfactant micelle template to reduce metal ions to nanoparticles, and colloidal-
chemical synthesis where metal precursors stabilized by surfactants or polymers are
reduced to metal nanoparticles by chemical reducing agents in solution® 2.
Colloidal-chemical synthesis, which is the focus point of the thesis, is one of the
most widely used methods in the synthesis of Au and Pd nanoparticles. More
specifically, seed-mediated growth and one-step seedless methods are two popular
colloidal-chemical synthesis approaches.

2.1.1 Seed-mediated growth method

Seed-mediated growth is a versatile method for the synthesis of noble metal
nanoparticles because of many advantages. In seed-mediated growth, the
experimental process is simple, reaction conditions are achievable in an average
laboratory, reaction rates are relatively fast, the size and shape of nanoparticles can
be easily controlled and complex nanostructures such as core-shell nanoparticles
can be synthesized®*,

Typical seed-mediated growth involves two steps: nucleation of tiny metal particles
as seeds and subsequent growth of seeds into larger nanoparticles. In a solution
containing capping agents, metal precursors are rapidly reduced by a reducing agent
and nucleated to form a high concentration of tiny metal seeds. After that, a certain
amount of seed solution is injected into a growth solution containing metal
precursors, reducing agents and capping agents to continuously grow into nano-
sized particles®’. In the synthesis aiming to obtain large particles, the metal
nanoparticles in the growth solution are used as seeds to grow in a second growth
solu3t3i03£1. This process can be repeated several times until the particles reach desired
size>>",

In general, metal precursors, reducing agents and capping agents are necessary for
both seed and growth solutions. Metal precursors are usually water-soluble metal
salts to provide metal ions. Reducing agents such as L-ascorbic acid (AA) or sodium
borohydride (NaBH,) are employed to reduce metal ions to atoms. Capping agents,
including surfactants, polymers, dendrimers and ligands, cover the surface of metal
seeds and nanoparticles to direct the growth of seeds, control the shape and size of
nanoparticles and stabilize nanoparticles in solutions®**. Beyond these basic
reagents, other chemicals that can direct the shape of nanoparticles are selectively
added in the growth solutions as well. For example, silver nitrate (AgNOs) is widely
used in the growth of Au nanorods because it improves the nanorod yield and
controls the aspect ratio of Au nanorods®. The morphology of metal nanoparticles
can also be tuned by adding halide ions, especially Br and CI" ions“.



Most of seed-mediated growth syntheses happen in aqueous solutions but organic
solvents such as ethylene glycol and organic amines are employed for syntheses
containing non-water-soluble reagents**?, In seed-mediated growth, types and
concentrations of reagents, injection rates and order of reagents, reaction
temperature, pH value and incubation time are all important parameters for the
reaction®®. The size, shape and yield of metal nanoparticles can be tuned by
controlling one or several of these parameters. Additionally, because the reaction is
very sensitive, it is critical to keep clean reaction containers, solutions and tools
involved in the experiment in order to prevent the negative effects of impurities®.

Through the seed-mediated growth method, we can not only synthesize metal
nanoparticles with spherical, cubic, triangular, dendritic, rod-like and star-like
shapes but also core-shell and hollow nanostructures**,

2.1.1.1 Core-shell metal nanoparticles

Core-shell metal nanoparticles are a type of multiple-phasic material consisting of
an core structure and at least one shell layer that are composed of different
materials®’. Core-shell metal nanoparticles can be synthesized by seed-mediated
growth methods. Instead of using a single metal source, different metal precursors
are employed in the seed and growth solutions, which creates the nanoparticles with
composite properties of both metal materials®. This method is versatile and
powerful to combine a wide range of metal types together, such as Au@Ag, PA@Ag
and Au@Pd@Pt>*. During the synthesis, the size and shape of core particles and
the thickness and morphology of shell structure can be easily controlled by tuning
the growth parameters®®’.

2.1.1.2 Hollow metal nanoparticles

Hollow metal nanoparticles have both inner and outer surface, making them
advantageous in catalytic applications. One of the most popular methods to
synthesize hollow metal nanoparticles is the double template method, which is
based on seed-mediated growth. In this method, seeds used as a hard template are
added in the growth solution. As the reduced metal precursors continuously grow
on the seed surface, at the same time, a galvanic replacement reaction between ionic
metal precursors and the seeds occurs, where the seed atoms are oxidized to ions
again®, This requires the seed metal to have a lower redox potential than the growth
metal in order to exchange electrons with metal precursor ions in growth solutions®®.
Because Ag is easily oxidized and comparatively cheap, it is usually employed as
the seed metal in synthesis of hollow noble metal nanoparticles, especially Au, Pt
and Pd®®2, Another component of the double template method is the capping agent
used to direct and stabilize the shape and size of hollow metal nanoparticles®®.



2.1.2 One-step seedless method

One-step seedless method combines the nucleation and growth processes in one
solution, containing metal precursors, reducing agents and capping agents. The
seedless growth process is even faster and simpler than seed-mediated growth and
fabricates nanoparticles with high yield and typically high polydispersion®®,
However, since the one-step seedless method has less tunability than seed-mediated
growth, it is usually used to synthesize nanoparticles with comparatively simple
shape and compositions, and small size.

2.1.3 Nucleation and growth theory

Since both seed-mediated growth and one-step seedless methods are processes to
nucleate and grow metal nanoparticles, it is important to understand the fundamental
nucleation and growth theory for the development of metal nanoparticle synthesis.
The investigation of nucleation and growth theory has occurred over a long period
of time and several models have been built. At the end of 19™ century, Wilhelm
Ostwald, a German chemist, made a significant achievement on the explanation of
colloidal metal nanoparticle behaviors with his Ostwald ripening®. In the early 20™
century, classical nucleation theory, which describes nucleation kinetics of a new
structure or a new thermodynamic phase was first established by Volmer and Weber
and then developed by Becker and Déring, Frenkel, and other researchers®®®, Later,
in 1950s, this theory was transformed into LaMer’s nucleation theory to describe
the formation of colloidal nanoparticles by LaMer and coworkers®. In recent
decades, new nucleation and growth theories of nanoparticles such as Finke-Watzky
two step mechanism, coalescence and orientated attachment and intraparticle
ripening have been developed™. However, the formation mechanism of
nanoparticles is still controversial because there is no model that could describe the
evolution of the nanoparticle size and shape in detail™.

2.1.3.1 Classical nucleation theory

Classical nucleation theory is the most widely accepted theoretical model for the
nucleation Kkinetics of a new thermodynamic phase and a majority of theoretical
researches on nucleation are on the basis of classical nucleation theory. Classical
nucleation theory is derived from supersaturated vapors and extended to
liquid—solid equilibrium systems®” "2, Macroscopic quantities such as the surface
energy are applied to predict approximately the nucleation rate’*"2, In this theory,
the nucleation is classified as homogeneous or heterogeneous nucleation.
Homogeneous nucleation occurs randomly and spontaneously in the parent phase
without any favorable sites, while heterogeneous nucleation forms on a surface
between two phases such as impurities and container surfaces. Heterogeneous
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nucleation happens much more often than homogeneous nucleation, but the latter
has a simpler formation mechanism.

In homogeneous nucleation, the Gibbs free energy of a spherical nucleus consists
of a negative bulk free energy and a positive surface free energy, as shown in Egn
(2.2).

4 2.1
AG = —§nr3|AGV| + 4nr?o (2.1)

In this equation, AG is the nucleus Gibbs free energy, r is the radius of the spherical
nucleus, AGy is the difference in Gibbs bulk free energy per unit volume and o is
the surface tension of the nucleus surface.

AG A
surface energy

AG

bulk free energy
Figure 2.1. Diagram depicting the dependence of the nucleus Gibbs free energy (AG) on the
nucleus radius (r) according to homogeneous nucleation in classical nucleation theory. The
black curve is Gibbs free energy, the blue curve is bulk free energy and the red curve is
surface free energy. Reproduced from Reference Polte, J., Fundamental Growth Principles
of Colloidal Metal Nanoparticles — A New Perspective. CrystEngComm 2015, 17, 6809-
6830, with the permission from the Royal Society of Chemistry™.

The schematic of this equation has been displayed in Figure 2.1. It shows that there
is a critical radius (r;) for the spherical nucleus, where the Gibbs free energy reaches
a maximum value (AG,), due to the superposition of bulk free energy and surface
free energy. The AG, forms a nucleation barrier. When the radius of a nucleus is
smaller than 7., the growth is unfavorable, while the growth of a nucleus with a
radius larger than r,. is favorable and nucleation occurs.

In heterogeneous nucleation, part of the nucleus surface area is attached to a two-
phase interface such as the container surface or impurities in the solution, leading to
a smaller exposed surface area than that of the spherical nuclei in homogeneous
nucleation. Therefore, the surface free energy of nuclei in heterogeneous nucleation



is lower, which decreases the Gibbs free energy. This lower energy barrier makes
heterogeneous nucleation occur more easily and often than homogeneous nucleation.

Classical nucleation theory only discusses the nucleation process and the subsequent
growth is considered as a separate process. The growth of nuclei can be explained
by a variety of theories such as aggregation, diffusion limited growth or Oswald
ripening”.

2.1.3.2 LaMer’s nucleation theory

LaMer and his coworkers transformed the classical nucleation theory into LaMer’s
nucleation, which is the only widely accepted theory to describe the nucleation and
growth of colloidal nanoparticles’ "3, This theory is suitable for both seed-mediated
growth and one-step seedless growth processes. The schematic of LaMer’s
nucleation theory is displayed in Figure 2.2 and in this model, the nucleation and
growth are separated in the formation of nanoparticles.

max
rapid self-nucleation

O

min|

growth

saturation
0
w

time
Figure 2.2. Schematic of LaMer’s nucleation theory. The curve describes the change of the
monomer concentration according to time. Reproduced from Reference Polte, J.,
Fundamental Growth Principles of Colloidal Metal Nanoparticles — A New Perspective.
CrystengComm 2015, 17, 6809-6830, with the permission from the Royal Society of
Chemistry™.

In Figure 2.2, the process of nucleation and growth through LaMer’s mechanism is
divided into three time periods. In Period I, the concentration of free monomer,
metal atom, is increasing rapidly, which results from a rapid reduction of metal
precursor ions into atoms in the synthesis of metal nanoparticles. When the
concentration of free monomers reaches a critical supersaturation level (Cs), the
occurrence of homogeneous nucleation is possible, but the possibility and
nucleation rate are low. Then, the free monomer concentration continues to increase
until reaching Cmin, the minimum concentration for rapid self-nucleation. In Period
10



11, self-nucleation bursts occur in the free monomers because the maximum of the
Gibbs free energy barrier for nucleation is overcome when the monomer
concentration reaches supersaturation. Because the instant appearance of abundant
nuclei consumes a great number of free monomers, the monomer concentration
starts to decrease after reaching a maximum value. When the monomer
concentration becomes lower than Cnin again, supersaturation is relieved and self-
nucleation is terminated. In Period Ill, the number of nuclei does not increase
anymore. Instead, the growth occurs by diffusion of the remaining free monomers
towards nuclei surfaces.

In the one-step seedless method, the nucleation and growth of metal nanoparticles
occur in the same solution, following LaMer’s nucleation theory. In seed-mediate
growth, nucleation and initial growth mainly occur in a seed solution and later,
further growth continues in a growth solution. Additionally, the nucleation and
growth rates can be tuned by controlling reaction parameters such as types and
concentration of reducing agents and reaction temperature.

2.1.3.3 Other theories

In addition to LaMer’s nucleation, several theories below are applied to describe the
formation of nanoparticles as well.

Ostwald ripening theory, established by Wilhelm Ostwald in 1890s, describes the
change of a heterogeneous structure as a function of time. In this theory, molecules
or atoms on the surface of a cluster are energetically less stable than those inside of
a cluster, so a larger cluster with a lower surface-volume ratio is more stable and
energetically favorable than a smaller cluster. In the synthesis of nanoparticles,
smaller nuclei, which have higher solubility and surface energy, are redissolved in
the solution and in turn, larger nuclei are supported to grow into nanoparticles™.

Coalescence and oriented attachment both describe the growth process of crystal
nuclei through a spontaneous self-attachment mechanism of adjacent crystal
particles”. Oriented attachment occurs in the particles that have a common
crystallographic orientation, leading to a planar interface joining, whereas,
coalescence has no specific preference of orientation’. The driving force of oriented
attachment is surface energy reduction’. Small crystal clusters are favored to
assemble to decrease surface energy of the entire system by removing highly
energetic grain boundaries™. This phenomenon has been discovered in platinum and
titania crystallites’">.

Intraparticle ripening elucidates a shape evolution during the growth of nanocrystals
at low crystal monomer concentration’®, When the different facets of nanocrystals
have different surface energies, the facets with the higher energy are dissolved but
the facets with low energy continue growing, resulting in an intraparticle diffusion™.
Further, shape control and evolution can be achieved by this process.
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Additional theories, such as the Finke-Watzky two step mechanism, exist for
specific metals or synthetic conditions, but are out of the scope of this thesis’""®,

2.2 Localized Surface Plasmon Resonance

Localized surface plasmon resonance (LSPR) is a common optical characteristic of
conductive nanosized particles, such as metallic nanoparticles, with a diameter
equal to or smaller than the wavelength of incident light. When a beam of incident
light goes through the metallic nanoparticles, the electric field of the incident light
at a certain frequency excites coherent oscillations of the free conduction electrons
in the metallic nanoparticles’. This natural resonance frequency is identified as the
LSPR, which is related to the effective electron mass, density of electrons and
charge distribution of the materials. Figure 2.3 (a) shows how the LSPR of a metal
sphere is excited. The excitation of the LSPR enhances light absorption and
scattering of metallic nanoparticles®. As shown in Figure 2.3 (b) the incident light
is absorbed when its frequency matches with the natural resonance frequency of
metal nanoparticles. For metal nanospheres, there is only one absorption band.
However, metal nanorods such as Au nanorods have electrons oscillations along
both longitudinal and transverse directions, as shown in Figure 2.3 (c), resulting in
two different absorption bands in the absorption spectrum in Figure 2.3 (d).
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Figure 2.3. (a) Schematic illustration of LSPR for a metal nanosphere. (b) A typical
absorption spectrum of metal nanospheres. (c) Schematic illustration of LSPR for a metal
nanorod. (d) A typical absorption spectrum of metal nanorods.
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2.3 Catalytic Properties

In the last 30 years, various forms of Pd such as Pd nanoparticles, Pd complexes and
Pd oxides have been utilized as catalysts in carbon-carbon coupling reactions.
Especially, Richard F. Heck, Ei-ichi Negishi and Akira Suzuki were awarded the
Nobel Prize in Chemistry 2010 for their contributions on Pd-catalyzed cross
coupling in organic synthesis®’. Carbon-carbon coupling reactions are some of the
most important methodologies for the synthesis of organic molecules and include
the Sonogashira, Suzuki, Heck and Stille reactions®. In typical Pd(0) catalytic
cycles, Pd is activated to form reactive Pd(0) compounds under reaction conditions
first. This is a necessary condition for second step. Then, the oxidative addition with
vinyl or aryl halide is inserted in the active Pd(0) forming a Pd(Il) complex. After
that, the Pd(I1)-halide complex is involved in the transmetallation or beta-hydride
elimination process to generate the compound where two separate coupling
fragments are combined on the Pd(I1)-halide complex. In the last step, the Pd(Il)
complex is reduced to release the C-C coupling product and regenerate the initial
active Pd(0) again®.

11— 2
= 0 R1-X
PdL,
o L :
R“-Pd——R R'-Pd-X
L L
RsNH X L H———R?
R'-Pd-X
RN+L L L

L = phosphane, base,
solvent or alkyne
Figure 2.4. Mechanism for the Pd-catalyzed Sonogashira reaction. (Reproduced from
Reference 83 with the permission from Chinchilla, R.; Njera, C., The Sonogashira
Reaction: A Booming Methodology in Synthetic Organic Chemistry. Chemical Reviews
2007, 107 (3), 874-922. Copyright 2007, American Chemical Society)

The Sonogashira coupling reaction, one of the most common carbon-carbon
coupling reactions, forms the carbon-carbon bond between a vinyl or aryl halide and
a terminal alkyne®. A general mechanism for the Pd-catalysed Sonogashira reaction
is shown in Figure 2.4. The Pd catalytic cycle is initiated by inserting the oxidative
addition with the vinyl or aryl halide in the active [Pd(0)L,] forming a [Pd(I1)R*X]
complex. In the second step, an alkyne-Pd(Il) complex is produced by a reversible
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n-coordination of the alkyne. Then, the alkyne is deprotonated by the amine,
forming coordination between the acetylene ligand and the Pd metal. At last, the
Pd(Il) complexes release the final products, and at the same time, the Pd(ll) ion is
reduced to the initial active [Pd(0)L2]®*%.
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Chapter 3 Capping Agents

Surfactants and polymers are used as capping agents to stabilize shape and size of
Au and Pd nanoparticles in our experiments. In order to understand how capping
agents influence the shape, it is important to introduce the basic theory of the
surfactants and polymers. In this chapter, chemical structures of the capping agents
(surfactants and polymers) used in this thesis are introduced. After that, the basic
theory of surfactants and polymers as capping agents, their properties, and the
adsorption of capping agents on solid surfaces, including the surface of metal
nanoparticles, are presented.

3.1 Structure of Capping Agents
3.1.1 Structure of surfactants

Surfactants, short for surface-active agents, are a class of compounds that can lower
the interfacial tensions between a liquid phase and another phase, which could be a
liquid, a solid or a gas. Due to this property, surfactants are widely used as wetting
agents, detergents and emulsifiers in industrial and consumer products, including
familiar commodities: shampoos, multi-surface sprays and dish detergents®. In
general, surfactants are amphiphilic molecules, consisting of both hydrophilic polar
head groups, which attract water, and hydrophobic tails, which repel water®’. These
two opposite tendencies of head and tail groups compel the surfactants to move to
the interfaces between water and the second phase. The hydrophilic part remains
immersed in the water and the hydrophobic part orients towards the second phase
such as oil, air or a solid surface. Through adsorbing at the interface, surfactants
decrease the surface tension of water. A good surfactant is supposed to have a low
solubility in any bulk phases but a strong tendency towards the interfaces®.

Surfactant tails usually have similar features, which could be hydrocarbon,
polydimethylsiloxane or fluorocarbon chains®. Generally, surfactants are classified
according to the charge of their head groups into nonionic, anionic, cationic and
zwitterionic surfactants. Anionics are considered as the largest class of surfactants.
Nearly 70% of the surfactants typically consumed are made of anionics®. Nonionics
are the second largest class and usually compatible with all other types of surfactants.
Cationics are the third largest class. Due to negatively charged surfaces for most
solid materials, cationics can adsorb strongly at most solid surfaces such as metal
nanoparticles. As the smallest class of surfactants, zwitterionics contain both
cationic and anionic groups on the same molecule, where the cationic group is
usually ammonium?®,
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The status of a surfactant in an aqueous solution depends on its concentration. When
the concentration of the surfactant is very low, it only exists as unimers in the
solution. As the concentration is increased above the critical micelle concentration
(CMC) of the surfactant, self-assembled aggregation of unimers begins, forming
micelles. Different geometrical morphologies of surfactant molecules result in a
variety of self-assembly structures. The classical structures include the spherical
micelle, cylindrical micelle, lamellar phase, reversed micelle, bicontinuous cubic
structure and bilayer vesicle, shown in Figure 3.1%.

Figure 3.1. Classical self-assembly structures of surfactants: (a) spherical micelle; (b)
cylindrical micelle; (c) lamellar phase; (d) reversed micelle; (€) bicontinuous cubic structure;
(f) bilayer vesicle. (Reproduced from Reference 88. Copyright (2014) Wiley. Used with
permission from Kronberg, B.; Holmberg, K.; Lindman, B., Surfactant Self-Assembly:
General Aspects and Spherical Micelles, Surface Chemistry of Surfactants and Polymers.
Wiley)

3.1.2 Structure of polymers

Polymers are macromolecules which are built up of repetitive small chemical units,
known as monomers. The configuration of a polymer is classified as linear,
branched or cross-linked structures according to the physical arrangement of
monomer side chains, as shown in Figure 3.2. If the polymer consists of only one
type of monomer, it is called a homopolymer. Whereas, if the polymer contains two
or more types of monomers, it is called a copolymer. According to the approaches
of acquisition, polymers are divided into biological macromolecules from nature,
including proteins and nucleic acids, and nonbiological macromolecules from
synthesis, containing common plastics. For nonbiological polymers, the synthesis is
carried out through a polymerization of the monomers. Therefore, properties of the
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polymer are influenced deeply by monomer properties. Based on the polarity of
monomers, nonbiological polymers are categorized into polar, nonpolar and ionized
polymers®. Since many polymers can disperse well in agueous solutions and adsorb
at solid surfaces, some of the polymers present similar behaviors as surfactants to
stabilize metal nanoparticles. Additionally, compared to surfactants, a polymer can
be easily modified by adding or removing functional groups, such as hydrophobic
and hydrophilic chains. It is possible to design a proper polymer for stabilization of
specific nanoparticles®,
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Figure 3.2. Categories of polymers by structure. (Reproduced from Reference 88. Copyright
(2014) Wiley. Used with permission from Kronberg, B.; Holmberg, K.; Lindman, B.,
Polymers in Solution, Surface Chemistry of Surfactants and Polymers. Wiley)

3.1.3 Stabilization of nanoparticles by capping agents

The electrostatic interaction and hydrophobic effect are two fundamental forces in
surface and colloid chemistry. They are also the driving forces for surfactants and
polymers to stabilize metal nanoparticles in aqueous solutions. Electrostatic
interactions happen between an ionic capping agent and a charged particle surface.
If they have opposite charges, electrostatic interactions drive the capping agent
towards the particle surface. If they have the same charge, the capping agent resists
close interaction with the particle surface. Additionally, hydrophobic effect is the
major driving force for water-insoluble surfactants or polymers to move to an
interface, such as the particle surfaces. In some conditions, both electrostatic
interactions and hydrophobic effects exist and govern the system together.

When metal nanoparticles are in an aqueous solution containing charged surfactants
or polymers, their surface is wrapped by a layer of the charged capping agents.
When two metal nanoparticles get close, the increase of electrostatic repulsion
between their wrapping layers counterbalances the attractive Van der Waals force
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and pushes the particles away, which ensures the stability of dispersed metal
nanoparticles by electrostatic stabilization®,

If two polymer-stabilized nanoparticles are repulsed by repulsive entropic and
osmotic forces, it is called steric stabilization. When two polymer-stabilized
nanoparticles get close, in the region where polymer tails from both particles overlap,
the ligand concentration increases, resulting in an osmotic inflow and ligand entropy
decreases to form the repulsive forces®,

3.1.4 Chemical structures of the applied capping agents

Chemical structures of the capping agents used in this thesis are shown in Figure
3.3.  Hexadecyltrimethylammonium  bromide (CTAB, CisHs2BrN) and
hexadecyltrimethylammonium chloride (CTAC, Ci9H4CIN) are cationic
surfactants with the same positively charged cationic chains but different halide
counterions. Both CTAB and CTAC are common surfactants for the synthesis of
metal nanoparticles. CTAC has a higher water solubility than CTAB at room
temperature. Polyvinylpyrrolidone (PVP) is a water-soluble nonionic polymer
widely used in the synthesis of metal nanoparticles. Sodium oleate (NaOL,
CisH3sNaO;) and sodium stearate (NaST, CisHisNaO,) are anionic surfactants.
They have the same head group and the same number of carbons in the tails, but
NaOL contains a carbon-carbon double bond in its tail.

(a) H3C—+N9T?3H3 (C)
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Figure 3.3. Chemical structures. (a) Hexadecyltrimethylammonium bromide. (b)
Hexadecyltrimethylammonium chloride. (c) Polyvinylpyrrolidone. (d) Sodium oleate. (e)
Sodium stearate.
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3.2 Properties of Surfactants
3.2.1 Critical micelle concentration

Critical micelle concentration (CMC) is the concentration at which surfactants start
to form micelles. As shown in Figure 3.4 (a), above the CMC, the concentration of
surfactant monomers is stable and all additional surfactants form micelles in
aqueous solutions. CMC is an important characteristic because properties of a
surfactant solution, including surface tension, osmotic pressure, turbidity,
conductivity and solubility, have obvious changes at CMC, as shown in Figure 3.4.
(b). For example, the surface tension decreases drastically with the increase of
surfactant concentration before reaching the CMC, but the surface tension is a
relatively constant value after reaching the CMC. There is an apparent turning point
at the CMC. Therefore, CMC can be measured by testing surface tension or other
physical properties that have turning points. The value of CMC depends on
temperature, pressure and chemical structure. As the alkyl chain length increases,
the CMC value reduces. lonic surfactants usually have higher CMC than nonionic
surfactants. However, the influence of temperature on CMC differs with surfactant
type. lonic surfactants are usually independent of temperature. Additionally, the
CMC of ionic surfactants can be reduced by adding salts as well®,
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Figure 3.4. (a) Illustration of CMC based on concentration of micelles and monomers
relative to the surfactant concentration. (b) Representation of concentration-dependent
properties of a surfactant solution. Reproduced from Reference Nesmérak, K.; Némcova, 1.,
Determination of Critical Micelle Concentration by Electrochemical Means. Analytical
Letters 2006, 39 (6), 1023-1040 with the permission from Taylor & Francis®.

3.2.2 Critical packing parameter

Critical packing parameter (CPP) is an important parameter for self-assembled
aggregation. It is a ratio that describes the geometry of a single surfactant molecule
and is generally used to deduce the micelle structure of a given surfactant. CPP
relates to the head group area, carbon chain volume and chain length, defined as:
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CPP = v/(alymay) (3.1)

In this formula, v stands for the volume of a single surfactant tail, a represents the
effective head group areaand L, is the length of the extended alkyl chain®. Figure
3.5. (a) describes CPP in a schematic, where a surfactant molecule is a unit of the
micelle. The micelle radius R,,,;. is usually less than or equal to L,,,,, -

Figure 3.5. (b) depicts the relation between the CPP and aggregation structures.

When CPP < % surfactants prefer forming spherical micelles. At% < CPP < %

surfactants start to form cylindrical structures. When CPP = 1, Lamellar phases are
formed. As CPP > 1, surfactants form reversed structures. In addition to geometrical
factors, aggregation structures are also influenced by temperature, concentration,
cosolute and the interaction between the head groups®.
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Figure 3.5. (a) Schematic of the CPP based on the geometrical consideration. (b) CPP values
of surfactant molecules correlate to aggregation structures for geometrical packing factors.
(Reproduced from (a) Reference 91, (b) References 88. (a) Was published in Publication
Intermolecular and Surface Forces, Israelachvili, J. N., Soft and Biological Structures, p535-
576, Copyright Elsevier (2011). (b) Copyright (2014) Wiley. Used with permission from
Kronberg, B.; Holmberg, K.; Lindman, B., Surfactant Self-Assembly: Beyond the Spherical
Micelle, Surface Chemistry of Surfactants and Polymers. Wiley)
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3.2.3 Krafft temperature

Krafft temperature (Tk), also known as the Krafft point, is the temperature at which
the solubility of a surfactant in a solution is equal to its CMC and above which the
solubility of the surfactant increases sharply® .

3.2.4 Hydrophilic-lipophilic balance

Hydrophilic-lipophilic balance (HLB) is a measure of hydrophilic or lipophilic
tendency of a surfactant between water and oil, calculated by the values from
different regions of the surfactant molecule. The HLB number is in a range of 0 to
20, corresponding to a tendency from lipophilicity to hydrophility. The HLB
number is a widely used indicator to evaluate the usability of a surfactant in a
practical application®* 3, Generally, surfactants with low HLB number are used for
making water-in-oil emulsions and surfactants with high HLB numbers are used as
emulsifiers for oil-in-water emulsions®.

3.3 Properties of Polymers
3.3.1 Molecular weight

Molecular weight is an important value for a polymer. It is impossible for a polymer
to consist of the macromolecules with the exact same molecular weight. Therefore,
a molecular weight average is used to evaluate the polydispersity of molecular
weight. There are two methods, number average (M») and weight average (My), to
calculate molecular weight averages®. The number average molecular weight is
defined as:

_ Y. N;M; (3.2)
XN
The weight average molecular weight is defined as:
" = > N;M? (3.3)
Y Y NM;

In both formulas, N; is the number of molecules with molecular weight M;.
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3.3.2 Cloud point and critical point

Cloud point is the temperature where phase separation occurs in a polymer solution
with a certain concentration, making the solution turbid®. The critical point is the
point where phase separation occurs, including critical temperature and critical
composition. Critical temperature is the highest or lowest temperature at which
phase separation of a polymer solution occurs and the corresponding polymer
concentration is critical composition®,

3.3.3 Properties of Polyvinylpyrrolidone

Polyvinylpyrrolidone (PVP) is a nonionic and nontoxic polymer, consisting of the
monomer N-vinylpyrrolidone, which is soluble in water, methanol, ethanol and
other polar solvents®®°. In a PVP molecule, the pyrrolidone moiety component is
hydrophilic and the alkyl group is hydrophobic, making the PVP become an
excellent capping agent to stabilize metal nanoparticles®.

3.4 Mixture of Two Capping Agents
3.4.1 Mixture of two surfactants

In practical applications, two or more surfactant species are often mixed to reach
synergistic effects with reference to characteristics of each individual surfactant.
The CMC of a surfactant mixture depends on the CMCs of each individual
surfactant. In ideal conditions, where there is no attractive or repulsive interaction
between different species of surfactants, so-called no net interaction (f=0), the
mixture CMC of two surfactants is simply described as:

1 x N Xy (3.4)
CMC CMC, CMC,

CMC is the CMC value of the surfactant mixture. CMC; and CMC, are the CMC
values of two individual surfactants. x; and x, are the corresponding molar fraction
of two surfactants. Additionally, the molar fraction of surfactant 1 in the mixture
micelle (x{™) can be calculated as well by:

_ x,CMC, (3.5)
~ x,CMC, + x,CMC,

m
X1

Further, the molar fraction of surfactant 2 in the mixture micelle (xJ*) is obtained
by:
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L x,CMG
X2 T X CMC, + x,CMC,

or xy'=1-—x" (36)

However, if a net interaction exists in the surfactant mixture system, where <0

stands for attraction and >0 represents for repulsion, an activity coefficient f; is
required in formulas (3.4) and (3.5):

1 x 4 Xy (3.7)
CMC ~ fi,CMC, = f,CMC,
and
x1f,CMC ,
X = 1f2 2 (3.8)

The relation between the activity coefficient and the net interaction is given by:
Infy =B and Inf, = (x")?p (3.9)

Water

Anionic Catanionic Cationic

surfactant (5%) precipitate surfactant (5%)
Figure 3.6. Phase diagram schematic for a mixture of cationic and anionic surfactants.
(Reproduced from References 88 and 98. This figure was published in Publication Phase
Science of Surfactants, 1 (5), Khan A., Current Opinion in Colloid & Interface Science,
p614-623, Copyright Elsevier (1996). Copyright (2014) Wiley. Used with permission from

Kronberg, B.; Holmberg, K.; Lindman, B., Mixed Surfactant Systems, Surface Chemistry
of Surfactants and Polymers. Wiley)

Through the introduction of an anionic surfactant, it is possible to reduce the CMC
of a cationic surfactant. Figure 3.6 shows a schematic phase diagram for a cationic
and an anionic surfactant mixture. When the molar ratio of two surfactants is close
to 1, the surfactant mixture system starts to form a catanionic precipitate. Increasing
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the molar ratio of one of the surfactants results in the dissolution of the precipitate
in the solution. When the molar amount of one surfactant is much higher than that
of the other, the surfactant mixture forms micelles. Vesicles can be formed as well
under a proper concentration and molar ratio of two surfactants®.

3.4.2 Mixture of a surfactant and a polymer

Mixtures of water-soluble polymers and surfactants have wide applications because
the mixtures can have synergistic effects from both surfactants and polymers,
achieving better colloidal stability, flocculation and emulsification. For example,
the existence of a polymer can modify the performance of an a surfactant on surface
tension. As shown in Figure 3.7, at low surfactant concentration, the mixture has a
similar trend as the pure surfactant, but a lower surface tension value. However, the
first difference occurs before reaching the CMC, where the surfactant micelles start
to form on the polymer. This concentration is termed as critical association
concentration (CAC). After CAC, there is a concentration region with a relatively
constant surface tension. When the polymer becomes saturated with surfactant
micelles, the second deviation occurs. Following that, the surface tension
continuously reduces towards the same value as the surfactant-only system and the
third change sets the system to form normal micelles in the solution®,

Surfactantonly Water .
Mixture Polymer solution
& (no surfactant)
ie}
@
o Polymer saturated
© with micelles
S Normal
8 L orma
= , micelle
@ [ formati
Micelle formatlon ' ormation
on the polymer (CAC)
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Log(surfactant concentration)

Figure 3.7. Schematic of surface tension curves for a mixed surfactant-polymer system and
a surfactant system. (Reproduced from Reference 88. Copyright (2014) Wiley. Used with
permission from Kronberg, B.; Holmberg, K.; Lindman, B., Surfactant-Polymer Systems,
Surface Chemistry of Surfactants and Polymers. Wiley)

There are two conditions to bind surfactants and polymers. If a surfactant is ionic,
it has attractive interaction with an oppositely charged polymer or a slightly
hydrophobic nonionic polymer. If a polymer contains hydrophobic segments, it can
bind with all types of surfactants by hydrophobic associations. A polymer with a
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water-soluble backbone and hydrophobic groups has strong interactions with
surfactants, as shown in Figure 3.8. When there is only a polymer in water, the
polymer has weak aggregation due to hydrophobic association. As a low
concentration of a surfactant is introduced in this system, the surfactant interacts
strongly with the hydrophobic segments of the polymer resulting in a stronger
association between different individual polymer chains and a higher viscosity.
With a further increase in the surfactant concentration, the hydrophobic groups of
the polymer becomes saturated and each surfactant micelle can only contain one
polymer hydrophobic group leading to disappearance of surfactant-associated cross-
links and a decreased viscosity®.

Polymer molecules
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Surfaclant \ Surfaclant
Hydrophoblc

side groups
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by surfactant cross-links

Surfactant
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Figure 3.8. Depiction of the interaction between a hydrophobic-modified polymer and a
surfactant. (Reproduced from Reference 88. Copyright (2014) Wiley. Used with permission
from Kronberg, B.; Holmberg, K.; Lindman, B., Surfactant-Polymer Systems, Surface
Chemistry of Surfactants and Polymers. Wiley)

3.5 Adsorption on Solid Surfaces
3.5.1 Adsorption of surfactants on solid surfaces

Surfactants have different adsorption behaviors on hydrophobic and hydrophilic
solid surfaces. Figure 3.9 (a) shows the schematic of the adsorption of a surfactant
on a hydrophobic surface, which is driven by two parts: interaction between
surfactant hydrophobic chains and the solid surface, and interaction between
different surfactant hydrophobic chains. The adsorption relates to the surfactant
concentration. When the surfactant is at a very low concentration, its hydrophobic
chains lay flat on the surface, driven by the hydrophobic effect. Whereas, when the
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concentration is significantly increased, the surfactants are forced to stand up with
the hydrophobic chain contacting with the solid surface to form a monolayer.

Figure 3.9 (b) illustrates the adsorption of a surfactant on a hydrophilic surface and
this adsorption behavior relates to the surfactant concentration as well. At a low
concentration, the surfactant molecules are laying down individually on the solid
surface. If the surfactant is ionic and the solid surface is oppositely charged, the
driving force of this adsorption is ion exchange. When the concentration of the
surfactant increases to reach the critical surface association concentration, the
surfactants start to self-assemble into micelles, where the head groups of the
surfactants interact with the solid surface. As the concentration of the surfactant
continuously increases above its CMC, a surfactant bilayer forms.
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Figure 3.9. (a) Surfactant adsorption on a hydrophobic surface, where (i) is at a low
concentration of the surfactant and (ii) is at a high concentration of the surfactant. (b)
Surfactant adsorption on a hydrophilic surface, where the concentration of the surfactant is
(i) low, (ii) middle and (iii) high. (Reproduced from Reference 88. Copyright (2014) Wiley.
Used with permission from Kronberg, B.; Holmberg, K.; Lindman, B., Surfactant
Adsorption at Solid Surfaces, Surface Chemistry of Surfactants and Polymers. Wiley)

Additionally, the efficiency of adsorption is associated with the CPP of a surfactant
as well. Surfactants with different CPPs result in a variety of self-assembled
structures including double layers, micelles and cylinders. Therefore, the surfactant
aggregation structure on a solid surface can be controlled by tuning the length of
hydrophobic chains, using surfactants with branched hydrocarbon tails or adding
another type of surfactant®,

3.5.2 Adsorption of polymers on solid surfaces

Strong adsorption of a polymer on a solid surface is usually driven by an attraction
between the polymer segments and the solid surface or a weak interaction between
the solvent and the polymer. The adsorption of a polymer is related to its molecular
weight and solubility. A polymer with high molecular weight and poor solubility
has a stronger tendency to adsorb than that with low molecular weight and good
solubility. Additionally, pH value also influences the adsorption strength of a
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polyelectrolyte on a charged solid surface. In general, polymer adsorption is divided
into three steps: (i) a polymer diffuses from the solvent to the solid surface, (ii) the
polymer attaches to the surface and (iii) the polymer molecules rearrange to achieve
the optimal attachment on the surface site.

Addition of a surfactant can alter adsorption behavior of a polymer by influencing
its solubility. A surfactant can either increase or decrease the solubility of a polymer.
Figure 3.10 illustrates that the adsorption of a surfactant-polymer mixture on a
hydrophobic surface changes with an increase of the surfactant concentration. In the
system with only polymers, shown in Figure 3.10 (i), the hydrophobic groups of the
polymer attach strongly on the solid surface leading to a compact polymer
conformation. When a surfactant is added, it forms micelles around the hydrophobic
groups of the polymer and distributes on the solid surface, resulting in a decrease of
the adsorbed amount of the polymer. With a continuous increase of the surfactant
concentration, the formation of a surfactant monolayer on the solid surface and a
saturated attachment of surfactant molecules on the hydrophobic groups of the
polymer make the polymer desorb from the solid surface. However, for the polymer
that has weak adsorption, addition of a surfactant with a proper concentration can
strengthen polymer adsorption through good attachment of the surfactant with both
the polymer and the solid surface®. For example, PVP molecules present no
adsorption on an iron(l11) oxide (Fe20s) surface but the addition of sodium dodecyl
sulfate with proper concentration promotes the adsorption of PVPY'.

e

(i) (iii)
Figure 3.10. Schematic of the adsorption of a surfactant-polymer complex on a hydrophobic
surface for: (i) only polymer; (ii) polymer with surfactant at low concentration; (iii) polymer
with surfactant at high concentration. (Reproduced from Reference 88. Copyright (2014)
Wiley. Used with permission from Kronberg, B.; Holmberg, K.; Lindman, B., Surfactant—
Polymer Mixtures at Interfaces, Surface Chemistry of Surfactants and Polymers. Wiley)
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Chapter 4 Transmission Electron
Microscopy Techniques

Microstructures of Pd and Au nanoparticles in this thesis were mainly investigated
with transmission electron microscopy (TEM). In this chapter, TEM and additional
techniques which use a transmission electron microscope are introduced. Miller
indices, which are used to characterize crystal lattice planes and orientations, are
presented as well. In this thesis, TEM images with various magnifications were used
to study morphologies of metal nanoparticles. High-resolution TEM and scanning
transmission electron microscopy were used to investigate microstructure and strain
in the nanoparticles. The lattice structure of the metal nanoparticles was studied by
selected area electron diffraction and Kikuchi patterns. The chemical composition
of the metal nanoparticles was investigated by energy dispersive X-ray spectroscopy.

4.1 Transmission Electron Microscopy

Transmission electron microscopy (TEM) is a modern microscopy technique where
an electron beam is used to image specimens. The electron beam in TEM is
accelerated by a high acceleration voltage generally ranging from 200 to 300 kV,
leading to an extremely short wavelength (less than 3 pm)®. This wavelength is with
an order of magnitude smaller than that utilized in optical microscopy, which
operates in the visible light region (around 400 to 700 nm). Since the spatial
resolution of a microscope is related to the wavelength of its light source, TEM can
have a spatial resolution of around 0.1 nm, which is influenced by instabilities and
lens aberration of the TEM as well*®. Compared to an optical microscope, TEM can
provide more detailed structure information for specimens. Therefore, TEM is
widely used to study morphology, interface and internal atomic structure and
composition.

During imaging, the electron beam is transmitted through the sample and the
interaction with the sample generates an image. After that, the electrons containing
the image information are magnified by several levels of electromagnetic lens and
focused on an imaging device®. This process requires a sample thinner than 100 nm.

4.2 Diffraction and Image Modes

Diffraction and image modes are two basic operations in TEM, which can be
switched by a button on the TEM console. The schematic of electron paths for both
modes are displayed in Figure 4.1.
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Figure 4.1 (a) describes the formation of selected area electron diffraction pattern
(SAED), which is an important crystallographic technique. SAED is operated by
inserting a selected-area diffraction (SAD) aperture to select the region to take
diffraction patterns. When the incident electron beam with high energy is directed
towards this selected region, most of the electrons pass through the sample but a
fraction of the electrons are scattered by sample atoms, changing direction, an effect
which is governed by the lattice structure of the sample. The electrons scattered by
the same group of lattice planes are focused into a spot on the back focal plane (bfp)
through the objective lens, forming regular patterns, called diffraction patterns,
which contains the structure information of the sample region. In the TEM
diffraction mode, the imaging-system lenses are adjusted to take the back focal
plane as the object plane for the intermediate lens and finally project the diffraction
pattern on the viewing screen to be recorded®.
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Figure 4.1. Schematic of electron paths for (a) diffraction mode and (b) image mode. SAD
represents selected-area diffraction and the bfp is short for the back focal plane. Reproduced
from Williams, D. B.; Carter, C. B., 1996, Transmission Electron Microscopy: A Textbook
for Materials Science, Diffraction in TEM, with the permission from Springer Nature®,
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In Figure 4.1 (b), the incident electron beam is the same as the beam in the
diffraction mode at the beginning interacting with the sample atoms and then the
scattered and transmitted electron beams form not only a diffraction pattern on the
back focal plane but also an image in an image plane, where the SAD aperture is set.
In the TEM image mode, this image plane is selected for the intermediate lens as
the objective plane through adjusting the imaging-system lenses and is projected on
the viewing screen finally. Therefore, the correlation between a diffraction pattern
and an image gives information about lattice planes and orientations®,

50 nm

Figure 4.2. TEM images of mesoporous anatase powders. (a) Bright field image. (b) Dark
field image. Reproduced from Kartini, I.; Meredith, P.; Costa, J. C. D. D.; Lu, G. Q., A
Novel Route to the Synthesis of Mesoporous Titania with Full Anatase Nanocrystalline
Domains. Journal of Sol-Gel Science and Technology 2004, 31, 185-189, with the
permission from Springer Nature®.
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Figure 4.3. Schematic of Bragg’s Law. Reproduced from Williams, D. B.; Carter, C. B.,
1996, Transmission Electron Microscopy: A Textbook for Materials Science, Elastic
Scattering, with the permission from Springer Nature®,

Additionally, the objective aperture set on the back focal plane can be inserted to
allow either transmission or diffraction spots passing through. If only the
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transmission spot is selected and diffraction spots are blocked by the aperture, the
formed image is a bright field image, in which the region with strong effect on
scattering electrons appears dark. Oppositely, the image formed only by diffraction
spots is a dark field image, in which transmitted area and the region that do not
scatter electrons for the selected diffraction spots present dark. Both bright field and
dark field images enhance the image contrast through the filtration of some electrons.
Especially, the dark field image can be used to study crystal defects and
dislocations'®. A comparison of bright field and dark field images from the same
region is shown in Figure 4.2'%,

A crystal is composed of an infinite number of highly ordered atoms with a
geometrical shape. These atoms form flat lattice planes with characteristic
orientations. A group of parallel lattice planes with a same spacing between two
adjacent planes are a set of planes. When an electron beam is incident on a crystal
in TEM, only the set of planes in a direction that satisfies Bragg’s Law enhance the
intensity of the scattered electron beam, resulting in diffraction. A diffraction pattern
records the intensities of scattered electron beams on the back focal plane. Bragg’s
Law can be represented as:

2d sinf = na (4.1)

Where d is the interplanar distance of a set of lattice planes, 6 is defined as the
Bragg angle, which is an angle between the incident electron beam and the
diffracting lattice planes, as seen in Figure 4.3, n is a positive integer and A is
defined as the wavelength of the incident electron beam.

As shown in Figure 4.3, two parallel electron beams with a same wavelength are
scattered by two atoms located in adjacent lattice planes, respectively. The lower
electron beam travels an extra length of 2d sin 8 than the upper beam. If the path
length difference is an integral multiple of the electron beam wavelength, two
scattered electron beams still have the same phase, leading to constructive
interference and giving rise to diffraction®.

Single crystals, polycrystals and amorphous materials have different characteristics
on SAED patterns, as shown in Figure 4.4, which can provide quantitative data of
lattice structure. In order to identify indices of lattice planes for diffraction spots of
single crystal in Figure 4.4 (a), the distance between centers of a diffraction spot and
the transmission spot is measured as r; (i = 1,2 or 3) 1/nm. Then the value of (1/r;)
nm is the interplanar spacing of the lattice plane corresponding to the diffraction
spot. If the diffraction pattern was taken from a known material, such as Pd crystal
in Figure 4.4 (a), the indices of a lattice plane correlated to a diffraction spot in the
diffraction pattern can be identified by comparing its interplanar spacing to the
standard values of lattice planes for this material. If the distances between the
transmission spot and three different diffraction spots, ri, r> and rs, the angle
between r1 and rz, and the angle between r, and r3 are measured, the indices of the
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entire diffraction pattern can be identified. In the polycrystalline diffraction pattern
in Figure 4.4 (b), diffraction spots located on the same diffraction ring have the same
indices. The radius of a diffraction ring, r 1/nm, is measured and then its
corresponding interplanar spacing is calculated by (1/r) nm. Comparing to the
standard interplanar spacings of lattice planes for the material, which this diffraction
pattern was taken from, the indices of the diffraction can be determined®.
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Figure 4.4. Diffraction patterns for: (a) Pd single crystal, where the red arrows start from
the transmission spot and point to a diffraction spot. The distance between the transmission
spot and diffraction spots are represented as r1, r, and rs, respectively. (b) Pd polycrystals,
where the red arrow stands for the radius of the inner diffraction ring and its value is r. (c)
Frozen amorphous electrolyte, which is a frozen mixture of lithium hexafluorophosphate
(LiPFs), ethylene carbonate and dimethyl carbonate. The figure in (c) is reproduced from
Zachman, M. J.; Tu, Z.; Choudhury, S.; Archer, L. A.; Kourkoutis, L. F., Cryo-STEM
Mapping of Solid—Liquid Interfaces and Dendrites in Lithium-Metal Batteries. Nature 2018,
560, 345-349, with the permission from Springer Nature®2,

4.3 Kikuchi Pattern

Kikuchi patterns are another crystallographic diffraction technique which can be
operated on a TEM. Kikuchi lines are pairs of parallel lines formed by the Bragg
diffraction of the inelastically scattered electrons generated from the incident
electron beam passing through the sample’®%, Kikuchi lines from the same zone
axis intersect at a core forming a flowery pattern, called the Kikuchi pattern (as
shown in Figures 9.4 and 9.5 in Chapter 9). Kikuchi patterns contains information
about crystal structures, and when compared to SAED, Kikuchi patterns are more
sensitive to the tilting of the specimen at a small angle'®%,

The formation of Kikuchi lines is shown in Figure 4.5. When an electron beam is
incident on a crystal specimen, the electrons can be scattered in all directions at a
single point. As shown in Figure 4.5 (a), the vector length of a scattered election
path expresses how much possibility of the scattered electrons would pass through
this direction, indicating that most of the electrons are scattered with a small angle.
However, some of the scattered electrons move along a direction that forms the
Bragg angle with the lattice planes, resulting in an occurrence of Bragg diffraction,
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which exists on both sides of a lattice plane, as seen in Figure 4.5 (b). Because the
scattered electrons traverse in all directions in space, all scattered electron beams
that satisfy Bragg’s Law form two conical surfaces, called Kossel cones, displaying
on both sides of a lattice plane, as shown in Figure 4.5 (c). The projections of two
Kossel cones are approximate to two parallel straight lines in the diffraction pattern,
where the line close to the direction of the incident beam is dark (deficient line) and
the other line is bright (excess line)%.
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Figure 4.5. Depiction of the formation of Kikuchi lines. (a) Incident electrons are scattered
in all directions at a point in the specimen. (b) Bragg diffraction occurs when the angle
between the scattered electron beam and the lattice plane is equal to the Bragg angle. DP is
short for diffraction pattern. (c) All diffracted electron beams caused by Bragg diffraction
form two conical surfaces in space, called Kossel cones. Projections of the Kossel cones are
approximate to two parallel straight lines. Reproduced from Williams, D. B.; Carter, C. B.,
1996, Transmission Electron Microscopy: A Textbook for Materials Science, Kikuchi
Diffraction, with the permission from Springer Nature®.

When an incident electron beam is scattered at a single point O on the lattice plane.
The point O is taken as a center to construct a sphere of radius 1/A, where A is the
wavelength of the incident electron beam. This sphere is called Ewald sphere, used
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to correspond diffraction spots to their relative lattice planes. As shown in Figure
4.6 (a), when the angle between the incident electron beam and the lattice planes is
equal to Bragg angle 6, the transmitted electron beam passes through the specimen
and reaches at point O in the view screening, and the scattered electron beam goes
towards point A in the view screening, deviating from the transmitted electron beam
with angle 26. The point A is where the diffraction is observed. Through Ewald
sphere, the distance (R) between the transmission spot and the diffraction spot can
be associated with the interplanar spacing (d) of lattice planes®.
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Figure 4.6. (a) Ewald sphere related to a diffraction pattern. (b) Displacement of Kikuchi
lines caused by a rotation of lattice planes with a small angle n. Diffraction spots do not
move by the rotation but their intensities change. d is the interplanar spacing of lattice planes,
A is the wavelength of the incident beam, @ is the Bragg angle and L is the camera length.
DP is short for diffraction pattern. The mage in (b) is reproduced from Williams, D. B.;
Carter, C. B., 1996, Transmission Electron Microscopy: A Textbook for Materials Science,
Kikuchi Diffraction, with the permission from Springer Nature®,
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First, the distance between O,A can be calculate by Bragg’s Law withn=1 (Eq 4.1),
which value is 1/d. Camera length L is the distance between the specimen and the
viewing screen. Based on the geometric rules of similar triangles: A 00,4 ~ A
00,44, an equation can be deduced:

R'd =1L (4.2)

Since the angle 6 is generally very small and the camera length L is relatively large,
the points A; and A are very close. Therefore, the value of R is approximate to R .
The association between R and d can be expressed as:

Rd = LA (4.3)

Ewald sphere can also be applied in Kikuchi lines, where R is the distance between
deficient and excess lines. When the crystal lattice planes rotate in a small angle ()
along an axis perpendicular to the incident beam, the pair of Kikuchi lines are also
shifted a distance of x, as shown in Figure 4.6 (b)®. The distance x is measured on
the diffraction pattern recorded from the viewing screen. Then the rotation angle
can be deduced by the equation as below:

x =1Ln (4.4)

With a combination of Eq 4.3 and Eq 4.4, rotation angle of the lattice planes can
also be represented as:

XA (4.5)
" Rd

This equation was used to determine the bent angle of Au nanorods in Chapter 9.

n

4.4 Energy Dispersive X-ray Spectroscopy

Energy dispersive X-ray spectroscopy (EDS) is an analytical technique setina TEM
or a scanning electron microscope (SEM), which is used for compositional analysis.
As seen in Figure 4.7, when an atom of a specimen is bombarded with high-energy
incoming electrons, some of the electrons interact with the inner shell electron of
the atom, resulting in an inelastic scattering. The inner shell electron is ejected from
the atom after absorbs energy from the incoming electron and left a vacancy. Then
an outer shell electron falls into this vacancy and emits a characteristic X-ray signal
that contains specific elemental information. These characteristic X-ray signals are
detected by specialized EDS detectors and the energies of the X-ray peaks
correspond to the elements that exist in the detected region. This technique can
provide quantitative compositional information about the detected area®.
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Figure 4.7. Schematic of characteristic X-ray emission. Reproduced from Williams, D. B.;
Carter, C. B., 1996, Transmission Electron Microscopy: A Textbook for Materials Science,
Inelastic Scattering and Beam Damage, with the permission from Springer Nature®.
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Figure 4.8. EDS spectrum from a stainless-steel foil specimen. Reproduced from Williams,
D. B.; Carter, C. B., 1996, Transmission Electron Microscopy: A Textbook for Materials
Science, Qualitative X-ray Analysis and Imaging, with the permission from Springer
Nature®,

An EDS spectrum is shown in Figure 4.8 as an example, in which the abscissa is
energy of characteristic X-ray and the ordinate is X-ray count. Unique peaks of each
element are generated at specific energies, which is used to identify the type of
elements. K, and Kg represent that the characteristic X-ray signals are emitted by an
electron transition from L and M electron shells to K electron shell, respectively.
The intensity of characteristic peak is utilized for the chemical composition analysis,
which can be completed by EDS analytical software in computer®.
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4.5 Scanning Transmission Electron Microscopy

Scanning transmission electron microscopy (STEM) is based on a conventional
TEM equipped with additional scanning accessories. A typical TEM with STEM
function is allowed to switch between both modes. In STEM mode, the electron
beam is focused to a small spot with size around 0.05 - 0.2 nm on the sample and
scans over the sample region spot by spot. The intensity of scanning signals is
recorded with an annular detector and imaged in a focal plane. Two of the most
common imaging modes are annular dark-field imaging and bright-field imaging.
In dark-field imaging, images are generated by the fore-scattered electrons formed
from the interaction between incident electrons and the sample, which is collected
by an annular detector. Compared to a normal annular dark-field detector, a high-
angle annular dark-field detector can provide a higher resolution to form atomic
resolution images, where the atomic column contrast corresponds to the atomic
numbers of the elements’®. Therefore, this detector is often used to take high-
resolution STEM images. In bright-field imaging, a bright-field detector is set to
detect the transmitted electrons after the interaction with the sample, obtaining

atomic resolution images, even for light elements such as oxygen'®.

4.6 Electron Beam Damage

Electron beam damage is generally resulted from electron-electron or electron-atom
interactions, in which the momentum and energy of a high-energy electron are
transferred to an atom in the specimen by collision, resulting the specimen damage.
Phenomena of beam damage strongly depend on the material’®. Radiolysis,
displacement and thermal damages are three common damage classes. Radiolysis is
resulted from electronic ionization and excitations, forming highly chemical-
reactive radicals’™®. Displacement damage causes atom displacement by the
electron-atom collision**. The electron beam also has heating effects on specimens,
leading to a phase transformation or decomposition**2, Even through these damages
are disadvantageous to many TEM experiments, they can be utilized to cause the
changes in samples™**1,

4.7 Miller Indices

Miller indices are widely employed to define lattice planes and orientations of
crystals in crystallography. In general, the coordinate system consists of three basic
vectors a, b and ¢ towards different directions in space, which can represent any
vectors in the space by adding proper indices for basis vectors. For example, a vector
r originating from the origin of coordinate to a lattice point in space is represented
as:
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r=ua+vb+ wc (4.6)
Where u, v and w are integers. [uvw] is the Miller index of the vector r.

It is more complex to describe Miller indices of a lattice plane. In the first step, three
intercept vectors of the lattice plane on three coordinate axes are counted, expressed

as (%a,%b,%c). If the lattice plane is parallel to one of the coordinate axes, the

intercept on this axis equals to co. After that, the reciprocals of the indices of three
basis vectors are calculated as (hkl), which is the Miller index of this lattice plane.
There are always integral numbers for Miller indices. A negative value is marked
with a bar on top of this number.

A family of orientations that share the same absolute value but different orders of
Miller indices are equivalent due to periodic symmetry of crystal structures. This
group of orientations is represented as < uvw >, called a family of lattice
directions. Likewise, a family of lattice planes which share the same absolute value
but different orders of Miller indices are represented as {hkl}. Miller indices form
a simple notation system to express complex crystal geometry relations.

Pure Pd, Au and Ag crystals all belong to the face centered cubic (FCC) structure,
one of the most common lattice structures. As shown in Figure 4.9, there are atoms
at the center of each facet and at the eight corners in a typical FCC unit cell. Three
basis vectors (a, b and c¢) corresponding to lattice directions of [100], [010] and
[001] form a rectangular coordinate system. Miller indices [111] are denoted with
the diagonal direction of the cubic unit starting from the origin of the coordinate.
Four lattice planes with low indices are marked by colors: red is (111); yellow is
(100); green is (010) and blue is (001).

Lattice planes:

Red (111)
[001] Yellow (100)

Green (010)
¢ Blue  (001)

[100]
Figure 4.9. Unit cell of FCC structure, applicable for Pd, Au and Ag crystals.
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Chapter 5 Experimental Methods

In this chapter, chemicals, synthesis procedures and characteristic techniques related
to the experiments are introduced.

5.1 Materials

Hexadecyltrimethylammonium bromide (CTAB, > 99%), sodium stearate (NaST, >
99%), polyvinylpyrrolidone (PVP, M,=55000), hydrogen tetrachloroaurate(lll)
trihydrate (HAUCls, > 99.9%), silver nitrate (AgNOs, > 99.0%), silver
trifluoroacetate (CFsCOOAg, 98%), palladium (IT) chloride (PdClz, 99.999%),
sodium tetrachloropalladate(Il) (Na.PdCls, 98%), palladium (II) acetylacetonate
(Pd(acac)z, 99%), L-ascorbic acid (AA, > 99%), sodium hydroxide (NaOH, >
97.0%), sodium hydrosulfide hydrate (NaHS-xH20) and sodium borohydride
(NaBHa4, > 98.0%) were purchased from Sigma Aldrich. Hydrochloric acid (HCI,
37 wt. % in water) was obtained from VWR Chemicals. Sodium oleate (NaOL, >
97.0%) was purchased from Tokyo Chemical Industry.
Hexadecyltrimethylammonium chloride (CTAC, 99%) was purchased from Acros
Organics of Fisher Scientific. Nitric acid (HNOs, 70 wt. %) was obtained from
Fisher Chemical. Acetone (> 99.8%) and methanol (> 99.9%) were purchased from
Fisher Scientific. Ethylene glycol (EG, > 99%) was obtained from J. T. Baker
Chemical (Avantor Performance Materials, LLC).

All aqueous solutions were prepared with ultrapure water (18.2 MQ), which is
purified with a Milli-Q Advantage A10 water purification system from Merck. EPA
screw neck glass vials (20 mL) were obtained from Fisherbrand™. All laboratory
glassware and magnetic bars used for synthesis were cleaned by freshly prepared
aqua regia, the preparation of which is described below.

After preparation, CTAB, CTAC and NaOL aqueous solutions were kept in a water
bath at 40 °C before use. NaST aqueous solution was stored in a water bath at 80 °C.
NaBH4 was freshly prepared and stored in an ice bath before use. In order to avoid
degradation due to light, AQNO; and CFsCOOAg were stored in containers covered
by aluminum foil.

5.1.1 Preparation of H,PdCl, solution

A 10 mM H,PdCl, aqueous solution was prepared by the following steps. First,
0.166 mL of HCI (37 wt.%) was diluted into 9.834 mL of ultrapure water to make
10 mL of 0.2 M HCI solution. Second, 0.1773 g of PdCl, was added to the HCI
solution. When the PdCl, solid was completely dissolved, the mixture of PdCl, and
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HCl was diluted by adding 90 mL water to form a total of 100 mL of 10 mM H,PdCl,
solution™®.

5.1.2 Preparation of Pd(acac), solution

Since Pd(acac): is insoluble in water but soluble in methanol, 10 mM Pd(acac). in
water was prepared by first mixing 15.23 mg of Pd(acac). in 5 mL of ultrapure water.
Then, 10 mL of methanol was added to assist in the dissolution of Pd(acac).. The
mixture was mixed well on a vortex (Scientific Industries VVortex Genie 2) for 5
minutes and then used in the reaction directly to prevent methanol reduction of the
Pd ions.

5.1.3 Preparation of aqua regia

Aqua regia is a mixture of hydrochloric acid and nitric acid, which can dissolve Au
and Pd metals**®. Aqua regia was prepared by adding HNO3 (70 wt. %) gradually
into HCI (37 wt. %) according to the HNOs/HCI volume ratio 1:3, forming a yellow-
orange fuming liquid which is freshly prepared before use.

5.2 Synthesis of Pd Nanodendrites Stabilized by CTAB and NaOL
5.2.1 Seed solution

10 mL of 12.5 mM CTAB aqueous solution was transferred to a clean 20 mL glass
vial in an oil bath at 95 °C and stirring at a speed of 400 rpm. After that, 0.5 mL of
10 mM H2PdCl, was added into the CTAB solution. 5 minutes later, 80 pL of 100
mM AA was injected into the CTAB-Pd mixture. The solution stirred continuously
and aged at 95 °C for 30 minutes until use. The Pd seed solution was freshly
prepared for each synthesis process in order to prevent the seeds from degradation
within a few hours after preparation®.

5.2.2 Growth solution

Certain volumes of 50 mM CTAB and 50 mM NaOL aqueous solutions were
transferred and mixed well in a 20 mL glass vial at room temperature according to
different volume proportions of CTAB and NaOL to obtain a mixed solution with a
total volume of 5 mL. CTAB and NaOL volumes and their molar ratios are shown
in Table 6.1 of Chapter 6. In the following steps, 125 pL of 10 mM H2PdCl4, 200
pL of fresh Pd seed solution and 25 pL of 100 mM AA were added, in sequence,
into the surfactant solution and mixed intensively on a vortex (Scientific Industries
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Vortex Genie 2) after adding each reagent. The mixture was incubated without
stirring in a water bath at 40 °C for 14 hours, forming the final solution®.

This final solution was washed through centrifugation (VWR Micro Star 12) at 2400
RCF (6000 rpm) for 20 minutes. After removing the supernatant, a specific volume
of ultrapure water, depending on the application of the Pd nanodendrites, was added.

The synthesis methods for the CTAC-NaOL and CTAB-NaST surfactant mixtures
followed the same synthesis procedure as mentioned above except that the CTAB-
NaOL solution was replaced by a mixture of 4 mL of 50 mM CTAC and 1 mL of
50 mM NaOL in CTAC-NaOL system, and a mixture of 4 mL of 50 MM CTAB and
1 mL of 50 mM NaST in CTAB-NaST system.

5.2.3 Preparation of TEM sample

0.5 mL of the nanoparticle solution, which has been centrifuged once and refilled
with ultrapure water to the same volume, was added into a 1.5 mL centrifuge tube.
After centrifuge at 2400 RCF (6000 rpm) for 10 minutes, the supernatant was
removed and a certain volume of ultrapure water (0.25 mL or 0.1 mL), determined
by the amount of deposition, was added. After redispersing the Pd nanodendrites in
the solution again, 5 pL of this solution was dropped on a copper TEM grid with
carbon film and dried at room temperature.

5.3 Synthesis of Hollow Ag-Pd Nanoparticles Stabilized by CTAC and
NaOL

5.3.1 Ag seed solution

The synthesis of cubic Ag seeds was based on a published method'"**8, All reagents
involved in the synthesis were prepared with EG as the solvent.

In brief, 50 mL of EG was transferred into a 250 mL round bottom flask and kept
in an oil bath at 150° for 1 hour while stirring at a speed of 550 rpm. After that, 0.6
mL of 3 mM NaHS (in EG) was injected into the heated solution, followed by
adding 5 mL of 3 mM HCl solution (in EG) 4 minutes later, 12.5 mL of PVP solution
(20 mg/mL in EG) after another 2 minutes and 4 mL of 282 mM CFsCOOAg (in
EG) after waiting 2 more minutes. This mixture was incubated at 150°C for 30
minutes, while stirring continuously. The flask outlet was covered for the entire
synthesis apart from reagent addition. In order to prevent overgrowth of Ag seeds,
the reaction container was transferred to an ice bath after the final 30-minute
incubation.

43



Ag seeds required purification before further use. 7.5 ml of the Ag seed solution
mixed with 42.5 ml of acetone in a 50 ml centrifuge tube, was centrifuged (Thermo
Scientific™ Heraeus™ Multifuge™ X1 Centrifuge) at 4900 rpm (2797 RCF) for 8
minutes. After removing the supernatant, Ag seeds were dispersed in 1.5 ml of
ultrapure water using a vortex (Scientific Industries Vortex Genie 2) and sonication
(VWR Ultrasonic Cleaner USC600D) and then centrifuged (VWR Micro Star 12)
again at 13500 rpm (12300 RCF) for 15 minutes. After the supernatant was removed,
the Ag seeds were redispersed in 1 ml of ultrapure water for storage.

5.3.2 Growth solution of hollow Ag-Pd nanodendrites

The method to grow Pd nanodendrites on Ag seeds was adapted from the growth on
the Pd seeds™. 4 mL of 50 mM CTAC and 1 mL of 50 mM NaOL aqueous solutions
were mixed well in a clean 20 mL glass vial. After that, 25 L of the Ag seed, 25
pL of 100 mM AA and 125 L of 10 mM H,PdCl, aqueous solutions were added
into CTAC-NaOL mixture in sequence. After thoroughly mixing on the vortex, the
mixed solution was kept in a water bath at 40°C for 4 hours without stirring. The
final growth solution was centrifuged (VWR Micro Star 12) at 12000 rpm (9700
RCF) for 10 minutes. The hollow Ag-Pd nanodendrites were dispersed in the same
volume of ultrapure water for storage after removed the supernatant.

5.3.3 Growth solution of hollow Ag-Pd spiky-nanoboxes

The synthesis of hollow Ag-Pd spiky-nanoboxes was performed by the same
method as hollow Ag-Pd nanodendrites (described in 5.3.2) except that 375 L of
Pd(acac), solution (in mixture of water and methanol, as described above) was
employed as the Pd precursor instead of H,PdCl,, with an equal mole of Pd. Since
Ag-Pd spiky-nanoboxes grew more slowly than nanodendrites, the reagent mixture
for spiky-nanoboxes was incubated in a water bath at 40°C for 22 hours instead of
4 hours.

5.3.4 Preparation of TEM sample

1 mL of the growth solution that has been centrifuged once was centrifuged again
at 12000 rpm (9700 RCF) for 10 minutes. The Ag-Pd nanoparticles were dispersed
in 1 mL of ultrapure water after removing the supernatant. 5 uL of this solution was
dropped on a copper TEM grid with carbon film and let dry at room temperature.
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5.4 Synthesis of Pd Nanodendrites Stabilized by PVP and NaOL

In a standard synthesis process, 2 mL of an aqueous solution containing 26.68 mg
PVP (My = 55000), 0.5 mL of 0.12 M NaOL and a certain amount of 2 M HCI or
NaOH were added in sequence in a clean glass vial and mixed by stirring at a speed
of 300 rpm overnight (>10 hours) at room temperature to form the PVP-NaOL
mixture. The addition of HCI or NaOH was for tuning pH environment of the
reaction system and its volume for each synthesis is shown in Table 5.1. The pH
values were measured by Jenway 570 pH meter. Before the reaction, the glass vial
containing the P\VP-NaOL mixture was transferred to an oil bath at 80 °C and stirred
at a speed of 400 rpm for 10 minutes for heating up. After that, 1 mL of 50 mM
NaPdCl, was added. After stirring for another 5 minutes, 85 L of AA solution was
injected. The mixture was kept stirring at a speed of 400 rpm in the oil bath at 80 °C
for 3 hours. The final solution was centrifuged (Thermo Scientific™ Heraeus™
Multifuge™ X1 Centrifuge) at 10000 rpm (11648 RCF) for 30 minutes. After
removal of the supernatant, Pd nanoparticles were resuspended in ultrapure water to
the same volume as before and mixed well in an ultrasonic bath (VWR Ultrasonic
Cleaner USC600D) for 1 hour. This solution was stored at room temperature for
further use.

Table 5.1. The volumes of added HCI and NaOH solutions and corresponding pH values of
the PVP-NaOL mixtures.

Addition 2 M NaOH 2 M HCI

Volume | 275.0 275 0 245 315 | 42.0 | 120.0 | 420.0
(ML)

pH 12.36 11.75 | 9.47 7.06 3.35 | 203 | 1.17 | 0.60

5.4.1 Preparation of TEM sample

150 pL of the stored Pd nanoparticle solution was added in an Eppendorf tube and
centrifuged (VWR Micro Star 12) at 6000 rpm (2400 RCF) for 5 minutes. After
removed the supernatant, the deposition was redispersed in 150 uL of ultrapure
water. A 5 uL droplet of the Pd nanoparticle solution was dropped and dried on a
TEM copper grid with a uniform carbon film.

5.5 Synthesis of Au Nanorods Stabilized by CTAB and NaOL

The synthesis of Au nanorods was followed the procedure reported by Xingchen
Ye?,
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5.5.1 Seed solution

1.25 mL of 0.5 mM HAuCI, and 1.25 mL of 0.2 M CTAB solution were mixed
uniformly in a 20 mL glass vial at room temperature. After that, 0.8 mL of freshly
prepared 3.75 mM NaBH, solution was injected into this Au (111)-CTAB mixture
while stirring vigorously (1200 rpm) for 2 minutes. In these 2 minutes, the color of
the solution changed from yellow to brownish. The seed solution was aged without
stirring at room temperature for 30 min before use. The Au seed solution was always
freshly prepared for each synthesis.

5.5.2 Growth solution

The Au growth solution was prepared as following steps. 0.875 g of CTAB and
0.154 g of NaOL were added in 31.25 mL of ultrapure water in a 250 mL
Erlenmeyer flask, while stirring and heating at 50 °C in a water bath until dissolved
completely. Concentrations of CTAB and NaOL in this mixed solution were 76.84
mM and 16.22 mM, respectively. After the solution cooled down to 30 °C, 3 mL of
4 mM AgNOs solution was added and kept undisturbed for 15 minutes. Then, 31.25
mL of 1 mM HAuCI, solution was added. The mixture was stirred at a speed of 700
rpm for 90 minutes and the solution became colorless. Then the solution was
continuously stirred at a speed of 400 rpm for 15 minutes after the addition of 0.45
mL of HCI (37 wt. %). After adding 0.156 mL of 0.064 M AA, the solution was
stirred vigorously (700 rpm) for 30 seconds. Lastly, 0.05 mL of seed solution was
injected into the mixture. The growth solution was stirred at a speed of 400 rpm for
30 seconds and then kept without stirring in a 30°C water bath for 17.5 hours.

The final growth solution was centrifuged (Sigma laboratory centrifuge 4K15) at
4000 RCF (4340 rpm) for one hour. After removal of the supernatant, the deposition
of Au nanorods was dispersed in the same volume of ultrapure water as before
centrifugation and stored at room temperature.

5.5.3 Preparation of TEM sample

TEM samples for imaging Au nanorods were prepared in a simple way. First, 1 mL
of the stored growth solution was centrifuged (VWR Micro Star 12) at 6000 rpm
(2400 RCF) for 20 minutes. After removal of the supernatant, the deposition was
resuspended in 0.5 mL of ultrapure water by mixing with a vortex (Scientific
Industries Vortes Genie 2). A 5 uL droplet of the Au nanorod solution was dropped
and dried on a TEM copper grid with lacey carbon film.

The TEM sample for imaging of standing Au nanorods was prepared by the
following method. 0.25 mL of the stored Au nanorod solution was centrifuged at
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6000 rpm (2400 RCF) for 5 minutes. The supernatant was removed and then 12 pL
of 0.04 M CTAB solution was added, mixing with the vortex. After centrifugation
at 6000 rpm (2400 RCF) for 2 minutes, the supernatant was removed again and the
deposition was vortexed without any additional solvent in order to obtain a very
concentrated Au nanorod solution. 0.3 pL of this concentrated Au nanorod solution
was dropped at the center of a TEM grid with a uniform carbon film and dried.

5.6 Characterization

The morphology, composition, crystal structure and other physical properties of
metal nanoparticles and growth solutions were studied by various techniques
including TEM, UV-Vis spectroscopy, dynamic light scattering spectroscopy, X-
ray photoelectron spectroscopy and X-ray diffraction. These techniques are briefly
introduced below.

5.6.1 Transmission electron microscopy

Transmission electron microscopy (TEM) has been introduced in detail in Chapter
4., A FEI Tecnai T20 TEM operated at 200 kV, a FEI Titan 80-300 TEM operated
at 300 kV and a JEM-ARM300F (JEOL Ltd.) operated at 300 kV were used in our
experiments to study the morphologies, lattice structures and compositions of the
metal nanoparticles in this thesis.

5.6.2 Ultraviolet-visible spectroscopy

Ultraviolet-visible (UV-Vis) spectroscopy is an important technique to measure the
absorbance of visible or ultraviolet light after passing a liquid or solid material. It
records the intensities of the light before (lo) and after (1) passing the sample for
each wavelength in the selected range. All the ratios of | / I form a spectrum
showing the absorption of the sample at different wavelengths of light. Metal
nanoparticles have unique peaks at specific wavelengths in their absorbance spectra
due to their LSPR properties which correspond to material, size and shape of the
nanoparticles. In this thesis, UV-vis spectroscopy was used to analyze the particles
and monitor the growth process of metal nanoparticles.

5.6.3 Dynamic light scattering and zeta potential measurements

Dynamic light scattering (DLS) is an important technique to measure size
distribution of small particles in suspensions and the same machine can be used to
measure the zeta potential of colloidal dispersions. When the particles have a
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smaller diameter than the wavelength of the incident laser light, the particles scatter
the light in all directions. The scattering intensities fluctuate over time because of
Brownian motion of the particles in solutions. These intensity fluctuations are traced
by the equipment to measure the nanoparticle size. The zeta potential is a
measurement of the electric potential difference between a bulk liquid medium and
the stationary layer of the liquid medium attached to a dispersed particle, which
determines the stability of nanoparticles in a suspension. A large absolute value of
zeta potential indicates a strong repulsive force between two close particles,

resulting a high stability in dispersed particles™®.
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Chapter 6 Effects of Surfactant Ratios on
the Growth of Pd Nanoparticles

In this chapter, a surfactant mixture of cationic CTAB and anionic NaOL was used
in the seed-mediated growth of Pd nanodendrites to investigate the effects of
surfactant molar ratio on the nanoparticle shape. Cationic CTAB is a conventional
surfactant widely used in the growth of Pd nanocubes'®. In order to modify the
shape of Pd nanoparticles to increase their surface area, an anionic surfactant, NaOL,
was introduced in the synthesis to rearrange the adsorption of CTAB molecules on
the nanoparticle surface through interactions between opposite charges. In this
chapter, the influence of the surfactant mixture ratio on the shape and yield of Pd
nanoparticles is presented and the optimal ratio to fabricate Pd nanodendrites with
relatively narrow size distribution was determined. Additionally, the formation
mechanism of dendritic shape is discussed.

In order to study the influence of the CTAB-NaOL surfactant mixture on the yield
and shape of Pd nanoparticles, a series of synthesis experiments were carried out
with different molar ratios of CTAB and NaOL molecules but the same initial molar
concentrations of each surfactant (50 mM) and total volume of the mixture. The
amounts of each surfactant added in the growth solution and molar ratio acrag for
each batch are displayed in Table 6.1. As the value of actag reduces from 1 to 0, the
amount of CTAB decreases and correspondingly, the amount of NaOL increases.

For comparison, zeta potential and conductance results of these mixed surfactant
solutions are also reported in Table 6.1. Zeta potential is an important value to reflect
the dispersion stability of nanoparticles. When the value of zeta potential is close to
zero, nanoparticles are typically not stable in solutions'?**?!, Pure CTAB micelles
have a relative zeta potential value of +60.9 £ 5.9 mV, indicating a strongly positive
charges from the cationic head groups. By increasing the amount of NaOL in the
solution, NaOL molecules were incorporated with the CTAB in the micelles and
decreased the zeta potential. This is mainly because the oppositely charged NaOL
head groups neutralize the charge of the CTAB micelles. The zeta potential values
change suddenly from +8.66 £ 5.9 mV to -68.6 £ 0.9 mV when reducing ocrag from
0.5 to 0.4. This illustrates that there is a critical molar ratio or concentration in this
range at which the value of zeta potential becomes zero and the Pd nanoparticles in
this solution are unstable.

The value of conductance also displays a maximum at around ocrag = 0.4. The
charge neutralization at this molar ratio results in an increase of the degree of
counter-ion dissociation and more counterions (Br and Na* ions) are freed to the
solution, which contribute to the conductance. The change of the surfactant molar
ratio rarely affects the surface tension of the solution since the initial concentrations
of CTAB and NaOL in solution are much higher than their respective CMCs. The
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maximum of conductance value was expected to appear at actas = 0.5 rather than
0.4, however, the existence of a double bond in the alkyl tail and conformational
restriction of NaOL molecules may influence their accumulation in the mixed
micelles and consequently, the double bond shifts the maximum to a lower acras
value.

Table 6.1. A surfactant mixture of CTAB and NaOL was employed for the preparation of
the growth solution. The initial concentration of each surfactant was [CTAB] = [NaOL] =
50 mM. The zeta potential and conductance of the mixture were measured at 40 °C.
(Reproduced with the permission from Wen, X.; Lerch, S.; Wang, Z.; Aboudiab, B.;
Tehrani-Bagha, A. R.; Olsson, E.; Moth-Poulsen, K., Synthesis of Palladium Nanodendrites
Using a Mixture of Cationic and Anionic Surfactants. Langmuir 2020, 36 (7), 1745-1753.
Copyright 2020, American Chemical Society.) Conductance was measured by Bassem
Aboudiab.

acras? Vecras VNaoL Zeta Conductance | Yield of Pd
(mL) (mL) potential (mS/cm) nanoparticles
(mV) (mg/mL)

1 5 0 60.9+5.9 1.25 0.057
0.9 4.5 05 55.6 +11.0 |1.52 0.073
0.8 4 1 389+1.6 1.75 0.057
0.7 3.5 1.5 37512 2.04 0.047
0.6 3 2 36.2+7.2 2.13 0.043
0.5 25 25 8.66 +5.9 1.96 0.04

0.4 2 3 -686+09 |24 0.127
0.3 15 3.5 -73.8+1.0 |209 0.117
0.2 1 4 -7188+7.1 |1.86 0.057
0.1 0.5 4.5 -784+8.8 | 1.56 0.063
0 0 5 -583+09 |1.35 0.023

2 actas Stands for the molar ratio between CTAB and CTAB-NaOL surfactant mixture.
There is only CTAB at actag = 1 and only NaOL at acras = 0.

Figure 6.1 displays the TEM images of Pd seeds and the nanoparticles synthesized
by the surfactant volumes reported in Table 6.1. In the seed solution, nanocubes
with an average size of 24.1 + 3.4 nm were produced, as shown in Figure 6.1 (seeds).
These seeds continuously grew into larger nanocubes with an average size of 56.7
+ 6.0 nm when the seed solution was added in the growth solution with only CTAB,
following the standard procedure'!® % as displayed in Figure 6.1 (actas = 1).
However, by decreasing the molar ratio of in the growth solution, dendritic
nanoparticles were formed instead of nanocubes, also shown in Figure 6.1 (acras =
0.9 to 0.5). These Pd nanodendrites have diameters in the range from 45 nm to 66
nm. Some of the Pd seed nanocubes can also be observed in the center of Pd
nanodendrites through the different contrast in the TEM images, which are
highlighted with red arrows in Figure 6.1 (actas = 0.9) and are also visible in Figure
6.1 (actas = 0.8 t0 0.5). As the CTAB molar ratio is continuously decreased (ocras
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< 0.5), nanocubes from the Pd seed solution and much smaller crystals were
observed in TEM respectively; however, no larger nanodendrites or nanoparticles
were found in these samples, as shown in Figure 6.1 (actas = 0.4 to 0). This result
indicates that, when the value of acras is lower than 0.5, the attachment of reduced
Pd° at the surface of the Pd seeds becomes inefficient and forms dispersed small
crystals. These results illustrate that CTAB molecules, with the positively charged
head groups, are crucial in the growth of Pd nanodendrites and nanocubes. When
the concentration of CTAB molecules is lower than a critical value (acras < 0.5),
the zeta potential of the mixed surfactant solution is negative and there is no more
growth observed. Additionally, the yield of Pd nanodendrites reduces significantly
as acras approaches 0.5.

Seeds, 24.1 £ 3.4nm Acras=1, 557 +6.0nm

Qcre=0.9, 62.6 + 5.1nm QAcras=0.8, 48.1 £ 2.9nm
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Figure 6.1. TEM micrographs of Pd seeds and the nanoparticles synthesized at various acrag.
The value of actag and the average of the particle size are marked on top of each image.
(Reproduced with the permission from Wen, X.; Lerch, S.; Wang, Z.; Aboudiab, B.;
Tehrani-Bagha, A. R.; Olsson, E.; Moth-Poulsen, K., Synthesis of Palladium Nanodendrites
Using a Mixture of Cationic and Anionic Surfactants. Langmuir 2020, 36 (7), 1745-1753.
Copyright 2020, American Chemical Society.)

By comparison of all molar ratios reported in Table 6.1, it is obvious that the
synthesis at the value of acrtas between 0.8 and 0.9 is optimal to produce Pd
nanodendrites, where the Pd nanodendrites are stable in the growth solution (zeta
potential > 30 mV)'?® and have the narrowest size distribution and highest yield, as
shown in Figure 6.1.

51



Additional structural studies of the Pd nanodendrites were performed and shown in
Figure 6.2. In Figure 6.2 (a), a TEM image of the Pd nanodendrites (ocrag = 0.8) at
low magnification is displayed to illustrate the narrow size distribution of these Pd
nanodendrites. The selected area electron diffraction pattern (SAED) in Figure 6.2
(b), taken from the whole region in Figure 6.2 (a) reveals the diffraction rings from
the polycrystalline Pd structure and further verifies the nanodendrites are only
composed of metallic Pd crystals. In order to observe the lattice structure of the
nanodendrites clearly, high-resolution TEM was performed on a small seedless
nanodendrite (diameter 22.7 nm), shown in Figure 6.2 (¢) and its corresponding fast
Fourier transform (FFT) is displayed in Figure 6.2 (d). Even though this
nanodendrite consists of multiple dendritic crystals, the FFT pattern shows a Pd
single crystal characterization. It indicates that the crystal lattices of these dendrites
in this nanodendrite are following the same order.
s

5 1nm

Figure 6.2. (a) A TEM image of Pd nanodendrites at low magnification (actag = 0.8); (b) A
SAED of Pd nanodendrites; (c) A high-resolution TEM image of an individual nanodendrite;
(d) The corresponding FFT image of the particle in (c). (Reproduced with the permission
from Wen, X.; Lerch, S.; Wang, Z.; Aboudiab, B.; Tehrani-Bagha, A. R.; Olsson, E.; Moth-
Poulsen, K., Synthesis of Palladium Nanodendrites Using a Mixture of Cationic and Anionic
Surfactants. Langmuir 2020, 36 (7), 1745-1753. Copyright 2020, American Chemical
Society.)

In order to study the formation mechanism of nanodendrites on Pd seeds, the growth
solution (actas = 0.8) was monitored using the TEM at various time intervals
throughout the entire synthesis process (14 hours). TEM images can present the
changes related to size and structures of Pd nanodendrites throughout the growth
process and the results are shown in Figure 6.3. When the growth was just started,
small Pd crystals rapidly grew on the surface of Pd seeds, as shown in Figure 6.3 (0
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h), and the average size (30.8 = 4.9 nm) is around the same as the seeds previously
observed, Figure 6.1 (seeds). After 1 hour, the nanodendrites grew significantly and
the size reached to its maximum (50.6 + 4.8 nm) in Figure 6.3 (1 h). Over the next
several hours, the shape and size of the Pd nanodendrites stabilized without
considerable changes. Only the size distribution narrows, seen from Figure 6.3 (2 h)
to (14 h).
Oh, 30.8 + 4.9nm
-

Figure 6. 3 TEM images of Pd nanodendrltes with acrag = 0.8 tracked through the growth
process, indicated by hours (h). The growth time and the average size of Pd nanodendrites
are recorded on the top left of the images. (Reproduced with the permission from Wen, X.;
Lerch, S.; Wang, Z.; Aboudiab, B.; Tehrani-Bagha, A. R.; Olsson, E.; Moth-Poulsen, K.,
Synthesis of Palladium Nanodendrites Using a Mixture of Cationic and Anionic Surfactants.
Langmuir 2020, 36 (7), 1745-1753. Copyright 2020, American Chemical Society.)

It is evident that the CTAB-NaOL surfactant mixture plays a significant role in the
processes of Pd** reduction and the shape-controlled growth. Hence, surfactant
mixtures with various acras Were investigated with UV-Vis spectroscopy to
determine if significant changes within the surfactant mixtures would occur that
may influence the formation of nanodentritic shapes. Figure 6.4 displays the
absorbance spectra and a photograph of the mixed surfactant solutions. The results
verify that, in the surfactant solutions with acrag = 0.2 to 0.6, a phase separation
occurred. Generally, a mixture of cationic and anionic surfactants presents
instability, precipitation or formation of lamellar liquid crystals or vesicles when the
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proportion of two surfactants is close to 1:1'?*. The phase separation results in a
reduction of both surfactant concentrations in the solution, which could decrease the
efficiency in stabilizing the Pd nanoparticle growth.

lon-pairing and neutralization of surfactants with opposite charges can occur in the
solution as well. Consequently, some of the molecules could precipitate from the
solution, especially when the surfactants have a Krafft temperature (Tk) above room
temperature. The solubility of an ionic surfactant increases rapidly above its Tk. At
temperatures lower than Tk, the surfactant tends to precipitate from the solution (i.e.,
the free energy of the precipitation state is higher than that of the micellar
solution)*®. Therefore, surfactants should be employed at or above their Tk in
practice. CTAB and NaOL have Tk values at 24.5 °C and 20 °C respectively,
approximately equal to room temperature (Table 6.2)'%'%  Therefore, Pd
nanoparticles were synthesized in the CTAB-NaOL micellar solution at 40 °C.
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Figure 6.4. (a) Absorbance spectra of CTAB-NaOL surfactant solutions with various acras.
Water was used as the base line for each sample; (b) The photo of the CTAB-NaOL mixed
solutions at different acrag at room temperature. (Reproduced with the permission from
Wen, X.; Lerch, S.; Wang, Z.; Aboudiab, B.; Tehrani-Bagha, A. R.; Olsson, E.; Moth-
Poulsen, K., Synthesis of Palladium Nanodendrites Using a Mixture of Cationic and Anionic
Surfactants. Langmuir 2020, 36 (7), 1745-1753. Copyright 2020, American Chemical
Society.)

It is worth noting that the addition of oppositely charged surfactants or inorganic
salts to the micellar solution can increase the Tk of the mixture. Tk of a mixture of
a cationic and an anionic surfactant is usually higher than that of the individual
surfactants and the surfactant mixtures will have a higher tendency to precipitate
from the solution at temperatures lower than their Tx. Additionally, the value of
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hydrophilic-lipophilic balance (HLB), as an indicator of the CTAB-NaOL micellar
composition, presents a minimum at octas = 0.5'?°. This illustrates that two
surfactants with opposite charges are strongly attracted to each other in the solution
and their aggregation behavior is strongly synergistic and non-ideal.

Table 6.2. CMCs, Tk and HLB values of CTAB, NaOL and NaST. (Reproduced with the
permission from Wen, X.; Lerch, S.; Wang, Z.; Aboudiab, B.; Tehrani-Bagha, A. R.; Olsson,
E.; Moth-Poulsen, K., Synthesis of Palladium Nanodendrites Using a Mixture of Cationic
and Anionic Surfactants. Langmuir 2020, 36 (7), 1745-1753. Copyright 2020, American
Chemical Society.)

CMC Tk HLB
CTAB | 0.9mM (25°C)™0 BT | 245°C% | 21.4™
NaOL | 0.4mM (25 °C)=BL | 20 °C¥ 18%2
2.15 mM (30 °C)*™
NaST 1.8 mM (30 °C)™® 79 °C? 18™

The studies of the Pd nanodendrites synthesized with a variety of surfactant
solutions point to the formation of the nanodendrites being related to the adsorption
of both CTAB and NaOL molecules on the surface of the Pd seeds. The CPPs,
aggregation number of surfactants in micelles and surface tension are among the
most critical parameters that affect the growth of nanoparticles. As shown in Table
6.2, the CMCs of CTAB and NaOL at 25 °C are 0.9 mM and 0.4 mM,
respectively*®1%°, However, the CMC values of CTAB-NaOL mixtures are lower
than the CMCs of the individual surfactants. The lowest CMC (0.2 mM at 25 °C)
appears for CTAB-NaOL mixture with the molar ratio 1:1*2*%, The concentration
of individual surfactants used in our synthesis (50 mM) is almost 50 times higher
than the CMC values of any of the individual or mixed surfactants. As a result, the
CTAB and NaOL molecules form micelles in the growth solutions and adsorb on
the surface of Pd seeds. Moreover, the surface tensions of all growth solutions with
various ocrag remain relatively constant'?**®, It is reported that the pure Pd seed
surface is negatively charged and hydrophilic'? 13513, When there was only CTAB
in the growth solution (actas = 1), a continuous double layer of CTAB molecules
were formed on the Pd seed surface®*>*¢, However, based on the surface chemistry
theory of surfactant adsorption at a hydrophilic surface, the addition of NaOL broke
the continuous CTAB double layer through the electrostatic interaction between
these two surfactants, forming mixed micelles on the surface of Pd seeds instead,
which resulted in a decrease of the interaction strength between the surfactants and
the seed surface®®. The structures of the mixed micelles are affected by the CPP
values of CTAB and NaOL molecules. Additionally, Pd precursors prefer to exist
as PdCls*, a negatively charged complex ion™*’. Therefore, Pd precursors are
attracted to the surface of Pd seeds stabilized with cationic CTAB, but repulsed by
anionic NaOL molecules. In other words, CTAB assists the Pd precursor ions to
move close to the seed and after reduction deposit on the seed surface but NaOL
does not favor this, leading to the initial formation of small Pd crystals in the
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solution, which can only deposit on the region of seed surface where the surfactant
layer attracts to these crystals.

Based on the above discussion, we propose a model for the growth of Pd
nanodendrites: with the addition of NaOL molecules in the growth solutions, Pd
precursors were first reduced to form tiny Pd crystals in the mixed CTAB-NaOL
micelles and then the tiny Pd crystals were adsorbed on the seed surface through the
interaction between the surfactants and surfaces. Due to the negative charged
associated with both the seed surfaces and Pd precursors, anionic NaOL molecules
have much weaker interactions with the Pd seed surface than the cationic CTAB
molecules, resulting in the deposition of these small Pd crystals on the Pd seed
surface with CTAB molecules. Therefore, as the concentration of NaOL was
increased, the interactions between the mixed CTAB-NaOL micelles and the Pd
seed surface reduced. When the concentration of NaOL increased above a critical
value (ocrae < 0.4), these small Pd crystals were not able to adsorb on the Pd seed
surfaces. This model was correlated well to the TEM observation in Figure 6.1 and
zeta potential values in Table 6.1. The dendrites of individual particles at acrag >
0.5 were tiny and presented crystalline-particle shapes. However, Pd seeds added in
the growth solutions with acras < 0.4 did not grow further. Moreover, the zeta
potential became negative at the critical value (acras = 0.4).
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Figure 6.5. TEM images of Pd nanoparticles synthesized in the growth solutions without Pd
seeds. actag for each synthesis is marked on the top left of the images. Absorbance spectra
for the growth solutions at acras = 0. (Reproduced with the permission from Wen, X.; Lerch,
S.; Wang, Z.; Aboudiab, B.; Tehrani-Bagha, A. R.; Olsson, E.; Moth-Poulsen, K., Synthesis
of Palladium Nanodendrites Using a Mixture of Cationic and Anionic Surfactants. Langmuir
2020, 36 (7), 1745-1753. Copyright 2020, American Chemical Society.)
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In order to demonstrate the accuracy of this model, the Pd nanoparticles were grown
without the addition of the seed solution. After growth, the final solutions were
centrifuged at 12000 rpm (9700 RCF) for 40 minutes to ensure all sizes of Pd
nanoparticles were precipitated. Figure 6.5 features the TEM images of the
nanoparticles that grew in four seedless growth solutions at various ocras. When
actas Was equal to 1, Pd nanoparticles formed irregular shapes instead of the cubic
shape. This is probably because instead of a continuous double layer, CTAB
micelles were formed in the solution without the Pd seeds as cubic solid templates.
It is worth noting that in the same synthesis process with the Pd seeds, there was
also a small portion of nanoparticles with irregular shapes as well, but they were
washed away by centrifugation. With acras = 0.8, the optimal ratio, high-yield Pd
nanodendrites were still formed in the seedless growth solution. However, when
actas Was equal to 0.5, 0.2 and 0, more smaller crystals and fewer crystal
aggregations were discovered. These results illustrate that Pd®* ions in these seedless
growth solutions were successfully reduced into Pd® atoms and then formed tiny Pd
crystals. These tiny crystals aggregated together to form nanodendrites at ocrag =
0.8, but they were not favored to aggregate at acrag = 0.5, 0.2 and 0. Moreover, the
absorbance spectra of the growth solutions at oacrae = 0, Seen in Figure 6.5,
confirmed this result as well. By comparing the black and red spectra, we discover
that the intensity of the peak at A = 265 nm from H,PdCl, precursor reduced
drastically from 0 hours to 14 hours in the seedless growth solution. At the same
time, a broad peak at A = 272 nm, from Pd°, was formed gradually, which is at the
same wavelength as the peak in the growth solution with seeds after 14-hour growth.
Based on these results, we evaluate that the Pd®* ions were reduced by AA and
formed tiny Pd crystals in the both growth solutions with and without Pd seeds.
Therefore, the suggested model is supported by the experimental results in Figure

6.5.
(a)

Qnm

Figure 6.6. TEM images: (a) Pd nanodendrites synthesized by CTAC and NaOL; (b) Pd
nanoparticles synthesized by CTAB and NaST. (Reproduced with the permission from Wen,
X.; Lerch, S.; Wang, Z.; Aboudiab, B.; Tehrani-Bagha, A. R.; Olsson, E.; Moth-Poulsen, K.,
Synthesis of Palladium Nanodendrites Using a Mixture of Cationic and Anionic Surfactants.
Langmuir 2020, 36 (7), 1745-1753. Copyright 2020, American Chemical Society.)

The above results and discussion demonstrate that Pd nanodendrites can be formed
at actas between 0.5 and 0.9. In order to test the importance of both surfactants in
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the solutions further, surfactant-replaced experiments were set for the synthesis of
Pd nanodendrite at an effective molar ratio (acras = 0.8).

The initial idea is to replace either CTAB or NaOL with another similarly structured
surfactant. Since the Br ions relate to the formation of the facets with {100}
indices™®, it is possible to vary the dendritic shape through the replacement of Br
with CI ions. Additionally, the C-C double bonds in the hydrocarbon tails of NaOL
influences their physical properties, so the substitution of the double bond may also
potentially alter the dendritic shape. In our first experiment, CTAC was employed
instead of CTAB in the growth solution. Fine Pd nanodendrites were successfully
synthesized using this synthetic procedure, as shown in Figure 6.6 (a). These Pd
nanodendrites appear to be a similar dendritic structure and have a comparable size
(65.2 £ 6.1 nm) to the CTAB-NaOL stabilized Pd nanodendrites at the same molar
ratio (actag = 0.8 in Figure 6.1). This illustrates that the dendritic shape of Pd
nanoparticles was not changed as Br™ ions were substituted by CI™ ions and CTAC
played the same role as the CTAB. Therefore, CTA" is a crucial segment in the
formation of dendritic shapes. In the second experiment, NaOL molecules were
substituted by NaST molecules, which have similar structures to NaOL molecules
but lack the double bonds in the hydrocarbon tails. Figure 6.6 (b) shows that the
dendritic shape was not achieved when using NaST. Even though the double bond
is the only difference between the chemical structures of NaST and NaOL, the
absence of a double bond increases the Tk values of NaST (79 °C in Table 6.2). As
a result, NaST has a lower solubility at the reaction temperature (40 °C) in the
growth solution. However, the nearly insoluble NaST molecules still interrupts the
formation of Pd nanocubes. This indicates that the double bond in the hydrocarbon
tail of NaOL affects the formation of nanodendrites.

)
+ 14 h
40°C
Pd seeds H,PdCl,; AA; o nenodendies Paeysias
CTAB, NaOL 020,504 + e gen
Pd seeds Pd crystals

Figure 6.7. Schematic of the change of the Pd nanoparticle shapes with different acras
values. (Reproduced with the permission from Wen, X.; Lerch, S.; Wang, Z.; Aboudiab, B.;
Tehrani-Bagha, A. R.; Olsson, E.; Moth-Poulsen, K., Synthesis of Palladium Nanodendrites
Using a Mixture of Cationic and Anionic Surfactants. Langmuir 2020, 36 (7), 1745-1753.
Copyright 2020, American Chemical Society.)

58



In conclusion, the studies of a two-surfactant synthesis method reveals that the shape
of Pd nanopatrticles is determined by the surfactant composition, as shown in Figure
6.7. When acras equals to 1, Pd nanocubes form from Pd cubic seeds; when acras
is between 0.5 to 0.9, tiny Pd crystals aggregate to form nanodendrites and a little
amount of tiny crystals remains; when ocras is lower than 0.4, tiny Pd crystals are
fabricated in the solution and Pd seeds are not favored to grow larger. Additionally,
CTA" and hydrocarbon tails of NaOL with double bonds play crucial roles in the
growth of the dendritic shape. Our proposed model for the formation of Pd
nanodendrites is supported by the experimental results. The addition of NaOL
molecules disrupts the continuous CTAB double layer and results in the formation
of mixed CTAB-NaOL micelles on the Pd seed surfaces through the electrostatic
interaction. First Pd®* ions are reduced and form tiny crystals in the mixed CTAB-
NaOL micelles and then the crystals are adsorbed on seed surfaces, which is
determined by the interaction strength between the surfactants and the seed surfaces.
This interaction decreases with the increase of the NaOL concentration. When acras
is lower than the critical value 0.4, the interaction is too weak to promote Pd crystal
aggregation, resulting in no further growth of the Pd seeds.
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Chapter 7 Effects of Seeds and Precursors
on the Growth of Pd Nanoparticles

In this chapter, the effects of seeds and metal precursors were investigated. Hollow
Pd nanoparticles are achieved through the use of Ag nanocubes as seeds, rather than
Pd nanocubes, resulting in Pd nanoparticles which are advantageous for potential
catalytic applications because of the large, accessible surface area. Two different
precursors, H.PdCl, and Pd(acac),, were added in same growth processes, but led
to the formation of hollow Pd nanodendrites and nanoboxes, respectively. The
microstructure and elemental distribution of these two Pd nanostructures are studied
in this chapter.

The growth solution for hollow nanodendrites used a mixture of CTAC and NaOL
with actac = 0.8 as the capping agents, AA as a reducing agent and H,PdCl, as a Pd
precursor. As shown from the experimental results in Chapter 6, this growth solution
results in the formation of Pd nanodendrites. Cubic Ag seeds, used as hard templates,
were consumed by the Pd precursor ions in a galvanic replacement reaction®. In
order to understand the influence of the Pd precursors on the shape of final Pd
nanoparticles, various Pd salts, including palladium(ll) acetate, Na.PdCls and
Pd(acac), were used to replace H,PdCl,4 in the growth solution. Only the solution
with Pd(acac), produced high-yield and uniform Pd nanoparticles in a new shape,
nanoboxes.

‘ H,PdCl,
SELNN
s 4h
CTAC/ NaOL/ AA Ag-Pd nanodendrite
40°C

Ag seed Pd (acac),
22 h

Growth solution Ag-Pd nanobox

Figure 7.1. Schematic of the growth processes of hollow Pd nanodendrltes and nanoboxes.

A schematic of the synthesis processes of hollow Pd nanodendrites and nanoboxes
from Ag seeds and their TEM images are shown in Figure 7.1. The types,
concentrations and volumes of reagents in both growth solutions are the same
excepting the Pd precursors: H:PdCls for nanodendrites and Pd(acac), for
nanoboxes. However, the incubation time of the nanoboxes (22 hours) is much
longer than the nanodendrites (4 hours), because the low solubility of Pd(acac); in
water hinders its diffusion and reduction rates. The TEM images show the cubic
shape of Ag seeds, as well as the dendritic and box-like shapes of the final Pd
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nanoparticles. By comparing the contrast in the images, which results from the
differing electron densities dependent on the amount of Pd metal present in any
given area, the empty cores of both hollow Pd nanodendrite and nanoboxes can be
observed. Additionally, the nanoboxes feature additional growth on the corners,
forming a spiky-box shape.
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Figure 7.2. For Ag seeds: (a) A low magnification TEM image. (b) A high magnification
TEM image. (c) SAED. For hollow Ag-Pd nanodendrites: (d) A low magnification TEM
image. (e) A high magnification TEM image. (f) SAED. For hollow Ag-Pd nanoboxes: (g)
A low magnification TEM image. (h) A high magnification TEM image. (i) SAED. EDS
spectrum (j) Hollow Ag-Pd nanodendrites and (k) Hollow Ag-Pd nanoboxes.
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Figure 7.2 displays the low and high magnification TEM images and SAED patterns
of the Ag seeds, hollow Pd nanodendrites and Pd nanoboxes for a better
understanding of these particles. The average size of Ag seeds is around 30.2 nm
and both Pd nanodendtites and nanoboxes have grown to 54.3 nm and 45.4 nm,
respectively. The SAED of Ag seeds (Figure 7.2 (c)) conforms to the diffraction
pattern of face centered cubic (FCC) Ag crystals'®®. The SAEDs in Figures 7.2 (f)
and (i) also present classical FCC characterizations, but the interplanar crystal
spacings measured from the diffraction rings slightly differ with those of pure Pd
crystals, which makes us suspect that a portion of Ag atoms are mixed into the Pd
crystals forming Ag-Pd alloys. In order to test this suspicion, EDS spectra were
taken from both the hollow Pd nanodendrites and the nanoboxes, as shown in Figure
7.2 (j) and (k). Pd and Ag peaks were detected in both samples, indicating there are
Ag atoms in these hollow Pd nanoparticles. By detecting on four areas of each
sample, we obtained the average composition by atomic percentage, 43% Pd and
57% Ag for nanodendrites, and 41% Pd and 59% Ag for nanoboxes.

(@) Nanodendrites (b) Nanoboxes

Figure 7.3. EDS mappings of Ag and Pd elements for (a) hollow Ag-Pd nanodendrites, (b)
hollow Ag-Pd nanoboxes.

Even though the EDS spectra verifies the existence of Ag atoms in hollow Pd
nanoparticles, it is still unclear if Ag and Pd form alloys or core-shell structures.
Therefore, EDS maps were obtained for both hollow Ag-Pd nanodendrtites and Ag-
Pd nanoboxes and displayed in Figure 7.3. It is obvious that both Ag and Pd atoms
are distributed over the entire particle for both nanodendrites and nanoboxes.
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Especially in the figures combining the mappings of Ag and Pd, the two elements
appear to mix evenly, which indicates that Ag and Pd form alloys rather than core-
shell structures. Additionally, the intensity of color in the mapping represents the
intensity of the elemental signals. From the contrast, it can be seen that the signals
at the center of Ag-Pd nanodendrites and nanoboxes are weaker than the edges,
which is further evidence of the formation of hollow structures.

Flgure 7.4. (a) High-resolution TEM image of an entlre hoIIow Ag- Pd nanobox and (b) the
corresponding FFT image. (c) The corresponding FFT image of (d) the magnified high-
resolution TEM image of the corner of the nanobox marked by a red square in (a). (¢) High-
resolution TEM image of an entire hollow Ag-Pd nandendrite and (f) the corresponding FFT
image. (g) The corresponding FFT image of (h) the magnified high-resolution TEM image
of the dendrite of the nanodendrite marked by a red square in (e). High-resolution TEM
images were taken by Robson Rosa da Silva.

Further, the microstructure of hollow Ag-Pd nanoboxes and nanodendrites was
studied in detail by high-resolution TEM. Figures 7.4 (a) and (b) show the high-
resolution image of an entire nanobox and its corresponding FFT image. The FFT
presents an ordered polycrystal characterization, in which the spots from (200)
lattice planes have strong intensities, indicating the nanobox grew following (200)
lattices planes, marked by a red line in Figure 7.4 (a). Additionally, the nanobox
also has an order along (111) lattice planes. The high-resolution image and the
corresponding FFT of the nanobox corner illustrate that this spiky tip just grew
along (111) lattice plane, the close-packed plane of FCC structure. Growth along
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this direction is known to achieve a stable structure with the lowest energy“®*4,

Moreover, the interplanar crystal spacings of (111) and (200) were measured in
Figure 7.4 (b), where, du11) = 0.2317 nm and do0) = 0.1984 nm. Based on these
values and the rules of FCC structure, we deduce that the crystal structure of the
hollow Ag-Pd alloy nanoboxes has a lattice constant 0.3991 nm, which falls between
Pd (0.3890 nm) and Ag (0.4086 nm), as expected*.

The same analysis was performed on hollow Ag-Pd nanodendrites. Compared to
nanoboxes, the FFT of the nanodendrite (Figure 7.4 (f)) presents ring patterns,
indicating that these small dendrites grew in all directions in low orders.
Nevertheless, the intensity along the rings is not uniform, and the regions with high
intensities on the ring of (200) lattice planes are probably caused by the template,
which was the cubic Ag seed. The high-resolution TEM image and the
corresponding FFT image of the small dendrite in Figures 7.4 (g) and (h) verify that
it grew along the close-packed plane of FCC structure, (111) lattice planes as well.
Additionally, the interplanar crystal spacings of (111) and (200) were calculated
from Figure 7.4 (f), where, d(11y = 0.2333 nm and d200) = 0.2027 nm. Through these
values, we deduce that the hollow Ag-Pd alloy nanodendrites have the FCC crystal
structure with the lattice constant 0.4047 nm, which also lies between the lattice
constants of Pd and Ag.

In this chapter, we synthesized hollow Ag-Pd alloy nanodendrites and nanoboxes
successfully by using different Pd precursors, H.PdCl, and Pd(acac), respectively.
Ag atoms remain in these particles with atomic percentages of 48% in hollow
nanodendrites and of 53% in hollow nanoboxes. The lattice constants in the alloy
FFC structures of the Ag-Pd nanodendrite (0.4047 nm) and the nanobox (0.3991 nm)
are both between the constant values of Pd ang Ag crystals. Additionally, both the
spiky tips of the nanoboxes and the small dendrites of the nanodendrites grew along
(111) lattice planes, the close-packed plane of FCC structure, in order to achieve a
stable state with low energy. The formation of different particle shapes by using
different Pd precursors was not studied in this chapter, but it may be explained by
the different solubilities of the precursors. As the model proposed in Chapter 6,
CTAC and NaOL molecules form mixed micelles on the Ag seed surface. H.PdCl,4
precursor tends to exist as negatively charged PdCl,% in the solution, which is
attracted by the positively charged CTAC molecules in the mixed micelles on the
surface of Ag seeds and then reduced in the center of the micelles, resulting in the
formation of small dendritic clusters. However, compared to H,PdCl,, insoluble
Pd(acac), has much weak electrostatic interaction with charged surfactants, leading
to free locating of Pd(acac). precursor over the entire seed surface. This results in
homogeneous growth of the reduced Pd atoms, forming nanoboxes. Additionally,
the reduction rate of Pd(acac), is also restricted due to the insolubility, which
extends the growth time of Ag-Pd nanoboxes.
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Chapter 8 Effects of pH on the Growth of
Pd Nanoparticles

In this chapter, the effects of pH on the growth of metal nanoparticles were
investigated. Nowadays, many studies show that polyvinylpyrrolidone (PVP)-
stabilized Pd nanoparticles demonstrate excellent performance for catalytic
applications, but the shapes of these Pd nanoparticles are usually confined to simple
shapes, such as cubes, spheres and rods'***, This inspires us to utilize a capping
agent mixture of PVP and NaOL for the synthesis of dendritic Pd nanoparticles in
order to increase the surface area and promote their catalytic efficiency. Since PVP
is a nonionic polymer, it has a poor electronic interaction with anionic NaOL
molecules. In order to strengthen the interaction between PVP and NaOL, a certain
amount of HCI or NaOH solution was introduced into the PVP-NaOL mixture
solutions to tune the pH environment. In this chapter, a series of experiments were
performed to synthesize Pd nanoparticles at different pH values of the PVP-NaOL
mixture solutions and the optimal conditions for the growth of Pd nanodendrites
were discovered.

One-step seedless method was applied in the experiments, where the growth
solution includes PVP, NaOL, HCI/NaOH, Pd precursors and a reducing agent, AA.
The molar ratio of PVP monomers and NaOL molecules was always kept at the
same value of 4:1 (apve monomer = 0.8) for each synthesis. A series of synthetic
experiments were performed at different pH values of the PVP-NaOL mixtures. The
initial pH of the PVP-NaOL mixture is 9.47. We increased the pH to 11.75 and
12.36 by adding a proper amount of the NaOH solution and decreased the pH to
7.06, 3.35, 2.03, 1.17 and 0.6 by the addition a certain volume of HCI solution, as
reported in Table 5.1 in Chapter 5. The TEM images and an absorbance spectrum
of the obtained Pd nanoparticle are shown in Figure 8.1.

When the pH value is above 9 (Figures 8.1 (a) to (c)), tiny Pd crystals are formed
with an average size 3.46 nm at pH 12.36, 5.9 nm at pH 11.75 and 6.0 nm at pH
9.47, with size distributions around 17.3% to 21.2%. This illustrates that reduction
of Pd precursors occurred drastically, resulting in rapid nucleation at the beginning
of the synthesis. However, the increase of pH does not enhance the aggregation of
these tiny Pd crystals through the interaction with PVP and NaOL. In fact, as the pH
value is reduced, this aggregation is favored and Pd nanodendrites start to form at
pH 7.06, 3.35 and 2.03, shown by red arrows in Figures (d) to (f). At these three pH
values, the average sizes of Pd nanoparticles increase to a range of 12.6 nm to 17.9
nm, while the size distributions also increase significantly, up to 34.4% to 37.4%,
due to the large size difference between the single crystals and the aggregated
nanodendrites. When the pH is at 1.17, where the molar ratio of additional H* and
PVP monomers is equal to one, most of the Pd crystals aggregated to form
nanodendrites with an average size 36.1 nm with a distribution of 10.5%, the lowest

67



level in the all eight synthetic experiments. However, as the pH continuously
decreases to 0.6, large nanoparticles with clear facets are fabricated. Figure 8.1 (i)
displays the normalized spectrum of Pd nanoparticles synthesized at the pH where
nanodendrites form. In the absorbance curves of pH 7.06 and 3.35, there are two
peaks at the wavelengths of 247 nm and 295 nm, indicating the individual Pd
crystals and nanodendrites, respectively. At pH of 2.03 and 1.17, the formation of
Pd nanodendrites increases the intensity of the nanodendrite peak and decreases the
intensity of the individual crystal peak. Based on these results, it is obvious that pH
1.17 is the optimal condition to synthesize Pd nanodendrites with this concentration
of PVP and NaOL capping agents.

G TpH 1.17, 36.1 nm + 10.5%
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Figure 8.1. TEM images of Pd nanoparticles synthesized with PVP and NaOL at different
pH values. The pH values and the average size of Pd nanoparticles are marked in each image
of (a) to (h). (i) Normalized absorbance spectra of the Pd nanoparticle solutions at pH 7.06,
3.35,2.03 and 1.17.

High-resolution TEM images, shown in Figure 8.2, provide lattice structure of the
Pd nanodendrites in detail. Figure 8.2 (a) displays the high-resolution image of an
entire Pd nanodendrites synthesized at pH 1.17 and its corresponding FFT is shown
in Figure 8.2 (b). This Pd nanodendrite consists of several smaller crystals,
compared to the Pd nanodendrites synthesized with CTAB and NaOL in Chapter 6,
which contain a large number of much smaller crystals. Instead of polycrystalline
rings, there are still clear spots observed in the FFT, some of which are from (111)
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and (200) lattice planes, highlighted by the red rings marked in Figure 8.2 (b). It
illustrates that this Pd nanodendrite does consist of several single crystals and even
forms twin structures. A twin structure region has been marked by a red square in
Figure 8.2 (a) and magnified in Figure 8.2 (c). The twin boundary has been noted
by a black arrow, which follows the (1-11) lattice planes. Additionally, the (11-1)
and (-1-11) lattice planes from both lattice crystals respectively are marked in the
image and the different colors correspond to the colors of the signs in its FFT image
in Figure 8.2 (d).

(a);

Figure 8.2. (a) High-resolution TEM image of an entire Pd nanodendrite. (b) The
corresponding FFT of (a). (c) High-resolution TEM image of the region marked by a red
square in (a). (11-1), (-1-11) and (1-11) lattice planes are recorded by red, blue and black
colors, respectively. (d) The corresponding FFT of (c). The colors of lattice plan indices are
consistent with the markers in (c).

The Pd nanodendrites synthesized at pH 1.17 were tested in a preliminary catalytic
Sonogashira reaction between 4-lodoanisole and trimethylsilylacetylene to evaluate
the coupling product is either ((4-methoxyphenyl)ethynyl)trimethylsilane (MPE-
TMS) or 1,2-bis(4-methoxyphenyl)ethyne (BMPE), as shown in Scheme 8.1.

Pd NPs
N / KoCOj3 (2 equiv. \ /N
N\ CH3OH:CH5CN (1:1) \
(1 equiv.) (0.6 equiv.) 40°C, 24 h

Scheme 8.1. Preliminary test for Songashira coupling reaction between 4-lodoanisole and
trimethylsilylacetylene. The reaction was performed by Jessica Orrego Hernandez.
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In this preliminary test, the final crude mixture of the reaction was analyzed by
nuclear magnetic resonance (NMR) and the result is shown in Figure 8.3. Compared
to the individual materials, only the peaks corresponding to the BMPE and the
starting material (4-lodoanisole) are discovered in the mixture of product, which
indicates that there is a high selectivity towards the bi-coupling BMPE versus the
mono-coupling product MPE-TMS in this reaction.
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ppm

Figure 8.3. *H NMR spectra of the mixture of reaction compared with starting material and
the products: MPE-TMS and BMPE. The measurement was taken by Jessica Orrego
Hernandez.

In this chapter, we successfully synthesized Pd nanodendrites with PVVP and NaOL
mixtures by tuning the pH values. The optimal Pd nandendrites with a high yield
were achieved at pH 1.17. These nanodendrites consist of several single crystals and
shows twin structures. Finally, these Pd nanodendrites were tested in a Sonogashira
reaction between 4-lodoanisole and trimethylsilylacetylene, which has catalytic
activity towards the bi-coupling product BMPE.
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Chapter 9 Growth-Induced Strain in Au
Nanorods

In this chapter, a growth-induced strain was discovered in Au nanorods and the
microstructure of Au nanorods were studied in detail. High-yield single crystal Au
nanorods were synthesized through the method reported by Xingchen Ye and co-
authors®, where a mixture of CTAB and NaOL was utilized to improve the nanorod
yield and size uniformity. A small amount of AgNO3z was added in the growth
solution to promote the yield of nanorods as well®** 1%, However, there is still lack
of understanding about the role of the Ag in this synthesis method, especially the
ultimate location of the Ag on the final nanorods. In order to clarify this question,
an EDS mapping was performed in this chapter. Additionally, the facets of the rods
were studied. Surprisingly, we discovered that a large portion of these Au nanorods
are strained, which has a significant impact on the catalytic properties of metal
nanoparticles*****’. In order to understand the detailed structure of these Au
nanorods for the future applications, a series of microstructural studies were
performed on TEM. The distribution of elements, crystal facets and lattice strain are
reported in this chapter. Additionally, the origin of the strain is discussed as well.

Figures 9.1 (a) to (c) provide general information about the Au nanorods. Figure 9.1
(a) shows the absorbance spectrum of the Au nanorod solution with the two peaks,
that are characteristic of rod-shaped nanoparticles**®*°. The peak at 507 nm results
from the plasmon resonance along transverse axis and the peak at 1028 nm is caused
by the plasmon resonance along the longitudinal axis (discussed in Chapter 2). Since
there is no obvious indication of additional peaks from particles with other shapes,
this spectrum illustrates that the Au nanorods constitute a high percentage of the
nanoparticles in the growth solution. In order to visualize all three dimensions of
the Au nanorods, a low magnification SEM image of standing Au nanorods and a
TEM image of lying-down Au nanorods are shown in Figures 9.1 (b) and (c). From
both perspectives, it can be observed that size and shape of these Au nanorods are
relatively uniform. Their average length, width and aspect ratio are 119 £ 17 nm, 26
+ 4 nm and 4.7 £ 0.8, respectively, indicating a narrow size distribution. Moreover,
we notice that in the TEM image of lying-down Au nanorods, many of the nanorods
have a variation in contrast within the rod. This was the first indication of the
existence of lattice strain.

Before further description of the microstructure, it is important to clarify the
chemical composition of the Au nanorods. As mentioned above, in addition to the
Au precursors and Au seeds, another metal, Ag, in the form of Ag™ ions, was added
in the growth solution to assist the formation of rod shapes. This Ag may reduce
along with the Au and remain incorporated the Au nanorods. In order to determine
this, an EDS map is displayed in Figure 9.1 (d), where the yellow color stands for
Ag and blue represents Au. As we hypothesized, Ag is present in the lattice of the
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Au nanorods. However, much to our surprise, the intensity distribution indicates
that the Ag also forms an outer layer around the Au nanorods. Moreover, an
averaged normalized intensity distribution of the region marked by a green square
in Figure 9.1 (d) along the transverse axis of the rod (green arrow line) is shown in
Figure 9.1 (e). The curve of Au has a low intensity at two edges of the nanorod but
increases towards the center of the rod and achieves its highest intensity at the center.
Ag is also distributed across the rod, has low intensities at two edges and achieves
the highest intensity at the center of the rod. However, there is a key difference
between Ag and Au. When moving from one edge to the center, the intensity of Ag
increases for a while, then suddenly decreases and then increases again, forming an
intensity dip. This result is consistent with the simulation result of a model where it
is assumed that Ag mixes into the Au lattice in the middle of the Au nanorod and
also is present in an outer layer wrapping the entire Au nanorod, as shown in Figures
9.1 () and (g).
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Figure 9.1. (a) Absorbance spectrum of the Au nanorod solution. The peak at 507 nm,
pointed by a black arrow, results from the plasmon resonance along transverse axis and the
peak at 1028 nm, marked by a gray arrow is caused by the plasmon resonance along the
longitudinal axis. (b) Low magnification SEM image of standing Au nanorods. (c) Low
magnification TEM image of lying-down Au nanorods. (d) EDS mapping of Au nanorods
for Ag (yellow) and Au (blue). The Au nanorod contains around 7 wt % of Ag. (e) The
corresponding intensity distribution for the region marked by a green square in (a). The
distance is along the transverse axis of the Au nanorod, marked by a green arrow line. (f)
Simulated intensity distribution along the nanorod transverse axis of a model where the Ag
distributes in the lattice of Au and is also present in an outer layer around the Au nanorod as
well. (g) Schematic of the model used for simulating the result in (f). This is a cross section
of the nanorod, where green represents Ag and red represents Au. The EDS mapping and
simulation were performed by Nestor Zaluzec.

In Figure 9.2, we show the lattice index of facets around the longitudinal axis of the
Au nanorods. High-resolution STEM images and their corresponding diffraction

72



patterns were taken from [001], [011] and [013] zone axes and are shown in Figures
9.2 (a) to (c), respectively. The purpose is to obtain the intensity profiles along the
transverse axis from these three zone axes. The crystallographic directions of a
typical Au nanorod are shown in the schematic in Figure 9.2 (d). The three axes,
[001], [011] and [013], are all perpendicular to the longitudinal axis, [100], from
which the intensity profiles can give relatively complete shape information. In the
intensity profiles from the [001] and [011] zone axes, Figures 9.2 (a) and (b), there
is a peak at the center, while, the intensity curve from [013] is more flat at the center,
as shown in Figure 9.2 (c). This result indicates that the [001] and [011] zone axes
are facing towards a boundary between two adjacent surface facets of the Au
nanorod, but [013] is directly facing to a surface facet.

(a) ;

\__ I 2 nm : 10 1/nm

Figure 9.2. Annular dark field HRSTEM images, the corresponding fast Fourier
transformations (FFTs) or diffraction pattern of nanorods and intensity profiles along the
transverse axis of the Au nanorod displayed in sequence. (a) Electron beam is incident along
[001] zone axis. (b) Electron beam is incident along [011] zone axis. (c) Electron beam is
incident along [013] zone axis. (d) Schematic of the Au nanorod with crystallographic
directions. (e) Low magnification bright field TEM image of standing Au nanorods. (f)
Bright field TEM image of a standing Au nanorod. (g) The corresponding diffraction pattern
of the Au nanorod in (f). Fi is facet number used to correlate the facet in (f) to the diffraction

spot in (g).
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In order to support the above conclusion, a low magnification TEM image of the
standing Au nanorods was recorded. It shows a clear octagonal shape of the cross
section of the Au nanorods in Figure 9.2 (e). A high magnification TEM image of a
standing Au nanorod and the corresponding SAED pattern are shown in Figures 9.2
(f) and (g). The zone axis of the SAED pattern is the longitudinal axis of the Au
nanorod, [100] crystal direction. The [010] and [001] crystal directions,
perpendicular to (010) and (001) lattice planes are marked by red arrows in Figure
9.2 (f). By comparing the normal directions of the rod facets in Figure 9.2 (f) and
the lattice orientations related to the diffraction spots in Figure 9.2 (g), we discover
that the facets of the nanorods (F1 to F5) all consist of {012} and {013} families of
crystal planes, which are relatively low energy lattice planes of FCC crystal
structures. The left three facets do not appear to be clear facets and adjacent facet
boundaries, but instead, consist of small facet segments of {012} and {013} planes.

We initially performed high-resolution STEM on an entire Au nanorod from [001]
zone axis to observe the microstructure on the atomic scale, shown in Figure 9.3 (a),
and discovered that the Au nanorod rod was slightly bent. The white dots throughout
the Au nanorod are individual atom columns, showing the (100), perpendicular to
[100,] and (010), perpendicular to [010], lattice planes in the gold FCC structure.
The whole Au nanorod is single crystal and even though the bending is obvious, no
defects in the crystal lattice can be identified. Therefore, it is important to study the
bending trend and the strain distribution in this rod, as shown in Figures 9.3 (b) and
(c). The angle between the connection of adjacent atom columns and the horizontal
reference axis, called the bonding angle, was measured to quantify the bending
degree through the whole rod*®. The bonding angle map in Figure 9.3 (b1) shows
the bonding angle distribution across the whole nanorod. In this bonding angle, the
red color indicates an anticlockwise rotation and blue represents a clockwise
rotation. The maximum variation in bonding angle is 5°. The bending degree is
increasing gradually from the middle area. The bonding-angle diagram in Figure 9.3
(b2) displays the bending trend along the longitudinal axis. The gradient of this
curve is large in the middle area. The distribution of the lattice strain along the
longitudinal direction is shown in Figures 9.3 (c). The strain map of the entire Au
nanorod in Figure 9.3 (c2) shows a blue color on the upper middle region and red
color on the lower middle region, indicating that there is tensile strain in the upper
middle region and compressive strain in the lower middle region of the Au nanorod.
Moreover, in the strain map of the middle section in Figure 9.3 (c3), based on
geometric phase analysis (GPA), this trend becomes even clearer. The upper area
shows red color, which indicates tensile strain, while the bottom area displays green
and blue color, which indicates compressive strain. However, the lattice strain map
of the end region in Figure 9.3 (c4) shows an even green color (compressive strain),
indicating there is no strain in this region. These results verify that a strong strain
exists in the middle section of the Au nanorod and are consistent with the bonding
angle results. The bending leads to a lattice strain in the Au nanorod.
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Figure 9.3. (a) High-resolution annular dark field STEM image of an Au nanorod. The insert
is a magnified image of the region in the black square, showing the arrangement of the
individual gold atom columns in a single crystal structure. (b1) Bonding angle map of the
entire Au nanorod in (a), where red color stands for anticlockwise rotation and blue color
represents clockwise rotation. (b2) Bonding angle distribution curve along the longitudinal
axis. The angles in rod range from 3% to -2%. (cl) High-resolution STEM image
corresponds to the strain map. The middle and end regions used for geometric phase analysis
are marked by red and blue squares, respectively. (c2) Lattice strain map of the entire rod.
(€3) exx strain distribution in the middle section of the AuNR. (c4) exx Strain distribution in
the end section of the AUNR. & is the strain along longitudinal direction of the Au nanorod.
The observed strain ranges from 1% to -1%. Color variation of strain maps for middle and
end regions from white to black corresponds to strains from 3% (tensile strain) to -3%
(compressive strain). The bonding angle and strain map based on the position of the atom
columns were analyzed by Torben Nilsson Pingel, strain maps of the middle and end regions
based on geometrical phase analysis were carried out by Lunjie Zeng and the high-resolution
annular dark field STEM image was taken by co-authors from The University of Tokyo.

In order to study the bending angle and orientation in more detail, SAED and
Kikuchi patterns were recorded. Since Kikuchi patterns are more sensitive to lattice
tilting than SAED, we can measure the movement of the symmetry points of the
Kikuchi patterns relative to the transmission spot of SAED to quantify the bending
angle and local crystal orientation of the rod. The Au nanorod is tilted close to the
[001] zone axis to assist observation and analysis. Kikuchi patterns were taken from
five different regions of this Au nanorod, marked by A to E in the TEM image in
Figure 9.4 (a). Additionally, the corresponding SAED pattern and the dark field
image from a (-200) diffraction spot are shown in Figures 9.4 (b) and (c). The SAED
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pattern shows a classical single crystal character. The symmetrical contrast caused
by lattice strain can be seen clearly in the dark field image, which confirms the
results from Figure 9.3. In Figures 9.4 (d) to (h), the symmetry point of the Kikuchi
pattern was marked by a red cross and the center of each transmission spot was
marked by a red dot as an object of reference. Following the track of the symmetry
point of the Kikuchi pattern from Figures 9.4 (d) to (h), we found the symmetry
point of the Kikuchi pattern is moving along a pair of Kikuchi lines, which
corresponds to the (010) lattice plane. After calibration and calculation, it is
concluded that the (100) lattice planes are tilted 3.45° around [010] crystal axis from
Regions A to E. The bending of the rod happens continuously and there were no
crystal defects observed. Therefore, the Kikuchi pattern results are in accordance
with the high-resolution STEM observations in Figure 9.3, illustrating that there are
no observable lattice defects in the rods. The Kikuchi patterns were measured for
eleven more bent Au nanorods and the lattice tilting angles of these bent Au
nanorods are shown in Table 9.1, illustrating the bending angle in the range less
than 10°. The bending of all Au nanorods happened on (100) lattice planes around
[010] crystal axis.

10 1/nm

10 1/nm 10 1/nm

Figure 9.4. (a) Bright field TEM image of an Au nanorod, with arrows marking the locations
of further electron diffraction analysis. (b) SAED pattern of this Au nanorod, indicating a
single crystalline structure throughout the Au nanorod. (c) Dark field TEM image of this Au
nanorod from (-200) diffraction spot. (d) to (h) Kikuchi patterns taken from Region A to E
on the Au nanorod marked in (a).
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In order to study the reason for the bending, many factors were considered. First,
we investigated whether the bent edges of the lacey carbon film on the TEM grids
led to a bending of the Au nanorods following the curve of the carbon film. However,
further research shows that bent Au nanorods appear not only at the edge of lacy
carbon film but also on the flat silica substrate in SEM. This indicates that there are
other factors resulting in the strain. Second, we suspected there were lattice defects
in Au crystals giving rise to the bending, but the combined high-resolution STEM
result in Figure 9.3 and TEM studies verified that no obvious defects could be
observed, which eliminates our second suspicion. Third, we hypothesized that if the
cross section of Au nanorods was asymmetric, indicating additional asymmetry in
the growth process, could result in a lattice strain. The observations on the standing
Au nanorods in Figures 9.1 and 9.2 indicates that the cross section is symmetric.
This eliminates structural components of the Au nanorod itself as the reason for the
observed bending. Fourth, if the Ag distribution along the transverse axis was
asymmetric, it could result in the strain as well. However, the EDS mapping and the
corresponding intensity distribution of Ag and Au elements show that the
distribution of both elements are symmetric, denying the fourth suspicion. At last,
we propose one possible hypothesis for the lattice strain in the Au nanorods.

Table 9.1. Tilting angles of (200) lattice planes in bent Au nanorods and the size information
of the Au nanorods.

Number | Tilting angle | Length of the | Width of the | Aspect ratio

rod rod

(hm) (nm)
1 3.45° 111 25 4.4
2 7.38° 130 23 5.7
3 2.91° 113 25 4.5
4 1.39° 118 28 4.2
5 4.04° 108 21 5.1
6 4.09° 132 23 5.7
7 1.48° 109 21 5.2
8 3.98° 125 23 5.4
9 5.18° 130 25 5.2
10 3.24° 124 24 5.2
11 2.49° 121 22 55
12 3.50° 114 21 5.4

As a final hypothesis, we suggest that a change in the distribution of the surfactant
layer consisting of CTAB and NaOL, which surrounds the Au nanorods, may cause
a bending, giving rise to strain, through an asymmetrical distribution of the
surfactant molecules. The surfactant layer could be observed in the EDS map in
Figure 9.5 (a). The surfactant layer can be seen clearly by the contrast and has an
average thickness of around 3 nm, corresponding to the small angle scattering of
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either X-rays or neutrons results from the work of Sergio et al.™*°. The EDS map in
Figure 9.5 (a) also presents a bent AUNR. The averaged Ag intensity profile from
the bent section, seen in Figure 9.5 (b), shows an asymmetry in the surface layer
with the Ag and the surfactant. The layer has a double thickness at the AUNR upper
side in tension and the single layer thickness at the lower side in compression.

T ~Ag=Au (b)
g rl|r \\
J \

10 1/nm

Figure 9.5. (a) An EDS map showing the Ag containing surfactant layer around the Au
nanorod. Bright Ag dots are random Ag deposition that overlaps with the rod. (b) Averaged
intensity line profiles along the transverse axis for Au (green curve) and Ag (red curve)
obtained from the region marked by a green square in the EDS map in (a). (c) Au nanorod
before exposure to the electron beam. (d) Kikuchi pattern from A in (c). (e) Kikuchi pattern
from B in (c). (f) Au nanorod after exposure to the electron beam. Exposure condition: Dose:
36386 e/nm?s; Time: 70 minutes. (g) Kikuchi pattern from A in (). (h) Kikuchi pattern from
B in (f). The EDS map and intensity profile were performed by Nestor Zaluzec.

We also used the fact that the surfactant layers can be damaged by the radiation of
the high voltage electron beam in a TEM™'1%, Therefore, we attempted to expose
the bent Au nanorod to a high intensity electron beam of the TEM to damage the
surfactant layer. If the bending is released after the surfactant layer is damaged, this
could illustrate the effect of the surfactant layer on the bending. The tilting angles
of the (100) lattice planes in the Au nanorod before and after exposure to the electron
beam were measured using Kikuchi patterns and the results are shown in Figures
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9.5 (c) to (h). Before exposure, the Au nanorod was bent with an angle of 2.81°, but
after exposure, the symmetry point of the Kikuchi patterns does not move when
comparing the patterns from the two ends of the Au nanorod, indicating that the
bending angle is 0°. This confirms that the bending disappears after the surfactant
layer is damaged by the electron beam. Therefore, the results presented in Figure
9.5 verify that the surfactant layer causes the bending and thereby the lattice strain
in the Au nanorod.

Even though we verify the surfactant layer gives rise to the bending of the nanorods,
the formation mechanism of the bending is still unclear. The TEM images in other
published papers'®***" show that the contrast is changing in individual Au nanorods
stabilized only by CTAB, indicating there is lattice strain in those Au nanorods as
well. Studies on the growth mechanism of Au nanorods reveal that the headgroup
of CTAB molecules preferentially binds to the gold surface where the atom spacing
is comparable to the size of the headgroup of CTAB** %8 This results in an uneven
distribution of CTAB molecules on the Au seed surfaces with different lattice
indexes, leading to anisotropic growth and formation of Au nanorods. The surfactant
mixture of NaOL and CTAB with opposite charges leads to a more complex
distribution of the surfactant around the Au nanorods in our work®. Therefore, it is
reasonable to assume that the CTAB molecules are distributed even more unevenly
in the presence of NaOL.

In this chapter, we showed that there is a growth-induced strain in the Au nanorods
synthesized with a surfactant mixture of CTAB and NaOL. The strain occurs in the
middle section of the Au nanorod and leads to a bending. This bending can be
released after the surfactant layer is damaged through exposure to a high voltage the
electron beam, verifying the effect of the surfactants on the lattice strain. The cross
section of the Au nanorods has clear octagonal shapes, with surface facets consisting
of {012} and {013} crystal planes. Moreover, the Ag in the growth solution is found
to be uniformly present in the Au lattice and is also present in the surfactant layer
surrounding the Au nanorod.
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Chapter 10 Discussion and Conclusions

This entire thesis focuses on the effects of binary capping agent system, surfactant-
surfactant and surfactant-polymer mixtures, on the shape of nanoparticles in
colloidal nanoparticles synthesis. The research questions raised at the start of the
thesis are answered by a series of experiments and analysis.

In order to determine that the shape of metal nanoparticles can be controlled by
using a mixture of capping agents, a negatively charged surfactant, NaOL was
mixed with either CTAB, CTAC and PVP to synthesize Pd and Au nanoparticles.
Since the addition of NaOL molecules changes the micellar structure and surface
adsorption of the other capping agents through the introduction of different charges,
dendritic shapes of Pd nanoparticles were synthesized successfully by using several
capping agent combinations including CTAB-NaOL, CTAC-NaOL and PVP-NaOL.
Pd nanodendrites have relatively large surface area, resulting in promising structures
for catalytic applications. In this thesis, optimal Pd nanodendrites with high yields
and narrow size distribution were produced though control of the synthetic
conditions, including the molar ratio between the surfactants, the type of seed
particle and Pd precursor, and the pH of the capping agent mixture.

The effects of surfactant molar ratios on the shape of metal nanoparticles were
investigated on the Pd nanoparticles stabilized by CTAB and NaOL in the seed-
mediated growth process, where Pd nanocubes were used as seeds. It revealed that
the shape of Pd nanoparticles was dependent on the surfactant composition. When
actas equals to 1, there is only CTAB, Pd nanocubes form from Pd cubic seeds;
when acrag is between 0.5 to 0.9, tiny Pd crystals aggregate to form nanodendrites;
when acrag i lower than 0.4, tiny Pd crystals are fabricated in the solution but do
not contribute to further growth of the Pd seeds. The optimal condition to obtain Pd
nanodendrites is at the acras value between 0.8 and 0.9. Additionally, it is verified
that both the CTA" ion and the hydrocarbon tail of NaOL, featuring a double bond
play crucial roles in the growth of the dendritic shape. The proposed model for the
formation of Pd nanodendrites is supported by the experimental results. The
addition of NaOL molecules disrupts the continuous CTAB double layer and results
in the formation of mixed CTAB-NaOL micelles on the Pd seed surfaces through
electrostatic interaction. First, Pd®* ions are reduced and form tiny crystals in the
mixed CTAB-NaOL micelles and then the crystals are adsorbed on the seed surfaces,
which is determined by the interaction strength between the surfactants and the seed
surfaces. This interaction decreases with the increase of the NaOL concentration.
When actag IS lower than the critical value 0.4, the interaction is too weak to
promote Pd crystal aggregation, resulting in no further growth of the Pd seeds.

The studies of hollow Ag-Pd nanoparticles verify that the type of metal precursors
and seeds influences nanoparticle shapes as well. One of the optimal molar ratios
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(0ctac=0.8) was applied in the growth of Pd nanodendrites on cubic Ag seeds. The
Ag atoms were oxidized to ions during the growth process through a galvanic
replacement reaction between the Ag seed and the Pd precursor, forming hollow
Ag-Pd nanodendrites. Additionally, hollow Ag-Pd nanoboxes were produced when
the Pd precursor (H-PdCls) was replaced by Pd(acac),. EDS analysis led to the
determination that there are still Ag atoms remaining in the hollow Pd nanoparticles.
The atomic percentage of Ag atoms is 48% in hollow nanodendrites and 53% in
hollow nanoboxes. The mixed Ag and Pd atoms form an alloy in FCC structures.
The lattice constant of the alloy FCC crystals is 0.4047 nm for the Ag-Pd
nanodendrite and 0.3991 nm for the nanobox, both of which lie between the constant
values for individual Pd ang Ag crystals. Additonally, both the spiky tipes of the
nanobox and the small dendrites of the nanodendrite grew along the (111) lattice
plane, the close-packed plane of FCC structure, to achieve a stable state with low
energy.

In addition to surfactant-surfactant mixtures, a surfactant-polymer mixture can be
employed in the synthesis of metal nanoparticles as well. It is also confirmed that a
change of pH values of the surfactant-polymer mixture influences the shape of
nanoparticles. PVP is a popular polymer capping agent to synthesize Pd nanocubes.
When NaOL molecules were added in the growth process, the shape of Pd
nanoparticles was changed to nanodendrites as well. However, the formation of Pd
nanodendrites is determined by the pH values of PVP-NaOL mixtures. The optimal
Pd nandendrites with a high yield are achieved at pH 1.17. These nanodendrites
consist of several single crystals and twin structures can also be observed. These Pd
nanodendrites are also confirmed to have catalytic ability in Sonogashira reactions.

The microstructure study was performed on Au nanorods in detail. The binary
surfactant mixture of CTAB and NaOL is used for the synthesis of Au nanorods to
increase the rod-shape yield and narrow size distribution. We discovered that
growth-induced lattice strain exists in these Au nanorods. The strain occurs in the
middle region of the Au nanorod and leads to a bending of the rod shape. This
bending is released after the surfactant layer is damaged by exposure to an electron
beam, verifying the effects of the surfactant on the lattice strain. These Au nanorods
have clear octagonal shapes around the longitudinal axis, which consist of {012}
and {013} crystal planes. Moreover, the additional Ag elements in the growth
solution were mapped and the distribution occurs symmetrically in the Au lattice
and also forms an outer layer around the Au nanorod.

The conclusions from all experiments illustrate that the growth of metal
nanoparticles in colloidal nanoparticles synthesis is a complex process. It can be
governed by controlling the growth parameters such as types of capping agents,
metal precursors and seeds, molar ratios of binary capping agents and pH values. In
a proper growth condition, metal nanoparticles with a high yield and uniform shape
can be fabricated.
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In this thesis, the studies on synthetic methods and microstructures of Pd and Au
nanoparticles provide a novel and interesting view for the fundamental research and
potential applications in chemistry, physics and biology fields, where nanomaterials
are now routinely applied and for other new fields, where nanomaterial research is
just beginning.
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